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Abstract

Background
Neointimal hyperplasia induced by interventional surgery can lead to progressive obliteration of the
vascular lumen, which has become a major factor affecting prognosis. It is commonly accepted that the
rate of re-endothelialization is inversely related to neointima formation. Growth differentiation factor 11
(GDF11) is a secreted protein with anti-in�ammatory, antioxidant, and anti-aging properties. Recent
reports indicate that GDF11 can improve vascular remodeling by maintaining differentiated phenotypes
for vascular smooth muscle cells. However, it is not known whether and how GDF11 acts to promote re-
endothelialization in vascular injury. The present study was performed to clarify the in�uence of GDF11
on re-endothelialization after vascular injury.

Methods
An adult Sprague-Dawley rat model of common-carotid-artery balloon-dilatation injury was surgically
established. A recombinant adenovirus carrying GDF11 was delivered into the common carotid artery to
overexpress GDF11. Vascular re-endothelialization and neointima formation were carried out on
harvested carotid arteries through histomolecular analysis. CCK8 analysis, LDH release and western
blotting were performed to investigate the effects of GDF11 on endothelial NLRP3-in�ammasome
activation and relevant signaling pathways in vitro.

Results
GDF11 signi�cantly enhanced re-endothelialization and reduced neointima formation in rats with balloon-
dilatation injury by suppressing the activation of the NLRP3 in�ammasome. Endoplasmic-reticulum
stress (ER stress) inhibitor, 4PBA administration attenuated endothelial NLRP3-in�ammasome activation
induced by Lysophosphatidylcholine. Besides, up-regulation of LOX1 expression involved elevated
endoplasmic-reticulum stress, and could result in endothelial NLRP3-in�ammasome activation. Moreover,
GDF11 signi�cantly inhibited NLRP3-in�ammasome-mediated endothelial cell pyroptosis through the
negative regulation of LOX-1-dependent ER stress.

Conclusions
We conclude that GDF11 improves re-endothelialization and can attenuate vascular remodeling by
reducing endothelial NLRP3-in�ammasome activation. These �ndings shed light on new treatment
strategies to promote re-endothelialization based on GDF11 as a future target.

Background
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Cardiovascular disease is still the main cause of human death. The rupture and shedding of
atherosclerotic plaques is an important fatal factor in acute coronary artery disease [1]. Percutaneous
intracavitary interventional therapy has the advantages of minimal invasiveness and a de�nite curative
effect. It is currently an important treatment technique for cardiovascular diseases and is widely used in
clinics. However, intimal neoplasia induced by interventional surgery can lead to restenosis, which has
become a major factor affecting prognosis [2]. It is commonly accepted that the rate of re-
endothelialization is inversely related to neointima formation [3]. Therefore, promoting the re-
endothelialization of injured blood vessels is urgent in order to reduce delayed restenosis and improve
patients’ quality of life after interventional surgery.

Growth differentiation factor 11 (GDF11) belongs to the transforming growth factor-β superfamily and is
involved in the regulation of a variety of important biological functions. As a secreted protein, GDF11 has
anti-in�ammatory, antioxidant and anti-aging properties [4, 5]. Studies have con�rmed that higher levels
of GDF11 are associated with lower risks of cardiovascular events and death, and are potential new
targets for improving cardiovascular outcomes [6]. Recent studies have found that GDF11 can maintain
the contractile phenotype of vascular smooth muscle cells and inhibit the development of thoracic aortic
dissection and sclerosing arterial disease [7, 8]. Moreover, previously published data indicate that GDF11
may regulate atherosclerosis by affecting the function of endothelial cells [9]. The functional status of
endothelial cells is closely related to the formation of neointima. However, why GDF11 regulating the
endothelial function inhibits neointima formation has not yet been fully elucidated.

The NLRP3 in�ammasome is an intracellular innate immune receptor that recognizes a diverse range of
stimuli. NLRP3 activation causes the assembly of a large multi-protein complex known as the NLRP3
in�ammasome and leads to the activation of caspase-1, which subsequently produces bioactive IL-1β.
Meanwhile, the active caspase-1 induced by the NLRP3 in�ammasome can induce other non-classical
effects such as cell pyroptosis and high cell permeability [10]. The NLRP3-in�ammasome pathway is
implicated in vascular neointima hyperplasia [11]. It has been con�rmed that endothelial NLRP3-
in�ammasome activation contributes to the development of neointima formation [10, 12, 13]. NLRP3 is
one of the GDF11 target genes con�rmed by previous experiments [14, 15]. However, whether GDF11 can
attenuate vascular remodeling by targeting the endothelial NLRP3-in�ammasome signaling pathway
remains largely unknown.

Bioactive lipids are important signaling molecules in many physiological processes [16]. Many studies
have shown that the abnormal synthesis and distribution of these lipids are related to many diseases,
especially in the cardiovascular system [17]. Lysophosphatidylcholine (lysoPC), a bioactive phospholipid
generated by various biological processes, is abundant in plasma and accumulates in damaged blood
vessels [18, 19]. Previous studies demonstrated that its inhibition of vascular endothelial cell function is
unfavorable for the restoration of endothelial integrity after injury [20, 21]. Moreover, studies have shown
that lysoPC is associated with the activation of endothelial NLRP3 in�ammasomes [22, 23].
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In the present study, we explored the mechanism through which GDF11 promotes the repair of damaged
blood vessels. Our research found that GDF11 improved re-endothelialization and regulated the lysoPC-
induced activation of the endothelial NLRP3 in�ammasome by inhibiting LOX-1-dependent endoplasmic-
reticulum stress (ER stress), which provides an important theoretical basis for GDF11 inhibiting vascular
neointima hyperplasia and promoting the repair of damaged blood vessels.

Materials And Methods
Cell cultures

Human umbilical vein endothelial cells (HUVECs), a human endothelial cell lineage, were obtained from
the American Type Culture Collection (Rockville, MD, USA) and maintained in DMEM containing 10% FBS
and 1% penicillin/streptomycin in a humidi�ed atmosphere of 5% CO2 at 37 °C. LysoPC(Sigma Aldrich;
Merck KGaA) was dissolved in PBS and preserved at –20 °C. When the cells reached about 80%
con�uence, they were treated with lysoPC for 24 h. Cells in the GDF11 and inhibitor groups were
pretreated with GDF11 and 4-PBA for 1 h prior to exposure to 50 ug/mL lysoPC for another 24 h.

Cell viability assay

Cell viability was evaluated using a Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan). Brie�y, cells
were seeded in 96-well plates at a density of 1×104 cells/well overnight. After treatment for 24 h as
described in Cell Cultures, 10 μL of CCK-8 solution was added to the culture medium in each well, and the
cells were then incubated in humidi�ed 95% air and 5% CO2 for 1 h at 37 °C. The absorbance at a
wavelength of 450 nm was measured using a microplate reader (Thermo Fisher Scienti�c, NYC, USA).

Determination of the LDH activity

Cell incubation was carried out as previously described in Cell Cultures, after which cytotoxicity was
determined by monitoring LDH release with an LDH cytotoxicity assay kit (Beyotime, Shanghai, China).
Brie�y, after the predetermined period of time, the cell culture plate was centrifuged at 400 g for 5 min. We
took 120 μL of supernatant from each well and added it to the corresponding well of a new 96-well plate,
and then added 60 μL of LDH detection solution to each. This plate was incubated at room temperature
for 30 min, after which the absorbance at 490 nm was measured using a microplate reader (Thermo
Fisher Scienti�c, NYC, USA).

Hoechst 33342 and propidium iodide (PI) staining

HUVECs were seeded into 6-well plates at a density of 2×105 cells/well. After treatment, the cells in each
group were washed with PBS 3 times and stained with 5 μL of Hoechst 33342 and 5 μL of PI (Beyotime,
Shanghai, China) for 20 min at 4 ℃. The stained cells were observed under a �uorescence microscope
(Olympus, Tokyo, Japan) and evaluated using the Image J software.

Western blot analysis
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As usual, HUVECs were seeded into 6-well plates at a density of 2×105 cells/well. After treatment, the
HUVECs were analyzed using Western blotting [24]. Brie�y, the cells were lysed with RIPA buffer
containing 1% proteinase inhibitor, PMSF, at 4 ℃. Then, they underwent centrifugation for 10 min at 4 ℃,
the supernatant was collected, and the protein concentration was measured with a BCA kit (Beyotime,
Shanghai, China). The protein samples were separated by SDS–polyacrylamide gel electrophoresis and
transferred onto a poly (vinylidene �uoride) (PVDF) membrane. After blocking with 5% non-fat milk for 1 h
at room temperature, the membrane was incubated with a primary antibody against CHOP (Beyotime,
Shanghai, China), Casp1 p20 (Cell Signaling Technology, MA, USA), GDF11, LOX-1, NLRP3, IL-1β, GSDMD-
N, or GRP78 (Abcam, Cambridge, UK) at 4 °C overnight. This was followed by incubation with a
secondary antibody for 1 h at 37 °C. The proteins were scanned using the Odyssey Imaging System, and
the band intensities were quanti�ed using Image J. GAPDH (Abcam, Cambridge, UK) was used as an
internal control. The protein expression levels of NLRP3, Casp1 p20, and IL-1β in the harvested artery
specimens were also determined using Western blotting.

RNA extraction and qPCR

The total RNA of HUVECs was extracted using TRIzol reagent (Invitrogen, CA, USA) following the
manufacturer’s instructions. The concentration of RNA was measured usinga NanoDrop (Thermo Fisher
Scienti�c, NYC, USA). Reverse transcription and qPCR were performed as described previously [25]. To
carry out mRNA quanti�cation, we used a reverse transcription kit (Vazyme, China) for the reverse
transcription of total RNA according to the manufacturer’s instructions. Following this, the SYBR Green
Master Mix (Nanjing, China) was utilized to perform qPCR, and a Roche Light Cycler system (Roche,
Switzerland) was used for analysis. The sequences of the primers used were as follows: LOX-1, F: 5′-
GAGTGAACATATCCATCATC-3’, R: 5′-TGGAGACATATGAATCTCAA-3’; GAPDH, F: 5′-
AAGAAGGTGGTGAAGCAGGC-3’, R: 5′-TCCACCACCCAGTTGCTGTA-3’.

Small-interfering RNA transfection

The small-interfering RNA against LOX-1 (si-LOX-1) was synthesized by RiboBio Biotechnology Company
(Guangzhou, China). For transfection, 50 nM si-LOX-1 and scrambled siRNA were delivered into cells
using the Lipofectamine™ 2000 transfection reagent (Invitrogen, CA, USA) according to the
manufacturer’s instructions. HUVECs were harvested for other experiments 48 h after transfection.

Animal model and adenovirus transduction

Animals were treated in accordance with the guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health, and this experiment was approved by the Animal Ethics
Committee of the Tongji University School of Medicine. Male Sprague-Dawley rats (weight: 300–350 g)
were anesthetized by the intraperitoneal injection of pentobarbital solution (30 mg/kg, Sigma) and then
injected with heparin (100 U/kg) in the tail vein. The procedure for the rat-carotid-artery balloon-injury
model has been described previously [26]. In brief, a 2F balloon catheter (Fogarty, E-060-2F, Baxter) was
inserted via the right external carotid artery into the common carotid artery, and the balloon was in�ated



Page 7/21

with saline and drawn towards the arteriotomy site three times to ensure complete intimal injury. The
injured artery was washed with PBS. Then, an adenovirus encoding GDF11 or control GFP (1×109 pfu,
Genechem Co., Ltd, Shanghai, China) was injected into the balloon-injured rat carotid arteries via the
incision of the right external carotid artery and kept in situ for 30 min. The solution was subsequently
withdrawn from the infected area, and blood �ow was restored. To demonstrate the e�ciency of
adenovirus delivery into the carotid artery, carotid arteries from Ad-GFP infected rats were observed under
�uorescence microscopy (Olympus, Tokyo, Japan).

Evans blue staining

To measure the re-endothelialization area 7 days after vascular injury, 5% Evans blue dye (Sigma) was
injected via the tail vein. After 30 min, arteries were dissected from the carotid bifurcation and opened
longitudinally to analyze the denuded and recovered areas. Images were obtained using a digital camera
(Cannon, Japan). Re-endothelialization was measured using image analyzer software (Image-Pro Plus
6.0). 

Immunohistochemistry

After the rats were sacri�ced, the injured aortic tissues were �xed with 4% paraformaldehyde solution,
embedded in para�n, and cut into 6 μm sections, which were prepared and incubated with rabbit anti-
CD31 (Servicebio, China) overnight at 4 °C. After routine immunohistochemistry, the sections were
observed under a microscope (Olympus, Tokyo, Japan). The Image Pro Plus 6.0 software was used to
calculate the ratio of CD31-expressing cells to the total number of cells in the arterial lumen wall to
measure the re-endothelialization rate for each cross-section.

Hematoxylin and eosin (HE) staining

Para�n sections of 6 μm were depara�nized with xylene and hydrated with ethanol. The sections were
dyed with hematoxylin and then stained in eosin dye solution. Images were obtained with an inverted
phase contrast microscope (Olympus, Tokyo, Japan). Neointima formation (intimal, medial, and
intimal/medial area) was measured using the Image-Pro Plus 6.0 image analysis software.

Statistical analysis

All the data are expressed as means ± SEMs, and all the experiments were performed in triplicate.
Comparisons between groups were evaluated using unpaired Student’s t tests. Analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test was utilized to test for differences among groups.
The results were analyzed using Graphpad Prism 9 (Graphpad Software Inc., USA). P<0.05 was regarded
as indicating a statistically signi�cant difference.

Results
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GDF11 inhibited NLRP3-in�ammasome activation and pyroptosis in lysoPC-treated human endothelial
cells

To test the cytotoxicity induced by lysoPC in human endothelial cells, we determined the cell viability and
LDH release. The results show that lysoPC treatment for 24 h resulted in a signi�cant decrease in cell
viability and elevated LDH release in a dose-dependent manner (Figure 1A and B). Moreover, lysoPC
concentration-dependently inhibited the expression of GDF11 in human endothelial cells, suggesting that
GDF11 may affect the viability of lysoPC-exposed human endothelial cells (Figure 1C and D). 

As predicted, GDF11 effectively ameliorated the cell viability and attenuated the LDH release in lysoPC-
treated human endothelial cells (Figure 1E and F). As described in recent research, lysoPC induces the
pyroptosis of human endothelial cells by activating the NLRP3 in�ammasome, which is closely related to
endothelial cell dysfunction [23, 27]. Following this, the impact of GDF11 on the expression of NLRP3,
Casp1 p20, IL-1β, and GSDMD-N at the protein level was further investigated. GDF11 pretreatment
prevented the activation of the NLRP3 in�ammasome and inhibited GSDMD-N expression following
lysoPC exposure (Figure 1G and H). Additionally, we detected a reduced number of PI-positive cells after
treatment with GDF11 by Hoechst/PI staining (Figure 1I and J). Together, these results con�rm that
GDF11 effectively inhibits lysoPC-induced NLRP3-in�ammasome activation and the occurrence of related
pyroptosis in human endothelial cells.

GDF11 promoted re-endothelialization in balloon dilatation injured rat carotid arteries

LysoPC is closely related to vascular injury and remodeling [28]. To determine whether GDF11
overexpression promotes re-endothelialization in vivo, a rat-carotid-artery balloon-injured model was used.
Adenovirus transfection was detected in the carotid arteries by �uorescence microscopy at 3 days after
balloon injury and in vivo infection with recombinant adenovirus (Ad) (Figure S1). Evans blue staining
was then used to evaluate re-endothelialization after 7 days of Ad-GDF11 transfection. Our results show
that the re-endothelialization rate of the Ad-GDF11 group was signi�cantly higher than that of the
balloon-injured (BI) group (Figure 2A). Moreover, the number of CD31-positive cells in the Ad-GDF11 group
was signi�cantly higher than that in the balloon-injured group (Figure 2B and C).

GDF11 inhibited NLRP3-in�ammasome activation and neointimal hyperplasia in vivo

To further explore whether GDF11 played an important role through the NLRP3 in�ammasome, we
evaluated the protein levels of NLRP3, Casp1 p20, and IL-1β at 2 weeks after carotid artery injury. The
NLRP3, Casp1 p20, and IL-1β proteins were markedly increased in injured carotid arteries, which were
partially reversed by Ad-GDF11 (Figure 3A and B). Since early re-endothelialization and the suppression of
the NLRP3 in�ammasome can attenuate neointimal hyperplasia, we used HE staining to detect
neointimal hyperplasia in each group (Figure 3C). As expected, the rats with a balloon injury presented
signi�cantly more frequently with neointimal hyperplasia in the carotid artery. Balloon-injured rats
administered Ad-GDF11 showed a signi�cant reduction in neointimal area compared to the balloon-
injured group or rats administered Ad-GFP (Figure 3D). Similarly, the intimal-to-medial area ratio was
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signi�cantly reduced in Ad-GDF11-treated arteries (Figure 3E). No signi�cant difference in the medial area
was observed among all the groups (Figure 3F). These results demonstrate that GDF11 alleviates
neointimal formation in rat carotid arteries after balloon injury.

GDF11 inhibited NLRP3-in�ammasome activation by reducing LOX-1 expression

Results from the public GEO microarray database show that LOX-1 and Casp-1 are positively correlated
with injured carotid arteries in rats (Figure 4A–C). We also found that GDF11 could inhibit the expression
of LOX-1 induced by lysoPC (Figure 4D and E). To con�rm that LOX-1 participated in NLRP3-
in�ammasome activation in lysoPC-treated human endothelial cells, si-LOX-1-transfected human
endothelial cells were constructed and veri�ed by qPCR and Western blotting (Figure 4F–H). Our results
indicate that si-LOX-1 signi�cantly reversed the lysoPC-induced upregulation of NLRP3, Casp1 p20, IL-1β,
and GSDMD-N at the protein level (Figure 4I and J). These results suggest that LOX-1 plays an important
role in lysoPC-induced NLRP3-in�ammasome activation in human endothelial cells. In addition, GDF11
inhibited NLRP3-in�ammasome activation in human endothelial cells by inhibiting the expression of LOX-
1.

Involvement of ER stress in the activation of NLRP3 in�ammasome induced by upregulation of LOX-1
expression

ER stress can regulate NLRP3-in�ammasome activation [29, 30]. In human endothelial cells, whether the
upregulation of LOX-1 expression regulates NLRP3-in�ammasome activation through ER stress remains
unclear. Our results show that lysoPC increased the expression of ER stress markers, such as CHOP and
GRP78, compared with the control group, while 4-PBA pretreatment decreased the expression of CHOP
and GRP78 compared with the lysoPC group (Figure 5A and B). Moreover, in the 4-PBA pretreatment
group, the levels of NLRP3, Casp1 p20, IL-1β, and GSDMD-N were signi�cantly reduced (Figure 5 C and
D). These results indicate that ER stress participates in the activation of the NLRP3 in�ammasome in
lysoPC-treated human endothelial cells. In addition, GDF11 treatment and si-LOX also inhibited the
expression of ER stress markers (Figure 5 E and F). These �ndings indicate that GDF11 regulates NLRP3-
in�ammasome activity by inhibiting LOX-1-mediated ER stress.

Discussion
Previous studies have demonstrated that GDF11 treatment can signi�cantly inhibit the phenotypic
changes of vascular smooth muscle cells, improve endothelial function, and attenuate vascular
remodeling [7–9]. However, GDF11 regulates a variety of physiological and pathological processes, and
multiple signaling pathways are involved in the development of vascular remodeling. Further research
was needed to clarify the complex regulatory mechanism of GDF11 in vascular remodeling diseases. In
this study, we found that GDF11 alleviated neointimal hyperplasia and promoted rapid re-
endothelialization. The protective effect of GDF11 on vascular remodeling is related to the inhibition of
NLRP3-in�ammasome activation. We also discovered a new and bene�cial role for GDF11, as it
prevented the in�ammasome-induced pyroptosis of endothelial cells, and revealed the molecular basis of
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the GDF11-mediated protection of human endothelial cells. To the best of our knowledge, our results
provide the �rst experimental evidence showing the critical role of GDF11 in the regulation of endothelial
NLRP3-in�ammasome activation via the negative regulation of LOX-1-dependent ER stress.

LOX-1 is a multi-ligand receptor that was originally identi�ed as the endothelial ox-LDL receptor. As a risk
factor for cardiovascular disease, LOX-1 can be induced by a variety of stimuli including pro-
in�ammatory, oxidative and mechanical stimulation [31]. After vascular injury, the expression of LOX-1 in
the injured area increases [32]. In addition, the in vitro culture of regenerated endothelium from balloon-
injured arteries also found increased expression of modi�ed lipoprotein receptors on the cells [33].
Previous experiments found that inhibiting LOX-1 could promote re-endothelialization and inhibit
restenosis [34]. However, the speci�c mechanism for this is yet to be elucidated. Here, we found that the
upregulation of LOX-1 after an arterial injury induced dysvascular remodeling, which may be related to the
activation of the NLRP3 in�ammasome. We also found that the upregulation of LOX-1 induced the
activation of the endothelial NLRP3 in�ammasome through ER stress.

Studies have shown that lysoPC can induce the expression of LOX-1 in vascular cells [35, 36]. Moreover,
lysoPC can induce the activation of the endothelial NLRP3 in�ammasome [22, 23]. Mounting evidence
shows that NLRP3 is tightly regulated. Previous investigations demonstrated that excessive ER stress
damaged the intracellular microenvironment and eventually affected the activation of the NLRP3
in�ammasome [30]. Here, we found that 4-PBA could signi�cantly reduce the ER stress induced by lysoPC
while inhibiting human endothelial NLRP3-in�ammasome activation. Furthermore, we found that lysoPC
could upregulate the expression of LOX-1 in human endothelial cells. When we added si-LOX-1, lysoPC
was unable to induce ER stress and human endothelial NLRP3-in�ammasome activation.

Some studies have shown that GDF11 can protect endothelial cells by inhibiting apoptosis and
senescence [9, 37]. However, the relationship between GDF11 and ER stress has not previously been
reported. We found that GDF11 could signi�cantly inhibit the lysoPC-induced expression of ER stress
markers. Besides,GDF11 could also inhibit the expression of LOX-1. Since LOX-1 shows inducible
expression, further research is required to determine how the expression of LOX-1 is regulated by GDF11.

Delayed re-endothelialization is related to the dysfunction of endothelial cells [38]. According to the
response-to-injury theory, dysfunctional endothelial cells adhering to the damaged vessel wall are related
to the mechanism that initiates intimal thickening [39]. Recent studies have found that pyroptosis causes
endothelial cell dysfunction [40]. Pyroptosis is also known as in�ammatory necrosis of the cell, which is
manifested by the continuous expansion of the cell until the cell membrane ruptures and the subsequent
release of the cell contents to activate a strong in�ammatory response [41]. As an important triggering
factor and endogenous regulator of cardiovascular in�ammation, pyroptosis not only induces the death
of endothelial cells but also leads to enhanced endothelium permeability, promotes the expression of
endothelial cell-adhesion molecules, recruits monocytes and promotes their differentiation into
macrophages, and aggravates blood vessel damage [42–44]. Studies have shown that the pyroptosis
regulated by the NLRP3 in�ammasome is closely related to the progression of cardiovascular disease
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[43, 45]. It has been shown that GDF11 exerts a cardioprotective effect by inhibiting the cardiomyocyte
pyroptosis induced by the NLRP3 in�ammasome [15]. Here, we speculate that GDF11 improves vascular
remodeling by inhibiting endothelial cell pyroptosis, as there is also evidence that GDF11 can promote
endothelial cell proliferation and angiogenesis, and inhibit cell apoptosis [9].

Based on an in vivo experiment, we found that GDF11 promoted re-endothelialization following a
vascular endothelial injury. Since early endothelialization and the inhibition of the NLRP3 in�ammasome
are closely related to improved restenosis after vascular injury, we found that GDF11 could improve
vascular remodeling and inhibit neointima formation through HE staining. The occurrence of restenosis
induced by neointima formation is closely related to the proliferation of vascular smooth muscle cells.
Recent studies have found that GDF11 can maintain the contractile phenotype of vascular smooth
muscle cells under the action of various pathological factors [7, 8, 46]. Therefore, as a protective factor
for cardiovascular diseases, GDF11 can play a positive protective role in improving vascular remodeling.

Conclusion
In summary and to the best of our knowledge, this study is the �rst to demonstrate that GDF11 may
inhibit endothelial NLRP3-in�ammasome activation through the negative regulation of LOX-1-dependent
ER stress, thereby reducing endothelial cell pyroptosis and improving endothelial function, which
promotes re-endothelialization of damaged blood vessels and thus ameliorates vascular restenosis.
These �ndings reveal a new protective mechanism of GDF11 in remodeling damaged blood vessels.
However, further studies are needed to clarify the mechanism by which GDF11 regulates LOX-1
expression and to explore the clinical application.

Abbreviations
GDF11
Growth differentiation factor 11; ER stress:Endoplasmic-reticulum stress;
LysoPC:Lysophosphatidylcholine; HUVECs:Human umbilical vein endothelial cells; PI:Propidium iodide; si-
LOX-1:The small-interfering RNA against LOX-1; HE:Hematoxylin and eosin; Ad:Adenovirus; BI:Balloon-
injured.

Declarations
Ethics approval and consent to participate 

The present study was approved by the Animal Ethics Committee of the Tongji University School of
Medicine.

Consent for publication 

Consents for publication were obtained from all participants. 



Page 12/21

Availability of data and materials 

The datasets used and/or analysed during the current study are available from the corresponding author
on reasonable request.

Competing Interests

The authors declare no con�ict of interest.

Funding

This research was funded by the National Natural Science Foundation of China (No. 81974053).

Authors’ contributions

LL and YG participated in the conception and design of the study; LL, ZCL, CLD and SRG participated the
methodology; YG, WLW and KQW performed the analysis and interpretation of data; LL and YG drafted
the manuscript; YXZ reviewed the manuscript. All authors read and approved the manuscript.

References
1. Molinaro R, Yu M, Sausen G, Bichsel CA, Corbo C, Folco EJ, et al. Targeted delivery of Protein Arginine

Deiminase-4 inhibitors to limit arterial intimal NETosis and preserve endothelial integrity. Cardiovasc
Res. 2021.

2. Gareri C, De Rosa S, Indol� C. MicroRNAs for Restenosis and Thrombosis After Vascular Injury. Circ
Res. 2016;118:1170–84.

3. Hutter R, Carrick FE, Valdiviezo C, Wolinsky C, Rudge JS, Wiegand SJ, et al. Vascular endothelial
growth factor regulates reendothelialization and neointima formation in a mouse model of arterial
injury. Circulation. 2004;110:2430–5.

4. Onodera K, Sugiura H, Yamada M, Koarai A, Fujino N, Yanagisawa S, et al. Decrease in an anti-ageing
factor, growth differentiation factor 11, in chronic obstructive pulmonary disease. Thorax.
2017;72:893–904.

5. Su HH, Liao JM, Wang YH, Chen KM, Lin CW, Lee IH, et al. Exogenous GDF11 attenuates non-
canonical TGF-beta signaling to protect the heart from acute myocardial ischemia-reperfusion injury.
Basic Res Cardiol. 2019;114:20.

�. Olson KA, Beatty AL, Heidecker B, Regan MC, Brody EN, Foreman T, et al. Association of growth
differentiation factor 11/8, putative anti-ageing factor, with cardiovascular outcomes and overall
mortality in humans: analysis of the Heart and Soul and HUNT3 cohorts. Eur Heart J. 2015;36:3426–
34.

7. Ren K, Li B, Liu Z, Xia L, Zhai M, Wei X, et al. GDF11 prevents the formation of thoracic aortic
dissection in mice: Promotion of contractile transition of aortic SMCs. J Cell Mol Med.



Page 13/21

2021;25:4623–36.

�. Yuan X, Bhat OM, Lohner H, Li N, Zhang Y, Li PL. Inhibitory effects of growth differentiation factor 11
on autophagy de�ciency-induced dedifferentiation of arterial smooth muscle cells. Am J Physiol
Heart Circ Physiol. 2019;316:H345-H56.

9. Mei W, Xiang G, Li Y, Li H, Xiang L, Lu J, et al. GDF11 Protects against Endothelial Injury and Reduces
Atherosclerotic Lesion Formation in Apolipoprotein E-Null Mice. Mol Ther. 2016;24:1926–38.

10. Koka S, Xia M, Chen Y, Bhat OM, Yuan X, Boini KM, et al. Endothelial NLRP3 in�ammasome
activation and arterial neointima formation associated with acid sphingomyelinase during
hypercholesterolemia. Redox Biol. 2017;13:336–44.

11. Wei W, Li XX, Xu M. Inhibition of vascular neointima hyperplasia by FGF21 associated with
FGFR1/Syk/NLRP3 in�ammasome pathway in diabetic mice. Atherosclerosis. 2019;289:132–42.

12. Xia M, Boini KM, Abais JM, Xu M, Zhang Y, Li PL. Endothelial NLRP3 in�ammasome activation and
enhanced neointima formation in mice by adipokine visfatin. Am J Pathol. 2014;184:1617–28.

13. Yuan X, Bhat OM, Samidurai A, Das A, Zhang Y, Li PL. Reversal of Endothelial Extracellular Vesicle-
Induced Smooth Muscle Phenotype Transition by Hypercholesterolemia Stimulation: Role of NLRP3
In�ammasome Activation. Front Cell Dev Biol. 2020;8:597423.

14. Wang L, Wang Y, Wang Z, Qi Y, Zong B, Liu M, et al. Growth differentiation factor 11 ameliorates
experimental colitis by inhibiting NLRP3 in�ammasome activation. Am J Physiol Gastrointest Liver
Physiol. 2018;315:G909-G20.

15. Li Z, Xu H, Liu X, Hong Y, Lou H, Liu H, et al. GDF11 inhibits cardiomyocyte pyroptosis and exerts
cardioprotection in acute myocardial infarction mice by upregulation of transcription factor HOXA3.
Cell Death Dis. 2020;11:917.

1�. Hannun YA, Obeid LM. Principles of bioactive lipid signalling: lessons from sphingolipids. Nat Rev
Mol Cell Biol. 2008;9:139–50.

17. Wymann MP, Schneiter R. Lipid signalling in disease. Nat Rev Mol Cell Biol. 2008;9:162–76.

1�. Shi Y, Johnson J, Wang B, Chen B, Fisher GL, Urabe G, et al. Mass Spectrometric Imaging Reveals
Temporal and Spatial Dynamics of Bioactive Lipids in Arteries Undergoing Restenosis. J Proteome
Res. 2019;18:1669–78.

19. Greig FH, Hutchison L, Spickett CM, Kennedy S. Differential effects of chlorinated and oxidized
phospholipids in vascular tissue: implications for neointima formation. Clin Sci (Lond).
2015;128:579–92.

20. Chaudhuri P, Colles SM, Damron DS, Graham LM. Lysophosphatidylcholine inhibits endothelial cell
migration by increasing intracellular calcium and activating calpain. Arterioscler Thromb Vasc Biol.
2003;23:218–23.

21. Chaudhuri P, Smith AH, Putta P, Graham LM, Rosenbaum MA. P110alpha and P110delta catalytic
subunits of PI3 kinase regulate lysophosphatidylcholine-induced TRPC6 externalization. Am J
Physiol Cell Physiol. 2021;320:C731-C41.



Page 14/21

22. Liu T, Wang X, Guo F, Sun X, Yuan K, Wang Q, et al. Lysophosphatidylcholine induces apoptosis and
in�ammatory damage in brain microvascular endothelial cells via GPR4-mediated NLRP3
in�ammasome activation. Toxicol In Vitro. 2021:105227.

23. Correa R, Silva LFF, Ribeiro DJS, Almeida RDN, Santos IO, Correa LH, et al. Lysophosphatidylcholine
Induces NLRP3 In�ammasome-Mediated Foam Cell Formation and Pyroptosis in Human Monocytes
and Endothelial Cells. Front Immunol. 2019;10:2927.

24. Zhang Y, Zhang Y, Li W, Wang P, Gu R, Feng Y, et al. Uncoupling Protein 2 Inhibits Myointimal
Hyperplasia in Preclinical Animal Models of Vascular Injury. J Am Heart Assoc. 2017;6.

25. Zhu T, He Y, Yang J, Fu W, Xu X, Si Y. MYBPH inhibits vascular smooth muscle cell migration and
attenuates neointimal hyperplasia in a rat carotid balloon-injury model. Exp Cell Res. 2017;359:154–
62.

2�. Yang J, Fan Z, Yang J, Ding J, Yang C, Chen L. MicroRNA-24 Attenuates Neointimal Hyperplasia in
the Diabetic Rat Carotid Artery Injury Model by Inhibiting Wnt4 Signaling Pathway. Int J Mol Sci.
2016;17.

27. Si Y, Liu F, Wang D, Fang C, Tang X, Guo B, et al. Exosomal Transfer of miR-185 Is Controlled by
hnRNPA2B1 and Impairs Re-endothelialization After Vascular Injury. Front Cell Dev Biol.
2021;9:619444.

2�. Cho BJ, Im EK, Kwon JH, Lee KH, Shin HJ, Oh J, et al. Berberine inhibits the production of
lysophosphatidylcholine-induced reactive oxygen species and the ERK1/2 pathway in vascular
smooth muscle cells. Mol Cells. 2005;20:429–34.

29. Chong WC, Shastri MD, Peterson GM, Patel RP, Pathinayake PS, Dua K, et al. The complex interplay
between endoplasmic reticulum stress and the NLRP3 in�ammasome: a potential therapeutic target
for in�ammatory disorders. Clin Transl Immunology. 2021;10:e1247.

30. Chen X, Guo X, Ge Q, Zhao Y, Mu H, Zhang J. ER Stress Activates the NLRP3 In�ammasome: A Novel
Mechanism of Atherosclerosis. Oxid Med Cell Longev. 2019;2019:3462530.

31. Kume N, Kita T. Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) in atherogenesis.
Trends Cardiovasc Med. 2001;11:22–5.

32. Hinagata J, Kakutani M, Fujii T, Naruko T, Inoue N, Fujita Y, et al. Oxidized LDL receptor LOX-1 is
involved in neointimal hyperplasia after balloon arterial injury in a rat model. Cardiovasc Res.
2006;69:263–71.

33. Fournet-Bourguignon MP, Castedo-Delrieu M, Bidouard JP, Leonce S, Saboureau D, Delescluse I, et al.
Phenotypic and functional changes in regenerated porcine coronary endothelial cells: increased
uptake of modi�ed LDL and reduced production of NO. Circ Res. 2000;86:854–61.

34. Yao EH, Fukuda N, Ueno T, Matsuda H, Matsumoto K, Nagase H, et al. Novel gene silencer pyrrole-
imidazole polyamide targeting lectin-like oxidized low-density lipoprotein receptor-1 attenuates
restenosis of the artery after injury. Hypertension. 2008;52:86–92.

35. Aoyama T, Chen M, Fujiwara H, Masaki T, Sawamura T. LOX-1 mediates lysophosphatidylcholine-
induced oxidized LDL uptake in smooth muscle cells. FEBS Lett. 2000;467:217–20.



Page 15/21

3�. Aoyama T, Fujiwara H, Masaki T, Sawamura T. Induction of lectin-like oxidized LDL receptor by
oxidized LDL and lysophosphatidylcholine in cultured endothelial cells. J Mol Cell Cardiol.
1999;31:2101–14.

37. Dou F, Wu B, Chen J, Liu T, Yu Z, Chen C. PPARalpha Targeting GDF11 Inhibits Vascular Endothelial
Cell Senescence in an Atherosclerosis Model. Oxid Med Cell Longev. 2021;2021:2045259.

3�. Hsiao ST, Spencer T, Boldock L, Prosseda SD, Xanthis I, Tovar-Lopez FJ, et al. Endothelial repair in
stented arteries is accelerated by inhibition of Rho-associated protein kinase. Cardiovasc Res.
2016;112:689–701.

39. Li Q, Zhang M, Xuan L, Liu Y, Chen C. Anagliptin inhibits neointimal hyperplasia after balloon injury
via endothelial cell-speci�c modulation of SOD-1/RhoA/JNK signaling in the arterial wall. Free Radic
Biol Med. 2018;121:105–16.

40. Xi H, Zhang Y, Xu Y, Yang WY, Jiang X, Sha X, et al. Caspase-1 In�ammasome Activation Mediates
Homocysteine-Induced Pyrop-Apoptosis in Endothelial Cells. Circ Res. 2016;118:1525–39.

41. Hu Q, Zhang T, Yi L, Zhou X, Mi M. Dihydromyricetin inhibits NLRP3 in�ammasome-dependent
pyroptosis by activating the Nrf2 signaling pathway in vascular endothelial cells. Biofactors.
2018;44:123–36.

42. Wu Q, He X, Wu LM, Zhang RY, Li LM, Wu CM, et al. MLKL Aggravates Ox-LDL-Induced Cell
Pyroptosis via Activation of NLRP3 In�ammasome in Human Umbilical Vein Endothelial Cells.
In�ammation. 2020;43:2222–31.

43. Zhaolin Z, Guohua L, Shiyuan W, Zuo W. Role of pyroptosis in cardiovascular disease. Cell Prolif.
2019;52:e12563.

44. Qian Z, Zhao Y, Wan C, Deng Y, Zhuang Y, Xu Y, et al. Pyroptosis in the Initiation and Progression of
Atherosclerosis. Front Pharmacol. 2021;12:652963.

45. Xu X, Yang Y, Wang G, Yin Y, Han S, Zheng D, et al. Low shear stress regulates vascular endothelial
cell pyroptosis through miR-181b-5p/STAT-3 axis. J Cell Physiol. 2021;236:318–27.

4�. Seong M, Kang H. Hypoxia-induced miR-1260b regulates vascular smooth muscle cell proliferation
by targeting GDF11. BMB Rep. 2020;53:206–11.

Figures



Page 16/21

Figure 1

GDF11 inhibited NLRP3-in�ammasome activation and pyroptosis in lysoPC-treated human endothelial
cells. A Cell viability was detected by measuring CCK-8 levels after treatment with different
concentrations of lysoPC for 24 h. B Cytotoxicity was evaluated by the LDH release. C, D The effect of
lysoPC on the expression of GDF11 in human endothelial cells was detected by Western blotting. E Cells
were pretreated with 50ng/mL GDF11 for 1 h, followed by lysoPC treatment for 24 h. Cell viability was
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detected by measuring CCK-8 levels. F Cytotoxicity was evaluated by the LDH release. G, H the effect of
GDF11 on the expression of the NLRP3 in�ammasome (NLRP3, Casp1 p20, and IL-1β) and pyroptosis
executive protein (GSDMD-N) in human endothelial cells treated with lysoPC was analyzed by Western
blotting. I, J Photomicrographs of double-�uorescent staining with PI (red) and Hoechst33342 (blue).* p <
0.05 vs. the control group;# p < 0.05 vs. the lysoPC group.

Figure 2

GDF11 promoted re-endothelialization in balloon-dilatation-injured rat carotid arteries. A Evans blue-
stained carotid arteries at 7 days after vascular injury (representative images); blue staining indicates
endothelial denudation. B Immunohistochemical staining of CD31 was used to evaluate the re-
endothelialization of injured blood vessels in each group (scale bar represents 50 µm). C Quantitative
result from each group. * p < 0.05 vs. the balloon-injury (BI) group and the BI+Ad–GFP group.



Page 18/21

Figure 3

GDF11 inhibited NLRP3-in�ammasome activation and neointimal hyperplasia in vivo. A, B Proteins
related to NLRP3-in�ammasome activation (NLRP3, Casp1 p20, and IL-1β) were detected by Western
blotting. C Representative cross-sections of hematoxylin–eosin (HE) in different groups (top scale bar
represents 200 µm; bottom scale bar represents 50 µm). D–F Quantitative analysis of the neointimal
area, and ratio of neointima to media and medial area in different groups. * p < 0.05 vs. the control
group;# p < 0.05 vs. the BI group and the BI+Ad–GFP group.
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Figure 4

GDF11 inhibited NLRP3-in�ammasome activation by reducing LOX-1 expression. A Casp1 mRNA levels
were higher in rat-carotid-artery injury than in normal arteries in cohorts derived from GEO database
(https://www.ncbi.nlm.nih.gov/gds/). B The LOX-1 mRNA levels were higher in rat-carotid-artery injury
than in normal arteries in cohorts derived from GEO database. C There was a positive correlation between
LOX-1 and Casp1 transcript levels in the enrolled samples in GEO datasets. The samples were obtained
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from injured rat carotid arteries in GSE164050 dataset. D, E The effect of GDF11 on the expression of
LOX-1 in human endothelial cells treated with lysoPC was analyzed by Western blotting. F–H Human
endothelial cells were transfected with 50 nM siLOX-1. At 48 h post-transfection, qPCR and Western
blotting were used to detect LOX-1 knockout. I, J The effect of siLOX-1 on the expression of NLRP3
in�ammasome (NLRP3, Casp1 p20, and IL-1β) and GSDMD-N in human endothelial cells treated with
lysoPC was analyzed by Western blotting. & p < 0.05 vs. the normal arteries; * p < 0.05 vs. the control
group; # p < 0.05 vs. the lysoPC group.

Figure 5
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ER stress involved in the activation of NLRP3 in�ammasome induced by upregulation of LOX-1
expression. A, B LysoPC increased the expression of proteins related to endoplasmic-reticulum stress (ER
stress) (GRP78 and CHOP). ER stress inhibitor 4PBA (5mM) inhibited LysoPC-induced ER-stress-related
proteins. C, D ER stress inhibitor 4PBA inhibited NLRP3-in�ammasome-activation-related proteins
(NLRP3, Casp1 p20, and IL-1β), and GSDMD-N expression. E, F GDF11 and si-LOX-1 pretreatment
inhibited lysoPC-induced ER stress in human endothelial cells. * p < 0.05 vs. the control group; # p < 0.05
vs. the lysoPC group.
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