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Abstract
Objective—Several studies have demonstrated that Sirolimus-eluting stents reduce restenosis in
patients with coronary artery disease. Here, we tested whether direct delivery of Sirolimus into the
vessel wall during balloon angioplasty can modify vascular remodeling over several weeks.

Methods and Results—During angioplasty of the rabbit iliac artery we administered an
intramural infusion of Sirolimus or its vehicle directly through a balloon catheter into the vessel wall.
After 3 weeks neointimal formation was decreased (0.71±0.1 vs. 1.4±0.12 intima/media ratio), and
this process was attributed to the inhibitory properties of Sirolimus on ECM deposition and smooth
muscle cell proliferation. Sirolimus also significantly reduced the deposition of elastin, collagen III
and fibronectin within the vascular wall. In parallel, proteomic profiles of arterial wall segments were
obtained and 485 protein spots were consistently matched between non-dilated and dilated vessels.
Differential expression of 12 proteins were observed between the groups and direct sequencing of
digested peptides was performed. Local delivery of sirolimus during angioplasty attenuated the
expression of structural proteins that included lamin A, vimentin, α-1-antitrypsin, and α-actin.

Conclusions—Local administration of Sirolimus during angioplasty prevents smooth muscle cell
proliferation associated with vascular remodeling as well as the expression of extracellular matrix
and structural proteins. Therefore, local injection of Sirolimus during balloon inflation may be an
alternative therapeutic approach for preventing restenosis in small stenotic vessels (i.e., <2.5 mm).
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1. Introduction
Restenosis is characterized as recurrent lumen narrowing upon angioplasty of a vascular
stenosis. It can occur in up to 50% of patients that undergo percutaneous transluminal
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angioplasty (PTA) [1,2]. Lumen loss is initially caused by elastic recoil and in the long run to
large extend by neointima formation. This vascular remodeling process is, in part, a result of
dedifferentiation of vascular smooth muscle cells (VSMC) that migrate and proliferate into the
intimal layer leading to the formation of a thickened neointima and consequent reduction in
lumen diameter. VSMC proliferation and migration are controlled by dysregulated deposition
of extracellular matrix (ECM) components [3–5] that also provide the architectural framework
for the vessel wall [6].

Recent evidence has shed light on genes that govern restenosis. cDNA arrays and related
technology have been used to define mRNAs that are differentially expressed in restenosed
vessels following stent implantation [7] or balloon angioplasty [5]. Transcripts for ECM, ECM
remodeling, and cell adhesion genes have been isolated in restenotic lesions [5]. The receptor
for rapamycin (Sirolimus), FK506-binding protein 12 (FKBP12), has also been identified
providing a rationale for the use of Sirolimus to prevent restenosis or neointima formation in
patients undergoing balloon angioplasty and related procedures [7].

Most studies demonstrating the efficacy of Sirolimus in preventing restenosis have utilized
continuous administration via eluting stents. Despite the undisputed advantage over balloon
angioplasty, stents are associated with some shortcomings: they are more difficult to navigate
to the lesion than plain balloons. Moreover, as data with various drugs (i.e., SIN-1 or Paclitaxel)
eluting from a balloon catheter demonstrates significant reduction of neointima formation.
With the chemical property advantages of Sirolimus, this might be the mode of application.
Therefore this study was conducted to test whether a single injection of Siroliumus,
administered intramurally during balloon angioplasty, prevents vascular remodeling associated
with arterial injury. We found that intramural infusion of Sirolimus inhibited neointimal
formation, smooth muscle cell proliferation, extracellular matrix synthesis, and the expression
of several structural proteins.

2. Materials and methods
2.1. In vivo experiments

2.1.1. Balloon angioplasty of rabbit iliac artery—The investigations conform with the
Guide for the Care and Use of Laboratory Animals, published by the State and University
Review Animal Board. New Zealand White male rabbits (Charles River Germany, 2.8–3.8 kg)
were housed individually in a controlled-temperature, standard light/dark environment and
allowed to stabilize before any intervention. Rabbits were anesthetized with
xylazinhydrochloride (4 mg/kg i.m., Bayer AG, Leverkusen, Germany) and pentobarbital
(intramural: 10 mg/kg, supplementary: 4 mg/kg i.v., Sanofi, Nürtingen, Germany). Under
sterile conditions the right femoral artery was isolated, a 2 cm incision was made, and a femoral
arteriotomy was performed to advance the Transport Coronary Dilatation-Infusion Catheter
(Transport®, Boston Scientific Corporation, Ratingen, Germany, 2 cm length, 1 cm for
injection, diameter 2.5 and 3 mm balloon/vessel ratio was 1.25) retrogradely to an area within
the iliac artery. The position of the balloon catheter was ascertained by anatomic landmarks.
Thereafter the inner balloon was inflated with saline to a pressure of 6 atm. Through the outer
balloon, rapamycin (Sirolimus; 2 μg/ml, 1 ml total; Calbiochem, Bad Soden, Germany) or its
vehicle (saline) was infused into the vessel wall at a constant delivery rate (1 ml/min, 8 atm).
The catheter was subsequently flushed with an additional ml of saline and after 2 min, the
balloon catheter was deflated and removed. The femoral artery was sutured and the patency of
the vessel was controlled by Doppler distal to the insertion site. The surgical incision was
closed, the animals received fragmin (30 IU/kg s.c., Grünenthal, Aachen, Germany), aspirin
(30 mg/kg i.v., Bayer AG), perioperative and postoperative gentamicin (6 mg/kg i.v. and i.m.,
Ratiopharm, Ulm, Germany). After the angioplasty procedure, the animals were allowed to
recover and returned to their pens. Following 24 h, 1, 2, and 3 weeks following angioplasty,
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the vessels were harvested for further analysis. We studied 3 different groups, i.e., control
animal, PTA plus vehicle and PTA plus Sirolimus. In each group we had at least 7 animals. A
total of 30 animals (age 6–9 month) were analyzed for IM-ratio and 15 for proteome profiling.

2.1.2. Harvesting and fixation of injured vessels—Animals were anesthetized, fully
heparinized (100 U/kg), euthanized, and perfusion-fixed at 100 mm Hg with 1 L cold (4 °C)
4% paraformaldehyde in PBS, pH 7.4. After perfusion fixation, the iliac arteries were excised,
immersed in fresh fixative, and sectioned into 3-mm slices. Vessel sections were embedded in
Immunobed (Polyscience Inc., Germany) at 4 °C for 12 h following acetone dehydration. Five
μm-thick sections were cut using glass knives and transferred to coated slides. Slides were
stained with hematoxylin–eosin.

2.1.3. Histomorphometric analysis of intima/media ratio—Two experienced
observers, blinded to the treatment group, evaluated all vessel sections. Therefore, we were
able to analyze the vessel over the entire dilated length. The sections were examined using a
Zeiss microscope (Axioskop, Zeiss, Göttingen, Germany) with computer assisted
morphometric analysis (Optimas-System). The cross-sectional area of the lumen, intima, and
media were obtained to calculate the intima/media ratio.

2.1.4. Analysis of elastic fiber expression following vascular injury—
Histochemical procedures for the staining of elastic fibers on plastic sections were performed
using common protocols (Sigma Co., Deisenhofen, Germany). The sections were lightly
counterstained with Gill's Hematoxylin 3 (Sigma Co., Deisenhofen, Germany), and examined
using a Zeiss light microscope (Zeiss, Göttingen, Germany). The expression of elastic fibers
was assessed in tissue sections as an intensity score ranging from 0 to 5, where 0 was equivalent
to no staining and 5 indicated intense staining. The intensity of each section was analyzed,
added and divided by the total number of vessels to get total protein expression intensity.

2.1.5. Immunohistochemical analysis of ECM-expression following angioplasty
—Immunohistochemical procedures for ECM on plastic sections were performed using the
avidin–biotin immunoperoxidase technique (Vectastain ABC Reagent; Vector Laboratories,
Burlingame, CA, USA). Immunohistochemical analysis was performed with antibodies
directed against collagen III and fibronectin (Calbiochem, Bad Soden, Germany).

2.2. In vitro smooth muscle cell experiments
Smooth muscle cells were isolated from the thoracic aorta of white New Zealand rabbits by
the explant technique and SMCs purity was characterized by positive staining with smooth
muscle specific α-actin monoclonal antibodies (Sigma-Aldrich Co.). SMCs were maintained
in RPMI-1640, (GIBCO BRL Life Technologies Inc., Eggenstein, Germany) and
supplemented with 10% FCS (PAA Laboratories, Cölbe, Germany), Penicillin (100 IU/ml)
and Streptomycin (50 μg/ml) (GIBCO BRL). Only cells of passages 3–5 were involved in the
in vitro experiments.

Cell proliferation was determined using the colorimetric immunoassay (Roche, Mannheim,
Germany) for the quantification of cell proliferation, based on the measurement of 5-bromo-2′-
deoxyuridine (BrdU) incorporation during DNA synthesis. Briefly, rabbit SMCs were seeded
in 96 well plates at a density of 1×104 cells per well then synchronized for 48 h with RPMI-1640
containing 0.1% FCS. Cell proliferation was then stimulated for 24 h with RPMI-1640 medium
containing 10% FCS±Sirolimus (0.1 nM to 1 μM). BrdU incorporation was allowed for 4 h,
before performing the ELISA following manufacturer’s instructions.
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Programmed cell death was investigated with the photometric enzyme-immunoassay (Roche,
Mannheim, Germany) for the qualitative and quantitative determination of cytoplasmatic
histone-associated-DNA-fragments. Rabbit SMCs were seeded in 96 well plates, the next day
incubated Sirolimus (10 nM to 100 μM), vehicle or treated with actinomycin D (100 ng/ml)
as a positive control. DNA fragmentation was measured from lysates of cytoplasmic fractions
after 24 h.

VSMC necrosis was investigated with the photometric enzyme-immunoassay (Roche,
Mannheim, Germany) for the qualitative and quantitative determination of irreversible cellular
necrosis. Cellular necrosis was determined from supernatant and lysates of cytoplasmic
fractions 24 h after exposure to Sirolimus (10 nM to 100 μM).

2.3. Proteomic analysis of iliac arteries following vascular injury
2.3.1. Sample preparation—Proteome analysis was performed 3 weeks after PTA to detect
the effect of Sirolimus. Iliac arteries (2 cm) were harvested 3 weeks after vascular injury where
Sirolimus or its vehicle was delivered intramurally. Tissue samples were removed and flash-
frozen in liquid nitrogen and kept at −80 °C until analysis. The samples were powderized and
dissolved in 1000 μl lysis buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 40 mM TRIS
(base) and 2 tablets of a protease inhibitor mix per 20 ml of buffer stock solution (complete
mini®, Fa. Merck, Germany). Finally, 100 U/ml sample of DNAse/RNAse (Benzonase®) was
added. The final protein concentration of each sample was determined by using the method of
Popov et al. [8]. The protein concentration of most samples was approximately 2.5 μg/μl.

2.3.2. Two-dimensional Gel Electrophoresis (2D PAGE)—IEF (isoelectric focusing)
was conducted using the IPGphor unit (Amersham Pharmacia) at a temperature of 20 °C.
Immobilized gel strips pH 3–10 L were rehydrated for 12 h using a buffer containing 7 M urea,
2 M thiourea, 2% CHAPS, 0.5% IPG buffer pH 3–10 L, DTT 2.8 mg/ml and a few grains of
bromophenol blue. The sample was applied as part of the rehydration solution. The protein
concentration was 50 μg protein/13 cm strip for an analytical run and 250 μg for a preparative
run. For both separations focusing was 2.0 h at 150 V, 1.0 h at 500 V, 1.0 h at 1000 Vand 2.0
h at 3000 V summing up to 7795 V h. For the second dimension (SDS PAGE) IPG-strips were
equilibrated and SDS-gels 10% were used (160×160×1 mm). The gels were run for the first
15 min at 15 mA and thereafter at 30 mA until the dye front was approximately 1 mm from
the bottom of the gels. During the second dimension the gels were continuously cooled to 17
°C. Gels were silver-stained according to Heukeshofen and Dernick [9] using silver staining
kit (Amersham Pharmacia, Freiburg, Germany) and digitized with a scanner (AGFA,
Germany). Gels were analyzed using the MELANIE III software package (genebio, Geneva,
Switzerland).

A match set that contained digitized images from five gels per group was created. The number
of valid spots was determined for each gel, as well as the number of spots matched to every
gel, and qualitative and quantitative differences in the protein patterns between the control and
treated vessels following balloon angioplasty were determined. Significant increases or
decreases in protein expression between the groups were identified using the statistic part of
the software package of MELANIE III.

2.3.3. Identification of 2D separated proteins—Protein spots were excised from the
gels, washed with MeOH/H2O and ACN and digested with trypsin (Roche, Mannheim,
Germany) overnight at 37 °C. For nanoHPLC/ESI/MS/MS analysis the peptides were separated
using reversed phase chromatography (RP18-3, 100 Å, 15 cm, 75 μm i.d., Fa. LC-Packings).
A 10 μl/min flow from an Eldex HPLC pump (Fa. SunChrom, Friedrichsdorf) was reduced
using a custom-made split-system to achieve a flow rate across the column) of 150 nl/min. A
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gradient of 5–50% solvent A and B (A: 5% ACN, 95% H2O, 0.08% HCOOH; B: 5% H2O,
95% ACN, 0.08% HCOOH) was used for separation of trypsin-digested peptides. Peptide
analysis was performed on a LCQ ion trap mass spectrometer (Fa. ThermoFinnigan, San Jose,
USA) equipped with a gold-plated spray capillary (5 μm diameter, Fa. New Objective, USA).
A mass spectrum in full-scan mode was followed by two MS/MS spectra of the most abundant
peptide ions. This scan cycle was repeated to maximize data acquisition efficiency. Peptide
tandem mass spectra were analyzed using the MASCOT software package (Matrix Science,
Ltd, London, UK). For each peptide, a cut-off was used for positive protein identification using
the MASCOT protein data base. In general, several peptides were analyzed. The significance
of the protein match with the ion score was based on the Mowse scoring algorithm. A Score
of >75 were judged as a significant match.

2.4. Statistical analysis
Data are presented as mean±SEM unless otherwise stated. The statistical significance of
differences between the normal and treated groups was determined by a 1-way ANOVA.
Differences were considered significant if P<0.05 by use of StatView 512+ statistical software
(Brain Power, Inc.).

3. Results
3.1. Intramural administration successfully targets sirolimus to the vessel wall

For each study, 2 μg of Sirolimus was delivered directly to the injured vessel through the
exterior portion of the balloon catheter (see Materials and methods). Fifteen min after
administration, plasma levels of Sirolimus reached 2.1±0.4 ng/ml. When the same dose was
injected intravenously, plasma levels of Sirolimus were significantly higher after 15 min (16.7
±3.2 ng/ml). These pharmacokinetic observations, along with the data below, indicate that
intramural administration of Sirolimus with the Transport Catheter successfully delivers a
portion of the compound into the vessel wall.

3.2. Intramural delivery of sirolimus inhibits neointima formation induced by arterial injury
All vessel segments analyzed for intimal proliferation after angioplasty were histologically
characterized by disruption of the internal elastic lamina, with laceration of the tunica media
and exposure of the external elastic lamina. Three weeks after angioplasty, both groups of
animals showed a similar vessel size, assessed by the vascular area encircled by the external
elastic lamina (data not shown). However, when the intima/media ratio (I/M-ratio) was
evaluated, a statistically significant (P<0.05) reduction of I/M-ratio was observed in the
sirolimus-treated animals compared with the vehicle treated animals (1.4±0.2 versus 0.75±0.1,
respectively) (see Fig. 1). Representative photomicrographs of histological sections from the
control (i.e., not dilated group), the PTA+vehicle, and the PTA+sirolimus-treated groups are
depicted in the insets of Fig. 1. Only a few layers of vascular smooth muscle cells (VSMC) are
found in the intima of normal vessels. Vehicle treated animals demonstrated significant VSMC
proliferation in the intima following angioplasty. The newly formed proliferative tissue,
characterized by spindle-shaped VSMC cells, filled gaps between medial tears and generally
extended to adjacent medial areas that protruded into the lumen. Local delivery of Sirolimus
significantly reduced VSMC proliferation and the formation of neointima that normally
develops post-angioplasty (Fig. 1).

3.3. Sirolimus reduces ECM deposition within the vascular wall
We next determined if Sirolimus altered the expression of elastic fibers, collagen III, and
fibronectin in the vessel wall of animals undergoing balloon angioplasty. Balloon angioplasty
resulted in profound denovo synthesis of elastic fibers when compared to control vessels (Fig.
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2A). Elastin expression increased with time, peaking at 3 weeks. Sirolimus markedly reduced
the number of elastic fibers deposited in the vessel wall at each time point (Fig. 2A).

In addition to elastin, balloon angioplasty resulted in profound accumulation of collagen III
when compared to uninjured vessels (Fig. 2B). Collagen III expression increased within 24 h
post-angioplasty, and peaked after 2 weeks. Sirolimus attenuated, but did not completely block,
collagen III expression at each time point (Fig. 2B). Similarly, the amount of fibronectin
deposited in balloon injured vessels was significantly higher than uninjured vessels (data not
shown). Sirolimus blocked fibronectin deposition throughout the post-angioplasty period (data
not shown).

3.4. The inhibitory properties of sirolimus are unlikely to be due to toxic apoptosis or cell
necrosis

During angioplasty, Sirolimus delivered to the injured site may have approached 2 μM,
although it is likely that individual cells are exposed to much lower concentrations of the drug
in vivo. Nevertheless, we examined the possibility that the inhibitory properties of Sirolimus
are due to cytotoxicity. Using a rabbit VSMC in vitro assay system, we first confirmed that
Sirolimus blocks VSMC proliferation. The proliferative activity of the VSMCs, treated with
increasing concentrations of sirolimus, was assessed following maximal stimulation with 10%
FCS or PDGF (10 μg/ml). Treatment with Sirolimus led to a significant and concentration-
dependent decrease in BrdU incorporation with an IC50 of 2.2 nM following FCS stimulation
(Fig. 3A). Similarly, Sirolimus produced a significant and concentration-dependent decrease
in PDGF-induced proliferative activity (IC50 of 5.8 nM; see Fig. 3B). Sirolimus had similar
inhibitory effects when ADP (adenosine-di-phosphate) or thrombin was used to induce VSMC
proliferation (data not shown).

We next determined if the inhibitory properties of Sirolimus were due to cytotoxicity induced
by the drug. Sirolimus did not induce DNA fragmentation, a measurement of programmed cell
death, with concentrations approximately 50 times those used for intramural administration of
the drug during angioplasty (see above and Fig. 3C). Moreover, only a very high concentration
of Sirolimus induced VSMC necrosis (see Fig. 3D). These results indicate that the major effects
of Sirolimus are not due to cellular cytotoxicity under the conditions of our study.

3.5. Sirolimus differentially blocks the expression of structural proteins in the post-
angioplasty vessel wall

Vessel samples from each group (N= 5) were prepared as described in Materials and methods
and the protein was normalized and separated by 2-D gel electrophoresis. A representative
example of the silver stained gels obtained from segments of uninjured (sham) or injured
vessels (i.e., dilated vessels) treated with vehicle or Sirolimus is shown in Fig. 4. On average,
485±15 protein spots were identified in the uninjured, sham-treated vessels (Fig. 4A).
Following angioplasty, the expression of twelve proteins was consistently altered compared to
uninjured vessels (see Fig. 4B and Table 1). Specifically, 9 proteins were increased in the group
treated with vehicle alone when compared to uninjured vessels while 2 proteins were
consistently decreased and 1 was not altered. These 12 proteins were subsequently identified
by nanoHPLC/ESI-MS/MS. Nine of the proteins analyzed by using nanoHPLC/ESI-MS/MS
could be matched to known protein sequences and unambiguously identified (Table 1). Using
ESI-MS/MS and database search we were able to identify a total 7 to 19 peptides of these 9
proteins. Further we had a sequence coverage of 35 to 63% among these peptides.

The peptide maps and sequences for α-actin, vimentin, lamin A, and α-1-antitrypsin are shown
in Fig. 5A–D. The majority of proteins with specific matches regulate the structural integrity
of vessel walls. Three additional proteins could not be found in the database (see Table 1). As
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shown in Fig. 5C, Sirolimus blocked the expression of a specific subset of proteins that were
upregulated in injured vessels. Densitometric analyses of Sirolimus-sensitive proteins, which
include lamin A, vimentin, α-1-antitrypsin, and α-actin, are found in Fig. 6A and B. Clearly
Sirolimus treatment resulted in reduced expression of lamin A, vimentin, α-1-anti-trypsin
precursor, and alpha actin. The expression of other proteins, including annexin I and annexin
V, was not significantly altered by Sirolimus.

4. Discussion
High restenosis rates continue to be the major setback for balloon angioplasty and related
procedures. The primary goal of this study was to determine if intramural delivery of Sirolimus,
a reagent known to prevent restenosis when administered in drug-eluting stents, prevents
neointimal formation [10–12]. Sirolimus is a macrolide antibiotic with antifungal and
immunosuppressive activities that is being used in liver, kidney, and heart transplantation
[13]. Sirolimus also inhibits the development of arteriopathy after allograft transplantation
[14,15] and has anti-angiogenic effects [16]. It prevents cellular proliferation by binding to
FK506-binding protein 12 (FKBP12) [13], a protein that is markedly upregulated in restenotic
lesions [7]. The FKBP12–rapamycin complex inhibits cellular growth and proliferation by
inhibiting mTOR (mammalian Target of Rapamycin) activity and interfering with the
progression of G1-phase cells into S phase [17,18]. mTOR is a phosphatidylinositol-related
kinase that limits the translation of a specific subset mRNAs and thereby controls the rate of
passage of mitogen-stimulated cells through the mid/late G1-phase checkpoint [19]. In
addition, Sirolimus selectively inhibits synthesis of proteins that alter cellular phenotype in the
absence of cell cycle progression or cell growth [20]. In our studies, Sirolimus blocked the
expression of lamin A, vimentin, α-actin, α-actin type 2A, and α-1-antitrypsin. It also inhibited
ECM deposition and neoinitimal proliferation following angioplasty. Presumably these
inhibitory effects are due to reduction of SMC proliferation within the injured vessel. However,
decreased translation of Sirolimus-sensitive transcripts that encode proteins involved in arterial
remodeling might be another explanation.

Previous studies have demonstrated that Sirolimus attenuates arterial late lumen loss following
angioplasty, but administration of the drug was initiated 3 days prior to the procedure to
ascertain that VSMCs would be maintained in a quiescent state from the moment of injury.
Sirolimus administration was then maintained for an additional 14 days to prevent any growth
stimulus that might occur after the procedure [21,22]. Similarly, delivery of Sirolimus in
coronary stents with gradual elution also blocks restenosis, further demonstrating that
continuous treatment affords protection against neoinitima proliferation [11,12]. Our results
indicate that chronic Sirolimus treatment may not be a necessary requisite for its anti-restenotic
properties. Indeed, intramural delivery of Sirolimus during balloon dilatation successfully
reduced intimal hyperplasia, although it is not clear how long the drug remains at the injured
site. Nevertheless, Sirolimus has a half-life exceeding 95 h.

Consistent with its inhibitory effect on neointimal formation, Sirolimus decreased deposition
of elastin, collagen III, and fibronectin. Synthesis of these ECM components critically regulates
neointima formation [23–26] and leukocyte and VSMC migration within the vascular wall
[6]. Of interest in our study, Sirolimus reduced neointimal formation in the face of decreased
elastin deposition, an event that enhances vascular smooth muscle deposition in developmental
models [4]. This indicates that Sirolimus has effects on cellular and matrix components of the
restenostic lesion that favorably influence the vascular remodeling process. Our observations
provide a rationale for additional investigation of intramural delivery of Sirolimus during
angioplasty to prevent restenosis in patients undergoing this procedure.
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The molecular mechanisms that govern arterial remodeling are just being discovered. cDNA
array technology has been used successfully to identify differentially expressed genes within
restenotic lesions [7]. Identification of these transcripts has been used to predict the expression
of corresponding proteins. In many cases, mRNA and protein levels parallel one another.
However, in other instances translation of mRNA into protein does not occur in the absence
of critical signaling events, and numerous examples from our laboratory, as well as others,
demonstrate that primary human cells control expression of specific gene products at the
translational level, as do cell lines and neoplastic cells [27–31]. Proteomic profiling of
restenotic arteries allowed us to generate expression data for over 500 gene products. Twelve
of these proteins were differentially expressed in restenotic vessels when compared to
uninjured vessels and subsequently identified by nano HPLC/ESI-MS/MS. Sequencing of the
fragmented peptides demonstrated that the majority of proteins serve structural functions by
regulating vascular wall integrity. Sirolimus inhibited some, but not all of the differentially
expressed proteins.

Given the amount of arterial remodeling that occurs following angioplasty, it is not surprising
that the majority of peptide sequences matched proteins that regulate vessel wall structure.
Lamin A and vimentin were two of these proteins. Previous studies have demonstrated that
both are upregulated in proliferating fibroblasts and vascular smooth muscle cells [32,33].
Vimentin provides support for the contractile apparatus [34] and is overexpressed in VSMC’s
that comprise human restenotic lesions [35]. Proliferating VSMCs simultaneously undergo
contractile behavior changes [6], a response that is consistent with increased expression of α-
actin, α-actin type A2, and annexins in our restenosis model. Actin family members are
compartmentalized to distinct intracellular regions of proliferating rabbit VSMCs, a process
that modulates cell signaling events [34]. Annexins bind calcium and control intracellular
Ca2+ signaling, a process that leads to structural rearrangements within the sarcolemma of
contracting VSMC’s [36,37]. We also found that α1-antitrypsin was increased by nearly 2-fold
in the vehicle group when compared to control vessels. This anti-protease regulates ECM
deposition, and recently it has been reported that α-1-anti-trypsin induces fibroblast
proliferation and collagen production via classical mitogen-activated (MAP) signaling
pathways [38]. Increased levels of α-1-antitrypsin and lamin A, a nuclear intermediate filament
protein that structurally supports the lamina network [39], are thought to play pivotal roles in
vivo tissue repair and ECM production [38,39]. A recent report also demonstrates that a
carboxyl-terminal fragment of α-1-antitrypsin is present in atherosclerotic plaques where it
regulates transcription factor activity in monocytes [40].

4.1. Unknown features and variables
The goal of this study was to determine if intramural delivery of Sirolimus during angioplasty
inhibits neointimal formation and associated expression of structural factors. We found that
proteomic profiling of excised vessels was highly reproducible. Expression patterns between
animals were consistent, and only a small number of differentially expressed proteins were
observed between control and injured vessels. In addition, the number of altered proteins is
almost certainly underestimated in our study because of the limits of detection of silver staining.
Due to the complexity of the procedure and proteomic profiling, we conducted our analysis at
a single time point — 3 weeks post-angioplasty. It is likely that there are significant temporal
changes in protein expression patterns post-injury. In this regard, measurement of temporal
gene expression by real-time PCR revealed that more ECM-related transcripts are upregulated
1 day following angioplasty than any other time point [5], consistent with marked leukocyte
infiltration. A number of these mRNAs were still induced or repressed over 4 weeks, indicating
that a return to pre-injury expression patterns and steady state transcription are not achieved
within the first month [5]. Our findings suggest that continuous translation of mRNAs into
proteins involved in restenosis also occurs post-angioplasty.
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Precise identification of the cells synthesizing each protein, complicated by the lack of
antibodies that recognize rabbit antigens, and the specific cell types influenced by Sirolimus
are additional unknown features. Since VSMC are the predominant cell within the neointima,
it is likely that the majority of protein expression signals are derived from these vascular cells
although this, too, will vary with time. In addition, Sirolimus is reported to exert a major
inhibiting effect on smooth muscle cell proliferation and migration in vascular stent models
[41]. Nevertheless, Sirolimus may also influence other cells that are active in the complex
restenotic process. We found that Sirolimus markedly decreased the initial accumulation of
leukocytes in vessels at 24 and 48 h after angioplasty (M. Buerke et al., unpublished data).
Sirolimus inhibits synthesis of urokinase plasminogen activator receptor, an adhesion molecule
that recognizes vitronectin in human monocytes in vitro. It may have similar inhibitory effects
in vivo. In addition, Sirolimus differentially blocks synthesis of specific proteins in human
platelets and neutrophils [20,42].

In summary, we found that intramural delivery of Sirolimus during balloon angioplasty
inhibited neointimal formation and the expression of associated structural proteins. Taken
together, these results suggest that local administration of Sirolimus may be a useful approach
to prevent restenosis in small vessels (<2.5 mm) exposed to balloon angioplasty.
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Fig. 1.
Sirolimus markedly attenuates formation of neointima induced by balloon angioplasty. Intima/
media ratio was calculated after 3 weeks as described in Materials and methods. The ratio was
obtained from uninjured vessels (control) or injured vessels that were treated with vehicle (PTA
+vehicle) or sirolimus (PTA+sirolimus). Values are the mean±SEM of 7–9 independent
experiments where statistical significance between the groups was set at P<0.05.
Photomicrographs representing typical examples of each treatment are shown above the bars.
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Fig. 2.
Sirolimus blocks the deposition of ECM in the walls of vessels injured by angioplasty. Vessels
were left intact (control) or exposed to angioplasty where a intramural injection of sirolimus
(PTA+sirolimus) or vehicle (PTA+vehicle) was delivered through the balloon catheter during
the angioplasty procedure. The vessels were collected after 24 h, 1, 2, or 3 weeks for subsequent
measurement of ECM components. (A) Bar graph showing the inhibitory effect of sirolimus
on expression of elastin fibers following angioplasty at each time point. The insets are
photomicrographs taken from representative experiments. Arrows point to elastic fibers that
are stained in PTA+ vehicle or PTA+sirolimus treated vessels. (B) Bar graph showing the
inhibitory effect of sirolimus on collagen III expression following angioplasty at each time
point. The photomicrographs and bar graphs are representative examples of 5.
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Fig. 3.
Sirolimus blocks smooth muscle proliferation independent of cell death. (A, B) Bar graph
showing the concentration response for sirolimus-induced inhibition of cultured rabbit vascular
smooth muscle cell (VSMC) proliferation. Cells were treated for 10 min with either vehicle or
increasing concentrations of sirolimus and subsequently stimulated with either 10% FCS (A)
or PDGF-α (10 ng/ml) (B). The results are the mean±SEM for 8 experiments. (C) Bar graph
showing the percentage of cells that are apoptotic in actinomycin D or sirolimus treated smooth
muscle cells. (D) Bar graph showing the cytotoxic effect of sirolimus on cultured rabbit aortic
smooth muscle cells. The results are the mean±SEM of six independent experiments.
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Fig. 4.
Sirolimus differentially blocks the expression of structural proteins within the injured vessel
wall. Vessels were left intact (sham) or exposed to angioplasty where an intramural injection
of sirolimus (PTA+sirolimus) or vehicle (PTA+vehicle) was delivered through the balloon
catheter during the angioplasty procedure. The vessels were collected after 3 weeks, proteins
were harvested and normalized, and the proteins were separated by 2-D gel electrophoresis.
Proteins on the gel were identified by silver stain as described in Materials and methods. (A)
Sham (B) PTA+vehicle. (C) PTA+sirolimus. Size of original gel: 16×16×0.1 cm. Circled spots
in panel B are proteins that were increased in angioplastied vessels compared to uninjured
vessels (A). For comparison, the same areas are circled in panel C. Proteins that were eventually
identified by nanospray tandem mass spectrometry (see Fig. 5 below) are labeled accordingly.
This figure is representative of 5 independent experiments for each group.
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Fig. 5.
The expression of α-actin, vimentin, lamin A, and α-1-antitrypsin is increased in vessel walls
following angioplasty. Tryptic maps from nanospray tandem mass spectrometry generated
from protein spots in Fig. 1. The proteins were subsequently identified using MS-Tag database
search as described in Materials and methods. The tryptic map for analysis for A, α-actin; B,
vimentin; C, Lamin A; D, α-1-antitrypsin are shown. Proteins for each analysis were generated
from 5 independent experiments, subsequently pooled, and analyzed as shown in the figure.
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Fig. 6.
Sirolimus differentially blocks the expression of structural proteins in angioplastied vessels.
Protein expression for lamin A, vimentin, α-1-antitrypsin, and α-actin in control vessels, PTA
+vehicle, and PTA+sirolimus using 2D-electrophoresis with computer assisted densitometry.
(A) Magnification of gel spots for all three groups, (B) Densitometric analysis, the bars in the
graph depict the mean±SEM for 5 independent experiments. *P<0.05.
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