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Abstract

Intimal hyperplasia is the cause of the recurrent occlusive vascular disease (restenosis). Drugs currently used to treat
restenosis effectively inhibit smooth muscle cell (SMC) proliferation, but also inhibit the growth of the protective luminal
endothelial cell (EC) lining, leading to thrombosis. To identify compounds that selectively inhibit SMC versus EC
proliferation, we have developed a high-throughput screening (HTS) format using human cells and have employed this to
screen a multiple compound collection (NIH Clinical Collection). We developed an automated, accurate proliferation assay in
96-well plates using human aortic SMCs and ECs. Using this HTS format we screened a 447-drug NIH Clinical Library. We
identified 11 compounds that inhibited SMC proliferation greater than 50%, among which idarubicin exhibited a unique
feature of preferentially inhibiting SMC versus EC proliferation. Concentration-response analysis revealed this differential
effect most evident over an ,10 nM-5 mM window. In vivo testing of idarubicin in a rat carotid injury model at 14 days
revealed an 80% reduction of intimal hyperplasia and a 45% increase of lumen size with no significant effect on re-
endothelialization. Taken together, we have established a HTS assay of human vascular cell proliferation, and identified
idarubicin as a selective inhibitor of SMC versus EC proliferation both in vitro and in vivo. Screening of larger and more
diverse compound libraries may lead to the discovery of next-generation therapeutics that can inhibit intima hyperplasia
without impairing re-endothelialization.
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Introduction

Atherosclerosis is the leading cause of death in the United

States. Interventions for treating atherosclerosis including angio-

plasty, stenting and bypass frequently fail related to the

development of recurrent disease (restenosis) [1]. The pathology

of restenosis is primarily intimal hyperplasia, and central to this

process is smooth muscle cell (SMC) proliferation. In response to

the injury associated with arterial reconstructions, SMCs in the

media transform from a differentiated to a proliferative and

migratory phenotype leading to the formation of a highly cellular

subintimal plaque that re-narrows the vessel lumen [2]. Dimin-

ished flow related to narrowed or occluded arteries gives rise to

adverse outcomes such as heart attack, stroke, amputation and/or

death.

Another key cell type integral to this process is the endothelial

cell (EC). As a by-product of interventions to treat atherosclerosis,

denudation of the endothelial layer of treated arteries or veins

leads to deleterious consequences. First, ECs provide the vessel’s

anti-thrombotic lining. Without an EC layer, platelets accumulate

on the vessel surface initiating thrombus that can cause sudden

death [3]. Equally important, it has been shown that ECs and

SMCs interact, such that a uniform EC layer lining the inner

surface of a vessel inhibits underlying SMC growth and migration

thus lessening the potential for the formation of hyperplastic

plaque [4]. Third, an intact EC layer prevents transmigration of

leukocytes into the arterial wall and leukocyte infiltration is one of

many contributors to the process of intimal hyperplasia [5]. Lastly,

recent clinical evidence indicates that endothelial dysfunction

produced by rapamycin, a SMC inhibitor used to prevent the

development of intimal hyperplasia, leads to impaired collateral

flow [5] as well as paradoxical vasoconstriction in the arterial

segment adjacent to the rapamycin-releasing stent [6]. Thus,

following vascular reconstruction, it is essential that ECs be

allowed to rapidly repopulate the vessel lumen [7,8].

Currently, the only clinically employed method for preventing

restenosis is a stent coated with rapamycin or paclitaxel used in

conjunction with angioplasty [9]. Unfortunately, both drugs

inhibit EC proliferation, migration, and survival and thus impair

the critically important process of re-establishing the vessel’s

protective endothelial lining [3]. Consequently, despite the success

of drug-eluting stents, neo-intima plaque still leads to restenosis in
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approximately 15% of treated patients [10,11]. More importantly,

impaired re-endothelialization leads to acute or late stent

thrombosis which is associated with a 45% mortality [3]. Although

dual antiplatelet therapy is used to reduce the incidence of stent

thrombosis, the incidence of thrombosis still remains significant

(1.3%), and antiplatelet agents are associated hemorrhage and

additional cost in this patient population.

Thus, the optimal drug to prevent restenosis would be one that

selectively inhibits SMC proliferation and intimal hyperplasia but

has a minimally inhibitory effect on EC proliferation. Several such

selective agents have been reported in the literature [12,13] [14–

16] [17–19] but with various limitations, e.g. lack of effect in vivo or

difficulty in delivery. Moreover, the scarceness of reports

identifying agents that selectively inhibit SMCs versus ECs likely

reflects the fact that ECs are generally more susceptible than

SMCs to anti-proliferative drugs. Thus, in order to discover

candidates for selective SMC inhibition, a high throughput

screening campaign is necessary to screen large libraries of

compounds. To the best of our knowledge, there has been a lack of

such HTS studies with this goal in mind.

The purpose of this study is to establish a pilot HTS system that

is amenable for screening larger chemical libraries with the goal of

discovering new drugs that selectively retard human SMC

proliferation while leaving the growth of endothelial cells

unaffected. To circumvent the shortcomings in the aforemen-

tioned studies, we have developed accurate assays for proliferation

of primary human aortic SMCs and human aortic ECs, which are

more relevant to human restenotic disease than animal cells. In a

pilot screen we have identified that idarubicin, an FDA-approved

drug currently used for treating leukemia, inhibits the proliferation

of SMCs to a much greater extent than ECs through a defined

concentration window. Furthermore, for the first time, this drug

has been shown through in vivo testing to be a potent inhibitor of

injury-induced intimal hyperplasia. Our finding raise the possibil-

ity of repurposing idarubicin for the treatment of vascular

restenosis and establish an efficient, low cost HTS that can be

used through screening of large chemical libraries, to identify other

candidate inhibitors of restenosis.

Materials and Methods

Ethics Statement
The experiments involving animal use were carried out in strict

accordance with the recommendations in the Guide for the Care

and Use of Laboratory Animals of the National Institutes of

Health. The protocol (Permit Number: M02273) was approved by

the Institutional Animal Care and Use Committee (IACUC) of the

University of Wisconsin-Madison. All surgery was performed

under isoflurane anesthesia, and all efforts were made to minimize

suffering.

Materials
Alamar Blue was purchased from Invitrogen (Carlsbad, CA).

Cell Titer Glo was from Promega (Madison, WI). Primary human

aortic smooth muscle cells (HuAoSMCs) and primary human

aortic endothelial cells (HuAoECs) at passage 3 were purchased

from Lonza; their respective optimal culture media (SmGM-2 and

EGM-2) were from the same commercial source. Cells were used

at passage 5 after expansion. Trypsin/EDTA solution was from

Clonetics (Walkersville, MD); and DPBS was from Gibco

(Invitrogen, Carlsbad, CA). Microtiter tissue 96-well culture plates

with transparent flat-bottoms and black-walled sides were from

Costar (Corning, NY). Resveratrol and idarubicin were products

of Sigma-Aldrich (St. Louis, MO). Stock solutions of these reagents

were prepared in DMSO (Thermo-Fisher). The library of NIH

Clinical Collection composed of 447 unique compounds of known

bioactivity was available at the Small Molecule Screening and

Synthesis Facility (SMSSF) of the University of Wisconsin

Carbone Cancer Center (UWCCC).

Cell Culture
Cryo-protected frozen HuAoSMCs and HuAoECs (Lonza,

passage 3) were thawed and cultured in their respective media that

are optimized for cell growth by the manufacturer. HuAoSMCs

were grown in the SmGM-2 medium containing 5% FBS, and

HuAoECs in the EGM-2 medium containing 2% FBS in a

humidified incubator at 37uC with 5% CO2. After expansion, cells

at passage 5 were used for all the experiments.

Test of the Consistency of an Automated Cell
Proliferation Assay System

Freshly collected HuAoSMCs (passage 5) were counted (.93%

viability) by Cellometer AutoT4 (Nexelon Bioscience), and

dispensed using Microflo Select (BioTek) to a final density of

2700 cells/200 ml/well in the SmGM-2 medium in a 96-well plate.

After a 24 h incubation to allow cell attachment, 0.1 ml of DMSO

(vehicle) or 0.1 ml of resveratrol (a known SMC growth inhibitor)

stock in DMSO was robotically transferred using Biomek FX

(Beckman) from a resveratrol stock plate into cell culture (final

50 mM resveratrol [20]. DMSO and resveratrol were added into

alternate columns of wells (8 wells per column). We used a

noncytotoxic and inexpensive reagent (Alama Blue) for prolifer-

ation assay. After incubation with resveratrol for 72 h, Alamar

Blue dye was added using Matrix Hydra (Thermo-Fisher) and

incubated with cells for another 24 h, and fluorescence was then

determined using a Safir2 plate reader (Tecan, excitation/

fluorescence: 530 nm/590 nm, bandwidth: 15 nm). The data

from 40 wells of vehicle and 40 wells of resveratrol treatments were

analyzed for assessment of well-well consistency in the assay.

Background signal from the cell-free wells (medium only) was

subtracted. In agreement with previous studies [21] we found that

reading Alamar Blue fluorescence 24 h after incubation reduced

variance compared to reading after shorter incubation (e.g. 4 h).

To verify assay consistency with a additional method, Alamar Blue

dye was removed and wells were gently washed, and Cell Titer

Glo reagent was then added followed by a 10 min incubation and

luminescence measured using Genios Pro.

HTS against the NIH Clinical Collection using HuAoSMCs
and HuAoECs

The HTS assay of cell proliferation was performed to screen

447 compounds included in the NIH Clinical Collection using

total six 96-well plates. Each compound was tested once by the

addition of 0.1 ml of 10 mM stock dissolved in DMSO to yield a

final concentration of 5 mM. Each plate contained 8 wells of

negative controls added with DMSO (0.1 ml, final 0.05%) and 8

wells of positive controls added with resveratrol (final 50 mM).

HTS assays against the same NIH Clinical Library were

conducted with either SMCs or ECs. Cell growth, robotic liquid

handling, and fluorescence reading were conducted as described in

the preceding paragraph except that the test compounds were

transferred (using Biomek FX) from preconfigured stock plates.

Robustness of a HTS assay is estimated by the Z9 value [22],

which is calculated using the formula: Z9 = 12[3sdc++3sdc2)/

(mc+2mc2)] where sd = standard deviation; m = mean; c+ = pos-

itive control (resveratrol); c2 = negative control (DMSO). A Z9

Preferential Inhibitor of SMC vs. EC Proliferation
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value of 0.5 is considered the minimal robustness for an assay to

perform well in HTS [22].

Dose Responses of Proliferation of HuAoSMCs and
HuAoECs

In order to compare differential effects of idarubicin on the

proliferation of SMCs versus ECs, dose response experiments were

carried out using the two cell types on the same 96-well plate.

Assays were performed as described above except that idarubicin

(or resveratrol) was added at serial dilutions into triplicate wells for

each concentration. Curve fitting was performed with the Prism

software (GraphPad).

Rat Balloon Angioplasty Model and Perivascular Drug
Delivery

Balloon injury of the left common carotid artery was performed

in Male Sprague-Dawley rats (300–350 g) following our previously

described method [23]. Briefly, after induction of anesthesia with

isoflurane, a 2F balloon catheter was inserted through the left

external carotid artery into the common carotid artery, insufflated

at 2 atm of pressure, pulled back to the bifurcation, and repeated 3

times. The external carotid artery was then ligated, and blood flow

was resumed through the common and internal carotid arteries.

Immediately after re-establishment of flow, idarubicin (50 mg) or

DMSO (vehicle, final 0.1%) dissolved in 300 ml of 25% F127

pluronic gel (Sigma-Aldrich) was applied around the injured

segment of the carotid artery (5 animals in each group). The

pluronic gel is a biodegradable polymer, which is soluble in water

at 4uC but becomes a gel when in contact with tissues at 37uC
[24]. Rats were euthanized 14 days after injury, and the injured

segments of common carotid arteries were collected and fixed in

4% paraformaldehyde overnight for embedding in paraffin.

Morphometric Analysis of Intimal Hyperplasia and
Restenosis

Nine evenly-spaced sections through each injured carotid artery

were stained using routine hematoxylin and eosin (H&E) and

images were collected with light microscopy. Intimal and medial

areas, and circumferences were determined by measuring the

internal elastic lamina (IEL), external elastic lamina (EEL), and

lumen for each section using the ImageJ software (National

Institutes of Health) [23,25]. Intimal hyperplasia is quantified by

the area ratio of intima versus media; the extent of restenosis is

reflected by a reduction in residual lumen [26], a ratio of intimal

area versus IEL area.

Immunostaining of CD31, an Endothelial Cell Marker
To assess re-endothelialization, immunostaining of CD31 (an

EC marker) was performed on carotid sections following our

previous report. Briefly, a goat anti-CD31 primary antibody (R&D

Sytems, 1:150) was incubated with the sections for 1 h followed by

an incubation with a biotinylated rabbit-anti-goat secondary

antibody for 30 min. Immunostaining of CD31 was then

visualized by using streptavidin-HRP and DAB. Re-endotheliali-

zation was quantified following previously published methods

[27,28]. Briefly, the percentage of the luminal perimeter that

stained for CD31 versus total perimeter was measured using NIH

Image J. Re-endothelialization was then scored from 1 to 5 (1: ,

20%; 2:20 to 40%; 3:40 to 60%; 4:60 to 80%; 5:80%–100%) and

the scores were averaged with the data from 5 rats (6 sections per

rat) in each treatment group.

Statistical Analysis
All data are presented as mean 6 standard error (SEM).

Statistical analysis was performed using two-tailed unpaired

Student’s t-test. Data are considered statistically significant when

a P value is ,0.05.

Results

Development of a HTS System for the Evaluation of
Human Vascular Smooth Muscle Cell and Human
Vascular Endothelial Cell Proliferation

In order to establish a HTS system that produces consistent

outcomes, we first set out to optimize assay conditions. We chose

proliferation as an assay since SMC proliferation is the central

event in the development of intimal hyperplasia and EC

proliferation is essential to re-endothelialization of the vessel

lumen and prevention of thrombosis. We chose to use primary

human SMCs and ECs so that our findings would be readily

translatable; human primary cells are most relevant to human

diseases. For the proliferation assay we chose Alamar Blue which

has been widely used for measurement of cell number as a

surrogate of proliferation. This reagent is easy to use, noncyto-

toxic, inexpensive [29], and has been previously successfully

applied in HTS projects. Moreover, this assay does not require

washing or cell lysis thereby minimizing variability. To maximize

cell growth rate, we used the complete SmGM-2 medium

(supplemented with 5% serum) and EGM-2 medium (2% serum).

Both are media optimized by Lonza for HuAoSMCs and

HuAoECs, respectively. In preliminary studies, we varied seeding

density and assay duration in order to maximize proliferation. We

found that SMCs seeded at a density of 2000–3000 cells per well

gave rise to maximal proliferation (Figure S1); higher seeding

densities did not result in more significant growth (data not

shown). Thus, we used for our HTS system a cell density of 2700

cells per well and an assay duration of 72 h. Optimization

experiments were also performed for ECs resulting in a similar

protocol except for the use of the EGM-2 medium and 2% serum

(data not shown). Cell number was determined by quantifying

fluorescence from the Alamar Blue reagent.

We then applied these optimized conditions to test the

consistency of our automated HTS system for proliferation using

resveratrol as a positive control. We chose resveratrol because this

natural compound has been previously shown to inhibit SMC

proliferation and angioplasty-induced intimal hyperplasia [20]. As

shown in Figure 1, compared to vehicle control (DMSO),

resveratrol inhibited SMC growth by ,65% with a very small

SEM, indicating low well-to-well variation. The good well-to-well

consistency achieved by this automated assay format with 96-well

plates is also demonstrated by a Z9 value of 0.63. The Z9 factor is

generally accepted as a measure to quantify the quality and hence

suitability of a particular assay for use in a full-scale, high-

throughput screen [22]. A Z9.0.4 is considered a good assay [22].

We also corroborated the Alamar Blue assay results using another

established method, Cell Titer Glo assay, which quantifies ATP

levels in cell lysates [30]. Cell Titer Glo assays using resveratrol for

both SMCs and ECs also produced high Z9 values (.0.7).

HTS of the NIH Clinical Collection Produces 11
Compounds that Inhibit HuAoSMC Growth Greater than
50%

We then utilized this HTS system to screen 447 FDA-approved

drugs in the NIH Clinical Collection. All the compounds included

in this collection are clinically used drugs with diverse bioactivities.

Preferential Inhibitor of SMC vs. EC Proliferation
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We used a compound concentration of 5 mM. Six 96-well plates

were used with 8 wells of negative control (vehicle, DMSO) and 8

wells of positive control (resveratrol) per plate (Figure 2A). The

overall signal to background ratio was 5.160.4 for all plates. A Z9

value for each individual plate was calculated using the mean and

SD (see Experimental Procedures) from the negative and positive

controls. All of the Z9 values were in the range of 0.71–0.89

(Figure 2B). The overall Z9 calculated with the data from all six

plates was 0.73. Thus the well-to-well and plate-to-plate consis-

tency was high.

Among the 447 tested drugs, 11 inhibited human SMC

proliferation more than 50%, producing a hit rate of ,2.5%

(Figure 2A). We assumed that drugs providing more than 50%

SMC inhibition have the greatest likelihood of inhibiting intimal

hyperplasia. We then used the orthologous Cell Titer Glo assay to

confirm the 11 positive hits. After removal of the Alamar Blue dye,

wells were washed gently, and then subjected to the Cell Titer Glo

assay. As shown in Figure S2, the Cell Titer Glo assay produced a

pattern of inhibition that was similar to Almar Blue.

Idarubicin Preferentially Inhibits HuAoSMC Versus
HuAoEC Proliferation

To identify drugs that selectively inhibit the growth of SMCs

versus ECs, we performed the same HTS assay against the NIH

Clinical Collection using ECs. Z9 values for the endothelial assay

calculated from six 96-well plates were all .0.7, indicating an

excellent consistency. We then compared percent inhibition of EC

proliferation to that of SMC proliferation for the 11 hits from the

SMC assay. As shown in Figure 3A, 5 of the compounds inhibited

ECs more than SMCs. We concurrently also evaluated rapamycin,

a cliniclally used inhibitor of intimal hyperplasia (Figure 3B).

Consistent with the propensity for rapamycin-coated stents to

induce thrombosis secondary to inhibition of re-endothelialization,

rapamycin also inhibited EC proliferation to a much greater

degree than SMC proliferation. Four of the 11 compounds

(cervistatin, triptolide, dactinomycin, and SDM25N) inhibited EC

and SMC proliferation to an approximately equal degree.

However, two of the 11 compounds inhibited EC proliferation

to a lesser degree than that of SMCs. The first of these

compounds, homoharringtonine, was associated with a small,

approximately 10% advantage for ECs. In contrast to the other 10

hits, idarubucin stood out as a unique drug that demonstrated

significant selectivity between SMCs and ECs. That is, idarubicin

reduced SMC proliferation by ,60% but suppressed EC growth

by only ,20% (Figure 3A). Since the HTS assays were conducted

at a single drug concentration (5 mM) which is conventionally used

for primary screens, we created idarubicin dose-response curves

for proliferation of both SMCs and ECs using the protocol from

our HTS assays. Resveratrol dose-response curves were also

generated for comparison. Blending together dose response curves

for the two cell types (Figure 4A) revealed a concentration window

of ,10 nM-5 mM, where idarubicin preferentially inhibited SMC

(IC50 = 0.13 mM) versus EC proliferation (IC50 = 0.61 mM). In

contrast, within a concentration range of 1 nM–100 mM resver-

atrol did not produce differential inhibition of SMC versus EC

proliferation (Figure 4B).

Locally Administered Idarubicin Inhibits Intimal
Hyperplasia but not Re-endothelialization in Rat Carotid
Arteries Following Balloon Injury

Idarubincin is a drug used for treating leukemia, but whether it

has an inhibitory effect on intimal hyperplasia has not been

reported. Prompted by its favorable property of selectively

inhibiting SMC proliferation, we evaluated the ability of

idarubicin to suppress intimal hyperplasia using an established

rat carotid angioplasty model of restenosis (which mimics the post-

angioplasty pathology in humans). In order to minimize undesir-

able side effects that could result from systemic drug delivery, we

administered idarubicin locally around the common carotid artery

following injury by balloon angioplasty. The morphometric data

show that on day 14 after angioplasty, an aggressive neointimal

plaque develops (see vehicle control, Figure 5A). However, arteries

treated with idarubicin were found to have an 80% reduction in

intimal hyperplasia (Figure 5B and C) compared to vehicle

control. Moreover, the relative lumen size (calculated as a ratio of

luminal area versus IEL area [26]) of arteries treated with

idarubicin was substantially increased compared to vehicle control

(approximately 45%, Figure 5D). No significant effect of

idarubicin on arterial remodeling (EEL length) was observed

(Figure 5E).

Figure 1. Test of reproducibility of the automated 96-well proliferation assay format. Experiments were performed as described in detail
in Materials and Methods. DMSO (40 wells) and resveratrol (40 wells) were used as negative control and positive control, respectively. Data are
presented either as Alamar Blue fluorescence reading from individual wells (A), or a mean 6 SD (standard deviation) of 40 wells (B) (***P,0.001).
doi:10.1371/journal.pone.0089349.g001
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In our in vitro experiments idarubicin differentially inhibited

SMC proliferation with a lesser effect on ECs (Figures 3 and 4).

With this in mind, we further explored whether idarubicin could

spare the endothelial layer while attenuating the growth of the

neointima. Using the carotid artery sections collected on day 14

following angioplasty, we performed immunostaining for CD31

(Figure 6, A–C), a commonly used marker for assessment of the

endothelium. Quantification of CD31 staining indicated that a

similar extent of re-endothelialization was achieved in idarubicin-

treated arteries compared to that in vehicle-treated arteries

(Figure 6D). This result suggests that idarubicin as a potent

inhibitor of SMC proliferation and intimal hyperplasia does not

impose a significant inhibitory effect on the endothelial recovery

after angioplasty denudation.

Discussion

The anti-restenosis drugs currently available for clinical use

inhibit vascular SMC proliferation, migration and survival, but

also suppress growth, mobility and survival of ECs [31]. The latter

results in adverse side effects, such as delayed re-endothelialization

and late stent thrombosis, compromising the long-term efficacy of

these treatments [8,32]. Despite the efficacy of these drugs in

preventing restenosis, 15% of patients still develop recurrent

disease. The lack of an endothelial lining has been shown to

propagate intimal hyperplasia. Thus drugs that do not inhibit re-

endothelialization may be more effective in preventing restenosis.

The ideal drug designed to prevent restenosis should have a

selective anti-proliferative effect on SMCs, but be inert toward

ECs. Such candidate drugs could be identified through cellular

assay-based high throughput screening (HTS). However, in

PubChem or the literature there is a lack of reports of HTS

campaigns with the goal of identifying compounds that differen-

tially inhibit SMC versus EC proliferation.

In this study, using relevant primary human SMCs and ECs, we

have demonstrated good reproducibility of an automated HTS

assay system. We have used this system to screen the NIH Clinical

Collection of 447 compounds and identified 11 that produced

greater than 50% inhibition of SMC proliferation. Among these

hits idarubicin exhibited the unique feature of preferentially

inhibiting SMC versus EC proliferation. Moreover, idarubicin had

a profound effect on intimal hyperplasia without affecting re-

endothelialization, a novel role for a drug that is currently

clinically used to treat leukemia. Our study demonstrates the

feasibility of using HTS to identify compounds that inhibit the

proliferation of SMCs while minimally affecting EC growth. In

addition, our HTS format is scalable to large compound libraries,

opening the pathway for discovery of additional compounds that

differentially affect SMC and EC function.

Vascular SMCs and ECs share many similarities. However,

there is also evidence in the literature supporting the existence of

pathways and targets that are differentially important to prolifer-

ation of SMCs versus ECs. For example, the oligo inhibitors of

miRNA-221/222 have been reported to inhibit rat aortic SMC

proliferation but stimulate human umbilical vein endothelial cell

(HUVEC) growth [18]. Following delivery through intraluminal

infusion and also periadventitial administration, these inhibitors

were found to suppress post-angioplasty intimal hyperplasia but

not re-endothelialization in rats [18]. Different expression levels of

the target genes of miR-221/222 in SMCs and ECs might account

for differential cellular effects of miR221/222 in these two cell

types. In another report, local gene transfer of p85aPKA reduced

neointimal formation without affecting endothelial regeneration

after balloon injury in rats [33]. The authors found that cAMP

inhibits vascular SMC proliferation through the phosphorylation

of (Ser83) p85a, which forms an inhibitory complex with p21ras,

preventing ERK1/2 activation. However, cAMP-induced cell

cycle inhibition of ECs is independent of cAMP/PKA modifica-

tion of p85a. In addition, activation of AMPK has been shown to

inhibit SMC proliferation and intimal hyperplasia in a mouse wire

injury model while preserving the endothelial layer [34].

Interestingly, expressing AMPK in ECs in a cell type-specific

manner stimulates EC growth through up-regulation of HO-1

[35], suggesting differential pathways targeted by AMPK in these

two cell types. Aside from differential signaling pathways in SMCs

and ECs, differential drug uptake by these two cell types could also

explain the varying effects of a particular drug on growth. Since

idarubicin inhibits cell growth by intercalating DNA (a universal

pathway in all cells) it is likely that differential uptake of idarubicin

rather than differential targets/pathways in SMCs and ECs is

responsible for the selective inhibition of SMC versus EC

proliferation.

These findings suggest that it is possible to identify drugs that

differentially inhibit SMCs versus ECs. To this end, we have

established a 96-well HTS format through test assays using

resveratrol as a control drug and pilot screens using human SMCs

and ECs. We began by optimizing cell number, treatment times

and liquid handling protocols to maximize the signal to

background ratio and Z9 (See Figure S1). The Alamar Blue

method has been successfully applied in HTS studies with the

major advantage of reducing cost per well [21,29]. Our findings

with Alamar Blue were confirmed with Cell Titer Glo assay,

uniformly demonstrating more significant inhibition of SMC

proliferation with each of the compounds tested (Figure S2) [30].

Thus for future scale-up screens it is advisable to use Alamar Blue

for the primary assay and Cell Titer Glo as the orthologous assay

to confirm hits. Although the results reported herewith are with a

96-well format we have recently shown that the assay can be

readily converted to a format using 384-well plates [36,37].

Alternatively, as indicated by the high reproducibility of assays in

this study, HTS of larger libraries can be implemented using the

96-well format.

While a HTS format of one well per compound is widely used in

the literature, the rationale for using this format in our HTS study

is several fold. First, prior to HTS we used 40 wells for each of the

positive and negative controls to specifically determine well-to-well

variation. A value of Z9 (0.65) above 0.5 indicated an excellent

well-to-well consistency. Second, upon HTS assays we again

confirmed a low variation between wells on each plate using 8

wells for each of the positive and negative controls (Z9.0.7,

Figure 2B). Thus the high Z9s suggest that possible errors in

negative or positive hits were minor. Moreover, we performed

parallel HTS of the same library with ECs to effectively narrow

Figure 2. HTS against the NIH Clinical Collection for HuAoSMC proliferation. Assays were performed with SMCs using the automated assay
system as described in detail in Materials and Methods. DMSO (blue, final 0.05% in each of 8 wells) and resveratrol (red, final 50 mM in each of 8 wells)
served as negative control and positive control, respectively, on each of six 96-well plates. Total 447 compounds in the NIH Clinical Collection (yellow)
were tested at a final concentration of 5 mM (1 well for each drug). For confirmation of the hits with a different method (Cell Titer Glo), please see Figure
S2. A). Percent Alamar Blue fluorescence reading. The dashed line marks 50% inhibition of SMC proliferation. B). Consistency of HTS assay on each of
six 96-well plates.
doi:10.1371/journal.pone.0089349.g002
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down the number of hits thus minimizing potential positive hit

errors (Figure 3A). Finally, dose response determination provided

a definitive measure to confirm a preferential effect of the lead hit

(idarubicin) on inhibition of SMC versus EC proliferation in a

range of concentrations (Figure 4A).

In our screening of the NIH clinical collection our initial hit rate

was 2.5%. Factors contributing to the initial hit rate include final

concentration of tested compounds, the chosen library, sensitivity

of assay method, and the threshold for selecting hits etc. In the

primary screen we used a relatively low drug concentration (5 mM)

to minimize nonspecific drug effects. In addition, 50% inhibition

of SMC proliferation measured by Alamar Blue (equal to ,80% if

measured by Cell Titer Glo, see Figure S2) is a quite stringent

threshold. Although we identified only 11 compounds with

significant inhibition of SMC proliferation, this rate could easily

have been increased by increasing the drug concentration or

lowering the threshold or stringency. Another important compo-

nent of this evaluation is the determination of dose response

curves. A given compound’s ability to differentially inhibit SMC

and EC proliferation will most likely be dependent upon drug

concentration. For most compounds extremely high concentra-

tions are likely to produce cytotoxicity regardless of the cell type.

Figure 3. Differential inhibition of HuAoSMC versus HuAoEC
proliferation by the 11 hits selected from the NIH Clinical
Collection. A). HTS of the NIH Clinical Collection was performed using
SMCs as well as ECs, as described for Figure 2. Percent inhibition of SMC
proliferation (Black) by the 11 hits was compared with that of EC
proliferation (red). The vertical bar highlights greater inhibition of SMC
versus EC proliferation by idarubicin, which is opposite to the effect of
most of the other hits. B). Inhibition of cell proliferation by rapamycin
was compared between HuAoSMCs and HuAoECs. The experiment was
performed using the automated assay system as described in Figure 1.
Rapamycin was added to a final concentration of 200 nM. Cell number
was assessed by Cell Titer Glo assay. Each bar represents a mean 6 SD
(*P,0.05).
doi:10.1371/journal.pone.0089349.g003

Figure 4. Dose-responses of HuAoSMCs and HuAoECs to
idarubicin treatment. Proliferation of SMCs or ECs in the presence
of various concentrations of idarubicin or resveratrol was assayed in a
96-well plate and handled by the same robotic system as described in
Materials and Methods. Each data point is a mean 6 SD of triplicates,
*P,0.05.
doi:10.1371/journal.pone.0089349.g004
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Likewise extremely low concentrations will have only a minimal

effect. Thus it is important to search the middle range of

concentrations of a given compound for a differential effect on

SMC versus EC proliferation. We chose to further evaluate

idarubicin because at a concentration of 5 mM there was a

differential effect on SMC versus EC proliferation and we found

this differential effect persisted through a range of ,10 nM2

5 mM. Other two tested compounds, homoharrinytonine and

triptolide, also exhibited a greater inhibition of SMC versus EC

proliferation, although the differential effect was only 10% and

3%, respectively. Nevertheless, this differential inhibition may

have been more significant at a lesser or greater concentration of

these compounds. Thus by creating concentration response curves

for all hit compounds one would avoid eliminating hits that inhibit

the growth of both cell types at a single concentration but have a

differential effect at a concentration other than the one used in the

initial screening [38]. Although not necessarily practical for

screening large numbers of compounds, the ideal method of

evaluating a compound is to perform and compare full concen-

tration response curves for both EC and SMC proliferation.

Through HTS against the NIH Clinical Collection, idarubicin

has emerged as an examplary compound demonstrating selective

inhibition of SMC versus EC proliferation. Considering that

generally inhibitors of proliferation including the clinically used

drug, rapamycin, impose a more profound effect on ECs than

SMCs (Figure 3B), the findings of a more potent inhibitory effect

of idarubicin on SMCs versus EC proliferation is highly desirable.

Importantly, in our in vivo study idarubicin proved to be effective

in reducing intimal hyperplasia in an established rat carotid

angioplasty model of restenosis which mimics post-angioplasty

pathology in humans. Idarubicin is an analog of daunorubicin

with improved properties over other anthracyclines, including

higher lipophilicity and hence better cellular uptake. This drug is

FDA-approved for treating childhood acute lymphoblastic leuke-

mia. Recently, idarubincin has entered clinical trials for adult

patients with acute myeloid leukemia. Although there is evidence

of cardiotoxic effects of idarubicin following systemic delivery [39],

its use in the prevention of restenosis would be achieved through

local delivery (drug-coated stent [10,40] or balloon [41,42]).

Importantly, despite its profound inhibitory effect on intimal

Figure 5. Inhibitory effect of idarubicin on intimal hyperplasia in balloon-injured rat carotid arteries. Following balloon angioplasty,
idarubicin was applied locally around the injured arteries. Morphometric analysis was performed on the sections of carotid arteries collected on day
14 post angioplasty, as described in detail in Materials and Methods. Shown in A and B are representative H&E-stained sections from the arteries
treated with vehicle (DMSO) and idarubicin, respectively. Arrow heads point to IEL. Statistics of the area ratio of intima versus media (C), residual
lumen (the ratio of lumen area versus IEL area) (D), and EEL length (E) were calculated with the data pooled from 5 rats in each treatment group. Each
bar represents a mean 6 SEM (*P,0.05).
doi:10.1371/journal.pone.0089349.g005
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hyperplasia, idarubicin did not have a significant effect on re-

endothelialization, which is consistent with our in vitro findings

demonstrating preferential inhibition of SMC versus EC prolifer-

ation (Figure 4A). Thus, further characterization of idarubicin for

its potential in treating restenosis is warranted.

While the HTS approach with two human cell types is

promising for discovering novel functions of known drugs or

potential novel drugs, there are limitations in the current study. A

major one is the complexity to translate in vitro results into desired

in vivo outcomes. For example, it is not readily practical to

recapitulate the SMC/EC interactions in vitro in order to precisely

understand their in vivo functions or differential responses to drug

treatment. Moreover, considering drug diffusion to the greater

perivascular space, tissue barriers for drug permeability into

SMCs, and drug decomposition over time etc., majority of the

perivascularly administered drug would not be able to reach

SMCs in the vessel wall. Thus an in vivo dose in great excess over

an effective dose derived from in vitro studies may be necessary.

Ideally, different amounts of drug would be tested in vivo for

finding an optimal dose. Even though we have obtained a

favorable effect of idarubicin on inhibition of intimal hyperplasia

in the rat carotid injury model, it remains a question whether this

outcome can be translated to human patients. In future studies, it

will be necessary to use a porcine coronary model [42] which is

close to human restenotic conditions to further examine the anti-

restenotic efficacy of idarubicin. Nevertheless, combined use of our

HTS system and an established rat restenosis model constitutes a

viable platform for identifying lead compounds that may

potentially develop into effective therapeutics.

In sum, using human vascular cells we have established the first

HTS format that is adaptable to large-scale screening with a

specific goal of discovering novel compounds that selectively

inhibit SMC versus EC proliferation. We have demonstrated the

validity of this HTS assay, through a screen against the NIH

Clinical Library and idarubicin was identified as a selective drug

that preferentially suppresses SMC versus EC growth both in vitro

and in vivo. The HTS protocol developed herewith can be used to

screen large libraries for compounds that inhibit SMC prolifera-

tion with no or reduced effect on ECs. The hits from these screens

may generate new compounds that can be translated into

therapeutics for the prevention of intimal hyperplasia while

allowing re-endothelialization (the desired properties for the

next-generation anti-restenotic drugs). Since mechanisms for

selective inhibition of SMC versus EC proliferation are not well

understood [18], new selective drugs will provide valuable tools for

elucidating the intracellular pathways and targets that are

differentially important for proliferation of human vascular SMCs

versus ECs. Moreover, by screening more diverse libraries we may

Figure 6. Lack of effect of idarubicin on re-endothelialization in balloon-injured rat carotid arteries. Following balloon angioplasty,
idarubicin was applied locally around the injured arteries. For determination of re-endothelialization, immunostaining of CD31 was performed on the
sections of carotid arteries collected on day 14 post angioplasty, as described in detail in Materials and Methods. Shown in A and B are representative
immunostained sections from the arteries treated with vehicle (DMSO) and idarubicin, respectively. Arrow heads point to IEL. A section of uninjured
right carotid artery (C) shows CD31 staining of the undisrupted endothelial layer (see the brown circle). The relative score of re-endothelialization
(stained versus total circumference) was quantified with the data pooled from 5 rats in each treatment group (D). Each bar represents a mean 6 SEM.
doi:10.1371/journal.pone.0089349.g006
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identify compounds that have properties more favorable than

idarubicin, e.g. a wider concentration window for selective

inhibition of SMCs versus ECs. Ultimately, further screening

studies based on our HTS format using human SMCs and ECs

will allow the discovery of highly selective and potent small

molecule drugs for the purpose of developing safe, efficacious

treatments for vascular restenosis.

Supporting Information

Figure S1 Time courses of the growth of HuAoSMCs
seeded at different densities. SMCs were seeded at 1000

(blue), 2000 (green), or 3000 (red) cells/well on a 96-well plate, and

cultured in SmGM-2 supplemented with 5% serum. Alamar Blue

dye was added at different time points (to separate wells) and after

a 24 h continued incubation fluorescence was read. A background

reading from cell-free wells was subtracted.

(TIF)

Figure S2 Re-test of the initial hits from the HTS using
Cell Titer Glo assay. Following the HTS assay of HuAoSMC

proliferation, Alamar Blue dye was removed and the wells were

gently washed by the automated system. The plates were then

subjected to Cell Titer Glo assay, and percent inhibition of SMC

proliferation by some of the initial 11 hits was compared between

these two different assay methods.

(TIF)
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