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Abstract
Neointimal hyperplasia (NIH) in bypass conduits such as veins and prosthetic grafts is an
important clinical entity that limits the long-term success of vascular interventions. Although the
development of NIH in the conduits shares many of the same features of NIH that develops in
native arteries after injury, vascular grafts are exposed to unique circumstances that predispose
them to NIH, including surgical trauma related to vein handling, hemodynamic changes creating
areas of low flow, and differences in biocompatibility between the conduit and the host
environment. Multiple different approaches, including novel surgical techniques and targeted gene
therapies, have been developed to target and prevent the causes of NIH. Recently, the PREVENT
trials, the first molecular biology trials in vascular surgery aimed at preventing NIH, have failed to
produce improved clinical outcomes, highlighting the incomplete knowledge of the pathways
leading to NIH in vascular grafts. In this review, we aim to summarize the pathophysiologic
pathways that underlie the formation of NIH in both vein and synthetic grafts and discuss current
and potential mechanical and molecular approaches under investigation that may limit NIH in
vascular grafts.
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Neointimal hyperplasia (NIH) is an important clinical entity in vascular surgery because it
limits the long-term effectiveness of surgical and endovascular interventions. NIH is usually
defined in an artery as thickening of the intimal layer after an injury such as angioplasty,
stenting or surgical repair. NIH is also used to describe the thickening of venous and
prosthetic bypass grafts that leads to reduced lumen diameter and flow and, ultimately, graft
occlusion and thrombosis. NIH affects all forms of vascular grafts, including both venous
and prosthetic conduits used in coronary and peripheral arterial bypass, and arteriovenous
fistulae (AVF) created for hemodialysis access. Since the 1970s, ‘intimal and neointimal
fibrous proliferation’ has been recognized as a cause of restenosis and graft failure [1]. An
estimated 30–60% of vascular grafts are complicated by clinically detectable NIH, with the
incidence and clinical consequences varying depending on the type of graft. Despite the
commonplace development of NIH, which is usually asymptomatic in its early forms,
successful surgical bypass is associated with improved quality of life in patients with critical
limb ischemia [2], potentially tempting patients to ignore surveillance of their bypass and
miss the opportunity to diagnose and treat NIH in its early stages.

Although it is tempting to assume that the processes leading to NIH, and its treatment, are
similar regardless of its location in the vascular system, new findings indicate this may not
be true. Vascular grafts, be they venous or synthetic conduits used on peripheral bypass or
AVF, are exposed to unique factors predisposing them to NIH that are not experienced by
native arterial vessels. In this review, we focus on the histologic and pathophysiologic
processes leading to NIH in peripheral bypass grafts, and its treatment.

Histology & pathophysiology of NIH
Arteries and veins are composed of three layers: the intima, media and adventitia; the media
and adventitia are markedly thicker in arteries compared with veins. In the vein, the intima is
formed by a single layer of squamous epithelium that rests atop an elastic basement
membrane. The middle layer consists of a thin layer of smooth muscle cells (SMCs),
whereas the outermost layer, the adventitia, is made up of connective tissue elements. In
both arterial and venous NIH, there is fibroblast and SMC accumulation in the intima with
extracellular matrix (ECM) deposition. The result of this excessive cellular deposition is
expansion of the intimal layer, termed the ‘neointima,’ which is associated with loss of
luminal area. Interestingly, the medial layer in arterial NIH tends to remain thin despite
increased thickness of the intimal layer. This is in contrast to vein graft adaptation, where
there is also concurrent expansion of the media [3]. The histologic changes observed in NIH
are shown in Figures 1 & 2.

The processes that regulate formation and expansion of NIH have been an intense focus of
investigation. NIH lesions are the result of the individually complex processes of cell
proliferation, cell migration and ECM deposition. SMCs in normal vessels are characterized
by a low rate of proliferation and cell turnover, and differentiation into a mature phenotype
that functions to contract and relax as needed by the function of the vessel. Under the
pathologic conditions where NIH develops, the neointimal volume is composed of large
numbers of SMCs, the origin of which is unclear. Several theories as to the origin of these
neointimal SMCs have been proposed. First, proliferation and migration of SMCs requires a
change in the SMC phenotype from a mature differentiated ‘contractile’ phenotype to a
dedifferentiated ‘synthetic’ phenotype characterized by a high proliferation rate, increased
cell migration and increased synthesis of cytoskeletal and contractile proteins [4]. These
‘synthetic’ dedifferentiated SMCs are one source of the active SMCs present within the
NIH. The growth factors PDGF, EGF and FGF and other inflammatory cytokines such as
IL-6 and IL-8 are found in endothelial cells, SMCs, macrophages and platelets, and are
believed to be responsible for SMC activation, phenotype switching and proliferation,
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whereas IGF-1 may block this process. Vein grafts with significant NIH express increased
levels of inflammatory cytokines [5,6], and Kenagy et al. reported that the response of
cultured SMCs taken from vein grafts at the time of implantation to PDGF correlates with
the later development of graft stenosis [7].

In addition to phenotype switching, it has also been proposed that fibroblasts residing in the
adventitia are capable of transformation into ‘myofibroblasts’ that migrate through the
media to become SMCs within the developing neointima [8]. A third theory is that bone
marrow-derived circulating progenitor cells may hone to the site of vascular injury,
incorporate into the vessel wall and differentiate into the endothelial cell, myofibroblast or
synthetic SMC. In a mouse model of postangioplasty restenosis, these bone marrow-derived
circulating progenitor cells contributed the majority of both endothelial cells and SMCs
within the NIH lesion found after femoral artery angioplasty [9]. Other circulating cells,
such as platelets and monocytes, may interact with the graft to ultimately determine the
formation and composition of the neointima [6].

Signal transduction pathways that regulate cell proliferation, such as Ras–MAPK and PI3K–
Akt, are also active in NIH. The MAPK pathway is a signal-amplification pathway
involving multiple cascades of protein kinases that ultimately activate transcription factors,
such as Elk-1 and Sap1, to stimulate proliferation, migration and differentiation. The Akt
pathway is an insulin-sensitive cascade that responds to ambient nutrition levels and signals
through the mTOR complex to stimulate cell growth, survival, proliferation and cell cycling
[4]. Cell migration is promoted by VEGF, PDGF, basic FGF (bFGF), TGF-β, ECM
components, angiotensin-II, thrombin and endothelin-1, which regulate downstream effects
such as actin polymerization, focal intercellular and matrix adhesion changes, microtubule
remodeling and myosin force generation. The Rho kinase G proteins Cdc42, Rac and Rho
are intimately involved in actin filament formation, whereas focal adhesion kinase and Src
are key regulators of the changes in adhesion molecules [10]. In addition to cell migration
and proliferation, ECM production and deposition are important to neointimal formation.
The growth factors PDGF and TGF-β, and angiotensin-II, alter the ECM components
synthesized and secreted by SMCs, and bFGF decreases elastin production. ECM
remodeling is driven by the balance of matrix synthesis and degradation and is regulated by
matrix metalloproteinases (MMPs) and the MMP inhibitors tissue inhibitors of
metalloproteinases and reversion-inducing cysteine-rich protein with kazal motifs [4].

Although the processes regulating NIH have been studied for decades, they remain complex
processes that are incompletely understood. In in vivo lesions, cell migration and infiltration,
cell proliferation and secretion of matrix-degrading enzymes are regulated by complex and
overlapping endocrine, paracrine and juxtacrine signals. Although it is tempting to assume
that a single critical pathway may be targeted for the therapeutic inhibition of NIH, the
failure of the PREVENT trials, as detailed below, demonstrates that additional research is
required to completely understand the molecular pathways regulating NIH in native vessels.

The processes that underlie NIH leading to failure of prosthetic grafts are less well
understood. NIH immediately adjacent to the venous anastomoses of AVF have been well
documented and share many of the same features described earlier [11,12]; however,
relatively few studies have described the characteristics of NIH in the prosthetic grafts
themselves. Histologically, the NIH found within explanted prosthetic grafts shows some
features similar to NIH in arteries and is characterized by fibroblasts, ECM deposition and
thrombi [13]; however, important differences exist. In a recent study of 48
polytetrafluoroethylene (PTFE) grafts, Mehta et al. also noted calcification present in the
neointima and within the graft material itself, with the degree of calcification varying with
the duration of graft implantation [14]. Although NIH in prosthetic grafts is most prominent
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at the anastomosis, it may occur at any point along the graft; it is unclear whether SMCs and
fibroblasts present in the neointima of prosthetic grafts are the result of cellular migration
from adjacent vessels or through the graft matrix, or whether these cells are seeded and
expanded from circulating progenitor cells. The pathophysiologic changes leading to NIH
are summarized in Figure 3.

NIH in vascular grafts
Although the pathophysiologic processes underlying NIH arteries after angioplasty and
stenting have been well studied, there are important considerations for vascular grafts not
experienced by arterial vessels that predispose these grafts to NIH. These include surgical
trauma, mechanical forces at the anastomotic site and, in the case of prosthetic conduits,
biocompatibility. In addition, the length and caliber of the harvested vein also affect vein
graft patency, with grafts >50 cm and vein diameter <3.5 mm associated with reduced
patency [15].

Vein harvesting for use as a conduit involves surgical trauma to the vein at several stages of
the procedure. There is trauma directly related to handling of the vessel, a hypoxic period
between the excision of vein and reperfusion after completion of the anastomoses, and loss
of adventitial blood supply [16,17]. Manipulation of the vessel can lead to spasm, and
resultant changes in the vessel’s responses to hemodynamic stresses probably contribute to
NIH [18,19]. Ischemia time and mechanical instrumentation of the vein during harvest,
especially during dilation, to check for leaks and unligated side branches results in
endothelial disruption, thereby exposing the media to proinflammatory and procoagulant
blood components [19]. Both warm saline and hydrostatic dilatation may be harmful to the
vein, and this injury is manifested by the platelet coating of the endothelium for several days
after graft preparation [20]. In addition, vein harvesting results in disruption of the
adventitial blood supply and affects its nervous innervations by removal of the vein from its
bed. The net result of surgical handling is vasospasm and inflammatory changes with release
of cytokines that promote NIH [21]. Examination of vein grafts in a canine model showed
significant changes after only 3–7 days of arterial flow, with inflammation of the
subendothelium, media and adventitia, and fragmentation of myocytes with subendothelial
hemorrhage and endothelial denudation [22].

Hypoxia experienced by the vein before reperfusion can also result in generation of free
radicals that have the capacity to damage cell proteins, lipids and DNA via reactions with
molecular oxygen. One consequence of increased free radicals is the upregulation of MMPs:
MMPs degrade ECM proteins such as elastin and collagen that are present in the internal
elastic lamina, thus allowing migration of SMCs from the media into the developing
neointima. Conversely, the ability of MMPs to degrade the ECM may also facilitate
beneficial outward remodeling and dilation of the injured arterial segment or the vein graft
[23].

Hemodynamic forces, including shear stress and transmural pressure, also play an important
role in the formation of NIH within vascular grafts. The creation of the new anastomosis
changes the normal vessel hemodynamics because the newly created anastomosis inherently
forms areas of turbulence and low shear stress, both at the site of the anastomosis and in the
downstream venous segment [19]. These areas, which are similar to native vessel branch
points, predispose the new anastomosis to NIH [24]. Loth et al. demonstrated an inverse
relationship between wall shear stress and the development of NIH [25]. Unlike native
vessels, in which the endothelium is the only vessel component directly exposed to the shear
stress, the endothelium of vascular grafts is frequently denuded as described above, thereby
directly exposing the underlying SMCs and fibroblasts to increased magnitudes of shear
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stress. In addition to the effects of shear stress, vein grafts and native vessels on the venous
side of an AVF are exposed to arterial pressures and experience a ten fold increase in
intramural wall stress from the increased luminal pressures [19]. Numerous studies have
demonstrated that increased wall stress activates transcription factors involved in regulating
PDGF and PDGF receptors and in interacting with MAPK and Akt pathways, all of which
have been shown to play a role in the formation of NIH [26–29]. In the case of prosthetic
grafts, these hemodynamic forces are complicated by compliance mismatch between artery
and vein and the prosthetic material, which further alters hemodynamic forces and
predisposes to the formation of NIH.

The interaction of prosthetic graft material with host tissue may intrinsically contribute to
NIH. Histologic studies have demonstrated large numbers of inflammatory cells present near
the anastomosis of polytetrafluoroethylene (PTFE) grafts, including the presence of giant
cells [11,30]. In addition to expressing pro-inflammatory cytokines, these inflammatory cells
have been found to express PDGF and VEGF [13]. Inflammation as a mechanism of NIH
has been studied extensively in the context of maturation of AVF and arteriovenous grafts
(AVG). Increased levels of inflammatory markers such as hsCRP, IL-6 and TNF-α have
been found in patients with failed AVF compared with lower levels in patients with patent
fistulae. The inflammatory reaction to an implanted prosthetic graft, such as PTFE or
Dacron, stimulates macrophage infiltration and activation, leading to synthesis and secretion
of bFGF and other inflammatory cytokines.

In addition to the above factors, grafts and fistulae created for dialysis access also
experience unique conditions that predispose to NIH. Dialysis access grafts are of short
length and have a wide diameter, high flow and low resistance outflow – as such, they
should theoretically have improved patency compared with the typical long-length, narrow-
diameter, lower-flow and high- resistance bypass used in the periphery. However, additional
factors decrease the patency of dialysis access grafts. Most importantly, dialysis access
grafts are placed in patients with uremia, who often also have increased circulating levels of
inflammatory markers [31,32], and they are subject to frequent, repeated injury to the graft
via the large-bore needlestick necessary for connection to the dialysis machine. Uremia is
associated with a higher baseline level of circulating cytokines and, thus, is a state of chronic
inflammation. Uremia has also been shown to be a predisposing factor for endothelial cell
dysfunction and venous NIH, even before fistula creation or graft implantation [33]. It is
likely that other metabolic derangements in the uremic patient also contribute to NIH. Other
potential pathophysiologic mechanism for the high rate of NIH in AVG is the extremely
high rate of blood flow in these grafts, resulting in turbulence and predisposition to
anastomotic NIH. Compliance mismatch between the vein or artery and graft material is an
additional factor that may predispose to NIH.

Although both AVF and AVG demonstrate high failure rates as a result of venous stenosis
and venous NIH, they have different mechanisms of failure. AVF are also associated with
perianastomotic stenosis that may lead to both early ‘failure to mature’ and late fistula
failure. Venous stricture development and presence of accessory veins may also lead to AVF
failure to mature [34]. In AVG, stenosis most commonly found at the graft–vein
anastomosis and perianastomotic venous sites most frequently leads to graft failure [12].

Treatment of NIH
Graft surveillance

There are no strategies that are currently approved and used widely to prevent NIH. The best
that clinicians can do currently is to detect and repair NIH as early as possible before graft
failure. Graft surveillance is most commonly performed with Doppler ultrasound evaluation,
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most frequently within the first 2 years of the surgery, which is the most prevalent time of
NIH formation. Early detection of nascent stenoses before manifestation as a thrombosed
graft allows the possibility of early intervention and graft life extension. As with any
preventative strategy, the cost–effectiveness of graft surveillance is dependent on proper
patient selection – that is, to focus on which patients are most likely to develop NIH and
clinically significant stenoses that lead to graft failure. One recent study showed no
improvement in outcome for surveillance of prosthetic grafts or femoral tibial vein grafts,
whereas above-knee popliteal and below-knee popliteal vein grafts did benefit from graft
surveillance; interestingly, prosthetic graft occlusions were often not preceded by detectable
lesions on ultrasound [35]. Another study reported that only those grafts with early
ultrasound abnormalities, detected within the first month, or ‘high-risk’ factors, such as war-
farin therapy, composite saphenous vein conduit or redo bypasses, benefited from long-term
graft surveillance [36]. As our knowledge of early molecular mediators of NIH increases,
surveillance and detection of molecular markers of NIH may provide increased accuracy and
information regarding optimal treatment times.

Mechanical interventions
Once NIH develops in a bypass graft, both percutaneous and mechanical interventions may
be used to attempt graft salvage. Angioplasty to treat NIH within vein grafts has been used,
although early studies showed high restenosis rates as early as 6 months after the procedure
[37,38]. Angioplasty is believed to injure the vein grafts in a similar manner to arterial
angioplasty, but the resultant lesions can be more unstable. Histologic examination of vein
grafts that have been treated with angioplasty show intimal thickening with fibrocollagenous
tissue, and fibrotic medial and adventitial layers, at both early and late (>1 year) time points.
As is the case with native arteries, late restenotic lesions after angioplasty showed changes
consistent with recurrent atherosclerosis [39]. The decision to intervene with angioplasty
must be weighed against the risk of graft rupture, especially in grafts >1 year old [40],
although some reports have demonstrated safety in stenotic but not occluded vein grafts
[41]. Although some studies show equivalent results of angioplasty compared with
traditional surgical revision of the graft [42], the majority of studies show angioplasty to be
inferior to surgical repair [43,44]. Recent studies have demonstrated the superiority of stent
grafts compared with angioplasty alone in the treatment of hemodialysis graft stenosis [32].

The use of stents to treat NIH in peripheral bypass grafts has not been well studied, but they
have been used more extensively in coronary bypass grafts. As with stent placement in the
arterial circulation, stenting in vein grafts risks inducing further NIH with subsequent vein
graft restenosis and occlusion. The use of bare-metal stents (BMS) has not been associated
with a survival benefit and long-term, 5-years event-free survival after BMS placement is
estimated to be only approximately 30% [45,46]. The early results with drug-eluting stents
in cardiac bypass grafts are mixed, with some studies showing reduced rates of restenosis
but no change in the rates of myocardial infarction or survival [47]. However, more recent
results from the Reduction of Restenosis In Saphenous Vein Grafts with Cypher® sirolimus-
eluting stent trial, which compared long-term outcomes for stenotic vein grafts treated with
either sirolimus-eluting stents or BMSs, showed increased long-term mortality compared
with patients treated with BMS, mainly due to sudden in-stent thrombosis [48]. Most
recently, the use of cutting-balloon angioplasty has emerged as a viable option in the
treatment of restenosis in infrainguinal bypass grafts, with studies demonstrating patency
equivalent to surgical repair and superior to angioplasty alone [43,49].

Open surgical revision has remained the gold standard for the treatment of stenoses in
bypass grafts. Surgical options include vein patch angioplasty, interposition grafting and
jump grafting. Patch angioplasty has been shown to be especially effective in the treatment
of focal lesions. In a study of 108 patients undergoing revision of infrainguinal vein bypass
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grafts, the 5-year patency was 84% after patch angioplasty, whereas the patency rates for
interposition and jump grafts were 65 and 73%, respectively [50]. Overall patency rates after
surgical correction are reported to be between 80 and 85% [51,52]. However, surgical
revision has significant drawbacks, including the need for additional conduit and the
technical challenges associated with operating in a re-do surgical field. Revision of tibial
grafts compared with popliteal grafts and the need for surgical reintervention after <1 year
have been associated with poor long-term outcomes [50]. Nonetheless, the overall excellent
results of surgical revision have led to the commonplace practice of tunneling the vein graft
subcutaneously, rather deeper in a subfascial anatomic plane, in anticipation of future
surgical revisions.

An alternative approach to the treatment of NIH has focused on reducing SMC proliferation.
Directed radiation has antiproliferative effects, and both endovascular and external-beam
delivery have been tested. Brachytherapy has been used extensively in coronary lesion
restenosis after BMS placement, with improved results over angioplasty or additional
stenting [53]. However, recent studies have shown improved outcomes with sirolimus-
eluting stents compared with brachytherapy at 3 years [54]. The BRAVO-I trial tested one
dose of endovascular radiation delivered to failing dialysis-access grafts and showed
improvement in target lesion revascularization, but not in overall patency at 6 or 12 months
[55]. Peripheral bypass intravascular brachytherapy for restenosis has been examined in a
limited manner, with studies showing no improvement in ankle–brachial index, clinical
symptoms or angiographic restenosis with a 5-year follow-up, despite moderate
improvement at 6 months [56,57]. Future therapies that are promising include temporary
absorbable stents and drug-eluting balloons that can deliver drug therapy but not leave a
permanent implant.

Prevention of NIH
Mechanical prevention strategies

Multiple different strategies have been used to prevent the formation of NIH in bypass
grafts, including novel techniques of anastomosis aimed at reducing flow variation at the
anastomosis and pharmacologic interventions targeting the molecular pathways involved in
NIH. Because NIH lesion formation most frequently occurs at points of low wall-shear
stress, surgeons have reasoned that alterations in the fluid mechanics of bypass grafts may
be an attractive option to prevent the formation of NIH.

To this end, various boots, patches and cuffs have been introduced to limit compliance
mismatch between prosthetic grafts and native arterial vessel. A randomized study of 235
peripheral grafts showed improved patency at 3 years in below-knee popliteal bypasses
using a cuff, in which a cylindrical loop of vein was interposed between the distal end of the
synthetic graft and the native artery. However, the rate of limb salvage was not improved
[58]. Similarly, the Linton patch uses a vein patch, which is sewn into the arteriotomy of the
distal anastomosis; the patch is then incised and the prosthetic bypass graft is sutured to it.
Despite promising early results, large animal models have not shown a difference in the
degree of NIH that ultimately forms [59]. A variation of this technique, the Taylor patch,
uses a vein patch to expand the distal end of the graft, which is then sutured to an extended
arteriotomy. Although some large animal studies have not shown a change in graft NIH
[59], other animal and human studies have shown favorable results with increased patency
rates at 2 years compared with absence of the patch [60,61]. The shapes of these patches
with an expanded, trumpeted distal anastamosis led to the design and construction of the
precuffed graft (Bard Peripheral Vascular, AZ, USA) [62]. Early results for popliteal and
tibial bypasses with this graft have shown patency and limb salvage results at 1–2 years
comparable to those of PTFE with the hand-sewn vein patch and improved results compared
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with unmodified PTFE grafts [63,64]. Somewhat paradoxically, other studies showed
limited NIH in animal studies using nitinol meshes to constrict vein diameter, thereby
limiting size mismatch between the vein and the vessel [65].

Creation of a distal arteriovenous anastomosis has also been attempted to improve outcomes
of distal bypasses by increasing outflow and increasing shear stress, minimizing areas of low
shear stress. Multiple techniques, including the common ostium, proximal or distal vein
piggyback, vein interposition and remote and proximal side-to-side anastomosis variants,
have been described [66–69]. Creation of distal AVF may provide improved patency and
limb salvage compared with unmodified prosthetic grafts, but autogenous vein remains the
best option for distal revascularization [70]. It is also possible that AVF may increase flow
and turbulence at the anastomosis, paradoxically leading to late development of NIH.

Pharmacologic prevention strategies
No mechanical approaches to prevent NIH have adequately addressed the clinical problem.
Thus, pharmacologic prevention of NIH has become an area of research of increasing
interest. Antiplatelet agents have been shown to improve outcomes, including aspirin,
dipyridamole, thromboxane A-synthase inhibitors, thienopyridines such as ticlopidine and
clopidogrel, and glycoprotein IIb/IIIa inhibitors such as abciximab, eptifibatide and
tirofiban. Aspirin and dipyridamole therapy significantly reduced graft occlusion rates at 1
year after coronary artery bypass surgery (CABG) in a randomized controlled trial [71],
whereas dipyridamole, aspirin and clopidogrel have all been shown to improve patency in
hemodialysis grafts [72,73].

Other anticoagulants, such as warfarin, heparin, and the heparinoids, have also been shown
to improve patency. In the Dutch Bypass Oral Anticoagulants or Aspirin study, 2690
patients were randomized to receive aspirin or oral anticoagulation to an international
normalized ratio (INR) of 3–4.5. The study found a 50% reduction in the incidence of vein
graft occlusion in patients treated with oral anticoagulants, but a higher incidence of
occlusion of prosthetic or composite grafts compared with patients treated with aspirin [74].
Patients treated with oral anticoagulants were also more likely to experience a significant
hemorrhage with age >75 years, systolic blood pressure >140 mmHg and diabetes mellitus
being the greatest risk factors for hemorrhage [75,76]. Subsequent analysis compared
patients receiving oral anticoagulants at high risk of bleeding with patients with the same
characteristics taking aspirin and found that aspirin treatment reduced the number of
hemorrhages, but this benefit was outweighed by an increase in graft occlusion [76]. A low-
molecular-weight heparin, dalteparin, was recently examined as a potential adjunctive
therapy to femoral popliteal angioplasty and showed less restenosis at 6 months in patients
with critical limb ischemia, although not in patients with claudication [77].

Other classes of drugs have also been investigated. mRNA levels of inflammatory cytokines,
such as IL-β, TNF-α, IL-6 and IL-8, and IFN-γ are all present at 6–30-times higher levels in
vein grafts compared with atherosclerotic carotid arteries [5], and it is therefore not
surprising that anti-inflammatory drugs have been shown to be protective against
development of NIH in bypass grafts. Investigated drugs include cyclosporine,
dihydroepiandrosterone, rapamycin and dexamethasone (Figure 4). Newer drugs such as
growth factor inhibitors (angiopeptin, the bFGF saporin and ornithine decarboxylase
inhibitors) and insulin sensitizers (thiazolidinediones and MAPK inhibitors) are currently
under investigation. Patients treated with angiopeptin showed less restenosis after
angioplasty compared with control patients, but administration of the drug was by
continuous infusion for 5 days, which is impractical for general clinical use [78].
Pioglitazone treatment has shown benefit in preventing coronary stent restenosis in small
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trials in both diabetic and nondiabetic patients [79]. Imatinib mesylate, a PDGF receptor
inhibitor, has been show to suppress vein graft NIH in animal models [80].

Experimental techniques in animal models have also targeted components of the
inflammatory cascade to limit NIH. Inhibition of monocyte chemotactic protein-1 with
antisense-laden nanoparticles significantly limited restenosis in carotid artery models [81].
Overexpression of the inhibitory peptide Nogo-B has been shown to limit SMC proliferation
and reduced NIH formation in a porcine model [82]. Pharmacologic inhibition of cell
proliferation and migration has also yielded promising results for limiting NIH in vein
grafts. Treatment with FK778, an immunosuppressant that limits SMC proliferation, was
found to limit vein graft adaptation in animal models [83]. Similarly, treatment of vein grafts
with adenovirus leading to overexpression of phosphate and tensin homolog, a downstream
effector of the PI3K pathway and an important regulator of cell proliferation, resulted in
reduced intima–media ratio in canine coronary bypass grafts [84]. Similarly, the use of
DNAzymes to inhibit downstream components of the Erk1/2 pathway, including c-Jun, also
attenuated NIH [85].

Anti-thrombotic agents, such as heparin, hirudin and iloprost, have been used as potentially
useful agents to reduce NIH in stents. Heparin-coated PTFE grafts (Gore, AZ, USA) are
currently available for peripheral bypass, with initial studies showing excellent patency at 1–
2 years [86]. Heparin-coated PTFE grafts have shown promise in dialysis access and with
reduced graft thrombosis at 1 year compared with unmodified expanded PTFE grafts [87].

MMP inhibitors, including statins, have been associated with a decrease in NIH in both
animal and in vitro models; other agents studied include collagen and ECM synthesis
inhibitors such as halofuginone. Angiopeptin, an analog of somatostatin that has
antiproliferative effects on SMCs, has been examined in drug-eluting stent form in animal
models and early human studies, with mixed results [88,89].

Recently, interest in nitric oxide (NO) as a regulator of vein graft adaptation has led to
attempts to increase NO production to limit NIH. Work in animal models has demonstrated
that increased NO production can significantly limit vein graft thickening [90]. Trials using
NO to limit NIH are currently underway, including the PATENT trial, which uses vein
grafts bathed in a solution of nona-L-arginine to provide a sustained reservoir of L-arginine,
the substrate for production of NO, thereby increasing NO production [91]. Finally, multiple
studies on the use of dietary supplements, including fish oils and omega-3 fatty acids, have
demonstrated improvements in blood flow and graft survival [92].

Gene therapies
Over the past decade, multiple gene therapies have been developed to target and inhibit
cellular processes leading to the development of NIH, especially SMC proliferation and
migration. Specific targets include the cell cycle inhibitors p53 and p21. There has also been
intensive research on gene therapy to increase NO production to promote endothelialization
and decrease NIH. In vitro and animal models have used adenoviral delivery of both
endothelial NO synthase and VEGF-C to this effect. VEGF-C triggers NO and prostacyclin
release, potentially reducing angioplasty-induced restenosis [93]. Liposomes and
adenoviruses have been used as an alternate delivery mechanism of inducible NO synthase
in some studies and have significantly limited NIH in animal models [90].

A unique characteristic of vein grafts is an obligate ex vivo period after harvesting, but
before implantation, which allows time for treatment in the operating room. Ex vivo
treatment of vein grafts is an attractive means to pharmacologically treat the vein in isolation
from the rest of the patient, thus avoiding side effects associated with systemic
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administration; this method of treatment was used to deliver the E2F-peptide decoy in the
PREVENT trials. Ex vivo topical inhibition of Erk1/2–MAPK with U0126 limits
inflammatory infiltrates and vein graft thickening in animal models [94], whereas
application of suramin, a PDGF receptor blocker, similarly inhibited Erk activation and
limited SMC migration and proliferation [95]. Vein grafts pre-treated with adenoviruses are
capable of locally overexpressing selected proteins to allow for selective activation or
inhibition of key signaling pathways. Overexpression of TIMP-3, an inhibitor of MMPs, is
able to limit SMC migration and NIH in large animal models [96]. Interestingly, ex vivo
incubation of vein grafts with adenovirus encoding tissue plasminogen activator resulted in
decreased incidence of flow-restricting thrombi without producing significant systemic
bleeding [97]. Similarly, adenoviral overexpression of Nogo-B, which is capable of inducing
SMC apoptosis via activation of the JNK/p38/MAPK pathway, may also limit SMC
proliferation to prevent NIH [98].

The most well-studied ex vivo treatments involve the use of decoys for transcription factors
involved in SMC proliferation and inflammation. Molecules investigated include E2F, NF-
κb, AP-1, shear stress responsive element (SSRE), midkine and nuclear factor of activated
T-cells (NF-AT). These decoys consist of synthesized short double-stranded
deoxynucleotides that bear a specific consensus binding site for the targeted transcription
factor. Once delivered into cells, these nucleotides serve as a competitive inhibitor to the
transcription factor, blocking the activation of the transcription factor and transcription of its
specific downstream genes. The PREVENT trials were the first molecular biology trials in
vascular surgery testing the E2F transcription factor decoy, edifoligide. E2F coordinates the
expression of several genes that regulate cell cycle progression, and inhibition of E2F
prevents SMC proliferation. PREVENT III was a prospective, double-blind randomized
controlled trial that randomized 1404 patients with critical limb ischemia to either surgical
bypass with edifoligide-= or placebo-treated veins. However, edifoligide treatment did not
confer any advantage in protection from reintervention for graft failure at 1 year [99].
PREVENT IV, a similar trial of edifoligide treatment for coronary artery bypass grafts,
randomized 3000 patients but demonstrated no advantage for edifoligide [100]. Similar
studies using edifoligide treatment for the prevention of NIH in dialysis grafts have been
terminated after poor early results. These trial failures bring into question the prevention of
NIH by inhibition of SMC proliferation alone and reinforce the complexity of NIH; the
mechanisms involved in the formation of NIH may be activated by multiple pathways
requiring various transcription factors, many of which have not yet been identified. In
addition, it is possible that the single-dose application may not have delivered enough
activity to be clinically useful.

Heme-oxygenase-1 is another potential target being considered for prevention of NIH and
restenosis. Heme-oxygenase-1 is an inducible stress protein that metabolizes heme into
carbon monoxide, biliverdin and free iron. Heme-oxygenase-1 serves as a ‘protective’ gene
by virtue of the anti-inflammatory, antiapoptotic and antiproliferative actions of these
products [101,102]. Angiogenesis and increased endothelialization have also been proposed
as targets of gene therapy, with specific molecules such as prostacyclin-2, NO and C-type
natriuretic peptide currently under examination. Angiogenic factors being studied include
VEGF, bFGF, HGF and hypoxia-inducible factor. Endothelialization may also involve
endothelial progenitor cell mobilization from the bone marrow and is another possible
mechanism for intervention and reduction of NIH. VEGF, statins, erythropoietin,
granulocyte colony-stimulating factor and MMP-9 have all been implicated in endothelial
progenitor cell mobilization [103].
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Delivery of new potential therapies
An older strategy to prevent NIH in bypass grafts by increasing endothelialization is direct
endothelial cell transplantation onto the luminal surface of grafts [104]. In vitro coating of
PTFE grafts with autologous endothelial cells has been performed with primary patency of
62.8% at 7 years in 6-mm grafts [105]. However, the techniques involved for this treatment
have proven difficult and time consuming, with a complex cell culture process and months
of advance planning preventing routine clinical use. Another newer strategy has been to
apply endothelial cells to the adventitial surface of grafts, capitalizing on the ability of
endothelial cells to secrete multiple growth regulatory proteins, such as FGF-2 and heparan
sulfate, to prevent abnormal SMC proliferation. Endothelial cell-loaded gel foam wraps for
grafts have been trialed in animal studies [106,107], and early clinical trials are underway
with positive results [108].

The PTFE graft itself is another possible delivery platform for various compounds, as noted
earlier regarding heparin-bonded grafts. Another interesting example is NO-releasing grafts
[109]. Use of NO as a strategy to prevent NIH has been facilitated by delivery of NO via
nanoparticle gels that release NO for up to 4 days. Animal studies with one of these gels,
PROLI/NO, placed onto carotid arteries resulted in a 77% decrease in NIH compared with
control arteries and decreased vessel inflammation [110]. In a similar concept, vein grafts
coated with pluronic gel containing siRNA against c-myc [111] and Toll-like receptor 4
[112] successfully limited SMC proliferation and NIH formation in small animal models.

The use of an external drug-impregnated mesh wrap may also represent a potential new
mechanism for localized drug delivery. Early large animal models in which a paclitaxel-
impregnated biodegradable mesh was wrapped around the distal anastomosis of a PTFE
arteriovenous fistula significantly reduced NIH [113]. Multicenter human trials using a
similar system were initiated but terminated early owing to increased infection in the
treatment group compared with patients receiving a PTFE arteriovenous fistula alone.

Conclusion
NIH in peripheral bypass grafts limits their long-term effectiveness. NIH in vein grafts
shares many of the same histologic and pathophysiologic characteristics as NIH in native
arteries. However, vascular grafts are exposed to unique factors, such as surgical trauma,
hemodynamic disturbances, and differences in biocompatibility between the graft and the
native vessel. In many cases, the site of NIH is predictable, occurring at the site of the
anastomosis and areas of low shear stress. Although our understanding of the
pathophysiologic pathways is improving, therapies that specifically target these pathways to
prevent NIH, such as the PREVENT trial, have yielded disappointing results. Despite these
early disappointing results, a number of new therapies targeting multiple pathways of NIH,
delivered through new technologies, are currently underway.

Expert commentary
NIH in vascular grafts remains a challenging clinical problem that limits the long-term
success of surgical revascularization. Surgeons have creatively devised several mechanical
strategies, such as the use of patches and cuffs or the creation of AVF, to delay NIH, but
these strategies are limited because they seem to only delay, not prevent, clinical disease.
Treatment of NIH with surgical revision of the graft and minimally invasive options, such as
angioplasty and stenting, have their own morbidity and secondary incidence of NIH – that
is, restenosis. Therefore, there is intense interest in the development of pharmacologic
strategies to prevent NIH in vascular grafts. The disappointing failure of the PREVENT
trials, which used ex vivo treatment of preimplantation veins with edifoligide, an E2F
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transcription factor decoy, shows that our knowledge of the relevant pathophysiology is
incomplete.

Five-year view
Clinical translation of current basic science research will probably continue to use delivery
systems that capitalize on the surgical time in the operating room, after vein harvest but
before implantation, during which high-dose treatment can be delivered locally to the vein
without systemic effects. Targeting a single downstream pathway, as done in the failed
PREVENT trials, is likely to achieve temporary results at best, because the host response to
the vascular graft, whether vein or prosthetic, is likely to induce secondary pathways that
ultimately promote NIH. Targeting multiple pathways, or more upstream ‘master’ pathways,
may be another strategy, although it is unclear whether this strategy is superior to others.
Identification of patient-specific factors that predict graft failure, probably based on
individual genetic variation, may provide therapeutic strategies based on personalized
medicine.
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Key issues

• N eointimal hyperplasia (NIH) is the result of the individually complex
processes of cell migration, cell proliferation and extracellular matrix
deposition. These processes are regulated by overlapping endocrine, paracrine
and juxtacrine signals and cytokines.

• Many of the underlying processes leading to the formation of NIH in vascular
grafts are similar to NIH that occurs after arterial injury.

• Unique factors that predispose vascular grafts to NIH include trauma to the vein
as a result of vein harvesting and loss of adventitial blood supply, and ischemia
before implantation that may damage the venous endothelium. Veins implanted
into the arterial circulation experience new hemodynamic forces, including
increased shear stress and wall stress. Interaction of prosthetic foreign graft
material with host tissue also contributes to NIH. Currently unknown factors,
such as host genetic contributions, are likely to also play a role.

• Mechanical strategies to prevent and treat NIH include the use of patches and
cuffs to limit compliance mismatch between the native vessel and the conduit,
and the creation of distal arteriovenous fistulae to improve flow. The use of
angioplasty and stenting to treat NIH in vascular grafts remains controversial,
with the majority of studies showing high recurrence compared with surgical
revision.

• As surgically harvested veins have an ex vivo period of time before
implantation, there is the potential to pharmacologically treat the vein in
isolation from the rest of the patient, increasing potency and minimizing side
effects. Pretreatment with pharmacologic or molecular inhibitors, gene therapy
with transcription inhibitors or adenoviruses, and drug-eluting meshes and
conduits are all potential therapeutic options.

• Recent work has focused on identifying key molecular pathways that can be
manipulated to prevent NIH. However, the failure of the PREVENT trials shows
that our knowledge of the mechanisms regulating NIH is still incomplete.
Several promising preclinical studies have identified other potential targets that
could be the focus of new trials.
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Figure 1. Representative histologic sections of human vein and vein graft
(A) Human saphenous vein stained with hematoxylin and eosin stain and (B) Masson’s
trichrome. In comparison, sections taken from a (C) representative patent human vein graft
demonstrate neointimal hyperplasia shown by increased vein thickness (hematoxylin and
eosin stain), (D) increased deposition of collagen (Masson’s trichrome) and (E) elastin
(elastin stain), and (F) infiltration of smooth muscle cells (α-actin stain).
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Figure 2. Time course of development of neointimal hyperplasia in a rabbit vein graft model
Neointimal hyperplasia results in the development of a thickened intima (top row arrows)
and the migration and accumulation of smooth muscle cells (middle row arrows) and
fibroblasts (bottom row arrows).

Collins et al. Page 21

Expert Rev Cardiovasc Ther. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Summary of the cellular changes that occur in vein grafts associated with the
development of neointimal hyperplasia
MMP: Matrix metalloproteinase; TIMP: Tissue inhibitor of metalloproteinases.
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Figure 4. Rat vein grafts treated with or without rapamycin-infused microspheres
(A & C) Hematoxylin and eosin; (B & D) Masson’s trichrome. Rapamycin significantly
reduces neointimal hyperplasia in this model.
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