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GDF11 promotes wound healing in diabetic mice via
stimulating HIF-1ɑ-VEGF/SDF-1ɑ-mediated endothelial
progenitor cell mobilization and neovascularization
Ying Zhang1, Yi-yuan Zhang1, Zhen-wei Pan1, Qing-qi Li1, Li-hua Sun1, Xin Li2, Man-yu Gong1, Xue-wen Yang1, Yan-ying Wang1,
Hao-dong Li1, Li-na Xuan1, Ying-chun Shao1, Meng-meng Li1, Ming-yu Zhang1, Qi Yu1, Zhange Li1, Xiao-fang Zhang1, Dong-hua Liu1,
Yan-meng Zhu1, Zhong-yue Tan1, Yuan-yuan Zhang1, Yun-qi Liu1, Yong Zhang1, Lei Jiao1 and Bao-feng Yang1,3

Non-healing diabetic wounds (DW) are a serious clinical problem that remained poorly understood. We recently found that topical
application of growth differentiation factor 11 (GDF11) accelerated skin wound healing in both Type 1 DM (T1DM) and genetically
engineered Type 2 diabetic db/db (T2DM) mice. In the present study, we elucidated the cellular and molecular mechanisms
underlying the action of GDF11 on healing of small skin wound. Single round-shape full-thickness wound of 5-mm diameter with
muscle and bone exposed was made on mouse dorsum using a sterile punch biopsy 7 days following the onset of DM.
Recombinant human GDF11 (rGDF11, 50 ng/mL, 10 μL) was topically applied onto the wound area twice a day until epidermal
closure (maximum 14 days). Digital images of wound were obtained once a day from D0 to D14 post-wounding. We showed that
topical application of GDF11 accelerated the healing of full-thickness skin wounds in both type 1 and type 2 diabetic mice, even
after GDF8 (a muscle growth factor) had been silenced. At the cellular level, GDF11 significantly facilitated neovascularization to
enhance regeneration of skin tissues by stimulating mobilization, migration and homing of endothelial progenitor cells (EPCs) to
the wounded area. At the molecular level, GDF11 greatly increased HIF-1ɑ expression to enhance the activities of VEGF and SDF-1ɑ,
thereby neovascularization. We found that endogenous GDF11 level was robustly decreased in skin tissue of diabetic wounds. The
specific antibody against GDF11 or silence of GDF11 by siRNA in healthy mice mimicked the non-healing property of diabetic
wound. Thus, we demonstrate that GDF11 promotes diabetic wound healing via stimulating endothelial progenitor cells
mobilization and neovascularization mediated by HIF-1ɑ-VEGF/SDF-1ɑ pathway. Our results support the potential of GDF11 as a
therapeutic agent for non-healing DW.
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INTRODUCTION
Diabetes mellitus (DM) is a disease accompanied by multiple
complications such as cardiomyopathy, diabetic nephropathy,
vasculopathy and endothelial dysfunction. The impaired wound
healing such as foot ulcer is a serious complication of DM, which
could ultimately lead to amputation, and another serious
complication that tremendously increases the social and medical
burdens is non-healing chronic cutaneous wound. The skin, as the
largest organ of the human body accounting for ~15% of total
body weight in adult humans, is the utmost frontline protective
barrier serving its primary responsibility to the immune system
against varying environmental hazards [1]. When the structural
integrity of the skin is compromised, its primary function as the
body defense mechanism is impaired, which can result in serious
morbidity and mortality [1–3]. Yet skin damage is a frequently

encountered problem and a wide variety of insults can result in
cutaneous wounds, of which non-healing, chronic wound is
typically developed from complications of DM [3]. It is estimated
that currently one-third of the adult population or more than
200 million people worldwide suffer from DM, which may well
climb up to >360 million people by 2030 [4, 5]. Diabetic wound
(DW) developing into diabetic foot ulcers (DFU) is the leading
cause of hospital admission in diabetic patients, which can
eventually lead to limb loss contributing to a 3-year mortality
rate of 76% [6]. Developing therapeutic approaches that
accelerate healing of DW have therefore become a prioritized
task of both fundamentalists and clinicians. Whilst a number of
technologies have been exploited for the treatment of DW over
the past decades [7], cost-effective therapy for such conditions
has been lacking.
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Among the various therapeutic approaches, polypeptide
growth factors (GFs), a class of biological mediators that promote
cell growth, proliferation, and differentiation by binding to their
respective specific cell surface receptors, have recently been
scrutinized for their efficacy in improving wound healing [8, 9].
Many in vitro studies suggest that GFs are released by platelets
(e.g. PDGF and EGF) or by activated macrophages (e.g. PDGF and
bFGF), the cells that are required for normal wound repair [10, 11].
GFs can also stimulate neovascularization, extracellular matrix
production and degradation and cytokine release [12, 13]. For
example, platelet-derived growth factor (PDGF) plays a significant
role in blood vessel formation, the growth of blood vessels from
already-existing blood vessel tissue. Effects of PDGF to accelerate
tissue repair under conditions of impaired wound healing have
been demonstrated in animal models [14] and human patients
[15]. To date, recombinant PDGF (also known as becaplermin) is
the only recombinant cytokine growth factor approved by the U.S.
Food and Drug Administration to promote wound closure via
topical application [15].
Recently, growth differentiation factor 11 (GDF11; also known as

bone morphogenetic protein 11/BMP11) has gripped great
attention from scientific communities worldwide owing to the
still-ongoing debate on whether it really is an elixir of youth. In the
years of 2013 and 2014, three high-profile studies identified
GDF11 as a blood circulating anti-aging factor based on the results
showing its higher abundance in young than in old mice in
parabiosis procedures [16–18]. These studies provided evidence
that GDF11 depletion is associated with aging processes, and
GDF11 replacement can reverse age-related cardiac hypertrophy
and dysfunction in mouse skeletal muscle, and to improve the
cerebral vasculature and mitigate the neurodegenerative process
of the aging mouse brain. These findings were soon disputed in
2015 by a study demonstrating the contrary: GDF11 increases with
age and has deleterious effects on skeletal muscle regeneration
and can exacerbate rather than rejuvenate skeletal muscle injury
in old animals, being a pro-aging factor [19]. Further in 2016,
another study claimed that GDF11 does not rescue aging-related
pathological hypertrophy [20]. Yet, in the same year, these
contrary results were evidenced to be the result of a flawed assay
that was detecting immunoglobulin but not GDF11, and the
original conclusion that GDF11 reverses age-related cardiac
hypertrophy holds true [21]. A more recent study expanded the
beneficial role of GDF11 in the heart from cardiac hypertrophy to
ischemia-reperfusion injury by enhancing myocardial regeneration
[22]. In the most recent study, GDF11 was reported to improve
neovascularization-related growth parameters in endothelial
progenitor cells isolated from peripheral blood [23], which is in
good agreement with the earlier study showing the ability of
GDF11 to promote the cerebral vascularization [16]. These studies,
together with other published results, prompted us to propose
that GDF11 might play a role in the healing process of DW via
accelerating neovascularization, a key step in the wound healing
process [24–26]. Recently, our research group reported that both
truncated and natural GDF11s could accelerate skin wound
healing in both Type 1 DM (T1DM) and genetically engineered
Type 2 diabetic db/db (T2DM) mice partly via stimulating dermal
fibrosis [27]. It is known that the process of DW healing involves
multiple mechanisms and the aim of the present study was to
investigate the underlying physiological, cellular and molecular
mechanisms of GDF11 on healing of small full-thickness skin
wound. Our results generated strong evidence in support of the
potential of GDF11 as a therapeutic agent for non-healing DW.

MATERIALS AND METHODS
Study approval
The experimental protocols involving the use of animals in this
study were approved by the Animal Care and Use Committee of

Harbin Medical University (HMUIRB20170035), and are conformed
to the Guidelines for the Care and Use of Laboratory Animals set
forth by the US National Institutes of Health (NIH Publication No.
85–23, revised 1996).

Mouse model of type 1 diabetes mellitus (T1DM)
Kunming male mice (1012 weeks of age) weighing 29–31 g were
obtained from Beijing Vital River Laboratory Animal Technology
Co., Ltd (Beijing, China). The mice were kept in an animal house
with controlled temperature of 23 ± 1 °C and humidity of
55% ± 5% on 12 h dark–light artificial cycle under standard
conditions with food and water available ad libitum for 1 week
before the experiment procedures.
Mice were given a single intraperitoneal injection of 180 µg/g

streptozotocin (STZ; Sigma, St Louis, MO, USA) dissolved in 0.1 M
sodium citrate buffer (pH 4.5), and immediately after the injection
they were supplied with glucose water for 12 h. Fasting blood
glucose (FBG) levels were measured seven days after streptozo-
tocin injection using Roche Glucometer (Roche, Mannheim,
Germany) and T1DM model was considered successfully estab-
lished with FBG levels >11.5 mM (Supplementary Fig. S1a). The
Control group was treated with an equal volume of 0.1 M sodium
citrate buffer. The animals were randomly divided into two groups
for subsequent experimental measurements, including T1DM and
T1DM+ rGDF11.

Mouse model of type 2 diabetes mellitus (T2DM)
Male BKS wild-type (n= 6) and male T2DM mice (n= 12) homo-
zygous for leptin-receptor-deficient db/db (Leprdb/db) aged 7~8weeks
were purchased from Nanjing BioMedical Research Institute of
Nanjing University (NBRI; China). T2DM was verified with random
FBG levels >30mM (Supplementary Fig. S1b).

Mouse model of wound
Wound was developed in mice seven days following the onset of
DM. Mice were narcotized by avertin (2%, 10 µL/g; Sigma, St. Louis,
MO, USA) and their dorsal hair was cleared up. Once an adequate
anesthesia had been achieved, a single round-shape full-thickness
wound of 5-mm diameter with muscle and bone exposed was
created on mouse dorsum using a sterile punch biopsy. Following
these procedures, animals were single-cage bred. Sacrificial
animals were excluded from the wound analysis and following
experiments.

Topical application of GDF11
Recombinant human GDF11 (rGDF11) was purchased from
PeproTech (Rocky Hill, NJ, USA). The agent was dissolved in
0.1% (w/v) bovine serum albumin (BSA) buffer and stored at
−80 °C until use. Mice were randomly divided into three groups:
Normal+BSA (Ctl-BSA as a vehicle control group), DM+ BSA (as
the DM control group) and DM+ rGDF11 (DM-rGDF11 as the test
group). rGDF11 (50 ng/mL, 10 μL) or BSA (0.1%, w/v) was topically
applied onto the wound area for the DM-GDF11 group. Drug
application was carried out twice a day until epidermal closure
(maximum 14 days). Digital images of wound were obtained once
a day from day 0 to day 14 post-wounding for monitoring the
time course of wound healing. The area surrounded by visible
edge of dermis was defined as the wound area. Wound size was
determined using Image-ProPlus (IPP Version 5.0.2.9; Media
Cybernetics, Rockville, MD, USA). The wound tissues were
harvested for further analyses on days 1, 5, 10 and 14 post-
wounding. Randomization and blinding were adopted and dead
mice were excluded.

The antibody of GDF11, PX-478 and AAV-sgGDF11 virus topical
application on wound
Anti-GDF11 antibody (Cat#sc-81952, Santa Cruz, CA, USA) for
topical application against the function of endogenous GDF11 was
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purchased from Santa Cruz (Santa Cruz, CA, USA), which can react
with human, rat, and mice. AAV8 viral vector that contains the
shRNA for silencing GDF11 expression (AAV8-sgGDF11) was
provided by LandM Biological Technology Co, Ltd (Guangzhou,
China). The anti-GDF11 antibody (10 μg/wound) or AAV8-sgGDF11
virus (1 × 106 genome containing particles (GC)/wound) was
hypodermically injected into the wound area three days prior to
(day 0) and six days after creation of wound (day 6). HIF-1α
inhibitor PX-478 was purchased from MedChem Express (Cat#HY-
10231, Shanghai, China, 20 µM, 100 µL/wound), and hypodermi-
cally injected into the wound area one day prior to (day 0) creation
of wound.

Wound-healing analysis
A single lens reflex camera (Nikon D300; Nikon, Melville, NY) with
standardized exposure and focal length was used to record the
wound area once a day (9:00 am) from the first day when the
wound was opened (assigned as Day 0), the vertical distance from
the lens to the wound was kept as 30 cm. The size of the
remaining unhealed-wound area was measured based on the
image using the Image Analyzing Tool IPP.
Photographs were analyzed to calculate percentages of wound

closure using the image analysis software IPP. Wound-healing
curve was constructed with the rate of wound healing expressed
as the percentage of unhealed-wound area. The Residual Wound
Area = Rn/R1, where R1 and Rn denote the remaining area on
postoperative day 1 and n (n = from day 2 to the day with
complete wound healing), respectively.
Percentage of wound closure at each time point was calculated

as: WC= [(WAd0 – WAICdn)/WAd0] × 100, where WC stands for %
wound closure, WAd0 for wound area on Day 0, WAdn for wound
area on Day n with n = from Day 2 to the Day 14. Half wound-
closure time (WCT50) was determined by curve fitting to the data
points in the wound-closure curve using the equation: WC=
WAd0+ (WAd14 – WAd0)/(1+ 10WCT50–dn) × k (slope).

Histopathological analysis
Mice were euthanatized with an intraperitoneal injection of avertin
(0.3mL; Sigma) on days 5 and 14. Following the euthanasia, the
entire wound and a rim of surrounding unwounded skin margins
(~10mm) were excised to the depth of the retro-peritoneum.
Samples were washed and fixed in 4% paraformaldehyde for at
least 24 h, followed by dehydration in serial concentrations of
ethanol (80%, 90%, 95% and 100%) for 2 h. The samples were then
sectioned through the center of the lesion to obtain the largest
possible diameter of the wound and underwent routine paraffin
processing. The preparations were serially sectioned at a thickness
of 5 μm and the sections were placed in an incubator at 60 °C for
30min to remove paraffin wax. The tissue sections were stained
with hematoxylin and eosin (H&E) for viewing histopathological
changes or with CD31 (Abcam, Cambs, UK) for viewing vessels. The
widest sections obtained were measured and then photographed
using a mounted digital camera (Olympus DP72; Olympus, Melville,
NY, USA).

Chick chorioallantoic membrane neovascularization assay
Fertilized E6 chicken embryos (48 ± 5 g) were cleaned with 0.1%
benzalkonium bromide and preincubated with 85% humidity at
37.5 °C for 2 days. After disinfection of the shell center outside the
air sac with 0.1% benzalkonium bromide, a hole highlighted with
marker pen was buffed and drilled gently over the air sac with a
nipper to avoid breaking the shell. The vascular zone was
identified on the chorioallantoic membrane (CAM). Saline, 0.1%
BSA, or rGDF11 (50 ng/mL) was added. Upon sealing of the
openings with a sterile flexible packing film, the eggs were
incubated with 85% humidity at 37.5 °C for three days. Finally, a
mixture of methanol and acetone (1:1 in volume) was directly
added to immerse and fix the blood vessels. The CAM was cut and

spread on glass slide, and the blood vessels were viewed and
photographed. The total vessel number was quantified by ImageJ
software. Relative number of vessels (%) = vessel number per
membrane area in cm2 − vessel number (Ctl) per membrane area
in cm2/vessel number (Ctl) × membrane area in cm2 × 100%.

Immunofluorescence analysis
Frozen sections were placed on glass slides, dried at 50 °C for 1 h,
and then rinsed in PBS. CD34 was detected with an anti-mice
CD34-specific antibody (Abcam, Cambs, UK) at a 1:200 dilution.
The secondary antibody was an Alexa-Fluor 488-linked anti-mouse
IgG antibody (Molecular Probes, Eugene, OR, USA) used at a 1:500
dilution. Murine kinase insert domain receptor or VEGF receptor 2
(KDR) was detected with a rabbit monoclonal antibody (Abcam,
UK) at a 1:200 dilution. Alexa-Fluor 594-linked anti-rabbit IgG
antibody (Molecular Probes) was used as the secondary antibody
at a 1:500 dilution. All blocking steps were performed with
SuperBlock reagent (Biogenex, San Ramon, CA, USA). Processed
sections were mounted in mounting media (VectaShield; Vector
Laboratories, Burlingame, CA, USA) and viewed on an Olympus
BX51 epifluorescent microscope. For quantification of CD34-KDR
co-positive cells, pictures were analyzed under ×600 magnifica-
tion, and total positive cells per high-power field (HPF) were
counted by an examiner in a blinded manner.

RNA extraction
Total RNA was extracted from skin tissues surrounding the wounds
using Trizol reagent according to the manufacturer’s instructions
(Invitrogen, Camarillo, CA, USA) followed by phenol/chloroform
extraction. The integrity of extracted RNA was quantified by
denaturing gel showing discrete 28 s and 5 s bands without smear,
and the concentrations were measured by NanoDrop ND-8000
(Thermo Fisher Scientific, Waltham, MA, USA) to ensure the RNA/
DNA ratio of 1.8–2.0.

Quantitative real-time polymerase chain reaction (qRT-PCR)
The first strand Complementary DNA was synthesized using
SuperScript III Reverse Transcriptase (Transgene, Beijing, China),
according to manufacturer’s protocol. Real-time PCR was per-
formed using SYBR Green PCR Master Mix (Transgene) to quantify
the target genes on the ABI7500 fast Real-Time PCR system
(Applied Biosystems). β-actin was used as an internal control in
each sample. The transcript levels of vascular endothelial growth
factor (VEGF), stromal cell-derived factor-1 alpha (SDF-1α), hypoxia-
inducible factor-1 alpha (HIF-1α), GDF11, GDF8, col1a1, col3a1 and
β-actin were detected using the primers listed in Supplementary
Table 1. The specificity of the amplified product was monitored by
its melting curve. Relative standard curves were generated by
plotting the threshold value (Ct) versus the log of the total amount
of cDNA that was added to the reaction. All reactions were
performed in triplicate. The level of gene expression was calculated
using the 2−ΔΔCt method, where ΔCt = Cttarget gene− Ctendogenous
and ΔΔCt= ΔCtindividual sample− ΔCtreference sample.

Western blot analysis
Total protein was extracted from tissues surrounding the wounds
at various time points (days 5 and 10) by lysis buffer (Beyotime,
Beijing, China) supplemented with 0.5 mM PMSF and 2mM
sodium orthovanadate. Protein concentration was assayed using
the BCA analysis kit (Beyotime, Beijing, China). Equal amounts of
protein (100 µg) were subjected to SDS-PAGE electrophoresis and
then transferred onto PVDF membranes (Pall Life Science,
Pensacola, FL, USA). After blocking with 5% milk, the membranes
were probed with specific antibodies against GDF11 (Cat#-
MAB19581, R&D Systems, Minnesota, USA), VEGF (Cat#ab46154,
Abcam, Cambs, UK), HIF-1α (Cat#3716, Cell signaling, Danvers, MA,
USA), SDF-1α (Cat#GTX45117, GeneTex, TX, USA), p-Smad2/3
(Cat#8828s, CST, Boston, USA), Smad2/3 (Cat#8685s, CST, Boston,
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USA), TGF-β (Cat#3711, CST, Boston, USA), and β-actin (ZSGB-Bio,
Beijing, China), respectively. Western blotting was run under
moderate reducing conditions, and for the detection of mono-
meric GDF11 protein (12.5 kDa), the protein samples were
pretreated with SDS-PAGE loading buffer containing 2-hydroxy-
1-ethanethiol (P1041, Solarbio, Beijing, China) to create more
stringent reducing conditions. Images of Western blot bands
were obtained using the Oddessy Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE, USA) and the band density was
quantified using Odyssey 3.0 software (LI-COR Bioscience) for
each group and normalized to β-actin bands. The values from the
test groups were normalized to those from the control groups.

Culture and treatment of bone marrow derived endothelial
progenitor cells (EPCs)
Mice were euthanatized, and bone marrow was isolated from their
femurs and tibias. The bone marrow samples were then subjected
to density gradient centrifugation to isolate mononuclear cells.
The mononuclear cells were plated into fibronectin-coated flasks
and plates. EPCs were cultured with EGM-2 MV bullet kit medium
(Lonza, Basel, Switzerland) supplemented with 5% fetal bovine
serum, recombinant human rhEGF, rhFGF-B, rhVEGF, rhIGF-1,
ascorbic acid, and heparin. The cells that were double positive for
DiI-labeled acetylated LDL (Dil-acLDL; Thermo Fisher Science,
Walthem, MA, USA) and ULEX Europadus Agglutinin-1 (FITC-UEA-
1; Sigma) by direct fluorescent staining were identified as EPCs as
reported before (Supplementary Fig. S9) [28]. The cultured cells
isolated from control mice were incubated with rGDF11 (Pepro-
tech, Rocky Hill, NJ, USA, 50 ng/mL). In another set of experiments,
EPCs were incubated with BSA (0.1% w/v).
To silence GDF11 expression in EPCs, specific siRNA against

mouse GDF11 or Silencer Select Negative Control (Invitrogen,
Shanghai, China) was transfected into EPCs using X-treme (Roche,
Mannheim, Germany), as per manufacturer’s instructions.

Flow cytometry analysis of EPC numbers
Mice were anesthetized on the fifth day after creation of a dermal
wound on the dorsal skin. Blood samples were collected from
inferior vena cava. Lymphocytes and mononuclear cells were
isolated using peripheral lymphocyte isolation kit (Cat#P8620;
Solarbio, Beijing, China). The wound skin tissue was digested by
type II collagenase. The solution with mixed cells was then
incubated with Alexa-Fluor 488-linked anti-CD34, Phycoerythrin-
linked anti-KDR, and APC-linked anti-CD133 antibody mix (Becton,
Dickinson and Company, Franklin Lake, NJ, USA) at 4 °C in the dark
for 30 min. Follow cytometry was employed to quantify the CD34/
KDR/CD133 positive cells (or EPCs).

Trans-endothelial migration by transwell assay
EPCs migration was detected using transwell assay. EPCs were
cultured in the upper chamber of a 24-transwell insert (8.0 µm
pores; Corning, NY, USA). Before each experiment, the cells were
treated with 50 ng/mL rGDF11, BSA, or transfected with siGDF11
or other constructs. Then EPCs were harvested and resuspended
in EBM-2 medium. EPCs suspension was added to the upper
chamber of the transwell and 0.5 mL EGM-2 medium to the lower
chamber. Cells were cultured at 37 °C for 24 h. The EPCs traversing
from the upper to the lower chamber of the transwell were
recorded by photographs taken by Olympus E330, and were
counted by Image-ProPlus.

Neovascularization assay in vitro
The in vitro angiogenic capability of EPCs was determined by
Matrigel tube formation assay. Briefly, 24-well plates were
coated with growth factor-reduced Matrigel (Corning, New York,
USA, 100 µL/per well). EPCs pretreated with GDF11 (50 ng/mL),
BSA (50 ng/mL), GDF11 siRNA, or NC were plated in 200 µL EGM-
2 medium or medium containing GDF11 at a cell density of

5 × 104 cells/well, and incubated with 5% CO2 at 37 °C for 12 h
for tube formation. Images of tubes in each well were taken
using an inverted microscopy (Olympus E330, Olympus). Lengths
of the tubes were calculated by Image J and the tube areas by
Image-ProPlus.

Micro-PET/CT of dermal lesion
Fourteen days after wound, the mice were administered devel-
oper Exitron nano 12000CT contr. Agent (Miltenyi Biotec, Bergisch
Gladbach, Germany) via tail vein injection. The animals were
anesthetized 150min after injection. The skin of the wounded
area was dissected. The specimens were scanned by PET/CT
(SuperArgus 2 R PET/CT; Sedecal, Madrid, Spain) in the Micro-CT
Core Laboratory in the Experimental Center of the Fourth Affiliated
Hospital of Harbin Medical University. The CT settings were: FOV
120 × 350 mm, X-ray tube voltage 50 kV and current 300 μA,
768 × 486 pixels detectors, 30-ms exposure time, 4 × 4 binning,
and 50 μm spatial resolution.

Culture and treatment of human umbilical vein endothelial cells
(HUVEC)
Human umbilical vein endothelial cells (HUVECs) were cultured in
DMEM high glucose medium (BioInd, Kibbutz Beit Haemek, Israel)
with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, and
100 µg/mL streptomycin in humidified air with 5% CO2 at 37 °C.
HUVECs at passage 4–8 were used for transfection of siGDF11.

Effect of rGDF11 on capillary-like tube formation in HUVECs
The effect of rGDF11 on capillary-like tube formation was
determined as previously described in detail [29]. Briefly, HUVECs
were plated on the plate precoated with Matrigel (0.1 mL;
Corning, NY). The cells were treated with rGDF11 (50 ng/ml) or
BSA and incubated under 5% CO2 and 95% humidified airflow at
37 °C for 24 h. The cells were washed with Dulbecco’s phosphate-
buffered saline (DPBS), followed by treatment with 2 µg/mL
Calcein AM (Cat#ab141420; Abcam, Cambs, UK). After incubation
for an additional 30 min, images of the cells were captured using
a microscope at ×100 magnification. The total number of tubes
was calculated by ImageJ software. Each data point was obtained
in triplicate. Relative number of tubes= ((test tube number/cell
number − Ctl tube number/cell number)/(Ctl tube number/cell
number)) × 100%.

Statistics
Results are expressed as mean ± SEM. Statistical analysis was
performed using statistical software SPSS (version 19.0; SPSS,
Chicago, IL, USA). Comparisons among multiple groups were
analyzed by one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test. Comparisons between the
groups were conducted using the Student’s t-test. Values of
P < 0.05 were considered statistically significant.

RESULTS
GDF11 accelerates diabetic wound healing (DWH) in both type 1
and 2 diabetic mice
To explore the role of GDF11 in diabetic would healing (DWH),
we began with the development of a mouse model of type 1 DM
(T1DM) induced by injection of streptozotocin (STZ), and only
male mice were used in our study to minimize the possible
confounding influence due to gender differences. Successful
establishment of T1DM was verified by monitoring the changes
of fasting blood glucose (FBG) levels. As shown in Supplemen-
tary Fig. S1a, FBG was drastically elevated from a baseline level
of 4.62 ± 0.2 mM to 29.4 ± 0.5 mM 7 days after STZ injection in
T1DM mice, whereas in the vehicle control counterparts, the
baseline values remained unaltered within the same timeframe.
We then confirmed the bioactivities of recombinant GDF11
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(rGDF11) used in our experiments by showing the remarkable
activation of Smad2/3 in human umbilical vein endothelial cells
(HUVECs), as previously indicated by the increased levels of
phosphorylated Smad2/3 proteins (p-Smad2/3) (Supplementary
Fig. S2) [30].
We next created a wound on the dorsal skin of each mouse

using a biopsy punch. Consistent with our previous findings [27],
GDF11 could promote the wound healing of both T1DM and
T2DM mice (Fig. S3a, b).
In order to observe full wound closure in DM mice, we extended

the time scale to 22 days. As shown in Supplementary Fig. S4, the
skin wounds achieved their complete closure at day 18.0 ± 1.4 in
T1DM mice, as compared to 12.0 ± 1.4 days in control counter-
parts. GDF11 treatment accelerated the full healing of diabetic
skin wounds to day 15.0 ± 0.5.
Consistently, histological examination with Hematoxylin and

Eosin (H&E) staining in T1DM wounds showed that granulation
tissue deposition and new tissue formation were more abundant
in wounds receiving topical rGDF11 at all time points examined
than in mock-treated wounds (Fig. 1a).
Finally, we repeated the healing experiments by placing a

silicone splint ring around the wounded area to prevent the
possible confounding influence of wound contraction. As
illustrated in Supplementary Fig. S5, GDF11 retained its ability to
accelerate the healing of diabetic skin wound just as it did without
the splint ring.

Neovascularization as a physiological mechanism for the DWH-
promoting property of GDF11
Neovascularization is a key step for wound healing and this
process is severely impaired in diabetes [31, 32]. Intriguingly,
GDF11 has been documented to promote the cerebral vasculature
through its pro-angiogenic property [16, 22]. These facts suggest
that the DWH-promoting action of rGDF11 observed in our study
is attributable to its pro-angiogenic property. To test this notion,
we conducted the following experiments.
First, H&E staining demonstrated that the capillary density in

the wound areas was substantially decreased in T1DM mice
relative to healthy control counterparts, and such a decrease was
pronouncedly rescued by rGDF11 (Fig. 1a). Additionally, the
distance between epithelial tips was decreased, and the amount
of granulation tissue was increased by GDF11 in the wound area
of T1DM mice.
Second, we visualize the changes of neovascularization in

wounded area treated with rGDF11 or vehicle in T1DM mice
at day 7, by using immunostaining of an endothelial cell-
specific marker CD31. Consistent with the H&E staining results,
CD31 staining showed that the blood vessels in the dermal
wound areas were rather scarce in T1DM mice than in healthy
control animals (Fig. 1b). Yet, topical application of rGDF11
produced a robust increase in the number of blood vessels in
diabetic wounds.
Masson staining showed that the collagen content of the

granulation tissue was tremendously decreased on day 10 after
creation of skin wound in non-treated T1DM mice, relative to that
in non-T1DM control mice, and such a decline was reversed in
T1DM mice treated with topical rGDF11 (50 ng/mL; Supplemen-
tary Fig. S6).
Next, histological examination by MicroPET/CT (Fig. 2a) and direct

photographic examination of the wounded skin area (Fig. 2b),
together with immunohistochemistry staining of CD31 (Supple-
mentary Fig. S7), confirmed that T1DM reduced the number of
neomicrovessels compared to the non-T1DM control group,
whereas rGDF11 treatment (50 ng/mL) promoted neomicrovessels
in T1DM mice. The angiogenic effect of rGDF11 was further
confirmed by the chick chorioallantoic membrane (CAM) neovascu-
larization assay. As depicted in Fig. 2c, the number of microvessels
shown in the images and the relative number of vessels indicated by

the statistical data were significantly increased by rGDF11 compared
with non-treated and BSA-treated embryo chicks. Moreover, rGDF11
tremendously promoted the tube formation of HUVECs at the
cellular level (Fig. 2d).

Cellular mechanism underlying the angiogenic potential of GDF11:
the role of epithelial progenitor cells (EPCs)
Adult neovascularization occurs through two distinct processes:
neovascularization (the sprouting of new blood vessels from
preexisting ones) and vasculogenesis (the recruitment, prolifera-
tion, and assembly of bone marrow–derived endothelial progeni-
tor cells EPCs into new vessels) [33]. EPCs are a cellular
determinant of neovascularization because of their incorporation
into the foci of neovascularization [34–36]. There is a possibility
that GDF11 could impact EPCs in terms of their mobilization,
migration and homing to wound site. Changes of the number of
EPCs in blood reflect their mobilization from bone marrow and
migration to the site of injury. We first identified EPCs as the
CD34+/KDR+/CD133+ cells from circulating mononuclear cell mix
in the peripheral blood 5 days post-wounding and quantified the
number of EPCs in the circulation. As illustrated in Supplementary
Fig. S8, flow cytometry analysis revealed a marked decrease in EPC
number in T1DM mice relative to control mice and a prominent
restoration of circulating EPCs back to control levels in T1DM mice
treated with rGDF11. (The control plot with unstained cells was
provided in Supplementary Fig. S9a to demonstrate how the FACE
gates were placed).
We next detected the number of EPCs in the lesions for EPC

homing by immunofluorescent localization of CD34+/KDR+ cells
(hematopoietic progenitor cell antigen and endothelial progenitor
cell antigen, respectively). As depicted in Fig. 3a, the number of
CD34+/KDR+ cells (or EPCs) was considerably lower in T1DM mice
than in non-DM control counterparts. Treatment with rGDF11
abolished the DM-induced decrease in EPCs and restored the
number back to the control level.
We subsequently investigated the effect of rGDF11 on trans-

endothelial migration of EPCs by the Transwell method. The
isolated EPCs were identified by dual staining with DiL-acLDL (red)
and FITC-UEA-1 (green, Supplementary Fig. S10). As shown in
Fig. 3b, rGDF11 pronouncedly enhanced the ability of EPCs to
migrate, relative to non-treated cells.
We further studied the effect of rGDF11 on tube formation

using Matrigel assay. As demonstrated in Fig. 3c, compared with
non-treated control cells, the EPCs treated with rGDF11 had larger
tube areas and longer tube length.
These data indicate that GDF11 promotes the wound healing

and neovascularization mainly through increasing the mobiliza-
tion, migration, homing, and tube formation of EPCs at the
cellular level.

Molecular mechanisms underlying the angiogenic potential of
GDF11: the role of HIF-1α signaling
Hypoxia-inducible factor-1 alpha (HIF-1α), a master transcription
factor, is critically involved in virtually all processes of wound
healing and vascular remodeling [37]. Impaired functionality of
HIF-1α can hamper neovascularization. HIF-1α is a key factor in
regulating transcription of VEGF, a crucial protein that stimulates
EPC mobilization from bone marrow and migration to lesion site
through upregulating expression of stromal cell-derived factor-1α
(SDF-1α) [38–40]. EPC recruitment to the wound site depends on
upregulation of SDF-1α and decrease in SDF-1α can retard EPC
homing. These facts urged us to investigate if the increased EPC
migration and homing in rGDF11-treated DM mice was associated
with altered levels and/or activities of the above-mentioned
factors. Our data indeed showed that on day 5 after wound
creation the mRNA levels of HIF-1α, VEGF, and SDF-1α were all
significantly upregulated by rGDF11 (Fig. 4a). Consistently, protein
levels of HIF-1α, VEGF, and SDF-1α were also robustly elevated in
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the wounded area of rGDF11-treated T1DM mice relative to non-
treated T1DM mice (Fig. 4b).
To verify the role of HIF-1α in mediating the DWH-promoting

action of rGDF11, we took the advantage of HIF-1α inhibitor PX-
478 as a pharmacological tool in the subsequent experiments. As
illustrated in Fig. 5a, rGDF11 lost its ability to promote DWH in
T1DM mice pretreated with PX-478 (20 µM). To better understand
the role of HIF-1α inhibitor PX-478 alone on wound healing, we

performed the diabetic wound healing assay. As shown in
Supplementary Fig. S11, the diabetic wound healing was slower
than Ctl mice. The inhibition of HIF-1α prolongs the diabetic
wound healing process. Immunofluorescence staining of CD34+/
KDR+ cells indicated that the number of EPC homing to wound
site was also significantly decreased after inhibition of HIF-1α
(Fig. 5b). To better illustrate the dynamic changes in EPC migration
and homing, we performed the flow cytometry of wounded skin

Fig. 1 GDF11 induces neovascularization in diabetic wounds as revealed by histopathological analyses in STZ-induced T1DM mice.
a Typical examples of hematoxylin and eosin (H&E) staining showing the enhanced granulation tissue deposition (indicated by vessels, fibers
and inflammatory cells) and neovascularization (black arrows in the right panels), and simultaneously decreased distance between epithelial
tips (as indicated by the shortened distance between the blue arrows) induced by topical administration of rGDF11 (50 ng/mL) in the
wounded skin area on day 5 following wound creation. Note the increased number of vessels with rGDF11 treatment, as indicated by red
circular structures pointed by dark arrows. The distance between epithelial tips was defined by blue arrows, and area of granulation was
outlined by red lines and labeled with “G”. Magnification: ×30 for left panels and 365× for right panels. Similar results were consistently
observed in another two groups of animals. *P < 0.05, **P < 0.01 vs. Ctl; #P < 0.05, vs. T1DM; n= 3. b Typical examples of CD31 staining showing
the enhanced neovascularization induced by topical administration of rGDF11 (50 ng/mL) in the wounded skin area on day 7 following
wound creation. Note the increased number of vessels following rGDF11 treatment, as indicated by brown circular structures pointed by dark
(upper panels) and yellow (lower panels) arrows. Magnification: ×200. Similar results were consistently observed in another two experiments.
**P < 0.01 vs. Ctl; ##P < 0.01 vs. T1DM; n= 3–4. (Mean ± SEM; ANOVA followed by Dunnett’s test for comparisons among multiple groups, and
Student’s t-test for comparisons between two groups).
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on Day 5. As shown in Fig. 5c, the EPCs, marked with CD133 &
CD34 & CD309 (KDR) were decreased in diabetic wounded skin.
After rGDF11 administration, the number of EPCs was elevated
significantly. The inhibition of HIF-1α by PX-478 could partially
alleviate the mobilization of EPC by rGDF11 (Fig. 5c). The flow
cytometry analysis also demonstrated that the EPC mobilization
from bone marrow to circulation was decreased in the presence of
PX-478 compared with the rGDF11 group (Supplementary Fig. S8).
Moreover, the vessel density was considerably reduced by PX-478
(Fig. 5d). Similar to the above in vivo data, rGDF11 failed to
promote the migration and tube formation of EPCs after PX-478
treatment under in vitro conditions (Fig. 5e, f).

GDF11 is downregulated in diabetic skin wounds
The data presented above have clearly demonstrated the efficacy of
rGDF11 and the cellular and molecular mechanisms in DWH. We
next sought to clarify whether GDF11 is merely an agent that could
be applied to diabetic skin wound or is also a causal factor for the
non-healing nature of diabetic wounds. We first investigated
whether expression of endogenous GDF11 (eGDF11) was affected
by T1DM. To this end, we measured the changes of eGDF11
mRNA and protein levels around the wounded area. As shown in
Fig. 6a, b (left), substantial decreases in eGDF11 expression at both
mRNA and protein levels were consistently observed in diabetic skin
wounds.

Fig. 2 DF11 induces neovascularization in diabetic wounds as revealed by MicroPET/CT analysis and chick embryo chorioallantoic
membrane (CAM) assay in STZ-induced T1DM mice. a, b Representative MicroPET/CT images and photographs of the wounded skin area
(day 7) showing the enhanced neovascularization induced by topical application of rGDF11 (50 ng/mL). Note the markedly increased number
of vessels with rGDF11 treatment. **P < 0.01 vs. Ctl, #P < 0.05 vs. T1DM; n= 4. c Left panel: typical examples of the chick embryo chorioallantoic
membrane (CAM) examination showing the enhanced neovascularization induced by topical administration of rGDF11 (50 ng/mL) in the
wounded skin area; right panel: averaged relative blood vessel density. *P < 0.05 vs. Ctl or BSA; n= 3. d Left panel: Representative images
(×100 magnification) showing the effect of rGDF11 (50 ng/mL; incubation for 24 h) on the tube formation in HUVEC cells with Matrigel assay;
right panel: statistical data on the relative number of tubes quantified using ImageJ software. *P < 0.05 vs. Ctl or BSA; n= 3. (Mean ± SEM;
ANOVA followed by Dunnett’s test for comparisons among multiple groups, and Student’s t-test for comparisons between two groups).
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The specificity of the GDF11 antibody used in our study was
verified using the purified recombinant GDF11 and GDF8. As shown
in Fig. 6b (right), the GDF11 antibody recognized only rGDF11 and
no cross-reaction with GDF8 was observed.

Downregulation of GDF11 delays the healing process of diabetic
skin wounds
We then asked ourselves whether downregulation of eGDF11 is
merely a bystander of the pathological process of diabetic wounds,
a consequence to diabetes or skin damage, or a causal factor for the
non-healing nature of diabetic wounds. To clarify this issue, we
employed loss-of-function approaches to see if artificial inhibition of
GDF11 function and silence of GDF11 expression could mimic the
effects of DM on wound healing. We examined the effects of GDF11
antibody (anti-GDF11) on wound healing in otherwise healthy mice
and consistently observed that anti-GDF11 reproduced the same
delaying effects of wound healing as seen in DM mice (Fig. 6c).
Specifically, anti-GDF11 increased the healing time course with a
duration spanning 50% wound closure (WCT50) value to 7.6 days
from the control value of 4.6 days. As a negative control IgG
antibody did not produce any appreciable effect on the wound-
healing process. To better understand the effects of anti-GDF11 on

wound healing in diabetic mice, we performed the diabetic wound
healing assay. As shown in Supplementary Fig. S12, anti-GDF11
prolonged the diabetic wound healing process.The efficacy of the
antibody in suppressing GDF11 function was confirmed by the data
showing a loss of the ability of GDF11 to activate Smad2/3 as
reflected by the decreased level of p-Smad2/3 (Fig. 6d).
Active GDF11 is 89% identical to GDF8 (myostatin, a muscle

growth factor) in their amino acid sequences. To clarify if the
healing-promoting effect observed in our experiments was
primarily afforded by GDF11, but not by GDF8, we detected the
wound healing after topical injection of AAV8 virus containing
the small guide RNA directed to GDF11 (AAV8-sgGDF11). AAV8-
sgGDF11 silenced the expression of GDF11 as indicated by the
decreased GDF11 mRNA level but did not influence the
expression of GDF8 (Supplementary Fig. S13). The specific
silencing of GDF11 delayed the healing process (Fig. 7a). Silence
of GDF11 increased the WCT50 to 5.9 days in T1DM mice from
4.0 days in control littermates. The negative control virus (sgNC)
had no effect on wound healing (Fig. 7a). Similar wound healing-
retarding effect of GDF11 inhibition was seen under in vitro
conditions with GDF11 siRNA (siGDF11) to silence the expression
of eGDF11 (Fig. 7b–d). As depicted in Fig. 7b, siGDF11 resulted in

Fig. 3 GDF11 promotes mobilization, migration and homing of epithelial progenitor cells (EPCs) and tube formation. a Immunofluorescent
localization (left panel; magnification ×600) and quantification (right panel) of CD34+/KDR+ EPCs (mean intensities from merged signals) in the
wounded area (the fifth day after creation of a dermal wound) as an indication of EPC homing to the lesion. Shown are the ratios of EPCs over
total cells. Note that the number of CD34+/KDR+ cells was considerably lower in T1DM mice than in non-DM control counterparts and
treatment with rGDF11 restored the number of EPCs in the wounded area. *P < 0.05 vs. Ctl, #P < 0.05 vs. T1DM; n= 5–9 for each group.
b Transwell assay for the effect of rGDF11 on migration of EPCs isolated from healthy mice. Note that the ability of EPC migration was
substantially enhanced by rGDF11. BSA was used as a vehicle control. Magnification: ×100. **P < 0.01 vs. Ctl or BSA; n= 11–22 for each group.
c Matrigel assay for the effect of rGDF11 on tube formation of EPCs. Compared with the control groups, rGDF11-treated cells exhibited larger
tube area and longer tube length. Magnification: ×100. **P < 0.01 vs. Ctl or BSA; n= 8–15. (Mean ± SEM; ANOVA followed by Dunnett’s test for
comparisons among multiple groups, and Student’s t-test for comparisons between two groups).
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pronounced decreases in the expression of HIF-1α and VEGF at
both mRNA and protein levels in HUVECs. As anticipated,
migration and tube-forming ability of EPCs were also markedly
weakened in the presence of siGDF11 in EPCs isolated from
healthy mice (Fig. 7c, d).
The ability of siGDF11 to silence eGDF11 was verified

(Supplementary Fig. S13c). By comparison, sgNC and siNC (a
negative control siRNA construct) failed to elicit any meaningful
effects on the expression of eGDF11, HIF-1α and VEGF, and on
the function of EPCs either (Fig. 7a–d).
On the other hand, when GDF8 was specifically silenced by

AAV8-sgGDF8, application of rGDF11 remained its effectiveness

in accelerating wound healing in T1DM mice (Supplementary
Fig. S14).

DISCUSSION
The non-healing nature of diabetic wounds has been a persistent
clinical problem even though we have witnessed rapidly
emerging modern biomedical technologies and revolving
therapeutic conceptions and approaches. The aims of the present
study were to investigate the role of GDF11 in controlling
the healing of diabetic skin wound and to elucidate the
underlying mechanisms. Our data demonstrated that topical

Fig. 4 Abnormal downregulation of neovascularization-related genes/proteins HIF-1α, VEGF, and SDF-1α, and restoration of their
expression by GDF11. a Expression downregulation of mRNA levels of HIF-1α, VEGF, and SDF-1α in the wounds of T1DM mice and restoration
of their expression by rGDF11. *P < 0.05 vs. Ctl, ##P < 0.01 vs. T1DM; n= 4–6 for each group. b Expression downregulation of protein levels of
HIF-1α, VEGF, and SDF-1α in the wounds of T1DMmice and restoration of their expression by rGDF11. *P < 0.05 & **P < 0.01 vs. Ctl, ##P < 0.01 vs.
T1DM; n= 4–6 for each group. (Mean ± SEM; ANOVA followed by Dunnett’s test for comparisons among multiple groups, and Student’s t-test
for comparisons between two groups).
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application of rGDF11 effectively accelerated the healing
processes of full-thickness cutaneous wounds in the settings of
both Type 1 and Type 2 diabetes mellitus (T1DM and T2DM).
We also presented the evidence for the downregulation of
eGDF11 as a critical cause for the non-healing nature of diabetic
wounds. The wound healing-promoting properties of rGDF11
could be ascribed to its ability to enhance neovascularization

through mobilizing EPCs and upregulating HIF-1α to enhance
the activities of VEGF and SDF-1α at the cellular and molecular
levels, respectively. Our study has therefore uncovered a novel
mechanism of GDF11 in promoting diabetic wound healing that
is GDF11 stimulates endothelial progenitor cells mobilization and
accelerates neovascularization mediated by HIF-1ɑ-VEGF/SDF-1ɑ
pathway.
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Fig. 5 Verification of the role of HIF-1α in mediating the diabetic wound healing-promoting action of GDF11. a Photographs and mean
data of dermal wounds showing the counteracting action of HIF-1α inhibitor PX-478 (20 µM; px) to the accelerating effects of GDF11 on
wound healing. *P < 0.05 & **P < 0.01 vs. Ctl; #P < 0.05 & ##P < 0.01 vs. T1DM; §P < 0.05 & §§P < 0.01 vs. T1DM-rGDF11; n= 5–7 for each group.
b Immunofluorescence staining of EPCs showing the counteracting action of HIF-1α inhibitor PX-478 (px) to the promoting effects of GDF11
on EPC homing to the lesion. Mean data from the merged signals are expressed as the ratios of EPCs over total cells. Magnification: ×600.
*P < 0.05 vs. Ctl, ##P < 0.01 vs. T1DM, §P < 0.05 vs. T1DM-rGDF11; n= 5–9 for each group. c Flow cytometry analysis demonstrating the
counteracting action of HIF-1α inhibitor PX-478 (px) to the enhancing effects of GDF11 on EPC homing of wounded skin in day 5. **P < 0.01 vs.
Ctl, ###P < 0.001 vs. T1DM, &&P < 0.05 vs. T1DM+ rGDF11; n= 3 for each group. d MicroPET/CT images of the skin wound depicting the
counteracting action of HIF-1α inhibitor PX-478 (20 µM; px) to the beneficial effects of GDF11 on the growth of vessels. e Transwell assay
demonstrating the counteracting action of HIF-1α inhibitor PX-478 (px) to the enhancing effects of GDF11 on EPC migration. Magnification:
×100. **P < 0.01 vs. Ctl, ##P < 0.01 vs. T1DM; n= 8–22 for each group. f Matrigel assay demonstrating the counteracting action of HIF-1α
inhibitor PX-478 (px) to the enhancing effects of GDF11 on tube formation. Magnification: ×100. **P < 0.01 vs. Ctl, ##P < 0.01 vs. T1DM; n= 7–12
for each group. (Mean ± SEM; ANOVA followed by Dunnett’s test for comparisons among multiple groups, and Student’s t-test for comparisons
between two groups).
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Previous studies on GDF11 functionalities
GDF11, a member of the transforming growth factor-β superfamily
of secreted factors, is known for its critical participation in the
regulation of cell growth and differentiation in both embryonic and
adult tissues. Relevant to the present study, there are original
researches linking GDF11 to pancreatic islet function thereby
diabetes. Harmon et al. [41] demonstrated that GDF11 null mice
have profound defects in pancreatic islet development, leading to
increased number of islet progenitors but impaired maturation of β-
cells, an overall reduction in β-cell mass, and an increased α-cell

mass in mutants compared to newborns of wild-type GDF11. In line
with this finding, Li et al. [42] further unraveled that systematic
replenishment of GDF11 not only preserves insulin secretion but also
improves the survival and morphology of β-cells in both nongenetic
and genetic mouse models of T2DM through the activation of the
TGF-β/Smad2 and PI3K-AKT-FoxO1 signaling pathways. Neverthe-
less, despite the general interest in GDF11 research, our group firstly
reported the potential involvement of GDF11 in skin tissue repair
[27]. Topical application of GDF11 pronouncedly expedited diabetic
skin wound healing in mice models of both STZ-induced T1DM and

Fig. 6 Downregulation of GDF11 in diabetic skin wounds delays the healing process. a Downregulation of endogenous GDF11 (eGDF11) at
the mRNA level around the wounded area of T1DM mice relative to non-DM control mice from day 1 to day 14 after creation of skin wound.
**P < 0.01 vs. non-DM control; n= 8–11 for each group. b Downregulation of endogenous GDF11 (eGDF11) at the protein level around the
wounded area of T1DM mice. Left panel:.Western blot results. Right panel: verification of specificity of the anti-GDF11 antibody using the
purified recombinant GDF11 and GDF8. No cross-reaction was noted between GDF11 and GDF8; that is, the anti-GDF11 antibody recognized
only rGDF11 without picking up GDF8. *P < 0.05 vs. control; n= 3 for each group. c Upper panel: representative photographs showing the
time-dependent closure of wounds in otherwise healthy and the wound healing-retarding effect of GDF11 antibody. Lower left panel:
averaged raw values of remaining wound area as a function of time (day). Lower middle panel: averaged normalized values of remaining
wound area as a function of time (day). The data collected at varying time points were normalized to those at 0 time point. Lower right panel:
averaged values of wound closure as a function of time (day), expressed as percentage of wound closure. *P < 0.05 vs. Ctl; n= 6–12 for each
group. d Verification of the efficacy of GDF11 antibody in inhibiting GDF11 function as indicated by the failure of Smad2/3 activation
(decreases in p-Smad/2/3) in HUVECs. **P < 0.01 vs. Ctl, ##P < 0.01 vs. rGDF11; n= 4 for each group. (Mean ± SEM; ANOVA followed by Dunnett’s
test for comparisons among multiple groups, and Student’s t-test for comparisons between two groups).
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Leprdb/db T2DM [27]. It is worth mentioning that the GDF11 protein
synthesized in our own laboratory produced nearly identical actions
with compatible potencies to the commercially purchased
GDF11 [27], which excluded the potential variations due to different
sources of GDF11. What’s more, GDF11 also has a certain promoting
effect on the wound healing of non-diabetic mice. This work has
been published in Chinese Invention Patents (authorized, NO.
ZL20160150511.0). This finding indicates that GDF11 could reverse
the loss of healing capability and capacity upon administration to
the site of trauma.

Probably equally important is our finding that endogenous
GDF11 was considerably downregulated around the wounded
areas of diabetic mice, and inhibition of eGDF11 function or
silence of eGDF11 expression retarded the healing process of
diabetic skin wound and reduced neovascularization, for these
observations suggest that GDF11 might be one of the causal
factors for the non-healing nature of diabetic wounds. This finding
also explains from a different angle why exogenously supplied
GDF11 or GDF11 replacement is effective in battling against the
difficulty of wound healing in diabetes. It is worthy of mentioning

Fig. 7 Downregulation of GDF11 in diabetic skin wounds delays the healing process. a Upper panels: representative photographs showing
the time-dependent closure of wounds in otherwise healthy mice and the wound healing-retarding effect upon silencing GDF11 by AAV8-
sgGDF11 (“sg” represents small guide RNA for silencing GDF11 expression). Lower panels: averaged raw values of remaining wound area as a
function of time (day; left panels); averaged normalized values of remaining wound area as a function of time (day; middle panel). The data
collected at varying time points were normalized to those at 0 time point; averaged values of wound closure as a function of time (day; right
panels), expressed as percentage of wound closure. *P < 0.05 & **P < 0.01 vs. Ctl; n= 4 for each group. b Silencing of eGDF11 reduced the
mRNA (left) levels of HIF-1α and VEGF in HUVECs (left two panels). *P < 0.05 & **P < 0.01 vs. Ctl & NC (siNC); n= 3–5 for each group. Silencing of
eGDF11 reduced the protein (right) levels of HIF-1α and VEGF in HUVECs (right two panels). *P < 0.05 vs. Ctl & NC (siNC); n= 3 for each group.
c Silencing of eGDF11 weakened the ability of migration of EPCs isolated from healthy mice, as revealed by Transwell assay. Magnification:
×100. **P < 0.01 vs. Ctl & NC (siNC); n= 10–13 for each group. d Silencing of eGDF11 weakened tube formation of EPCs isolated from healthy
mice, as revealed by Matrigel assay. Magnification: ×100. **P < 0.01 vs. Ctl & NC (siNC); n= 8–12 for each group. (Mean ± SEM; ANOVA followed
by Dunnett’s test for comparisons among multiple groups, and Student’s t-test for comparisons between two groups).
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that the employment of GDF11-specific antibody for verifying the
beneficial action of GDF11 both in vivo and in vitro should have
strengthened our observations and conclusions.

Mechanisms for the beneficial actions of GDF11
Diabetic dermal wounds are deficient in angiogenic and
vasculogenic processes, and such deficiencies are characterized
by, and likely due to, a reduced level of some key growth factors
[36]. In the efforts to decipher the underlying mechanisms for the
efficacy of rGDF11 in promoting the process of diabetic skin
wound healing (DWH), we have obtained the data at three levels
as discussed below.
At the physiological level, vascular endothelial dysfunction is

known to predispose diabetic patients to numerous cardiovascular
complications, including delayed wound healing. Attenuated
angiogenic response to tissue injury and hypoxia in diabetes
likely contribute to the strong propensity to develop persistent
decubitus and foot ulcers [43, 44]. Our data unraveled that the
DWH-promoting property of rGDF11 could likely be ascribed to its
ability to reactivate the processes of neovascularization. Four lines
of evidence were presented in the present study. (1) H&E staining
of wound tissue demonstrated that rGDF11 increased the capillary
density in the wound areas of DM mice. (2) Immunostaining of
CD31 of lesion sections showed the prominently enhanced
neovascularization both at the margin of wound and endocen-
trically within the wounds treated with rGDF11. (3) MicroPET/CT
scanning of lesions revealed that GDF11 treatment robustly
accelerated the growth of neomicrovessels. (4) Our neovascular-
ization assay using the chick chorioallantoic membrane further
exhibited the significantly increased microvessels by rGDF11,
confirming the vasculogenic potential of GDF11. It is interesting to
note that in both T1DM and T2DM mice, the wound area was
enlarged within the first three days after creation of the lesions, as
clearly shown by the initial increasing phase in the wound-area
curves or the initial decreasing phase in the wound-closure curves.
Yet, such DM-induced worsening of wound was eliminated in the
mice treated with rGDF11. The role of GDF11 in neovascularization
has been reported in cerebral vasculature related to neurogenesis
and olfactory discrimination [16] and in the border zone of
ischemic heart of both young and old mice with increased
capillary and arteriolar densities [22]. In addition, it has also been
shown that GDF11 treatment enhances in vitro sprout formation
with capillary-like sprouts originating from the central plain of EPC
individual spheroids ref. 23. However, whether GDF11 also
promotes neovascularization in the dermal tissues remained
unstudied previously. Our study therefore represents the first to
identify and characterize the ability of GDF11 to enhance dermal
neovascularization. Especially in the setting of DM with neovascu-
larization being severely impaired, the strong promoting proper-
ties of GDF11 are exceptionally promising.
At the cellular level, the processes of neovascularization require

an elaborate cascade of signaling events capable of mobilizing,
homing, and retaining EPCs [45]. In other words, wound healing
relies on the mobilization of EPCs from the bone marrow and
trafficking to site of tissue regenerating or wound healing.
During the process of wound healing in non-diabetic subjects,
EPCs are effectively recruited to the site of trauma, leading to
wound revascularization thereby timely healing. Such a response
however is dampened in diabetic ulceration [46]. In our study,
GDF11 strongly promoted the mobilization, migration and
homing of EPCs to the site of dorsal skin wounds, as supported
by the follow cytometry analysis showing the increased number of
circulating EPCs, transwell assay showing the enhanced trans-
endothelial migration of EPCs, and immunofluorescent localization
showing the increased distribution of EPCs in the site of lesion.
Similar properties of GDF11 have been documented in the
literature. For example, one study reported that GDF11 supports
migration and sprouting of endothelial progenitor cells [23].

Together our findings and the published data, it is clear that the
favorable regulatory role of GDF11 in EPC function is the primary
cellular mechanism for its efficacy in neovascularization.
At themolecular level, it is known that wound healing is a complex

multi-step process that requires spatial and temporal orchestration
of cellular and non-cellular components, among which the master
transcription factor HIF-1α plays a key role in neovascularization by
activating the expression and stimulating the secretion of VEGF and
SDF-1α in macrophages and fibroblasts [47–49]. Recently, it has been
reported that increased polyubiquitinated degradation of HIF-1α in
diabetic wounds impairs the efficacy of wound healing [50]. VEGF
serves to activate EPCs from the bone marrow to the peripheral
circulation [39, 51] and SDF-1α to induce migration and recruitment
of EPCs to the damaged area [52–54]. The blunted neovasculariza-
tion in diabetic wounds is largely caused by decreased levels of VEGF
and SDF-1α [45, 52]. Our experiments generated the data exhibiting
the positive regulatory effects of GDF11 on the expression of HIF-1α,
VEGF, and SDF-1α at both mRNA and protein levels in the lesion site
of diabetic mice. Silencing of eGDF11 decreased the expression of
these factors. More conclusively, in the presence of HIF-1α inhibitor
PX-478, GDF11 lost its ability to promote mobilization, migration,
homing and tube formation of EPCs with a consequent loss of
neovascularization thereby of diabetic wound healing. The results
strongly support HIF-1α as a mechanistic link between GDF11 and
wound healing. In addition to the HIF-1α-VEGF/SDF-1α signaling
pathway, the TGF-β-Smad2/Smad3 pathwaymight also participate in
the GDF11-induced EPC migration, as one study described that
treatment of EPCs with rGDF11 results in activation of the Smad2/
Smad3 pathway along with an increase in migration, which can be
inhibited by the TGF-β1 superfamily type-I activin receptor-like
kinase inhibitor SB431542 [55]. Moreover, our previous research
showed that GDF11 could promote /accelerate the healing process
of skin wound in mice of diabetes by stimulating dermal fibrosis via
the YAP/Smad2/3/CTGF signaling pathway [27]. Furthermore, GDF11
may improve the diabetic wound through anti-inflammation path-
way, as Wang et al. demonstrated that GDF11 could antagonize
psoriasis-like skin inflammation via suppression of NF-κB signaling
pathway [56].
Taken together, it is reasonable to propose the following

sequence of events for the wound healing-facilitating property of
GDF11. (1) Endogenous GDF11 is downregulated in the diabetic
lesion rendering the non-healing nature of diabetic wounds; (2)
Topical application of exogenous rGDF11 upregulates HIF-1α that
then stimulates expression and secretion of VEGF and SDF-1α; (3)
Increases in VEGF and SDF-1α in turn promote the activation and
migration of EPCs from the bone marrow and destines to the
lesion area; (4) Mobilization and homing of EPCs then enhance
neovascularization; and (5) The above steps finally conduce the
healing of diabetic wounds.

Possible limitations of this study
It should be noted that there are several limitations in the present
study. First, we have not elaborated the mechanisms by which
GDF11 enhanced expression of HIF-1α. Given the fact that GDF11
upregulated the mRNA level of HIF-1α, it is possible that GDF11
directly or indirectly activates transcription of this gene. To clarify
this issue, we did some prediction work and found that GDF11 may
regulate the expression of HIF1ɑ via activating SMAD2/3/4
heteromers to promote the transcription of HIF1ɑ. And preliminary
results showed that GDF11 could promote HIF-1α to enter the
nucleus. Yet, further studies are absolutely required to clarify this
issue. Second, it remains presently unclear how topical application
of GDF11 could mobilize EPCs supposedly from bone marrow. One
possible explanation is that GDF11 boosted up expression and
secretion of VEGF into circulation where the latter travels to bone
marrow and take its actions. In support of this notion, numerous
studies have shown that VEGF produced in the site of tissue injury
can stimulate mobilization of EPCs in bone marrow [57, 58]. Third,

GDF11 deficiency contributes to non-healing diabetic wound
Y Zhang et al.

1011

Acta Pharmacologica Sinica (2023) 44:999 – 1013



our data were acquired frommousemodels and the results may not
be readily applicable to humans and thus the clinical implications
are still uncertain at this stage. Nevertheless, we used human
recombinant GDF11 in our study and the mouse models of diabetes
used in our study have been widely employed for pharmacological
investigations. In this sense, our findings should bear a relevance to
the dermal wounds in patients with diabetes.
In summary, the present study generated a number of novel

findings. First, our study identified GDF11 as a new agent that can
facilitate neovascularization to help skin tissue regeneration and
regain the lost capability and capacity of wound healing in the
setting of diabetes. Second, our data suggest that deficiency of
GDF11 is a new factor accounting partially for the non-healing
nature of diabetic wounds. Third, GDF11 stimulated HIF-1α to
regain the lost ability of neovascularization leading to facilitation
of diabetic wound healing. These findings help us better
understand the pathophysiological and molecular mechanisms
of GDF11 function and the associated non-healing feature of
diabetic wound and suggest GDF11 as a potential new agent for
the clinical treatment of diabetic skin wound.
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