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Novel microspheres reduce th
e formation of deep venous
thrombosis and repair the vascular wall in a rat model
Bingyang Daia,b,M, Lan Lia,b,M, Qiangqiang Lid, Xiaoxiao Songa,b,
Dongyang Chena,b, Jin Daia,b, Yao Yaoa,b, Wenjin Yana,b, Huajian Tengb,
Fang Yangc, Zhihong Xua,b and Qing Jianga,b,d
L-Arginine (L-arg), widely known as a substrate for

endogenous nitric oxide synthesis, can improve endothelial

function associated with the vasculature, inhibit platelet

aggregation, and alter the activity of vascular smooth

muscle cells. P-selectin is a membrane component of the

platelet alpha-granule and the endothelial cell-specific

Wiebel–Palade body that plays a central role in mediating

interactions between platelets and both leukocytes and the

endothelium. The experiment was designed to evaluate the

effect of novel microspheres with L-arg targeting P-selectin

on the formation of deep vein thrombosis and repair of

vascular wall in a rat model. Thrombosis of the inferior vena

cava was induced by applying a piece of filter paper

(5 mm T 10 mm) saturated with 10% FeCl3 solution for

5 min. Targeted microspheres with L-arg, targeted

microspheres with water, and saline were injected into the

tail veins of the rats after 30 min of applying the filter paper

saturated with 10% FeCl3 solution. The dry weight and

length of the thrombus isolated from the inferior vena cava

were significantly decreased in the group with L-arg in

microsphere after 24 h. No significant differences in

prothrombin time, activated partial thromboplastin time,

thrombin time, and fibrinogen among the groups were

indicated. Images revealed that apoptosis in the vascular

wall was less in the group injected with targeted

microspheres with L-arg than in the other two groups at 1
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and 8 d postsurgery. Meanwhile, cell proliferation was

considerably excessive in the group injected with L-arg

wrapped in targeted microspheres. Therefore, these novel

microspheres could decrease the formation of thrombus in

the early stages and in the subsequent periods of

thrombosis. The microspheres can also enhance the vitality

of impaired endothelial cells and reduce cell apoptosis.
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Introduction
Deep vein thrombosis (DVT) remains a major clinical

problem despite decades of research. Without prophylaxis,

the incidence rate of DVT ranges from 10 to 40% after

medical or general surgery and even 40% to 60% after a

major orthopedic surgery [1]. DVT may lead to pulmonary

hypertension, recurrent thrombosis, postthrombotic syn-

drome, or even fatal pulmonary embolism. Surgical treat-

ment may be an option; however, it damages the walls of

the vein and vascular endothelial cells (VECs), increasing

the risk of thrombotic recurrence and activation of vascular

smooth muscle cells (VSMCs) [2,3].

Major prophylactic anticoagulants after hip arthroplasty

include low-molecular-weight heparin and a direct Xa

inhibitor (rivaroxaban), which can reduce the incidence

of venous thromboembolism to 3.7 and 1.1%, respectively
[4]. However, these anticoagulants can also increase the

risk of bleeding and wound complications [5].

Endothelial injury, blood stasis, hypercoagulability, and

simultaneous inflammatory response are identified as

major precipitating factors for venous thrombosis [6].

The proliferation, transformation, and metabolism of

VSMCs are regulated using nitric oxide, which is synthes-

ized by the venous endothelial membrane. This mem-

brane consists of VSMCs, which can maintain permeability

and regulate blood platelet function. L-Arginine (L-arg),

widely known as a substrate for endogenous nitric oxide

synthesis, can improve endothelial function associated

with the vasculature, inhibit platelet aggregation, and alter

VSMC activity [7]. Endothelium-derived nitric oxide has

also been proven to shorten bleeding time.

P-Selectin is a membrane component of the platelet

alpha-granule and the endothelial cell-specific Wiebel–

Palade body that plays a central role in mediating
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interactions between platelets and both leukocytes and

the endothelium [8]. The surface expression of P-selectin

can be used as a marker for platelet activation, and high

levels have been described in venous thromboembolism

[9]. Thus, we wrapped L-arg in microspheres to prolong

the release time of nitric oxide, thereby improving the

effect of the treatment; it is more stable than nitric oxide

itself. Meanwhile, P-selectin-targeted microspheres can

bind to sites of thrombosis in the early stages to decrease

the systemic blood drug concentration, increase its per-

meability, and most importantly, increase the duration of

the localization of the thrombus, thereby extending the

duration of the therapeutic effects. The microsphere

shell consists of phospholipids, a drug delivery system

approved by the United States Food and Drug Admin-

istration, which can be safely used in vivo. Within the

blood circulation, the microspheres can be delivered to

the thrombus, and L-arg can be used to release nitric

oxide. Redundant microspheres can be cleaned through

the liver.

This study aimed to evaluate the therapeutic effects of

L-arg wrapped in microspheres on venous thrombosis.

We hypothesized that these microspheres can reduce the

formation of DVT and repair the vascular wall in a

rat model.

Materials and methods
Rats were maintained under pathogen-free conditions

and were freely allowed access to food, water, and

activity. All experimental protocols were approved by

and conducted in accordance with the Animal Ethical

Committee of Drum Tower Hospital Affiliated to

Medical School of Nanjing University.

Preparation of L-arg in P-selectin-targeted
microspheres
All reagents were purchased from Sigma–Aldrich (United

States). L-arg in P-selectin-modified microspheres was

prepared by double emulsion, following the procedure

described in a previous study [10,11]. Poly(D,L-lactide)

(PLA, 0.50 g) was dissolved in a methylene chloride

solution (10.00 ml) at 258C. Subsequently, an L-arg

solution (2.00 ml, 0.25 mmol/l) and Tween 80 (0.05 ml)

were added into the uniform PLA organic solution and

sonicated continuously using an ultrasound probe at 200 W

for 2 min. After the formation of the first water-in-oil (W/O)

emulsion, the solution was poured into a 5% polyvinyl

pyrrolidone (w/v) solution (30.00 ml) and mixed mechani-

cally for 4 h to form a (W/O)/W stable L-arg in microsphere

emulsion. To conjugate P-selectin onto the microspheres,

the separated microspheres were suspended in a mesityl

2,4,6-trimethylphenyl buffer solution (50 mmol/l, pH 5.4).

Activated by 1-ethyl-3-(3-dimethylaminopropyl) carbodii-

mide (0.4 mg/ml) at room temperature, the P-selectin

solution was immediately added and then incubated

with a microsphere solution at �48C. After 2 h, L-arg in
P-selectin-modified microspheres were collected and then

washed 3 times with phosphate buffer saline.

The mean size distribution of the microspheres was

measured using Particle Sizing Systems (AccuSizer 780

A, USA) at room temperature. The morphology and

structure of the microspheres were visualized by scanning

electron microscopy (FESEM, FEISirion-200, Holland)

under an accelerating voltage of 1.00 kV as well as by

transmission electron microscopy (TEM, JEOL, JEM-

2000EX, Japan). As shown in Fig. 1a and b, the micro-

spheres with L-arg exhibit a regular spherical

morphology. The mean diameter was 3.02� 0.14 mm

with a polydispersity index of 0.13.

Experimental animals
A total of 45 SD rats (SLAC Laboratory Animal Co. Ltd.,

Shanghai, China) were randomly divided into three DVT

groups. The rats were kept in a 12 : 12 h light–dark cycle

in the animal house of Drum Tower Hospital-affiliated

Medical school of Nanjing University.

Thrombus in rat models
Thrombosis of the inferior vena cava (IVC) was induced

by applying a piece of filter paper (5 mm� 10 mm) satu-

rated with 10% FeCl3 (Sigma-Aldrich, St. Louis, USA)

solution for 5 min [12] (Fig. 1c and d). Rats were

anesthetized with an intraperitoneal injection of keta-

mine (0.05 ml/kg) and diazepam (0.05 mL/kg). A midline

abdominal incision was made, exposing the IVC. Vascular

injuries were generated by applying a filter paper (What-

mann, 10 mm in length and 4 mm in width) saturated with

10% FeCl3 on top of the IVC that was in contact with the

adventitial surface of the vessel for 5 min. Targeted

microspheres with L-arg (the TMWL group, 1 mL/kg,

presurgery), targeted microspheres with water (the

TMWW group, 1 ml/kg, presurgery), and saline (control

group, 1 ml/kg, presurgery) were injected into the tail

veins of the rats 30 min after filter paper saturated with

10% FeCl3 solution was applied. Peripheral blood was

collected in a 2.7 ml tube (Vacutainer, Becton, Dickinson

and Company, USA) containing sodium citrate from

retro-orbital venous plexus under ether anesthesia 0.5 h

before the rats were euthanized for a coagulation test.

The dry weight (mg) and length (mm) of the thrombi

harvested from the thrombosed IVC were measured

24 h postsurgery.

Coagulation function test
The peripheral blood collected from retro-orbital venous

plexuses after 24 h was used for coagulation function

testing. In this study, four items associated with the

coagulation function were detected by the clinical labora-

tory of Drum Tower Hospital-affiliated Medical school of

Nanjing University. These items included prothrombin

time (PT), thrombin time (TT), activated partial throm-

boplastin time (APTT), and fibrinogen (FIB).
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Fig. 1

Morphology of microspheres and thrombus in rat models. (a) Scanning electron microscope; (b) transmission electron microscope; (c and d)
thrombosis of the IVC was induced by applying a piece of filter paper (5 mm�10 mm) saturated with 10% FeCl3 solution for 5 min; and (e)
immunofluorescence staining to detect the expression of P-selectin. Lower row represents the local amplification of upper row at 8 d postthrombosis.
Scale bars: 200 mm. IVC, inferior vena cava.
Histological and histomorphometric analyses
Samples were fixed in 10% neutral buffered formalin at

48C for 24 h and then embedded in paraffin. Serial cross-

sections 5 mm thick were cut for each sample. The

sections were dewaxed in xylene and rehydrated in an

ethanol gradient. For histological analysis of the pheno-

type 1 and 8 d postsurgery, each of the five or eight

sections of the specimen was sampled in a standardized

manner throughout the thrombosis. The sections were

then stained with hematoxylin and eosin to compare the
structures of the thrombi. Terminal deoxynucleodidyl

transferase (TdT)-mediated deoxyuridine triphosphate

(dUTP)-biotin nick end labeling was performed to

identify the apoptotic cells in the IVC wall with a

commercially available kit (Promega, G3250, USA).

The proliferating cells, Ki67 (Abcam, ab15580, UK)

immunofluorescence-positive cells, were counted for

each section. The proliferation index was calculated by

the percentage of positive cells in each field. Blind

scoring was performed by two independent investigators.
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Ultrasonic imaging
When the thrombus model was successfully completed

(after the filter paper was removed), the induced thrombus

was observed by Doppler ultrasound. The ultrasonic probe

detected along the IVC thrombus and the whole thrombus

was included in the probe. We observed the stranded

thrombus 1 and 8 d postmodeling. Subsequently, we

removed the failed thrombus models, including those

with venous thrombosis of varying sizes and some with

total occlusion.

Statistical analysis
Statistical analysis was performed using SPSS ver. 19.0

(SPSS Inc., USA). Comparisons between groups were

performed by one-way ANOVA to analyze two groups,

whereas the least significant difference method was used

to analyze multiple groups. Proportions were compared

using Fisher exact test. P< 0.05 was considered signifi-

cant for the differences between mean values. The

numerical values for each measurement are shown as

mean�SE.

Results
L-arg in P-selectin-targeted microspheres reduces the
volume of thrombi
The ferric chloride model generated venous thrombi

identical in size (except for those with total occlusion)

because of the similar dimensions of the filter paper

(5 mm� 10 mm) saturated with 10% FeCl3. The throm-

bosed IVC were harvested after 24 h, and the thrombi were

separated to determine their dry weights and lengths. Both

the dry weight and length decreased significantly in the

TMWL group, as shown in Fig. 2a (weight: TMWL group

1.52� 0.84 mg vs. TMWW group 4.30� 2.07 mg vs. con-

trol group 6.10� 3.60 mg; length: TMWL group

2.87� 1.24 mm vs. TMWW group 4.20� 0.99 mm vs. con-

trol group 4.90� 1.52 mm). However, no significant differ-

ences in both dry weight and length were found between

the TMWW group and the control group.

Ultrasonic imaging of venous thrombosis
Ultrasonic imaging of venous thrombosis confirmed gross

morphological changes (Fig. 2b), allowing inference of

conclusions similar to those previously claimed. The

thrombus in the TMWL group was markedly smaller

than those in the other groups, 1 and 8 d postsurgery, as

shown in mid-sagittal images.

Effect on coagulation function
Coagulation function was evaluated by PT, APTT, TT,

and FIB tests. No significant differences in the levels of

PT, APTT, TT, and FIB were observed between the two

groups (Fig. 2c).

Histological and histomorphometric analyses
Hematoxylin and eosin staining showed that platelets,

red cells, and inflammatory cells were attached to the
lining of the vein walls after endothelial cell injury, 1 d

postsurgery. Reduced aggregation of platelets and inflam-

matory cells were found in the TMWL group (Fig. 3a). In

addition, the percentage of the thrombus area of the

vascular cross-section was significantly decreased in the

TMWL group (Fig. 3b). For matrix metalloproteinases-9

(MMP-9) protein expression, no difference was observed

among the control, TMWW, and TMWL groups 1 d

postsurgery; however, it increased significantly in the

TMWL group compared with the other two groups 8 d

postsurgery (Fig. 3c). The aforementioned results

suggested that microspheres could inhibit the formation

of thrombus in the early stages and in the subsequent

periods of thrombosis. We performed Ki67 staining to

detect the proliferation and repair of injured VECs and

the vascular wall. The proliferation of cells was consider-

ably excessive in the TMWW and control groups

(Fig. 4a). A marked difference in TdT-mediated

dUTP-biotin nick end labeling staining was observed,

representing apoptotic cells, among the groups (Fig. 4c).

The images revealed that the number of apoptotic cells

was smaller in the TMWL group than in the other two

groups 1 and 8 d postsurgery. This finding verified our

hypothesis that TMWLs exert therapeutic effects on

venous thrombosis by regulating the proliferation and

metabolism of VSMCs.

Discussion
In this study, we demonstrated that L-arg in P-selectin-

targeted microspheres affect the antithrombotic therapy.

We wrapped L-arg in microspheres to prolong the release

time of nitric oxide, thereby obtaining enhanced treat-

ment for thrombosis; it was more stable than nitric oxide

itself. P-selectin-targeted microspheres can bind to the

sites of the thrombus in the early stages of the thrombotic

process to decrease systemic blood drug concentration

and increase its permeability (Fig. 1E). The binding time

of the microspheres on the thrombus and the existing

time in the blood were prominently enhanced at the same

time. Meanwhile, it exhibited an efficiency in drug

release and a steady degradation rate. The quantity of

microspheres injected into the body was considerably,

thereby avoiding air embolism and other complications.

P-selectin, a member of the selectin family belonging to

the adhesion molecules [8], has a central role in mediat-

ing interactions between platelets and both leukocytes

and the endothelium [13]. Studies have proven that as the

largest selectin, P-selectin can stabilize initial platelet

aggregates in human platelets [14,8]. After cellular acti-

vation by thrombin and oxygen-derived free radicals, P-

selectin is rapidly translocated onto the cell surface from

the platelet alpha-granules and the Weibel–Palade

bodies specific to endothelial cells [14]. Some studies

indicate that a novel small-molecule compound that

specifically inhibits P-selectin can reduce both arterial

and venous thrombosis in animal models [15]. Owing to
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Fig. 2

(a) Thrombus length and dry weight in the DVT group. Both thrombus length and dry weight decreased significantly in the TMWL group, compared
with the TMWW group and the control group. (b) Ultrasonic diagnosis of inferior vena cava. Upper row represents three groups of blood clots (white
asterisks) at 1 d postthrombosis; lower row represents three of blood clots (white asterisks) at 8 d postthrombosis. (c) Effect of coagulation function:
PT, APTT, TT, and FIB of peripheral blood were tested. PT (a), APTT (b), TT (c), and FIB (d) had no statistical difference between the control and
TMWL groups. Values are mean�SD (n¼7), �P<0.05. ��P<0.01. APTT, activated partial thromboplastin time; DVT, deep vein thrombosis; FIB,
fibrinogen; PT, prothrombin time; TMWL, targeted microspheres with L-arg; TMWW, targeted microspheres with water; TT, thrombin time.
these characteristics, P-selectin significantly affects arter-

iovenous thrombosis and acts as a vital detection indicator

[9]. In the current study, we developed L-arg in P-

selectin-targeted microspheres, which provided a better

therapeutic effect compared with L-arg in microspheres.

The effect persisted from the early stage of thrombosis to

the end.
The dry weight and length of the thrombi significantly

decreased in the TMWL group by a single presurgical

injection of L-arg in P-selectin-targeted microspheres. In

addition, the apoptotic vascular wall cells of IVC in the

TMWL group were less than those in the TMWW and

control groups 1 and 8 d postsurgery. Further studies on

the proliferation of vascular wall cells indicated that the
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Fig. 3

(a) H&E staining analysis: left panels show platelets, red cells, inflammatory cells, and fibrin strands attached to the lining of the vein wall at 1 d
postthrombosis; right panels are the local amplifications of the left panels. (b) This figure shows the percentage of the thrombus area. The vascular
cross-sectional area in the TMWL groups was significantly smaller than that in other groups. The black arrow denotes the vessel wall, and the black
asterisk indicates the thrombus. Scale bars: 200 mm. Values are mean�SD (n¼7), �P<0.05. ��P<0.01. (c) Immunofluorescence analysis of the
expression of MMP-9 at 1 and 8 d postthrombosis. Scale bars: 200 mm. H&E, hematoxylin and eosin; MMP-9, matrix metalloproteinases-9; TMWL,
targeted microspheres with L-arg; TMWW, targeted microspheres with water.
percentage of cell regeneration in the TMWL group

markedly increased, compared with other groups at both

time points. Ultrasound imaging reflected the general

condition of thrombosis and dynamically observed the

changes in the thrombus. The image showing the

longitudinal section of IVC provided a clearer view that

L-arg in P-selectin-targeted microspheres can prevent
thrombosis in the early stages and quicken thrombus

degradation in the later stages.

The use of low-molecular-weight heparin for continuous

anticoagulant therapy can reduce the risk of DVT and

related complications with an increased risk of bleeding

[5]. Rivaroxaban, an oral anticoagulant for orthopedic
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Fig. 4

(a) Ki67 staining to detect cell proliferation. Upper and lower rows represent the proliferation of vascular wall cells of IVC at 1 and 8 days
postthrombosis, respectively. (The area of white dotted line is the blood vessel wall; dark grey fluorescence represents the proliferation of cells)
Scale bars: 100 mm. (c) TdT-mediated dUTP-biotin nick end labeling staining to detect cell apoptosis. Upper and lower rows represent the apoptosis
of VECs of IVC at 1 and 8 d postthrombosis, respectively. (The area of grey dotted lines is the blood vessel wall; white fluorescence represents the
apoptotic cells). Scale bars: 100 mm; b and d statistically analyzed the percentage of proliferation and apoptosis. Values are mean�SD (n¼7),
�P<0.05. ��P<0.01. dUTP, deoxyuridine triphosphate; TdT, terminal deoxynucleodidyl transferase, TUNEL, TdT-mediated dUTP-biotin nick end
labeling; VEC, vascular endothelial cell.
surgery, may induce major bleeding while reducing the

incidence of venous thromboembolism and wound com-

plications in patients undergoing total joint arthroplasty

[16]. Our experiment has proven that L-arg in P-selectin-

targeted microspheres only slightly influenced PT,

APTT, TT, and FIB, which are important indexes of

coagulation function. Microspheres of this type do not
increase the risk of bleeding, which is vital in anti-

coagulation therapy.

In our previous study, we wrapped arginine, a nitric oxide

precursor, inside the microspheres to exert a therapeutic

effect; it quickened the resolution of DVT by inhibiting

platelet aggregation, P-selectin expression, and fibrinogen
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binding through the effects of vasodilation, vascular

cell proliferation, and migration as well as by mediating

inflammatory responses [17]. However, nitric oxide is an

unstable molecule, which draws a significant interest in the

development of materials that can provide an extended

release and controlled dose of nitric oxide [18–20]. Thus,

L-arg, a substrate for endogenous synthesis of nitric oxide,

was wrapped in microspheres for sustained release and

enhanced therapeutic effect in the current study. L-arg can

reduce the increase in oxidative stress in acute pulmonary

embolism [21], reverse acute hyperglycemia exhibiting

intense vasoconstriction and impaired endothelial func-

tion [22], and counteract nitric oxide deficiency caused

by ischemic acute renal failure [23] because of

increased nitric oxide production via neurogenic nitric

oxide synthase or eNOS activity [7]. A newly synthes-

ized L-arg derivative has been shown to exert signifi-

cant preventive effects on thrombosis [24]. Our

experiment shows the application of L-arg in P-selec-

tin-targeted microspheres on early anticoagulant

therapy for venous thrombosis. The volume of venous

thrombi significantly decreased using a single presur-

gical injection of L-arg in P-selectin-targeted micro-

spheres, as expected. The microspheres also

accelerated the functional recovery of blood vessel

by reducing the apoptosis of vascular wall cells and

the increscent percentage of cell proliferation. One

important factor affecting vascular injury responses is

MMPs, which play important roles in cellular prolifer-

ation and vascular repair, particularly MMP-9. It modu-

lates collagen turnover during thrombus resolution and

early wound healing [17,25].

One limitation of this research is that we did not analyze

the dry weight and length of thrombus, as well as the

coagulation index 8 d postsurgery owing to the difficulty

in separating the thrombus from the vena cava. However,

histological sectioning and ultrasound imaging 8 d post-

surgery illustrated the remarkable change in the throm-

bus and the vascular wall. Another limitation is that the

detection of proliferation and apoptosis were not specific,

except for the cells in the blood vessel wall. To detect the

damage and repair of VECs, we should detect its markers,

such as CD31. In a further investigation, detailed studies

on therapeutic parameters and the underlying mechan-

ism will be conducted to improve the correlative studies

on microspheres.

The results of our experiment suggest that L-arg in

P-selectin-targeted microspheres can notably reduce

the volume of DVT thrombosis in the early stages and

in the subsequent period with only a slight effect on the

coagulation function. In addition, data indicated that

L-arg in P-selectin-targeted microspheres can signifi-

cantly reduce the apoptosis of vascular wall cells and

promote their proliferation, rapidly restoring the function

of the blood vessels. The marked thrombolytic effect

without the complications of major bleeding renders
these novel microspheres ideal for the effective and safe

treatment of thrombosis. However, the detailed mech-

anism underlying these novel microspheres needs further

investigation.

Acknowledgements
This work was supported by the Projects of International

Cooperation and Exchanges NSFC (81420108021),

National Key Technology Support Program

(2015BAI08B02), Excellent Young Scholars NSFC

(81622033), Jiangsu Provincial Key Medical Center

Foundation, Jiangsu Provincial Medical Talent Founda-

tion and Jiangsu Provincial Medical Outstanding Talent

Foundation, Jiangsu Provincial Natural Science Founda-

tion (SBK2014040369), National Key Basic Research

Program of China (Grant no. 2011CB933503) and the

National Natural Science Foundation of China (Grant no.

31370019).

Conflicts of interest
There are no conflicts of interest.

References
1 Geerts WH, Pineo GF, Heit JA, Bergqvist D, Lassen MR, Colwell CW, Ray

JG. Prevention of venous thromboembolism: the Seventh ACCP
Conference on Antithrombotic and Thrombolytic Therapy. Chest 2004;
126 (3 Suppl):338S–400S.

2 Segal JB, Streiff MB, Hofmann LV, Thornton K, Bass EB. Management of
venous thromboembolism: a systematic review for a practice guideline. Ann
Intern Med 2007; 146:211–222.

3 Tand JJ, Meng QY, Cai ZX, Li XQ. Transplantation of VEGFl65-
overexpressing vascular endothelial progenitor cells relieves endothelial
injury after deep vein thrombectomy. Thromb Res 2016; 137:41–45.

4 Nieto JA, Espada NG, Merino RG, Gonzalez TC. Dabigatran, rivaroxaban
and apixaban versus enoxaparin for thomboprophylaxis after total knee or
hip arthroplasty: pool-analysis of phase III randomized clinical trials. Thromb
Res 2012; 130:183–191.

5 Eriksson BI, Rosencher N, Friedman RJ, Homering M, Dahl OE.
Concomitant use of medication with antiplatelet effects in patients
receiving either rivaroxaban or enoxaparin after total hip or knee
arthroplasty. Thromb Res 2012; 130:147–151.

6 Turpie AG, Esmon C. Venous and arterial thrombosis–pathogenesis
and the rationale for anticoagulation. Thromb Haemost 2011;
105:586–596.

7 Long JH, Lira VA, Soltow QA, Betters JL, Sellman JE, Criswell DS. Arginine
supplementation induces myoblast fusion via augmentation of nitric oxide
production. J Muscle Res Cell Motil 2006; 27:577–584.

8 Yokoyama S, Ikeda H, Haramaki N, Yasukawa H, Murohara T, Imaizumi T.
Platelet P-selectin plays an important role in arterial thrombogenesis by
forming large stable platelet-leukocyte aggregates. J Am Coll Cardiol
2005; 45:1280–1286.

9 Blann DA, Willy MP, Rosendaal FR. Increased soluble P-selectin levels
following deep venous thrombosis: cause or effect? Br J Haematol 2000;
108:191–193.

10 Yang F, Chen P, He W, Gu N, Zhang X, Fang K, et al. Bubble microreactors
triggered by an alternating magnetic field as diagnostic and therapeutic
delivery devices. Small 2010; 6:1300–1305.

11 Yang F, Li M, Liu Y, Wang T, Feng Z, Cui H, Gu N. Glucose and magnetic-
responsive approach toward in situ nitric oxide bubbles controlled
generation for hyperglycemia theranostics. J Control Release 2016;
228:87–95.

12 Qin YR, You SJ, Zhang Y, Li Q, Wang XH, Wang F, et al. Hydrogen sulfide
attenuates ferric chloride-induced arterial thrombosis in rats. Free Radic
Res 2016; 50:654–665.

13 Chelliah R, Lucking AJ, Tattersall L, Daga S, Beresford-cleary NJ, Cortas K,
et al. P-selectin antagonism reduces thrombus formation in humans.
J Thromb Haemost 2009; 7:1915–1919.

14 Merten M, Thiagarajan P. P-selectin expression on platelets determines size
and stability of platelet aggregates. Circulation 2000; 102:1931–1936.



406 Blood Coagulation and Fibrinolysis 2017, Vol 28 No 5
15 Wang XF, Jin PP, Tong Z, Zhao YP, Ding QL, Wang DB, et al. MR molecular
imaging of thrombus: development and application of a Gd-based novel
contrast agent targeting to P-selectin. Clin Appl Thromb Hemost 2010;
16:177–183.

16 Aalbers J. FDA approves rivaroxaban for prevention of deep-vein
thrombosis in surgery. Cardiovasc J Afr 2011; 22:218.

17 Wang C, Yang F, Xu Z, Shi D, Chen D, Dai J, et al. Intravenous release of
NO from lipidic microbubbles accelerates deep vein thrombosis resolution
in a rat model. Thromb Res 2013; 131:e31–e38.

18 Fleser PS, Nuthakki VK, Malinzak LE, Callahan RE, Seymour ML, Reynolds
MM, et al. Nitric oxide-releasing biopolymers inhibit thrombus formation in a
sheep model of arteriovenous bridge grafts. J VascSurg 2004; 40:803–811.

19 Taite LJ, Yang P, Jun HW, West JL. Nitric oxide-releasing polyurethane-
PEG copolymer containing the YIGSR peptide promotes endothelialization
with decreased platelet adhesion. J Biomed Mater Res B Appl Biomater
2008; 84:108–116.

20 Zhao H, Serrano MC, Popowich DA, Kibbe MR, Ameer GA. Biodegradable
nitric oxide-releasing poly(diol citrate) elastomers. J Biomed Mater Res A
2010; 93:356–363.
21 Souza-costa DC, Zerbini T, Metzger IF, Rocha JB, Gerlach RF,
Tanus-santos JE. l-Arginine attenuates acute pulmonary embolism-
induced oxidative stress and pulmonary hypertension. Nitric Oxide 2005;
12:9–14.

22 Ogonowski AA, Kaesemeyer WH, Jin L, Ganapathy V, Leibach FH,
Caldwell RW. Effects of NO donors and synthase agonists on endothelial
cell uptake of L-Arg and superoxide production. Am J Physiol 2000;
278:C136–C143.

23 Schneider R, Raff U, Vornberger N, Schmidt M, Freund R, Reber M, et al.
L-Arginine counteracts nitric oxide deficiency and improves the recovery
phase of ischemic acute renal failure in rats. Kidney Int 2003; 64:
216–225.

24 Tang Z, Wang Y, Xiao Y, Zhao M, Peng S. Antithrombotic activity of PDR, a
newly synthesized l-Arg derivative, on three thrombosis models in rats.
Thromb Res 2003; 110:127–133.

25 Sood V, Luke C, Miller E, Mitsuya M, Upchurch GRJR, Wakefield TW, et al.
Vein wall remodeling after deep vein thrombosis: differential effects of low
molecular weight heparin and doxycycline. Ann Vasc Surg 2010; 24:
233–241.


	Novel microspheres reduce the formation of deep venous thrombosis and repair the vascular wall in a rat™model
	Introduction
	Materials and methods
	Preparation of L-arg in P-selectin-targeted microspheres
	Experimental animals
	Thrombus in rat models
	Coagulation function test
	Histological and histomorphometric analyses
	Ultrasonic imaging
	Statistical analysis

	Results
	L-arg in P-selectin-targeted microspheres reduces the volume of thrombi
	Ultrasonic imaging of venous thrombosis
	Effect on coagulation function
	Histological and histomorphometric analyses

	Discussion
	Acknowledgements
	Conflicts of interest


	References

