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Growth differentiation factor 11 (GDF11) reduces car-
diac hypertrophy, improves cerebral vasculature and 
enhances neurogenesis in ageing mice. Higher growth 
differentiation factor 11/8 (GDF11/8) is associated with 
lower risk of cardiovascular events in humans. Here, 
we showed that adeno-associated viruses-GDF11 and 
recombinant GDF11 protein improve endothelial dys-
function, decrease endothelial apoptosis, and reduce 
inflammation, consequently decrease atherosclerotic 
plaques area in apolipoprotein E−/− mice. Moreover, 
adeno-associated viruses-GDF11 and recombinant 
GDF11 stabilize atherosclerotic plaques by selectively 
decreasing in macrophages and T lymphocytes, while 
increasing in collagen and vascular smooth muscle cells 
within plaques. In addition, GDF11 inhibit palmitic 
acid-induced endothelial apoptosis and ameliorate pal-
mitic acid-induced inflammatory response in RAW264.7 
macrophages in vitro. Mechanistically, GDF11 activates 
the TGF-β/Smad2/3, AMPK/endothelial nitricoxide syn-
thase (eNOS) while suppresses JNK and NF-κB pathways. 
In humans, circulating GDF11/8 is positively associated 
with flow-mediated endothelium-dependent dilation 
in overweight subjects. We concluded that adeno-
associated viruses-GDF11 and recombinant GDF11 pro-
tect against endothelial injury and reduce atherosclerosis 
in apolipoprotein E−/− mice, thus may be providing a 
novel approach to the treatment of atherosclerosis.

Received 11 May 2016; accepted 28 July 2016; advance online  
publication 11 October 2016. doi:10.1038/mt.2016.160

INTRODUCTION
Growth differentiation factor 11 (GDF11) belongs to the 
transforming growth factor β (TGF-β) superfamily.1 GDF11 
exerts its function by interacting with activin type IIA and IIB 
receptors2 and type I receptor Alk5 (ref. 3) to induce phos-
phorylation of Smad2/3. Recent studies showed that GDF11 is a 
circulating factor that declines with age, and restoring systemic 
GDF11 levels reverses age-related dysfunction in mouse 

heart,4 skeletal muscle,5 and brain.6 However, recent publica-
tions from Egerman et al. and Smith et al. argued that GDF11 
inhibits skeletal muscle regeneration and has no effect on car-
diac hypertrophy.7,8 Very importantly, new data demonstrated 
that circulating growth differentiation factor 11/8 (GDF11/8) 
levels decrease with age in mice as well as other mammalian 
species and that increasing GDF11/8 levels with exogenous 
GDF11 regulates cardiomyocyte size.9 Furthermore, a human 
study showed that plasma GDF11 concentrations declined 
with age in nondiabetic control subjects,10 and the other two 
clinical reports revealed that higher GDF11 or GDF11/8 lev-
els from large human cohorts are associated with lower risk of 
cardiovascular events and death, suggesting the GDF11 path-
way as a potential new target to improve adverse cardiovascu-
lar outcomes associated with aging.11,12 Thus, future studies are 
needed to prove the potential beneficial effects of GDF11 on 
age-associated cardiovascular diseases.

Atherosclerosis, a chronic inflammatory disease of arterial 
wall, is an aging-related disease, and aging is one of the main risk 
factors for atherosclerosis.13 Atherosclerosis is highly prevalent in 
older persons having catastrophic consequences in their quality of 
life and increasing disability and mortality in this population.14,15 
However, the potential role of GDF11 on atherosclerosis has not 
been investigated.

Adeno-associated viruses (AAV) mediate stable gene expres-
sion and are suitable for diseases for which long-term transgene 
expression is needed.16 AAV can transduce a wide variety of cell 
types and transgene expression has been reported at least in 
the retina, skeletal muscle, vascular smooth muscle, and cen-
tral nervous system. In this study, we evaluated the potential 
role of the AAV-mediated GDF11 gene transfer (AAV-GDF11) 
injected via tail vein and exogenous recombinant GDF11 on 
atherosclerosis in apolipoprotein E-null (apoE−/−) mice. The 
AAV-GDF11 was first expressed in the liver and subsequent 
released into the circulation. It was found that AAV-GDF11 and 
recombinant GDF11 were able to improve endothelial dysfunc-
tion, decrease endothelial apoptosis and reduce inflammation 
activity, consequently decrease atherosclerotic plaques area as 
well as stabilize atherosclerotic plaques in apoE−/− mice.
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RESULTS
Persistence of GDF11 expression in AAV-GDF11 
treated apoE−/− mice
As an alternative strategy of GDF11 administration, we have con-
structed an AAV vector-expressing GDF11 (Figure 1a) to analyze 
possible advantages of sustained in vivo expression of GDF11 
compared with injections with recombinant human GDF11. 
The AAV-GDF11 vector was used to encapsidate viral particles 
in serotype 2. Efficiency of transduction and expression of the 
transgene was initially demonstrated by immunofluorescence and 
Western blot in cultured mice aortic endothelial cells (MAECs) 
from apoE−/− mice, demonstrating that the transgene is con-
structed successfully (Figure 1b).

In this study, apoE−/− mice received a single injection with 
high-titer (~ 1012 viral genome particles) AAV-GDF11 or AAV-
green fluorescent protein (GFP) through the tail vein. To assess 
the in vivo dissemination of AAV-GDF11, three animals were 
killed 4 weeks after injection and the expression of GDF11 in liver 
and aorta were detected by immunofluorescence (Figure  1c,d). 
In both cases, mice injected with AAV-GDF11 showed a large 

number of areas positive for expression of GDF11. We also 
analyzed the serum GDF11/8 levels by enzyme-linked immu-
nosorbent assay and found that GDF11 protein release to the 
bloodstream remained constant up to 12 weeks (Figure 1e) (n = 10  
mice in each group).

The influence of AAV-GDF11 and recombinant GDF11 
on metabolic characteristics in animals
Some clinical studies showed that higher circulating GDF11 or 
GDF11/8 levels are associated with lower risk of cardiovascular 
events and death.11,12 It is established that metabolic characteristics 
are associated with cardiovascular diseases. Thus, we investigated 
the effects of AAV-GDF11 and recombinant GDF11 on metabolic 
profiles in vivo. Firstly, compared with the normal chow control 
group, the high fat diet (HFD) control group had higher levels of 
body weight, serum free fatty acids (FFA) at 0, 4, 8, and 12 weeks, and 
lower levels of GDF11/8 at 4, 8, and 12 weeks (see Supplementary 
Figure S1b–d). Secondly, to investigate the changes of circulat-
ing GDF11/8 levels with age in mice fed with HFD, the results 
showed that circulating GDF11/8 levels have a trend of  decrease 

Figure 1  Delivery of GDF11 cDNA to apoE−/− mice using AAV vector. ApoE−/− mice (n = 13) preinoculated with 1012 vp of AAV-GDF11 or AAV-GFP 
through the tail vein. Randomly three mice from AAV-GFP and AAV-GDF11 groups were killed 4 weeks after injection and the expression of GDF11 in 
liver and aorta were detected by immunofluorescence. (a) AAV vector used in this study. TR indicates terminal repeat sequences; CMV, cytomegalovi-
rus immediate early promoter; and polyA, polyadenylation site. (b) Expression of GDF11 was evaluated by immunofluorescence and Western blot in 
MAECs transduced with AAV-GDF11. Scale bar, 50 μm. (c and d) All data were repeated three times. Immunofluorescence of liver and aorta sections 
of mice treated with AAV-GDF11 at 4 weeks after injection. Scale bar, 50 μm (c) and Scale bar, 100 μm (d). (e and f) Serum GDF11/8 was analyzed by 
enzyme-linked immunosorbent assay (ELISA) in apoE−/− mice. Data were shown as mean ± SD. Student’s t-test was performed to compare differences 
between two groups. *P < 0.05 versus AAV-GFP; #P < 0.05 versus vehicle group. AAV, adeno-associated viruses; AAV-GDF11, AAV-mediated GDF11 
gene transfer; apoE−/−, apolipoprotein E null; GDF11, growth differentiation factor 11; GFP, green fluorescent protein; MAECs, mice aortic endothelial 
cells; SD, standard deviation.
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at 0 week when compared with −8 weeks (P > 0.05), which sig-
nificantly lower at 4, 8, and 12 weeks as compared with −8 
weeks and 0 week (P < 0.05) (see Supplementary Figure S1d).  
Thirdly, to explore the changes of circulating GDF11/8 in mice 
induced by different interventions, serum GDF11/8 levels were 
measured at 0 week (n = 13 mice in each group), 4 weeks (n = 
3 mice in each group), and 12 week time point (n = 10 mice in 
each group). Serum GDF11/8 levels declined with age in the 
AAV-GFP and vehicle groups (P < 0.05) and were significantly 
elevated in the AAV-GDF11 and recombinant GDF11 groups at 
4 and 12 weeks time points (P < 0.05) (Figure 1e,f). Fourthly, 
body weight, systolic blood pressure, and other metabolic param-
eters were analyzed at different experiment time points. The 
body weight increased dramatically from −8 weeks (17.3 ± 0.7 g, 
n = 102 mice) to 0 weeks (23.4 ± 1.9 g, n = 92 mice) (P < 0.01) 
in intervention apoE−/− mice. The body weight and systolic blood 
pressure levels were not statistically different among AAV-GFP, 
AAV-GDF11, vehicle and GDF11-treated groups at 0 and 12 
weeks (see Supplementary Table S1). After different treatments 
for 12 weeks, as shown in Supplementary Table S2, AAV-GDF11 
and GDF11 had no significant effects on fasting glucose, glycosyl-
ated hemoglobin (HbA1c) and high density lipoprotein. However, 
the serum levels of fasting insulin, interleukin-6 (IL-6), tumor 
necrosis factor-α (TNF-α), c-reactive protein, oxidized low den-
sity lipoprotein, total cholesterol, triglycerides and FFA were sig-
nificantly decreased at the end of this study in AAV-GDF11 and 
GDF11 groups when compared with the AAV-GFP or vehicle 
groups. Fifthly, to test the effects of AAV-GDF11 and recombi-
nant GDF11 on insulin sensitivity in mice fed with HFD, intra-
peritoneal glucose tolerance test and insulin tolerance test were 
performed before and 12 weeks after AAV-GDF11 or others treat-
ments. Before these interventions, there was no significant differ-
ence on glucose and insulin tolerance among the four groups. But 
after 12 weeks of interventions, the glucose and insulin tolerance 
were improved significantly when compared with the AAV-GFP 
or vehicle groups (see Supplementary Figures S2 and S3).

AAV-GDF11 and recombinant GDF11 protected 
against endothelial injury in vivo
Previous study revealed that GDF11 treatment induces migra-
tion and in vitro tube formation of peripheral blood endothelial 
progenitor cells.17 Thus, the effects of AAV-GDF11 and recombi-
nant GDF11 on endothelial injury in vivo were detected in this 
study. Firstly, the protective roles of AAV-GDF11 and GDF11 
on endothelial function in vivo were measured at 4 weeks. Both 
AAV-GDF11 and GDF11 treatments improved the vascular endo-
thelium-dependent relaxation in response to acetylcholine when 
compared with the AAV-GFP or vehicle groups (71.32 ± 3.89% 
versus 87.17 ± 4.13%; 73.61 ± 3.63% versus 89.83 ± 3.52% relax-
ation at 10−4 mmol/l acetylcholine, respectively; four aortic rings 
from each mice, n = 3 mice in each group, P < 0.05) (Figure 2a). 
In contrast, the vascular endothelium-independent relaxation 
in response to sodium nitroprusside did not differ among the 4 
groups (Figure 2b). Secondly, apoptosis of endothelial cells has 
been suggested to play a unfavorable role in atherosclerosis.18 Thus, 
the effects of AAV-GDF11 and recombinant GDF11 on the apop-
tosis of endothelial cell in vivo were explored at 12 weeks. The serial 

plaque sections from the thoracic aorta were costained for termi-
nal deoxynucleotidyl transferase biotin-dUTP nick end labeling 
and CD31, an endothelial cell-specific marker. As shown in Figure 
2c,d, both AAV-GDF11 and GDF11 treatments had sparse termi-
nal deoxynucleotidyl transferase-mediated dUTP-biotin nick end 
labeling -positive cells that seldom colocalized with endothelial 
cells compared with the AAV-GFP or vehicle treatments. It means 
that a greater more integrity of endothelial cells laid on the plaque 
surface of AAV-GDF11 and GDF11-treated mice. In addition, 
electron microscopy of arterial endothelium revealed arteries from 
the AAV-GFP and vehicle groups had extensive endothelial dam-
age characterized by nuclear condensation and cytoplasmic vacu-
olization, while most arterial endothelium from the AAV-GDF11 
and GDF11 groups was intact (Figure 2e). These findings suggest 
that AAV-GDF11 and recombinant GDF11 decreased endothelial 
injury in apoE−/− mice fed a HFD.

AAV-GDF11 and recombinant GDF11 attenuated 
atherosclerotic lesion formation in apoE−/− mice
Endothelial injury is the early pathophysiologic change of 
atherosclerosis, approaches that protect against endothelial 
injury may be therapeutic for atherosclerosis.19 Therefore, we 
investigated whether AAV-GDF11 and recombinant GDF11 alle-
viate atherosclerosis besides protecting vascular endothelium 
at 12 weeks in this study. Firstly, the lipid-rich atherosclerotic 
lesion area, including both en face and cross sections analy-
ses, was significantly smaller in the AAV-GDF11 group com-
pared with the AAV-GFP group (en face: 14.54 ± 2.86% versus 
38.01 ± 4.43%, cross sections: 9.06 ± 1.63% versus 23.02 ± 2.76%, 
P < 0.05) (Figure 3a,c). Similarly, the recombinant GDF11 sig-
nificantly decreased the plaque area compared with the vehicle 
group (en face: 17.18 ± 2.17% versus 31.23 ± 3.12%, cross sec-
tions: 10.32 ± 1.47% versus 19.87 ± 2.11%, P < 0.05) (Figure 3a,c). 
Secondly, we sought to investigate whether, besides decreasing 
the development of atherosclerotic lesions, AAV-GDF11 and 
recombinant GDF11 treatment also affected their cellular com-
position. For this purpose, serial plaque sections from the aortic 
arch were analyzed by immunohistochemistry to quantitatively 
evaluate the vascular smooth muscle cells (VSMCs), collagen 
content, macrophages, T lymphocytes, matrix metalloprotein-
ase (MMP)-2 and MMP-9. As shown in Figure 3e,f, the relative 
contents of VSMCs and collagen were higher in the AAV-GDF11 
and GDF11 groups, possibly contributing to the stability of 
atherosclerotic plaques. In contrast, AAV-GDF11 and GDF11 
treatments significantly reduced the area of macrophages and T 
lymphocytes infiltration in plaques compared with the AAV-GFP 
or vehicle groups (Figure 3e,f). Furthermore, the expression lev-
els of MMP-2 and MMP-9 were lower in the AVV-GDF11 and 
GDF11 groups (see Supplementary Figure S4). These findings 
appear particularly relevant because plaque infiltrating macro-
phages are through production of metalloproteinases to induce 
plaque destabilization.20

It is established that atherosclerosis is an inflammatory disease 
of arterial wall.21 Next, we assessed the inflammatory cytokines 
in aortas by real-time polymerase chain reaction. As shown in 
Figure 3g, GDF11 treatment dramatically reduced the mRNA 
expression levels of IL-6, IL-1β, TNF-α, monocyte chemotactic 
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peptide-1 (MCP-1), interferon (IFN)-γ, but increased the levels of 
IL-10 in aortas (P < 0.05).

GDF11 induced the proliferation and inhibited 
palmitic acid-induced apoptosis of endothelial cells 
in vitro
As is known, high-fat diets are commonly used in rodents to 
induce obesity, increase serum FFA and induce lipotoxicity 
in various organs. High levels of circulating FFA are able to 
induce inflammation effect and impair endothelial function.22 
Our animal results also showed that serum FFA increased sig-
nificantly in control group fed with HFD compared with nor-
mal chow. Therefore, PA was used to treat cells in the in vitro 
experiments.

As shown in above, AAV-GDF11 and GDF11 can protect 
against endothelial injury in mice fed with HFD. Next, we ques-
tioned whether endothelial cells can benefit from GDF11 treat-
ment in vitro. Firstly, the proliferation of MAECs measured by 
EdU-kit did not differ among the vehicle, GDF11 and GDF11 
+ SB431542 (10 μmol/l, a TβR1-Smad2/3 inhibitor) groups at 
1-day and 3-day time points (Data not shown). However, a 5-day 
treatment of MAECs with GDF11 increased their proliferation 
by 37.12% as compared with that of vehicle, but not in the pres-
ence of GDF11 + SB431542 (see Supplementary Figure S5a,b). 
Secondly, With regard to the effect of GDF11 on the migration of 
MAECs and macrophages, no significant differences were found 
in the cell numbers among the vehicle, GDF11 and GDF11 + 
SB431542 groups (see Supplementary Figure S5c–e).

Figure 2 AAV-GDF11 and GDF11 improved endothelial function and decreased endothelial cells apoptosis in apoE−/− mice. Four thoracic 
aorta rings from each apoE−/− mice (n = 3 mice from each group) were equilibrated for 1 hour at a preload tension of 0.5 g in Krebs buffer and then 
precontracted with norepinephrine (NE, 10–6 mmol/l). Once a steady state was achieved, vasodilation responses were evaluated by cumulative 
concentration-response curves to (a) acetylcholine (ACh, 10–9–10–4 mmol/l) and (b) sodium nitroprusside (SNP, 10–9–10–4 mmol/l). (c) Five continu-
ous sections from each apoE−/− mice (n = 4 mice from each group) were costained with terminal deoxynucleotidyl transferase-mediated dUTP-biotin 
nick end labeling (TUNEL) (apoptotic cells, green), anti-CD31 (endothelial cells, red) and 4′,6-diamidino-2-phenylindole (DAPI) (nuclei; blue). (d) The 
percentage of apoptotic endothelial cells per total endothelial cells. (e) Electron microscopy was performed on thoracic aortas using ultrathin sections 
and examined with a Nikon EclipseE800 light microscope. Arrow shows endothelial cell (EC), IEL: internal elastic lamin. Scale bar, 20 μm. Data were 
shown as mean ± SD. Differences between 2 groups were tested with Student’s t-test. *P < 0.05 versus AAV-GFP; #P < 0.05 versus vehicle group. AAV, 
adeno-associated viruses; AAV-GDF11, AAV-mediated GDF11 gene transfer; apoE−/−, apolipoprotein E null; GDF11, growth differentiation factor 11; 
GFP, green fluorescent protein; SD, standard deviation.
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Before the next experiment, we explored the time- and 
dose-dependent of PA-induced viability by MTT. As shown 
in Supplementary Figure S6a, we chose PA 0.4 mmol/l and 
24 hours as the optimum concentration and time condition 
in the following study. Compared with the vehicle group, the 
percentage of apoptotic MAECs in PA group was significantly 
increased, and the effect was blocked by cotreatment with 
GDF11 (Figure 4a,b). Consistent with these findings, we also 
found that GDF11 significantly decreased the apoptotic pro-
teins (cleaved-caspase-3 and bax) expression and increased the 

antiapoptotic protein (bcl-2) expression in PA treated MAECs 
(Figure 4c,d).

GDF11 reduced PA-induced inflammatory cytokines 
expression in RAW264.7 macrophages
It has been shown that macrophages represent a key cellular 
component of innate immunity, which has been shown to pro-
mote atherosclerosis initiation and progression.23 Previous study 
showed that HFD significantly induced the mRNA expres-
sion of inflammatory factors in peritoneal macrophages in 

Figure 3 AAV-GDF11 and GDF11 attenuated atherosclerotic lesion formation, ameliorated plaque components and inflammatory cytokines 
in aortas of apoE−/− mice. (a) Oil red O staining of the whole aorta (n = 4 mice in each group) was performed to analysis the en face atherosclerotic 
lesions area. (b) Quantitative analysis of a. (c) Hematoxylin and eosin staining (n = 4 mice in each group) was performed to quantify luminal cross-
sectional area involved by atherosclerotic plaque. (d) Quantitative analysis of c. (e) Immunohistochemical staining of α-SMA, anti-CD68, and anti-
CD90 were performed to analysis the VSMCs, macrophages and T lymphocytes expression levels. Scale bar, 20 μm. Masson’s trichrome staining was 
performed to quantification of collagen content. Scale bar, 100 μm. (f) Quantitative analysis of e. (g) mRNA expression levels of IL-6, IL-1β, TNF-α, 
MCP-1, IFN-γ, and IL-10 measured by quantitative real-time polymerase chain reaction (PCR) in the abdominal aorta (n = 6 mice in each group) and 
expressed relative to β-actin. Data were shown as mean ± SD. Differences between two groups were tested with Student’s t-test. *P < 0.05 versus AAV-
GFP; #P < 0.05 versus vehicle group. AAV, adeno-associated viruses; AAV-GDF11, AAV-mediated GDF11 gene transfer; apoE−/−, apolipoprotein E null; 
GDF11, growth differentiation factor 11; GFP, green fluorescent protein; TNF-α, tumor necrosis factor-α; IL, interleukin; IFN-γ, interferon-γ; VSMCs, 
vascular smooth muscle cells; SD, standard deviation.
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apoE−/− mice.24 Therefore, next we questioned whether GDF11 
ameliorated PA-induced inflammatory cytokines expression lev-
els of IL-6, TNF-α, MCP-1, and IL-10 in RAW264.7 macrophages. 
Similarly, we explored the time- and dose-dependent responses 
of PA-induced inflammation (evaluated by IL-6 and TNF-α pro-
duction) by enzyme-linked immunosorbent assay. As shown 
in Supplementary Figure S6b,c, we chose PA 0.4 mmol/l and 
16 hours as the optimum concentration and time condition for 
macrophages incubation in the following study. After stimulat-
ing 16 hours, GDF11 significantly attenuated PA-induced inflam-
mation response (IL-6, TNF-α, MCP-1, and IL-10). However, 
Pretreatment with SB431542 significantly attenuated the inhibi-
tory effects of GDF11 on PA-induced inflammatory response (see 
Supplementary Figure S7).

The possible signaling mechanisms of protective 
effects of GDF11 on atherosclerosis in vivo and in vitro
In the last experiments, we explored the possible signaling mech-
anisms of protective effects of GDF11 on atherosclerosis in vivo 
and in vitro. Firstly as one member of the TGF-β superfamily, 
GDF11 binds to specific receptors with serine–threonine kinase 
activity, leading to intracellular signaling through the activation 

of the canonical pathway Smad 2/3. To explore whether Smad 2/3 
is involved in the protective effects of AAV-GDF11 and GDF11 
on artery in our study, proteins extracted from aortas were ana-
lyzed by Western blot. As shown in Figure 5a,b, both AAV-
GDF11 and GDF11 treatments significantly increased Smad2/3 
phosphorylation cascade (P < 0.05). In the in vitro experiments, 
treating MAECs and RAW264.7 cells with GDF11 (50 ng/ml) 
activated the canonical TGF-β/Smad signaling pathway, revealed 
by an increase in the Smad2/3 phosphorylation cascade, whereas 
this effect could be blocked by coincubation with SB431542 
(Figure 5c–f). Secondly, we explored the noncanonical signaling 
pathway of GDF11 in our study. In the in vivo experiment, pro-
teins extracted from thoracic aortas after 12 weeks of GDF11 or 
others treatments were analyzed by Western blot, and the results 
showed that AAV-GDF11 and GDF11 treatments significantly 
increased eNOS phosphorylation when compared with the AAV-
GFP or vehicle groups (Figure 6a,b). Nitric oxide (NO), pro-
duced by eNOS, plays a pivotal role in regulating endothelial cell 
function, apoptosis, and exhibits athero-protective effects.25,26 
Accordingly, AAV-GDF11 and GDF11 treatments significantly 
increased the NO levels compared with the AAV-GFP or vehicle 
groups (see Supplementary Figure S8a), which are consistent 

Figure 4 GDF11 reduced the palmitic acid-induced apoptosis of MAECs. (a) Representative images of apoptotic cells stained with annexin-V-FITC 
and propidium iodide in MAECs pretreated with or without L-NAME (500 μmol/l) or SIS3 (3 μmol/l) for 30 minutes before treatment with GDF11 
(50 ng/ml) for 30 minutes, then treated with PA (0.4 mmol/l) or vehicle for 24 hours. (b) The percentage of apoptotic cells. (c and d) Expression of 
Bcl-2, Bax, and cleaved-caspase 3 in MAECs were determined by western blot with the above treatments in comparison to β-actin. Data were shown 
as mean ± SD. Analysis of variance (ANOVA) followed by LSD t-test was used to compare the differences among different groups. Each experiment 
repeated five times. *P < 0.05. GDF11, growth differentiation factor 11; MAECs, mice aortic endothelial cells; SD, standard deviation; LSD, least 
significant difference.

Vehicle
104

103

102

101

100

100 101 102 103 104

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

100 101 102 103 104

100 101 102 103 104 100 101 102

Annexin V-FITC

2 * * *

1.5

1

0.5

B
cl

-2
/B

ax
 r

at
io

0

Bcl-2

Bax

β-actin

103 104 100 101 102 103 104

PA

PA+GDF11

P
ro

pi
di

um
 io

di
de

PA+GDF11+L-NAME PA+GDF11+SIS3

40

* * *
* * *

30

20

A
po

to
tic

 c
el

ls
 (

%
)

10

0

PA (0.4 mmol/l)

L-NAME (500 µmol/l)

SIS3 (3 µmol/l)

0.8

0.6

0.4

0.2

0

Cleaved-caspase 3

β-actin

GDF11 (50 ng/ml)

−

−
−

−
+

−
−

−
+

−
−

+

+

+

−

+

+

−
+

+

PA (0.4 mmol/l)

L-NAME (500 µmol/l)

SIS3 (3 µmol/l)

GDF11 (50 ng/ml)

−

−
−

−
+

−
−

−
+

−
−

+

+

+

−

+

+

−
+

+

PA (0.4 mmol/l)

L-NAME (500 µmol/l)

SIS3 (3 µmol/l)

GDF11 (50 ng/ml)

−

−
−

−
+

−
−

−
+

−
−

+

+

+

−

+

+

−
+

+

a

b c d

Molecular Therapy  vol. 24 no. 11 nov. 2016� 1931



© The American Society of Gene & Cell Therapy
GDF11 and Atherosclerosis

with eNOS phosphorylation levels in aortas of four groups. The 
phosphorylation of eNOS can be regulated by several kinases.27 
Thus, we examined the changes in the levels of cAMP-dependent 
protein kinase (PKA), adenosine monophosphate-activated pro-
tein kinase (AMPK) and Akt/protein kinase B in aortas. AAV-
GDF11 and GDF11 treatments for 12 weeks increased AMPK 
phosphorylation when compared with the AAV-GFP or vehicle 
groups, but did not influence the protein expression of PKA and 
Akt (Figure  6a,b). We next verified this noncanonical signal-
ing pathway in cultured MAECs. First of all, the time-course 
of phosphorylated endothelial nitricoxide synthase (P-eNOS) 
expression in vitro showed that GDF11 activated P-eNOS expres-
sion after 15 minutes treatment (50 ng/ml), reached the highest 
P-eNOS expression after 30 minutes, reduced P-eNOS expres-
sion after 36 hours treatment (see Supplementary Figure S9a). 
Secondly, we found incubation of MAECs with 50 ng/ml  
GDF11 for 30 minutes increased AMPK and eNOS phosphory-
lation. However, the activatory effects of GDF11 on AMPK and 

eNOS phosphorylation were blocked Compound C (an AMPK 
inhibitor) or L-NAME (an eNOS inhibitor) (see Supplementary 
Figure S9b,c). As expected, the expressions of PKA and Akt did 
not differ among different treatment groups (see Supplementary 
Figure S9d,e). These findings indicate that GDF11 could activate 
AMPK/eNOS signaling pathway. Next, we measured the pro-
duction of NO in culture media and found GDF11 significantly 
increased NO synthesis. However, the GDF11-induced increase 
in NO production was attenuated in the presence of Compound 
C or L-NAME (see Supplementary Figure S8b). More impor-
tantly, pretreatment MAECs with L-NAME or SIS3 (a Smad3 
inhibitor), significantly attenuated the inhibitory effects of 
GDF11 on PA-induced endothelial apoptosis (Figure 4a,b). This 
suggested that the antiapoptotic effect of GDF11 on MAECs may 
through the TGF-β/Smad and AMPK/eNOS pathways. Thirdly, 
pretreatment with GDF11 significantly inhibited PA-induced 
phosphorylation of c-jun N-terminal kinase (JNK) and nuclear 
factor-kappa B (NF-κB) p65 nuclear translocation, but had no 

Figure 5 GDF11 activated TGF-β/Smad pathways in vivo and in vitro. (a) Expression of Smad2/3 and phosphorylated Smad2/3 in the aortas of 
apoE−/− mice were determined by western blot 12 weeks post GDF11 or others treatments. (b) Quantitative analysis of a. Data were shown as mean 
± SD. Differences between two groups were tested with Student’s t-test. n = 3 mice in each group. *P < 0.05 versus AAV-GFP; #P < 0.05 versus vehicle 
group. (c and e) Representative images of the percentage of phosphorylated-Smad2/3+cells in c MAECs and e RAW 264.7 macrophages treated with 
either GDF11 (50 ng/ml) for 30 minutes or pretreated with SB431542 (10 μmol/l) for 30 minutes, and then treated with GDF11(50 ng/ml) for 30 
minutes. (d and f) Quantitative analysis of c and e. Data were shown as mean ± SD. Analysis of variance (ANOVA) followed by LSD t-test was used to 
compare the differences among different groups. Each experiment repeated five times. *P < 0.05 versus vehicle; #P < 0.05 versus GDF11 group. AAV, 
adeno-associated viruses; AAV-GFP, AAV-green fluorescent protein; GDF11, growth differentiation factor 11; MAECs, mice aortic endothelial cells; SD, 
standard deviation; TGF-β, transforming growth factor; LSD, least significant difference.
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effect on PA-induced phosphorylation of extracellular signal-
regulated kinase1/2 (ERK1/2) in RAW264.7 macrophages. The 
addition of SB431542 significantly attenuated the inhibitory 
effects of GDF11 on PA-induced phosphorylation of JNK and 
NF-κB p65 activation (Figure 6c–e). These results indicate that 
GDF11 could reduce inflammatory cytokines in macrophages 
via inhibition of intracellular inflammatory signaling, including 
JNK and NF-κB p65.

Human studies
Circulating GDF11/8 is positively related with endothe-
lium-dependent vasodilation in overweight subjects. The 
clinical characteristics and biochemical data of the control and 
overweight subjects were summarized in online Supplementary 
Information (see Supplementary Table S3). Compared with the 
control subjects, circulating GDF11/8 levels were significantly 
lower (P = 0.002) in overweight subjects. By dividing the distribu-

tion of flow-mediated endothelium-dependent artery dilatation 
(FMD) in overweight subjects, compared with subjects in the 
lowest quartile of FMD levels, those in the highest had signifi-
cantly higher GDF11/8 concentrations (P for trend < 0.001) (see 
Supplementary Table S4). Moreover, the GDF11/8 levels in the 
quartile 3 and quartile 4 were significantly higher as compared 
with those in the quartile 1 after adjustment for age and body 
mass index (Figure 7a). Multiple stepwise regression analysis 
showed that GDF11/8, age, body mass index, low density lipo-
protein cholesterol, FFA, c-reactive protein, homeostasis model 
assessment of insulin resistance and fasting insulin were found 
to be independently associated with FMD levels (all P < 0.05) 
(see Supplementary Table S5). The correlation analysis showed 
that circulating GDF11/8 levels were associated with FMD lev-
els (r = 0.452, P < 0.001) (Figure 7b). In addition, circulating 
GDF11/8 concentrations declined with age (Figure 7c) (P < 0.01 
for trend). By logistic regression analysis the odds ratio for lower 

Figure 6 GDF11 activated AMPK/eNOS signaling in vivo and inhibited inflammation signaling pathways in RAW264.7 macrophages. 
(a) Expression of PKA, P-PKA, Akt, P-Akt, AMPK, P-AMPK, eNOS, and P-eNOS in the aortas of apoE−/− mice were determined by western blot 12 weeks 
post AAV-GDF11 or others treatments. (b) Quantitative analysis of a. Data were shown as mean ± SD. Differences between two groups were tested 
with Student’s t-test. n = 3 mice in each group. *P < 0.05 versus AAV-GFP; #P < 0.05 versus vehicle group. (c-e) Expression of ERK1/2, P-ERK1/2, JNK, 
P-JNK, and NF-κB P65 nuclear translocation levels in RAW264.7 macrophages were determined by western blot. Cells were pretreated with SB431542 
for 30 minutes, and then treated with GDF11 (50 ng/ml) for 1 hour followed by stimulation with PA (0.4 mmol/l). Data were shown as mean ± SD. 
Analysis of variance (ANOVA) followed by LSD t-test was used to compare the differences among different groups. Each experiment repeated five 
times. *P < 0.05. AAV, adeno-associated viruses; AAV-GFP, AAV-green fluorescent protein; GDF11, growth differentiation factor 11; SD, standard devia-
tion; AMPK, adenosine monophosphate-activated protein kinase; P-eNOS, phosphorylated endothelial nitricoxide synthase; ERK1/2, extracellular 
signal-regulated kinase1/2; JNK. c-jun N-terminal kinase; NF-κB, nuclear factor-kappa B; LSD, least significant difference; PA, palmitic acid.
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FMD levels was reduced by 14.4% per 1 pg/ml increase in the 
GDF11/8 concentration (OR (95% CI); 0.856 (0.647–0.984)) (see 
Supplementary Table S6).

DISCUSSION
The major finding of this study was that (i) AAV-GDF11 and 
exogenous recombinant GDF11 improved endothelial injury 
and reduced atherosclerosis lesion formation in apoE−/− mice fed 
a HFD; (ii) AAV-GDF11 and exogenous recombinant GDF11 
enhanced mature plaque stability via increasing VSMCs and col-
lagen content and reducing macrophages, MMPs activities and 
inflammatory cytokine expression; (iii) the molecular mechanisms 
underlying these beneficial effects may involve the activation of 
the canonical Smad2/3 pathway and the noncanonical signaling 
pathways including activation of AMPK/eNOS and inhibition of 
inflammation pathways; and (iv) circulating GDF11/8 levels are 
positively associated with FMD in male overweight subjects. To 
the best of our knowledge, our study has provided for the first 
time that AAV-mediated GDF11 gene transfer and systemic 
administration of GDF11 have a protective role against athero-
sclerosis progression.

It is established that GDF11 and GDF8 shared 90% protein 
sequence homology. Accordingly, recent studies from Egerman 
et al. and Smith et al. reported that key reagents that recognized 

GDF11 also recognize GDF8.7,8 Egerman et al. reported that they 
developed a GDF11-specific immunoassay and found a trend 
toward increased GDF11 levels in serum of both aged rats and 
humans by Western blot. However, other data showed that the 
increase of serum GDF11 in mice reported by Egerman et al. is 
not GDF11 but predominantly immunoglobulin light chain (the 
~25 kDa band by Western blot), immunoglobulins have long been 
known to increase with age in C57BL/6 mice.9 They also found 
that circulating GDF11/8 levels decline with age in multiple mam-
malian species. In this study, we also found circulating GDF11/8 
levels decline with age in mice and in male overweight subjects. 
Recently, a clinical study showed that markedly reduced risk of 
incident heart failure hospitalization, stroke, myocardial infarc-
tion, and all-cause death in those with higher circulating GDF11/8 
levels in two independent cohorts across two continents totaling 
1,899 subjects with stable CHD.12 In animal studies, Loffredo et al. 
demonstrated the antihypertrophic effect of GDF11 in mice by 
showing that administration of 0.1 mg/kg/day of GDF11 for 28 
days reduced cardiac mass in aged mice.4 However, Smith et al. 
argued that daily injections of biologically active rGDF11 for 28 
days had no effect on overall cardiac structure and cardiac pump 
function in 24-month-old C57BL/6 mice.8 To further characterize 
the antihypertrophic effect of GDF11, Loffredo et al performed 
a dose titration study in young and aged mice and observed a 

Figure 7 Circulating GDF11/8 is positively related with endothelium-dependent vasodilation in overweight subjects. (a) Circulating GDF11/8 
concentrations in different quartiles of FMD levels in overweight subjects. Data were shown as mean ± SD. Analysis of variance (ANOVA) followed by 
LSD t-test was used to compare the differences among different groups. **P < 0.01 versus Quartile 1. (b) Correlation analysis to evaluate correlation 
of circulating GDF11/8 with FMD in overweight subjects. Correlation was performed using Pearson’s method. (c) The changes of plasma GDF11/8 
with ages in this study group. The GDF11/8 levels declined with age (P < 0.01 for trend). ANOVA followed by LSD t-test was used to compare the 
differences among different groups. GDF11, growth differentiation factor 11; SD, standard deviation; FMD, flow-mediated endothelium-dependent 
artery dilatation; LSD, least significant difference.
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significant dose-dependent decrease of heart weight, normalized 
to tibia length, after only 9 days of treatment in mice receiving 
0.5 or 1.0 mg/kg/day GDF11.9 In this study, we found that GDF11 
improved endothelial dysfunction, decreased endothelial apopto-
sis in vivo and in vitro, and reduced atherosclerosis plaque includ-
ing the en face and cross section areas as well as enhanced mature 
plaque stability in apoE−/− mice. Moreover, our human study 
showed that circulating GDF11/8 levels are positively associated 
with FMD in male overweight subjects. Taken together, the data 
indicated that AAV-GDF11 and exogenous recombinant GDF11 
can improve endothelial injury and reduce atherosclerosis lesion 
formation.

No significant differences on body weight, blood pressure, 
fasting blood glucose, and HbA1c were found among the four 
groups after 12 weeks of intervention, indicating that the protec-
tion of artery contributed by AAV-GDF11 and exogenous recom-
binant GDF11 cannot be explained by these classic cardiovascular 
risk factors alone. The mechanism of AAV-GDF11 and GDF11 
protecting against endothelial injury and reducing atheroscle-
rotic lesion formation in apoE−/− mice may underlie the following 
aspects.

A previous study reported that GDF11 treatment increased 
primary brain capillary endothelial cells proliferation by 22.9% 
as compared with controls.6 Next, we questioned the effects of 
AAV-GDF11 and exogenous recombinant GDF11 on endothelial 
cell, which is crucial during atherosclerotic lesion formation.22 
The present animal studies demonstrated that AAV-GDF11 and 
exogenous recombinant GDF11 treatment alleviated the impair-
ment of endothelium-dependent vasodilation induced by HFD, 
decreased the apoptosis of endothelial cells and so that preserved 
the endothelial cell coverage on the plaque surfaces. Consistent 
with the in vivo data, our in vitro experiments showed that GDF11 
significantly reduced the apoptosis in PA treated MAECs. Recently, 
another study showed that GDF11 had no effect on proliferation 
and migration of human umbilical vein endothelial cell and rat 
aortic endothelial cells after 72 hours of treatment.28 We also found 
GDF11 had no effect on the migration of MAECs and macro-
phages, however, we found GDF11 significantly promoted MAECs 
proliferation after 5 days of treatment, which makes endothelial 
cells have a certain ability to self-repair. The discrepancy may be 
due to different treatment time. Thus, based on these data, we can 
suggest that AAV-GDF11 and recombinant GDF11 could protect 
against endothelial injury, consequently ameliorate atherosclerosis.

Atherosclerosis is considered as an inflammatory disease and 
inflammatory responses mediated by inflammatory cytokines 
are participated and considered important in all stages of ath-
erosclerosis.29 This study showed that elevated GDF11 levels sig-
nificantly reduced the mRNA expression levels of inflammatory 
mediators and increased antiinflammatory (IL-10) cytokines in 
aortas and decreased plasma inflammatory cytokines in HFD fed 
mice, as well as attenuated inflammatory reaction induced by PA 
in RAW264.7 macrophages. Therefore, the anti-inflammation of 
GDF11 may largely contribute to the decreased number of macro-
phages and T-lymphocytes in the plaque tissue and its protective 
effect of artery.

Previous studies found that inflammation results in insulin 
resistance, and the improvement of insulin sensitivity alleviates 

endothelial dysfunction and atherosclerosis.30,31 In this study, 
glucose and insulin tolerance tests in apoE−/− mice fed by HFD 
displayed impairment in both glucose tolerance and insulin 
sensitivity, and AAV-GDF11 and exogenous GDF11 treatment 
for 12 weeks significantly improved insulin and glucose tolerance 
when compared with the AAV-GFP and vehicle (refer to intraper-
itoneal glucose tolerance test and insulin tolerance test results), 
suggesting that AAV-GDF11 and recombinant GDF11 can 
improve insulin resistance in apoE−/− mice fed by HFD. As a result, 
the fasting insulin concentrations in AAV-GDF11 and recombi-
nant GDF11 treatment groups decreased significantly. Therefore, 
the improvement of glucose tolerance and insulin sensitivity can 
partially explain the endothelium-protective as well as antiathero-
sclerotic effects of AAV-GDF11 and recombinant GDF11.

Pathological studies have demonstrated that not only the 
lesion size but also the plaque components play a key role in the 
development of acute coronary syndrome and arteriosclerosis.32 
Vulnerable plaque is characterized by increased contents of mac-
rophages and T lymphocytes and reduced contents of collagen 
and VSMCs. Our data suggested that one of the key mechanisms 
by which AAV-GDF11 and exogenous GDF11 elicits plaque sta-
bilization is decreasing the number of plaque-infiltrating macro-
phages, because macrophage lysis in advanced lesions has been 
involved in the generation of necrotic cores, which promote plaque 
instability.21,33 In addition, the loss of VSMCs in the fibrous cap 
represents a critical mechanism in transforming stable plaque into 
rupture-prone lesions. This study showed that AAV-GDF11 and 
recombinant GDF11 treatment showed a tendency to increase the 
number of α-SMA-positive cells in the fibrous cap within the ath-
erosclerotic plaques in apoE−/− mice, which is relevant for plaque 
stability. Taken together, sustained in vivo expression of endoge-
nous GDF11 or GDF11 injection not only dramatically attenuated 
the total extension of the plaques but also contributed to stabilize 
atherosclerotic plaques by selectively decreasing in macrophages 
and T lymphocytes and a substantial increasing in collagen and 
VSMCs in the aortic plaques. Moreover, macrophages in plaques 
may secrete proteolytic enzymes, such as MMPs, which may 
digest the extracellular matrix and weaken the fibrous cap.34 
Indeed, AAV-GDF11 and recombinant GDF11 treatment sig-
nificantly inhibited MMP-2 and MMP-9 protein expression in 
plaques in this study. Thus, there is a possible direct link between 
the decreased of macrophages and MMPs and increased of colla-
gen as well as VSMCs in these lesions, indicating that GDF11 is a 
powerful cytokine for altering plaque components toward a stable 
plaque phenotype.

Next, we questioned the molecular signal pathways for the 
protective effect of GDF11 on artery. It is well known that GDF11 
exerts its function by interacting with activin type IIA and IIB 
receptors2 and type I receptor Alk5 (ref. 3) to induce canonical 
Smad signaling pathway. This study showed that AAV-GDF11 and 
exogenous GDF11 activated phosphorylation of Smad 2/3 in aor-
tas of apoE−/− mice and consequently induced less plaques com-
pared with the AAV-GFP and vehicle. The in vitro experiments 
showed that GDF11 enhanced the phosphorylation of Smad 2/3 
in MAECs and RAW 264.7 macrophages, and the antiapoptotic 
effects of GDF11 could be attenuated by the Smad3 inhibitor. In 
addition, TGF-β and BMP receptor activation results in activation 
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of several other non-Smad signaling pathways in a context-depen-
dent manner. Non-Smad signaling pathways can involve the 
ERK1/2, JNK, and the Akt pathway, and these can crosstalk with 
the Smad pathways.35 This study showed that GDF11 improved 
endothelial dysfunction by increasing the phosphorylation of 
AMPK and eNOS and consequently increased serum NO concen-
trations in apoE−/− mice. Consistent with the animal experiments, 
GDF11 increased the phosphorylation of AMPK and eNOS, and 
production of NO in cultured MAECs, whereas the specific inhib-
itor of AMPK or eNOS, such as Compound C or L-NAME, atten-
uates these effects of GDF11. Furthermore, pretreatment with 
L-NAME significantly attenuated the inhibitory effects of GDF11 
on endothelial apoptosis. Of note, previous studies suggested that 
the control of dysregulated mitogen-activated protein kinase cas-
cade and NF-κB activation could be a potential target in the treat-
ment of atherosclerosis.36,37 This study further showed that GDF11 
significantly inhibited PA-induced activation of JNK and NF-κB 
and consequently inhibited the inflammatory cytokines expres-
sion in RAW264.7 macrophages. Overall, our data suggest that 
GDF11 protects artery through the canonical (Smad2/3) and non-
canonical (AMPK/eNOS, JNK, and NF-κB) signaling pathways.

Due to the low toxicity and efficient and long-term transduc-
tion in vivo, AAV vectors are currently evaluated in many ani-
mals and clinical studies.38,39 Intriguingly, AAV vector genome 
realized liver transduction and subsequent released into the cir-
culation, which is the most likely mechanism. This study dem-
onstrates successful in vivo transduction via AAV2 vector which 
facilitated sustained GDF11 overexpression and obtained simi-
lar results on antiatherosclerotic effect compared with repeated 
intraperitoneal injection of recombinant GDF11, strongly sug-
gesting that AAV represents a potential alternative to recombi-
nant protein injection.

Some limitations should be mentioned here. Firstly, myo-
statin (GDF8) is a close structural homologue of GDF11, with 
90% amino acid sequence identity shared in their mature active-
forms.40 Thus, our assay for mouse and human serum GDF11 
does not distinguish circulating GDF11 and GDF8. As a result, 
we did not accurately determine the changes of GDF11 in mice 
and in human. Secondly, since alterations of circulating mono-
cytes and lymphocytes might affect atherosclerotic plaque for-
mation directly. However, in this study, we did not measure the 
circulating cells in mice, such we cannot evaluate the changes of 
circulating cells before and after GDF11 intervention. Thirdly, we 
did not explore the Akt/mammalian target of rapamycin (mTOR) 
pathway, because some studies showed that Akt/mTOR pathway 
was involved in cardiovascular diseases.41 Fourthly, the number 
of study subjects in human is relatively small. It is difficult to 
exclude bias in the results, which should be confirmed in large 
studies.

In conclusion, AAV-GDF11 and recombinant GDF11 allevi-
ated atherosclerotic lesions formation via protecting against endo-
thelial injury, decreasing plaque-infiltrating inflammatory cells 
and alleviating inflammation reactions. The signal mechanisms 
underlying these effects may involve the canonical (TGF-β/Smad) 
and noncanonical (AMPK/eNOS, JNK, and NF-κB) signaling 
pathways. Thus, AAV-GDF11 or recombinant GDF11 may open a 
new therapeutic strategy for treating atherosclerosis.

MATERIALS AND METHODS
AAV-GDF11 construct. The GDF11 cDNA (GenBank accession number 
NM_010272.1) was obtained by reverse transcriptase-polymerase chain 
reaction amplification. The GDF11 cDNA was inserted into the AAV2 vec-
tor plasmid pSNAV1 under the control of the constitutive cytomegalovirus 
promoter to construct pSNAV1/GDF11. The pSNAV1/GDF11 was trans-
fected into 293 T-cells and large-scale rAAV production and purification 
were described previously.42 Viral preparations used for animal transduc-
tion had titers between 1 × 1012 and 1 × 1013 viral genome particles per 1 ml.

Animals. The experiments conformed to the National Institutes of Health 
Guidelines for the Use of Laboratory Animals. All animal experimental 
protocols were approved by the animal ethics committee of the Wuhan 
General Hospital of Guangzhou Command. One hundred and two male 
4-week-old apoE−/− mice (The Jackson Laboratory, Bar Harbor, ME) were 
housed in a specific-pathogen-free environment with a 12-hour light/dark 
cycle, and unrestricted access to water. Of those mice 25 were selected 
randomly as normal chow control group, fed with normal chow from 
4-week-old to the end of the study, the rest of those mice were fed with a 
HFD (45% kcal fat, 35% kcal carbohydrates, and 20% kcal protein) from 
4-week-old to the end of the study. Of those, 25 mice fed with HFD were 
selected randomly as HFD control group. The HFD control group and the 
normal chow control group were just for the evaluation of weight, FFA and 
serum GDF11/8 at different time points (−8, 0, 4, 8, and 12 weeks) (see 
Supplementary Figure S1b-d) and 5 mice were killed at each time point.

After 8 weeks of HFD, the rest 52 mice were randomly divided into 
four groups: AAV-GDF11 and AAV-GFP treatment groups (received 
a single injection of 250 ul purified AAV-GDF11 or 250 ul AAV-GFP 
through the tail vein), vehicle and recombinant GDF11 treatment groups 
(received a daily intraperitoneal administration of pH = 3, 250 ul citrate 
buffer or 250 ul citrate buffer containing GDF11 (0.1 mg/kg, PeproTech, 
Rocky Hill, NJ)).4 After 4 weeks of treatment, three mice from each group 
were anesthetized by an intraperitoneal injection of pentobarbital sodium 
(60 mg/kg body weight) and killed for the measurements of endothelial 
function and serum GDF11/8 in all groups and the GDF11 expression of 
livers and aortas in AAV-GDF11 and AAV-GFP groups. After 12 weeks of 
treatment, the rest of animals (n = 10 mice in each group) were anesthetized 
by the same way and killed for blood tests and histological examination.

Glucose and insulin tolerance test. Intraperitoneal glucose tolerance test 
and insulin tolerance test were performed before 1 day and 12 weeks after 
different interventions in 4 groups (n = 13 mice before treatment and  
n = 10 mice after treatment) according to our previous report.43

Endothelial function assessment. The thoracic aortas were harvested 
under the stereo-microscope (Olympus, Tokyo, Japan) and cut into 4 mm 
rings with special care to preserve the endothelium. The endothelium-
dependent and endothelium-independent vasodilation responses were 
measured according to our previous report.43

Atherosclerosis analysis and immunohistochemistry. To evaluate the ath-
erosclerotic lesions, two complementary approaches (en face whole and 
histological section analyses) were performed according to our previous 
report.43 After treatment for 12 weeks, whole aorta extending from the 
ascending aorta to the abdominal bifurcation was opened longitudinally 
and stained with Oil-red-O (Sigma-Aldrich, St.Louis, MO) to analyze the 
en face atherosclerotic lesions area (n = 4 mice in each group). To quantify 
luminal cross-sectional area involved by atherosclerotic plaque, 10 sections 
obtained every 20 μm from the aortic arch (n = 4 mice in each group) 
were stained with hematoxylin and eosin. For detection of targeted pro-
tein expression levels in all groups, the immunohistochemical analysis was 
used in serial plaque sections from the aortic arch (n = 4 mice in each 
group). The immunohistochemistry assays for CD68, CD90, α-smooth 
muscle actin, MMP-2 and MMP-9 were shown in online Supplementary 
Information.
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Analysis of apoptosis in vivo. According to our previous report,43 endo-
thelial cell apoptosis in thoracic aortas was detected by double stain with 
terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end 
labeling and anti-CD31. Electron microscopy was performed on thoracic 
segments using ultrathin sections and examined with a Nikon EclipseE800 
light microscope (Nikon, Tokyo, Japan). 

Cell cultures. MAECs for in vitro experiments were isolated from aor-
tas of apoE−/− mice (6–8 weeks of age) as described.44 RAW264.7 cells 
were purchased from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). The details for cell cultures were available in online 
Supplementary Information.

Cell signaling analysis. For pSMAD assays, MAECs and RAW264.7 cells were 
divided into three treatment groups: vehicle-treated group, GDF11-treated 
group (50 ng/ml) and GDF11 + SB431542 (10 μmol/l). Cells were pretreated 
with SB431542 for 30 minutes, and then treated with GDF11 for 30 minutes. 
For P-eNOS assays, MAECs were divided into five groups and pretreated with 
inhibitors against AMPK (Compound C, 500 μmol/l, Compound C group) or 
eNOS (L-NAME, 500 μmol/l, L-NAME group) or both of them for 30 min-
utes before GDF11 (50 ng/ml) was added. After cultured for 30 minutes, the 
protein expression levels of P-AMPK, AMPK, P-eNOS, eNOS, P- PKA, PKA, 
P-Akt, and Akt were assessed by Western blot.

Inflammatory analysis. RAW264.7 cells were divided into four groups: 
vehicle-treated group, PA-treated group, PA + GDF11-treated group 
(50 ng/ml), and PA + GDF11 + SB431542 (10 μmol/l) group. Cells were 
pretreated with TβR1 inhibitor for 30 minutes, and then treated with 
GDF11 for 1 hour followed by stimulation with PA (0.4 mmol/l). After 
treatment for 30 minutes, the protein expression levels of P-ERK1/2, 
ERK1/2, P-JNK, JNK, and NF-κB p65 nuclear translocation were assessed 
by Western blot. After the same treatment for 16 hours, culture media 
levels of IL-6, TNF-α, and MCP-1 were determined using enzyme-linked 
immunosorbent assay according to the manufacturer’s instructions (R&D 
Systems, Minneapolis, MN).

The assessments of other parameters. The Body weight, blood pressure 
and blood biochemical analysis, glucose and insulin tolerance test for 
mouse, apoptosis analysis, immunohistochemistry, NO measurement, 
real time polymerase chain reaction, Western blot analysis, proliferation 
and migration analysis in vitro are described in online Supplementary 
Information.

Human studies
Subjects. From July 2014 to July 2015, a total of 140 successive newly 
diagnosed Chinese male overweight subjects from Wuhan area (aged 
30–65 years, mean 48.2 ± 9.5), who referred to our hospital for health 
examination, were selected randomly in this study. Overweight subjects 
were defined as body mass index ≥ 25, and <30 kg/m2 (WHO criteria). 
The details for inclusion and exclusion criteria were shown in online 
Supplementary Information.

Biochemical measurements. Blood samples were obtained from partici-
pants after a 12-hour fast. Aliquots of serum and plasma were stored at 
−80°C and were not thawed until analyzed. Serum GDF11/8 concentra-
tions were measured in duplicate by using the enzyme-linked immuno-
sorbent assay kits (Elabscience, Wuhan, China), in accordance with the 
manufacturer’s instructions. The sensitivity of the assay was 9.375 pg/ml 
and the linear range of the standard was 15.625–1,000 pg/ml. The intra- and 
interassay coefficients of variation were <10%. The details for other bio-
chemical parameters were shown in online Supplementary Information.

Ultrasound study of the brachial artery. The vascular studies of the bra-
chial artery were performed noninvasively in the AM following a con-
trolled diet, as described in our previous publications.45,46

Statistical analysis. Data are expressed as mean ± SD. Differences between 
two groups were tested with unpaired Student’s t-test. Data of multiple 
groups were compared using one-way analysis of variance followed by least 
significant difference t-test. A P-value < 0.05 was considered statistically 
significant. All analyses were performed with SPSS 21.0 (IBM, Somers, 
NY). The statistical methods for human study were shown in online 
Supplementary Information.

SUPPLEMENTARY MATERIAL
Figure S1. GDF11 influenced the body weight, serum free fatty acids 
and GDF11/8 levels in mice fed with normal chow or high-fat diet.
Figure S2. AAV-GDF11 and GDF11 improved glucose tolerance in 
apoE-/- mice.
Figure S3. GDF11 improved insulin tolerance in apoE-/- mice.
Figure S4. AAV-GDF11 and GDF11 reduced matrix metalloprotein-
ase-2 (MMP-2) and MMP-9 protein expression in plaques.
Figure S5. GDF11 induced the proliferation of MAECs but had no 
effect on the migration of MAECs and macrophages.
Figure S6. Identification of the optimum incubation condition in cell 
experiments.
Figure S7. GDF11 reduced palmitic acid (PA)-induced inflammatory 
cytokines expression in RAW264.7 macrophages.
Figure S8. GDF11 promoted nitric oxide (NO) production in vivo and 
in vitro.
Figure S9. GDF11 activated AMPK-eNOS signaling in cultured MAECs.
Table S1. Body weight and blood pressure levels at 0 week and 
12 week of the experiments in apoE−/− mice.
Table S2. The metabolic characteristics at the end of the experiments 
in apoE−/− mice.
Table S3. Clinical and biochemical characteristics in control and in 
overweight subjects.
Table S4. Clinical and biochemical characteristics in overweight 
subjects according to the quartiles of FMD levels.
Table S5. Multiple stepwise regression analysis (forward) with FMD 
level as dependent variable.
Table S6. The odds ratio for the lower FMD levels according to 
GDF11/8 levels.
Supplementary Information
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