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Background: Endothelial progenitor cells (EPCs) were found to be a potential therapeutic choice for low extremity deep vein
thrombosis. The aim of our research was to investigate the effect of resveratrol (RSV) on EPCs that may pro-
mote thrombus resolution and its potential pathway.

Material/Methods: EPCs were pretreated with RSV and migration; angiogenesis were evaluated ex vivo. Expression of miR-138
and focal adhesion kinase (FAK) was also tested. A murine model of venous thrombosis was developed as an
in vivo model. The effects of RSV treatment on mice with inferior venous thrombosis were evaluated.

Results: We found that RSV increased EPCs migration and tube formation ex vivo. RSV significantly inhibited miR-138
expression. Moreover, we demonstrated that FAK was a target of miR-138 and revealed that FAK knockdown
downregulated migration and angiogenesis of RSV-treated EPCs. In addition, RSV-induced EPCs promoted
thrombus resolution in a murine model of venous thrombosis.

Conclusions: We found the first evidence that intravenous injection of RSV-treated EPCs enhanced thrombus resolution in
vivo. RSV exerted its role by reducing miR-138 expression and therefore upregulated FAK.
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Material and Methods

Endothelial progenitor cells (EPCs) are characterized by their
ability to self-renew and develop into mature endothelial
cells [1]. A number of studies have shown that EPCs possess
different functional capacities, including migration, cytokines
secretion, and recruitment in response to angiogenesis [2,3].
It has been proposed that the number of EPCs is reduced in
patients with cardiovascular risk factors [4]. In addition, there
is evidence that EPCs promote new vessel formation and tis-
sue vascularization during ischemia [5].

Resveratrol (trans-3, 4, 5’-trihydroxystilbene) is a type of natu-
ral phenol that was identified originally in food such as grapes,
blueberries, and some medicinal herbs. It has been designated
as the responsible agent of the “French paradox”. Resveratrol
(RSV) has been showed to inhibit platelet aggregation and/or
adhesion, prevent low density lipoprotein oxidation, suppress
proliferation or hypertrophy of smooth muscle cells, and in-
crease high-density lipoproteins [6]. Moreover, previous stud-
ies have shown that RSV could markedly raise the migration,
proliferation, and adhesive activities of EPCs and accelerate
the repair of an injured artery [7,8]. Although RSV increases
the number of EPCs and promotes EPCs proliferation, adhe-
sion and migration in a dose- and time-dependent manner,
the mechanism is still unclear.

MiRNAs, a class of small non-coding RNA molecules, are found
to regulate gene expression at the post-transcriptional level
via base-pairing with complementary sequences within mRNA
molecules subsequently leading to silence or translational in-
hibition of the target mRNAs. Research studies have revealed
that miRNAs participate in regulating one third of all human
genes and are involve in multiple biological functions [9,10].
Several studies have reported that miRNAs regulate the func-
tion of EPCs and serve as a novel therapeutic option for ve-
nous thromboembolism [11,12]. MiR-138 plays an important
role in different types of cancers and functions as a tumor sup-
pressor gene. In addition, it can also regulate hypoxia-induced
endothelial cell dysfunction [13,14]. However, to our knowl-
edge, its expression and biological roles in EPCs remain unclear.

In our research we found a novel mechanism of regulation for
RSV in regulating the functions of EPCs. We found that RSV
could promote migration and angiogenesis of EPCs through
miR-138 via targeting focal adhesion kinase (FAK). Furthermore,
we tested the efficacy of RSV-induced EPCs in the treatment
of vein thrombosis on a murine model.

Isolation and characterization of EPCs

We collected 80 mL peripheral blood samples from healthy
adult volunteers who provided informed consent. The proto-
cols were approved by the Institutional Review Board of the
Second Affiliated Hospital of Soochow University. EPCs were
isolated and characterized according to previous described
methods [5]. Peripheral blood mononuclear cells (PBMCs) were
isolated through density gradient centrifugation by adding lym-
phocyte separation medium (Sigma-Aldrich) and seeded on
FN-coated 6-multi-well dishes at a density of 2x107 cells/cm?
with 20% FBS EGM-2 medium (Lonza, Walkersville, MD, USA).
After four days in culture, non-adherent cells were removed
by washing with phosphate-buffered saline (PBS), and new
media was applied. EPCs were identified by their formation
of a cobblestone-like morphology, their expression of surface
markers including CD31, CD309, and CD34. EPCs were serum
depleted before experiments. To evaluate the effect of RSV,
EPCs were incubated with 50 pM RSV for 48 hours.

Migration assay

Migration of EPCs was evaluated using a Transwell system.
Briefly, isolated EPCs (1x10° cells) were placed on the top com-
partment pretreated with Matrigel. EBM-2MV medium with
20% FBS was pipetted into the lower reservoir. Following in-
cubation in 5% CO, cell culture incubator overnight, the mem-
branes were fixed with 70% ethanol and stained with he-
matoxylin. Cells on the underside of the compartment were
examined using three random fields under a light microscope.

Wound healing assay

Resuspended EPCs (2x10° cells) were seeded into 24-well plates
and reached 80% confluence as a monolayer. Gently scratch-
ing of the monolayer with a 20 pL pipette tip across the cen-
ter of the well was followed by a gently washing of the well,
twice, with PBS to remove the detached cells and then the
wells were replenish with EBM-2 medium. We took photos at
24 hours and 48 hours and the gap distance was examined
in three random wells.

In vitro tube formation assay

The angiogenic capacity of EPCs was assessed by using tube
formation assays. A total of 5x10* EPCs cells were seeded onto
24-well plates coated with Matrigel. After 24 hours incubation,
tube-like structures were monitored under an inverted light
microscope. Images were processed using Image) software.
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RNA extraction and quantitative

Total RNA extraction was performed using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Then cDNA synthesis was
carried out using the PrimeScript RT reagent Kit (Takara,
Dailan, China). Real-time (RT)-PCR was carried out using
SYBR® Green Q-PCR Mix (Thermo Scientific, MBI, USA) and
a Roche LightCycler 480 (Roche, Switzerland). Expression
of U6 RNA and B-actin were monitored as internal controls.
Primers were as follows: FAK, 5’-GTGCTCTTGGTTCAAGCTGGAT-3’
and 5’-ACTTGAGTGAAGTCAGCAAGATGTGT-3’; U6, 5’-GCTTCG
GCAGCACATATACTAAAAT-3" and 5’-CGCTTCACGAATTTGC
GTGTCAT-3’; B-actin, 5’-GAGCACAGAGCCTCGCCTTT-3’ and
5’-TCTCCAGGGAGGAGCTGGAA-3'.

Western blot analysis

EPCs were lysed using RIPA buffer and Halt Protease Inhibitor
Cocktail kits. Equal load of proteins were separated via SDS-
PAGE, and transferred onto NC membranes (Millipore, Billerica,
MA, USA). After blocking with 5% bovine serum albumin,
membranes were treated with primary antibody against FAK
overnight at 4°C. B-actin was used as the loading control.
Labeled bands were detected using SuperSignal West Pico
Chemiluminescent Substrate (Pierce, Rockford, IL, USA) on x-
ray films (Kodak, Tokyo, Japan).

Oligonucleotide, vector construction, and transfection

MiR-138 mimics, inhibitor, their negative control, or FAK siR-
NA were obtained from GenePharma (Shanghai, China) and
transfected into cells with Lipofectamine 3000 (Invitrogen, CA,
USA). Then 48 hours after incubation, cells were acquired for
ex vivo experiments. Expression level of miRNA was tested by
quantitative RT-PCR. The mimic and siRNA were as follows:
miR-138 mimics, sense: AGCUGGUGUUGUGAAUCAGGCCGTT;
anti-sense: CGGCCUGAUUCACAACACCAGCUTT; miR-
138 inhibitor, CGGCCUGAUUCACAACACCAGCU; FAK siR-
NA, sense: GGAGUGGAAAUAUGAAUUGTT; anti-sense:
CAAUUCAUAUUUCCACUCCTC.

Luciferase assays

The pMIR-REPORT with wild-type or mutated FAK 3’'UTR were
constructed by cloning and inserting of a wild-type or mutat-
ed sequence into the Spel and Hindlll sites of the pMIR-RE-
PORT Luciferase vector (Ambion, TX, USA). For reporter assays,
miRNA mimics and reporter plasmids were co-transfected by
using Lipofectamine 3000 reagent into 293T cells. Luciferase
activity was analyzed by the measurement of ratio between
firefly and renilla.
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Animal model and cells transplantation

The study protocol was approved by the Institutional Animal
Care and Use Committee of Soochow University. Murine mod-
el of venous thrombosis was constructed as we previously de-
scribed [12]. Briefly, after immuno-deficient male nude rats aged
8-12 weeks old, (Charles River Laboratories Supplier in China,
Beijing, China) were anesthetized with 7% pentobarbital, the
infarenal inferior vena cava (IVC) was exposed by a midline
laparotomy and ligated with 6-0 Prolene sutures. Meanwhile,
the blood flow at the confluence of iliac veins was blocked for
15 minutes to induce IVC segment thrombus. Then the animal
models were divided into three groups for cell transplantation
(n=10 for each group).

Tissue harvesting and histological examination

Either EPCs or control medium was injected via the tail vein on
day three after operation. The animals were sacrificed on the
seventh day and IVC segments with thrombus were carefully
harvested. Before the thrombi were weighed, excessive blood
on the thrombi was removed by filter paper. The thrombi were
treated with 4% paraformaldehyde overnight. The samples were
then dehydrated using a graded ethanol series, treated by di-
methybenzene and embedded in paraffin. The 3 pm section was
obtained at 200 um intervals throughout the full length of the
thrombus samples, and then stained with H & E staining. Eight
micrometer cryosections were acquired for histological analysis.

Digital subtraction angiography (DSA)

Venography was carried out with digital subtraction angiog-
raphy (DSA) (GE Innova 3100, USA). Under general anesthe-
sia, the tail vein was punctured as the venous access and con-
trast medium was injected into the IVC in order to determine
the recanalization and resolution of thrombus.

Statistical analysis

All values are expressed as mean +SD. Student’s t-test was
applied when there were two groups, while one way ANOVA
was used for comparisons of more than two groups. All statis-
tical analyses were performed using SPSS version 21 (Chicago,
IL, USA). A two-tailed value of p<0.05 was considered a sig-
nificant difference.

Results

Characterization of human EPCs

PBMCs isolated and cultured for four days formed a central
cluster and exhibited a spindle shaped, endothelial cell-like
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Figure 1. Characterization of endothelial progenitor cells (EPCs). (A) EPCs colony exhibited a central cluster on day 4 (a) and formed a
spindle shaped, endothelial cell-like morphology on day 14 (b) (100x). (B) Double staining of FITC-UEA-1 and Dil-ac-LDL and
merge image (400x). (C) Expression of CD31, CD34 and CD309 of EPCs at day 14.

morphology for 14 days (Figure 1A). Also, EPCs were char-
acterized as adherent cells positive for Dil-labelled acetylat-
ed low-density lipoprotein (DiLDL) uptake and lectin binding
(Figure 1B). Cells were further identified by demonstrating the
expression of CD31 (83.5+4.7%), CD34 (21.9+2.8%), and CD309
(60.3+4.4%) using flow cytometry (Figure 1C).

Effect of RSV on human EPCs migration and tube
formation

To investigate the role of RSV on EPCs function, EPCs were in-
cubated with 50 pM RSV for 48 hours. Transwell migration as-
say showed that RSV profoundly promoted migration of EPCs
in comparison with the control group (Figure 2A, 2B). Next,
the wound healing assay confirmed that culture medium with
the addition of RSV increased the migration of EPCs to cross
wound space at 24 hours and 48 hours compared with the
control group (Figure 2C, 2D).

Moreover, we performed an angiogenesis assay to investigate
the ability of EPC to participate in neovascularization, which is
the most important activity of EPC. Accordingly, we found that
EPCs cultured in the presence of RSV showed increased an-
giogenic activity, as control to normal medium (Figure 2E, 2F).
Therefore, these results confirmed that RSV promotes the mi-
gration and angiogenesis of EPCs.

RSV reduces miR-138 expression regulating EPCs function

MiR-138 is an essential mediator of endothelial cell (EC) dys-
function and patients with critical limb ischemia (CLI) display
increased miR-138 levels [13]. Several studies have reported
that RSV could regulate the expression of multiple miRNAs
in the context of cancer cell metastasis and invasion [15,16].
To evaluate whether the functional properties of RSV-treated
EPCs were affected by miR-138, we performed time-course
experiments to study the expression level of miR-138. RT-PCR
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Figure 2. Resveratrol regulates migration, tube formation of endothelial progenitor cells. (A, B) Migrated cells counting (200x).
** p<0.01 versus control (n=3). (C, D) Cell migration distance (200x). * p<0.05 versus control (n=3). (E, F) Relative tube

number (100x). ** p<0.01 versus control (n=3).

results revealed that miR-138 was reduced after RSV treat-
ment for up to six hours (Figure 3A). Moreover, to understand
the role of miR-138 in regulating EPCs function, miR-138 mim-
ics and inhibitor were applied to overexpress or downregulate
the expression of miR-138 in EPCs. Transfected cells were cul-
tured as aforementioned. Results revealed that overexpres-
sion of miR-138 reduced the ability of migration and angio-
genesis of EPCs. Furthermore, EPCs transfected with miR-138
inhibitor showed opposite behavior on migration and angio-
genesis (Figure 3B-3D).

Effect of RSV on EPCs function is mediated via
upregulation of FAK

Previous studies have shown that FAK could act as mediator of
RSV in the regulation of migration of vascular smooth muscle
cells [17]. We proposed to study the effect of FAK in the con-
text of functional regulation of EPCs. Western blotting analy-
sis revealed that RSV increased the level of FAK (Figure 4A). To
further investigate the role of FAK in RSV-induced EPCs func-
tion, we employed FAK siRNA that thus allowed for downreg-
ulation of FAK. After transfected with FAK siRNA, RSV-induced
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Figure 3. Resveratrol promotes function of endothelial progenitor cells (EPCs) by regulating expression level of miR-138. (A) Time
course of miRNA-138 expression in EPCs treated with RSV. * p<0.05, ** p<0.01. (B-D), EPCs were transfected with miR-138
mimics or inhibitor or negative control. (B) Migrated cells counting (200x). # p<0.05 versus NC mimics (n=3), ** p<0.01 versus
NC inhibitor (n=3). (C) Cell migration distance (200x). ¥ p<0.05 versus. NC mimics (n=3), ** p<0.01 versus. NC inhibitor (n=3).
(D) Relative tube number (100x). # p<0.05 versus. NC mimics (n=3), * p<0.05 versus. NC inhibitor (n=3).

EPCs exhibited decreased cell migration and angiogenesis
when compared to the vehicle controls group (Figure 4B—4D).

Based on multiple databases (TargetScan, RNA22-HAS and
MicroCosm Targets), FAK has been regarded as a potential
target of miR-138 because of the presence of potential bind-
ing site located at 3’ UTR. To confirm that FAK is directly reg-
ulated by miR-138, we performed luciferase assay by using a
luciferase reporter vector with a region of 3’ UTR FAK. Our re-
sults revealed that miR-138 mimics led to decreased lucifer-
ase activity compared with that of pMIR/FAK/mut (Figure 4E).
This indicates a direct interaction between miR-138 and the
3" UTR of FAK. In addition, we compared the luciferase activ-
ity of EPCs with or without RSV treatment. Analysis showed
that after RSV treatment, EPCs transfected with reporter vec-
tor increased the luciferase activity compared to that of the
vehicle control (Figure 4F). Taken together, these results dem-
onstrated that RSV and miR-138 influence FAK expression,
subsequently regulating EPCs function.

EPCs mediated by RSV promotes recanalization of venous
thrombesis in vivo

Murine models of venous thrombosis were constructed by IVC
ligation. EPCs pre-treated by RSV were intravenously injected
into the rats. As shown in Figure 5A, the weight of thrombus
significantly decreased in RSV-induced EPCs group at day 7 af-
ter transplantation. This was in sharp contrast to the control
group in which the mean weight of thrombus was 68.5 mg.

The sections were also subjected to H & E staining analysis.
In parallel, histological analysis revealed the presence of nu-
cleated cells within the thrombus on day 7. Also, erythrocyte,
platelets, and fibrin were found in the center of the throm-
bus. There were more nucleated cells and channels in the RSV-
induced EPCs group than in the control group (Figure 5B). DSA
was performed as the reference standard for evaluation of ve-
nous thrombosis. We observed significantly increased contrast
agent in rats injected with RSV-induced EPCs, suggesting bet-
ter thrombus recanalization and resolution on day 7, compared
with that of the control group (Figure 5C).
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Figure 4. Upregulation of focal adhesion kinase (FAK) by resveratrol (RSV) enhances migration and tube formation of endothelial
progenitor cells (EPCs). (A) The protein level of FAK in EPCs treated by RSV or vehicle. (B-D) RSV-induced EPCs were
transfected with FAK siRNA or vehicle. (B) Decreased migrated cells in EPCs transfected with FAK siRNA. (n=3, * p<0.05
versus vehicle group). (C) Decreased migration distance in EPCs transfected with FAK siRNA at 24 hours and 48 hours. (n=3,
* p<0.05 versus vehicle group). (D) Decreased tube number in EPCs transfected with FAK siRNA (n=3, * p<0.05 versus vehicle
group). (E) A schematic representation showing the putative target site of FAK and mutated target site for miR-138 with the
seed region and base substitutions (upper). Luciferase report assays were performed on HEK 293 T cells with co-transfection
of FAK-UTR-WT or FAK-UTR-MUT. (F) Luciferase assay of the FAK 3’UTR showed increased activity when EPCs were treated
with RSV, as compared to control (vehicle).
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Figure 5. Resveratrol (RSV)-induced endothelial progenitor cells (EPCs) promotes recanalization of venous thrombosis in vivo.
(A) Weight of the venous thrombi at day 7 post the transplantation. Data are expressed as mean +SEM (n=10, * p<0.05
versus blank control; ** p<0.005 versus blank control). (B) Hematoxylin and eosin (H & E) staining of thrombus sects
acquired on 7 day after transplantation (200x). (C) DSA image revealed significantly increase of thrombus recanalization and
resolution in rats transplanted with RSV-induced EPCs compared to blank control on day 7.

Discussion

The most important finding in our study was the demonstra-
tion of a positive effect of RSV-treatment EPCs leading to in-
creased migration and tube formation. Moreover, we confirmed
that effect of RSV on EPCs function was regulated by reduc-
tion of miR-138 and upregulation of FAK. Furthermore, we con-
structed the murine model of venous thrombosis and found
that administration of RSV-treatment EPCs contributed to pro-
motion of thrombus resolution and revascularization in vivo.

It has been shown that RSV exerts many pharmacological func-
tions including antitumor, antiaging, anti-cardiovascular dis-
ease and anti-oxidation [18-20]. It has been shown that RSV
may prevent endothelial cells from ultrastructural damage and
apoptosis in high-dose interleukin-2 treatment against mela-
noma [21]. Furthermore, Huang et al. revealed that RSV played
an important role in increasing the number, viability, and func-
tion of bone marrow EPCs via upregulating phosphorylation
of NO synthase and Akt [22]. However, few studies have re-
ported the effect of RSV on peripheral blood derived EPCs and
the potential mechanism.
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MicroRNA are short non-coding RNAs which negatively reg-
ulate the translational efficacy and stability of target mRNA.
Also, they have been reported to be involved in multiple bio-
logical processes including vascular development, homeosta-
sis, and differentiation [23]. Recent papers have elucidated that
miRNAs influence angiogenesis and modulate the behavior of
EPCs [24,25]. In this study, we proposed a novel mechanism
underlying the RSV-dependent regulation of EPCs function,
thus improving the efficacy of EPCs in the revascularization
of vein thrombus.

MiR-138 is involved in regulating tumorigenesis of various ma-
lignancies by acting as an oncogene or tumor suppressor gene,
depending on the cell type. For instance, Jiang et al. [26] report-
ed that overexpression of miR-138 in TSCC cells decreased pro-
liferation, cell cycle arrest, and apoptosis via targeting GNAI2.
It was also observed that a decreased aberrant expression of
miR-138 was associated with an inhibition of cell proliferation
and an enhancement of cell apoptosis in gallbladder carcino-
ma [27]. In addition, upregulation of miR-138 played a protec-
tive role in myocardial adaptation to chronic hypoxia, which
was mediated by the MLK3/JNK/c-jun signaling pathway [28].
However, the function of miR-138 is little known. In this study,
we observed that overexpression of miR-138 inhibited migra-
tion and angiogenesis of EPCs. Interestingly, these findings
were in accordance with previously research on cancer cells.
We also demonstrated an inverse correlation between RSV and
miR-138. Moreover, functional analysis revealed that forced
expression of miR-138 counterbalanced the positive effect of
RSV. Therefore, our findings revealed that miR-138 plays an
important role in EPCs function.

To elaborate the potential mechanism by which miR-138 reg-
ulates RSV-treated EPCs function, we used the bioinformatics
tool method to identify the target gene. We analyzed, using
several software programs, the potential target gene of miR-
138 and found the 3’ untranslated region of FAK existed at the
binding sites. Furthermore, the site of miR-138 is reported to
be highly conserved among different species, suggesting its
important role in regulation of FAK in multiple species. FAK,
an intracellular non-receptor tyrosine kinase and a major me-
diator of signal transduction, has critical functions in prolifer-
ation and differentiation of many cell types. Inhibition of FAK
has been shown to cause decreased growth in human breast
cancer cells [29]. Luciferase assay ascertained that miR-138
directly bound to 3’ UTR of FAK. In addition, FAK protein ex-
pression decreased in EPCs transfected with miR-138 mimics.
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More importantly, we observed that treatment of RSV caused
increased luciferase activity. In addition, RSV strongly down-
regulated miR-138 expression, thus increasing FAK expression,
which indicated an interaction of RSV and miR-138 in regulat-
ing the expression of FAK.

The resolution of deep venous thrombus is a complex pro-
cess of organization and formation of neovascular channels
within the thrombus, which requires the orchestration of dif-
ferent cells [30]. Monocytic inflammatory infiltrates contrib-
uted to the appearance of vascular channels, leading to res-
olution by encouraging angiogenesis. Significant numbers of
bone marrow-derived EPCs have also been found in naturally
resolving thrombi [31], but their role in thrombus recanaliza-
tion and the potential mechanism is unclear. Several studies
have found EPCs migrated to thrombi and released proangio-
genic cytokines and growth factors such as VEFG, SDF-1, and
IGF [3]. In addition, growing evidence revealed impaired endo-
thelial lining can be restored by circulating EPCs [32]. Li et al.
reported that bone marrow-derived EPCs increased blood flow
in a murine model of chronic thrombosis [8]. However, reduced
number and impaired function of EPCs in various diseases are
potential difficulties in clinical success of EPCs. Therefore, sev-
eral studies focused on substance and biological methods that
may protect EPCs from dysfunction. Kong et al. reported that
decreased miR-483-3p expression promoted EPCs migration
and tube formation by targeting SRF [12].

Henrich et al. showed that high dose simvastatin reduced
TNF-a-induced apoptosis of EPCs, suggesting simvastatin has
protective effects on EPCs survival and differentiation in a hy-
perinflammation condition [33]. In this study, we found that
intravenous injection of RSV-treatment EPCs could promote
recanalization of venous thrombosis in vivo. These data sug-
gest that application of RSV as a supplement may play an im-
portant role in regulating EPCs function and improve outcomes
of deep vein thrombosis.

Conclusions

In conclusion, we established that RSV plays an important role
in regulating EPCs function via reducing miR-138 expression
and therefore increasing FAK. Furthermore, the application of
RSV-treated EPCs improved thrombus recanalization and res-
olution in a vein thrombosis rat model. Therefore, these data
suggest new clinical application in vascular diseases.
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