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Abstract

Objective: Inflammation is a key driver of excessive neointimal hyperplasia within vein grafts. 

Recent work demonstrates that specialized proresolving lipid mediators biosynthesized from 

omega-3 polyunsaturated fatty acids, such as resolvin D1 (RvD1), actively orchestrate the process 

of inflammation resolution. We investigated the effects of local perivascular delivery of RvD1 in a 

rabbit vein graft model.

Methods: Ipsilateral jugular veins were implanted as carotid interposition grafts through an 

anastomotic cuff technique in New Zealand white rabbits (3–4 kg; N = 80). RvD1 (1 μg) was 

delivered to the vein bypass grafts in a perivascular fashion, using either 25% Pluronic F127 gel 

(Sigma-Aldrich, St. Louis, Mo) or a thin bilayered poly(lactic-co-glycolic acid) (PLGA) film. No 

treatment (bypass only) and vehicle-loaded Pluronic gels or PLGA films served as controls. 

Delivery of RvD1 to venous tissue was evaluated 3 days later by liquid chromatography-tandem 

mass spectrometry. Total leukocyte infiltration, macrophage infiltration, and cell proliferation were 
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evaluated by immunohistochemistry. Elastin and trichrome staining was performed on grafts 

harvested at 28 days after bypass to evaluate neointimal hyperplasia and vein graft remodeling.

Results: Perivascular treatments did not influence rates of graft thrombosis (23%), major wound 

complications (4%), or death (3%). Leukocyte (CD45) and macrophage (RAM11) infiltration was 

significantly reduced in the RvD1 treatment groups vs controls at 3 days (60%−72% reduction; P 
< .01). Cellular proliferation (Ki67 index) was also significantly lower in RvD1-treated vs control 

grafts at 3 days (40%−50% reduction; P < .01). Treatment of vein grafts with RvD1-loaded gels 

reduced neointimal thickness at 28 days by 61% vs bypass only (P < .001) and by 63% vs vehicle 

gel (P < .001). RvD1-loaded PLGA films reduced neointimal formation at 28 days by 50% vs 

bypass only (P < .001). RvD1 treatment was also associated with reduced collagen deposition in 

vein grafts at 28 days.

Conclusions: Local perivascular delivery of RvD1 attenuates vein graft hyperplasia without 

associated toxicity in a rabbit carotid bypass model. This effect appears to be mediated by both 

reduced leukocyte recruitment and decreased cell proliferation within the graft. Perivascular 

PLGA films may also impart protection through biomechanical scaffolding in this venous 

arterialization model. Our studies provide further support for the potential therapeutic role of 

specialized proresolving lipid mediators such as D-series resolvins in modulating vascular injury 

and repair. (J Vasc Surg 2018;■:1–12.)

Clinical Relevance: Autologous vein bypass grafts are the most durable means for 

revascularization in peripheral vascular disease; however, midterm and long-term outcomes are 

limited by vein graft hyperplasia with associated vein graft failure. Endogenous proresolving lipid 

mediators such as resolvin D1 have the potential to attenuate vein graft hyperplasia by accelerating 

repair. This study provides proof of concept for local delivery of resolvin D1 to reduce 

inflammation and to improve the healing response after vein bypass grafting.

Keywords

Inflammation; Resolution; Resolvins; Lipid mediator; Neointimal hyperplasia; Vein graft

Peripheral arterial disease (PAD) currently affects approximately 8 to 10 million Americans, 

with an increasing incidence and burden on the health care system each year.1,2 

Revascularization is often required for advanced stages of the disease, with autologous vein 

grafts providing the most durable bypass conduit.3,4 Despite advancements in treatment 

options, significant midterm failure rates greatly limit clinical benefit for patients with 

advanced PAD.5,6 Whereas moderate wall thickening is necessary as vein conduits adapt to 

arterial pressures, persistent inflammation leads to excessive neointimal hyperplasia, 

stenosis, and associated risk of failure.7–9

Because chronic inflammation plays a causal role in both atherosclerosis and restenosis after 

vascular intervention, targeting the inflammatory response is of wide interest from a 

therapeutic perspective. Acute inflammation is normally self-limited and is actively resolved 

by mediators biosynthesized in a temporal manner within local inflammatory exudates. 

These include the specialized proresolving lipid mediators (SPMs) generated enzymatically 

from polyunsaturated fatty acids.10 Several structurally unique families of SPMs have been 

elucidated, including the E- and D-series resolvins derived from eicosapentaenoic acid and 
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docosahexaenoic acid, respectively.11–13 SPMs have been demonstrated to orchestrate the 

process of resolution while enhancing host defense,10,14,15 presenting distinct advantages 

over anti-inflammatory agents that are immunosuppressive. Recent work has demonstrated 

that SPMs have biologic activity relevant to vascular disease, with specific actions that 

attenuate inflammatory pathways and vascular smooth muscle cell (VSMC) phenotypic 

changes critical to the pathobiology of neointimal hyperplasia.16–18 Previous studies have 

also shown that intra-arterial, sub-cutaneous, or intraperitoneal administration of SPMs 

attenuates neointimal hyperplasia in animal models of vascular injury and promotes 

revascularization of ischemic limbs19–22; however, these delivery methods might not be 

suitable for most clinical situations.

Local perivascular administration of bioactive compounds may allow greater 

pharmacokinetic efficiency and relevance, particularly for surgical applications. Biomaterials 

such as polycaprolactone and poly(lactic-co-glycolic acid) (PLGA) have been well described 

for drug delivery, with variable degradation and drug elution kinetics.23–25 Among the 

available biomaterials, PLGA is particularly appealing as it is biodegradable and Food and 

Drug Administration approved for use as a drug delivery device.26 Another option for 

perivascular drug delivery in animal models is Pluronic F127 gel (Sigma-Aldrich, St. Louis, 

Mo), which has established utility in proof-of-concept studies.27 Previous attempts at local 

delivery of therapeutic agents to sites of vascular intervention have been limited by toxicity 

associated with the candidate drugs themselves, which generally delay rather than accelerate 

healing.28 For example, the delivery of potent antiproliferative agents to sites of vascular 

graft implantation has led to infection-related complications when advanced to clinical trials 

in humans.29

We have recently demonstrated sustained and unidirectional release of the SPM resolvin D1 

(7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid; RvD1) from a thin 

PLGA film (“wrap”) construct.30 In a rat model of arterial injury, local perivascular delivery 

of RvD1 was effective in reducing inflammation and intimal hyperplasia.31 Here, we 

demonstrate the safety and efficacy of local perivascular delivery of RvD1 in a rabbit vein 

graft model. Our results provide further evidence for the vasculoprotective effects of SPMs 

and suggest their utility in modulating healing after vein bypass grafting.

METHODS

Perivascular drug delivery constructs.

Polymer thin films were spun-cast from solutions of PLGA (Poly-SciTech, West Lafayette, 

Ind) in 2,2,2-trifluoroethanol (Sigma-Aldrich). PLGA compositions of varying ratios of 

lactic acid-glycolic acid were used for each layer and are reported as the ratio of lactic acid 

to glycolic acid (eg, 85:15 PLGA). A total of 1 mg of RvD1 (7S,8R,17S-trihydroxy-4Z,9E,

11E,13Z,15E,19Z-docosahexaenoic acid; Cayman, Ann Arbor, Mich) was loaded between 

layers of 85:15 and 50:50 PLGA to create a bilayered construct. The asymmetry of the 

PLGA layers facilitated unidirectional release toward the layer with a relatively lower 

concentration of lactic vs glycolic acid (50:50 PLGA). Vehicle-loaded wraps were processed 

identically, except pure ethanol (10 μL) was applied during the load step instead of RvD1 

(stock diluted in ethanol). Full details of the fabrication procedure for the PLGA films were 
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published previously.30 Total thickness of each device was kept under 10 mm to maintain 

compliance, which is especially important in the setting of application around a vein graft 

(Fig 1, A). In comparison, the average thickness of ungrafted contralateral jugular veins was 

27 μm (range, 22–38 μm; n = 4; data not shown). Wraps (RvD1 and vehicle) were sized at 

20×20 mm to accommodate rabbit jugular vein grafts after carotid interposition (Fig 1, B). A 

second adventitial drug delivery approach used Pluronic F127 gel. A total of 1 μg of RvD1 

was dissolved into 500 μL of 25% Pluronic F127 gel for delivery to vein grafts after carotid 

interposition. Vehicle gel constructs were processed identically to RvD1-loaded constructs, 

except pure ethanol was applied during the load step instead of RvD1 (final gel 

concentration, 2% ethanol). Pluronic gels were kept on ice (4°C) until use to allow 

application in a liquid form. To ensure circumferential contact with the vein graft, a layer of 

Pluronic gel was placed posteriorly, followed by a second layer anteriorly (Fig 1, C).

Rabbit carotid interposition model.

Female New Zealand white rabbits (3–4 kg) were used in compliance with an Institutional 

Animal Care and Use Committee-approved protocol (UCSF #AN109633–02). The left 

jugular vein was harvested for use as a carotid interposition graft, and heparin (100 units/kg) 

was administered before carotid cross-clamping. The bypass was performed using an 

anastomotic cuff model, as previously described.27,32 Specifically, 2-mm cuffs were made 

from 4F sheaths (Terumo Medical, Somerset, NJ). The proximal and distal ends of the vein 

were then pulled through the cuff, everted, and secured to the cuff with 6–0 polypropylene 

suture. Care was taken to reverse the vein grafts and to avoid valves within the cuff. 

Following an arteriotomy in the left (ipsilateral) common carotid artery, the cuffs were 

inserted into and secured to the artery with 6–0 polypropylene suture. The artery was then 

divided to allow longitudinal extension of the vein interposition graft. Treatments were 

applied to the external surface of the graft after unclamping. Both vehicle wraps and RvD1-

loaded wraps were oriented with the 50:50 PLGA side facing “inward” toward the target 

vessel. Additional groups underwent perivascular application of 500 mL of vehicle gel or 

RvD1 gel. Gels were kept on ice until perivascular application and subsequently allowed to 

solidify at body temperature, as previously described.27 Rabbits were euthanized at 3 or 28 

days after bypass. Specimens were harvested and immediately frozen after perfusion with 

heparinized saline (for 3-day analyses) or fixed after perfusion with heparinized saline 

followed by 4% formaldehyde (for 28-day analyses). Grafts found to be thrombosed at time 

of sacrifice (23%) were excluded from all subsequent analyses.

Solid-phase extraction and liquid chromatography-tandem mass spectrometry (LC-MS/MS) 
analysis of lipid mediators.

Vein grafts were harvested at 3 days for LC-MS/MS analysis of targeted lipid mediators. For 

this, visible PLGA material was gently and completely removed from the outside of the 

grafts and discarded. Tissues were rinsed with cold saline and snap frozen. Before 

extraction, frozen tissues were finely minced in ice-cold methanol. Internal deuterium-

labeled standards, including d5−resolvin D2, d4−leukotriene B4 (LTB4), and d8−5-

hydroxyeicosatetraenoic acid (Cayman, Ann Arbor, MI), were then added to assess 

extraction recovery. Solid-phase extraction and LC-MS/MS analysis were carried out as 

previously described.33 Briefly, lipid mediators were extracted by C18 column 
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chromatography, and methyl formate fractions were taken to dryness under a stream of N2 

gas before suspension in methanol-water (50:50). Samples were analyzed using a high-

performance liquid chromatograph (Shimadzu, Kyoto, Japan) coupled to a QTrap 5500 mass 

spectrometer (AB Sciex, Framingham, Mass). The instrument was operated in negative 

ionization mode, and lipid mediators were identified and quantified using multiple reaction 

monitoring transitions, information-dependent acquisition, and enhanced product ion 

scanning after normalization to extraction recovery based on internal deuterium-labeled 

standards and calibration curves for external authentic standards for each mediator.

Immunohistochemistry.

Frozen specimens (3-day grafts) or paraffin-embedded tissues (28-day grafts) were 

processed, and 6-μm sections were taken throughout the graft, excluding the regions 

immediately adjacent to the anastomotic cuffs. Frozen sections were fixed in either 4% 

formaldehyde or acetone for 10 minutes before staining. Paraffin sections were first 

deparaffinized in xylene, then rehydrated before antigen retrieval with a sodium citrate 

buffer (Sigma-Aldrich) using a commercial microwave to heat to achieve >95°C for 20 

minutes. Sections were then permeabilized with 0.2% Tween 20 (Sigma-Aldrich) and 

blocked in 5% goat serum (Sigma-Aldrich). Blocking of endogenous avidin-biotin was 

performed with a commercial kit (Vector, Burlingame, Calif) before incubation with one of 

the following primary antibodies: mouse-anti-CD45 (1:50; AbD Serotec, Hercules, Calif), 

mouse-anti-RAM11 (1:50 for frozen samples and 1:200 for paraffin-embedded samples; 

Dako, Santa Clara, Calif), mouse-anti-Ki67 (1:50; Dako), or mouse-anti-a-smooth muscle 

actin (1:200; Sigma-Aldrich). This was followed by incubation with a biotin-goat-anti-

mouse secondary (1:200; BioLegends, San Diego, Calif), then a fluorescein isothiocyanate-

conjugated streptavidin (1:200; Dako). Sections were then mounted in a 4’,6-diamidino-2-

phenylindole (DAPI) mounting solution (Southern Biotech, Birmingham, Ala). Staining for 

apoptosis (terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end 

labeling [TUNEL]; Sigma-Aldrich) was performed using commercially available kits per the 

manufacturer’s protocol. Additional staining was also performed for neutrophils (mouse-

anti-rabbit RPN 3/57; Bio-Rad, Hercules, Calif) with a goat-anti-mouse Alexa Fluor 488 

secondary (Molecular Probes, Waltham, Mass). Three separate sections per graft were 

analyzed for all markers.

Reverse transcription-polymerase chain reaction (PCR).

Control veins and 3-day vein grafts were immediately stored in RNAlater after harvest. Total 

RNA was isolated using an RNeasy Micro Kit (Qiagen, Germantown, Md) with RNase-free 

DNase treatment according to the manufacturer’s protocol. Total RNA from each specimen 

was used to generate complementary DNA using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, Calif) for subsequent reverse 

transcription-PCR reactions. SYBR Green-amplified DNA was detected by incorporation of 

SYBR Green (Applied Biosystems). Dissociation curve analyses were performed to confirm 

the specificity of the SYBR Green signal. Data were normalized to two reference genes and 

subsequently to untreated bypass (bypass-only) grafts. PCR parameters included an initial 

10-minute denaturation step at 95°C, followed by a cycling program of 95°C for 10 seconds 

and 60°C for 30 seconds for 40 cycles (CFX96 Real-Time System; Bio-Rad).
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Morphometric and collagen analysis.

After fixation in 4% formaldehyde and processing in 70% ethanol, specimens harvested at 

28 days were paraffin embedded; 6-μm sections were taken throughout the graft, excluding 

the regions immediately adjacent to the anastomotic cuffs. Sections were stained with an 

Elastin Kit (Thermo Fisher Scientific, Waltham, Mass), and analysis was performed using 

ImageJ (National Institutes of Health, Bethesda, Md). At least five equally spaced sections 

of the bypass grafts were analyzed for each specimen. Standard morphometric 

measurements were recorded, including luminal area, neointimal area (area inside the 

innermost elastic lamina minus luminal area), and medial area (area inside the outermost 

elastic lamina minus area inside the innermost elastic lamina). Luminal radius, neointimal 

thickness, and medial thickness were then calculated from the respective area measurements 

using standard formulas.32 Total vessel thickness was calculated as the neointimal thickness 

plus the medial thickness and excluded the adventitia. Collagen deposition was evaluated by 

trichrome stain (American MasterTech, Lodi, Calif), with total blue (collagen) staining 

quantified using ImageJ software. Positive cell markers were normalized to either total 

DAPI-positive cells or vessel area as noted.

Statistical analysis.

Initial comparisons between groups were performed using one-way analysis of variance on 

all data sets. Nonpaired, two-tailed Student t−tests were used for individual group 

comparisons, with Bonferroni correction for multiple comparisons.

RESULTS

Adventitial delivery of RvD1 to vein grafts is enhanced by PLGA films.

A rabbit model of carotid bypass was used to study the effects of local perivascular delivery 

of RvD1 to vein grafts. Delivery of RvD1 was achieved through either a thin bilayered 

PLGA wrap or a 25% Pluronic gel immediately after completion of the vein bypass (Fig 1, 

A–C). Rabbits (total N = 80) were divided into five different groups: bypass only, bypass 

with vehicle wrap, bypass with RvD1 wrap, bypass with vehicle gel, and bypass with RvD1 

gel. There were no observed differences in postoperative mortality (3%), thrombosis (23%), 

or major wound complications (4%) across treatment groups. A total of 60 patent bypass 

grafts were explanted for the analyses described (Supplementary Table I, online only).

LC-MS/MS analysis of vein grafts harvested 3 days after bypass demonstrated increased 

levels of RvD1 in the vessel wall for the RvD1-loaded perivascular wrap group (Fig 1, D and 

E). There were no detectable tissue levels of RvD1 3 days after vehicle-loaded wrap 

treatment vs a mean of 401.2 pg RvD1 per gram of tissue 3 days after application of the 

RvD1-loaded wraps (n = 3). Of note, RvD1 was not detected in the graft tissue 3 days after 

Pluronic gel treatment (n = 1; data not shown). The ratio of RvD1 to the proinflammatory 

lipid mediator LTB4 in graft tissue was increased in the RvD1 wrap treatment group (n = 3; 

Fig 1, F and G).
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Local perivascular delivery of RvD1 decreases early inflammatory cell infiltration into vein 
grafts.

Infiltration of total leukocytes and macrophages at 3 days was analyzed by immunostaining 

for CD45 and RAM11, respectively (Fig 2, A and B). Cell infiltration was normalized to 

total vessel area and compared between treatment groups. Ungrafted (control) veins had 

minimal leukocytes and macrophages (<40 positive cells/mm2 for both CD45 and RAM11). 

Untreated (bypass-only) vein bypass grafts demonstrated increased CD45+ cellularity (1133 

cells/mm2) and RAM11+ cellularity (304 cells/mm2) at 3 days after bypass. CD45+ 

cellularity was 1282 cells/mm2 in the vehicle gel group, 360 cells/mm2 in the RvD1 gel 

group, 766 cells/mm2 in the vehicle wrap group, and 247 cells/mm2 in the RvD1 wrap group 

(Fig 2, A). Leukocyte infiltration was demonstrated in all layers of the vessel wall (Fig 2, C–
E). RAM11+ cellularity was 239 cells/mm2 in the vehicle gel group, 117 cells/mm2 in the 

RvD1 gel group, 545 cells/mm2 in the vehicle wrap group, and 209 cells/mm2 in the RvD1 

wrap group (Fig 2, B). Macrophage infiltration was demonstrated in all layers of the vessel 

wall (Fig 2, F–H). Neutrophil infiltration was assessed with staining for RPN 3/57. RPN 

3/57+ cellularity was 36 cells/mm2 for ungrafted (control) veins, 80 cells/mm2 in the 

untreated (bypass-only) graft group, 119 cells/mm2 in the vehicle gel group, and 27 

cells/mm2 in the RvD1 gel group (P < .05 for RvD1 gel vs vehicle gel; Supplementary Fig 1, 

A, online only). Neutrophil infiltration was demonstrated in all layers of the vessel wall 

(Supplementary Fig 1, B-D, online only).

Local perivascular delivery of RvD1 does not alter proinflammatory gene expression in 
early vein grafts.

Gene expression at 3 days after injury was investigated in control and gel-treated bypass 

grafts, with specific attention to interleukin (IL) 1α, IL-1β, IL-RA, IL-6, IL-8, IL-10, heme 

oxygenase 1, monocyte chemotactic protein 1, tumor necrosis factor α, transforming growth 

factor β, and endothelial nitric oxide synthase (Supplementary Table II, online only). Target 

gene expression was normalized to two housekeeping genes (HPRT, GAPDH) and 

subsequently to untreated (bypass-only) vein grafts. No signifi-cant effects on expression of 

these target genes were noted across treatment groups (Supplementary Fig 2, online only). 

There was significant variability in expression levels noted between specimens within each 

group.

Local perivascular delivery of RvD1 decreases cell proliferation after vein grafting.

Proliferation was quanti-fied by the Ki67 index (total number of Ki67-positive cells divided 

by the total number of nucleated cells) 3 days after bypass (Fig 3, A–F). Ungrafted (control) 

veins demonstrated minimal proliferation (<1%). Proliferation was pronounced in vein 

grafts 3 days after bypass, with no difference between the bypass-only group (36%) and 

either the vehicle gel group (37%) or the vehicle wrap group (41%). Perivascular application 

of RvD1 gels demonstrated 20% proliferation at 3 days after bypass (P < .01 vs bypass only 

and vehicle gel). Perivascular application of RvD1 wraps demonstrated 24% proliferation at 

3 days after bypass (P < .05 vs vehicle wrap). Proliferation was less evident at 28 days after 

bypass (Ki67 index <1% across all groups, not shown). There were no significant 

differences in proliferation between the groups at 28 days after bypass.
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Apoptosis in early grafts (3 days after bypass; control and gel-treated groups) was assessed 

by TUNEL staining. The percentage of TUNEL-positive nuclei was 4.7% for ungrafted 

(control) veins, 4.0% in the untreated (bypass-only) graft group, 5.1% in the vehicle gel 

group, and 14.9% in the RvD1 gel group (P < .05; Supplementary Fig 3, A, online only). A 

significant fraction of apoptotic cells in the RvD1-treated grafts were double stained for 

RPN 3/57, indicating the appearance of apoptotic neutrophils (Supplementary Fig 3, B, 

online only).

Local perivascular delivery of RvD1 attenuates vein graft neointimal hyperplasia.

Morphometric analysis of grafts explanted 28 days after bypass (Fig 4, A–E) demonstrated 

decreased neointimal formation after perivascular delivery of RvD1. α-Smooth muscle cell 

actin and DAPI staining were used to further characterize the neointimal lesions (Fig 4, F–J). 

The cellular composition of the neointima appeared similar for all groups, predominantly 

actin-positive VSMCs. Quantification of the neointimal thickness, medial thickness, and 

total vessel thickness was performed using at least five equally spaced sections along the 

nonanastomotic vein for each bypass graft. Mean neointimal thickness at 28 days after 

bypass was 112 μm in the bypass-only group, 119 mm in the vehicle gel group, 44 μm in the 

RvD1 gel group, 82 μm in the vehicle wrap group, and 56 μm in the RvD1 wrap group (Fig 

4, K). The medial thickness was similar for all groups. Total vessel thickness (intima and 

media) at 28 days after bypass was 144 μm in the bypass-only group, 154 μm in the vehicle 

gel group, 78 μm in the RvD1 gel group, 112 μm in the vehicle wrap group, and 84 μm in 

the RvD1 wrap group (Fig 4, L).

Delivery of RvD1 attenuates host response to PLGA wraps at 28 days.

Grafts explanted 28 days after bypass were also stained for CD45 and RAM11 to detect 

leukocyte and macrophage infiltration, respectively (Fig 5, A–F). There was minimal 

leukocyte infiltration at 28 days in control bypass grafts and grafts treated with Pluronic gel 

(RvD1 or vehicle). Leukocyte infiltration was noted at 28 days with both PLGA device 

groups, with significantly less infiltration observed in the RvD1 wrap group compared with 

the vehicle wrap group (19% vs 6%; P < .02; Fig 5, G). Similarly, there was minimal 

macrophage infiltration in control bypass grafts and grafts treated with Pluronic gel (RvD1 

or vehicle). Macrophage infiltration was noted at 28 days with both PLGA device groups, 

with significantly less infiltration observed in the RvD1 wrap group compared with the 

vehicle wrap group (10% vs 20%; P < .0005; Fig 5, H).

Local perivascular delivery of RvD1 after vein bypass reduces collagen deposition and 
does not impair positive graft remodeling.

The perivascular fibrotic response was quantified by trichrome (collagen) staining in grafts 

explanted 28 days after bypass (Fig 6, A–F). There was no difference in collagen content 

between the bypass-only (813 arbitrary units [AU]), vehicle gel (1068 AU), and vehicle 

wrap (573 AU) groups. Mean collagen deposition in the RvD1 gel group was 493 AU (P < .

05 vs vehicle gel). Mean collagen deposition in RvD1 wraps was 260 AU (P < .05 vs bypass 

only). Positive (outward) lumen remodeling of the vein bypass grafts was not compromised 

by perivascular delivery of RvD1 or by any of the adventitial treatments. At 28 days, the 

mean lumen radius was 1.71 mm for the bypass-only group, 1.49 mm for the vehicle gel 
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group, 1.80 mm for the RvD1 gel group, 1.47 mm for the vehicle wrap group, and 1.59 mm 

for the RvD1 wrap group (analysis of variance = 0.09; Fig 6, G).

DISCUSSION

Despite advances in drug elution technology, restenosis continues to plague vascular 

intervention, and thus considerable interest remains in identifying new approaches to reduce 

vessel injury and to improve healing. In particular, venous and prosthetic bypass grafts are 

still frequently employed to treat PAD, with no currently available treatment that prevents 

restenosis in these surgical settings. Recent investigations suggest that the evolving 

pharmacobiology of resolution may offer new candidate vascular therapeutics.34 SPMs are 

naturally occurring autacoids and exert homeostatic effects across a range of disease models 

with biologic activity in picomolar to nanomolar concentrations.10 In this study, we found 

that RvD1 delivered to the external surface of rabbit vein grafts at the time of implantation 

through either a Pluronic gel or a PLGA film reduced neointimal hyperplasia at 28 days by 

50% to 61% compared with bypass-only controls. Whereas the molecular mechanisms 

require further elucidation, our results suggest that reduced acute inflammatory responses as 

well as antiproliferative activity in the graft wall are likely to be involved in this effect.

Protective effects of SPMs have been previously demonstrated in various models of acute 

vascular injury. SPMs decrease leukocyte-endothelial cell interactions, potentially through 

upregulation of endothelial cell nitric oxide production and decreased expression of 

adhesion molecules on both leukocytes and endothelial cells.14,16,18,35 SPMs attenuate 

inflammatory cytokine-induced activation of both the nuclear factor kB pathway and 

reactive oxygen species within endothelial cells.18,36,37 Similar effects have been reported in 

VSMCs.18–20,31 Attenuation of growth factor-stimulated VSMC migration by SPMs has 

been observed in vitro.17,19–21,31 RvD1 exposure induces cytoskel etal changes in VSMCs 

corresponding to an antimigratory phenotype,17,19,31 probably through the cyclic adenosine 

monophosphate-protein kinase A pathway.38 Furthermore, SPMs have shown modest 

antiproliferative effects on VSMCs both in vitro19–21,31 and in vivo.19,20,31

Whereas previous studies have investigated effects of SPMs on neointimal hyperplasia after 

acute arterial injury, this study demonstrates potential efficacy of local delivery of SPMs in 

inhibiting neointimal hyperplasia within vein bypass grafts.19–21,31 The role of inflammation 

in vein graft disease has been well described.8,9,39 Trauma during vein harvest and 

hemodynamic stresses associated with arterialization lead to activation of inflammatory 

pathways, local expression of cytokines, and infiltration of neutrophils and monocytes. This 

inflammatory milieu stimulates VSMC dedifferentiation, migration into the intima, and 

proliferation within the neointima. Although a certain degree of vein graft hyperplasia is 

adaptive for the arterial circulation, excessive inflammation results in exuberant hyperplasia 

in the vessel wall and subsequent graft stenosis.8,9,39 An antiproliferative strategy targeting 

the transcription factor E2F failed to reduce vein graft failure in either the coronary or 

peripheral circulation.5,40 Therapeutic approaches to prevent bypass graft failure remain an 

important unmet need, and there are significant risks associated with cytotoxic or anti-

inflammatory therapies within a surgical environment.28,29 Thus, the potential for 
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pharmacologic agents that promote the resolution of inflammation is of particular interest in 

this arena.

This study and others provide a foundation for continued evaluation of SPMs in the 

modulation of vascular injury and repair. Recent work has described biosynthetic pathways 

of SPMs in vascular tissues, signaling mechanisms, and vascular cell-specific responses to 

various SPMs.34,38,41 Definition of a “resolution index” biomarker after acute vascular 

injury, similar to that employed in other models of sterile inflammation (eg, peritonitis), 

could also be useful as a surrogate end point for translational studies.13,42,43 Along these 

lines, we observed an increase in the ratio of RvD1 to the proinflammatory lipid mediator 

LTB4 in vein grafts treated with RvD1-loaded films. We and others have previously found 

that the ratio of RvD1 to LTB4 is associated with features of stable atherosclerotic plaques in 

humans and that this ratio may be a useful systemic biomarker of vascular disease (eg, 

carotid intima-media thickness).44,45

This study provides only limited insight into the mechanisms through which RvD1 reduced 

vein graft neointima in this model. However, our data, taken in context with previous 

studies, suggest effects of RvD1 on both early inflammation and cellular proliferation within 

the vessel wall. We were not able to reliably determine the specific cell types undergoing 

proliferation within the grafts, nor were we able to characterize macrophage phenotype (M1/

M2). Of note, whereas SPMs have not previously demonstrated toxicity either in 

vitro17,19,20,31 or in vivo,31 we observed increased apoptosis with adventitial RvD1 

treatment in early vein grafts in this study. A significant fraction of the TUNEL-positive 

cells were neutrophils (Supplementary Fig 3, B, online only), consistent with previous 

reports demonstrating that SPMs stimulate neutrophil apoptosis.46–48 Neutrophil apoptosis 

is a characteristic feature of transition to the resolution phase. To gain further insight into 

both endogenous and pharmacologic resolution, a better understanding of tissue- specific 

expression of SPM receptors, such as those for RvD1 (ALX/FPR2 and GPR3210,19,35,49,50), 

and how they are regulated after vascular injury is needed. Receptors and specific 

mechanisms through which RvD1 affects rabbit vein grafts after bypass require further 

study. The pharmacokinetics of perivascular delivery of SPMs also needs to be better 

defined in future translational studies.

Optimizing a perivascular drug delivery strategy for surgical applications such as bypass 

grafting is a challenge. The ideal approach would provide adequate pharmacokinetics of the 

therapeutic agent in the target cells, with minimal adverse effects on the vessel and 

surrounding tissues. The perivascular PLGA film used in this study is thinner and allows 

better surgical handling and compliance with the vessel wall than the first-generation device 

used in our previously published study.31 Of note, we observed a modest but significant host 

inflammatory response to the films at 28 days after implantation. The release of RvD1 

attenuated this response; however, continued attention to optimization of the biodegradable 

delivery system will be important moving forward. In subsequent development of this 

approach, we have transitioned production of the films to a medical-grade PLGA source 

material and identified significantly reduced macrophage responses in a rabbit perivascular 

model (Supplementary Fig 4, online only). Further work is needed to optimize the delivery 

platform for SPMs in the cardiovascular arena.
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The external scaffold provided by the PLGA wrap was potentially a confounding factor in 

the study as we observed a 24% decrease in neointimal formation at 28 days in comparing 

the vehicle wrap group with the bypass-only group (P = .081). Although this finding was not 

statistically significant, decreased neointimal formation with an external polymer scaffold 

has been well described in the experimental vein graft literature and is thought to be due to 

reduction in hemodynamic stresses (ie, decreased wall tension).51–53

The decreased neointimal response observed in the vehicle wrap group likely explains the 

absence of statistical significance in comparing the RvD1-loaded wrap with the vehicle wrap 

treatments (32% reduction; P = .085). This response was not seen with Pluronic gel-treated 

grafts, in which RvD1 gel treatment demonstrated significant attenuation of neointimal 

hyperplasia compared with the vehicle gel group (63% reduction; P < .001). Whereas 

external scaffolding may provide hemodynamic benefit during vein graft remodeling, 

restriction of positive remodeling and inflammation associated with Dacron and nitinol 

scaffolds investigated to date have rendered them ineffective when advanced to human trials.
9,54,55 In contrast, the thin-film PLGA devices used in this study did not compromise 

positive remodeling of the vein grafts, and further development of this approach is justified.

In summary, these data demonstrate biologic efficacy of RvD1 in a rabbit model of vein 

graft hyperplasia; however, the pharmacokinetic requirements remain unclear. Pluronic gel is 

rapidly degraded in vivo, yet a significant beneficial effect for RvD1 gel treatment was seen 

on vein graft neointimal thickness at 28 days, suggesting that early bioavailability of RvD1 

in high concentration may be adequate in this model. We hypothesize that more sustained 

delivery will be needed in larger animal preclinical models of bypass grafting. Moreover, the 

thin PLGA film device described provides consistent, controllable dosing and direct 

application in a surgical field, such as at a vascular anastomosis. Further studies are needed 

to define the best formulation and delivery approach for SPM-based therapeutic strategies in 

venous or prosthetic bypass grafting.

CONCLUSIONS

Perivascular delivery of RvD1 using either a gel matrix or a biodegradable film significantly 

attenuated neointimal hyperplasia in a rabbit model of autologous vein bypass. The short-

term results observed in this study provide optimism to further evaluate perivascular delivery 

of SPMs in larger animal models of vascular injury and bypass grafting. We hope that these 

studies will eventually translate to clinical application in the prevention of restenosis and 

bypass graft failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ARTICLE HIGHLIGHTS

• Type of Research: Experimental study using a rabbit carotid vein graft model

• Take Home Message: The authors found that perivascular delivery of 

resolvin D1 reduced leukocyte recruitment and cell proliferation to inhibit 

vein graft hyperplasia.

• Recommendation: Proresolving lipid mediators such as resolvin D1 may be 

a new class of therapeutics to inhibit the response to vascular injury.
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Fig 1. 
Perivascular delivery of resolvin D1 (RvD1) to vein grafts in a rabbit carotid bypass model. 

Poly(lactic-coglycolic acid) (PLGA) films (“wraps”) were constructed using a thin bilayered 

design, with 1 μg of RvD1 loaded between layers of 50% and 85% PLGA. A, A 

representative scanning electron microscopy film is shown. B, The thin (<10 μm) design 

facilitated compliance to the vein graft wall in vivo. C, Alternatively, 1 mg of RvD1 was 

delivered through a Pluronic gel construct. In vitro studies demonstrated directional drug 

release from the wrap construct but not from the gels (data not shown). D, Liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) from vein grafts harvested 3 days 

after bypass demonstrated delivery of RvD1 to the vessel wall with RvD1-loaded wraps. E, 

There was no detectable RvD1 at 3 days after bypass with vehicle (Veh) wraps. F and G, 

There was no detectable RvD1 from vein grafts treated with vehicle and RvD1 gels (n = 1; 

data not shown). RvD1-loaded wrap treatment resulted in an increase in the ratio of RvD1 to 

leukotriene B4 (LTB4; n = 3). ND, Not detected.
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Fig 2. 
Perivascular delivery of resolvin D1 (RvD1) decreases inflammatory cell infiltration into 

vein grafts 3 days after bypass. Jugular veins were harvested and used as ipsilateral carotid 

interposition grafts in a rabbit model. RvD1 or vehicle (Veh) was delivered to the vein graft 

at time of bypass through perivascular application of a thin bilayered poly(lactic-co-glycolic 

acid) (PLGA) wrap or 25% Pluronic F127 gel. Treatment groups consisted of no treatment 

(bypass only) and perivascular application of vehicle gels, RvD1 gels, vehicle wraps, or 

RvD1 wraps (n = 3–5). A total of 1 μg of RvD1 was delivered for each drug-loaded group 

(gel and wrap). Vein grafts were harvested at 3 days after bypass and stained for CD45 and 

RAM11 to detect leukocyte and macrophage infiltration into the vessel wall. 4’,6-

Diamidino-2-phenylindole (DAPI) nuclear counterstaining was also performed. A and B, 

Quantification of leukocyte and macrophage infiltration was performed using three sections 

from each graft and normalized to wall area. Inflammatory cells were demonstrated 
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throughout the vessel wall. C-H, Representative images (CD45 and RAM11, green; DAPI, 

blue). ANOVA, Analysis of variance.
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Fig 3. 
Perivascular delivery of resolvin D1 (RvD1) inhibits proliferation within vein grafts 3 days 

after bypass. Vein grafts were harvested at 3 days after bypass and stained for Ki67 to detect 

proliferation (green). 4’,6-Diamidino-2-phenylindole (DAPI) counterstaining was also 

performed (blue). The Ki67 index was calculated by the number of Ki67-positive cells in the 

vessel wall divided by the total number of nucleated (DAPI-positive) cells. A-E, 

Representative images. F, Quantitative analysis was performed using three sections from 

each graft. ANOVA, Analysis of variance; L, lumen; Veh, vehicle.
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Fig 4. 
Perivascular delivery of resolvin D1 (RvD1) attenuates neointimal hyperplasia within rabbit 

vein grafts. Treatment groups consisted of no treatment (bypass only, n = 7) and perivascular 

application of vehicle (Veh) gels (n = 7), RvD1 gels (n = 7), vehicle wraps (n = 9). A total of 

1 μg of RvD1 was delivered for each group (gel or wrap). A-E, Vein grafts were harvested at 

28 days after injury, and elastin staining was performed to facilitate morphometric analysis. 

F-J, Further characterization of the neointima was performed by staining for α-smooth 

muscle actin (green), followed by nuclear counterstaining with 4’,6-diamidino-2-

phenylindole (DAPI; blue). The cellular composition of the neointima appeared similar for 

all groups. K and L, Quantification of the neointimal thickness, medial thickness, and total 

vessel thickness was performed. ANOVA, Analysis of variance.
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Fig 5. 
Delivery of resolvin D1 (RvD1) attenuates host response to poly(lactic-co-glycolic acid) 

(PLGA) films at 28 days. Control and treated vein grafts were harvested at 28 days after 

bypass and stained for CD45 to detect leukocyte infiltration (brown, A-C) and RAM11 to 

detect macrophage infiltration (brown, D-F). The percentage area of CD45 and RAM11 

positivity was calculated by dividing the positively stained area by the total area of the vessel 

wall. G and H, Quantitative analysis demonstrated significantly reduced leukocyte and 

macrophage infiltration in response to RvD1 wraps compared with vehicle (Veh) wraps, 

with minimal staining in control bypass grafts and grafts treated with Pluronic gel (RvD1 or 

vehicle). ANOVA, Analysis of variance.
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Fig 6. 
Perivascular delivery of resolvin D1 (RvD1) after vein bypass reduces collagen deposition 

and fibrosis. A-E, Vein grafts were harvested at 28 days after implantation, and trichrome 

staining was performed to assess collagen (fibrosis) response. F, Quantification of the 

collagen staining (blue) was performed using ImageJ. Vein grafts demonstrate positive 

(outward) remodeling within the first few weeks of implantation. G, This positive 

remodeling was not compromised by perivascular delivery of RvD1 or vehicle (Veh). 

ANOVA, Analysis of variance; AU, arbitrary units.
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