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Intimal injury is an early stage of several cardiovascular diseases. Endothelial

progenitor cells (EPCs) play a significant role in endothelial repair following

vascular injury. Once the intima is damaged, EPCs are mobilized from the

bone marrow to the injury site. Meanwhile, the injury to the intimal surface

triggers platelet degranulation, aggregation, and adhesion to the damaged

endothelium, and exposed collagen stimulates platelet to secrete platelet-

derived microvesicles (PMVs). However, the role of PMVs in EPC function

during this process remains unknown. In an in vivo study, EPCs and platelets

were found to adhere to the injury site in Sprague-Dawley (SD) rat vascular

injury model. In vitro, collagen stimulation induced the release of PMVs, and

collagen-activated PMVs (ac.PMVs) significantly promoted EPC prolifera-

tion. Transforming growth factor-b1 (TGF-b1) content was increased in

ac.PMVs. Activated PMVs significantly upregulated Smad3 phosphorylation

in EPCs and increased Smad3 nuclear translocation from the cytoplasm.

TGF-b1 knockdown ac.PMVs downregulated EPC proliferation. Recombi-

nant TGF-b1 enhanced EPC proliferation. The TGF-b1 inhibitor SB431542

significantly repressed the intracellular signal triggered by ac.PMVs. Further-

more, the Smad3-specific phosphorylation inhibitor SIS3 effectively reversed

the cell proliferation induced by ac.PMVs. Smad3 translocated to the nucleus

and enhanced EPC proliferation via its downstream genes tenascin C (TNC),

CDKN1A, and CDKN2A. r-TGF-b1 promoted reendothelialization and

EPC proliferation in vivo. Our data demonstrate that activated PMVs deliver

TGF-b1 from collagen-activated platelets to EPCs, which in turn activates

Smad3 phosphorylation and regulates TNC, CDKN1A, and CDKN2A

expression to promote EPC proliferation, suggesting that PMVs act as a key

transporter and a potential therapeutic target for vascular injury.

Introduction

Endothelial progenitor cells (EPCs) are self-renewing

and circulating pluripotent stem cells that can differen-

tiate into mature endothelial cells (ECs). Asahara et al.

[1] first reported the existence of EPCs, which posi-

tively express KDR/Flk-1, CD31, and CD34. EPCs

play an important role in intimal injury caused by
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surgery or early blood vessel disease. During this pro-

cess, bone marrow (BM)-derived EPCs are recruited to

the injury site [2] and are able to proliferate and differ-

entiate into ECs to participate in intimal injury caused

by cardiovascular diseases (CVD) [3-5]. In addition, it

has been reported that EPCs can secrete growth fac-

tors or cytokines to participate in angiogenesis [6].

Early EPCs have a short lifespan and secrete angio-

genic cytokines, while late EPCs have a stronger pro-

liferative capacity than early EPCs [7].

Once intimal damage occurs, the subendothelial

layer, which contains collagen, is exposed, and plate-

lets are recruited and adhere to the lesion and are sub-

sequently activated by collagen to produce large

amounts of platelet-derived microvesicles (PMVs) [8,9].

PMVs are extracellular vesicles with a closed lipid

bilayer membrane ranging from 100 to 1000 nm in

size, and they contain proteins and microRNAs

derived from platelets and mediate signal exchange

between cells [10]. Increasing evidence suggests that

PMVs participate in hemostasis and inflammation and

are involved in the pathogenesis of CVD such as

atherosclerosis [11]. However, it has also been reported

that PMVs play an important role in inducing angio-

genesis and stimulating post-ischemic revascularization

[12]. A previous study confirmed that PMVs can be

taken up by EPCs, stimulate EPCs to differentiate into

ECs [13], and promote the adhesion and migration of

EPCs [14]. In the past decade, abundant proteins have

been shown to be the major components of PMVs.

There are high levels of transforming growth factor-

b1 (TGF-b1), which is a membrane ligand that plays

critical roles in the proliferation, cell growth, differen-

tiation, and renewal of stem cells, in PMVs that con-

tain proteins [15]. Previous studies on TGF-b1 focused

more on profibrotic processes in different cell types.

For example, in atrial fibrillation (AF), TGF-b1 treat-

ment significantly promotes the expression of fibrotic

biomarkers in EPCs [16]. Additionally, TGF-b1 can be

released by EPCs, causing the fibrosis of other cells,

such as ovarian cancer cells [17] and hepatic stellate

cells [18]. However, the effects of TGF-b1 that deliv-

ered by collagen-activated PMVs (ac.PMVs) on EPCs

in intimal injury are still unclear.

In this study, we established a rat model of carotid

artery injury and observed the colocalization of EPCs

and platelets, and we found that EPCs were enriched

in PMVs. The role of PMVs in the regulation of EPC

proliferation in intimal injury was investigated in vitro

and in vivo, and the effect of TGF-b1 delivered by

PMVs during this process was further studied. The

aim of the current study was to understand how PMVs

mediate EPC function to facilitate vascular repair.

Results

EPCs and platelets adhered to the intimal injury

site in vivo

To explore the interaction between EPCs and PMVs, a

carotid artery balloon injury model was established

(Fig. 1A). The left common carotid artery of each rat

was used as the experimental group, and the right

common carotid artery was used as the autologous

control. One hour after the injury, hematoxylin–eosin
(HE) staining showed that platelets adhered to the car-

otid lumen at the intimal lesion, while the carotid

lumen of the control group was smooth and flat. After

4 weeks, the intimal hyperplasia was evident, and the

vessel wall was obviously thickened (Fig. 1B).

Immunofluorescence staining results showed that von

Willebrand factor (vWF), a marker of the ECs, was

not expressed on the lumen of damaged blood vessels

1 h after intimal injury, indicating that the intimal

injury model was successfully established (Fig. 1C). In

the early stage of intimal injury, EPCs are recruited to

the injury site, and platelets can function by releasing

microvesicles (MVs). Hence, we then examined the

localization of EPCs and platelets, which were identi-

fied by vWF and CD34 expression (EPCs) and CD41

expression (platelets). After intimal injury, the

endothelial layer was damaged, and vWF was not

expressed on vessels. Hence, the immunofluorescence

staining results showed that CD34 and vWF were

colocalized, indicating that EPCs adhered to the inner

wall of blood vessels (Fig. 1D). Staining for CD34 and

CD41 showed that they were coexpressed at the site of

injury, compared to the control group (Fig. 1E).

Fig. 1. Adhesion of EPCs and PMVs in the intimal injury model. (A) Schematic diagrams of the establishment of the rat intimal injury model.

(B) HE staining revealed that platelets adhered to the injury site (black arrows) 1 h after intimal injury surgery in the model group compared

with the control group, and intimal hyperplasia was significant 4 weeks after surgery. (C) Intimal injury was detected by in situ

immunofluorescence staining for vWF (red), SMA (green), and DAPI (blue). Scale bar = 200 lm. (D, E) Immunofluorescence staining was

used to detect the adhesion of EPCs and platelets in situ compared with that in the control group. CD34, a marker of EPCs, is indicated by

red fluorescence. In Figure D, green fluorescence is vWF, an EC maker. In Figure E, green fluorescence is the platelet marker CD41. Nuclei

are stained blue. The white arrows indicate the adhesion sites. Scale bar = 50 lm.
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In vivo experiments suggested that carotid intimal

injury caused the adhesion of EPCs and platelets.

Aggregated platelets were activated by collagen

exposed at the damaged intima. Hence, we hypothe-

sized that platelets can produce large amounts of

PMVs, which might have an effect on EPC function.

Collagen-activated platelet-derived microvesicles

adhered to EPCs and promoted EPC proliferation

To explore the role of PMVs in EPCs, EPCs were iso-

lated from the BM of Sprague-Dawley (SD) rats by

density gradient centrifugation and identified by fluo-

rescence microscopy. To confirm the EPC phenotype,

adherent cells were stained with 10-dioctadecyl-
3,3,30,30-tetramethyl indocarbocyanine perchlorate-

acetylated low-density lipoprotein (DiI-acLDL; red;

Molecular Probes, Eugene, OR, USA) and FITC-

UEA-lectin (green; Sigma, St. Louis, MO, USA), and

double-positive cells were identified as EPCs (Fig. 2A).

Platelets were collected from whole blood, activated

with collagen (1 lL�mL�1; Sigma) for 1 h, and cen-

trifuged at 20 500 g for 90 min. PMVs were isolated

from the supernatant in vitro by density gradient cen-

trifugation, as shown in the schematic diagrams

(Fig. 2B). To investigate the adhesion of collagen-

ac.PMVs to EPCs, EPCs were treated with ac.PMVs

for different durations. The immunofluorescence stain-

ing results showed that PKH26-positive ac.PMVs

adhered to EPCs; this adhesion increased with the pro-

longation of incubation time and began to show a sig-

nificant increase at 1 h (Fig. 2C). More importantly, a

BrdU assay confirmed that ac.PMVs significantly

enhanced the proliferation of EPCs at 24 h (Fig. 2D).

In vitro experiments indicated that collagen-ac.PMVs

adhered to EPCs and significantly prompted the prolif-

eration of EPCs.

Collagen stimulation increased the number of

activated PMVs and upregulated proliferation via

p-Smad3

To detect the effect of collagen on the activation of

PMVs, we labeled MVs with CD41 and detected them

by flow cytometry. As shown in Fig. 3A, CD41-posi-

tive MVs accounted for 90% of PMVs, and collagen

stimulation increased the number of ac.PMVs com-

pared with that in the group not treated with collagen.

Meanwhile, nanoparticle tracking analysis (NTA) indi-

cated that the size of most PMVs was between 100

and 200 nm and that the number of MVs per milliliter

was significantly increased after treatment with colla-

gen, which was consistent with the flow cytometry

results (Fig. 3B). To explore the mechanisms by which

ac.PMVs regulated the proliferation of EPCs, we used

ingenuity pathway analysis (IPA) bioinformatics soft-

ware (QIAGEN, Dusseldorf, Germany) to analyze the

top upstream regulators related to cell proliferation.

Among the top five upstream regulator pathways, the

Smad family participated in three. Therefore, we

selected Smad3, which is closely related to prolifera-

tion, for further investigation (Fig. 3C,D). EPCs were

incubated with ac.PMVs in vitro for 1 or 24 h. The

western blotting results showed that after 1 h of stimu-

lation, the expression level of p-Smad3 in EPCs was

dramatically increased and that there was no signifi-

cant change in the protein level of total Smad3

(Fig. 4A). However, there was no significant change in

the expression level of either p-Smad3 or total-Smad3

in EPCs treated with ac.PMVs for 24 h (Fig. 4B). In

addition, ac.PMV treatment led to significant increases

in the translocation of Smad3 from the cytoplasm to

the nucleus in EPCs (Fig. 4C). Moreover, after

ac.PMV treatment, the protein level of Smad3 was

increased in the nucleus and decreased in cytosolic

lysates from EPCs, which was consistent with the

immunofluorescence staining results (Fig. 4D).

To verify the relationship between Smad3 phospho-

rylation and proliferation, a specific inhibitor of

Smad3 phosphorylation, SIS3 (Selleck, Houston, TX,

USA), was used [19]. The results showed that SIS3 sig-

nificantly inhibited Smad3 phosphorylation (Fig. 4E)

and repressed ac.PMV-induced EPC proliferation

(Fig. 4F).

These results indicated that collagen stimulation sig-

nificantly increased the number of ac.PMVs and

upregulated EPC proliferation via Smad3 phosphory-

lation, which was triggered by ac.PMVs.

Activated PMVs promoted proliferation by

delivering TGF-b1

We next investigated the regulator of Smad3 phos-

phorylation in EPCs. We hypothesized that ac.PMVs

deliver key molecules to modulate EPC function. It

has been reported that TGF-b1 is an upstream mole-

cule of Smad3 and is a major cytokine that is

involved in the regulation of cell growth and develop-

ment. However, it is unclear whether collagen-

ac.PMVs activate signaling pathways by delivering

TGF-b1. Therefore, we first studied the TGF-b1 con-

tent in PMVs. Western blotting and ELISA both

indicated that in the same volume, the content of

TGF-b1 in ac.PMVs was significantly increased com-

pared with that in PMVs derived from platelets that

were not treated with collagen, indicating an increase
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in TGF-b1 levels due to the increased quantity of

ac.PMVs (Fig. 5A,B). Furthermore, we quantified the

concentration of protein in MVs. The concentration

was calculated according to a standard curve, and the

absorbance value of protein in PMVs was determined

by the BCA Protein Assay Kit (Beyotime Biotechnol-

ogy, Shanghai, China; Fig. 5C). Western blotting and

ELISA analysis showed that when the same amount

of total protein was loaded, the content of TGF-b1
in the ac.PMVs was increased (Fig. 5D,E), which

suggested an increase in the secretion of TGF-b1
from platelets.

To investigate the mechanism by which ac.PMVs

regulate EPC function and the role of TGF-b1 in this

process. We used recombinant TGF-b1 protein (r-

TGF-b1; Sino Biological, Beijing, China) to stimulate

EPCs and detected the protein expression level of

Smad3. Consistent with the results obtained after

ac.PMVs stimulation, the expression of p-Smad3 in

EPCs was significantly increased after treatment with

Fig. 2. Collagen-ac.PMVs adhered to EPCs in vitro and significantly increased the proliferation of EPCs. (A) Identification of rat BM

mononuclear cell-derived EPCs. After 10 days of culture, staining for FITC-UEA-lectin (green) and DiI-acLDL (red) revealed double-positive

cells that were identified as EPCs. Scale bar = 100 lm. (B) The flow chart shows the method used to obtain collagen-ac.PMVs or platelet-

derived MVs. (C) ac.PMVs significantly adhered to EPCs at 1 h and continued to accumulate at 3, 6, 12, and 24 h. Red fluorescence shows

the membranes of ac.PMVs, which were labeled with a PKH26 fluorescent cell linker; blue fluorescence shows the DAPI-labeled EPC

nuclei. Scale bar = 50 lm. (D) The BrdU assay showed that EPC proliferation was increased by ac.PMVs (n = 5). P-values were calculated

by Student’s t-test. The values are the means � SDs. *P < 0.05.
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Fig. 3. Collagen stimulation increased the number of ac.PMVs. (A) Whole blood was taken from the abdominal aortas of rats, and collagen-

activated or untreated PMVs (gate R1) were defined by 2.5–4.5-lm beads (gate R2). FACS analysis showed that the number of PMVs

derived from platelets was increased after collagen stimulation. The red curve represents the collagen-ac.PMVs, and the green curve

represents PMVs. (B) NTA was used to detect the concentration and size distribution. The results revealed that the size of the most of the

two types of PMVs was between 100 and 200 nm and that the concentration of ac.PMVs was increased. (n = 3). (C, D) Upstream regulator

pathways related to proliferation, as determined by IPA. (C) The top five regulators related to cell proliferation. (D) Three signaling pathway

networks in which Smad family proteins are involved.
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r-TGF-b1 for 1 h (Fig. 5F). As shown in Fig. 4D,

r-TGF-b1 treatment induced the translocation of total

Smad3 from the cytoplasm to the nucleus in EPCs

(Fig. 5G). Moreover, EPC proliferation was signifi-

cantly induced 24 h after exogenous recombinant pro-

tein stimulation (Fig. 5H).

Fig. 4. Collagen-ac.PMVs triggered the Smad3 signaling pathway in EPCs. (A) Western blot analysis showed that the protein expression

levels of p-Smad3 were dramatically increased in EPCs incubated with ac.PMVs for 1 h, while the total Smad3 level did not change (n = 4).

(B) Western blotting showed that after 24 h of stimulation by ac.PMVs, p-Smad3 and total-Smad3 were not significantly changed (n = 4).

(C) Immunofluorescence staining indicated ac.PMVs induced the translocation of Smad3 (red) from the cytoplasm to the nucleus (blue) in

EPCs. Scale bar = 50 lm. (D) Western blotting results showed that Smad3 was upregulated in the nucleus after 24 h of stimulation and

that the level of Smad3 in the cytoplasm was downregulated. (n = 4). (E, F) SIS3 inhibited the phosphorylation of Smad3 and decreased

EPC proliferation. (E) Western blotting indicated that the expression level of p-Smad3 was significantly repressed in the presence of SIS3

(n = 4). (F) The BrdU results suggested that the proliferation of EPCs was inhibited by SIS3 (n = 4). SIS3 was added 1 h before stimulation

with ac.PMVs. P-values were calculated by Student’s t-test. The values are the means � SDs. *P < 0.05.
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Fig. 5. Collagen stimulation increased TGF-b1 levels in ac.PMVs, and TGF-b1 promoted EPC proliferation through the Smad3 signaling

pathway. (A, B) Collagen stimulation increased the TGF-b1 level in the same volume of collagen-ac.PMVs, as detected by western blotting

(n = 3) (A) and ELISA (n = 4) (B). Coomassie blue staining was used to measure the amount of protein loaded. (C) Quantification of protein

levels in PMVs based on a standard curve. A standard curve was drawn based on the relationship between the standard protein

concentration and its absorbance (540–590 nm) according to the BCA Protein Assay Kit. A loading volume of 20 lL PMVs or collagen-

ac.PMVs was used for western blotting to ensure the same protein concentration (n = 3). (D, E) Western blotting (n = 3) and ELISA (n = 4)

revealed changes in TGF-b1 protein levels and concentrations in samples containing the same amount of total protein. Coomassie blue

staining was used to indicate the amount of protein loaded. (F) EPCs were treated with r-TGF-b1 (10 ng�mL�1) for 1 h, and the expression

of p-Smad3 was significant, while there was no change in the total-Smad3 level (n = 4). (G) r-TGF-b1 treatment induced the translocation of

Smad3 (red) from the cytoplasm to the nucleus (blue) in EPCs. Scale bar = 50 lm. (H) The BrdU assay results showed that the recombinant

protein significantly upregulated the proliferation of EPCs (n = 5). P-values were calculated by Student’s t-test. The values are the

means � SDs. *P < 0.05.
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Taken together, these data showed that collagen

stimulation altered the protein content of TGF-b1 in

ac.PMVs, which subsequently resulted in EPC prolifer-

ation by activating the phosphorylated Smad3 signal-

ing pathway.

TGF-b1 specific inhibitor SB431542 inhibited EPC

proliferation

To further verify the effect of TGF-b1 on EPC prolif-

eration, SB431542, which is a specific inhibitor of the

TGF-b1 signaling pathway, was used. EPCs were trea-

ted with r-TGF-b1 in the presence or absence of

10 lM SB431542 (Beyotime Biotechnology), which was

added 1 h prior to recombinant protein stimulation.

SB431542 significantly reversed the expression level of

p-Smad3 induced by TGF-b1, but there was no signifi-

cant change in the expression level of total Smad3

(Fig. 6A). After treatment with r-TGF-b1 for 24 h,

SB431542 also had the same effect on repressing the

phosphorylation of Smad3 (Fig. 6B). The immunofluo-

rescence staining results showed that the addition of

the TGF-b1 inhibitor blocked the nuclear transloca-

tion of Smad3 (Fig. 6C). Moreover, the BrdU results

suggested that SB431542 decreased the proliferation of

EPCs (Fig. 6D).

SB431542 also significantly reduced the phosphory-

lation of Smad3 after EPCs were stimulated with

ac.PMVs for 1 h, while total Smad3 protein levels

were unchanged (Fig. 7A). Similarly, immunofluores-

cence staining showed that the ac.PMV-stimulated

nuclear translocation of Smad3 was also inhibited by

SB431542 (Fig. 7B). Moreover, western blotting

showed that SB431542 downregulated Smad3 protein

levels in the nuclei and upregulated Smad3 protein

levels in the cytosol of EPCs stimulated with ac.PMVs

(Fig. 7C). Furthermore, the proliferation of EPCs

induced by ac.PMVs was also inhibited by SB431542

(Fig. 7D).

In conclusion, SB431542 repressed EPC prolifera-

tion induced by ac.PMVs delivered TGF-b1 by regu-

lating the Smad3 signaling pathway. This result

verified that the transmission of TGF-b1 by ac.PMVs

resulted in the proliferation of EPCs.

TGF-b1 knockdown ac.PMVs downregulated p-

Smad3 activation and EPC proliferation

To further determine the role of TGF-b1 delivered by

ac.PMVs in proliferation, we used a megakaryoblastic

cell line, MEG-01, to produce platelets with specific

TGF-b1 deletion [20]. Cells were transfected with

TGF-b1 small interfering RNA (siRNA) or scrambled

siRNA for 48 h and then treated with recombinant

human thrombopoietin (rTPO, 100 ng�mL�1; Bey-

otime Biotechnology) to produce platelets. We selected

siRNA#2, which had good interference efficiency

according to western blot analysis, for subsequent

experiments (Fig. 8A). Then, we used collagen to acti-

vate platelets for 1 h and collected TGF-b1 siRNA-

treated ac.PMVs and scrambled siRNA-treated

ac.PMVs. ELISA confirmed that the secretion of

TGF-b1 was significantly repressed in TGF-b1
siRNA-treated ac. PMVs (Fig. 8B). EPCs were stimu-

lated with TGF-b1 siRNA-treated ac.PMVs for 1 h,

and the p-Smad3 expression level was detected. Smad3

cellular localization in EPCs and EPC proliferation

were examined at 24 h. The western blotting results

indicated that the p-Smad3 expression level in EPCs

was significantly suppressed in the group stimulated

with TGF-b1 siRNA-treated ac.PMVs compared to

the group stimulated with scrambled siRNA-treated

ac.PMVs (Fig. 8C). Immunofluorescence staining

showed that the nuclear translocation of Smad3 stimu-

lated by ac.PMV-delivered TGF-b1 was inhibited by

TGF-b1 knockdown (Fig. 8D). Furthermore, the pro-

liferation of EPCs was downregulated (Fig. 8E).

Taken together, these results confirmed that TGF-

b1 delivered by ac.PMVs led to an increase in Smad3

phosphorylation and EPC proliferation.

Smad3 promoted EPC proliferation via TNC,

CDKN1A and CDKN2A

To explore how phosphorylated Smad3 regulated the

proliferation of EPCs, we used IPA bioinformatics soft-

ware to analyze the downstream target genes of

Smad3. IPA revealed that there are 74 downstream

target molecules that interact with Smad3, including

60 molecules that are associated with CVDs and seven

molecules that are related to both the proliferation of

stem cells and CVDs (Fig. 9A). Most of Smad3 down-

stream target genes are involved in atherosclerosis sig-

naling (Fig. 9B); in addition, 52 molecules participate

in cellular development, and 48 molecules are involved

in cellular growth and proliferation (Fig. 9C). Among

them, seven molecules involved in both stem cell pro-

liferation and CVDs were chosen for the further inves-

tigation. To better understand which molecules are

involved in EPC proliferation, the Smad3-specific inhi-

bitor SIS3 was used to detect the mRNA expression of

downstream target genes. quantitative real-time PCR

(qRT-PCR) results showed that cyclin-dependent

kinase inhibitors 1 and 2 (CDKN1A and CDKN2A)

were significantly downregulated and that tenascin C

(TNC) was upregulated by ac.PMV stimulation, while
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the Smad3 phosphorylation inhibitor SIS3 reversed the

effects of PMV stimulation (Fig. 9D).

Taken together, our results demonstrated that

ac.PMV-delivered TGF-b1 induced the phosphoryla-

tion of Smad3, which subsequently regulated the

downstream molecules TNC, CDKN1A, and

CDKN2A and eventually induced EPC proliferation.

r-TGF-b1 enhanced intimal reendothelialization

ability and EPC proliferation in vivo

To verify the role of TGF-b1 in EPC proliferation

in vivo, CM-Dil-labeled EPCs (red) were instilled into

and incubated in the freshly injured arteries of the ani-

mal model. r-TGF-b1 was injected via the tail vein

daily for 4 days, and BrdU (Sigma) was injected via

intraperitoneal injection 24 h before sacrifice. On the

fourth day after the intimal injury, reendothelialization

was assessed by injecting 2%, 40 mg�kg�1 Evans blue

(Sigma) into the tail vein 30 min before sacrifice

(Fig. 10A). The Evans blue dye results showed that

the presence of EPCs promoted the repair of blood

vessels and that the systemic injection of r-TGF-b1 sig-

nificantly increased reendothelialization. When EPCs

were pretreated with SB431542 for 24 h, the reen-

dothelialization area induced by r-TGF-b1 was par-

tially reduced in vivo (Fig. 10B). Furthermore, after

staining with an anti-BrdU antibody, the nuclei of

CM-Dil-positive cells exhibited blue [diamidine-2-

phenylindole dihydrochloride (DAPI)] and green

(BrdU) costaining, which indicated cell proliferation.

We calculated the percentage of BrdU-positive cells to

CM-Dil-positive cells based on the immunofluores-

cence staining. The results revealed that EPC prolifera-

tion was significantly upregulated by r-TGF-b1 and

reversed by the specific inhibitor SB431542 (Fig. 10C).

The in vivo study results were consistent with our

in vitro experimental results. After carotid intimal

injury, local incubation with EPCs promoted the

repair of the vascular intima, and the systemic injec-

tion of r-TGF-b1 significantly increased reendothelial-

ization and EPC proliferation in situ.

Discussion

Endothelial dysfunction is an early critical event in

CVDs [21]; the loss of monolayer ECs can cause inti-

mal injury. Growing evidence suggests that EPCs help

repair damaged intimal structure and function [22,23].

Under physiological conditions, EPCs are stored in the

BM; after intimal injury, EPCs have the capacity to

home to the injury site, where they proliferate and dif-

ferentiate into mature ECs [24]. Previous studies have

shown that treatment options based on BM-derived

EPCs are promising options for treating cardiovascular

disease caused by intimal injury [25].

In recent years, there have been many reports indi-

cating that EPCs can differentiate into ECs and partic-

ipate in the repair of damaged intima. For example,

vascular endothelial growth factor (VEGF) or shear

stress generated by blood flow through the vessel wall

induces the differentiation of late EPCs into ECs phase

[26,27]. Furthermore, it is also important to enhance

the proliferation function of EPCs after homing. It has

been reported that CD276, which is highly expressed

in late EPCs, can effectively maintain cell proliferation

and migration by regulating cyclin [28]. After intimal

injury occurs, the increased proliferation of EPCs at

the injury site implies that the number of EPCs that

differentiated into ECs can also increase, which can

effectively improve the efficiency of vascular repair

and reduce the production of neointima. Therefore, we

aimed to explore the regulation of EPC proliferation

in intimal injury.

In the blood circulation, PMVs are a major compo-

nent of whole blood MVs, and they have drawn

increasing attention in the field of various diseases,

such as coagulation disorders, rheumatoid arthritis,

cancers, CVDs, and infections [29]. PMVs contain

molecules such as functional enzymes [30], transcrip-

tion factors [31], and nucleic acid substances [32]. They

transmit information by binding with recipient cells

to take part in the regulation of multiple processes.

Studies have shown that, in addition to having roles

in disease, PMVs can enhance cell recruitment,

Fig. 6. SB431542 inhibited the proliferation of EPCs stimulated by r-TGF-b1. (A) Treatment with r-TGF-b1 for 1 h increased the

phosphorylation level of Smad3, and the effect was reversed by the TGF-b1 inhibitor SB431542. The total Smad3 protein level did not

change significantly. EPCs were treated with r-TGF-b1 (10 ng�mL�1) for 1 h in the presence or absence of SB431542 (10 lM), which was

added 1 h before ligand stimulation. DMSO, the solvent of SB431542, had no effect on EPCs (n = 4). (B) The expression of p-Smad3 was

increased under 24 h of treatment with r-TGF-b1 (10 ng�mL�1) and reversed by SB431542 (10 lM). The total-Smad3 protein level showed

no change (n = 4). (C) Immunofluorescence staining suggested that Smad3 (red) entered the nucleus (blue) under TGF-b1 stimulation and

that this was reversed by SB431542. Scale bar = 50 lm. (D) The presence of r-TGF-b1 significantly increased the proliferation of EPCs, and

SB431542 inhibited the effect of recombinant protein (n = 4). P-values were calculated by Student’s t-test. The values are the

means � SDs. *P < 0.05.
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differentiation, and angiogenic potential through cell

membrane assimilation and incorporation during

angiogenic early outgrowth. Moreover, after contact

with angiogenic early outgrowth cells, PMVs activate

calcium channels and AKT phosphorylation through

CXCR4, which significantly increases adhesion,

migration, and endothelialization for repairing intimal

damage [33]. In our study, exposed collagen at the inti-

mal injury site stimulated adherent platelets to produce

large amounts of PMVs, which delivered TGF-b1 to

EPCs and activated Smad3 phosphorylation in EPCs,

subsequently regulating the mRNA levels of TNC,

Fig. 7. SB431542 inhibited the proliferation of EPCs stimulated by collagen-ac.PMVs. (A) SB431542 inhibited the protein levels of p-Smad3

induced by ac.PMVs stimulation (n = 4). ac.PMV and SB (SB431542)-treated EPCs were incubated for 1 h, and SB431542 was added 1 h

earlier. (B) Immunofluorescence staining indicated the Smad3 (red) nuclear translocation was reversed by SB431542 in cells. Scale

bar = 50 lm. (C) Western blotting showed upregulated Smad3 protein levels in the nuclei and downregulated Smad3 protein levels in the

cytosol of EPCs stimulated with ac.PMVs. The effect was reversed by SB431542 (n = 4). (D) The BrdU assay showed that the ac.PMV-

induced EPC proliferation was blocked by the TGF-b1 inhibitor SB431542 (n = 4). P-values were calculated by Student’s t-test. The values

are the means � SDs. *P < 0.05.
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CDKN1A, and CDKN2A and eventually enhancing the

proliferation of EPCs (Fig. 11). It is worth noting that in

some experimental groups, we also collected MVs

derived from platelets that were untreated with collagen.

These MVs served as a normal physiological control

group, and EPCs incubated with untreated PMVs

showed no significant change relative to EPCs incubated

with the blank control PMVs (data not shown).

Transforming growth factor-b1 is a growth factor

harbored by PMVs and belongs to a member of the

TGF-b superfamily. It is involved in the regulation of

cell growth and differentiation and is abundantly pre-

sent in platelets and PMVs. D�ıez et al. [34] reported that

TGF-b1 promotes the differentiation of EPCs into vas-

cular smooth muscle-like cells by an endothelial-to-mes-

enchymal transition (EMT)-like process when EPCs are

cocultured with vascular smooth muscle cells. However,

some reports have indicated that excess TGF-b1 pro-

motes angiogenesis [35], regulates the activity of the

VEGF/VEGFR system [36], and increases the survival

rate of ECs [37,38]. Previous reports have suggested that

the effect of TGF-b1 on angiogenesis is diverse, but the

effect of TGF-b1 delivered by PMVs on the EPC func-

tion and vascular repair is still unclear. In our current

study, we were more concerned about the very early

stage after intimal injury. We found EPCs immediately

mobilized and adhered to the injury site 1 h after vascu-

lar injury. In this process, the landmark events are plate-

let adhesion, activation, and the homing of EPCs to the

site of injury. The content of TGF-b1 in PMVs was sig-

nificantly increased due to platelet activation by colla-

gen. When they adhered to EPCs, ac.PMVs significantly

promoted cell proliferation by transmitting TGF-b1,
which played a positive role in the repair of intimal

injury.

Transforming growth factor-b1 exerts its functions

by phosphorylating the carboxy terminus of the activin

receptors to trigger the Smad3 signaling pathway [39].

Moreover, it has also been reported that TGF-b can

phosphorylate type I receptors and then phosphorylate

Smad1/5 to participate in EMT together with p-Smad3

[40]. To explore the role of ac.PMVs in delivering

TGF-b1, the inhibitor SB431542 was used in our

study. Previous reports have shown that SB431542 can

inhibit the TGF-b1 signaling pathway by limiting the

function of the receptor ALK-5 [41]. In our research,

we found that SB431542, as a specific inhibitor,

blocked the effect of TGF-b1 delivered by ac.PMVs

and significantly inhibited the proliferation of EPCs.

Smad3 is a transcription factor that is active when

phosphorylated. p-Smad3 forms a complex with itself

or p-Smad2, as well as Smad4, and enters the nucleus

to regulate the expression of target genes. In rat BM

mesenchymal stem cells (MSCs), TGF-b1 can promote

the differentiation of MSCs into ECs by activating

Smad3 phosphorylation in early phases; in contrast, in

late phases, Smad2 inhibits the expression of VEGF

and restricts cell differentiation [42]. Compared to

Smad2, the effect of Smad3 on cell function is more

likely to be beneficial to stem cell development through

the promotion of processes such as proliferation, dif-

ferentiation and tube formation. For example, GDF11

increases cell angiogenic capacity by only activating

the p-Smad3 pathway [43]. Our study showed that

ac.PMVs promoted EPC proliferation via p-Smad3

and facilitated the repair of intimal injury.

Tenascin C is a glycoprotein that is normally

expressed in the extracellular matrix of tissue [44].

Through the variable cleavage of mRNA or activation,

TNC plays an important role in regulating prolifera-

tion during wound healing [45]. CDKN1A and

CDKN2A, also known as p21 and p16, are both

cyclin-dependent kinase inhibitors. They inhibit

cyclins, block CDK activation, and regulate cell G1/S

conversion, thereby inhibiting cell proliferation.

CDKN1A plays a regulatory role in binding with fac-

tors that are necessary for PCNA-dependent S-phase

DNA synthesis [46]. Additionally, CDKN2A interacts

with retinoblastoma (Rb) to control the G1- to S-

phase transition in cells [47]. In our study, we found a

positive effect of TNC and a negative effect of

CDKN1A and CDKN2A as downstream molecules of

p-Smad3 on EPC proliferation.

In summary, our findings identified the role of

PMVs, specifically when induced by collagen, in

enhancing the proliferation capacity of EPCs. After

damaged, exposed collagen stimulated accumulating

platelets to produce ac.PMVs, which transmitted

TGF-b1 to adhered EPCs and significantly increased

the intracellular p-Smad3 protein level to target TNC,

CDKN1A, and CDKN2A and thus induce EPC pro-

liferation and vascular repair. Our data provide

insights into a novel process by which PMVs regulate

the function of EPCs after intimal injury happens and

suggest a potential therapeutic approach for the repair

of injured intima.

Materials and methods

Rat carotid artery intimal injury model and

reendothelialization assay

The animal care and experimental protocols in the study

conformed to the recommendations in the 8th Edition of

the Guide for the Care and Use of Laboratory Animals of

the National Institutes of Health (NIH, revised 2011) and
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Fig. 9. ac.PMVs enhanced EPC proliferation via TNC, CDKN1A, and CDKN2A. (A) The putative target genes of Smad3 were predicted with IPA

software. A total of 74 downstream target molecules that directly interact with Smad3 were identified by IPA. Sixty target molecules associated with

CVDs are shown in the yellow region. The green region in the center is the seven target molecules related to both cell proliferation and CVDs. (B) IPA

software analysis revealed that a large number of downstream molecules of Smad3 are involved in the atherosclerosis signaling pathway. (C)

Seventy-four downstream molecules were analyzed by IPA software; 52 of them participated in cellular development; and 48 participated in cellular

growth and proliferation. (D) Seven predicted downstream molecules of Smad3 in EPCs were assessed by qRT-PCR after 24 h stimulation with

collagen-ac.PMVs or with both ac.PMVs and SIS3 (n = 4). The results showed that CDKN1A and CDKN2A were significantly downregulated and that

TNC was upregulated by ac.PMV stimulation, while the Smad3 phosphorylation inhibitor SIS3 reversed the effects of ac.PMV stimulation. Column

scatter showing the fold change relative to the control. P-values were calculated by Student’s t-test. The values are the means � SDs. *P < 0.05.

Fig. 8. TGF-b1 knockdown collagen-ac.PMVs downregulated EPC proliferation compared with ac.PMVs. (A) The MEG-01 cell line was transfected

with siRNA, and the TGF-b1 protein level was significantly decreased by siRNA #2 after 48 h (n = 3). (B) The TGF-b1 concentration in MEG-01-

derived ac.PMVs was significantly downregulated by siRNA, as detected by ELISA (n = 4). (C) Treatment with MEG-01-derived ac.PMVs or TGF-b1

siRNA-treated ac.PMVs for 1 h increased the phosphorylation level of Smad3, and this effect was reversed by TGF-b1 knockdown. The total Smad3

protein level did not change significantly (n = 4). (D) Immunofluorescence staining suggested that the nuclear translocation of Smad3 (red) stimulated

by ac.PMV-delivered TGF-b1 was reversed by TGF-b1 knockdown. Scale bar = 50 lm. (E) ac.PMVs promoted EPC proliferation, and this effect was

inhibited in the absence of TGF-b1 (n = 4). P-values were calculated by Student’s t-test. The values are the means � SDs. *P < 0.05.
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were in accordance with the Animal Management Rules of

China (Documentation 55, 2001, Ministry of Health,

China), and the study was approved by the Animal

Research Committee of Shanghai Jiao Tong University.

Sprague-Dawley rats were anesthetized with isoflurane,

and the carotid blood vessels were exposed under a dissect-

ing microscope. After the bifurcation above the common

carotid artery was found, the occipital artery, the internal

carotid artery, the thyroid artery, and the external carotid

artery were sequentially ligated using a surgical suture. A

hemostat was used to clamp the proximal common carotid

artery. A small opening was made in the blood vessel from

the proximal end of the thyroid artery and a balloon

inserted (2F, 0.67 mm; Edwards Lifesciences, Irvine, CA,

USA), and the inner membrane was damaged three times

by rotary motion. For the BrdU in vivo and reendothelial-

ization assay, EPCs were pretreated with or without

SB431542 (10 lM) 24 h before surgery. EPCs (1 9 106)

were labeled with CM-Dil (1 lM; YEASEN, Shanghai,

China) for 5 min at 37 °C. Then, the cells were resus-

pended in 200 lL PBS. The cell suspension was instilled

into and incubated with the freshly injured arterial bed for

25–30 min [48,49]. Recombinant TGF-b1 (10 lg�kg�1�day�1)

was injected via the tail vein 3 h after intimal injury for

4 days. The postoperative rats were housed in the experimen-

tal animal center. Carotid blood vessels were collected 1 h,

4 days, or 4 weeks after the surgery for frozen sectioning and

morphological staining.

Fig. 10. r-TGF-b1 promoted vascular repair and EPC proliferation in vivo. (A) A flow diagram of the experimental animal protocol. (B) EPCs

and r-TGF-b1 injection (10 lg�kg�1�day�1) promoted pretreated the reendothelialization of the injury site, and pretreated with SB431542

decreased reendothelialization area which detected by Evans blue staining. The blue area represents the damaged area, and the white area

represents the repaired area. (C) Representative microscopy images revealed that EPC proliferation was significantly upregulated by r-TGF-

b1 and reversed by the specific inhibitor SB431542. EPCs were labeled with CM-Dil (red), and proliferating cells showed double staining for

BrdU (green) and DAPI (blue). The number of BrdU-positive cells to CM-Dil-positive cells is shown as a percentage (n = 4). Scale

bar = 50 lm. P-values were calculated by Student’s t-test. The values are the means � SDs. *P < 0.05.
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Reendothelialization was assessed by injecting 2%,

40 mg�kg�1 Evans blue into the tail vein 30 min before sac-

rifice on the fourth day after intimal injury. The left com-

mon carotid arteries were collected from the carotid

bifurcation, incised longitudinally, and photographed with

a digital camera. The reendothelialized areas were defined

macroscopically as those areas not stained by the Evans

blue dye and quantified with IMAGEJ software (National

Institutes of Health, Bethesda, MD, USA).

For frozen sections, carotid blood vessels were fixed in

4% paraformaldehyde for 24 h and dehydrated in 30%

sucrose solution for 24 h. Then, frozen sections with a

thickness of 10 lm were produced and stored at �20°C.

Isolation, cultivation, and characterization of

EPCs

Endothelial progenitor cells were cultured from the BM of

SD rats [50,51]. Briefly, the femur and tibia were removed

from male SD rats (180–200 g), and all surrounding

connective tissue and muscle were removed. The ends of

the bones were cut, and BM was collected by irrigation

with PBS. BM-derived mononuclear cells were isolated by

density gradient centrifugation with Histopaque-1083

(Sigma) and cultured in six-well plates coated with 0.1%

gelatin in endothelial growth medium-2 (EGM-2; Lonza,

Walkersville, MD, USA) supplemented with FBS, VEGF,

fibroblast growth factor-B, epidermal growth factor, hydro-

cortisone, R3 insulin-like growth factor-1 (R3-IGF-1),

ascorbic acid, gentamicin, and amphotericin-B (GA-1000;

Lonza). After 4 days, nonadherent cells were discarded and

a fresh culture medium was added. The media were subse-

quently changed every 3 days.

Endothelial progenitor cells were identified by the classi-

cal method [1]. Adherent cells cultured for 10 days were

incubated with 10-dioctadecyl-3,3,30,30-tetramethyl indocar-

bocyanine perchlorate-acetylated low-density lipoprotein

(DiI-ac-LDL) for 4 h, fixed in 4% paraformaldehyde, and

counterstained with 10 lg�mL�1 fluorescein isothiocyanate

(FITC)-labeled lectin. Cells that were positive for both DiI-

ac-LDL and FITC-labeled lectin were identified as EPCs.

Fluorescence images were taken using a fluorescence micro-

scope (IX-71; Olympus, Tokyo, Japan). The methods have

also been described previously [52].

Preparation of PMVs

Whole blood was collected from the abdominal aortas of

anesthetized rats into syringes containing 100 lL�mL�1

anticoagulant (2.94% sodium citrate, 0.1 g�mL�1 PGE1,

and 1 U�mL�1 apyrase), and the platelet-rich plasma was

obtained by centrifugation at 600 g for 15 min. Platelets

Fig. 11. The schematic depicts the role of ac.PMVs-delivered TGF-b1 in EPC proliferation during intimal injury. Exposed collagen at the

intimal injury site stimulates the adherent platelets to produce a large amount of ac.PMVs, activates Smad3 phosphorylation by translocating

TGF-b1 to EPCs, regulates the expression levels of TNC, CDKN1A, and CDKN2A, and eventually promotes the proliferation of EPCs.
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were prepared from platelet-rich plasma by centrifugation

at 2000 g. for 15 min. After the platelets were collected, the

remaining platelet-poor plasma was centrifuged at 20 500 g

for 90 min to obtain circulating PMVs. The platelets were

resuspended in modified Tyrode’s solution [12 mM

NaHCO3, 138 mM NaCl, 5.5 mM glucose, 2.9 mM KCl,

2 mM MgCl2, 0.42 mM NaH2PO4, and 10 mM 4-(2-hydrox-

yethyl)-1-piperazineethanesulfonic acid (pH 7.4)]. Resus-

pended platelets were activated with 1 lL�mL�1 collagen

for 1 h and then centrifuged at 2000 g. for 15 min.

ac.PMVs were collected from the remaining supernatant,

which was centrifuged at 20 500 g for 90 min [53].

In the present study, cells treated with collagen-ac.PMVs

were used as the experimental group, and cells treated with

blank medium were used as the control group (NC).

MEG-01 cells (Aolushengwu Biomart, Shanghai, China)

were grown in suspension in RPMI 1640 (Gibco, Grand

Island, NY, USA) with 10% FBS. MEG-01 cells were trans-

fected with scrambled siRNA or TGF-b1-specific siRNA for

48 h and then stimulated with rTPO (100 ng�mL�1) for 48 h

to produce platelets. Preparations were centrifuged at 300 g.

for 5 min to remove cells and then centrifuged at 2000 g. for

15 min to collect platelets. The platelets were resuspended

and activated with collagen as described before, and eventu-

ally, scrambled siRNA-treated ac.PMVs and TGF-b1
siRNA-treated ac.PMVs were obtained.

Small interfering RNA transfection

For the RNA interference experiment, MEG-01 was trans-

fected with TGF-b1 siRNA or negative control siRNA

(GenePharma, Shanghai, China) for 48 h with Lipofec-

tamine 2000 in Opti-MEM (both from Thermo Fisher Scien-

tific, Waltham, MA, USA) according to the manufacturer’s

instructions. The sequences of the siRNA oligos were as

follows:

siRNA#1: GCGUGCUAAUGGUGGAAACTT (F),

GUUUCCACCAUUAGCACGCTT (R)

siRNA#2: GACUCGCCAGAGUGGUUAUTT (F),

AUAACCACUCUGGCGAGUCTT (R)

siRNA#3: CCACCAUUCAUGGCAUGAATT (F),

UUCAUGCCAUGAAUGGUGGTT (R).

Flow cytometry and nanoparticle tracking

analysis

Flow cytometry was used to analyze the proportion of

PMVs in MVs. MVs were labeled with FITC-conjugated

anti-rat CD41, a platelet-specific marker (1 : 100; Abcam,

Cambridge, UK) for 1 h and then loaded into a flow

cytometry column (FACSCalibur TM; BD Biosciences, San

Jose, CA, USA). MVs that were positive for CD41 were

considered MVs derived from platelet.

Nanoparticle tracking analysis [54] was used to analyze

the number of PMVs activated by collagen. The obtained

PMVs were diluted with PBS. The suspensions were equally

loaded into the NanoSight module (NanoSight NS300;

Malvern Panalytical, London, UK) for measurement. The

module was washed with PBS after each measurement. A

600 lL dilution from each group was used to detect the

concentration and size of vesicles.

Stimulation of EPCs with ac.PMVs, recombinant

TGF-b1, SB431542, and SIS3

Platelet-derived microvesicles were quantified with BD Tru-

count Tubes (20 000/mL) by flow cytometry. EPCs were

incubated with ac.PMVs (109/mL) for up to 1 or 24 h at

37 °C with 5% CO2. In the inhibition experiments, EPCs

were treated with recombinant TGF-b1 (10 ng�mL�1) for

1 h in the presence or absence of SB431542 (10 lM), which
was added 1 h before ligand stimulation. SIS3 at a concen-

tration of 5 lM was added 1 h before the ac.PMV stimula-

tion.

Fluorescent labeling of PMVs

To analyze the adhesion of PMVs to EPCs, PMVs were

labeled with PKH26, a general marker of the cell mem-

brane (PKH26 Fluorescent Cell Linker Kits; Milli-

poreSigma, Billerica, MA, USA), and then incubated with

EPCs for 0 min, 15 min, 30 min, 60 min, 3 h, 6 h, 12 h, or

24 h. The samples were fixed with 4% paraformaldehyde

for 20 min and then washed three times with PBS. Then,

DAPI diluted with PBS (1 : 1000) was added and incu-

bated for 15 min. After three rinses, images were acquired

by confocal microscopy (LV1000; Olympus).

Immunofluorescence staining and HE staining

Stimulated EPCs were fixed with 4% paraformaldehyde for

20 min, permeabilized with 0.1% Triton X-100 for 5 min,

and immersed in a solution of 10% goat serum for 30 min

at room temperature to block nonspecific binding. Subse-

quently, the cells were probed with the primary antibodies

against Smad3, which were diluted with 10% goat serum

(1 : 200) at 4 °C overnight. After washing, the cells were

incubated with secondary antibody for 2 h, and then,

DAPI was used for cell nuclei staining for 15 min at room

temperature.

Hematoxylin and eosin staining was used for HE stain-

ing. Briefly, frozen sections were washed with tap water for

30 s, stained with hematoxylin, and lyophilized for 5 min.

The sections were washed with water for 30 s and 1%

hydrochloric acid in ethanol for 5 s. The sections were

rinsed for 30 s and treated with reverse blue solution for

5 min. After washing for 30 s in tap water, the sections

were stained with eosin staining solution for 30 min. They

were treated with 80% ethanol for 1 min, treated with 95%
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ethanol for 1 min, treated with absolute ethanol for 1 min,

and cleared with xylene 3 times for 1 min each. The sec-

tions were sealed with neutral resin and observed under a

microscope.

The frozen sections were placed in a dyeing tank, washed

three times with PBS, and permeablized with 0.3% Triton

X-100 for 30 min. The next steps were the same as those

used in the cell experiments. Primary antibodies against

vWF (Cell Signaling Technology, Danvers, MA, USA),

CD41, and CD34 (an EPC maker; Santa Cruz Biotechnol-

ogy, Dallas, TX, USA) were diluted 1 : 200 with 10% goat

serum. Photographs were taken by confocal microscopy

(LV1000; Olympus).

Quantitative real-time PCR

Total RNA was isolated with TRIzol Reagent. The isolated

RNA was reverse transcribed into cDNA using reverse

transcription primers for various mRNAs and oligo-dT for

mRNA. mRNA expression was analyzed relative to glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH) using

SYBR Green Supermix (TaKaRa, Foster, CA, USA), and

PCR product specificity was verified via melt curve analy-

sis. The PCR conditions used for mRNA expression analy-

sis were as follows: 95 °C for 30 s followed by 40 cycles of

95 °C for 5 s and 60 °C for 45 s. All primers used for

quantitative RT-PCR analysis are listed in Table 1. Rela-

tive expression of the different genes was measured by the

2�DDCt method. The methods have also been described pre-

viously [52].

Western blot analysis

Western blot analysis was performed with antibodies

against Smad3 (1 : 1000; Cell Signaling Technology),

p-Smad3 (1 : 1000; Cell Signaling Technology), TGF-b1
(1 : 500; Bioss, Beijing, China), and GAPDH (1 : 5000;

Proteintech, Chicago, IL, USA). After incubation with

alkaline phosphatase-conjugated secondary antibodies

(1 : 1000; Jackson ImmunoResearch Laboratories, West

Grove, PA, USA), the signals were visualized with nitrob-

lue tetrazolium/bromo-chloro-indolyl phosphate (Bio Basic,

Markham, ON, Canada) and quantified with Image Studio.

Cell proliferation assay

Endothelial progenitor cells proliferation was analyzed

in vivo using the In Situ Cell Proliferation Kit (Fluos;

Roche, Basel, Switzerland). Twenty-four hours before har-

vest, BrdU was intraperitoneally injected into the rats

(200 mg�kg�1). Pieces of arteries (0.5 cm long) were iso-

lated, fixed, dehydrated with isopentane for 24 h, fixed with

70% ethanol in 50 mM glycine buffer, digested with 0.05%

trypsin solution, denatured with 2 M HCl, and labeled with

an anti-BrdU antibody (1: 200). The nuclei were stained

with DAPI in the next day. Blood vessels were dissected

longitudinally and flattened between coverslips. Then, an

FV1000 laser scanning confocal microscope (Olympus) was

used to visualize EPC proliferation. The percentage of

BrdU-positive cells to CM-Dil-positive cells was calculated.

Endothelial progenitor cells proliferation in vitro was

analyzed with a colorimetric BrdU kit (Roche). Eight hours

before the detection, BrdU labeling reagent was added to

the culture medium (1 : 1000). EPCs were then fixed and

labeled according to the manufacturer’s instructions.

Absorbance was measured at a wavelength of 450 nm and

a reference wavelength of 630 nm with an ELISA plate

reader (680; Bio-Rad, Hercules, CA, USA).

ELISA

The concentration of TGF-b1 in PMVs or ac.PMVs was

determined by ELISA using a rat TGF-b1 ELISA kit

(Neobioscience, Shenzhen, China). The assay was per-

formed following the manufacturer’s instructions.

Statistical analysis

Data from at least four independent experiments were ana-

lyzed, and all values are expressed as the mean � SD. Stu-

dent’s t-test was used for two-sample comparisons. P-

values < 0.05 were considered statistically significant.
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Table 1. Sequences of primers.

Primer sequences (50–30)

IL-2 F: GCACTGACGCTTGTCCTCCTTG
R: GGAGCACCTGTAAGTCCAGCAAC

MMP9 F: CTACACGGAGCATGGCAACGG
R: TGGTGCAGGCAGAGTAGGAGTG

TNC F: AGCAGACTGGAGGAACTGGAGATG
R: TTCACAGACACAGCCACAACCTTC

PDGFB F: TCTCTGCTGCTACCTGCGTCTG
R: AAGGAGCGGATGGAGTGGTCAC

TGF-b1 F: GGCACCATCCATGACATGAACCG
R: GCCGTACGCAGCAGTTCTTCTCTG

CDKN1A F: TGATATGTACCAGCCACAGG
R: AACAGACGACGGCATACTTT

CDKN2A F: CAGCTCTCCTGCTCTCCTATGGTG
R: CAGGCATCGCGCACATCCAG

GAPDH F: GGCACAGTCAAGGCTGAGAAT
R: ATGGTGGTGAAGACGCCAGTA
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