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Simultaneous Upregulation of Elastolytic and Elastogenic Factors Are Necessary for Regulated Collateral Diameter Expansion
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Background: During arteriogenesis, outward remodeling of the arterial wall expands luminal diameter to produce increased conductance in developing collaterals. We have previously shown that diameter expansion without loss of internal elastic lamina (IEL) integrity requires both degradation of elastic fibers and LOX-mediated repair. The aim of this study was to investigate the expression of genes involved in remodeling of the extracellular matrix (ECM) using a model of arteriogenesis.

Methods: Sprague-Dawley rats underwent femoral artery ligation with distal arteriovenous fistula (FAL + AVF) placement. Profunda femoral arteries (PFA) were harvested for analysis at various time points. Serum desmosine, an amino acid found exclusively in elastin, was evaluated with enzyme-linked immunosorbent assay (ELISA) as a marker of tissue elastolysis. Tissue mRNA isolated from FAL + AVF exposed PFAs was compared to the contralateral sham-operated using qPCR. HCAECs were cultured under low shear stress (8 dyn·s/cm2) for 24 h and then exposed to high shear stress (40 dyn·s/cm2) for 2–6 h. Primers used included FBN-1, FBN-2, Timp-2, LOX-1, Trop-E, Cath-K, Cath-S, MMP-2, MMP-9, FBLN-4, and FBLN-5 and were normalized to GAPDH. mRNA fold changes were quantified using the 2-ΔΔCq method. Comparisons between time points were made with non-parametric ANOVA analysis with Bonferroni adjustment.

Results: PFAs showed IEL reorganization during arteriogenesis. Serum desmosine levels are significantly elevated at 2 days and one week, with a return to baseline thereafter (p < 0.01). Expression of ECM structural proteins (FBN-1, FBN-2, FBLN-4, FBLN-5, Tropoelastin, TIMP-2, LOX-1) and elastolytic proteins (MMP-2, MMP-9, Cathepsin S, Cathepsin K) exhibited an early peak (p < 0.05) relative to sham PFAs. After two weeks, expression returned to baseline. HCAECs demonstrated upregulation of FBN-2, FBLN-5, LOX-1 and Trop-E at 4 h of high shear stress, as well as elastolytic protein MMP-2.

Conclusions: Elastin degradation begins early in arteriogenesis and is mediated by local upregulation of elastolytic genes. Elastolysis appears to be simultaneously balanced by production of elastic fiber components which may facilitate stabilization of the IEL. Endothelial cells are central to initiation of arteriogenesis and begin ECM remodeling in response to altered shear stress.
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INTRODUCTION

Arterial occlusive disease (AOD) affects >200 million people worldwide and can be present in all arterial beds. AOD remains the leading cause of death and disability in Western nations (1). Current therapies depend upon invasive revascularization techniques ranging from endovascular angioplasty to open surgical bypass. Unfortunately, many individuals suffering from advanced AOD are poor candidates for invasive revascularization and currently no effective medical therapy exists (2).

Collateral arteries develop through a process known as arteriogenesis, largely among pre-formed arterial interconnections that are remote from the effects of ischemia. Arteriogenesis occurs in response to changes in fluid shear stresses that follow conductance arterial occlusion. Functional collateral arteries maintain perfusion of tissues (3–5). Despite their importance, spontaneously formed collateral artery networks are not sufficient to replace an occluded conductance artery. Evidence suggests, however, that collateral arterial conductance can potentially be driven farther, which may indicate an opportunity for therapeutic development (6, 7). Maximizing collateral network capacity by enhancing arteriogenesis would hold promise for treatment of AOD.

Early after conductance arterial occlusion, increased fluid shear stress becomes recognized at the endothelial cell (EC) level within vessels bridging arterial territories, leading to EC activation. This is followed by recruitment of various inflammatory cells and subsequent cytokine production (8, 9). Proteases and elastases, including matrix metalloproteinases (MMPs), are released within the vessel wall which permits outward diameter enlargement by releasing the elastic and collagen fiber constraints (10, 11). Elastin degradation is known to occur during arteriogenesis and histologically, the internal elastic lamina (IEL) has been described as becoming fragmented and transiently disappearing in developing collateral arteries (12). Maintenance of elastic fiber integrity is an important part of outward arterial remodeling and likely preserves functional structure of the extracellular matrix (ECM) (13). However, the balance of proteolysis with structural repair of this restructuring has not been characterized and is the focus of our study.

We used an animal model of enhanced arteriogenesis which drives exaggerated outward remodeling of arterial tissues. We hypothesis that arterial expansion requires (1) partial disruption of elastic tissue and (2) nearly simultaneous repair of elastic tissue to stabilize the vessel wall and prevent loss of elastic fiber integrity. We hypothesize that the endothelium initiates this process as it is the only tissue poised to respond to hemodynamic changes.



METHODS


Animal Models

All animal surgeries were approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh (Protocol # 19095696) and were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals. 32 male Sprague Dawley rats (Envigo RMS; Frederick, MD) underwent a modified model of hind limb ischemia that has been previously described (7). Briefly, an arteriovenous fistula (AVF) is created between the common femoral artery (CFA) and the common femoral vein (CFV). The CFA is then ligated (femoral artery ligation, FAL) proximally to the arteriovenous anastomosis. For sham operations, the CFA was exposed but no FAL or AVF was performed. Sham operations were performed at the time of the FAL+AVF. Animals were sacrificed either immediately, or after 2 days, 1, 2, 4, 8, or 12 weeks. FAL + AVF procedures were performed on the left limb, whereas sham operations were performed on the right limb.

The intent of this study is to compare an actively remodeling artery to its contralateral counterpart that is not undergoing remodeling. The profunda artery isolated from a sham-operated hindlimb was chosen to form the internal control for each individual rat undergoing a contralateral FAL + AVF. The FAL + AVF model was utilized because we can consistently observe substantial outward remodeling (>100% diameter increase) of a surgically accessible and anatomically consistent vessel in the profunda. This FAL + AVF model has been previously compared to FAL alone with regards to the degree of morphologic remodeling observed (7). We have reported that FAL alone does not result in consistent outward diameter increases in the profunda when compared to sham operation. However, the addition of the AVF does result in consistent and reliable diameter increases with outward remodeling (7). Therefore, FAL + AVF vs. sham operated limb was chosen as the most appropriate model compared to FAL + AVF vs. FAL alone.

Gross images of the AVF and PFA collaterals were taken at time of sacrifice. Laser speckle contrast imaging (LSCI) was performed to confirm the function and success of the AVF procedure (Moor FLPI-2, Moor Instruments, Inc.). This was performed by evaluating the plantar paw in the experimental hindlimb and comparing the laser perfusion to the sham paw. Closure of the functioning AVF resulted in an increase in perfusion compared to sham (Supplementary Figure 1). To evaluate the arterial tree and adjacent structures more clearly, select animals at each time point were perfused with Microfil at time of sacrifice (1:1 mixture by body weight of compound to proprietary diluent and 5% curing agent; MV120, Flow Tech, Inc.). Once cured, the arterial tree and collaterals were dissected carefully and brightfield images were then captured (Figure 1A).


[image: Figure 1]
FIGURE 1. Outward remodeling occurs following FAL-AVF and results in destruction of the elastin framework within the IEL with preservation of collagen structure. (A) Microfil infused arterial tree within the FAL-AVF hindlimb. Labels delineate the relevant structures. (B) Gross light microscopy images of profunda arteries following sham operation and FAL-AVF at 2 days, 4 weeks, and 12 weeks. Scale bar = 500 μm. (C) Multiphoton images of the IEL following sham operation and FAL-AVF at 2 days, 4 weeks, and 12 weeks. Images acquired with Olympus FV1000MPE utilizing 830 nm laser. Elastin appears green. Scale bar = 50 μm. (D) Collagen appears red. Scale bar = 50 μm. FAL, femoral artery ligation; AVF, arteriovenous fistula; PFA, profunda femoris artery.




Multiphoton Microscopy

Arterial segments were stored in 0.5% paraformaldehyde after fixation. In preparation for MPM, loose connective tissue and extraneous skeletal muscle were carefully removed and tissues mounted as described previously (14). MPM was performed using an Olympus FV 1,000 MPE microscope (Tokyo, Japan) with a Chameleon Ultra mode-locked Ti: Sapphire laser (Coherent, Palo Alto, CA) set to emit an 830 nm wavelength, through a 1.05 NA 25X water-immersion objective. The RXD1 channel (350–450 nm emission filter) allowed visualization of the fibrillar collagen via second harmonic generation, while the RXD2 channel (500–550 nm emission filter) was used to image the elastic fiber autofluorescence via two-photon excitation. Autofluorescence of elastin after two-photon excitation is displayed in green whereas collagen is displayed in red.



mRNA Harvest and qPCR

The profunda femoris artery (PFA) was utilized for evaluation of collateral gene expression. At time of sacrifice, the artery was flushed with cold PBS by placing a catheter in the distal aorta. The PFA was then harvested from the tissue and snap frozen in liquid nitrogen. Samples were then stored at −80°C until use. Samples were then desiccated using a sterile bowl mortar and pestle, and further disrupted using Qiagen's QIAshredder and RNeasy kits to collect their RNA. The RNA samples were then converted into cDNA following Takara's RNA to cDNA EcoDry Premix (Oligo dT) kits, to be used for qPCR. The qPCR was carried out on Applied Biosystems QuantStudio 6 and 7 Real-Time PCR Systems, using their recommended reagents, plates and protocols. PCR runs were cycled between 95C and 60C 40 times. Primers used included: Fibrillin 1 (FBN-1), Fibrillin 2 (FBN-2), Lysyl oxidase 1 (LOX-1), Matrix Metalloproteinase 2 (MMP-2), Matrix Metalloproteinase 9 (MMP-9), Fibulin 4 (FBLN-4), and Fibulin 5 (FBLN-5), Tissue Inhibitor of Metalloproteinases 2 (TIMP-2), Tropoelastin, Cathepsin S (Cath-S) Cystatin C (Cys-C), Collagen 1 (Col-1), Collagen 3 (Col-3), Neutrophil Expressed Elastase (ELANE) and GAPDH. Relative gene expression was calculated using the ΔΔCq method. Expression of target genes was normalized to GAPDH mRNA level. All primers were pre-designed and validated primers for rats specifically and obtained from integrated DNA technologies (IDT; Coralville, Iowa). Primer sequences are listed in the Supplementary Table 1. N = 4–6 animals for each time point.



Measuring Serum Desmosine

Whole blood was collected via cardiac puncture at time of sacrifice. The blood was allowed to coagulate at room temperature for 30 min and then centrifuged. Serum was collected and stored at −80°C until use. The desmosine concentration of serum samples were quantified using ELISA following the manufacturer's instructions (MyBiosource Rat Desmosine ELISA kit). N = 6-12 for each time point.



Endothelial Flow Model

Commercially available human coronary artery endothelial cells (HCAEC) were obtained from the American Type Culture Collection (ATCC). Cells were cultured and transferred to channel slides for flow experiments. Experiments were performed using the ibidi Pump System (Ibidi; Martinsried, Germany) to create unidirectional flow to mimic physiological blood flow conditions. Shear stress is expressed in dyn·s/cm2. All cells were plated to confluence for flow experiments. Low shear stress was defined in this study as 8 dyn·s/cm2 and high shear stress was defined as 40 dyn·s/cm2. Cell populations were then conditioned with low shear for 24 h (control) with experimental groups undergoing and additional exposure to either 2, 4, or 6 h of high shear stress. These parameters were chosen based on prior physiologic studies that calculated aortic endothelial shear, which average from 3 to 6 dyn·s/cm2 in the pararenal aorta. In conditions of calculated collaterals or response to occlusions, the average range is 0.7–30 dyn·s/cm2 (15– 19). Cells were lysed and mRNA harvested using mRNEasy Kit per manufacturer instruction (Quiagen). PCR analysis was performed as described above.

Culture media from flow experiments was collected. Media was ultracentrifuged and cell pellet was resuspended in double distilled water. Each sample was standardized to contain 10,000 ng protein per milliliter using a bicinchoninic acid (BCA) protein assay kit (ThermoFischer BCA assay kit). Standardized samples were then evaluated for amount of MMP-2 and MMP-9 using commercial ELISA kits (biotechne Human total MMP-2 and MMP-9 ELISA kits). Cathepsin activity in the cell media was also evaluated using a commercial kit (abcam Cathepsin S Activity Assay Kit, fluorometric). Each assay was performed in triplicate and the average number is reported in the figures. N = 4 for each shear stress time point.



Elastase Experiments

For intraluminal elastase exposure, the CFA was temporarily occluded proximal and distal to the superficial epigastric artery (SEA) branch. The SEA was cannulated with a microrenathane catheter (0.025″ diameter, Braintree Scientific). Porcine pancreatic elastase (PPE, 4–8 U/mL, 100–200 μl, Sigma-Aldrich) solution was instilled into the CFA and PFA branch through the catheter and allowed to dwell for 5 min prior to evacuation and irrigation with saline. Control arteries were instilled with saline alone. The catheter was removed, and the SEA was ligated. Flow was then restored into the CFA. Animals were sacrificed after 2 weeks and PFAs were harvested for microscopy analysis. N = 4 for both elastase and saline treated animals.



Statistical Analysis

The mRNA relative fold-changes of target genes of experimental conditions relative to control for the PCR data were quantified using the 2−ΔΔCq method. Comparisons between various time points after FAL-AVF and sham operations were made with non-parametric ANOVA analysis with Bonferroni adjustment. Results are expressed in figures and results as mean ± standard error of the mean (SEM). All calculations were performed in GraphPad statistical software suite.




RESULTS


Elastic Fiber Continuity Over Time

Gross microscopy images of the arterial tree infused with Microfil after FAL + AVF are included in Figure 1A. Gross images of the profunda after FAL + AVF at various time points are shown in Figure 1B. The profunda progressively increases diameter and arterial tortuosity over time in response to FAL + AVF. Multiphoton microscopy (MPM) images at each time point are also displayed (Figures 1C,D). The IEL changed from a dense, elastic sheet with numerous small fenestrations to a more dispersed, web-like structure resulting from dramatic enlargement of fenestrations. Collagen is predominantly present in the adventitia, and did not demonstrate morphologic changes following FAL + AVF, consistent with our prior findings (13).



Early Upregulation in Proteolytic Enzymes

Proteolytic markers of elastolysis show similar trends. Elastolytic proteinases such as MMP-2 and MMP-9 are also increased early. At two days, the expression profiles of MMP-2 and MMP-9 were elevated nearly 10-fold before returning to baseline after one week (Figures 2A,B). Cathepsins S and K showed similar levels of expression (Figures 2C,D). The peak expression of elastolytic enzymes observed here coincided with serum levels of desmosine. By 2 days, mean serum desmosine reached a peak of 1,213 ± 670.8 pg/mL before returning to baseline levels as compared to sham operation by 2 weeks (Figure 2E).


[image: Figure 2]
FIGURE 2. Upregulation of arterial elastolysis immediately following FAL-AVF that returns to baseline after one week. (A) PCR fold changes of the Matrix Metalloproteinase 2 (MMP-2) gene. (B) PCR fold changes of the Matrix Metalloproteinase 9 (MMP-9) gene. (C) PCR fold changes of the Cathepsin S (Cath-S) gene. (D) PCR fold changes of the Cathepsin K (Cath-K) gene. (E) Serum desmosine increases immediately after FAL-AVF and returns to baseline after one week. (F) PCR fold changes of the Collagen one (Col-1) gene. (G) PCR fold changes of the Collagen 3 (Col-3) gene. All time points compared to sham. N = 4–6 per timepoint. *p < 0.05. Red dotted line represents a fold change x1.




Collagen Proteins Remain Upregulated at Later Time Points

While elastolytic proteins showed early peaks in expression and later down regulation, which corresponds to what we see in the IEL structure with MPM microscopy, the same trends were not seen in collagen analyses. Both Col-1 and Col-3 showed increased expression after arterial occlusion at later time points (Figures 2F,G).



Early Upregulation in Gene Expression of ECM Structural Proteins

Fibrillin-1 (FBN-1) and fibrillin-2 (FBN-2) provide support for elastic fiber integrity in the ECM (20). Fibulin-4 (FBLN-4) and fibulin-5 (FBLN-5) are described to be important in elastogenesis and arterial wall integrity (21). Lysyl oxidase (LOX-1) is an important protein in reinforcing and repairing elastic fibers as they are remodeled in arteriogenesis (22). Each of these structural proteins were initially upregulated in the collateral tissue before dropping down to sham levels of expression. As shown in Figures 3A–G, the expression of each of these proteins peak initially at 2 days to one week and fall to sham levels of expression after one week.


[image: Figure 3]
FIGURE 3. Upregulation of arterial elastogenesis immediately following FAL-AVF that returns to baseline after one week. (A) PCR fold changes of the Fibrillin 1 (FBN-1) gene. (B) PCR fold changes of the Fibrillin 2 (FBN-2) gene. (C) PCR fold changes of the Fibulin 4 (FBLN-4) gene. (D) PCR fold changes of the Fibulin 5 (FBLN-5) gene. (E) PCR fold changes of the Tissue inhibitor of metalloproteinases 2 (TIMP-2) gene. (F) PCR fold changes of the Tropoelastin gene. (G) PCR fold changes of the lysyl oxidase 1 (LOX-1) gene. All time points compared to sham. N = 4–6 per timepoint. *p < 0.05. Red dotted line represents a fold change x1.




HCAEC Response to Increased Shear Stress

Brightfield images of HCAEC cells taken after exposure to varying levels of shear stress is displayed in Figure 4A. Expression of MMP-2 was significantly increased in response to increased shear stress. Other known proteins such as Cathepsin K, a potent elastin degradation protein (23, 24), and Cathepsin S, showed similar trends although the results were not statistically significant. Similar to collateral tissue, integral IEL structural proteins FBN-2, FBLN-5, and LOX-1 show an increase in expression with increased shear stress (Figures 4B–M).


[image: Figure 4]
FIGURE 4. Upregulation of human coronary artery endothelial cell (HCAEC) elastogenesis and elastoloysis in response to increased shear stress displays similar patterns to rat arterial tissue. (A) Representative brightfield microscopy images of HCAEC confluence at each shear stress time point tested. (B) PCR fold changes of the MMP-2 gene. (C) PCR fold changes of the MMP-9 gene. (D) PCR fold changes of the Cath-S gene. (E) PCR fold changes of the Cath-K gene. (F) PCR fold changes of the FBN-1 gene. (G) PCR fold changes of the FBN-2 gene. (H) PCR fold changes of the FBLN-4 gene. (I) PCR fold changes of the FBLN-5 gene. (J) PCR fold changes of the LOX-1 gene. (K) PCR fold changes of the Tropoelastin gene. (L) PCR fold changes of the Col-1 gene. (M) PCR fold changes of the Col-3 gene. 24 h low shear stress conditions. N = 4 per timepoint. *p < 0.05. Red dotted line represents a fold change x1.


Protein quantification of MMP-2 in the cellular media reflected the upregulated expression seen in HCAEC. After six h of high shear stress, MMP-2 protein levels increased nearly five-fold (Figure 5A, p < 0.05). MMP-9 did not show the same discrepancy in protein levels and was in fact seen in very low concentrations regardless of shear stress exposure, suggesting that HCAECs produce very little MMP-9 (Figure 5B). Cathepsin S activity was increased with increased levels of shear stress at 4 and 6 h (Figure 5C).


[image: Figure 5]
FIGURE 5. MMP-2 concentrations and Cathepsin activity increase with increases to shear stress while MMP-9 remains stable. (A) MMP-2 protein quantification in cell media after adjustments in shear stress. (B) MMP-9 protein quantification in cell media after adjustments in shear stress. (C) Cathepsin S enzymatic activity in cell media after adjustments in shear stress. All time points compared to 24 h low shear stress conditions. N = 4 per timepoint. *p < 0.05.




Elastase Degradation of IEL and Associated Matrix Changes

If elastin degradation is required for the restructuring of the IEL in arteriogenesis, we hypothesized that intraarterial elastase administration may produce qualitatively similar changes to the IEL even in the absence of an increased shear stress impetus for remodeling. PPE or saline was administered into isolated CFA and PFA segments via the SEA. After 2 weeks, saline treated arteries appeared grossly normal and retained a normal ECM morphology (Supplementary Figure 2) while PPE treated arteries demonstrated ~2-3-fold diameter expansion. For most of the PFAs (3/4) exposed to elastase, the IEL remained continuous with a loosened mesh-like appearance that resembled the FAL + AVF model.




DISCUSSION

We have previously found that during arteriogenesis, outward remodeling of the arterial wall required partial degradation of the IEL, but also required LOX for stabilization (13). We have also demonstrated that despite the large increases in vessel diameter, the mass of elastin within the vessel is essentially constant (13). In this study, we have shown upregulation of key elastolytic genes MMP-2, MMP-9, Cathepsin S, and Cathepsin K occur within the first week in a rat model of arteriogenesis. We found this corresponded with a spike in serum desmosine early in arteriogenesis, indicating the actual degradation of tissue elastin. Importantly, we found that ECM degradation appears to be simultaneously counterbalanced with local upregulation of elastic fiber components (tropoelastin, fibrillins and fibulins). However, our prior observation that no additional elastin mass is achieved among mature collateral arteries may indicate that only elastic fiber repair is occurring during arteriogenesis, without building of new elastic fibers. Indeed, inhibition of LOX activity with BAPN did not affect inhibit outward remodeling but did result in elastic fiber breaks in the IEL of developing collaterals, and eventual loss of IEL entirely (13).

Human elastin production occurs primarily in development, and it is observed that essentially no new elastin is produced in mature tissues (25, 26). Ninety percent of elastic fiber mass is composed of elastin itself, with the remainder fibrillar proteins and proteoglycans oriented at the periphery of the fiber. During development, tropoelastin monomers (produced by resident vascular cells) self-assemble in the extracellularly and associate with a microfibril scaffold before undergoing crosslinking reactions mediated by LOX (27). Notably, elastin is the longest-lasting protein in mammals with an estimated half-life approaching the human life span (28). In contrast, collagens have half-lives on the order of two weeks under some conditions, necessitating continual synthesis for replacement and reinforcement (29, 30).

Arterial structure is reliant on ECM integrity (31). Elastin fibers are essential to the stretch and recoil needed in the arterial ECM (32). Elastin fibers interact with collagen to create a framework to store energy and uniformly distribute stress throughout the arterial wall. Previous studies have suggested that vertebrates rely on a limited quantity of elastic fibers throughout their lifetime, making them susceptible to age and disease related degeneration over time (33). This suggests that any type of elastolysis would affect structural integrity with a lack of elastogenesis. Previous reports have found that while elastic fibers can be repaired, they cannot be replaced once destroyed (34, 35).

There are a variety of proteins involved in ECM structure and integrity. Here, we investigated several proteins involved in both stability and degradation of the ECM. Elastin is a key component of the ECM and is primarily composed of elastic fibers. Elastic fibers interact with fibrillar proteins and proteoglycans to create the elastin structure. Elastic fibers start to disassemble during early arteriogenesis. Proteolytic enzymes such as MMP-2 and MMP-9 have been implicated in collateral formation and growth (10, 36). In whole arterial tissue, we saw an early increase in gene expression for MMP-2 and−9 after arterial occlusion. This correlates to the similar early peak in circulating elastin-specific degradation product, desmosine. Upregulation of these proteins is as high as 10 times compared to the sham operated hindlimbs. This suggests that there is initially increased proteolysis and elastolysis. Both desmosine and MMP-2 and−9 levels drop after one week, suggesting decreased elastic fiber break down. In isolated endothelial cells, there is no significant increase in MMP-2 expression however MMP-2 is significantly downregulated after prolonged exposure to shear stress. This suggests that flow-responsive endothelial cells may be integral in the control of elastolysis.

Fibrillins and fibulins are integral in elastic fiber structure assembly and support (27, 37). Here, we see an early increase in gene expression for fibrillins-1 and−2 as well as fibulins-4 and−5 after arterial occlusion, which corresponds to increase in proteolysis. This suggests there is a significant elevation in elastic fiber destruction and repair early after arterial occlusion. At two days, these support proteins peak in expression, while elastic fiber integrity remains intact. However, after this time threshold, these structural proteins are no longer upregulated compared to sham operated hindlimbs. This suggests destruction of the elastic fibers with no further elastogenesis to promote the use of these structural proteins. Conversely, collagen related proteins do not change significantly in their expression, rather they are upregulated at later time points in response to arterial occlusion. This is consistent with what we see in microscopy, in that collagen integrity in the adventitia is retained, unlike the IEL elastin fiber integrity. In isolated endothelial cells, low shear stress to high shear stress causes activation of a similar response. FBN-1 and FBLN-4 are initially upregulated in response to a change in shear stress however their expression rapidly decreases after prolonged high shear conditions, suggesting mechanoreceptive endothelial cells are integral in the initial response to flow changes but are likely less important after prolonged exposure to increased shear stress. It is likely that the endothelium is the site of mechanotransduction and initiation of arteriogenesis through elastic fiber regulation of these specific proteins. Interestingly, for most of the PFAs exposed to elastase, the IEL remained continuous with a loosened mesh-like appearance that resembled the FAL+AVF model. This similar pattern of IEL change in response to uninhibited elastolysis suggests similarities between the two models and the importance of the balance between elastogenesis and elastolysis in arterial remodeling.

Human coronary endothelial cells displayed similar patterns to altered shear stress as rat profunda arterial tissue. Indeed, electrolytic protein MMP-2 exhibited increased expression with response to increased shear stress. This corresponded to an increase in protein detected in cellular media. Elastogenic proteins FBN-2, FBLN-5, LOX-1, and tropoelastin were all upregulated in a similar manner. This could reflect the same processes observed after an increase in shear stress exhibited in collateral vessels in response to arterial occlusion. The patterns are not exactly replicated from the in vivo studies, likely because these processes are not entirely isolated to the arterial endothelium.

This study has several limitations. First, we observe various trends in the expression of key regulators of structural ECM remodeling in both a rat tissue and human endothelial cells in models of arteriogenesis. However, we have not directly confirmed the activity of these elastolytic enzymes during outward remodeling, as they are produced as pro-enzymes that when activated, are further subject to endogenous inhibitors. Second, our rodent model of arteriogenesis using FAL + AVF may not accurately represent the human mechanics of arteriogenesis, although similar models have long been used to approximate adaptive responses to AODs. The current study was also not aimed at identifying specific tissue cell types that are responsible for the gene expression that we observed. During arteriogenesis, a diverse population of resident arterial wall cells as well as a changing panel of occupying inflammatory cells contribute to the remodeling process. However, endothelial cell activation is likely responsible for initiation of arteriogenesis, and the expression of elastolytic agents in response to elevated shear stress may indicate the endothelium as an important source of IEL degradation. Finally, while our study largely focused on elastic fiber modifications, we recognize that collagen and numerous other ECM components have important structural roles and are likely involved as well. Further study of the mechanisms of IEL remodeling in outward arterial remodeling is warranted.



CONCLUSION

Arterial occlusive disease is a highly prevalent problem. Novel strategies to enhance arteriogenesis and increase collateral effectiveness would be clinically useful in this patient population. Elastin degradation is a key feature of arteriogenesis initiation and is likely mediated by local upregulation of elastolytic genes. We have demonstrated that simultaneous production of elastolytic factors and components of elastic fiber repair occurs in the IEL during periods of arterial expansion. Arterial endothelial cells may be critical in the initiation of IEL remodeling and begin ECM remodeling in response to altered shear stress.
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Supplementary Figure 1. Laser doppler images were used to test the function of the arteriovenous fistula. An increase in perfusion is seen when the fistula is occluded compared to the sham limb.

Supplementary Figure 2. FAL-AVF treatment results in IEL degradation, similar to elastase treatment. Representative multiphoton microscopic images taken from arterial tissue two weeks after exposure to either saline perfusion or elastase (PPE) perfusion. Images acquired with Olympus FV1000MPE utilizing 830 nm laser. Elastin appears green. N = 4. Bar = 50 μm.

Supplementary Table 1. Primer sequences of each primer used.
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