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a b s t r a c t

Hemodialysis arteriovenous grafts are often plagued by stenosis at the vein-graft anasto-

mosis, which is due to the proliferation of venous smooth muscle cells (SMCs). Perivascular

delivery of dipyridamole, a potent antiproliferative agent, has been proposed for the

prevention of graft stenosis. In order to develop an optimal delivery system for dipyrida-

mole, we examined its pharmacokinetics and pharmacodynamics in human and porcine

venous and arterial SMCs in vitro. SMCs were incubated with dipyridamole for various

durations, and visualized for the uptake and release by fluorescence microscopy, which

were further quantified by fluorospectrometry. The antiproliferative effect of dipyridamole

was examined by cell counting or the methylthiazoletetrazolium (MTT) dye-reduction

assay. Cytotoxicity was examined by the lactate dehydrogenase (LDH)-release assay. The

kinetics of dipyridamole transport through the cell membrane was compatible with a

passive diffusion mechanism. Dipyridamole inhibited SMC proliferation in a dose-depen-

dent manner and was more effective in venous than arterial cells in both species. The

inhibition was completely reversible at 15 mg/ml upon drug removal from the medium. At

25 mg/ml, however, the effect was partially irreversible, which might be attributed to the

cytotoxicity of dipyridamole. These data support the need for sustained delivery of dipyr-

idamole to achieve the long-term inhibition of SMC proliferation in the prevention of

stenosis since SMCs are continuously stimulated at the anastomosis of hemodialysis

arteriovenous grafts.
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1. Introduction

Chronic hemodialysis treatment for end-stage renal disease

requires routine access to blood vessels that provides high
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blood flow rates. Arteriovenous polytetrafluoroethylene (PTFE)

grafts are the most common form of hemodialysis vascular

access in the United States. Unfortunately, the 1-year and 2-

year primary patency rates of PTFE grafts are only around 50%
.
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and 25%, respectively, with the major cause of failure being

stenosis followed by thrombosis [1]. The pathology of the

stenosis is usually neointimal hyperplasia, which primarily

results from the proliferation and migration of vascular

smooth muscle cells (SMCs) [2]. Inhibition of SMC proliferation

may therefore be a logical strategy to prevent the graft

stenosis.

Current strategies to prevent the graft stenosis include

drug administration, radiation and gene delivery. Among

these strategies drug administration would be relatively

simple and easy. Drugs can be applied systemically using oral

administration or injection, and locally using the drug-coated

graft [3], drug-eluting stent [4], or perivascular drug delivery

system [5]. A large number of drugs have been shown to

produce antiproliferative effects on various types of vascular

SMCs, including dipyridamole [6–9], heparin [10], rapamycin

[11], paclitaxel [12], tranilast [13], angiotensin-converting

enzyme inhibitors such as perindopril [14], and calcium

channel blockers such as nifedipine, verapamil and diltiazem

[15].

Dipyridamole, which is well known as an antiplatelet drug,

has also been demonstrated to inhibit human and rabbit

vascular SMC proliferation in vitro [6–9]. The molecular basis

for its antiproliferative activity has not been completely

elucidated. An important molecular effect of dipyridamole

is the inhibition of cyclic nucleotide phosphodiesterase (PDE)

activities in platelets and other cells [16,17], however, its

specific mechanism of action is still unknown in vascular

SMCs. PDEs are responsible for the hydrolysis of intracellular

cyclic adenosine monophosphate (cAMP) and cyclic guanosine

monophosphate (cGMP). The inhibition of PDE activities by

dipyridamole may result in the accumulation of cAMP and

cGMP, thus inhibiting SMC proliferation [18–20]. Systemic

administration of dipyridamole, however, has been found to

be ineffective in preventing the development of neointimal

hyperplasia following interposition venous grafts to the

femoral artery in the dog [21] and interposition PTFE grafts

in the carotid artery in the goat [22]. In a small prospective

randomized study, chronic oral dipyridamole decreased the

occlusion rate of PTFE grafts in hemodialysis patients,

however, neointimal formation was not determined [23]. In

contrast, continuous infusion of dipyridamole into the

adventitia for more than 2 weeks was successful in partially

inhibiting intimal thickening after balloon injury in the carotid

or femoral artery of the rabbit [6]. This latter study suggests

that the continuous local delivery of dipyridamole may be

efficacious.

Local drug delivery is beneficial to deliver high dosage of

drugs in the target area and minimize systemic side effects.

Sustained drug release using local drug delivery adds benefits

for continuous drug therapy without the need for daily dose

administration. In order to optimize the delivery for dipyr-

idamole to achieve continuous inhibition of SMC growth, it is

essential to understand its cellular pharmacokinetics and

pharmacodynamics in response to various durations of drug

exposure. In this study, we performed a detailed in vitro

transcellular kinetic and pharmacodynamic examination of

dipyridamole, in order to facilitate the design of an optimal

drug delivery system for the prevention of hemodialysis

arteriovenous graft stenosis.
2. Material and methods

2.1. Materials

Two individual cell lines of human saphenous-vein and aortic

SMCs, and smooth muscle growth medium-2 bullet kit were

purchased from Clonetics (Walkersville, MD). Dipyridamole,

fluorescein isothiocyanate (FITC)-conjugated anti-human

smooth muscle actin and lactate dehydrogenase (LDH) assay

kit (substrate, cofactor, dye and lysis solution) were pur-

chased from Sigma–Aldrich (St. Louis, MO). RPMI medium

1640 was purchased from Invitrogen (Carlsbad, CA).

Methylthiazoletetrazolium (MTT) was purchased from Cal-

biochem (La Jolla, CA). ReGel1 was obtained from MacroMed

Inc. (Sandy, UT).

2.2. Cell culture

Porcine venous and arterial SMCs were isolated from normal

femoral veins and arteries of two Yorkshire cross domestic

pigs. Briefly, the femoral vein or artery (5-cm length) was

minced into pieces of approximately 1 mm3 in size. Endothe-

lial cells were detached from the segments by incubating with

collagenase A (5 mg/ml) at 37 8C for 10 min. The remaining

SMCs were cultured in the culture medium at 37 8C in a

humidified 5% CO2 incubator. The culture medium contains a

smooth muscle growth medium supplemented with 10% fetal

calf serum, 5 mg/ml insulin, 0.5 ng/ml human recombinant

epidermal growth factor (EGF), 2 ng/ml human recombinant

fibroblast growth factor (FGF), 50 mg/ml gentamicin and 50 ng/

ml amphotericin-B. SMCs were identified by their typical

elongated swirling and overlapping morphology under the

light microscope, positive staining with FITC-conjugated anti-

smooth muscle actin. Cells from passages 3 to 6 were used in

the following experiments.

Human venous and arterial SMCs were cultured in the

culture medium at 37 8C in a humidified 5% CO2 incubator. Cells

from passages 3 to 7 were used in the following experiments.

SMCs were seeded in various densities based on the considera-

tion of incubation duration and assay property.

2.3. Uptake and release

Human venous SMCs were seeded at a density of 1 � 105 cells

per well in a 12-well tissue culture plate and cultured for 24 h.

Dipyridamole was dissolved in a vehicle of 0.5% (v/v) ethanol

in culture medium. For drug uptake measurement, cells were

incubated with 5, 15 or 25 mg/ml of dipyridamole at 37 8C for

incremental durations. For drug release measurement, cells

were first incubated with 5, 15 or 25 mg/ml of dipyridamole at

37 8C for 4 h to allow drug uptake and then incubated in a fresh

drug-free medium for incremental durations. At the end of

incubation, the cells were washed three times with PBS in the

plate. The cell-associated dipyridamole was visualized using

fluorescence microscopy (Olympus 1 � 70 inverted system

microscope, Scientific Instrument Company, Aurora, CO). In

an alternative experiment, after cells were washed with PBS,

intracellular dipyridamole was extracted in a lysis solution

(from the LDH assay kit), and quantified by fluorospectrometry

(F-4010 spectrophotometer, Hitachi Ltd., Japan) with excita-
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tion at 412 nm and emission at 495 nm, using dipyridamole

standards at 0–500 ng/ml. The measurement was performed

in an ethanol/water medium (15%, v/v) at pH 10.0, provided by

adding an ammonium chloride/ammonia buffer solution [24].

Dipyridamole concentration in the remaining medium was

also measured to determine the total drug amount in each

experiment. Using the mass balance, the recovery rate of

intracellular dipyridamole was determined to be 98.7 � 2.0%.

2.4. Temperature-dependent cellular uptake

Human venous SMCs were seeded at a density of 1 � 105 cells

per well in a 12-well plate, cultured for 24 h, and incubated

with 5, 15 or 25 mg/ml of dipyridamole at 4, 15, 25 or 37 8C for

4 h. Cellular uptake of dipyridamole was determined using cell

lysis and fluorescence measurement.

2.5. Proliferation assay

Human and porcine venous and arterial SMCs were seeded at a

density of 2.5 � 104 cells per well in a 12-well plate and

cultured for 24 h. To study the effect of intact dipyridamole on

SMC proliferation, culture medium was replaced with a fresh

medium containing various concentrations of dipyridamole

(1–200 mg/ml). The vehicle of 0.5% ethanol in culture medium

served as a control. The cells were cultured for 72 h and the

proliferation was assessed by cell counting using a hemocyt-

ometer after trypsin digestion.

We also tested the effect of the released dipyridamole from a

sustained delivery system we have developed previously, by

incorporating the drug into poly(lactide-co-glycolide) micro-

spheres and combined the products with an injectable and

sustained-delivery polymer, ReGel1 [25]. A separate in vitro

release experiment was performed by incubating themixtureof

microspheres (containing 4 mg of dipyridamole) and 0.4 ml of

ReGel, 0.4 ml of ReGel alone, or drug-free microspheres alone

(with same amount to drug-incorporated microspheres) in

15 ml of culture medium at 37 8C for 24 h. The medium was

measured for dipyridamole concentration by fluorospectrome-

try, and diluted to 15 mg/ml of dipyridamole with the medium

incubating ReGel alone. Human and porcine venous SMCs were

seeded at a density of 2.5 � 104 cells per well in a 12-well plate,

cultured for 24 h, and treated with the medium obtained above

for 72 h. Cell proliferation was assessed by cell counting.

2.6. LDH-release assay

Human and porcine venous and arterial SMCs were seeded at a

density of 2.5 � 103 cells per well in a 96-well plate and cultured

for 24 h. After incubation with various concentrations of

dipyridamole (1–200 mg/ml) for 72 h, the plate was centrifuged

at 1000 rpm for 4 min. The supernatant containing the released

LDH from the damaged cells was set aside. The cells remaining

in the plate were lyzed to release all intracellular LDH. The LDH

released from the damaged cells and from the lyzed cells were

separately subjected to the LDH assay. In brief, 50 ml of the

mixture of LDH-assay substrate, cofactor and dye solution

(1:1:1) was added to each well, and the plate was incubated at

roomtemperature for 30 min, followedbyadding 15 ml of1NHCl

to each well. The absorbance at 492 nm (A492) was measured on
a plate reader (Multiskan Ascent, Bio Laboratories, Singapore)

with the reference wavelength of 690 nm. Percentage of LDH

released from the damaged cells was calculated using the

following formula:

LDH release ð%Þ ¼ A492 of damaged cells
A492 of damaged cellsþA492 of lyzed cells

� 100

2.7. Reversibility study

Human venous SMCs were seeded at a density of 1 � 103 cells

per well in a 96-well plate, cultured for 24 h, and incubated

with 15 or 25 mg/ml of dipyridamole. At various time points up

to 10 days, the medium was removed and the cells were

further incubated in a fresh drug-free medium up to 16 days.

During the experiment, medium was replaced with a fresh

drug-containing or drug-free medium every 48 h. At the end of

incubation, cell proliferation was assessed by the MTT dye-

reduction assay. Briefly, the medium was replaced with 25 ml

of 0.5 mg/ml MTT in RPMI and the cells were further incubated

for 4 h at 37 8C. The cells were then solubilized in 100 ml of 0.1N

HCl and isopropyl alcohol. The absorbance was measured at

540 nm with the reference wavelength of 690 nm.

2.8. Data analysis

Each experiment was performed three to six times on separate

days. All values were expressed as mean � S.D., and compared

using one-way or two-way ANOVA with the Tukey test. P-

value less than 0.05 was considered significant.

Dipyridamole cellular uptake data were further analyzed for

the calculation of uptake rate constant ku and release rate

constant kr. Assuming a two-compartment model for dipyr-

idamole permeation between the extracellular medium (com-

partment 1) and the intracellular space (compartment 2), and

the first-order kinetics of drug permeation, intracellular

dipyridamole concentration C2 at time t can be expressed as:

V2
dC2

dt
¼ V1C1ku � V2C2kr (1)

where V1 and V2 are the volumes of the extracellular medium

and the intracellular space; and C1 is the dipyridamole con-

centration in the extracellular medium. Let C0 represent the

drug concentration in the medium at the beginning of incuba-

tion. Substitution of V1C1 by (V1C0 � V2C2) gives:

V2
dC2

dt
¼ ðV1C0 � V2C2Þku � V2C2kr (2)

By integration of Eq. (2) when C2 = 0 at time 0, C2 at time t

can be expressed as:

C2 ¼
V1C0ku

V2ðku þ krÞ
ð1� e�ðkuþkrÞtÞ (3)

At 4 h when cellular uptake of dipyridamole reached a

steady state, intracellular drug concentration C2,SS can be
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expressed as:

C2;ss ¼
V1C0ku

V2ðku þ krÞ
(4)

Therefore,

C2

C2;ss
¼ 1� e�ðkuþkrÞt (5)

Dipyridamole cellular uptake data were fitted to Eqs. (4) and

(5) for the calculation of ku and kr using the non-linear
Fig. 1 – Fluorescence images of uptake and release of dipyridamo

with 15 mg/ml of dipyridamole at 37 8C for various durations. A

visualized using fluorescence microscopy. (B) Release. Cells wer

4 h and further incubated with a fresh drug-free medium for va

dipyridamole was visualized using fluorescence microscopy.
regression function in SigmaPlot (Systat Software, Point

Richmond, CA).

Temperature-dependent cellular uptake data were fitted to

the following bi-exponential equation using the non-linear

regression function in SigmaPlot

M ¼ a ebT (6)

where M is the percentage of intracellular dipyridamole

amount at the steady state at temperature T relative to that

at 37 8C; a and b are the factors related to the membrane

transport properties of dipyridamole. The mechanism of drug
le in human venous SMCs. (A) Uptake. Cells were incubated

fter cell washing, cell-associated dipyridamole was

e first incubated with 15 mg/ml of dipyridamole at 37 8C for

rious durations. After cell washing, cell-associated
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Fig. 2 – Kinetics of uptake and release of dipyridamole in

human venous SMCs. Cells were incubated with 15 mg/ml

of dipyridamole at 37 8C for various durations and washed

as described in Fig. 1. The cells were lyzed and cell-

associated dipyridamole was quantified by

fluorospectrometry. Each data point represents the

mean W S.D. of three experiments.
transport through the lipid bilayer of the cell membrane can be

indicated indirectly by Q10, temperature coefficient, which is

defined as the factor by which the intracellular drug concen-

tration at the steady state (Css) increases as the temperature is

raised by 10 8C. A larger Q10 suggests a larger activation energy

involved [26,27]. Thus Q10 can be an indicator of the diffusion

mechanism [28]. Low temperature dependence with a low Q10

value (<2) is suggestive of a passive diffusion mechanism.

High temperature dependence with a high Q10 value (>6)

suggests a facilitated diffusion or active transport process.

Moderate Q10 between 2 and 6 cannot directly indicate the

diffusion mechanism [29]. Q10 can be calculated as:

Q10 ¼ e10b (7)

The concentrations of dipyridamole which produce 50% of

the maximal antiproliferativeeffect (EC50) and induce 50% of the

maximal lethal (toxic) effect (LC50) were obtained by fitting the

concentration-effect data to the following sigmoid Emax or Hill

equation using the non-linear regression function in SigmaPlot.

E ¼ Emax � Cn

ECn
50 þ Cn (8)

where E is the percentage of antiproliferative or toxic effect at

concentration C relative to the maximal antiproliferative or

toxic effect Emax (1 0 0); EC50 is the drug concentration which

produces 50% of the maximal antiproliferative or toxic effect; n

is the shape factor. Therapeutic index is calculated as the ratio

of LC50 to EC50.
3. Results

3.1. Cellular uptake and release of dipyridamole

Uptake and release of dipyridamole in human venous SMCs

were visualized by fluorescence microscopy (Fig. 1A and B) and

quantified by measuring fluorescence intensity of the intra-

cellular dipyridamole at various time points after cell lysis

(Fig. 2). Uptake reached a plateau in 120 min. More than 90% of

the drug was eliminated from the cells within 120 min after

the drug was removed from the extracellular medium. Both

uptake rate constant ku and release rate constant kr showed no

significant differences among the three drug concentrations

tested (Table 1). The concentration-independent kinetics was

compatible with a passive diffusion mechanism for dipyr-

idamole transport through the cell membrane.
Table 1 – Pharmacokinetic parameters for uptake and release

Cinitial (mg/ml) ku (min�1)

5 0.000177 � 0.000023

15 0.000165 � 0.000010

25 0.000158 � 0.000027

Cinitial: initial dipyridamole concentration in the medium; ku: uptake ra

intracellular drug concentration at steady state increases as the temperat

experiments.
3.2. Mechanisms of dipyridamole cellular uptake

Whether cellular uptake of dipyridamole was primarily

driven by passive or active transport mechanisms was

assessed by the temperature dependence of cellular uptake.

The uptake reached a steady state in 2 h at 37 8C and 3 h at

4 8C, which persisted for several hours thereafter when the

drug was maintained in the extracellular medium. Therefore,

the temperature-dependence study was performed using a

constant incubation time of 4 h to ensure equilibrium of drug

uptake. Percentage of intracellular drug concentration at the

steady state (Css) following incubation of the cells with 15 mg/

ml of dipyridamole at tested temperature relative to that at

37 8C is shown in Fig. 3. Css was temperature-dependent and

increased with the increase of temperature. The calculated

Q10 were below 2 at all drug concentrations tested (Table 1),

which was consistent with a passive diffusion model of

transport.

3.3. Effect of dipyridamole on SMC proliferation

The antiproliferative effect of dipyridamole in human and

porcine venous and arterial SMCs was assessed by cell
of dipyridamole in human venous SMCs

kr (min�1) Q10

0.0587 � 0.0075 1.27 � 0.17

0.0547 � 0.0032 1.31 � 0.19

0.0525 � 0.0089 1.33 � 0.24

te constant; kr, release rate constant; Q10, the factor by which the

ure is raised by 10 8C. Each value represents the mean � S.D. of three
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Fig. 3 – Temperature dependence of dipyridamole uptake in

human venous SMCs. Cells were incubated with 15 mg/ml

of dipyridamole at 4, 15, 25 or 37 8C for 4 h. After cell lysis,

cell-associated dipyridamole was quantified by

fluorospectrometry. Data were expressed as the

percentage of intracellular drug concentration at the

steady state at tested temperature relative to that at 37 8C.

Each data point represents the mean W S.D. of three

experiments.

Fig. 4 – Antiproliferative effect and toxicity of dipyridamole

in: (A) human venous and arterial SMCs and (B) porcine

venous and arterial SMCs. Cells were incubated with 1–

200 mg/ml of dipyridamole for 72 h. Antiproliferative effect

was assessed by cell counting and toxicity was

determined by the LDH-release assay. Each data point

represents the mean W S.D. of six experiments.
counting. Proliferation of cells treated with dipyridamole was

attenuated in a dose-dependent manner (Fig. 4A and B). The

EC50 in human and porcine arterial SMCs were significantly

higher (1.5 and 1.2 times, respectively) than those in the

corresponding venous cells (P < 0.05). The EC50 in porcine

venous and arterial SMCs were significantly higher (1.3 and 1.1

times, respectively) than those in the corresponding human

cells (P < 0.05) (Table 2).

Effect of the released dipyridamole from microspheres/

ReGel was next examined. The released drug inhibited the

proliferation of human and porcine venous SMCs, with

the potency similar to the intact drug (Fig. 5). ReGel and

drug-free microspheres had no significant effect on cell

proliferation.

3.4. Cytotoxicity of dipyridamole

Cytotoxicity induced by dipyridamole was assessed by the

release of intracellular LDH, normalized by the total cellular

LDH. As shown in Fig. 4A and B, LDH release remained similar

to the control up to 20 mg/ml of dipyridamole. At concentration
Table 2 – Pharmacodynamic parameters for antiproliferative e
venous and arterial SMCs

Parameters Human venous SMC Human arteria

EC50 (mg/ml) 9.8 � 0.5 14.6 � 0.5

LC50 (mg/ml) 83.8 � 3.0 101.9 � 2.8

Therapeutic index 8.6 � 0.7 7.0 � 0.4

EC50, concentration of dipyridamole which produces 50% of maximal

induces 50% of maximal toxicity; therapeutic index, ratio of LC50 to EC50
* P < 0.05 vs. corresponding value in venous SMCs of the same species.
higher than 25 mg/ml, increased LDH release which was

significantly higher than the control (P < 0.05) was observed.

Dipyridamole concentration which induces 50% of maximal

LDH release, LC50, were significantly higher (1.3 times) in

human and porcine arterial SMCs than those in the corre-

sponding venous cell (P < 0.05). The LC50 in human venous and

arterial SMCs were significantly higher (1.3 times) than those

in the corresponding porcine cells (P < 0.05). Therapeutic
ffect and toxicity of dipyridamole in human and porcine

l SMC Porcine venous SMC Porcine arterial SMC

* 12.4 � 0.7 15.3 � 0.5*

* 66.4 � 1.5 81.3 � 1.7*

* 5.4 � 0.4 5.3 � 0.3

antiproliferative effect; LC50, concentration of dipyridamole which

. Each value represents the mean � SD of six experiments.
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Fig. 5 – Proliferation of human and porcine venous SMCs

treated with: (A) control; (B) ReGel; (C) drug-free

microspheres; (D) intact dipyridamole at 15 mg/ml and (E)

released dipyridamole from microspheres/ReGel at 15 mg/

ml. A separate in vitro release experiment was performed

by incubating dipyridamole-incorporated microspheres,

ReGel, or drug-free microspheres in culture medium. After

24 h the medium was sampled, diluted and added to the

cell culture. Cell proliferation was assessed by cell

counting. Each data point represents the mean W S.D. of

three experiments.

Fig. 6 – Reversibility of antiproliferative effect of

dipyridamole at: (A) 15 mg/ml and (B) 25 mg/ml. Human

venous SMCs were incubated with dipyridamole for

various durations up to 10 days. The medium was

replaced with a fresh drug-free medium at 2, 6 and 10 days

and the cells were further incubated. Cell proliferation was

assessed by the MTT assay. Each data point represents the

mean W S.D. of three experiments. DIP, dipyridamole.
index (LC50/EC50), was significantly higher in human venous

than arterial cells, but was not significantly different between

porcine venous and arterial cells (Table 2).

3.5. Reversibility of antiproliferative effect of dipyridamole

Reversibility of antiproliferative effect of dipyridamole was

tested by assessing the cell proliferation when dipyridamole

was removed from the culture medium using the MTT assay.

Human venous SMCs without dipyridamole treatment (con-

trol) continued to grow up to 18 days. When cells were exposed

to 15 mg/ml of dipyridamole, the growth rate was markedly

diminished. Upon removal of the drug, the growth rate

increased, albeit still at a slower rate for the initial 2 days.

Thereafter, the growth rate further increased to, or even

slightly exceeded, that of the control (Fig. 6A). In contrast,

when cells were exposed to 25 mg/ml of dipyridamole for 6

days or longer, the cells resumed their growth poorly even

after drug removal (Fig. 6B). In fact, there appeared to be

complete inhibition of cell growth during and after exposure to

25 mg/ml of dipyridamole for 10 days.
4. Discussion

Stenosis in hemodialysis arteriovenous grafts develops more

often at the vein-graft anastomosis than the artery-graft

anastomosis [30]. An understanding of the response of venous

SMCs to antiproliferative agents is important for designing

strategies to prevent the graft stenosis. Despite the well-

established effects of many antiproliferative agents on human

and animal arterial SMCs, there is a paucity of data on their

effects in human venous SMCs. Different properties of SMCs
derived from arteries and veins have been reported [9,31,32]. In

addition, kinetics of dipyridamole transport across the

cytoplasmic membrane and the resulting time-dependent

pharmacodynamics at the cellular level has not been carefully

investigated. Understanding these properties is necessary to

design an optimal drug delivery system. Since the porcine

model of arteriovenous graft stenosis has been a well-

established model for the study of interventional strategies

[33–35], porcine venous and arterial SMCs were also examined

in the present study. This may facilitate the understanding of

any potential inter-species difference in drug responses.

We have previously found that dipyridamole significantly

increased cAMP and cGMP levels in human venous and arterial

SMCs with transient peak concentrations of both cyclic

nucleotides at 15–30 min; and the levels of both cyclic

nucleotides were strongly corresponded with inhibition of

cell proliferation [36]. In this study, we evaluated pharmaco-

dynamics of dipyridamole by examining the antiproliferative

activity as well as the toxicity. EC50 of dipyridamole in
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inhibiting SMC proliferation were determined by cell counting,

which showed slight differences from those determined by the

MTT dye-reduction assay in our previous study [9]. Since the

MTT assay only assesses the mitochondrial activity, regard-

less of the cell number and whether the cells are actively

proliferating or not, cell counting can be a better method for

quantitative assessment of cell proliferation. Based on EC50

and LC50 (Table 2), venous SMCs were more susceptible to the

antiproliferative effect, and less susceptible to the toxicity of

dipyridamole than arterial SMCs. And the differences were

preserved between species. These differences are not readily

explained, but may be a result of differences in the cellular

constituents which are the targets of action of the drug.

Perhaps the most important findings of this study were the

fast cellular uptake of dipyridamole (Figs. 1A and 2), the short

residence time inside the cells (Figs. 1B and 2) and the

reversibility of the antiproliferative effect of low-dose dipyr-

idamole in SMCs (Fig. 6A). Dipyridamole is a small weakly

hydrophobic molecule, with a molecular weight of 504.6 Da

and the octanol–water partition coefficient of 2.74 (KowWin

ALOGPS 2.1 software, Syracuse Research, Denver, CO). These

properties are favorable to a passive diffusion transport across

the cytoplasmic membrane. The values of ku, kr and Q10

obtained from our pharmacokinetic analysis (Table 1) were

compatible with a passive diffusion mechanism.

The reversibility of the antiproliferative effect of dipyr-

idamole in human venous SMCs was dependent upon the dose

and duration of exposure. At 15 mg/ml, which was modestly

higher than the EC50 (9.8 mg/ml, Table 2), dipyridamole did not

induce significant cytotoxicity (Fig. 4A). The antiproliferative

effect was completely reversible, even for drug exposure for as

long as 10 days (Fig. 6A). At concentration of 25 mg/ml or

higher, however, cytotoxicity was observed (Fig. 4A), and the

antiproliferative effect of dipyridamole was not completely

reversible. After exposure to dipyridamole at 25 mg/ml for 6

days or longer, cell proliferation was markedly impaired even

upon removal of the drug (Fig. 6B).

With the conventional dose of 200 mg per day, the

maximum plasma concentration of dipyridamole was

achieved at approximately 3 mM (1.5 mg/ml) [37], which is in

order of magnitude lower than the EC50 obtained in our study

(Table 2). Although cell culture conditions are undoubtedly

different from the in vivo environment, these data suggest that

the systemic administration of dipyridamole is unlikely to

provide adequate plasma levels to inhibit SMC proliferation.

Indeed, oral administration of dipyridamole has been found to

be ineffective in preventing the formation of neointimal

hyperplasia in various animal models [21,22]. In addition,

hemodialysis arteriovenous grafts are subjected continuously

and indefinitely to stimuli for SMC proliferation, such as the

flow disturbance at the anastomosis and the later repeated

needle puncture for chronic hemodialysis. Therefore, the

chronic delivery of drug to the target site can be a preferable

approach. Local drug delivery may achieve sufficient local

concentration with minimal systemic side effect. The con-

tinuous infusion of dipyridamole to the adventitia using an

implanted catheter has been shown to attenuate intimal

thickening after balloon injury in a rabbit model [6]. While the

result is intriguing, this approach is impractical for clinical

application in hemodialysis patients.
Alternatively, we have recently explored a sustained-release

system, ReGel1, for perivascular delivery of dipyridamole [25].

ReGel is a polymeric gel that, because of its thermosensitive

nature, can be injected into the body to provide a sustained-

release drug depot, and facilitate drug re-dosing by percuta-

neous injection at regular intervals [5,38]. While ReGel can

solubilize and stabilize a large variety of drugs, the relatively

weak hydrophobicity of dipyridamole may diminish the

sustained-release pattern. In order to prolong the release, we

have incorporated dipyridamole into poly(lactide-co-glycolide)

microspheres and combined the products with ReGel [25]. This

formulation was found to decrease the initial burst and prolong

the drug release. In the present study we showed that the

antiproliferative potency was retained in the released dipyr-

idamole from the deliverysystem (Fig. 5). Our recent study using

an in vitro model has further demonstrated that dipyridamole

on the perivascular surface could readily penetrate the walls of

native veins and arteries as well as PTFE grafts. These results

suggest dipyridamole delivered by microspheres/ReGel can be a

potential candidate for the prevention of arteriovenous PTFE

graft stenosis.

In summary, our present observations are compatible with

the following sequence of events. Dipyridamole enters the

cells by passive diffusion and exerts its antiproliferative effect

rapidly by, for example, inhibiting cyclic nucleotide PDE

activities. Upon removal of the drug from the extracellular

environment, the drug rapidly diffuses out of the cells and the

antiproliferative effect dissipates over approximately 2 days as

the proliferation functions (e.g. PDE activities) are gradually

and fully restored. Since the stenosis develops progressively

following the placement of arteriovenous grafts [33–35], the

transient antiproliferative effect of dipyridamole would imply

that the continuous controlled exposure to a relatively low

concentration of drug is necessary for the long-term pharma-

cological inhibition of SMC proliferation without significant

cytotoxicity.
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