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Abstract

Vascular interventions are associated with high failure rates from restenosis secondary to negative 

remodeling and neointimal hyperplasia. Periadventitial delivery of nitric oxide (•NO) inhibits 

neointimal hyperplasia, preserving lumen patency. With the development of new localized 

delivery vehicles, •NO-based therapies remain a promising therapeutic avenue for the prevention 

of restenosis. While the time course of events during neointimal development has been well 

established, a full characterization of the impact of •NO donors on the cells that comprise the 

arterial wall has not been performed. Thus, the aim of our study was to perform a detailed 

assessment of proliferation, cellularity, inflammation, and phenotypic cellular modulation in 

injured arteries treated with the short-lived •NO donor, PROLI/NO. PROLI/NO provided durable 

inhibition of neointimal hyperplasia for 6 months after arterial injury. PROLI/NO inhibited 

proliferation and cellularity in the media and intima at all of the time points studied. However, 

PROLI/NO caused an increase in adventitial proliferation at 2 weeks, resulting in increased 

cellularity at 2 and 8 weeks compared to injury alone. PROLI/NO promoted local protein S-

nitrosation and increased local tyrosine nitration, without measurable systemic effects. PROLI/NO 

predominantly inhibited contractile smooth muscle cells in the intima and media, and had little to 

no effect on vascular smooth muscle cells or myofibroblasts in the adventitia. Finally, PROLI/NO 

caused a delayed and decreased leukocyte infiltration response after injury. Our results show that a 

short-lived •NO donor exerts durable effects on proliferation, phenotype modulation, and 

inflammation that result in long-term inhibition of neointimal hyperplasia.
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INTRODUCTION

Atherosclerosis is responsible for the majority of morbidity and mortality associated with 

cardiovascular disease in the United States. [1] Treatment options for advanced 

atherosclerosis include angioplasty, stenting, endarterectomy, and bypass grafting. The 

durability of these interventions is limited due to restenosis, secondary to negative 

remodeling and neointimal hyperplasia. [2] Negative remodeling is characterized by 

thickening of the wall, changes of the extracellular matrix, and deposition of hyaluronan and 

versican. [3–5] Neointimal hyperplasia is a complex process characterized by inflammation, 

cellular proliferation, and migration. [6–9] Ultimately, this arterial injury response leads to a 

narrowing of the lumen and the need for revascularization. The time course of cell 

activation, proliferation, and migration has been extensively studied after balloon injury for 

vascular smooth muscle cells (VSMC), and more recently for adventitial fibroblasts. [9–14] 

The importance of the activation of VSMC and their change from a contractile to a 

migratory and secretory phenotype has been established for both neointimal formation and 

negative remodeling. [15] In a similar fashion, the contribution of adventitial cells to 

neointimal formation and their switch to a myofibroblast phenotype has more recently been 

reviewed. [16] However, most of these studies are concerned with the pathophysiology of 

restenosis and not with the changes achieved with pharmacological intervention.

•NO donors are a promising therapeutic avenue, given its many vasoprotective properties. 

[17] Considerable efforts have been made to increase •NO bioavailability in the injured 

vasculature. [18] Delivery methods have included inhalational, systemic, intraluminal, and 

periadventitial delivery; however, each of these delivery methods poses challenges for 

effective clinical use. We have shown that periadventitial delivery of the short-acting •NO 

donor PROLI/NO (t1/2=2 seconds at pH 7.4 and 37 °C) strongly inhibits neointimal 

hyperplasia. [19, 20] The mechanisms by which •NO inhibits neointimal growth are diverse: 

•NO inhibits platelet adherence and aggregation, [21] mitigates leukocyte adhesion, [22] and 

prevents VSMC proliferation and migration, [23, 24] while simultaneously promoting 

endothelial cell growth. [23, 25] However, the effect of •NO-based therapies on the temporal 

profile of inflammation, cellular proliferation, phenotypic marker expression, and 

inflammation in each layer of the arterial wall has not been established. We have previously 

compared the efficacy of •NO donors with very different half-lives (ie, short and and long) 

and established that PROLI/NO is more efficacious than diazeniumdiolates with longer half-

lives. [19, 26, 27] Hence, the aim of this study is to characterize the effect of PROLI/NO on 

cellular proliferation, phenotypic differentiation of vascular cells, and inflammation 

following arterial injury in each of the three layers of the arterial wall over time. We 

hypothesize that modulation of cell phenotype within the arterial wall accounts for the 

durable efficacy of PROLI/NO at inhibiting neointimal hyperplasia.
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MATERIALS AND METHODS

Animal Surgery

All animal procedures were performed in accordance with the principles outlined in the 

Guide for the Care and Use of Laboratory Animals published by the National Institutes of 

Health (NIH Publication; National Academy Press, 1996) and approved by the Northwestern 

University Animal Care and Use Committee. Ten-week-old male Sprague–Dawley rats 

(Charles River, Wilmington, MA, USA) weighing 300–400 g were anesthetized with 

inhaled isoflurane (1.0–5.0%). Prior to the procedure, atropine (0.1 mg/kg) and carprofen 

(Rimadyl TM) (0.15 mg/kg) were administered subcutaneously to decrease airway 

secretions and for pain control, respectively. Equaline sterile lubricant (Boise, ID) was 

applied to the animal’s eyes. Following a midline neck incision, the left common, internal 

and external carotid arteries were identified. After distal ligation of the external carotid 

artery, the internal and common carotid arteries were occluded with atraumatic clamps and a 

No. 2 French arterial embolectomy catheter (Edwards Lifesciences, Irvine, CA, USA) was 

inserted into the external carotid artery and advanced into the common carotid artery. 

Uniform injury was created by inflating the balloon to 5 atmospheres of pressure for 5 

minutes. After removal of the balloon, the external carotid artery was ligated and blood flow 

restored. Dry PROLI/NO powder (10 mg, 46 μmoles), or proline powder (5.5 mg, 47 

μmoles) was immediately applied evenly to the external surface of the injured common 

carotid artery of the treated rats, as previously published. [19, 20, 28–31] The neck incision 

was closed in two layers. By the time the first layer was being closed, all the applied powder 

was clearly dissolved. Rats received an intraperitoneal injection of bromodeoxyuridine 

(BrdU, 100 mg/kg) at 24 and 1 hour prior to sacrifice. Blood was collected from the tail vein 

before and 2 hours after surgery. Blood pressure and heart rates were monitored on awake 

rats before, and 3 hours after surgery, using the non-invasive Volume Pressure Recording 

CODA System (Kent Scientific, Torrington, CT). Rats were sacrificed at different time 

points after surgery (2 hours, 1 day, 3 days, 1 week, 2 weeks, 8 weeks, and 6 months) for 

morphometric and immunohistochemical analysis. Each treatment group included 5–7 

animals. Some animals received an intravenous injection of Evans blue dye (0.5 mL of 

0.5%, Sigma, St. Louis, MO) immediately before sacrifice to identify denuded endothelial 

surfaces. Following in situ perfusion with phosphate buffered saline (PBS), carotid arteries 

were removed and photographed. Areas of denuded endothelium were identified by blue 

staining, and the portion of the injured area stained blue was quantitated using ImageJ (NIH, 

Bethesda, MD).

Histology

Carotid arteries were harvested following in situ perfusion/fixation with PBS and 2% 

paraformaldehyde. Vessels were placed in paraformaldehyde at 4 °C for 1 hour, then 

overnight in 30% sucrose in PBS at 4 °C for cryo-protection. The tissue was quick-frozen in 

Optimal Cutting Temperature compound (Tissue Tek, Hatfield, PA) and 5 μm sections were 

cut throughout the entire injured segment of the common carotid artery using a Microm HM 

550 cryostat (Thermo Fisher Scientific Microm International GmbH, Walldorf, Germany). 

Carotid arteries harvested at 2 weeks, 8 weeks, and 6 months were examined histologically 

for evidence of neointimal hyperplasia using routine hematoxylin & eosin (H&E) staining. 
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Digital images were collected with light microscopy using an Olympus BHT microscope 

(Melville, NY) at a total magnification of 40X, 100X, and 400X. Six evenly-spaced sections 

through each injured carotid artery were analyzed. Intima area, media area, and lumen area 

were measured. These values were obtained (arbitrary units) using ImageJ software (NIH, 

Bethesda, MD).

Immunohistochemistry and immunofluorescence

From each animal, three to six evenly spaced carotid sections from the area of injury were 

stained and examined for evidence of proliferation and presence of various phenotypic 

markers using immunohistochemical staining. Frozen sections were fixed in 2% 

paraformaldehyde and permeabilized with 0.3% Triton X-100 in PBS for 10 minutes. 

Sections were blocked with horse serum 1:20 (Sigma) for BrdU, non-muscle myosin heavy 

chain (NMMHC), and CD45 staining, or goat serum 1:20 (Sigma) for α-SMA and desmin 

staining, in 0.5% bovine serum albumin (BSA) for 30 minutes. Samples were incubated with 

primary and secondary antibodies as follows: anti-BrdU (Cat#ab8955, Abcam, Cambridge, 

MA) 1:200 in IHC-TEK antibody diluent (IHC World, Woodstock, MD, USA) overnight at 

4 °C followed by secondary 1/1000 in PBS for 30 minutes; anti-α-SMA (Cat#ab5694, 

Abcam) 1/200 in 0.5% BSA for 1 hour, followed by secondary 1/500 in 1x PBS for 30 

minutes; anti-desmin (Cat#ab15200, Abcam) 1/200 in 0.5% BSA for 1 hour followed by 

secondary 1/500 in 1x PBS for 30 minutes; anti-NMMHC (Cat#ab684, Abcam) 1/200 in 

0.5% BSA for 1 hour, followed by secondary 1/500 in 1x PBS for 30 minutes; anti-CD45 

(Cat#MCA43Ga, AbD Serotec, Kidlington, UK) 1/200 in 0.5% BSA for 1 hour, followed by 

secondary 1/1000 in 1x PBS for 30 minutes. The sections were incubated in Vectastain ABC 

reagent for 30 minutes, the chromagen/substrate (DAB peroxidase substrate kit, Vector 

Labs, Burlingame, CA) for 2 minutes, counterstained with Gill’s hematoxylin solution 

(Fisher Scientific, Pittsburgh, PA), dehydrated, and cover slipped with mounting medium 

(Permount, Fisher Scientific). For immunofluorescent staining, carotid artery cross-sections 

were incubated with an anti-nitrotyrosine antibody (Cat# ab61392, Abcam) at a 1:1000 

dilution, or an anti-S-nitrosocysteine antibody (Cat# ab94930, Abcam) at a 1:500 dilution in 

IHC-Tek antibody diluent (IHC World, Woodstock, MD, USA) for 1 hour at room 

temperature. After a 2 minute rinse of PBS, the sections were incubated with a F(ab′)2-Goat 

anti-Mouse IgG (H+L) secondary antibody (Alexa Fluor® 555 conjugate, Cat#A-2145 

Thermo Fisher Scientific, Waltham, MA) at 1:500 for the anti-nitrotyrosine primary, and 

1:1000 for the anti-S-nitrosocysteine primary, in PBS for 1 hour at room temperature. Nuclei 

were stained with DAPI 1:500 in PBS for 1 minute (Cat#D3571, Thermo Fisher Scientific). 

Finally, slides were coverslipped with ProLong Gold (Cat#P36930, Thermo Fisher 

Scientific). For negative controls, PBS was substituted for the primary antibody. Digital 

images were taken with light microscopy using an Olympus BHT microscope (Melville, 

NY) and SPOT camera basic Software (Diagnostic Instruments Inc., Sterling Heights, MI). 

For nuclear stains, cells with positive staining were counted by a blinded investigator in four 

high power fields per arterial section and expressed as an average. For cytoplasmic stains, 

staining was quantified by a blinded investigator using a scale of 0–4. For 

immunofluorescence, positive red pixels were quantified using ImageJ (NIH, Bethesda, 

MD).
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Biochemical Analyses

Carotid arteries were harvested 1 or 2 hours after surgery and immediately frozen in liquid 

nitrogen. Lysates were obtained by homogenization with a glass tapered tissue grinder in 

HEPES with 0.1 % triton X100 and protease inhibitors. For the biotin switch assay the 

cysteine residues were immediately blocked with methyl methanethiosulfonate. Cyclic 

guanosine monophosphate (cGMP) was assayed in carotid lysates and plasma, using an 

acetylated direct cGMP kit (AbCam) according to the manufacturer’s specifications. Protein 

S-nitrosation was measured in cell and carotid lysates via a biotin switch assay as previously 

described. [32]. For the cells 1 × 106 VSMC were plated in 10 cm culture dishes. Cells were 

serum starved for 24 hours and then treated with DETA/NO, PROLI/NO, or S-

nitrosoglutathione (GSNO). PROLI/NO stock (5mM) was prepared in NaOH 10 mM to 

prevent decomposition before addition to the cell culture. 24 hours after treatment cells were 

collected, an aliquot was used to determine protein concentration, and the cysteines were 

immediately blocked with methyl methanethiosulfonate. Protein concentrations in tissue and 

cell lysates were determined with the BCA assay (Thermo Fisher Scientific, Waltham, MA). 

Nitrite in plasma was determined using the tri-iodide method, and S-nitrosothiols in plasma 

were determined using the cysteine/copper method as previously described. [33] Both assays 

were performed using ozone-based chemiluminescence detection with a Sievers Nitric 

Oxide Analyzer (GE Analytical Instruments, Boulder, CO).

Data Analysis

Results are expressed as mean ± standard error of the mean. Differences between multiple 

groups for continuous data (morphometric data, cell counts, proliferation, and CD45+ 

counts) were analyzed using one way analysis of variance (ANOVA) with the Student–

Newman–Keuls post hoc test for all pairwise comparisons. Differences for paired data 

(nitrite, cGMP, mean arterial blood pressure, heart rate, and biotin switch data) were 

analyzed using repeated measures ANOVA. Differences between multiple groups for 

categorical data (phenotypic markers: α-SMA, desmin, and NMMHC), and non-normally 

distributed data (S-nitrosocysteine staining) were analyzed using a Kruskal-Wallis ANOVA 

on ranks with the Student–Newman–Keuls post hoc test for pairwise comparisons. All 

statistical analyses were performed using either SigmaPlot v10.0 (Systat Software Inc. CA, 

USA) or SAS (SAS Institute Inc., Cary, NC). Statistical significance was assumed when 

P<0.05.

RESULTS

Periadventitial •NO delivery provides long-term inhibition of neointimal hyperplasia

We sought to determine if the short-lived diazeniumdiolate PROLI/NO was capable of 

providing long-term inhibition of neointimal hyperplasia. Ten-week-old male Sprague 

Dawley rats underwent carotid balloon injury with or without periadventitial application of 

the •NO donor PROLI/NO. Rats were sacrificed at different time points up to 6 months. 

PROLI/NO effectively inhibited neointimal development at all assessed time points (Figure 

1A and 1B). PROLI/NO reduced the intima to media (I/M) area ratio by 73%, 69%, and 

40%, at 2 weeks, 8 weeks, and 6 months, respectively (Figure 1B, *P<0.05). In a similar 

fashion, PROLI/NO reduced the percent occlusion by 79%, 77%, and 62%, at 2 weeks, 8 
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weeks, and 6 months, respectively (Figure 1C, *P< 0.05). Our data show that despite its 

short half-life, PROLI/NO affords durable inhibition of neointimal hyperplasia. To 

determine if the effect was due to •NO or the parent compound, proline, an equivalent molar 

amount of proline was applied to rats undergoing balloon injury. Neointimal hyperplasia 

was assessed 2 weeks after arterial injury. Proline did not affect any of the morphometric 

parameters assessed, suggesting that the diazeniumdiolate moiety in PROLI/NO is 

responsible for its beneficial effects (Figure 1A–C).

Periadventitial •NO delivery affects proliferation and cellularity throughout the arterial wall 
after arterial injury

To further evaluate the mechanism by which PROLI/NO inhibits neointimal hyperplasia in a 

durable manner, we performed a detailed time-course analysis throughout each layer of the 

arterial wall for proliferation and cellularity. The effect of PROLI/NO on actively 

proliferating cells was assessed by administering BrdU to animals 24 and 1 hour prior to 

sacrifice. An interesting pattern emerged. Proliferation was increased compared to uninjured 

control arteries 3 days after arterial injury (Figure 2A, #P<0.05). PROLI/NO significantly 

inhibited overall active proliferation 3 days following arterial injury and thereafter compared 

to injury alone (Figure 2A, *P<0.05). In the intima, cells started to actively proliferate 3 

days after balloon injury and PROLI/NO significantly inhibited cellular proliferation by 

85% at 1 week, 73% at 2 weeks, and 76% at 8 weeks compared to injury alone (Figure 2B, 

*P<0.05). In the media, cells started to actively proliferate at 3 days after balloon injury and 

PROLI/NO inhibited proliferation by 84% at 3 days and 1 week compared to injury alone 

(Figure 2C, *P<0.05). In the adventitia, cellular proliferation increased at a similar time 

point after injury as the intima and media. Surprisingly, while PROLI/NO inhibited 

proliferation in the adventitia by 80% at 3 days, and by 56% at 1 week, it induced 

proliferation by 68% at 2 weeks compared to injury alone (Figure 2D–E *P<0.05). By 8 

weeks, cellular proliferation was similar in the non-•NO and •NO treated arteries, but 

increased compared to uninjured control arteries (Figure 2D, #P<0.05).

Next, we evaluated the effect of PROLI/NO on cellularity, as cell number can increase 

independent of proliferation. Nuclei were counted in four high power fields per section and 

averaged. One week following arterial injury and thereafter, there was increased overall 

cellularity throughout the vascular wall after balloon injury compared to uninjured control 

arteries (Figure 3A, #P<0.05). PROLI/NO reduced total cellularity 1 day after arterial injury 

and thereafter compared to injury alone (Figure 3A, *P<0.05). Evaluation of each layer 

revealed that PROLI/NO reduced cell number following injury in the intima by 86% at 2 

weeks and 85% at 8 weeks compared to injury alone (Figure 3B, *P<0.05) and in the media 

by 89% at 2 weeks and 84% at 8 weeks compared to injury alone (Figure 3C, *P<0.05). 

However, while PROLI/NO reduced cellularity in the adventitia at early time points (1 day–

1 week), PROLI/NO actually increased cellularity in the adventitia by 20% at 2 weeks, 

consistent with the proliferation data, and 44% at 8 weeks compared to injury alone (Figure 

3D, *P<0.05). Since cellularity can also be affected by different rates of cell death, we 

evaluated the effect of PROLI/NO on cell apoptosis. We counted TUNEL positive cells 

relative to total cell number. We found that PROLI/NO did not have a significant effect on 

apoptosis at any time point throughout the vessel wall (Supplementary Figure S1). Together, 
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these data show a differential effect of PROLI/NO throughout the vascular wall. Whereas 

PROLI/NO inhibits proliferation and cellularity in the intima and media at all time points 

without having an effect on cell death, it initially inhibits but then stimulates proliferation 

and cellularity in the adventitia.

Periadventitial PROLI/NO delivery does not induce •NO-mediated systemic effects

Since PROLI/NO is applied to the outer periadventitial surface of the artery, we assessed if 

active nitrogen species permeate to the systemic circulation. We measured nitrite (NO2
−) 

concentrations in plasma before and 2 hours after surgery, and found a significant increase 

in plasma NO2
− going from 0.29 μmol/L before surgery to 4.25 μmol/L 2 hours after 

PROLI/NO application (P<0.05, Figure 4A). These data suggest that •NO-derived species 

cross the vascular wall. Hence, we proceeded to determine if •NO-mediated systemic effects 

existed. We measured mean arterial blood pressure (MAP) and heart rate, before and 3 hours 

after surgery, and found that PROLI/NO had no significant effect on these parameters 

(MAPbefore=66 mmHg, MAPafter=54 mmHg; HRbefore=352 bpm, HRafter=317 bpm, P=NS, 

Figure 4B–C). Moreover, we measured plasma levels of cGMP and found that there was no 

significant change before and 2 hours after surgery, with or without application of 

PROLI/NO (P=NS, Figure 4D). In addition we evaluated cGMP levels in carotid lysates. 

Surprisingly, we found that periadventitial PROLI/NO did not cause a significant increase in 

cGMP 2 hours after application (P=NS, Supplementary Figure S2). Together, these data 

show that periadventitial application of PROLI/NO increases plasma NO2
− concentrations 

but has little to no systemic effect.

Periadventitial •NO delivery does not affect re-endothelialization after arterial injury

Since •NO is known to have both pro- and anti-proliferative effects on endothelial cells 

depending on the concentration used, we assessed the effect of PROLI/NO on re-

endothelialization after balloon injury. After injury, endothelial denudation is clearly noted 

by a large area of Evans blue staining, as Evans blue has a high affinity for non-

endothelialized surfaces (Figure 5). The stained area starts to decrease after 3 days, and it is 

minimal by 1 week after injury, indicating near complete re-endothelialization. PROLI/NO 

had no statistically significant effect on the rate of re-endothelialization (Figure 5, P=NS) 

following balloon injury.

PROLI/NO affects local oxidative markers

As we showed that plasma nitrite increased after periadventitial PROLI/NO application, it 

was of interest to assess if reactive nitrogen species are effectively present at the site of 

vascular injury. Since PROLI/NO has a very short half-life, high concentrations of •NO 

could be potentially achieved at the application site, favoring formation of secondary 

reactive nitrogen species. Hence, we first assessed the feasibility of PROLI/NO induced 

protein S-nitrosation in vitro. VSMC were treated with 100 μM DETA/NO, GSNO, or 

PROLI/NO. Cells were collected after 24 hours and protein S-nitrosation assessed via a 

biotin switch assay. As expected, GSNO-treated cells showed evidence of increased protein 

S-nitrosation (Figure 6A–B). Interestingly, PROLI/NO-treated cells showed S-nitrosation 

levels comparable to those induced by GSNO. To test if periadventitial application of 
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PROLI/NO promotes S-nitrosation in vivo, we performed a biotin switch on carotid artery 

lysates 1 hour after surgery with or without PROLI/NO. PROLI/NO-treated arteries showed 

increased levels of S-nitrosated proteins (Figure 6C–D) compared to control arteries. To 

further test the hypothesis that PROLI/NO locally increases reactive nitrogen species we 

evaluated carotid artery sections for S-nitrosocysteine and 3-nitrotyrosine. We found a 

significant increase in S-nitrosocysteine in histological carotid artery cross sections of 

animals treated with PROLI/NO (*P<0.05, Figure 6E–F). Similarly, we found a significant 

increase in 3-nitrotyrosine in histological carotid artery cross sections of animals treated 

with PROLI/NO (*P<0.05, Figure 6G–H). Next, we tested plasma S-nitrosothiols (RSNO) 

before and 2 hours after surgery. PROLI/NO did not affect plasma RSNO (Supplementary 

Figure S3). Basal levels of plasma RSNO before surgery were 25 ± 9 nmol/L, and levels 2 

hours after PROLI/NO application were 22 ± 4 nmol/L. Together, our data suggest that 

•NO-derived species from PROLI/NO reach the site of arterial injury and promote local 

changes in oxidative markers without affecting systemic RSNO.

Periadventitial •NO delivery differentially affects α-smooth muscle actin (α-SMA) positive 
cells throughout the vascular wall after balloon injury

To assess the phenotype of VSMC and myofibroblasts, we evaluated cells that stained 

positive for α-SMA after balloon injury. Injury caused an overall decrease in α-SMA 

staining in the arterial wall at 1 and 3 days with a later increase above baseline starting at 1 

week compared to uninjured control arteries (Figure 7A, #P<0.05). PROLI/NO further 

reduced α-SMA positive cells at 3 days after injury and at all time points thereafter 

compared to injury alone (Figure 7A, *P<0.05). When looking at each layer of the arterial 

wall separately, injury caused a marked increase in α-SMA staining in the intima starting at 

1 week compared to uninjured control arteries (Figure 7B, #P<0.05). PROLI/NO inhibits 

this increase at all the time points with a 81% decrease at 1 week and a 49% decrease at 2 

and 8 weeks compared to injury alone (Figure 7B, 7E, *P<0.05). In the media, injury 

induced a 51% decrease in α-SMA staining at 1 day that persisted until week 2, returning to 

baseline levels at 8 weeks, compared to uninjured arteries (Figure 7C, 7E, #P<0.05). 

However, PROLI/NO decreased α-SMA staining after 1 day, and completely prevented it 

from returning to baseline levels at all time points evaluated, with a 79% inhibition at 8 

weeks compared to injury alone (Figure 7C, *P<0.05). In the adventitia, injury caused a 

dramatic increase in α-SMA staining at 1, 2, and 8 weeks compared to baseline (Figure 

7D, #P<0.05). PROLI/NO caused a slight reduction in α-SMA staining at 1 week. However, 

it was not significant at any other time point compared to injury alone. Our data suggest that 

PROLI/NO causes a durable decrease in α-SMA positive VSMC and myofibroblasts in the 

intima and media, with little effect on the adventitia.

Periadventitial •NO delivery differentially affects desmin positive cells throughout the 
vascular wall after balloon injury

Subsequently, we turned our attention to desmin staining, as a marker for contractile VSMC 

phenotype. Two hours after balloon injury, there was an overall decrease in desmin staining 

that normalized after 1 day (Figure 8A, #P<0.05). By 1 week, desmin staining was 

significantly higher than uninjured control arteries (Figure 8A, #P<0.05). However, 

PROLI/NO caused a 47% reduction in desmin staining at 1 and 2 weeks, and a 54% 
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reduction at 8 weeks compared to injury alone (Figure 8A, 8E, *P<0.05). When looking at 

each layer of the arterial wall separately, injury caused a marked increase in desmin staining 

in the intima starting at 1 week, compared to uninjured arteries (Figure 8B, #P<0.05). 

PROLI/NO inhibited this increase at all the time points, with an 88% decrease at 1 week, a 

62% decrease at 2 weeks, and a 50% decrease at 8 weeks, compared to injury alone (Figure 

8B, 8E, *P<0.05). In the media, injury induced a 55% decrease in desmin staining 2 hours 

after injury compared to uninjured arteries, returning to baseline levels at 8 weeks (Figure 

8C, #P<0.05). However, PROLI/NO prevented the return to baseline levels with a persistent 

inhibition of 82% at 8 weeks compared to injury alone (Figure 8C, *P<0.05). In the 

adventitia, injury caused a transient trend to decrease in desmin staining at 2 hours that was 

not statistically significant. By 1 week after injury, desmin staining increased above baseline 

and persisted through week 8 compared to uninjured arteries (Figure 8D, #P<0.05). 

PROLI/NO had no effect on adventitial desmin staining. Our data suggest that PROLI/NO 

exerts a preferential inhibition of desmin-positive cells in the neointima and media, but not 

the adventitia.

Periadventitial •NO delivery differentially affects NMMHC positive cells throughout the 
vascular wall after balloon injury

Next, we analyzed NMMHC as a marker for fibroblasts in the vascular wall. Injury caused 

an overall increase in NMMHC staining at 3 days, and extending to 8 weeks, with a peak at 

1 week, compared to uninjured arteries (Figure 9A, #P<0.05). PROLI/NO inhibited this 

increase at 1 week (Figure 9A, *P<0.05) and at all subsequent time points. Upon evaluation 

of each layer of the arterial wall, injury caused a marked increase in NMMHC staining in the 

intima starting at 1 week, compared to uninjured arteries (Figure 9B, #P<0.05). PROLI/NO 

inhibited this increase at all the time points with a maximum inhibition of 82% at 1 week, 

followed by 71% inhibition at 2 weeks and 70% inhibition at 8 weeks compared to injury 

alone (Figure 9B, 9E, *P<0.05). In the media, injury induced a 2-fold increase in NMMHC 

staining 3 days after injury, compared to uninjured arteries (Figure 9C, #P<0.05). NMMHC 

staining returned to control levels by 1 week. PROLI/NO did not significantly affect 

NMMHC staining compared to injury alone at any time point. In the adventitia, neither 

injury nor PROLI/NO treatment caused a statistically significant effect on NMMHC staining 

(Figure 9D, P=NS). These data suggest that PROLI/NO has a strong inhibitory effect on 

intimal fibroblast-like cells, but no effect on medial or adventitial fibroblasts.

Periadventitial •NO delivery affects CD45+ cell count throughout the arterial wall after 
arterial injury

To further evaluate the effect of PROLI/NO in the vascular wall after arterial injury, we 

determined the presence of leukocytes by counting CD45+ cells. Injury caused an increase in 

the CD45+ cell count 3 days after injury and peaked at 1 week compared to uninjured 

control arteries (Figure 10A, #P<0.05). Even though the count decreased over the following 

time points, they remained significantly elevated at 8 weeks compared to uninjured control 

arteries. PROLI/NO inhibited the CD45+ cell count at 3 days and 1 week compared to injury 

alone (Figure 10A, *P<0.05). Assessment of each layer revealed the majority of the CD45+ 

cells localized to the adventitia (Figure 10). In the intima, injury caused an increase in 

CD45+ cell infiltration that peaked at 1 week compared to uninjured control arteries (Figure 
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10B, #P<0.05). PROLI/NO dramatically inhibited intimal CD45+ cell numbers by 96% at 1 

week compared to injury alone (Figure 10B, *P<0.05). In the media, CD45+ cell count 

peaked at 3 days after injury; counts remained elevated at 1 and 2 weeks, and returned to 

baseline by 8 weeks (Figure 10C, 10E #P<0.05). PROLI/NO significantly inhibited the 

number of CD45+ cell count in the media by 54% at 1 week and 42% at 2 weeks, compared 

to injury alone (Figure 10C, 10E, *P<0.05). In the adventitia, CD45+ cells started to increase 

3 days after injury and peaked at 1 week compared to uninjured arteries (Figure 

10D, #P<0.05). The cell count decreased over the subsequent time points. However, the 

counts remained significantly elevated at 8 weeks compared to control. PROLI/NO inhibited 

the CD45+ cell count at 3 days and 1 week compared to injury alone (Figure 10D, *P<0.05). 

Overall, these data suggest that PROLI/NO delays and inhibits leukocyte infiltration 

following arterial injury, with the greatest effect on the media and adventitia.

DISCUSSION

This study shows that the short-lived •NO donor PROLI/NO provides durable inhibition of 

neointimal hyperplasia up to 6 months after injury. The inhibition of neointimal hyperplasia 

is accompanied by modulation of cellularity and proliferation, with no changes in apoptosis; 

an increase in local markers of reactive nitrogen species; modulation of phenotypic 

differentiation, and inflammatory infiltration in the arterial wall. While PROLI/NO inhibited 

cellularity and proliferation in the intima and media, it actually increased actively 

proliferating adventitial cells at 2 and 8 weeks after injury despite an overall inhibition of 

neointimal hyperplasia, without affecting the rates of apoptosis. Evaluation of phenotypic 

markers revealed that while PROLI/NO decreased both VSMC and myofibroblast markers 

in the intima, PROLI/NO predominantly inhibited contractile VSMC in the media, and had 

no effect on VSMC or myofibroblast in the adventitia. Thus, the increase in proliferation 

observed in the adventitia is likely due to regulation of cell types other than VSMC and 

myofibroblasts, such as endothelial cells of the vasa vasorum or resident or circulating 

progenitor cells. Lastly, PROLI/NO caused a delayed and decreased infiltration of 

leukocytes into the injured arterial wall.

Clowes et al. first described the time course of cell proliferation in the rat carotid artery after 

balloon injury. [10] VSMC proliferation peaked between 2 and 4 days in the media, and 

between 4 days and 1 week in the intima. Cellularity in the carotid artery was maximal at 2 

weeks after injury. Hanke et al. described the time course of VSMC proliferation after 

experimental angioplasty in rabbit carotids, showing that proliferation peaked between 3 and 

7 days and cellularity of the intima was maximal at 4 weeks after injury. [11] Angelini et al. 

showed that VSMC proliferation peaked in the media at 3 days and in the intima at 1 week 

after balloon angioplasty in rabbit iliac arteries. [12] Similarly, Durand et al showed that 

proliferation in all three layers was maximal between 3 days and 1 week after angioplasty in 

a femoral atherosclerotic rabbit model. [13] Our studies are in agreement with these 

previous reports. In addition, we show for the first time the cellularity and proliferation time 

course after injury in carotid arteries treated with a •NO donor. •NO is a well-known 

inhibitor of VSMC proliferation and migration, [23, 24] and a regulator of apoptosis. [34–

36] However, whereas we do observe an overall inhibition of cell proliferation, we did not 
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observe any effect on cell apoptosis. Moreover, we report a surprising increase in 

proliferation in the adventitia with its consequent increase in adventitial cellularity.

The extremely short half-life of this donor signifies that our treatment modality resembles a 

bolus of •NO. Under these conditions, locally high concentrations of •NO would be 

expected for a short time. However, we did not detect an increase in tissue cGMP resulting 

from the activation of guanylate cyclase. One possible explanation is that activation of 

guanylate cyclase is fast and the levels of cGMP peaked before we performed our 

measurements. As we harvested the arteries 2 hours after PROLI/NO application, we could 

have lost our detection window. However, many effects of •NO, including inhibition of 

VSMC proliferation are cGMP-independent. [35–37] Moreover, we found increased S-

nitrosation and increased 3-nitrotyrosine staining after PROLI/NO application. These data 

show that •NO-derived reactive species reach the site of interest. These results have relevant 

implications for the protective effects of PROLI/NO. S-nitrosation inhibits VSMC and 

chondrocyte migration possibly by direct post-translational modification of actin. [38, 39] 

Similarly, nitration of tyrosines in tubulin inhibits proliferation in VSMC. [40] Moreover, S-

nitrosation inhibits VSMC proliferation, independently of cGMP [36] by regulating the 

polyamine pathway. [35] All these effects could in part account for the inhibition of 

hyperplasia observed in PROLI/NO-treated arteries.

The arterial injury response is accompanied with a change in phenotype of both VSMC and 

fibroblasts. [15, 41, 42] VSMC change from a contractile to a secretory phenotype. The 

proportion of desmin positive staining cells, a marker of contractile SMC, has been shown to 

decrease with time after injury in the neointima and media. [43] Our results show a decrease 

in medial desmin staining after injury alone and an increase in desmin positive cells in the 

neointima after 1 week. Also, the neointima showed the presence of α-SMA staining after 1 

week. PROLI/NO caused a decrease in both medial and intimal desmin and α-SMA 

staining. •NO is necessary to maintain VSMC phenotype and disruption of •NO regulation 

during injury has been implicated in VSMC phenotype switch. [44] Therefore, an exogenous 

source of •NO at the time of injury might prevent VSMC activation. Similar to the VSMC 

phenotype switch after injury, adventitial fibroblasts change to a myofibroblast phenotype 

expressing α-SMA and have been shown to migrate from the adventitia to the neointima. 

[45] Our results agree with the literature showing that adventitial staining for α-SMA shows 

a dramatic increase 1 week after injury, confirming a phenotypic modulation from 

adventitial fibroblast to myofibroblast. [16] However, PROLI/NO did not have an effect on 

this change. Similarly, PROLI/NO had no effect on NMMHC staining in the media or 

adventitia, just the intima. Thus, our data suggest that PROLI/NO preferentially inhibits 

medial and intimal VSMC, with little to no effect on adventitial fibroblast phenotype 

modulation.

The time course of CD45+ leukocyte infiltration after injury agrees with previous reports. 

[46–48] Recruitment of inflammatory cells has been associated with both negative 

remodeling and neointimal hyperplasia, ultimately contributing to restenosis. [49] 

Inflammatory cells have been implicated in activation and phenotypic modulation of 

adventitial fibroblast and VSMC. [15, 41] •NO is capable of modulating several aspects of 

inflammation, including cytokine release, chemotaxis, and inflammatory cell adhesion. [50] 
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Some of these effects have been shown to occur via S-nitrosation. [51] Inhibition of 

leukocyte recruitment inhibits neointimal formation and restenosis. [48, 52] Barbato et al. 

reported that •NO reduces vascular inflammation after rat balloon injury, reducing 

neointimal hyperplasia. [47] Our results demonstrate that early delivery of pharmacological 

doses of •NO results in a delayed and less intense inflammatory response, as measured by 

leukocyte infiltration.

Our study is not without limitations. Whereas our study describes the changes in 

proliferation, cellularity, phenotypic markers, and leukocyte infiltration after arterial injury 

observed in rats treated with and without PROLI/NO, we do not provide a conclusive 

mechanistic explanation of such observations. It is known that activated VSMC and 

myofibroblasts secrete chemokines that recruit immune cells. It is also known that S-

nitrosation decreases expression of proinflammatory cytokines and adhesion molecules. [51] 

Moreover, we correlate PROLI/NO application with decreased, delayed, and less intense 

inflammatory infiltration. These results support a redox-mediated anti-inflammatory effect 

of PROLI/NO. However, we cannot establish causality. In addition, we describe an increase 

in cellularity and proliferation in the adventitia but we did not identify the cell population 

that was affected or the functional significance of such increase. These findings will require 

further study that is outside the scope of this current work

Despite these limitations, we present the first detailed time course of cellularity, 

proliferation, and phenotypic markers in •NO-treated balloon injured arteries. We also 

provide evidence of a local PROLI/NO-mediated increase in S-nitrosation and tyrosine 

nitration, which could in part account for the long-lasting protective effects of this short-

lived •NO donor. Our findings contribute to the understanding of the vasoprotective effects 

of •NO, especially its potent inhibition of neointimal hyperplasia. We have previously 

shown that •NO-based therapies have an inhibitory effect on neointimal hyperplasia well 

after the •NO-donating moiety is no longer present in the vasculature. [19, 53] Here, we 

present further evidence that a short-acting •NO donor has long-lasting effects and provides 

durable inhibition of neointimal growth. Moreover, the increase in protein S-nitrosation, the 

increase in adventitial proliferation, the inhibition of neointimal and medial VSMC, as well 

as the inhibition of leukocyte infiltration, are observed well after all of the PROLI/NO 

should have decomposed, suggesting that the initial •NO burst inhibits early processes that 

result in durable effects, maybe by creating a •NO reservoir in the pool of S-nitrosated 

proteins. Further studies are needed to elucidate the effect of •NO on the adventitia, identify 

what cell population is stimulated to proliferate after •NO exposure, and the functional 

relevance of this proliferation in inhibiting neointimal hyperplasia.
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GLOSSARY

α-SMA alpha smooth muscle actin

BrdU bromodeoxyuridine

cGMP cyclic guanosine monophosphate

MAP mean arterial pressure

NMMHC non-muscle myosin heavy chain

•NO nitric oxide

NO2
− nitrite

PROLI/NO 1-[2-(carboxylato)pyrrolidin-1-yl]diazen-1-ium-1,2-diolate

RSNO S-nitrosothiols

VSMC vascular smooth muscle cells
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HIGHLIGHTS

• PROLI/NO provides long-term inhibition of neointimal hyperplasia in the rat 

carotid balloon injury model for 6 months despite its short half-life.

• This inhibition depends upon the diazeniumdiolate moiety as proline has no 

inhibitory effect. Nonetheless, it appears to be cGMP-independent despite the 

need of •NO.

• Periadventitial delivery of this •NO donor, significantly increased plasma nitrite. 

However, it caused neither a drop in blood pressure, nor an increase in plasma 

S-nitrosothiols.

• PROLI/NO inhibited proliferation and cellularity in the media and intima at all 

of the time points studied. Surprisingly, PROLI/NO caused an increase in 

adventitial proliferation at 2 weeks, resulting in increased cellularity at 2 and 8 

weeks compared to injury alone.

• PROLI/NO predominantly inhibited contractile smooth muscle cells in the 

intima and media, and had little to no effect on the phenotype of adventitial 

cells.

• PROLI/NO caused a delayed and decreased leukocyte infiltration response after 

injury.

• Interestigly, PROLI/NO promoted local protein S-nitrosation in vivo without 

measurable systemic effects. This pool of S-nitrosated protein could provide an 

•NO reservoir long after all the PROLI/NO has decomposed.

• PROLO/NO locally affects S-nitrosation and protein nitration. This local redox 

change could in part account for the ability of PROLI/NO to exert durable 

effects.
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Figure 1. PROLI/NO results in durable inhibition of neointimal hyperplasia in the rat carotid 
artery after balloon injury
The carotid artery balloon injury model was performed in 10-week-old Sprague Dawley rats 

with or without periadventitial application of PROLI/NO (10 mg), or proline (5.5 mg). 

Carotid arteries were harvested at 2 weeks, 8 weeks and 6 months. A) Representative 

hematoxylin & eosin stained rat carotid artery sections from each treatment group (10X 

objective and 20X objective). B) Quantification of the intima to media (I/M) area ratio, and 

C) percent occlusion shows that PROLI/NO provided durable inhibition of neointimal 

development at all time points evaluated (N= 4 for proline, N=10 for injury alone, N=7 for 

the rest of the groups, *P<0.05 vs injury, #P<0.05 vs proline).
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Figure 2. PROLI/NO differentially inhibits proliferation throughout the arterial wall after 
balloon injury
The carotid artery balloon injury model was performed in 10-week-old Sprague Dawley rats 

with or without periadventitial application of PROLI/NO (10 mg). Carotid arteries were 

harvested at different time points. BrdU (100 mg/kg, intraperitoneal) was administered 24 

hours and 1 hour prior to sacrifice; BrdU-positive nuclei were counted in four high power 

fields per section and averaged. A) Total cell count of BrdU-positive cells throughout the 

arterial wall. B) BrdU-positive cell count in the intima. C) BrdU-positive cell count in the 

media. D) BrdU-positive cell count in the adventitia. E) Representative arterial cross 

sections 2 weeks after balloon injury. The black arrow heads indicate representative BrdU-

positive cells, and the blue arrow heads point to representative BrdU-negative cells (only a 

few representative cells are labeled). #P<0.05 vs. uninjured control, *P<0.05 vs. injury 

alone, N=7/treatment group.
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Figure 3. PROLI/NO differentially affects cellularity throughout the arterial wall after balloon 
injury
The carotid artery balloon injury model was performed in 10-week-old Sprague Dawley rats 

with or without periadventitial application of PROLI/NO (10 mg). Carotid arteries were 

harvested at different time points and nuclei were counted in four high power fields per 

section and averaged. A) Total cell count throughout the arterial wall. B) Cell count in the 

intima. C) Cell count in the media. D) Cell count in the adventitia. #P<0.05 vs. uninjured 

control, *P<0.05 vs. injury alone, N=7/treatment group.
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Figure 4. Local application of PROLI/NO does not cause systemic side effects
The carotid artery balloon injury model was performed in 10-week-old Sprague Dawley rats 

with or without periadventitial application of PROLI/NO (10 mg). Mean arterial blood 

pressure (MAP) and heart rate were measured before anesthetizing the rats. Blood was 

collected from the tail vein before and 2 hours after surgery. After the post-surgery blood 

draw, rats were allowed to recover from anesthesia and the MAP and heart rate measured 

again. Nitrite was measured in plasma by the tri-iodide method. cGMP levels were assessed 

with a colorimetric kit. A) Plasma nitrite. N=5/treatment group, *P<0.05; B) MAP. N=5, 

P=NS; C) Heart rate. N=4, P=NS; and D) Plasma cGMP concentration. N=5, P=NS.
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Figure 5. PROLI/NO does not affect re-endothelialization after carotid artery balloon injury
The carotid artery balloon injury model was performed in 10-week-old Sprague Dawley rats 

with or without periadventitial application of PROLI/NO (10 mg). Carotids were harvested 

at different time points. Evans blue (0.5 ml 0.5%) was administered intravenously 

immediately before sacrifice. Blue stained area and total injured area was quantified using 

ImageJ (N=3/treatment group). A) Representative gross images of the harvested carotid 

arteries showing the Evans blue stain. B) Quantification of the blue area (i.e., denuded 

endothelium) divided by total injured area, represented as percent.
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Figure 6. PROLI/NO affects local oxidative markers
VSMC were treated with 100 μM DETA/NO, GSNO, or PROLI/NO. After 24 hours the 

cells were harvested and the lysates assayed for S-nitrosated proteins with the biotin switch 

assay. A) Representative silver-stained gels showing total protein input on the left and S-

nitrosated proteins on the right. B) Densitometry quantification of 6 separate gels. N=6, 

*P<0.05. Carotid arteries were harvested 1 h after surgery with or without application of 

PROLI/NO (10 mg). Carotid lysates were assayed for S-nitrosated proteins with the biotin 

switch assay. C) Representative silver stained gels showing total protein input on the left, 

and S-nitrosated proteins on the right. D) Densitometry quantification of 3 separate gels. 

N=3, *P<0.05. Carotid arteries were harvested at 3 days and sections processed with an 

antibody to S-nitrosocysteine and an antibody anti nitrotyrosine. Quantification of red pixels 

was performed by using ImageJ. E) Representative arterial cross sections stained for S-

nitrosocysteine. F) Quantification of S-nitrosocysteine. N=5, *P<0.05. G) Representative 
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arterial cross sections stained for 3-nitrotyrosine. H) Quantification of S-nitrotyrosine. N=5, 

*P<0.05
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Figure 7. PROLI/NO differentially affects α-smooth muscle actin (α-SMA) positive cells 
throughout the arterial wall after balloon injury
The carotid artery balloon injury model was performed in 10-week-old Sprague Dawley rats 

with or without periadventitial application of PROLI/NO (10 mg). Carotid arteries were 

harvested at different time points and sections were stained with an antibody to α-SMA. 

Quantification was performed by grading on a scale of 0–4 by a blinded investigator. A) 

Total grade sum throughout the arterial wall. B) Grade for the intima. C) Grade for the 

media. D) Grade for the adventitia. E) Representative arterial cross sections 2 weeks after 

balloon injury. #P<0.05 vs. uninjured control, *P<0.05 vs injury alone, N=7/treatment 

group.
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Figure 8. PROLI/NO differentially affects desmin positive cells throughout the arterial wall after 
balloon injury
The carotid artery balloon injury model was performed in 10-week-old Sprague Dawley rats 

with or without periadventitial application of PROLI/NO (10 mg). Carotids were harvested 

at different time points and sections were stained with an antibody to desmin. Quantification 

was performed by grading on a scale of 0–4 by a blinded investigator. A) Total grade sum 

throughout the arterial wall. B) Grade for the intima. C) Grade for the media. D) Grade for 

the adventitia. E) Representative arterial cross sections 2 weeks after balloon injury. #P<0.05 

vs uninjured control, *P<0.05 vs. injury alone, N=7/treatment group.
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Figure 9. PROLI/NO differentially affects non-muscle myosin heavy chain (NMMHC) positive 
cells throughout the arterial wall after balloon injury
The carotid artery balloon injury model was performed in 10-week-old Sprague Dawley rats 

with or without periadventitial application of PROLI/NO (10 mg). Carotid arteries were 

harvested at different time points and sections were stained with an antibody to NMMHC. 

Quantification was performed by grading on a scale of 0–4 by a blinded investigator. A) 

Total grade sum throughout the arterial wall. B) Grade for the intima. C) Grade for the 

media. D) Grade for the adventitia. E) Representative arterial cross sections 2 weeks after 
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balloon injury. #P<0.05 vs. uninjured control, *P<0.05 vs. injury alone, N=7/treatment 

group.
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Figure 10. PROLI/NO differentially inhibits CD45+ cell numbers throughout the arterial wall 
after balloon injury
The carotid artery balloon injury model was performed in 10-week-old Sprague Dawley rats 

with or without periadventitial application of PROLI/NO (10 mg). Carotids were harvested 

at different time points and sections were stained with an antibody against CD45. CD45+ 

cells were counted in four high power fields per section and averaged. A) Total cell count of 

CD45+ cells throughout the arterial wall. B) CD45+ cell count in the intima. C) CD45+ cell 

count in the media. D) CD45+ cell count in the adventitia. E) Representative arterial cross 

sections 2 weeks after balloon injury. The black arrow heads indicate representative CD45+ 

cells, and the blue arrow heads point to representative CD45-negative cells (only a few 

representative cells are labeled). #P<0.05 vs. uninjured control, *P<0.05 vs. injury alone, 

N=7/treatment group.
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