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ABSTRACT
Intimal hyperplasia (IH) is characteristic of a cell population increase within the
innermost layer of the arterial wall. It is hypothesized that extracellular matrix vascular
remodeling secondary vascular injury is dependent upon the Th17 subset of the CD4+
lymphocytes. Male C57BL/6J and FVB/NJ murine strains underwent complete left
common carotid artery ligation for periods of 14 and 28 days. A therapeutic simvastatin
model was carried out in the FVB/NJ strain and involved a daily subcutaneous injection
regimen of 40 mg/kg/mouse beginning 72 hours prior to and daily following a 14 day
carotid ligation period. Histological and RT-PCR analysis was carried out with harvested
carotid artery samples. The FVB/NJ 14 day and 28 day histological stains of the left
common carotid artery following ligation injury developed evident structured and
disassembled intimal hyperplasia, respectively. A gene array demonstrated dramatic
expression of immune and cytokine transcription markers particularly in the FVB/NJ
strain at both ligation time points. IL-17 and IL-6 transcriptional gene expression was
upregulated greater than 20-fold in the FVB/NJ 28 day injury model. IL-17 transcription
was significantly expressed by a change of 50.06 ± 0.19 (p = 0.004) in this strain at 28
days versus the control. Lastly, the simvastatin treatment model was found to exacerbate
the immune response to ligation injury. These results revealed that the immune system
elicits a role in the vascular remodeling that potentiates intimal hyperplasia.
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INTRODUCTION
Clinical Relevance
Restenosis is a chronic pathological debilitation of the vessel inner lumen that hinders
vascular integrity following successful percutaneous transluminal coronary angioplasty
(PTCA)1, allograft transplantation2-4, and coronary artery bypass grafting (CABG)5
procedures. Cardiac allograft vasculopathy (CAV) remains a major cause of mortality
after the first year of transplantation, with an incidence between 30% and 50% at 5 years,
despite recent advances in immunosuppression6. Moreover, although CABG surgery is a
first-line option for the treatment of coronary artery disease (CAD), the concern for
saphenous vein graft (SVG) patency is plagued by a 20% graft failure rate after the first
postoperative year7. An earlier study published by Baklanov et al in 2003 suggested a
graft failure rate of 5-10% per graft/year8. Vein graft failure is the leading cause of
recurrent ischemia and need for repeated revascularization procedures post CABG.
Accordingly, this pathological diminution of the vessel lumen serves as a nidus for
thrombotic and atherosclerotic lesions. Intimal hyperplasia (IH), synonymously
interchanged with arteriosclerosis, neointimal formation, and vasculopathy, is the most
likely pathophysiological mechanism associated with restenosis. IH is also most
commonly observed subsequent to arteriovenous fistulae formation9, giant cell arteritis10,
and under normal conditions in the closure of the ductus arteriosus11 at birth.
Intimal hyperplasia involves fibroblast activation, extracellular matrix (ECM)
deposition, and vascular smooth muscle cells (VSMC) migration and proliferation in the
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arterial intima. The migrated VSMCs are arranged randomly and therefore have little
contribution to vascular tone. A key cell type in the initiation of IH is the vascular
endothelial cell (VEC). The VEC is a complex regulator of vessel homeostasis, including;
vascular tone12, the coagulation cascade, recruitment of inflammatory cells through
chemokine and cytokine expression13, presentation of antigen via HLA class I and II
molecules14, and angiogenesis15. The VEC possesses most of the immunological
functions of a macrophage, and therefore, is intimately associated with inflammatory
responses. VEC injury can occur in association with high shear stress16 as well as low
shear stress17, hypoxia18, proinflammatory cytokines, adaptive and innate immune
mediated injury, and mechanical trauma.
The morphogenesis of intimal hyperplasia does not have a completely
predetermined location, but develops most frequently in arterial sites proximal to highest
blood pressure19. This arterial phenotype possesses great dimensional variability in
respect to location, vascular length affected and intimal width. Intimal hyperplasia
normally arises in advanced age populations in at least two peripheral limb arteries in
humans20 and probably in other big arteries21. Certain references claim that IH embraces
a physiologic, rather than pathologic, healing response to injury to the blood vessel wall.
As mentioned, an insult to the vascular endothelium triggers endothelial cells to release
inflammatory mediators that further stimulate platelet aggregation, fibrin deposition, and
the recruitment of leukocytes to the affected area. Growth factors released by VECs
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promote smooth muscle cell migration from the media to the intima, which in turn
deposit extracellular matrix.
Statement of the Problem
Vascular remodeling is a complex process involving activation of mesenchymal cells,
production of extracellular matrix, and angiogenesis, all of which contribute to the
pathogenesis of vascular disease. There are two distinctively different types of
pathological vascular remodeling; (1) classical remodeling where there is medial smooth
muscle hyperplasia and increased adventitia, and (2) intimal hyperplasia which concerns
vascular smooth muscle migration into the intimal region of the blood vessel. This
statement will focus generally on the attributes of intimal hyperplasia; however, many of
the molecular concepts may be applied to classical vascular remodeling as well.
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BACKGROUND
Pathophysiological Features of Intimal Hyperplasia
Endothelial Cell
A key cell type in the initiation of intimal hyperplasia is the vascular endothelial cell
(VEC or EC). As aforementioned, the EC is a complex regulator of vessel homeostasis.
The EC possesses most of the immunological functions of a macrophage and is innately
associated with inflammatory responses. Injury of the endothelium unmistakably
increases EC dysfunction and intimal hyperplasia risk22. Both stem cells and progenitor
cells promote endothelial repair and regeneration23; however, these cells fail to prevent
intimal hyperplasia. Additionally, there appears to be an interaction between the EC and
the angiotensin II in the genesis of intimal hyperplasia through lymphocytic infiltrates.
Angiotensin is a peptide hormone that causes vasoconstriction and a resultant increase in
blood pressure. Angiotensin I is primarily enzymatically cleaved by renal-derived,
angiotensin-converting enzyme (ACE) to angiotensin II. Mammalian target of rapamycin
or mTOR is a serine/threonine protein kinase that regulates endothelial cell survival,
migration and proliferation through phosphorylation of Akt and Akt downstream
responses. mTOR integrates input from upstream pathways, including insulin, growth
factors, and amino acids. Therapeutic inhibition of mTOR and Akt inducible signals via
the immunosuppressant rapamycin results in enhanced endothelial cell apoptosis24.
Endothelial strain induces EC proliferation which is mTOR dependent25. Clearly, EC
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injury appears to be the primary initiator of intimal hyperplasia in allografts. It has been
demonstrated that prevention of intimal hyperplasia is equally, if not more, important
than the impediment of allograft rejection for long-term function of the graft26.
Consequently, preservation of the endothelium should be the primary focus for allograft
preservation prior to and post-transplantation.
Vascular Smooth Muscle Cell and Fibroblast
VSMCs in mature and normal blood vessels exhibit a differentiated, quiescent, and
contractile morphology. EC injury induces a phenotypic modulation of VSMC toward a
proliferative, de-differentiated, migratory phenotype with up-regulated ECM synthesis;
all of which contribute to intimal hyperplasia. The mTOR inhibitors can suppress this
mal-adaptive VSMC process by inhibition of proliferation and protein synthesis27.
mTORC1 followed by mTORC2 are the central regulators of endothelial cell
proliferation through S6K1 and Akt signaling, respectively, in response to injury or
stress28. In addition, it appears that mTOR is also critical for fibroblast proliferation29,30
and interleukin-17 or IL-17 mediated fibroblast proliferation which is inhibited by
rapamycin31. Therefore the three critical cell types in the vasculature, namely; endothelial
cell, vascular smooth muscle cell, and the fibroblast are all mTOR dependent.
Extracellular Matrix
Extracellular matrix (ECM) remodeling is an essential condition for VSMC migration
and proliferation associated with intimal hyperplasia. The abnormal deposition of
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excessive ECM is the main factor involved with intimal growth and diminution of the
vessel lumen diameter. The increase in neointima formation is dependent upon the
fibroblast migration and synthesis of collagen and elastin. The enzyme, lysyl oxidase
(LOX), is requisite for ECM fibrillar collagen and elastin maturation. Furthermore LOX
is expressed during the early stages of this vascular remodeling. The suicide substrate to
LOX, 3β-aminopropionitrile fumarate (BAPN) prevents a rodent model of vein graft
intimal hyperplasia32. Therefore, control of the ECM remodeling is another potential
target for the control of intimal hyperplasia.
The maturation of ECM as previously mentioned is due, in part to lysyl oxidase or
protein-lysine 6-oxidase, a protein that is encoded by the LOX gene. Lysyl oxidase is an
extracellular copper enzyme that catalyzes the formation of aldehydes from lysine
residues in collagen and elastin precursors. Lysyl oxidase homolog 3 is an enzyme that is
encoded by the LOXL3 gene, a member of the lysyl oxidase gene family. Both LOX and
LOXL3 catalyze the first step in the formation of cross links in collagen and elastin.
Fibrillar collagen, which includes types I, II, III, V and XI, provide the stiffness of the
vascular tissue. In contrast to collagen, elastin provides the elasticity component of
tissues. Elastin is synthesized from fibroblasts and smooth muscle cells and is the
dominant ECM protein in the vasculature comprising about 90% of the elastic fibers.
Constrictive remodeling and restenosis after arterial balloon injury in an atherosclerotic
rabbit model, displayed the structural cohesion of the arterial wall provided by collagen
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and elastin cross linking33. Collagen accumulation and active collagen and elastin cross
linking correlated with constrictive remodeling after arterial injury in the rabbit model33.
Elastinolysis and collagenolysis play crucial roles in arterial remodeling and
diseases34. The half-life of collagen has been reported to be about 70 days35, whereas, the
half-life of elastin is 1% per year to a life time. Changes in the elastin:collagen ratio
subsequent to hyperplasia remodeling may be long lived. Consequently, to study vascular
ECM remodeling in a model of IH, the synthesis and degradation of both elastin and
collagen should be considered.
Inflammation
The understanding of the immune pathway is quite controversial in the pathogenesis of
intimal hyperplasia36. Injury of the endothelium by pro-atherogenic conditions such as
hypertension and diabetes mellitus, or by mechanical stress during percutaneous coronary
intervention or transplantation, induces an early inflammatory reaction. This
inflammatory response results in the immediate infiltration of T cells and monocytes into
the injured vessel36-38. Studies have shown that immune deficient rodents have
accentuated neointimal formation39. Selective deletion of T-lymphocytes also results in
significantly increased intimal thickening subsequent to injury40. Yet, T-lymphocytes
may inhibit the early stages of intimal hyperplasia through secretion of interferon-gamma
(IFN-γ), an innate and adaptive immune-mediated cytokine. Figure 1 provides a
summary of the inflammatory response of IFNγ to injurious endothelial stimuli with the
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downstream product conclusive of intimal hyperplasia development. Alternatively at later
stages, IFN-γ promotes neointimal thickening. Therefore, IFN-γ may play a bimodal role
in this condition of vascular remodeling41. The interactions of the CD40-CD40 ligand, or
CD40-CD40L, accessory molecules are associated with T- and B-lymphocyte activation
and deletion. The CD40L is associated with a marked increase in intimal thickening42.
These studies suggest that preventing the protective effect of T-lymphocytes at the initial
stages of neointima development results is a robust formation of the neointima41. This
delivers a cautionary notice pertaining to the use of early and aggressive
immunosuppressive therapy post-allograft transplantation.
Controversy exists regarding lymphocytic infiltration during the initial injury
phase. A study published by Dimayuga et al in 2011 supports the role of cytotoxic CD8+
lymphocytes as effector cells in providing protection from remodeling. However, the
activated phenotype (CD69+) lymphocytes were not observed in the peri-arterial regions
during the evolving intimal hyperplasia in this study40. Others have defined that the
recruitment of inflammatory cells is essential for development of intimal hyperplasia in
response to arterial injury43. Support for the infiltration of inflammatory cells is that they
are regulated by various members of the chemokine family CC as well as CXC and their
corresponding receptors43. The essential role of chemokines for vascular remodeling is
supported by the observation that blocking chemokine/chemokine receptor interactions
interferes with vascular remodeling44. The CXCR3-activating chemokines, interferon-γ
inducible protein 10 (IP10) and monokine induced interferon-gamma (MIG), are locally
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expressed by the post-injury vasculature. The CXCR3-dependent activation of
lymphocytic mTORC1 directly links stimulation of the type 1 helper T cell (Th1)
immune system with the proliferative response in intimal hyperplasia. Likewise, blockade
or depletion of CXCR3 severely attenuates recruitment of Th1 cells to the sites of
inflammation and significantly reduces early steps of atherogenesis45-47.
The molecular mechanisms linking the Th1 immune system with the proliferative
response of intimal cells in vascular remodeling are unknown. Activation of chemokine
receptors has not only been linked to chemoattraction and anti-angiogenic effects but also
to generation of reactive oxygen species and induction of apoptosis48-50. There is
additional evidence that chemokines play a role in activation of the mammalian target of
rapamycin complex (mTORC1)51. For example, CCL5-mediated migration of activated
CD4+ T cells depends on the activation on mTORC152. CCL5 is a protein classified as a
chemotactic cytokine or chemokine that is chemotactic for T cells, eosinophils, and
basophils. In the presence of IFN-γ released by T cells, CCL5 induces the proliferation
and activation of certain natural killer (NK) cells. The mTORC1 kinase plays a
fundamental role in the regulation of cell viability, translation initiation, and cell cycle
progression by altering the phosphorylation state of downstream targets such as p70S6
kinase (p70S6K)53, 54. Evidence confirms that mTORC1 also is essential for vascular
remodeling (Figure 1) because pharmacological mTORC1 inhibitors, such as sirolimus
or everolimus, are able to prevent the development of atherosclerosis in patients and
animal models55-57. These data make mTORC1 an attractive target to integrate Th1
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signaling and the intimal hyperplasia response of vascular cells after injury. Therefore,
there is convincing evidence that rapamycin inhibits intimal hyperplasia58.
Transforming growth factor-β1 (TGF-β1) is a pleiotropic cytokine with a potent
immunoregulatory function. This cytokine is known to play a pivotal role in the
maintenance of immune tolerance through the regulation of lymphocyte proliferation,
differentiation, and survival59. TGF-β1 is released by lymphocytes, monocytes, and
dendritic cells in the latent form. The active form of TGF-β1 exerts its effect on
proliferation, differentiation, and cellular function, especially affecting the Tlymphocytes60. The overall effects of TGF-β1 on T cell differentiation, proliferation, and
survival depend on the differentiation state of T cells and the presence of additional
regulatory signals59. TGF-β1 usually inhibits primary T-cell proliferation61-63 and can
block IL-2 production in both CD4+ and CD8+ T cells63. TGF-β1 can also inhibit the
effector function of cytotoxic T-lymphocyte (CTL) by reducing interferon (IFN-γ),
perforin, and granzyme expression64-67. Although the role of TGF-β in induced regulatory
T (Treg) cell generation is widely accepted, considerable controversy regarding the
requirement of TGF-β in directing Th17 cell development remains unclear. However, T
cells are the main source of TGF-β responsible for the proposed driving of Th17 cell
development68. In the presence of IL-6, T cell responses are shunted to TGF-β toward the
Th17 lineage. On the contrary, the transcription of Foxp3+ to regulatory T cell expression
occurs when TGF-β is present and IL-6 is absent.
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TGF-β1 has been found to have minimal effects on the proliferation and function
of differentiated effector and effector-memory T cells61, 63, 69 and has a major role in
immune tolerance70. Paradoxically, TGF-β1 has been reported to have a number of clearcut positive effects on T cell mediated immune responses and can enhance the
proliferation and function of some T cell subsets71,72. Moreover, the inhibition of
proliferation and CTL differentiation induced by TGF-β1 can be reversed by the addition
of co-stimulatory molecules, such as CD2873-75, by cytokines such as IL-2 or IL-664, 76, or
by removal of TGF-β1 from the culture77. TGF-β1 together with co-stimulation
molecules or cytokines can also promote the survival of effector/memory T cells and can
block both CD4+ and CD8+ T cells72, 78-80. Therefore, the net effect of TGF-β1 on T-cell
regulation is context-dependent, influenced by the T-cell differentiation status, and
integrated through signals from cytokines and co-stimulatory molecules.
A Focused Approach on the Role of IL-17 and Intimal Hyperplasia
IL-17: Angiogenesis and Apoptosis
CD4+T helper-17 (Th17) cell-secreted IL-17A (also known as IL-17) is a potent
proinflammatory cytokine that plays a critical role in the pathogenesis of multiple
autoimmune diseases81, 82, malignancies83, and transplant rejections84. Although IL-17 is
expressed only by Th17 cells, its receptors are ubiquitously expressed in epithelial cells,
endothelial cells, hematopoietic cells, fibroblasts, and osteoblasts85. Recently,
accumulating evidence has demonstrated that, in addition to its proinflammatory activity,
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IL-17 is a potent angiogenic factor86, 87. It appears that IL-17 induces the expression of
vascular endothelial growth factors (VEGFs): VEGF-A, VEGF-C, and VEGF-D88. IL-17
also stimulates β1 integrin (CD29) which is permissive for T lymphocyte adhesion with
extracellular matrix proteins (ECM)89, αvβ3 integrin (CD51)90, fibroblast IL-1β,
recruitment of neutrophils mediated by chemokines, growth-related oncogene α (GROα;
CXCL1), and monocyte chemotactic protein 1 (MCP-1; CCL2)91. Induction of GROα by
IL-17 is three-times more potent than TNFα87. In addition, IL-17 serum levels are
increased in acute coronary syndrome and stable angina, associated with endothelial
injury through induction of von Willebrand factor (VWF). IL-17 causes the induction of
apoptosis of VECs by activating caspase-3, caspase-9, and up-regulating the Bax/Bcl-2
ratio92. Therefore, IL-17A plays a key role in a number of biologic processes, including:
angiogenesis, cell migration and invasion, induction of proinflammatory and chemotactic
mediators, cell motility, and VEC apoptosis.
Krϋppel-like Factors: Molecular Switches in the VEC and VSMC
It is so important to find a set of markers that universally respond to vascular injury and
remodeling. The Krϋppel-like factors (KLFs) are a family of zinc-finger transcription
factors including at least 17 mammalian family members that appear to have the traits
that make them useful in defining down-stream critical events associated with vascular
remodeling. KLFs have critical roles in the development of specific cell lineages, as
demonstrated by the profound phenotypes that result from gene-targeting KLF family
members. More specifically related to vascular remodeling, diverse stimuli such as
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proinflammatory cytokines, hypoxia, and hemodynamic forces modulate endothelial
phenotype, thereby impacting the development of vascular disease states. Therefore,
identification of the regulatory factors that mediate the effects of these stimuli on
endothelial and vascular smooth muscle function is of considerable interest to us. The
potential of KLF isoforms serving both as markers and regulators of endothelial and
vascular smooth muscle cell responses under conditions of protection and/or injury
(Figure 1), is of particular concern to us.
Krüppel-like Factor 2
KLF2 is a key “molecular switch” that regulates important aspects of VEC remodeling.
KLF2 in endothelial cells is suppressed by proinflammatory cytokines such as TNF-α and
IL-1β93, 94. KLF2 inhibits endothelial activation by many proinflammatory stimuli,
including IL-1β, TNF-α, lipopolysaccharide (LPS), and thrombin94-96. Conversely,
overexpression of KLF2 in endothelial cells inhibits IL-1β-dependent induction of the
proinflammatory molecules VCAM-1 and E-selectin94, proinflammatory activation of
monocytes97, and flow dependent vascular angiotensin-converting enzyme (ACE),
endothelin-1, and adrenomedullin expression98. The mechanisms by which KLF2
achieves its anti-inflammatory function are multiple and include inhibition of NFκβ94,
activator protein-1 (AP-1)99, and activating transcription factor 2 (ATF2). Moreover,
hypoxia-inducible factor 1α (HIF-1α) is a central regulator of the hypoxic response in
endothelial cells. HIF-1α induces the expression of key pro-angiogenic factors to promote
angiogenesis100. KLF2 is an inhibitor of HIF-1α expression and function100. Simvastatin,
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a lipid lowering drug, decreases the mRNA for HIF1α101. Also KLF2 exerts these antiangiogenic effects via its ability to inhibit expression of VEGF receptor 2 (VEGFR2)102.
Flow-induced KLF2 expression in endothelial cells includes activated expression of
eNOS94, 96, 98, 103 and repressed expression of angiotensin converting enzyme, endothelin1, and adrenomodullin. All of which are involved in the control of vascular tone in
response to flow98, 103. In contrast, KLF2 expression is decreased or absent from regions
of vessels exposed to non-laminar shear stress, proximal to the bifurcations of the aorta,
iliac and carotid arteries98, 104. In summary, KLF2 is endothelial cell protective and its
expression is suppressed by proinflammatory cytokines, hypoxia, and turbulent flow
(Figure 1); these are related with vascular remodeling and pathology.
KLF2 Modulators
There are several reports of agents that can serve to maintain KLF2 expression.
Importantly, statin treatment blocks the decay of KLF2 sustaining a vasoprotective
phenotype, and thereby preventing endothelial activation and apoptosis105. A suggested
mechanism of statins is through the induction of heme oxygenase-1 (HO-1) which exerts
anti-inflammatory, antiproliferative, antiapoptotic, and antioxidant effects in the
vasculature. HO-1 also protects against post-transplant vasculopathy and is KLF2
dependent106. Resveratrol activates Sirtuin 1 (SIRT1), a nicotinamide adenine
dinucleotide-dependent deacetylase and demonstrates vasoprotective activities. It has
been shown that the mechanism of Sirtuin 1 is through the induction of KLF2107.
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Connective tissue growth factor (CTGF) added exogenously can rescue reduction of
KLF2108 induced by flow mediated cellular events critical for adaptive remodeling.
Krüppel-like Factor 4
KLF4 is expressed by both vascular endothelial cells and vascular smooth muscle cells.
Overexpression of KLF4 in endothelial cells activates expression of anti-inflammatory
and antithrombotic genes, such as those that encode eNOS and thrombomodulin;
whereas, reduction of KLF4 levels increases TNFα-induced expression of vascular cell
adhesion molecule-1 (VCAM-1) and tissue factor109 . In one study, overexpression of
KLF4 in endothelial cells significantly reduces TNF-α-induced E-selectin and VCAM-1
expression110. KLF4 transcriptionally regulates VE-cadherin expression and endothelial
barrier function111. Moreover, KLF4 significantly reduces adhesion of inflammatory
cells to endothelial cells and prolongs clotting time under inflammatory conditions. These
findings support an anti-inflammatory function for KLF4 in endothelial cells109.
KLF4 and the VSMC
In addition to its physiological function in endothelial cells, KLF4 regulates vascular
smooth muscle cell (VSMC) function. KLF4 antagonizes proliferation, facilitates
migration, and down-regulates VSMC differentiation marker gene expression. KLF4
binds to the promoter of the smooth muscle gene SM22α, in a region identified as the
TGF-β control element (TCE), and suppresses the TGF-β-dependent increase in
transcription of SM22α and α-SMA112. KLF4 also represses serum response
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factor/myocardium-induced activation of α-SMA and mediates the repressive effect of
PDGF-BB on this gene113. Expression of KLF4 in SMCs is activated in response to
members of the TGF-β superfamily, including TGF-β1 and several bone morphogenetic
proteins (BMPs) that regulate the VSMC phenotype (α-SM actin and SM22α)114. These
results indicate that KLF4 is involved in determining the VSMC phenotype by repressing
expression of specific genes in response to external stimuli (Figure 1). In general, KLF4
functions similarly to KLF2.
KLF4 and Lymphocytes
KLF4 is required for the production of IL-17, and further, binding of KLF4 to the IL-17
promoter indicates a direct effect on the regulation of IL-17115.
Krüppel-like Factor 5
The best known function of KLF5 is its stimulatory role in the proliferation of different
types of cells, including fibroblasts, epithelial cells, and VSMCs. KLF5 has been best
studied in the physiology and pathology of VSMCs. Based on a large number of
expression and functional analyses, KLF5 contributes to all VSMC-related diseases, such
as atherosclerosis, restenosis after angioplasty, cardiac hypertrophy, and hypertension.
Expression of KLF5 in VSMC is developmentally regulated; it is abundant in fetal but
not in adult aortic SMCs of humans and rabbits116, 117. However, under pathological
conditions, such as coronary atherosclerosis, vein graft intimal hyperplasia, and response
to vascular injury (Figure 1), KLF5 expression is reactivated116, 118-120. Following aortic
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balloon injury, KLF5 becomes expressed in the neointimal layer of the blood vessels121.
KLF5 is also highly expressed in most human coronary lesion samples (both primary and
restenotic) collected during atherectomy117; the presence of KLF5-positive lesions has
been correlated with the incidence of restenosis117. KLF5 is more frequently expressed in
VSMCs cultured from human coronary atherectomy samples that have the ability for
outgrowth; outgrowth is associated with a shorter time to restenosis in patients122. Hence
KLF5 is well documented to be expressed during the pathophysiologic phases of vascular
disease.
Conclusion Regarding KLF4 and KLF5 in the VSMC
KLF4 and KLF5 have opposing effects in regulating proliferation of vascular VSMCs.
Similar findings have been observed in other cell or tissue types123. Induction of KLF4
and inhibition of KLF5 in vascular VSMCs after injury might provide the balanced gene
expression required to achieve homeostasis.
Simvastatin: A Potential Therapeutic
Statins are used chronically to reduce the levels of low-density lipoproteins (LDL). These
cholesterol minimizing drugs exert their effects via inhibition of 3-hydroxy-3methylglutaryl-coenzyme A (HMG-CoA) reductase by blocking substrate binding to the
active site of the enzyme. This functions to disturb the early rate-limiting step or
conversion to mevalonate to halt the biosynthesis of cholesterol. Statins also potentiate a
number of pleiotropic effects on the vascular wall beyond lipid lowering. It has been
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shown that donor allograft organ pretreatment with simvastatin preserves VEC integrity
and reduces microvascular injury in concert with the ensuing intimal hyperplasia101.
Simvastatin has been revealed to induce KLF2 and thereby offer vascular protection105,
106

. Overall, statins have been shown to slow coronary artery plaque production, increase

plaque stability, improve endothelial function, and exhibit antithrombogenic, antiinflammatory, antiproliferative, and leukocyte adhesion-limiting effects124.
A Model of Intimal Hyperplasia: Carotid Artery Ligation Study Preparation
The 1997 Kumar and Lindner carotid artery blood flow cessation model remains the
forefront of experimental studies involving carotid ligation in mice and remodeling with
neointima formation. Extensive neointima formation in the presence of an endothelial
lining resulted from complete ligation of the vessel near the carotid bifurcation and
consequent rapid proliferation of medial smooth muscle cells125. Two weeks after injury,
intimal lesions formed in areas that were still denuded. Luminal area was reduced by
approximately 80% at four weeks after ligation, through a combination of decreased
vessel diameter and neointima development125. Overall, this model was justified by
partial blood stasis, reduced shear stress, enhanced arterial-wall tension proximal to the
suture, and activated leukocytes in the absence of additional mechanical vessel injury at
the site of ligation125, 126. This study paved a foundation for the future evaluation of the
role of gene transcription in neointima formation and vascular remodeling. This model of
carotid artery ligation was mimicked and investigated further in this study.
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OBJECTIVES
The governing hypothesis in this study is that ECM-degradation by metalloproteinases,
and synthesis via collagen and elastin expression and cross linking are under the control
of the adaptive immune system. There is supportive evidence that the Th17 rather than
the Th1 lymphocytes are responsible for mediating allograft intimal hyperplasia127. The
frame problem at present, and explored in this carotid ligation study, is that it is unclear
how the immune system modulates the vascular remodeling that occurs in neointima
formation. The inclusion of a therapeutic simvastatin model serves to identify the role of
vascular remodeling in an IH vulnerable murine population further.
(1) Create a murine carotid ligation injury model in which common carotid
blood flow cessation is accomplished for 14 day and 28 day time points.
Hypothesis: Neointima development proximal to the ligation site will occur as a
consequence of partial blood stasis, reduced shear stress, enhanced arterial-wall
tension proximal to the suture, and leukocyte activation in the absence of
additional mechanical vessel injury125.
Rationale: This technique was adapted from the original model of carotid
ligation published by Kumar and Lindner125.
(2) Compare histological neointima formation and transcriptional factor gene
expression in the carotid artery at 14 and 28 day ligation endpoints in two
different murine strains.
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Design: Prepare immunohistochemistry workup and run real time-polymerase
chain reaction (RT-PCR) for the analysis of ECM, immune, cytokine, and KLF
transcriptional markers against all harvested carotid tissue.
Hypothesis: The extracellular matrix vascular remodeling secondary vascular
injury is dependent upon the Th17 subset of the CD4+ lymphocytes.
(3) Test the effect of the potential therapeutic, simvastatin, on an IH susceptible
murine strain adherent to the carotid artery ligation model.
Hypothesis: Simvastatin induction of KLF2 will inhibit intimal hyperplasia and
mediate vascular marker KLF2, KLF4, and KLF5 homeostatic remodeling.
Rationale: Since IL-17 is theorized to downregulate KLF2, we propose
simvastatin as a treatment to stabilize KLF2 levels and thereby counter IL-17
mediated injury.
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METHODS
Animal Model
All animal procedures were approved by the Institutional Animal Care and Use
Committee and were in compliance with the Guide for the Care and Use of Laboratory
Animals. Male C57BL/6J WT and FVB/NJ mice were obtained from Jackson
Laboratories (Bar Harbor, ME). Eight- to 12-week-old male C57BL/6J and FVB/NJ mice
underwent left common carotid artery ligation at varying time points. The ligation of the
common carotid artery was made at day zero with 7-0 silk suture (Ethicon Inc, Mexico)
just proximal to the anatomical bifurcation of the internal carotid artery and external
carotid artery in each group. The left carotid artery was knotted off three times in
succession using an instrument tie to accomplish complete blood flow cessation. The
control species in this study for each experimental group was the non-ligated (nontreated) contralateral right carotid artery. The use of the right contralateral carotid artery
as an effective control in models of carotid artery ligation has been supported in the
literature. All animals were anesthetized with 2% isoflurane (Abbott Laboratories, North
Chicago, IL) prior to and during the ligation procedure, briefly during therapeutic
subcutaneous injection, and preceding sacrifice.
Experimental Groups
Experiment 1. Pilot Study for Methodological Development, n=4.
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Left common carotid artery ligation injury in C57BL/6J male mice was conducted to
determine if hyperplasia is concomitantly associated with the extracellular assembly of
ECM proteins and under the control of the adaptive immune system. Following common
carotid artery ligation, it was proposed that C57BL/6J mice would exhibit developmental
characteristics of intimal hyperplasia and ECM vascular remodeling. The left common
carotid artery in male C57BL/6J, n=4 was ligated proximal to the bifurcation for 14 day
(n=2) and 28 day (n=2) periods.
Experiment 2. Established Study, n=8.
Upon completion of the pilot study and recovery of supportive data, the established study
was commenced using similar proposed methods on a larger scale. This experimental
portion of this common carotid artery ligation model required double the pilot study
murine population of C57BL/6J WT mice and the addition of the FVB/NJ strain.
The C57BL/6J WT mice were sacrificed at 14 days (n=4) and at 28 days (n=4)
following common carotid artery ligation. The same protocol was followed in the
FVB/NJ murine strain. A second round of this study was performed to achieve greater
statistical significance.
Experiment 3. Simvastatin Therapeutic Model, n=8.
The therapeutic model in this study included a 40 mg/kg/mouse subcutaneous injection
treatment dose of simvastatin 72 hours prior to and daily post left carotid artery ligation.
A 14 day common carotid artery ligation protocol was conducted on the IH susceptible
FVB/NJ strain. Therefore, injections were conducted for a total of 17 days. Simvastatin
was obtained from Sigma-Aldrich (St. Louis, MO) in its purified powder form in 25 mg
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vials. It was freshly reconstituted daily at room temperature in phosphate buffered saline
(PBS) under a sterile hood. A loading dose of 200 µL at 40 mg/kg/mouse was aspirated
into an insulin syringe for subcutaneous injection. To achieve adequate RNA
concentrations for RT-PCR analysis, all left carotid arteries were pooled in groups of
twos. The right carotid artery from the non-treated FVB/NJ ligation group served as the
control species.
The treatment dose chosen for this experiment was primarily modeled after the
murine simvastatin model seen in McKay et al, 2004128. In general, mice encompass a
greater liver metabolism of simvastatin. Additionally, it is a rather innocuous drug at high
concentrations, hence, the high treatment dose administered to these mice. The
justification for administering simvastatin to a murine population was based on previous
animal studies in addition to outcomes in clinical human research. In human saphenous
vein organ cultures featuring neointimal formation, simvastatin inhibited vein graft
intimal hyperplasia129. In a murine vein graft model, simvastatin dose-dependently and
significantly inhibited vein graft intimal hyperplasia under normo-cholesterolemic
conditions in vivo four weeks post operation129. This may have been attributed to
inhibitory mechanisms on VSMC migration and proliferation. Although the mechanism
is not entirely known, statins exert overall anti-inflammatory and anti-proliferative
actions independent of cholesterol lowering. One proposed mechanism by Tuomisto et al
includes the upregulation of the atheroprotective transcription factor, KLF2 by effect of
the anti-inflammatory action of simvastatin on macrophages130.
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Histological and Immunohistochemistry Analysis
Collagen density and vascular remodeling were confirmed by harvesting and perfusion
fixing histological sections of the ligated left and control right carotid artery sections. All
carotid tissue samples were obtained from the experimental groups mentioned above and
underwent histological fixation with 4% paraformaldehyde. The following stains were
carried out: H&E, Trichrome, Verhoeff -van Gieson (VVG-elastin), Picrosirius Red
(PSR-collagen), and fluorescence (elastin).
Carotid arteries (the right carotid and left common carotid arteries) were
harvested for histological analysis after the 14 and 28 day ligation periods from mice in
each ligation model group. This protocol was followed for the pilot study experimental
group from one C57BL/6J (n=1) mouse at each ligation end point. In the established
study, the control series (the right carotid artery) and the ligated series (the left common
carotid artery) were harvested from each of the C57BL/6J (n=1) and FVB/NJ (n=1)
mouse strains per 14 and 28 day ligation periods. This established study involved a
second round of harvesting for histological development. The same methods were
conducted for FVB/NJ (n=2) mice from the simvastatin treatment 14 day ligation group
to yield histological results.
The histological fixation method included 2% isoflourane exposure while
dissection to the heart and arch vessels was performed. A hole in the right atrium was
made to vent the circulatory system while perfusion of the fixation fluid was
accomplished. Sequentially, the left common carotid artery was excised just proximal to
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the ligation suture and 60 mL of 4% paraformaldehyde was passively and gravitationally
perfused through the vasculature. The 4% paraformaldehyde was made fresh, at room
temperature just prior to the fixation procedure using a buffered mixture of 10% formalin
(Sigma-Aldrich, St. Louis, MO) and 3% gluteraldehyde in aqueous phosphate buffer
(Ricca Chemical Company, Arlington, TX). The 10% formalin (approximately 4%
formaldehyde) solution was combined with 1x phosphate buffered saline (PBS) to yield a
mixture of 1% formalin. The ligated left common carotid artery was then harvested from
the arch of the aorta to the point of ligation just proximal to the anatomical bifurcation.
Following fixation and tissue harvest, the right and left carotid arteries were immersed in
10% formalin and escorted to the pathology and staining lab located in the Arizona
Health Sciences Center in Tucson, Arizona.
Real Time Polymerase Chain Reaction (RT-PCR) Analysis
Candidate gene expression levels in the carotid tissue from all experimental groups were
probed by RT-PCR. Extracellular matrix, endothelial, immune, and inflammatory
cytokine transcription primers were used to characterize gene expression, as referenced in
Table 1 below. RT-PCR was carried out as described in detail by Zibadi et al, 2007131.
Briefly purified RNA was converted into cDNA using the Superscript® protocol
(Invitrogen, Carlsbad, CA). Diluted cDNA was used as the template to quantify the
relative content of mRNA, using QuantiTect SYBR green PCR kit (Qiagen Inc, Valencia,
CA) and the Rotor-Gene RG-6000 with a 72-well rotor (Corbett Research, Brisbane,
Australia). The candidate gene threshold cycle numbers were normalized by respective β-
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actin (accession number: BC_040513) gene. Level of expression was characterized by a
threshold cycle number, which implies that if the cycles decrease the expression is
increased. Custom primers were designed using the Primer3 database and synthesized by
Integrated DNA Technologies.
In the pilot study, one mouse (n=1) from the C57BL/6J strain per ligation period
was sacrificed for RT-PCR workup. In the established study, three mice from each of the
C57BL/6J (n=3) and FVB/NJ (n=3) strains at each ligation period were sacrificed in
order to harvest the control (right carotid artery) and ligated (left common carotid artery)
tissues for RT-PCR analysis. This procedure was repeated for the second round of the
established study. Lastly, six FVB/NJ mice (n=6) were sacrificed at the 14 day ligation
end point for the simvastatin therapeutic model. The left carotid artery tissue was pooled
in twos to obtain adequate RNA concentrations for RT-PCR analysis. Therefore, n=6
mice for each ligation duration yielded three separate sampling reactions for RT-PCR of
the left carotid arterial tissue. The contralateral right carotid artery from the non-treated
FVB/NJ mice, adherent to the experimental ligation model, was used as a comparison
against the ligated left carotid artery from the treatment group. After excision of the left
and right carotid arteries, the harvested tissue was flash frozen in liquid nitrogen and
placed in a negative 80 degree Celsius freezer. Frozen tissue was withdrawn from the
freezer for tissue homogenization with TRIzol reagent (Invitrogen, Carlsbad, CA) and
RT-PCR workup.

34

The control and ligated carotid artery tissue samples were probed against each
transcription primer noted in Table 1. Nucleic acid sequences for each RT-PCR primer
were scanned against a database and all accession numbers and sequences with
significant relatedness to the new sequence were identified (Table 1).
Statistical Analysis
Data was collected in page numbered notebooks using Good Laboratory Practice (GLP)
procedures and transcribed to an Excel spreadsheet. Data distributions were examined as
frequency histograms to assess normality. Descriptive statistics for continuous variables
included mean and standard error of the mean (SEM). The measured variables assessing
the mean response to treatments were compared to control values when appropriate,
using Student t tests. With multiple doses or groups, differences from the mean were
tested using Analysis of Variance (ANOVA). Post-hoc Bonferroni multiple comparisons
tests were used to detect which means were different. Considering surgical variance, we
incorporated a maximum of six mice per treatment group. The established study was
duplicated to increase the probability of detecting significance. The differences were
calculated with a significance level or alpha equal to 0.05. Comparable non-parametric
tests (Kruskal-Wallis and the rank sum test) were substituted when tests for normality
and equal variance failed. P-value < 0.05 was considered significant.
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RESULTS
The first objective in this study was fulfilled on day zero for all of the experimental
groups mentioned. Flow cessation of the left common carotid artery was accomplished
with a 7-0 Ethicon silk suture proximal to the anatomical bifurcation. A pilot study was
conducted to mimic the original Kumar and Lindner carotid ligation model to induce the
remodeling typical of intimal hyperplasia in the C57BL/6J strain. Alternative ligation
time points were chosen for this particular study in comparison to what has been
observed in the literature. Ligation periods of 14 and 28 days were selected as end points
for histological and RT-PCR analysis.
The RT-PCR results from the pilot study at 14 (n=1) and 28 (n=1) days of ligation
for the C57BL/6J strain deviated from the control right carotid artery gene expression
values; therefore, this prompted further investigation of the response of this murine strain
to carotid ligation injury in an established study. Results from the RT-PCR pilot study
analysis were combined with the C57BL/6J established study data. Although not shown,
the histological findings from the pilot study proved inconclusive. The ligated left
common carotid artery at both ligation time points did not elicit any significant changes
in intimal growth versus the contralateral right carotid artery control. The insignificant
histological findings from the C57BL/6J ligation pilot study were impelling in the
investigation of a murine strain comparison that would elicit susceptibility to intimal
hyperplasia subsequent to this injury model. The FVB/NJ murine strain was found to be
compatible in the literature in terms of susceptibility to arterial injury and neointimal
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thickening. Hence, FVB/NJ mice were used as a carotid ligation injury strain comparison
to the C57BL/6J population.
The second objective in this study was to compare histological neointima
formation and transcriptional factor gene expression in the carotid artery at varying
ligation end points in the two different strains of mice. As aforementioned in the methods
section, H&E, Trichrome, VVG, PSR, and fluorescence staining was carried out to yield
histological slides of cross-sectional carotid artery samples. Histology slides were
observed under a microscope at magnifications of x10 and x40. In the established study,
C57BL/6J left carotid artery samples showed no apparent IH development at 14 days of
ligation injury versus the control. At the 28 day ligation end point in this strain,
approximately 50% of the evaluated left carotid artery samples (n=2) showed ostensible
neointimal growth. The C57BL/6J histology was not incorporated in this section owing to
the variable findings at 28 days of ligation injury. The C57BL/6J mice confirmed to be
more resistant to visible neointimal development post ligation injury.
Comparatively, FVB/NJ mice developed extensive neointimal growth at 14 days
post ligation injury with dramatic and complete occlusion at 28 days (Figure 2). This
strain was highly susceptible to neointimal growth following a model of arterial ligation
injury. Histological analysis of intimal growth was performed at x40 magnification after
14 and 28 days of ligation injury in the FVB/NJ strain. At 14 days of ligation injury, the
migration of VSMCs beyond the internal elastic lamina and into the intima was observed
in the ligated left carotid artery versus the control (Figure 2). This contrasted the absence
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of neointimal growth in the C57BL/6J strain at the same ligation end point. Moreover, 28
days of left common carotid artery ligation injury in the FVB/NJ strain generated a near
complete occlusion of the intimal area of the artery versus the control, as seen in Figure
2. VSMCs appeared to make a full migration to the arterial intima at this time point.
VSMCs were not oriented in any common direction in the intima as observed closely in
the 28 day VVG stain in Figure 2. The matrix appeared abundant at 28 days but formed
fibers were sparse. The VVG stain highlighted elastin and did not visibly change versus
the control species at either ligation time point. The carotid artery typically encompasses
three rings of elastin, and remained relatively constant in elastin content following this
model of carotid artery ligation injury. The polarized image of the PSR stain illuminates
vascular collagen which did not change significantly at any time point of ligation injury
through visual histological observation.
RT-PCR was carried out in the established study to compare extracellular matrix,
endothelial, immune, and cytokine gene expression in the FVB/NJ versus the C57BL/6J
strains. The chief intent of this data analysis was to determine whether a relationship
exists between intimal hyperplasia and CD4+ lymphocyte control of ECM remodeling. It
is essential to note that t tests were performed between the contralateral right carotid
arteries between each ligation end point for each independent strain. This data confirmed
the use of the right contralateral carotid artery as a baseline control and adequate RT-PCR
comparison to the ligated carotid artery samples. There was little detection of
significance between the 14 day and 28 day right contralateral carotid artery samples
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pooled per strain (Table 3). The same conclusion was drawn regarding t test data
developed from right contralateral carotid artery samples via a strain versus strain
comparison per ligation time point. There was little significance identified between the
right carotid artery samples (contralateral to the ligated left carotid arteries) between the
C57BL/6J and FVB/NJ murine strains (Table 4). It was difficult to obtain adequate RNA
concentrations in the contralateral right carotid artery tissue samples in the FVB/NJ strain
for completion of RT-PCR analysis and data collection. Hence, the right carotid artery
control data from the C57BL/6J strain was added to the FVB/NJ Excel control data sheet
for a more thorough baseline analysis per ligation end point. This was justified based on
the strain versus strain significance testing of right carotid artery RT-PCR data which
proved that there was no marked difference in the samples by strain per ligation end
point.
The RT-PCR extracellular matrix gene expression of the C57BL/6J and FVB/NJ
strains exhibited significance in ECM turnover in both strains after 14 days of ligation
injury (Figures 3 and 4). The enzyme, lysyl oxidase (pro-LOX), which is requisite for
ECM fibrillar collagen and elastin maturation, was expressed significantly following
carotid ligation injury in both strains of mice. In the C57BL/6J strain exposed to 14 days
of carotid artery ligation injury, pro-LOX, collagen I, collagen III and elastin were
significantly upregulated 7.95 ± 0.16 (p = 0.002), 7.50 ± 0.25 (p = 0.000), 9.88 ± 0.23 (p
= 0.000), and 8.42 ± 0.87 (p = 0.011) –fold versus the control, respectively (Table 2). No
significance was distinguished in the C57BL/6J strain pro-LOXL3 gene expression
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versus the control at both ligation end points. Significant decreased expression in all
ECM transcriptional factors was apparent by day 28 of carotid ligation injury versus the
14 day ligated left carotid artery, with the exception of collagen III (Table 3). This may
have been owing to a compensation of the ECM at 28 days by an alternative mechanism
or source of vascular remodeling. Compared to the right carotid artery control at 28 days
in the C57BL/6J mice (Figure 3, Table 2), the fold change gene expression of collagen I
(3.78 ± 0.31) was significant (p = 0.027). Although not significant at 28 days of ligation
injury versus the control, all ECM fold change values were slightly greater than the
baseline RNA expression fold change of the control set at 1.0 (Figure 3, Table 2).
The FVB/NJ strain showed significant ECM turnover and fold change gene
expression at 14 days of ligation injury versus the right carotid artery control (Figure 4).
At 14 days, the gene expression for pro-LOX, pro-LOXL3, collagen I, and collagen III
versus the control were 6.21 ± 0.41 (p = 0.001), 6.94 ± 0.51 (p = 0.010), 3.80 ± 0.44 (p =
0.004), and 21.97 ± 0.46 (p = 0.000), respectively (Table 2). Gene expression of elastin
did not yield significance at 14 days of ligation injury versus the right carotid artery
control (Figure 4). The dramatic expression of collagen III at 14 days may suggest a
loose regulation of the expression of this vascular protein by the ECM. At 28 days of
ligation injury, all ECM gene expression components were significantly upregulated
versus the control (Table 2). The left carotid artery RT-PCR analysis data was not
significant when comparing the 14 day versus 28 day ligation groups for the FVB/NJ
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strain (Table 3). Therefore a persistence of ECM remodeling and gene expression was
pertinent at both ligation time points for this particular strain.
The C57BL/6J versus FVB/NJ comparison was made at both ligation end points.
The strain versus strain comparison of the left carotid artery at 14 days of ligation injury
yielded a significant difference in pro-LOXL3 (p = 0.010) and collagen III (p = 0.010)
expression (Table 4). Both ECM transcription factors were shown to be higher in the
FVB/NJ strain. At 28 days of ligation injury in the left carotid artery strain versus strain
comparison, FVB/NJ mice expressed significant upregulation of the pro-LOXL3 (p =
0.036) and pro-LOX (p = 0.003) transcription factors (Table 4).
To counter the controversial claims in understanding the immune pathway in the
pathogenesis of intimal hyperplasia, immune gene expression was examined in the
C57BL/6J and FVB/NJ murine strains following left common carotid artery ligation. The
RT-PCR immune data for the C57BL/6J strain elicited no significant findings at either
ligation time point versus the right carotid artery control (Figure 5). In this strain, the
ECM vascular remodeling preceded an adaptive immune response as witnessed by the
RT-PCR ECM analysis in competition with the immune data. The C57BL/6J left carotid
artery 14 day versus 28 day data analysis (Table 3) illustrated significant differences
between RORγT (p = 0.033), Foxp3 (p = 0.007), and GATA-3 (p = 0.002), with the
exception of Tbet (p = 0.058). These findings suggested that the C57BL/6J strain IH
remodeling was dominantly controlled by ECM expression in this model.
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The RT-PCR immune data for the FVB/NJ strain demonstrated a significant
upregulation of RORγT (p = 0.020) in the left carotid artery at 28 days of ligation versus
the control, with a fold change value of 2.50 ± 0.22 (Figure 6; Table 2). Therefore, the
transcription of Th17 was increased at this time point. Th1 transcription via Tbet was also
significantly expressed at 28 days of ligation injury in the FVB/NJ strain versus the
control. Tbet increased 5.26 ± 0.17 –fold (p = 0.012) at 28 days in comparison to the right
carotid artery (Figure 6; Table 2). A limited role of Th2 lymphocytes in the carotid artery
ligation model was determined by insignificant gene expression of GATA-3 at both end
points of ligation in comparison to the control (Figure 6). In contrast to the FVB/NJ 28
day left carotid artery ligation group, both RORγT (p = 0.031) and Tbet (p = 0.003) were
increased significantly from the 14 day ligation group (Table 3). Finally, a left carotid
artery strain versus strain comparison of immune gene expression at 14 days withheld no
significant findings. However, at 28 days of ligation injury, gene expression of Tbet (p =
0.046) was upregulated significantly in the FVB/NJ strain in contrast to the C57BL/6J
mice (Table 4).
The roles of RORγT and Tbet were further determined by their transcriptional
functions in cytokine gene expression. The C57BL/6J strain did not prompt significant
cytokine gene expression following ligation injury for 14 and 28 day periods versus the
control species. However, TGF-β, which is responsible for VSMC hypertrophy and ECM
remodeling, was upregulated 2.79 ± 0.21 –fold (p = 0.014) at 14 days of carotid ligation
compared to the control (Figure 7; Table 2). In distinction, the FVB/NJ strain responded
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dramatically to left common carotid ligation injury following this research model at 14
and 28 days. Based on the results, it was established that IL-6 and TGF-β orchestrated a
reciprocal relationship between the development of pathogenic Th17 cells (transcription
from RORγT) and regulatory Foxp3+ Treg cells. In review, T cell responses are shunted
to TGF-β toward the Th17 lineage in the presence of IL-6. Coincidentally, TGF-β and IL6 were expressed significantly in the left common carotid artery vasculature versus the
right carotid after 14 days of ligation duration with fold change values of 5.28 ± 0.11 (p =
0.003) and 9.53 ± 0.41 (p = 0.003), respectively (Figure 8; Table 2). The upregulation of
these genes may have precluded the increase in RORγT gene transcription and
subsequent IL-17 expression in the left carotid artery exposed to 28 days of ligation
injury. At 28 days all cytokines were expressed substantially in the left carotid artery.
Gene expression of IL-17 was augmented by 50.06 ± 0.19 –fold (p = 0.004) compared to
the right carotid artery control (Figure 8; Table 2). Marked expression was also detailed
by the fold changes of 9.22 ± 0.42 (p = 0.023), 9.51 ± 0.57 (p = 0.036), and 21.61 ± 0.16
(p = 0.001) for TGF-β, IFN-γ, and IL-6 at 28 days of ligation injury, respectively (Figure
8; Table 2).
A cytokine comparison of the left carotid artery ligation response in the FVB/NJ
14 day versus 28 day groups showed statistical significance. The RT-PCR cytokine
expression data collected for all left carotid artery samples at 28 days was significantly
greater than the 14 day ligation carotid samples. IL-17 (p = 0.008), TGF-β (p = 0.005),
IFN-γ (p = 0.035), and IL-6 (p = 0.003) were upregulated in the 28 day left carotid artery
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collection samples in comparison to the 14 day ligated artery collection data (Table 3). A
strain versus strain assessment concluded that IL-17 (p = 0.006), TGF-β (p = 0.001), and
IL-6 (p = 0.003) were considerably expressed in the FVB/NJ 14 day ligation model
versus the C57BL/6J group (Table 4). Hence, the immune response was exacerbated
favorably in the FVB/NJ strain at 14 days and even greater at 28 days of ligation injury.
Lastly, the established study included measuring the RT-PCR gene expression
levels induced by vascular endothelial cell and vascular smooth muscle cell transcription.
Significant findings were not drawn from the RT-PCR data analysis for the C57BL/6J
strain exposed to carotid artery ligation injury at two end points (Figure 9; Table 2).
Alternatively, the FVB/NJ RT-PCR analysis showed some important outcomes. Although
not significant, KLF2 was reduced at 14 and 28 days following ligation injury versus the
control in this strain (Figure 10). This supported our original prediction that KLF2
expression would be downregulated due to the possible loss of VEC control and
protection. VEC and VSMC expression of KLF4 was reduced at 14 days, when compared
to the right carotid artery, by a fold change of 0.31 ± 0.32 (p = 0.022) (Table 2). A
proposed decrease in expression of KLF4 at 14 days was in favor of the proliferative and
migratory state of the VSMC in response to injury. Control versus 28 day ligation injury
failed to yield significant results for KLF4 and KLF5 in the FVB/NJ strain. Deviant from
the original prediction, KLF5 was downregulated 0.29 ± 0.46 –fold (p = 0.033) (Table 2).
It was expected that the VSMC transcription of KLF5 would increase following injurious
stimulus. This was found to be erroneous compared to our results for this model. It may
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have been useful to measure KLF gene expression at an earlier time point following
ligation induced injury. These transcription factors may have a dominant effect preceding
the immune response.
Moreover, based on the assumption that IL-17 downregulates KLF2, we proposed
a therapeutic model using simvastatin as a treatment to stabilize KLF2 levels and counter
IL-17 mediated injury. This treatment model was tested on the susceptible FVB/NJ strain
adherent to carotid ligation duration of 14 days. The right carotid artery control species
was taken from the original established study contralateral to the ligated left common
carotid artery. This control species was not subjected to treatment with simvastatin. Two
elastin stains were carried out as exhibited in Figure 11. The histological analysis for the
fluorescence and VVG staining protocols illustrated a lack of visible change in elastin
content following left carotid ligation injury in the presence and absence of the
therapeutic administration of simvastatin. Although difficult to visually quantify, IH was
detected similarly in the treatment group versus the non-treated ligated left carotid artery
(Figure 11). There was little reversal of ligation induced IH development when FVB/NJ
mice were treated with simvastatin prior to and during the ligation period. However,
VSMC migration beyond the internal elastic lamina and into the intima appeared to be
slightly reduced in the treatment group.
Extracellular matrix gene expression was assessed in the FVB/NJ 14 day ligation
simvastatin treatment model. Pro-LOXL3 was highly expressed in this model with a fold
change value of 17.50 ± 0.44 (p = 0.003) versus the right carotid artery control (Figure
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12; Table 5). Gene expression of collagen III increased 5.97 ± 0.39 –fold (p = 0.023) in
the ligation treatment model versus the non-treated right carotid artery control species
(Figure 12; Table 5). Pro-LOXL3 mediated greater matrix remodeling than collagen III
in the treatment model; these findings were reciprocal when comparing the non-treatment
FVB/NJ ligation group to that of the ligation treatment model (Figure 12). There was no
significance in the findings regarding gene expression of elastin in this prototype.
The immune and cytokine gene expression response was intensified in the
FVB/NJ ligation simvastatin treatment model. There was a substantial increase in RORγT
transcription by a value of 20.38 ± 0.34 –fold (p = 0.003) in the simvastatin treatment
group as evaluated against the control (Figure 13; Table 5). Significance was also noted
in the upregulation of RORγT (p = 0.012) transcription in the treatment group as assessed
against the non-treated 14 day FVB/NJ ligation group. This outcome was associated with
a greater fold change in IL-17 (Figure 14), although not significant. In regards to Tbet
transcription for the Th1 lymphocytic phenotype, expression was detected 14.80 ± 0.39 –
fold (p = 0.005) in the treatment model versus the control (Figure 13; Table 5). This
signified a greater role of Th1 in this experimental model versus the other prototypes
carried out in this overall ligation study. A marked difference between the non-treated 14
day FVB/NJ ligation group and the treatment group was recognized. Tbet was superiorly
expressed in the treatment group (p = 0.009) over the ligation group devoid of the
administration of simvastatin (Table 5). The Foxp3 transcription of Tregs was not
included in the data collection noteworthy of significant results (Figure 13). This was
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owing to an abundant immune response to both the ligation model and the simvastatin
ligation model, with a corresponding lack of suppression or Treg function on this
response. Once again, the Th2 lineage did not play a critical role in the immune mediated
remodeling represented in the simvastatin model. Cytokine gene expression was greatly
augmented in the simvastatin model versus the control species and non-treated left
carotid artery ligation prototype. IL-17 was upregulated 12.32 ± 1.71 –fold (Table 5) in
the simvastatin treatment group versus the control. This result was not found to be
significant. In the treatment model, TGF-β, IFN-γ, and IL-6 demonstrated fold changes of
12.93 ± 0.58 (p = 0.004), 42.27 ± 0.49 (p = 0.017), and 57.99 ± 1.07 (p = 0.003) versus
the control, respectively (Figure 14; Table 5). The ligation treatment model exhibited
superior cytokine gene expression compared to the non-treated left carotid artery ligation
model for TGF-β (p = 0.048), IFN-γ (p = 0.008), and IL-6 (p = 0.042) (Table 5). The
greater expression of Tbet and subsequent transcription of Th1 lymphocytes may have set
the path for activation and release of IFN-γ. The sizable release of IL-6 in this treatment
model may have contributed to the augmented activation of RORγT transcription versus
the non-treatment and control samples analyzed. These results strayed from the original
hypothesis that Th17 transcription would be attenuated by a therapeutic regimen of
simvastatin administered to a susceptible murine strain.
Simvastatin failed to stabilize KLF2 levels in association with lowering IL-17
mediated injury. Significance was not distinguished in the treatment versus control
ligation model for the analysis of VEC and VSMC transcriptional factors (Figure 15;
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Table 5). In contrast to the non-treatment 14 day carotid ligation group, there was
significant expression of KLF4 (p = 0.012) in the treatment group (Table 5). Increased
expression of KLF4 in the treatment prototype would suggest that VSMC proliferation
and migration was inhibited at the 14 day ligation time point. This particular finding
supported the original extrapolation that simvastatin would impede neointimal thickening
via delayed VSMC migration.
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DISCUSSION
Ischemia/reperfusion injury associated with allograft preservation may have deleterious
short- and long-term vascular pathology for allografts. In the clinical setting, cardioplegia
solutions used for myocardial arrest during cardiopulmonary bypass may cause
endothelial injury from improper clearance of oxygen-derived free radicals during cold
ischemia and subsequent reperfusion132. Limiting the factors that activate pathways
toward intimal hyperplasia development during specific cardiac procedures may offer a
better target for the existing issue of restenosis, otherwise known as untreatable chronic
rejection. The underlying mechanisms involve microvascular dysfunction, specifically
VEC injury that may culminate in primary allograft failure or more commonly intimal
hyperplasia. The understood predominant stimulus for intimal hyperplasia remodeling is
VEC injury. Thus, the overall research goal was to inhibit intimal hyperplasia through
preventing VEC injury with a therapeutic.
Inflammation and Extracellular Matrix Remodeling in a Model of IH
In an attempt to credit the role of the immune response in ECM remodeling following
blood flow cessation in mouse carotid arteries, immune-modulation must be further
elucidated. Mouse models of autoimmunity and inflammatory process mediation in
humans can be linked further to CD4+ T helper lymphocytes (Th17 cells) that express
interleukin-17. The retinoic acid receptor-related orphan nuclear receptor, RORγT,
distinguishes mouse and human Th17 cells and is required for induction of IL-17
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transcription and the manifestation of Th17 dependent autoimmune disease in mice133. In
murine animal studies, it has been confirmed that the cardiac glycoside, digoxin, is an
inhibitor of RORγT transcriptional activity. Digoxin has been effective in delaying the
onset and reducing the severity of autoimmune disease. This was discovered by
observation of digoxin’s inhibitory effects on murine Th17 cell differentiation without
affecting differentiation of other T cell lineages133. Hence, RORγT is important for the
maintenance of IL-17 expression in mouse and human effector T cells.
IFN-γ, generally accepted as a Th1 cytokine, appears to be at critical player in
intimal hyperplasia and is known to regulate about 500 genes134. IFN-γ has been clearly
defined as a mediator of atherosclerotic plaque, possibly creating plaque instability135 and
intimal hyperplasia in allografts136. It has been discussed above that mTOR is a
regulatory protein of cellular growth, proliferation, and protein synthesis and that IFN-γ
directly activates the mTOR pathway (Figure 1). Earlier studies suggest that IFN-γ has an
inhibitory effect on VSMC cell proliferation; yet these studies were negatively critiqued
as being only in vitro and short-term in design. The potential sources of IFN-γ in the
affected vessel may include: CD4+ T-lymphocytes, CD8+ T cells, activated macrophages,
NK cells, B cells, and vascular smooth muscle cells135. With the exception of the NK
cells, all are present in the vascular media and adventitia of the stimulated vessel.
According to Wang et al 2007, IFN-γ is not bimodal as generally understood136. This
justification is recently countered by that reported by Dimayuga et al41. The key difficulty
is why does IFN-γ inhibit intimal hyperplasia at the early stages of development? It is
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reported that IFN-γ may induce the inhibitory protein, suppressor of cytokine signaling-1
(SOCS1), expression during the early phase. In the later stages (21 days) IFN-γ
stimulates inducible nitric oxide synthase (iNOS) via interferon regulatory factor-1 (IRF1), a proliferative mediator of intimal hyperplasia137, 138. An alternate potential pathway
proposed by Warnecke et al 2010 follows that IFN-γ stimulates Treg lymphocytes
thereby inhibiting intimal hyperplasia139. IFN-γ has a defined role in atherosclerotic
plaque formation and in the later stages of intimal hyperplasia. Conversely, the
mechanism behind its suspected protective role in the early stages of neointimal
formation remains a central investigation.
In relation to ECM remodeling, TGF-β is considered important in the
development of arterial stiffness. TGF-β can be linked to hypertrophy of vascular smooth
muscle140, an increase in the local production of extracellular matrix proteins141, and the
inhibition of metalloproteinases involved in collagen degradation and remodeling142.
There is an increasing amount of evidence implicating the role of transforming growth
factor beta (TGF-β1) in the development of intimal hyperplasia, extracellular matrix
(ECM) vascular remodeling143, and atherosclerosis144. TGF-β1 can be secreted by the
vascular smooth muscle cells (VSMCs) in response to mechanical forces resulting in
maintenance of the extracellular matrix145 (Figure 1). An increase in expression of TGF-β
is rapid and sustained following vascular injury146. The addition of exogenous TGF-β to
the injured arterial wall by the administration of protein or through gene transfer,
accentuates intimal thickening and increases the deposition of collagen and other ECM
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proteins in the neointima147, 148. In contrast, administration of a TGF-β antibody or a
competitive TGF-β receptor antagonist suppresses intimal thickening and collagen
deposition149. It must be underscored that the excessive accumulation of ECM in
response to TGF-β is due to two major processes: induction of new matrix synthesis and
suppression of matrix degradation. TGF-β can directly stimulate production of the matrix
components including fibronectin, collagen, elastin, thrombospondin, and
proteoglycans150. Conversely, TGF-β suppresses matrix protein degradation by reducing
production of several proteases that degrade ECM as well as by increasing synthesis of
specific inhibitors of those proteases150, 151. For example, TGF-β diminishes production of
collagenase and plasminogen activator, and induces inhibitors of these enzymes such as
tissue inhibitor of metalloproteinases and plasminogen activator inhibitor-1 (PAI-1).
IL-17 as it Relates to Hypertension and Hyperplasia Remodeling
Th17 lymphocytes have been directly linked to hypertension. Tacrolimus, which
mediates its effects through inhibition of the immunophilin, FK binding protein-12
(FKBP12), causes a 40 to 50 mmHg rise in systolic blood pressure within seven days of
treatment – very similar to angiotensin II administration. These effects are related with
altered endothelial nitric oxide synthase (eNOS) function and a significantly increased
ratio of Th17/Treg splenic lymphocytes; supported by high plasma levels of IL-6, -17, 21, and -23152. Additionally IL-6 and IL-17 have been shown to contribute to endothelial
dysfunction and hypertension produced by angiotensin II153, 154. IL-6 alone is associated
with both hypertension and chronic renal damage in humans and mice155; yet IL-6
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stimulation of naïve T-lymphocytes is necessary for the phenotypic development of Th17
lymphocytes and therefore the role of IL-6 in vascular remodeling may be more
supportive and not direct. Thus IL-17 has effects on vascular function that appears to be
related with VEC dysfunction which precedes vascular remodeling.
IL-17 and Allograft Rejection
Few studies have investigated the role of IL-17 and allograft rejection. Therefore, the
effect of blocking IL-17 on reducing rejection should be studied further. Mitchell et al156
cites that Tregs have a limited effect on the Th17 cells based on single report by
Benghiat157. Mitchell states that there is support that IL-17 has a role on IH; however, his
citation is incorrect.
Th17 and Digoxin: A Potential Therapeutic Alternative
Digoxin binds to the ligand binding domain of RORγt and suppresses Th17
differentiation without affecting Th1 differentiation. Digoxin inhibits IL-17 production
by CD4+ lymphocytes in the EAE mouse model158. Likewise, it has been shown that the
cardiac glycoside digoxin is a specific inhibitor of RORγT transcriptional activity.
Digoxin inhibits murine Th17 cell differentiation without affecting differentiation of
other T cell lineages and is effective in delaying the onset and reducing the severity of
autoimmune disease in mice133. This cardiac glycoside should be studied further as a
therapeutic model indicated for IH.
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The Role of KLFs in Vascular Homeostatic Maintenance
The mammalian Krüppel-like factor (KLF) family of transcription factors regulates
diverse biological processes that include proliferation, differentiation, growth,
development, survival, and responses to external stress. These transcriptional factors are
critical in the maintenance of homeostasis in numerous organ systems and are involved in
disorders such as obesity, cardiovascular disease, cancer, and inflammatory conditions.
Endothelial cells express KLFs 2, 4, and 6, where the overexpression of KLF4 in ECs
activates anti-inflammatory and antithrombotic genes159. Krüppel-like factor 4 has been
identified as being markedly induced in response to IFN-γ and decreased by TGF-β in
macrophages160. Macrophage activation is important in chronic inflammatory disease
states such as atherosclerosis where pro-inflammatory cytokines play a major role.
Cultured ECs subjected to prolonged laminar flow shear stress have displayed an
upregulation of KFL2 expression in vivo159. Regions of vessels exposed to nonlaminar
shear stress exhibit a downregulation or absence of KLF2 expression. Therefore, KLF2
has flow-dependent, atheroprotective functions in ECs. It can be induced further in
response to 3-hydroxy-3-methyblutaryl coenzyme A inhibitors, or statins159. Moreover,
KLFs 4 and 5 are the best characterized for their roles in the biology and pathobiology of
VSMCs that contribute to blood vessel walls. KLF5 is abundant in fetal but not adult
aortic SMCs of humans and rabbits; however, it can become reactivated in response to
pathologic conditions such as coronary atherosclerosis, vein graft hyperplasia, and
response to vascular injury159, 161. KFL5 expression has been discovered in the neointimal
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layer of the blood vessels following aortic balloon injury and in human coronary lesion
samples159. KLF4 and KLF5 have opposite effects in regulating proliferation of VSMCs
and may be chief in the maintenance of vascular homeostasis.
The Role of mTOR, KLF4, and IL-17 in Intimal Hyperplasia
There is additional evidence that activation of the mammalian target of rapamycin
complex, mTORC1 is vasoproliferative51 and possibly this may be due to its effect
preserving Treg lymphocytes162. As described previously, evidence confirms that
mTORC1 is essential for vascular remodeling because pharmacological mTORC1
inhibitors are able to prevent the development of intimal hyperplasia and atherosclerosis
in patients and animal models55-57. Overexpression of KLF4 inhibits cell proliferation, the
activity of mTOR, and its downstream pathways in VSMCs. KLF4 has been shown to
prevent intimal hyperplasia formation in the balloon-injured arteries. Knockdown of
KLF4 attenuates the anti-proliferative effect of rapamycin both in vitro and in vivo162.
Therefore it can be concluded that KLF4 mediates the antiproliferative effects of
rapamycin in the vasculature through inhibition of mTOR. These data make mTORC1 an
attractive target to integrate Th17 signaling and the intimal hyperplasia response of
vascular cells after injury. Hence, there is convincing evidence that rapamycin inhibits
intimal hyperplasia via mTOR pathways58.
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CONCLUSION
Integrated Purpose: Relationship between Simvastatin, IL-17, and KLFs
The clinical gap in knowledge exists in the mechanism behind the recurrent adaptation to
injury, inflammation, and stretch that provokes the migration and proliferation of VSMCs
to initiate intimal hyperplasia. The main problem at present is that it is unclear how the
immune system modulates the vascular remodeling that occurs in neointima formation.
The purpose of this study was to address the putative function of IL-17 on
vascular remodeling. With the theorized down-regulation of KLF2 caused by IL-17, we
proposed to attempt to stabilize KLF2 levels with simvastatin treatment and thereby
counter IL-17 mediated injury. Although it was determined that IL-17 was an important
mediator in IH development in the FVB/NJ mouse carotid artery ligation model, the
original hypothesis regarding simvastatin mediation of KLF2 and IL-17 inflammatory
injury was not supported by our data. The results of this study were in conflict with the
literature findings supporting simvastatin as a beneficial therapeutic in limiting intimal
thickening subsequent to endothelial cell activation or injury.
The current literature argues that fluvastatin has been shown to reduce VSMC
migration in human tissue163. Simvastatin exhibits protection of arterial vasculature by
induction of KLF2105, 106. There is supportive evidence that the Th17 rather than the Th1
lymphocytes are responsible for mediating allograft intimal hyperplasia127 which is
counter to the older literature. Even more intriguing is that the CCR6+ Th17 (signature
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cytokine expression of IL17a, IL-17f, IL-22 and IL-26) and Th22 T cell lineages are
important mediators of chronic inflammation and are inhibited by ectopic expression of
KLF2164. Simvastatin directly inhibits the expression of retinoic acid-related orphan
nuclear hormone receptor C, a transcription factor that controls IL-17 production in CD4+
T cells165 and thus inhibits IL-17 secretion by Th17 lymphocytes. Taken together, one of
our primary research objectives in future studies is to define the relationship between IL17 and KLF2 in cultured VECs using simvastatin as an ectopic inducer of KLF2.
However clinical use of simvastatin has not shown the experimental efficacy in
normocholesterolemic patients undergoing coronary artery stenting166.
Summary of Key Findings
A genetic component exists among the susceptibility of certain murine strains to carotid
artery ligation injury and induction of intimal thickening. FVB/NJ mice are more
susceptible to IH development in comparison to the C57BL/6J strain. The adaptive
immune system elicits a specific role in the vascular remodeling of FVB/NJ mice
exposed to carotid artery ligation injury. IL-17 is markedly expressed in the susceptible
FVB/NJ strain in this research model. Our results support that IL-17 producing CD4+
Th17 cells are essential in the carotid injury model and may serve as a novel target of
strategies for the prevention of transplant rejection and graft vasculopathy. Inflammatory
factors provoke a response that governs the initial and later phases of a pathological
immune response. KLF gene expression is not significantly altered in this study. Immune
and cytoking gene expression is exacerbated in the FVB/NJ simvastatin ligation
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treatment model. Histological findings distinguish IH development similar to the nontreated 14 day ligation group. Lastly, simvastatin did not stabilize KLF2 levels and did
not counter IL-17 mediated injury. The findings in this treatment model refute the current
literature on the effect of statins on IH. Our existing data proposes that simvastatin
provokes the pathological progression of intimal hyperplasia. Conversely, a toxic dose
may have been selected for the murine population exposed to this study.
Overall, the chief findings in this study conclude that cytokine expression of IL17 from the associative RORγT immune transcription of Th17 is the dominant mediating
factor in this model of intimal hyperplasia. Supplementary studies will have to be
conducted further to determine the role of simvastatin in this ligation model. These data
suggest that targeting specific molecular markers may propagate novel pathways for the
modulation of IH and a promising future for graft and transplant patency. This study will
help afford evidence-based research on the mechanisms behind neointimal development
that will alter clinical practices in light of allograft preservation.
Future Directions
Additive research to this current study involves altering the dose of simvastatin
administered to FVB/NJ mice and determining whether this particular dose modulates
KLF expression. A vehicle study should be performed on the FVB/NJ mice exposed to
carotid artery ligation injury. This includes a PBS injection following the same protocol
as the simvastatin experiment. The vehicle group can be further compared to the
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simvastatin treatment group to test for variables or researcher error; namely, the immune
response to daily injection injury can be verified. This KLF gene expression in a murine
carotid ligation model at an earlier ligation endpoint should be observed. In vitro studies
using carotid artery tissue to measure actual cytokine levels in a similar ligation model
should be performed. RT-PCR cytokine fold change gene expression should be further
compared in these studies. As a final point, it would be interesting to determine if
digoxin, a cardiac glycoside and inhibitor of RORγT, reduces IL-17 mediated injury in a
carotid artery ligation model. Digoxin is effective in delaying the onset and reducing the
severity of autoimmune disease in mice by inhibiting murine Th17 cell differentiation
and without affecting differentiation of other T cell lineages. However, this drug may not
prove effective as a treatment owing to its adverse cardiac effects.
All and all, given the results from the simvastatin study, it may be beneficial to
introduce a therapeutic drug that attenuates the cytokine response to carotid artery
ligation injury. Solu-Medrol (methylprednisolone, a glucocorticosteroid) is one of a
group of corticosteroids that are used to relieve the inflammatory response in various
parts of the body. McCann et al administered aspirin (165 mg twice daily) and the
steroid, dipyridamole (25 mg twice daily) to six rhesus monkeys in attempts to study the
effect of antiplatelet therapy on its mediation of intimal hyperplasia. Their hypothesis
was that the release of a factor mitogenic of smooth muscle cells and released from
platelets was a possible mechanism for the pathogenesis of intimal hyperplasia. After 16
weeks, the animals were sacrificed and it was found that the relative intimal area was
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significantly less in grafts from drug treated animals167. Thus, it was determined that
antiplatelet therapy could reduce vascular intimal hyperplasia. Another study looked at
the effect of preinjury administration of several doses of intravenous methylprednisolone
at targeted times in a rat model of balloon aortic injury. Compared with results in
controls, methylprednisolone significantly inhibited increases in plasma and tissue levels
of IL-6 at a dose of 5 mg/kg after two weeks168. This dose also reduced the pseudointimal
area and proliferating cell nuclear antigen index in injured vessels168. Most importantly,
methylprednisolone has been shown to inhibit RORγT transcription factor gene
expression, thus limiting IL-17 production169. Methylprednisolone collaborated with IFNγ in inhibiting IL-17 generation in lymph node cells169. The difference in the effect of
methylprednisolone on IL-17 and IFN-γ could be imperative for the understanding of the
efficiency variability of glucocorticoids in the treatment and/or prevention of intimal
hyperplasia. Improved knowledge of steroid treatment in IH susceptible models may be
indicative of managing this drug pre- and post-operatively in cardiac surgery patients.
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APPENDIX A
Table 1. RT-PCR primer index for analysis in models of carotid artery ligation.
RT-PCR Primers/
Accesion #
ProCol Iα1
NM_007742
ProCol IIIα1
AK_079113
Tropoelastin
BC_034057.1
ProLOX
NM_010728
ProLOXL3
NM_013586
KFL2 (VEC)
NM_008452.2
KFL4 (VEC/VSMC)
NM_010637.3
KLF5 (VSMC)
NM_009769.4
Tbet (Th1)
AF_241242
GATA3 (Th2)
NM_008091.2
Foxp3 (Treg)
NM_054039.1
IL-17A (Th17 cyt.)
NM_010552.3
IFN-γ
NM_008337
IL-6
NM_031168.1
TGF-β1
NM_011577.1
Β-actin BC_040513

Forward/Bases
5’-GAGCGGAGAGTACTGGATCG-3’
3876 - 3895
5’-TTCTGCTGTTGCTGGTGAAC-3’
1631 -11650

Reverse/Bases
5’-GTTCGGGCTGATGTACCAGT-3’
4017 - 3998
5’-TGGCTTGAATGAAGGTACCAA-3’
1749 - 1729

5’-CCATTGGTACCCAAATACCG-3’
2583-2602
5’-GAGCTGGGATCCTGACTCAC-3’
3056 - 3075
5’-CAGATGCAGTGGGATGAGAA-3’
3706 - 3725

5’-CAGTGTGAGGAGCCATCTGA-3’
2727-2708
5’-GTGTGCTTTCAGGCAGATGA-3’
3219 - 3200
5’-ACACCCCTACACACACACCA-3’
3844 - 3825

CTTGCAGCTACACCAACTGC
151-171
TATACATTCCGCCACAGCAG
207-227

TCCTTCCCAGTTGCAATGAT
277-257
TGGGCTTCCTTTGCTAACAC
340-320

GGATCTGGAGAAGCGACGTA
46-66
5’-CCTGGACCCAACTGTCAACT-3’
1208-1227

CCCGTATGAGTCCTCAGGTG
147-127
5’-AACTGTGTTCCCGAGGTGTC-3’
1364-1345

5’-CTTATCAAGCCCAAGCGAAG-3’
1085-1104
5’-TTAGGAGCCGCAAGCTAAAA-3’
2851-2870
TTCAGGGTCGAGAAGATGCT
463-482

5’-CATTAGCGTTCCTCCTCCAG-3’
1187-1168
5’-CTTGAGGAGCAGGTGAGACC-3’
3046-3027
TGAATCCACATTCCTTGCTG
642-623

5’- GCGTCATTGAATCACACCTG -3’
384-403
TTCCATCCAGTTGCCTTCTT
20-40

5’- TGAGCTCATTGAATGCTTGG -3’
512-493
ACAGGTCTGTTGGGAGTGGT
135-115

CAGAGACGTGGGGACTTCTT
18-38
House Keeping Gene
5’-TTGCTGACAGGATGCAGA AG-3’
204 - 223

GGTAGCGATCGAGTGTCCA
119-99
5’-TGA TCC ACA TCT GCT GGA AG-3’
350- 331
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Table 2. C57BL/6J and FVB/NJ control versus left carotid artery RT-PCR analysis.

RT-PCR
Primers
β-actin:
house
keeping
gene

C57BL/6J
14d Ligation Study
Rt. vs. Lt. Carotid

Fold Change ±
SEM

pvalue

pro-LOX
proLOXL3

7.95 ± 0.16

*
0.002

Collagen I
Collagen
III

7.50 ± 0.25
9.88 ± 0.23

Elastin

8.42 ± 0.87

KLF2
(VEC)
KLF4
(VEC/
VSMC)
KLF5
(VSMC)

2.37 ± 0.17

FVB/NJ
14d Ligation Study
Rt. vs. Lt. Carotid

C57BL/6J
28d Ligation Study
Rt. vs. Lt. Carotid

Fold Change ±
pFold Change
SEM
value
± SEM
Extracellular Matrix
*
6.21 ± 0.41
0.001
1.89 ± 0.18
*
6.94 ± 0.51
0.010
1.65 ±0.61
*
3.80 ± 0.44
0.004
3.78 ± 0.31
*
21.97 ± 0.46
0.000
2.94 ± 0.78

FVB/NJ
28d Ligation
Study
Rt. vs. Lt. Carotid

pvalue

Fold Change ±
SEM

0.323

8.15 ± 0.41

0.075
0.507
*
*
0.000
0.027
*
0.000
0.179
*
0.011
2.13 ± 1.41
0.194
1.20 ± 0.66
0.934
Vascular Endothelial Cell and Vascular Smooth Muscle Cell

9.93 ± 0.26

0.58 ± 0.24

0.246

0.65 ± 0.24

0.271

0.58 ± 0.41

0.141

1.24 ± 0.25

0.739

1.09 ± 0.81

1.05 ± 1.18

0.963

0.91 ± 0.35

Tbet (Th1)

0.215

5.75 ± 0.55

*
0.017
*
0.006
*
0.007
*
0.009
*
0.033

6.00 ± 0.36
9.77 ± 0.41

1.13 ± 0.24

0.786

0.38 ± 0.92

0.117

1.09 ± 0.55

0.898

1.32 ± 0.65

0.548

1.46 ± 0.37

0.527

1.34 ± 0.10

0.329

0.907

0.41 ± 0.70

0.153

2.50 ± 0.22

*
0.020

2.44 ± 0.62

0.451

1.06 ± 0.32

0.949

0.88 ± 0.45

0.174

0.853

1.01 ± 0.34

0.981

0.95 ± 0.44

0.930

0.38 ±0.67

1.68 ± 0.59

0.408

2.02 ± 0.39

0.284
Cytokines

1.09 ± 0.52

0.922

5.26 ± 0.17

0.197
*
0.012

IL-17a
(Th17 cyt.)

1.82 ± 0.28

5.73 ± 0.66

0.459

50.06 ± 0.19

2.79 ± 0.21

0.087
*
0.003

2.29 ± 1.16

TGF-β

0.888
*
0.014

2.15 ± 0.96

0.510

9.22 ± 0.42

IFN-γ

2.03 ± 0.75

0.520

0.80 ± 1.08

9.42 ± 0.43

0.127

9.51 ± 0.57

IL-6

1.24 ± 0.39

0.310

9.53 ± 0.41

0.847
*
0.003

5.64 ± 0.75

0.228

21.61 ± 0.16

RORγT
(Th17)
Foxp3
(Treg)
GATA-3
(Th2)

0.53 ± 0.12

pvalue

*
0.022
*
0.29 ± 0.46
0.033
Immune
0.31 ± 0.32

5.28 ± 0.11

Note: *p-value < 0.05 indicates statistical significance.

*
0.004
*
0.023
*
0.036
*
0.001

62

Table 3. C57BL/6J and FVB/NJ 14 day versus 28 day control and left carotid artery
significance values.

RT-PCR Primers

C57BL/6J
14d vs. 28d Ligation
Rt. Carotid Artery

FVB/NJ
14d vs. 28d Ligation
Rt. Carotid Artery

C57BL/6J
14d vs. 28d Ligation
Lt. Carotid Artery

FVB/NJ
14d vs. 28d Ligation
Lt. Carotid Artery

β-actin:
house keeping gene

p-value

p-value

p-value

p-value

*0.002

0.352

Extracellular Matrix
pro-LOX

0.096

0.105

pro-LOXL3

0.102

0.096

*0.052

0.055

0.413

*0.034

0.841

Collagen I

0.592

Collagen III

0.263

0.403

0.274

0.546

Elastin

0.903

*0.001

*0.043

0.442

Vascular Endothelial Cell and Vascular Smooth Muscle Cell
KLF2 (VEC)
KLF4 (VEC/VSMC)

0.371
0.180

KLF5 (VSMC)

0.615

0.413
0.283

0.675
0.566

0.197
0.100

0.130

0.246

0.572

*0.033

*0.031

Immune
RORγT (Th17)

*0.005

0.073

Foxp3 (Treg)

*0.022

0.080

*0.007

0.318

GATA-3 (Th2)

*0.016

0.074

*0.002

0.759

Tbet (Th1)

0.071

0.073

0.058

*0.003

Cytokines
IL-17a (Th17 cyt.)

0.097

0.848

*0.027

*0.008

TGF-β

0.245

0.106

0.139

*0.005

IFN-γ

0.779

0.859

0.178

*0.035

IL-6

0.440

0.319

*0.002

*0.003

Note: *p-value < 0.05 indicates statistical significance.
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Table 4. C57BL/6J versus FVB/NJ significance values per ligation end point.
C57BL/6J vs.
FVB/NJ
28d Rt.

C57BL/6J vs.
FVB/NJ
14d Lt.

C57BL/6J vs.
FVB/NJ
28d Lt.

p-value

p-value

RT-PCR Primers

C57BL/6J vs.
FVB/NJ
14d Rt.

β-actin:
house keeping gene

p-value

pro-LOX

0.138

0.169

0.608

*0.003

pro-LOXL3

0.552

0.701

*0.010

*0.036

p-value
Extracellular Matrix

Collagen I

*0.030

0.268

0.400

0.169

Collagen III

*0.012

0.194

*0.010

0.097

Elastin

0.178
0.329
0.426
Vascular Endothelial Cell and Vascular Smooth Muscle Cell

0.607

KLF2 (VEC)

0.748

0.955

0.948

0.144

KLF4 (VEC/VSMC)

0.890

0.695

0.067

0.440

KLF5 (VSMC)

0.967

0.270
Immune

0.206

0.060

RORγT (Th17)

0.201

0.645

0.162

0.061

Foxp3 (Treg)

0.107

0.642

0.070

0.859

GATA-3 (Th2)

0.081

0.922

0.205

0.106

Tbet (Th1)

0.180

0.959
Cytokines

0.430

*0.046

IL-17a (Th17 cyt.)

0.094

0.617

*0.006

0.063

TGF-β

0.066

0.911

*0.001

0.217

IFN-γ

0.425

0.410

0.058

0.363

IL-6

0.142

0.851

*0.003

0.061

Note: *p-value < 0.05 indicates statistical significance.
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Table 5. FVB/NJ simvastatin model 14 day ligation study RT-PCR analysis.

RT-PCR Primers
β-actin:
house keeping gene

FVB/NJ Simvastatin Model
14d Ligation Study
Rt. (non-treated) vs. Lt. Carotid
Fold Change ± SEM

p-value

FVB/NJ Simvastatin Tx.
vs. Ligation Study
14d Lt. Carotid
p-value

Extracellular Matrix
pro-LOX

2.49 ± 0.73

0.105

0.183

pro-LOXL3

17.50 ± 0.44

*0.003

0.182

Collagen I

1.53 ± 0.84

0.502

0.232

Collagen III

5.97 ± 0.39

*0.023

0.056

1.29 ± 0.96

0.662

0.691

Elastin

Vascular Endothelial Cell and Vascular Smooth Muscle Cell
KLF2 (VEC)

0.54 ± 0.22

0.356

0.934

KLF4 (VEC/VSMC)
KLF5 (VSMC)

2.13 ± 0.72
1.16 ± 0.54

0.226
0.803

*0.012
0.061

RORγT (Th17)

20.38 ± 0.34

*0.003

*0.012
0.636

Immune
Foxp3 (Treg)

3.54 ± 0.07

0.445

GATA-3 (Th2)

2.92 ± 1.49

0.302

0.186

Tbet (Th1)

14.80 ± 0.39

*0.005

*0.009

IL-17a (Th17 cyt.)

12.32 ± 1.71

0.081

0.406

TGF-β

12.93 ± 0.58

*0.004

*0.048

IFN-γ

42.27 ± 0.49

*0.017

*0.008

IL-6

57.99 ± 1.07

*0.003

*0.042

Cytokines

Note: *p-value < 0.05 indicates statistical significance.
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Figure 1. Injury
njury induced inflammatory and VEC/VSMC response leading to the
downstream physiologic development of intimal hyperplasia.

ourtesy of Douglas F. Larson, Ph.D.
Figure courtesy
TGF-β1
1 = transforming growth factor beta 1; TNF-α
TNF
Legend: IFNγ = interferon gamma; TGF
= tumor necrosis factor alpha; IL1
IL1-β = interleukin-1 beta; KLF2 = Krϋppel
ϋppel-like factor 2;
KLF4 = Krϋppel-like
like factor 4; KLF5 = Kr
Krϋppel-like
like factor 5; mTOR = mammalian target
of rapamycin.
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Figure 2. Histological findings in the FVB/NJ carotid artery ligation model versus the
control.

Legend: A:: Control Right Carotid Artery VVG Stain. B:: Control Right Carotid Artery
PSR Stain. C:: 14d Left Carotid Artery Ligation VVG Stain. D:: 14d Left Carotid Artery
Ligation PSR Stain. E:: 28d Left Carotid Artery VVG Stain. F:: 28d Left Carotid Artery
PSR Stain. Note: Photographs were taken at x40 magnification.
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Figure 3. C57BL/6J extracellular matrix gene expression.
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Note: *p-value is < 0.05, with respect to the right carotid artery control. Right carotid
artery (control) baseline RNA expression fold change is set at 1.0.
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Figure 4. FVB/NJ extracellular matrix gene expression.
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Note: *p-value is < 0.05, with respect to the right carotid artery control. Right carotid
artery (control) baseline RNA expression fold change is set at 1.0.
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Figure 5. C57BL/6J immune gene expression.
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Note: Right carotid artery (control) baseline RNA expression fold change is set at 1.0.
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RNA Expression (Fold Change)

Figure 6. FVB/NJ immune gene expression.
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Note: *p-value is < 0.05, with respect to the right carotid artery control. Right carotid
artery (control) baseline RNA expression fold change is set at 1.0.
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Figure 7. C57BL/6J cytokine gene expression.
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Note: *p-value is < 0.05, with respect to the right carotid artery control. Right carotid
artery (control) baseline RNA expression fold change is set at 1.0.
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Figure 8. FVB/NJ cytokine gene expression.
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Note: *p-value is < 0.05, with respect to the right carotid artery control. Right carotid
artery (control) baseline RNA expression fold change is set at 1.0.
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Figure 9. C57BL/6J VEC and VSMC transcriptional factor gene expression.
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Figure 10. FVB/NJ VEC and VSMC transcriptional factor gene expression.
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Note: *p-value is < 0.05, with respect to the right carotid artery control. Right carotid
artery (control) baseline RNA expression fold change is set at 1.0.
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Figure 11. Histological findings in the FVB/NJ simvastatin therapeutic model.

Legend: (-Tx) = No treatment; (+Tx) = Simvastatin treatment; RCA = right carotid
artery; LCA = left carotid artery. Note: Photographs were taken at x10 magnification.
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RNA Expression (Fold Change)

Figure 12. Extracellular matrix gene expression in the FVB/NJ 14 day carotid artery
ligation simvastatin treatment model.
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Legend: (-Tx) = No treatment; (+Tx) = Simvastatin treatment. Note: *p-value is < 0.05,
with respect to the right carotid artery control. Right carotid artery (control) baseline
RNA expression fold change is set at 1.0.
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Figure 13. Immune gene expression in the FVB/NJ 14 day carotid artery ligation
simvastatin treatment model.
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Legend: (-Tx) = No treatment; (+Tx) = Simvastatin treatment. Note: *p-value is < 0.05,
with respect to the right carotid artery control. Right carotid artery (control) baseline
RNA expression fold change is set at 1.0.
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Figure 14. Cytokine gene expression in the FVB/NJ 14 day carotid artery ligation
simvastatin treatment model.
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Legend: (-Tx) = No treatment; (+Tx) = Simvastatin treatment. Note: *p-value is < 0.05,
with respect to the right carotid artery control. Right carotid artery (control) baseline
RNA expression fold change is set at 1.0.
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Figure 15. VEC and VSMC transcriptional factor gene expression in the FVB/NJ 14 day
carotid artery ligation simvastatin treatment model.
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