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Periadventitial β-aminopropionitrile-loaded nanofibers reduce fibrosis and improve arteriovenous fistula remodeling in rats
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Background: Arteriovenous fistula (AVF) postoperative stenosis is a persistent healthcare problem for hemodialysis patients. We have previously demonstrated that fibrotic remodeling contributes to AVF non-maturation and lysyl oxidase (LOX) is upregulated in failed AVFs compared to matured. Herein, we developed a nanofiber scaffold for the periadventitial delivery of β-aminopropionitrile (BAPN) to determine whether unidirectional periadventitial LOX inhibition is a suitable strategy to promote adaptive AVF remodeling in a rat model of AVF remodeling.

Methods: Bilayer poly (lactic acid) ([PLA)-]- poly (lactic-co-glycolic acid) ([PLGA)] scaffolds were fabricated with using a two-step electrospinning process to confer directionality. BAPN-loaded and vehicle control scaffolds were wrapped around the venous limb of a rat femoral-epigastric AVF during surgery. AVF patency and lumen diameter were followed monitored using Doppler ultrasound surveillance and flow was measured before euthanasia. AVFs were harvested after 21 days for histomorphometry and immunohistochemistry. AVF compliance was measured using pressure myography. RNA from AVF veins was sequenced to analyze changes in gene expression due to LOX inhibition.

Results: Bilayer periadventitial nanofiber scaffolds extended BAPN release compared to the monolayer design (p < 0.005) and only released BAPN in one direction. Periadventitial LOX inhibition led to significant increases in AVF dilation and flow after 21 days. Histologically, BAPN trended toward increased lumen and significantly reduced fibrosis compared to control scaffolds (p < 0.01). Periadventitial BAPN reduced downregulated markers associated with myofibroblast differentiation including SMA, FSP-1, LOX, and TGF-β while increasing the contractile marker MYH11. RNA sequencing revealed differential expression of matrisome genes.

Conclusion: Periadventitial BAPN treatment reduces fibrosis and promotes AVF compliance. Interestingly, the inhibition of LOX leads to increased accumulation of contractile VSMC while reducing myofibroblast-like cells. Periadventitial LOX inhibition alters the matrisome to improve AVF vascular remodeling.
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Introduction

Since its inception as a routine surgical procedure six decades ago, the establishment of a functional and durable arteriovenous fistula (AVF) has been an elusive task for even the most experienced surgeons. The recurrence of AVF stenosis, before or after access use, poses a tremendous healthcare burden and drastically reduces the quality of life for patients with end stage kidney disease (ESKD). In fact, estimates suggest that only 40% of AVFs mature for dialysis, with a significant portion requiring intervention to facilitate maturation (1). There is still no clinical option to ensure maturation and AVF longevity despite these subpar outcomes.

We previously disclosed a link between postoperative fibrosis and AVF non-maturation (2) which is associated with increased lysyl oxidase (LOX) expression (3). LOX and its analogues, the LOX-like family, catalyze covalent crosslinking of collagen and elastin monomers, the primary constituents of the vascular ECM, to form supramolecular bundles that impart the characteristic biomechanics of healthy vasculature. At the cellular level, ECM properties such as stiffness, composition, and topography influence cell differentiation and migration (4). These signals are either transduced directly via integrin-mediated signaling and indirectly via sequestration of soluble cytokine mediators. Therefore, LOX may indirectly affect cell behavior by regulating ECM structure. LOX also interacts with extracellular signaling molecules and nuclear transcription factors to directly influence cell phenotype (5). Aberrant LOX activity has been associated with increased in tissue stiffness, fibrosis, and pathological cancer-like microenvironments (3, 6, 7).

Myofibroblasts (MFs) are the premier cellular sources of fibrosis-related ECM components and matrix contraction and are increasingly implicated in surgical restenosis (8–10). Classically, MFs facilitate wound healing by secreting new ECM and forming granulation tissue. However, MFs are dually detrimental to AVF maturation as they contribute to fibrotic remodeling and venous neointimal hyperplasia (VNH), which in combination significantly increase the risk of early failure (2). Vascular MFs arise from diverse lineages via differing mechanisms including adventitial fibroblast activation and vascular smooth muscle cell (VSMC) dedifferentiation (11). Differentiation of fibroblasts to MFs is a mechanosensitive process, traditionally associated with increases ECM stiffness (12). Therefore, therapies that attenuate ECM stiffening are a potential strategy to revert the MF phenotype thereby decreasing fibrosis and VNH.

Periadventitial therapies for vascular surgery are predicated on the local application of biomaterials, small-molecule drugs, signaling molecules, gene therapies, and/or cells to the vascular adventitia (13). Compared to systemic or intraluminal delivery, periadventitial treatments target the vascular wall, reduce off-target effects and systemic toxicity, and avoid endothelial damage. They also offer the advantage of prophylactic, intra-operative application to encourage AVF maturation. We previously reported that systemic administration of the LOX inhibitor β-aminopropionitrile (BAPN) increased blood flow and decreased LOX activity determined by reduced collagen crosslinking following AVF creation in rats (3). BAPN binds the active site of LOX, preventing ECM crosslinking (14). In this study, we engineer a periadventitial nanofiber scaffold wrap for directional, controlled BAPN delivery into the AVF venous limb to improve vascular remodeling. We study the effects of periadventitial BAPN inhibition on AVF remodeling and fibrosis by studying the changes in ECM composition and cell phenotypes. We hypothesize that periadventitial BAPN treatment is a viable strategy to indirectly promote adaptive venous remodeling after AVF creation by reducing ECM stiffness, thereby perturbing fibrotic signaling, preserving functional vascular cell phenotypes, and promoting optimal vascular function.



Materials and methods


AVF creation in rats

Sprague Dawley rats (200–350 g) of both sexes were purchased from Envigo (Indianapolis, IN). AVFs were created by an end-to-side anastomosis of the epigastric vein to the nearby femoral artery as previously described (15). Briefly, the femoral artery and epigastric vein are dissected and clamped. A 1 mm arteriotomy is created in the side of the artery, and the distal end of the vein is anastomosed to the artery using 10.0 monofilament sutures. BAPN-loaded or vehicle scaffolds (5 mm x 5 mm) were wrapped around the juxta-anastomotic zone of the epigastric vein immediately after AVF creation (Supplementary Figure 1). The surgical success rate was 100%. The 21-day patency rate was 86.2 and 78.5% for the BAPN and vehicle groups, respectively. In total, 47 rats of both sexes underwent surgery for AVF creation and were randomly allocated for histology (n = 27), pressure myography (n = 12), or RNA sequencing (n = 8). Seven animals were excluded from the study because of absence of patency or not being suitable for histology. Flow was measured with a perivascular transit time flowmeter (Transonic Systems Inc., Ithaca, NY) at the time of AVF collection. Animals were euthanized with an overdose of isoflurane and AVF were harvested and stored in 10% formalin for histology or calcium-free physiological saline (PSS) for pressure myography. The Institutional Animal Care and Use Committee at the University of Miami approved all studies.



Nanofiber fabrication and characterization

Bilayer nanofiber scaffolds were fabricated with a custom-made electrospinning apparatus (16) using a two-stage process (Supplementary Figure 2B). Ester-terminated poly (lactic-co-glycolic acid) [PLGA; (15% w/v, Resomer® RG 504, Sigma-Aldrich)] and poly (–lactic acid) [PLA; (10% w/v, Poly(L-lactide) Sigma Aldrich)] were prepared by stirring in hexafluoroisopropanol overnight. For BAPN-loaded scaffolds, BAPN was added to the PLGA melt before stirring (10% w/w PLGA). Poly-lactic acid (PLA) (Sigma-Aldrich) solutions (10% w/v) were prepared in a similar manner. The perivascular PLA layer (2 mL) was spun first followed by the drug-loaded periadventitial PLGA layer. The PLA solution (2 mL) was loaded into a 5mL syringe with a 22-gauge blunt stainless-steel needle. A 20 kV current was applied to the needle, and the solution was pumped at 2 mL/h using a syringe pump (World Precision Instruments, Sarasota, FL) at a working distance of 15 cm. Nanofibers were collected on an aluminum-wrapped ground. Upon completion of the perivascular layer, the syringe was replaced with a syringe containing the PLGA melt (3 mL), and the voltage was increased to 22 kV. Monolayer controls were prepared in the same manner without the PLA layer. Scaffolds were left in a biosafety cabinet overnight to evaporate excess solvent before cutting into 5 mm × 5 mm pieces yielding scaffolds with 142.5 μg of BAPN/scaffold. Scaffolds were sterilized with ultraviolet light for 10 min. Fiber architecture and diameter was confirmed using scanning electron microscopy (SEM) (JEOL Ltd., Tokyo, Japan) after gold sputter-coating (Supplementary Figures 2C, D).



BAPN release profile and directional release

PLGA scaffolds (5 mm × 5 mm) were weighed and placed in 1.0 mL of phosphate-buffered saline (PBS) and incubated at 37°C. PBS was collected and replaced with fresh PBS at specified timepoints. The collected PBS was stored at −20°C to determine cumulative BAPN release using high-performance liquid chromatography (HPLC).

For HPLC, a gradient flow (0.5 mL/min) of 60% H2O and 40% methanol was used as the eluent with a C18 column. BAPN peaks were observed at a retention time of 1.80 min using a UV detector (220 nm). The concentration of BAPN was calculated based on a standard calibration curve of the peak integrations. Percent release was calculated as the ratio of the mass of BAPN in the supernatant to the initial mass of BAPN in the PLGA scaffold.

Directional release was determined using a Franz Cell diffusion apparatus (PermeGear, Hellertown, PA). Methylene blue was used as a model compound due to its hydrophilicity and similar molecular weight. Bilayer scaffolds (1 cm × 1 cm) were flipped on either the perivascular (PLA) or periadventitial (PLGA) side and placed across the orifice of the receptor chamber before clamping the donor chamber. Both chambers were filled with PBS, and the PBS from the donor chamber was collected replaced at specified timepoints. The methylene blue concentration was measure using a plate reader at 560 nm. Monolayer scaffolds flipped on either side were used as controls.



Histology and immunochemistry

After embedding in paraffin, AVFs were sectioned into 5 μms beginning at the anastomosis. Sections were either stained with an Elastin Van Gieson kit (Sigma Aldrich) or Masson’s Trichrome (Polysciences Inc., Warrington, PA) kits according to the manufacturer’s protocol to measure morphometry or fibrosis, respectively. For morphometry, circumferential vessel layers were traced using the elastic laminae as guides. First, the entire vessel cross section was traced and measured. The lumen area was determined by tracing the internal elastic lamina (IEL) and measuring the area. Total wall area (media + adventitia) was calculated by subtracting the lumen area from the cross-sectional area. Neointimal area was determined by tracing any tissue growth beyond the IEL into the lumen. Intimal Growth (I/I + W) was calculated from the ratio of the neointimal area and the combination of the neointimal and wall area. For trichrome quantification, images were deconvoluted into appropriate channels using the FIJI add-on. Percent area was calculated in the blue channel by applying the same threshold to all images.

For immunohistochemical staining, sections were rehydrated by serially immersing them in xylene, alcohol, and water. For cellular markers, antigen retrieval was performed by boiling slides in 10 mM citrate buffer (pH 6.0) for 20 min. ECM proteins were retrieved enzymatically by incubating in proteinase K (20 μg/ml) for 10 min. Sections were blocked for 10 min with Dako Peroxidase block followed with Dako Protein Block for 1 h (Agilent, Santa Clara, CA). AVFs were incubated with primary antibodies overnight at different dilutions. Negative controls were incubated with antibody diluent (DAKO) instead (Supplementary Figure 3). Bound antibodies were detected using the Dako Universal Link kit (Agilent, Santa Clara, CA), and color was developed with AEC Substrate Chromogen for 10 min (Abcam). Nuclei were counterstained with hematoxylin before mounting with aqueous mounting media. Images were acquired using a VisionTek DM01 digital microscope (Sakura Finetek, Torrance, CA). Percentage of positive area was determined using FIJI color deconvolution. For adventitia versus media measurements, a trained, blinded independent observer traced the media or adventitia before calculating the percent area.



Doppler ultrasound

Doppler ultrasound (Vevo Visualsonic 3100, Fujifilm) was used to serially monitor AVF patency and dilation in animals being used for either histology or pressure myography. Briefly, anesthesia was induced using 5% isoflurane and maintained at 2%. Animals were placed on the platform in supine position and the hair near the epigastric vein was removed. Ultrasound was performed using the MX100 rat probe. The AVF was imaged in C-Mode using a PRF of 5–10 kV. Flow was also recorded in the feeding artery and AVF using the pulse-wave velocity feature. Vessel diameter was measured in the VevoLab software by drawing six lines across the vessel lumen beginning at the anastomosis. The average length was used as the AVF diameter. Percent dilation was determined by comparing the AVF diameter to the epigastric vein.



Pressure myography

Arteriovenous fistulas were cleaned of fat so the wall could be clearly distinguished. AVFs were then mounted onto the pressure myography apparatus (DMT Model 110P, Danish Myo Technology, Ann Arbor, MI) by securing the proximal and distal segment of the AVF on a pair of steel cannulas (outer diameter: 1200 μm) with surgical nylon sutures. After the distal segment of the vessel was secured, and the vessel length adjusted to eliminate stretch, the intraluminal pressure was raised to 100 mmHg to equilibrate the vessels. The mounted vessels were equilibrated for 30 min at 37°C in calcium-free PSS gassed with a mixture of 95% O2 and 5% CO2, before reducing the intraluminal pressure to 5 mmHg. To obtain the pressure-diameter curve, the internal and external diameters of the AVF, distal to the scaffold, were measured while increasing intraluminal pressure in 5 mmHg increments between 10 and 100 mmHg. The diameters were recorded using the DMT MyoView 4 software (Danish Myo Technology). Distensibility was calculated as % change in diameter at increasing pressures with respect to the diameter at 10 mmHg. The circumferential wall strain and stress were first determined to calculate the incremental elastic modulus (Einc) as previously described (17).



Bulk RNA sequencing

RNA was extracted using Trizol and treated for DNAse before submitting samples to the University of Miami John P. Hussman Institute for Human Genomics, Center for Genome Technology. Total RNA was quantified and qualified using the Agilent Bioanalyzer to have an RNA integrity score > 5. Then 500 ng of total RNA was used as input for the Illumina TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero to create ribosomal RNA–depleted sequencing libraries. Each sample was sequenced to more than 40 million raw reads on the Illumina NextSeq500. Raw counts were normalized by Log2 fold change using the Deseq plug-in in R Studio. Genes with a base mean < 100 were excluded from analysis. Volcano plots were constructed using GraphPad Prism. Gene Ontology Pathway Analysis was used to identify differentially expressed pathways. The heat map and dot plot were generated in R studio.



Statistical analysis

Statistical analyses were performed using GraphPad Prism version 9 for Windows (GraphPad Software, San Diego, CA). Normally distributed data were compared using unpaired t-tests with Welch’s correction and expressed as mean ± SD. A p-value < 0.05 was considered significant.




Results


Bilayer nanofiber scaffolds exhibit sustained and directional release

Periadventitial biomaterials localize therapeutics to the vascular wall following AVF creation. Directional delivery has emerged as a prerequisite feature for periadventitial biomaterials to maximize their therapeutic effects as it ensures high concentrations within the vascular wall, prevents therapeutic loss into the perivascular space, and thereby reduces off-target effects (18). We electrospun nanofibrous BAPN-loaded scaffolds that can be placed directly over the venous limb following AVF creation, supporting the vein and providing sustained BAPN release. These scaffolds were fabricated to have a two-layer design (bilayer) comprised of an outer slow-degrading PLA layer and inner adventitia-contacting BAPN-loaded PLGA layer to facilitate directional release compared to our previous design (monolayer) (3) (Figure 1A). To confirm directional release, we utilized a Franz Diffusion chamber which is commonly used to study the diffusion of molecules through membranes, allowing us to quantify the amount of drug being released from the inner and outer surfaces of our scaffolds. Importantly, the bilayer design only released its load from the adventitia-contacting “drug layer” while the monolayer design had similar release from both the perivascular and periadventitial interfaces (Figures 1B, C). Bilayer scaffolds attenuated the initial burst release seen in monolayer scaffolds, releasing only 20% of its load in the first 3 days compared to almost 60% with the monolayer (p < 0.05) (Figure 1D). Also, the bilayer design had a slower release profile, extending BAPN release over 6 weeks while the monolayer scaffolds were completely degraded by 1 month.
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FIGURE 1
Periadventitial bilayer nanofibers confer controlled BAPN release. (A) Bilayer wraps (top) were fabricated using a slow-degrading PLA perivascular layer followed by a drug-loaded periadventitial PLGA layer to confer directional BAPN delivery into the venous adventitia. Made with Biorender.com (B) release of methylene blue dye from the perivascular and periadventitial interfaces (n = 3) of bilayer and monolayer nanofiber wraps in a Franz Diffusion Cell. Bilayer wraps only released dye from the periadventitial PLGA “drug” layer (p < 0.001) (top) while there was no difference in release between the perivascular and periadventitial interfaces in monolayer wraps (p = 0.1914) (bottom). (C) Release of methylene blue from monolayer (left) and bilayer (right) nanofiber scaffolds in vivo. (D) Cumulative release of BAPN from monolayer and bilayer scaffolds. Monolayer nanofiber scaffolds had a tremendous burst release and were completely degraded at day 28. Bilayer scaffolds sustained release over 6 weeks (Each dot represents four replicates. *p < 0.05, **p < 0.01, unpaired t-test).




Periadventitial BAPN delivery improves AVF outward remodeling

β-aminopropionitrile and vehicle bilayer scaffolds were wrapped around the juxta-anastomotic zone of the outflow vein immediately after AVF creation. We employed ultrasound to monitor patency and dilation throughout the time of the study. All surgeries were successful, and animals remained alive until euthanasia. The BAPN group had increased lumen dilation compared to vehicle controls at day 14 (185.9% vs. 135.5%; p < 0.005) and day 21 (214.2% vs. 135.5%; p < 0.005) (Figure 2A). The BAPN-treated group continued to dilate over 3 weeks while vehicle-treated AVFs reached peak dilation at day 7. To further investigate the effects of treatment on AVF remodeling, we conducted histomorphometric analysis using EVG staining to delineate the vessel layers. Both BAPN and vehicle scaffolds led to AVFs with open lumens (Figure 2B). However, BAPN increased flow in outflow veins at the time of sacrifice (29.08 ml/min vs. 15.94 ml/min; p < 0.05) (Figure 2C). Treatment with BAPN scaffolds showed a trend toward reduced VNH compared to vehicle controls while there was no difference in lumen or wall area (Figures 2D–F). However, there was a significant difference in lumen area between AVFs treated with BAPN scaffolds and AVFs without any intervention (Supplementary Figure 4). In all, these data show that periadventitial LOX inhibition improves AVF remodeling yielding a high flow, dilated access without jeopardizing wall remodeling.
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FIGURE 2
Dilation, flow, and histomorphometry of AVFs after 21 days. (A) Lumen dilation of AVFs over 21 days. (Top) BAPN treatment led to a significant increase in dilation at days 14, and 21 compared to vehicle controls (Each dot is ten replicates. ***p < 0.005, unpaired t-test). (B) Representative images of AVFs stained with Elastin Van Gieson at day 21. Top images are at 20× magnification. Bottom images are 40× magnification. Scale bar = 100 μm (Adv, adventitia; M, media; IH, intimal hyperplasia; L, lumen). (C) Venous flow at 21 days. BAPN significantly increased AVF flow (29.08 ml/min vs. 15.94 ml/min; n = 10, *p < 0.05, unpaired t-test). (D–F) Lumen area (p = 0.1474) (D), venous intimal hyperplasia (p = 0.1254) (E), and wall area (ns) (F) were determined by tracing the lumen, internal elastic lamina, media, and adventitia.




Periadventitial LOX inhibition reduces postoperative fibrosis and improves compliance

After demonstrating the impact of bilayer BAPN nanofiber scaffolds on AVF outward remodeling, we measured their impact on postoperative fibrosis at 21 days. BAPN-treated AVFs had a significant reduction in fibrosis in the entire wall (p < 0.01) (Figures 3A, B). To further understand the impact of periadventitial LOX inhibition with bilayer BAPN nanofiber scaffolds, we measured fibrosis per vessel layer. BAPN scaffolds specifically reduced fibrosis in the adventitia layer (p < 0.05) and not the medial layer (Figure 3B). To determine the functional impact of reduced fibrosis, we measured AVF compliance using pressure myography. BAPN-treated AVFs had a significant increase in distensibility (Figure 3C) which was associated with reduced Einc, a pressure-dependent metric of vascular stiffness (Figure 3D), indicating that periadventitial BAPN treatment is effective at preventing fibrotic stiffening and promoting venous compliance.
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FIGURE 3
AVF fibrosis and compliance after 21 days. (A) Masson’s Trichrome staining of BAPN and vehicle AVFs. Scale bar = 100 μm (Adv, adventitia; M, media; L, lumen). (B) BAPN significantly reduced trichrome staining throughout the entire wall and the adventitia while the difference between medial collagen content did not reach significance at 21 days (n = 10; *p < 0.05, **p < 0.01, unpaired t-test). Pressure myography showed BAPN treatment increased distensibility (C) (p < 0.05, unpaired t-test) while reducing incremental young’s modulus (p < 0.005, unpaired t-test) (D).




Periadventitial LOX inhibition does not alter fibrous ECM composition

The ECM plays a significant role in tissue biomechanics and cell differentiation (4, 19). It has also been shown to play an important role in AVF maturation in mice and humans (20, 21). LOX activity controls ECM gene expression and therefore may affect the ECM composition (22). Accordingly, we used immunohistochemistry to quantify key ECM proteins involved in vascular remodeling. Fibronectin, a scaffolding protein involved in collagen deposition and cell-ECM interactions, trended toward significant reduction at day 21 for BAPN treated AVFs while there was no difference in the amounts of collagen I and collagen III at day 21 (Figure 4). Elastin also trended toward a significant increase in the BAPN group at 21 days (p = 0.09). In all, these findings suggest that periadventitial LOX inhibition has little impact on the overall composition of the ECM and changes in tissue biomechanics result from a change in ECM crosslinking and organization rather than composition.
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FIGURE 4
Effects of BAPN-releasing nanofibers on ECM composition. (First Row) representative Col1 immunohistochemistry images of BAPN and vehicle AVFs on day 21. There was no difference in Col1 % area at day 21. (Second Row) Representative Col3 immunohistochemistry images of BAPN and vehicle AVFs on day 21. There was no difference in Col3 % area at day 21. (Third Row) Representative elastin immunohistochemistry images of BAPN and vehicle at day 21. Elastin % area showed an increasing trend on day 21. (Fourth Row) Representative fibronectin immunohistochemistry images of BAPN and vehicle at day 21. Fibronectin % area trended toward reduction in the BAPN group. Scale bar = 100 μm (Adv, adventitia; M, media; L, lumen; IH, intimal hyperplasia).




Periadventitial LOX inhibition modulates myofibroblast differentiation and reduces profibrotic markers

To assess the effects of LOX inhibition on the ECM with changes in cellular phenotypes, we performed a series of stains to distinguish VSMC and MF phenotypes. By day 21, there was a significant reduction of SMA in the BAPN group (Figure 5). The BAPN group had primarily medial SMA expression while there was a high number of SMA + cells in the adventitia of the vehicle group at day 21. Myh11 expression tended to align with SMA in the BAPN group and was significantly increased at day 21. Further analysis showed there was an increase in medial Myh11, indicating that the treatment was protective of contractile VSMC. BAPN-treated AVFs had a significant decrease in FSP-1 which could be observed throughout the vessel wall. In all, these results suggest that periadventitial LOX inhibition using BAPN-loaded nanofibers attenuates cell differentiation into MFs and promotes a contractile VSMC phenotype.
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FIGURE 5
Periadventitial lOX inhibition promotes a contractile SMC phenotype. (First Row) Representative SMA immunohistochemistry images of BAPN (left) and vehicle (right) AVFs on day 21. SMA + % area was significantly reduced in the entire wall and adventitia at day 21 (*p < 0.05, unpaired t-test). (Second Row) Representative MYH11 immunohistochemistry images of BAPN (left) and vehicle (right) AVFs on day 21. BAPN AVFs had increased MYH11 + staining in the entire wall and media at day 21 (*p < 0.05, unpaired t-test). (Third Row) Representative FSP-1 immunohistochemistry images of BAPN (left) and vehicle (right) AVFs on day 21. FSP-1+ % area was significantly reduced in the BAPN group at day 21 (**p < 0.01). Scale bar = 100 μm (Adv, adventitia; M, media; Mv, microvessel; L, lumen, arrows show intimal hyperplasia).


Fibrosis is characterized by increased LOX and TGF-β which are both associated with AVF non-maturation (3, 23). Being that MFs are known to also express LOX (24), we checked for differences in LOX expression due to LOX inhibition with BAPN scaffolds. LOX expression was significantly reduced by day 21 in the BAPN group (Figure 6) while LOX + cells populated the entire wall including the neointima in the vehicle group. TGF-β is known to induce MF differentiation, leading to fibrosis (25). TGF-β expression was significantly reduced at day 21 in the BAPN group. These results indicate that periadventitial LOX inhibition may reduce fibrosis by attenuating expression of LOX and TGF-β.
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FIGURE 6
Periadventitial LOX inhibition reduces profibrotic markers. (Top Row) Representative LOX immunochemistry images of BAPN (left) and vehicle (right) AVFs on day 21. LOX+ % area was significantly reduced in the BAPN group by day 21 (*p < 0.05, unpaired t-test, n = 9). (Bottom Row) Representative TGF-β immunohistochemistry images of BAPN (left) and vehicle (right) AVFs on day 21. TGF-β % area was significantly reduced at day 21 (*p < 0.05, unpaired t-test). Scale bar = 100 μm (Adv, adventitia; M, media; Mv, microvessel; L, lumen).




BAPN alters matrisome gene expression

To further understand the effects of periadventitial LOX inhibition using BAPN on AVF remodeling, we performed bulk RNA sequencing on outflow veins from rats treated with BAPN and vehicle scaffolds. The volcano plot shows there was a total of 2629 differentially expressed genes (FDR < 0.05). Of these, there were 157 genes that were upregulated log2 fold > 1.0 and 532 genes that were downregulated log2 fold < −1.0 (Figure 7A). Further analysis revealed differential expression of matrisome genes (Figures 7B, C), suggesting BAPN affects AVF remodeling by perturbing the ECM structure and related signaling pathways. The LOX substrates Cola1 and Col3a1 were both downregulated, but not less than log2 fold < −1.0 (log2 fold −0.919 and log2 fold −0.806, respectively). However, Col6a6, Col28a1, Col14a1, Col4a3, Col4a5, and Col15a1 were all strongly downregulated. The TGF-β gene, Tgfb1 (log2 fold −0.836) and its receptors Tgfbr2 (log2 fold −0.722) and Tgfbr3 (log2 fold −0.918) were significantly downregulated (FDR < 0.05). In addition, secreted factors Gdf10, Igf2, Tgfb3, Fgf16, and Fgf10 were substantially downregulated in addition to the ECM complexes latent transforming growth factor binding protein (LTBP) Ltbp4 and insulin growth factor binding protein Igfbp5 (log2 fold < −1.0, FDR < 0.05). Alternatively, BAPN significantly enriched genes pertaining to immune signaling, especially immune cell migration, including members of the CXC family Cxcl9, Cxcl10, Cxcl11, Cxcl13, and Cxcl16 and Il18 suggesting BAPN enables improved immune trafficking and T cell chemotaxis. The matrix metalloprotease (MMP) family plays a crucial role in ECM remodeling, especially after AVF creation. The collagenase Mmp13 was strongly upregulated while Mmp11, Mmp15, Mmp17 and Mmp28 were downregulated, indicating BAPN exerts a pleiotropic effect on ECM matrix degradation. Gene ontology pathway analysis showed BAPN downregulated pathways associated with Arteriovenous Fistula remodeling and Myofibroblast Differentiation including cellular response to TGF-β signaling at 21 days while pathways associated with Immune Signaling, especially the adaptive immune response, were upregulated (Figure 7D).
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FIGURE 7
Differential AVF gene expression with BAPN treatment. Volcano plot of all genes (A) and matrisome genes (B) with BAPN Treatment at 21 days. Red dots = padj < 0.05. (C) Heat map of matrisome genes upregulated log2 fold > 1.0 or downregulated log2 fold < –1.0 compared to vehicle controls. (D) Gene ontology pathway analysis of differentially expressed padj < 0.05 matrisome genes. Pathways associated with AVF remodeling and myofibroblast differentiation were downregulated while pathways related to immune signaling were upregulated with BAPN treatment.





Discussion

In the present study, we have demonstrated that periadventitial LOX inhibition using biodegradable PLGA nanofiber scaffolds with directional BAPN release improves AVF vascular remodeling in rats. We successfully fabricated bilayer nanofibrous scaffolds which sustained BAPN release and conferred directional release behavior compared to single-layer scaffolds. We performed a combination of functional and histological analyses to show that periadventitial LOX inhibition is a feasible strategy to promote outward remodeling, prevent fibrosis, and improve biomechanical properties in AVF in vivo. BAPN treatment with bilayer scaffolds improved vein diameter, flow, vascular compliance and reduced adventitial fibrosis. Analysis of cell phenotypes revealed BAPN treatment decreased SMA +, FSP-1 +, and LOX + cells and increased Myh11 + cells at day 21 which was associated with a decrease in the profibrotic TGF-β staining.

Researchers have sought periadventitial therapies to improve AVF outcomes for decades (26–28). We previously demonstrated the feasibility of pan-LOX inhibition using BAPN as a promising strategy to encourage adaptive vascular remodeling when delivered systemically in rat AVFs (3). The rat AVF model is preferable to mouse models as it uses larger, peripheral vessels, resembling that of clinical AVF. It also recapitulates the features of vascular remodeling observed in humans and porcine models such as upregulation of matrix metalloprotease (MMP)-2 and – 9 and the formation of venous stenosis and a VNH lesion comprised of SMA + cells (29). In this earlier study, we used an electrospun nanofiber wrap as a proof-of concept to compare local delivery with systemic administration. We showed that local LOX inhibition reduced fibrosis and collagen crosslinking and improved AVF distensibility and stiffness compared to vehicle controls. In the current study, we optimize our scaffold, utilizing a bilayer design to control the direction of BAPN release thereby preventing perivascular drug loss and improving release characteristics to maximize its efficacy. With this design, we demonstrate a significant improvement in blood flow compared to the previous study. In addition, we analyze the effects of sustained, directional LOX inhibition on the biological aspects of vascular remodeling at the tissue, cellular, and genetic level that were not assessed in previous studies.

A plethora of strategies have been proposed to promote outward vein remodeling after AVF creation. Topical recombinant elastase has been proposed to improve AVF dilation and maturation by cleaving elastic fibers to allow for luminal expansion (30). Alternatively, BAPN may be used to encourage outward remodeling, especially within the AVF proteolytic microenvironment (31). However, a local, controlled delivery system is required to promote dilation without aneurysms or lathyrogenic effects (32). Herein, we describe the feasibility of a bilayer PLGA-based nanofiber scaffold for the unidirectional, sustained periadventitial delivery of BAPN to newly created AVFs, maximizing the therapeutic effect of BAPN and providing mechanical support to the vessel during remodeling similar to an external stent (33). PLGA has been employed as a biomaterial for drug delivery due to its biocompatibility and tunable release properties (34) while nanofibers are commonly employed in tissue engineering as scaffolds due to their biodegradability, porosity, ECM-like architecture which enable cell-mediated remodeling and tissue integration (35, 36). By combining PLGA nanofiber layers with different degradation, and consequent release rates, it was possible to control the direction of drug release (37). It is also essential to maintain therapeutic BAPN levels to achieve an effect, as BAPN-depleted LOX is quicky replenished (38). Our nanofiber system provided controlled BAPN release for more than a month, the typical timeframe for maturation, while attenuating the burst release seen with our previous single-layer design. Indeed, periadventitial LOX inhibition with BAPN-loaded nanofibers improved AVF dilation over 3 weeks and led to adaptive remodeling using a much smaller dose (142.5 μg) than aneurysm and dissection models which typically co-administer BAPN with angiotensin II or elastase (39).

There has been copious research into LOX inhibition as a potential strategy to prevent fibrosis and pathological microenvironments (40, 41). BAPN functions to irreversibly inhibit the activity of LOX and its analogs by binding to the active site, preventing the post-translational crosslinking of collagen and elastin fibrils and reducing tissue stiffness. Indeed, we show that periadventitial LOX inhibition with BAPN-releasing scaffolds decreased fibrosis, especially in the adventitia which has been previously associated with AVF failure (42), and improved flow and vascular compliance. Interestingly, LOX inhibition had little effect on the amount of the fibrous collagens within the vascular wall despite reducing fibrosis. It has been reported that increased tissue stiffness results from dysregulated LOX activity and subsequent changes in ECM architecture rather than increases in collagen concentration and that LOX inhibition is a viable strategy to improve tissue function and normalize collagen fibrillogenesis (43).

MFs have been implicated in vascular stenosis, fibrosis and VNH (9, 10). MFs arise from mesenchymal cells that acquire expression of SMA, activated adventitial fibroblasts or synthetic VSMCs that lose contractile gene expression. Periadventitial BAPN scaffolds reduced SMA + and FSP-1 + expression, indicating a decrease in MFs. Additionally, BAPN increased MYH11 + staining indicating an enhancement in differentiated VSMCs. Both VSMCs and adventitial fibroblasts alter their phenotypes in response to stiffness via TGF-β signaling (44, 45). TGF-β and LOX are both implicated in AVF failure and MF differentiation (3, 46) and were reduced with BAPN. LOX expression is induced by TGF-β (47) so the reduction in both factors may be intricately related. While cell lineages were not determined, these results reveal periadventitial BAPN therapy encourages favorable AVF remodeling by perturbing the fibrotic feedback loop (24, 48) and preserving a differentiated VSMC phenotype.

LOX primarily exerts its effects through the posttranslational crosslinking of ECM proteins but also regulates the promoter activity of its substrates collagen III and elastin (49, 50), meaning LOX inhibition may affect fibrosis via multiple mechanisms. Accordingly, we utilized bulk RNA sequencing and subsequent pathway analysis to deconvolute the effects of periadventitial LOX inhibition on AVF remodeling and fibrosis. Surely BAPN had a drastic effect on the expression of matrisome genes, indicating its benefits stem from the impact of LOX inhibition on ECM structure. We hypothesized BAPN would impact the deposition of the fibrous collagens collagen I and collagen III yet noted no difference using immunohistochemistry, despite reduced trichrome staining. While both Cola1 and Col3a1 were downregulated with BAPN, there was abundant gene transcription in both groups (Supplementary Table 1), meaning differences at protein expressions might not be detectable using immunohistochemistry and a more direct method should be used. Still, this indicates that BAPN-treated AVFs had reduced fibrous collagen production while controls continued fibrotic deposition. Conversely, Col4a3, Col4a5, Col6a6, Col14a1, Col15a1, and Col28a1 were all substantially downregulated in the BAPN group suggesting LOX inhibition may hinder fibrosis by influencing basement membrane and microfibrillar protein synthesis and explains the reduction in trichrome staining despite no reduction in collagen I and III staining.

Pathways associated with AVF remodeling were primarily downregulated with BAPN treatment after 21 days, including cell proliferation, migration, differentiation, and ECM organization. Of interest, Smooth muscle cell differentiation, and Smooth muscle contraction were both downregulated; one possible explanation is that AVFs treated with BAPN had completed their remodeling program by 21 days so genetic transcripts had achieved steady state. Indeed, BAPN treated AVFs already had significant lumen expansion and arterialization as evidenced by histology. For example, Myh11 was significantly reduced at the RNA level despite increased MYH11 + staining.

TGF-β, BMP, and insulin growth factor are all associated with AVF stenosis (23, 51–53). TGF-β in particular plays an important role in AVF vascular remodeling, regulating ECM deposition and VSMC proliferation (54, 55). Gdf10, Tgfb3, and Igf2 were strongly downregulated with BAPN treatment along with TGF-β and insulin growth factor ECM binding proteins, Ltbp3, Ltbp4 and Igfbp5. TGF-β family members are secreted as part of a large latent complex (LLC) that consists of TGF-β, a prodomain known as the latency associated peptide (LAP), and LTBPs which allow for storage in the ECM (56). ECM contraction by SMA expressing cells releases TGF-β from the LLC, allowing it to activate its receptor and in turn enhancing the expression of α-SMA and subsequent MF differentiation (57). Reduced tissue compliance has previously been shown to reduce MF differentiation by preventing the release of TGF-β from the LLC (45). In this study, we show that periadventitial LOX inhibition both reduced stiffness and SMA expression in AVF veins which was associated with a downregulation of genetic processes related to MF differentiation (Figure 7D). Indeed, pathway analysis revealed a reduction in cell-matrix adhesion and cell adhesion mediated by integrin which was associated with significant differential expression of a slew of integrin receptors including Itga2b, Itgb4, Itgbl1, Itga7, Itga1 with BAPN treatment. Integrin binding functions in MF differentiation via two mechanisms: besides cell-ECM interactions that affect cytokine sequestration, integrin binding is directly involved in MF differentiation and fibrosis through mechanosensitive pathways such as Hippo-YAP/TAZ signaling (25). Yap1 and Hippo signaling were decreased in the BAPN group. It is possible LOX inhibition indirectly impacts TGF-β signaling by reducing stiffness and rearranging cryptic ECM integrins while directly perturbing the mechanosensitive MF differentiation feedback loop that culminates with tissue fibrosis (48) and contributes to VNH and constrictive remodeling in AVF.

Lastly, we observed an upregulation of genes associated with the humoral immune response, especially T cell migration. The positive role of lymphocyte mediated processes on AVF function has been previously reported (58). We propose BAPN improves immune cell migration through its effect on ECM organization which in turn leads to improved T cell signaling, however, the mechanism by which this occurs must be elucidated. In all, findings from RNA sequencing indicate the effects of BAPN on AVF remodeling are intricate and multifaceted.

Still, this study has its limitations. Since BAPN inhibits the entire LOX family, we are unable to determine inhibition of which LOX analogs mediates the therapeutic effect. Another shortcoming is that this report does not include any analysis on the organization of collagen and elastin in the ECM. Lastly, more research must be conducted to understand the mechanism by which reduced AVF stiffness translates into diminished MF differentiation.

In summary, this study describes a periadventitial nanofibrous scaffold that delivers BAPN directly to the AVF adventitia. This intervention was effective in preventing postoperative fibrosis and constrictive remodeling. In total, this data suggests sustained LOX inhibition using periadventitial nanofibrous scaffolds is a feasible approach to improve AVF maturation by encouraging outward remodeling and preserving compliance.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors upon request. The raw RNA-seq data is accessible in NCBI Gene Expression Omnibus through the GEO accession number: GSE225412.



Ethics statement

This animal study was reviewed and approved by the Institutional Animal Care and Use Committee at the University of Miami.



Author contributions

BA, FA, LM, and RV-P contributed to the idea and study design. BA fabricated and characterized the nanofiber scaffolds and performed all the remaining experiments and analysis. YW performed the AVF surgeries. BA and AG performed the histological staining and data analysis. MR performed the analysis for the RNA sequencing and constructed the respective figures. BA drafted the manuscript, which was critically reviewed and edited by RV-P, FA, and LM. RV-P and FA were responsible for supervision and mentorship. LM and XY contributed to the fruitful discussions and clinical insights. All authors took part in the interpretation of the results and approved the final version of the manuscript.



Funding

This study was supported by the National Institutes of Health (grants R01-DK098511, R01-DK121227, and R01-DK132888 to RV-P and K08-HL151747 to LM) and the VA Merit Award (grant IBX004658 to RV-P). The National Institutes of Health minority supplement R01-DK121227S1 supported BA graduate work.



Acknowledgments

We gratefully acknowledge the technical contributions of Nieves Santos and Dr. Zachary Zigmond, Ph.D. We are also thankful to Drs. William Hulme and Anthony Griswold and the University of Miami, John P. Hussman Institute for Human Genomics, Center for Genome Technology for their help with the whole genome sequencing.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor declared a past co-authorship with the authors YW, LM, FA, BA, MR, and AG.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1124106/full#supplementary-material

SUPPLEMENTARY FIGURE 1
Rat femoral-epigastric arteriovenous fistula model. (A) The end of the epigastric vein is anastomosed to the femoral artery. (B) Kaplan–Meier survival of AVF patency.

SUPPLEMENTARY FIGURE 2
Electrospinning of nanofiber scaffolds. (A) Diagram of electrospinning setup. Made with Biorender.com. (B) Picture of our custom electrospinning apparatus. (C) Scanning electron micrograph of bilayer PLA-PLGA nanofiber scaffolds. (D) Average fiber diameter of the PLA and PLGA layers.

SUPPLEMENTARY FIGURE 3
Antibodies and dilutions.

SUPPLEMENTARY FIGURE 4
Histomorphometry with Sham AVF controls.



References

1. Al-Jaishi A, Oliver M, Thomas S, Lok C, Zhang J, Garg A, et al. Patency rates of the arteriovenous fistula for hemodialysis: a systematic review and meta-analysis. Am J Kidney Dis. (2014) 63:464–78. doi: 10.1053/j.ajkd.2013.08.023

2. Martinez L, Duque J, Tabbara M, Paez A, Selman G, Hernandez D, et al. Fibrotic venous remodeling and nonmaturation of arteriovenous fistulas. J Am Soc Nephrol. (2018) 29:1030–40. doi: 10.1681/ASN.2017050559

3. Hernandez D, Applewhite B, Martinez L, Laurito T, Tabbara M, Rojas M, et al. Inhibition of lysyl oxidase with β-aminopropionitrile improves venous adaptation after arteriovenous fistula creation. Kidney360. (2021) 2:270–8. doi: 10.34067/KID.0005012020

4. Hynes R. The extracellular matrix: not just pretty fibrils. Science. (2009) 326:1216–9. doi: 10.1126/science.1176009

5. Laczko R, Csiszar K. Lysyl oxidase (LOX): functional contributions to signaling pathways. Biomolecules. (2020) 10:1093. doi: 10.3390/biom10081093

6. Chen W, Yang A, Jia J, Popov Y, Schuppan D, You H. Lysyl oxidase (LOX) family members: rationale and their potential as therapeutic targets for liver fibrosis. Hepatology. (2020) 72:729–41. doi: 10.1002/hep.31236

7. Ye M, Song Y, Pan S, Chu M, Wang Z, Zhu X. Evolving roles of lysyl oxidase family in tumorigenesis and cancer therapy. Pharmacol Ther. (2020) 215:107633. doi: 10.1016/j.pharmthera.2020.107633

8. Gibb A, Lazaropoulos M, Elrod J. Myofibroblasts and fibrosis. Circ Res. (2020) 127:427–47. doi: 10.1161/CIRCRESAHA.120.316958

9. Duque J, Vazquez-Padron R. Myofibroblasts: the ideal target to prevent arteriovenous fistula failure? Kidney Int. (2014) 85:234–6. doi: 10.1038/ki.2013.384

10. Sartore S, Chiavegato A, Faggin E, Franch R, Puato M, Ausoni S, et al. Contribution of adventitial fibroblasts to neointima formation and vascular remodeling. Circ Res. (2001) 89:1111–21. doi: 10.1161/hh2401.100844

11. Vazquez-Padron R, Martinez L, Duque J, Salman L, Tabbara M. The anatomical sources of neointimal cells in the arteriovenous fistula. J Vasc Access. (2021) 24:99–106. doi: 10.1177/11297298211011875

12. Tomasek J, Gabbiani G, Hinz B, Chaponnier C, Brown R. Myofibroblasts and mechano-regulation of connective tissue remodelling. Nat Rev Mol Cell Biol. (2002) 3:349–63. doi: 10.1038/nrm809

13. Applewhite B, Andreopoulos F, Vazquez-Padron R. Periadventitial biomaterials to improve arteriovenous fistula and graft outcomes. J Vasc Access. (2022) doi: 10.1177/11297298221135621 [Epub ahead of print].

14. Pinnell S, Martin G. The cross-linking of collagen and elastin: enzymatic conversion of lysine in peptide linkage to alpha-aminoadipic-delta-semialdehyde (allysine) by an extract from bone. Proc Natl Acad Sci USA. (1968) 61:708–16. doi: 10.1073/pnas.61.2.708

15. Globerman A, Chaouat M, Shlomai Z, Galun E, Zeira E, Zamir G. Efficient transgene expression from naked DNA delivered into an arterio-venous fistula model for kidney dialysis. J Gene Med. (2011) 13:611–21. doi: 10.1002/jgm.1615

16. Kador K, Alsehli H, Zindell A, Lau L, Andreopoulos F, Watson B, et al. Retinal ganglion cell polarization using immobilized guidance cues on a tissue-engineered scaffold. Acta Biomater. (2014) 10:4939–46. doi: 10.1016/j.actbio.2014.08.032

17. Briones A, Salaices M, Vila E. Mechanisms underlying hypertrophic remodeling and increased stiffness of mesenteric resistance arteries from aged rats. J Gerontol Series A. (2007) 62:696–706. doi: 10.1093/gerona/62.7.696

18. Sanders W, Hogrebe P, Grainger D, Cheung A, Terry CM. A biodegradable perivascular wrap for controlled, local and directed drug delivery. J Control Release. (2012) 161:81–9. doi: 10.1016/j.jconrel.2012.04.029

19. Wagenseil J, Mecham R. Vascular extracellular matrix and arterial mechanics. Physiol Rev. (2009) 89:957–89. doi: 10.1152/physrev.00041.2008

20. Hall M, Yamamoto K, Protack C, Tsuneki M, Kuwahara G, Assi R, et al. Temporal regulation of venous extracellular matrix components during arteriovenous fistula maturation. J Vasc Access. (2015) 16:93–106. doi: 10.5301/jva.5000290

21. Wong C, Rothuizen T, de Vries M, Rabelink T, Hamming J, van Zonneveld A, et al. Elastin is a key regulator of outward remodeling in arteriovenous fistulas. Eur J Vasc Endovasc Surg. (2015) 49:480–6. doi: 10.1016/j.ejvs.2014.12.035

22. Kagan H, Li W. Lysyl oxidase: properties, specificity, and biological roles inside and outside of the cell. J Cell Biochem. (2003) 88:660–72. doi: 10.1002/jcb.10413

23. Stracke S, Konner K, Köstlin I, Friedl R, Jehle P, Hombach V, et al. Increased expression of TGF-β1 and IGF-I in inflammatory stenotic lesions of hemodialysis fistulas. Kidney Int. (2002) 61:1011–9. doi: 10.1046/j.1523-1755.2002.00191.x

24. Nagaraju C, Robinson E, Abdesselem M, Trenson S, Dries E, Gilbert G, et al. Myofibroblast Phenotype and Reversibility of Fibrosis in Patients With End-Stage Heart Failure. J Am Coll Cardiol. (2019) 73:2267–82. doi: 10.1016/j.jacc.2019.02.049

25. Piersma B, Bank R, Boersema M. Signaling in Fibrosis: TGF-β, WNT, and YAP/TAZ Converge. Front Med. (2015) 2:59. doi: 10.3389/fmed.2015.00059

26. Paulson W, Kipshidze N, Kipiani K, Beridze N, DeVita M, Shenoy S, et al. Safety and efficacy of local periadventitial delivery of sirolimus for improving hemodialysis graft patency: first human experience with a sirolimus-eluting collagen membrane (Coll-R). Nephrol Dial Transpl. (2012) 27:1219–24. doi: 10.1093/ndt/gfr667

27. Conte M, Nugent H, Gaccione P, Guleria I, Roy-Chaudhury P, Lawson J. Multicenter phase I/II trial of the safety of allogeneic endothelial cell implants after the creation of arteriovenous access for hemodialysis use: the V-HEALTH study. J Vasc Surg. (2009) 50:1359–68.e1. doi: 10.1016/j.jvs.2009.07.108

28. Somarathna M, Hwang P, Millican R, Alexander G, Isayeva-Waldrop T, Sherwood J, et al. Nitric oxide releasing nanomatrix gel treatment inhibits venous intimal hyperplasia and improves vascular remodeling in a rodent arteriovenous fistula. Biomaterials. (2022) 280:121254. doi: 10.1016/j.biomaterials.2021.121254

29. Chan C, Chen Y, Ma M, Chen C. Remodeling of experimental arteriovenous fistula with increased matrix metalloproteinase expression in rats. J Vasc Surg. (2007) 45:804–11. doi: 10.1016/j.jvs.2006.12.063

30. Peden E, Leeser D, Dixon B, El-Khatib M, Roy-Chaudhury P, Lawson J, et al. A multi-center, dose-escalation study of human type i pancreatic elastase (PRT-201) administered after arteriovenous fistula creation. J Vasc Access. (2013) 14:143–51. doi: 10.5301/jva.5000125

31. Berman A, Romary D, Kerr K, Gorazd N, Wigand M, Patnaik S, et al. Experimental aortic aneurysm severity and growth depend on topical elastase concentration and lysyl oxidase inhibition. Sci Rep. (2022) 12:99. doi: 10.1038/s41598-021-04089-8

32. Hoffman D, Owen J, Chvapil M. Healing of skin incision wounds treated with topically applied BAPN free base in the rat. Exp Mol Pathol. (1983) 39:154–62. doi: 10.1016/0014-4800(83)90048-5

33. Mehta D, George S, Jeremy J, Izzat M, Southgate K, Bryan A, et al. External stenting reduces long-term medial and neointimal thickening and platelet derived growth factor expression in a pig model of arteriovenous bypass grafting. Nat Med. (1998) 4:235–9. doi: 10.1038/nm0298-235

34. Makadia H, Siegel S. Poly lactic-co-glycolic acid (PLGA) as biodegradable controlled drug delivery carrier. Polymers. (2011) 3:1377–97. doi: 10.3390/polym3031377

35. Montero R, Vial X, Nguyen D, Farhand S, Reardon M, Pham S, et al. BFGF-containing electrospun gelatin scaffolds with controlled nano-architectural features for directed angiogenesis. Acta Biomater. (2012) 8:1778–91.

36. Kennedy K, Bhaw-Luximon A, Jhurry D. Cell-matrix mechanical interaction in electrospun polymeric scaffolds for tissue engineering: implications for scaffold design and performance. Acta Biomater. (2017) 50:41–55. doi: 10.1016/j.actbio.2016.12.034

37. Lance K, Chatterjee A, Wu B, Mottola G, Nuhn H, Lee P, et al. Unidirectional and sustained delivery of the proresolving lipid mediator resolvin D1 from a biodegradable thin film device. J Biomed Mater Res Part A. (2017) 105:31–41. doi: 10.1002/jbm.a.35861

38. Arem A, Misiorowski R, Chvapil M. Effects of low-dose BAPN on wound healing. J Surg Res. (1979) 27:228–32. doi: 10.1016/0022-4804(79)90134-3

39. Sawada H, Beckner Z, Ito S, Daugherty A, Lu H. β-Aminopropionitrile-induced aortic aneurysm and dissection in mice. JVS. (2022) 3:64–72. doi: 10.1016/j.jvssci.2021.12.002

40. Setargew Y, Wyllie K, Grant R, Chitty J, Cox T. Targeting lysyl oxidase family meditated matrix cross-linking as an anti-stromal therapy in solid tumours. Cancers. (2021) 13:491. doi: 10.3390/cancers13030491

41. Yang J, Savvatis K, Kang J, Fan P, Zhong H, Schwartz K, et al. Targeting LOXL2 for cardiac interstitial fibrosis and heart failure treatment. Nat Commun. (2016) 7:13710. doi: 10.1038/ncomms13710

42. Simone S, Loverre A, Cariello M, Divella C, Castellano G, Gesualdo L, et al. Arteriovenous fistula stenosis in hemodialysis patients is characterized by an increased adventitial fibrosis. J Nephrol. (2014) 27:555–62. doi: 10.1007/s40620-014-0050-7

43. Jones M, Andriotis O, Roberts J, Lunn K, Tear V, Cao L, et al. Nanoscale dysregulation of collagen structure-function disrupts mechano-homeostasis and mediates pulmonary fibrosis. eLife. (2018) 7:e36354.

44. Tian B, Ding X, Song Y, Chen W, Liang J, Yang L, et al. Matrix stiffness regulates SMC functions via TGF-β signaling pathway. Biomaterials. (2019) 221:119407. doi: 10.1016/j.biomaterials.2019.119407

45. Arora P, Narani N, McCulloch C. The compliance of collagen gels regulates transforming growth factor-β induction of α-smooth muscle actin in fibroblasts. Am J Pathol. (1999) 154:871–82. doi: 10.1016/S0002-9440(10)65334-5

46. Martinez L, Perla M, Tabbara M, Duque J, Rojas M, Falcon N, et al. Systemic profile of cytokines in arteriovenous fistula patients and their associations with maturation failure. Kidney360. (2022) 3:677–86. doi: 10.34067/KID.0006022021

47. Voloshenyuk T, Landesman E, Khoutorova E, Hart A, Gardner J. Induction of cardiac fibroblast lysyl oxidase by TGF-β1 requires PI3K/Akt, Smad3, and MAPK signaling. Cytokine. (2011) 55:90–7. doi: 10.1016/j.cyto.2011.03.024

48. Parker M, Rossi D, Peterson M, Smith K, Sikström K, White E, et al. Fibrotic extracellular matrix activates a profibrotic positive feedback loop. J Clin Investig. (2014) 124:1622–35. doi: 10.1172/JCI71386

49. Oleggini R, Gastaldo N, Di Donato A. Regulation of elastin promoter by lysyl oxidase and growth factors: cross control of lysyl oxidase on TGF-β1 effects. Matrix Biol. (2007) 26:494–505. doi: 10.1016/j.matbio.2007.02.003

50. Giampuzzi M, Botti G, Di Duca M, Arata L, Ghiggeri G, Gusmano R, et al. Lysyl oxidase activates the transcription activity of human collagene III Promoter: possible involvement of ku antigen. J Biol Chem. (2000) 275:36341–9. doi: 10.1074/jbc.M003362200

51. Stracke S, Konner K, Köstlin I, Schneider M, Herzog R, Jehle P, et al. Over-expression of IGF-related peptides in stenoses of native arteriovenous fistulas in hemodialysis patients. Growth Hormone IGF Res. (2007) 17:297–306. doi: 10.1016/j.ghir.2007.02.001

52. Cai C, Kilari S, Singh A, Zhao C, Simeon M, Misra A, et al. Differences in transforming growth factor−β1/BMP7 signaling and venous fibrosis contribute to female sex differences in arteriovenous fistulas. J Am Heart Assoc. (2020) 9:e017420. doi: 10.1161/JAHA.120.017420

53. Costa E, Coimbra J, Catarino C, Ribeiro S, Reis F, Nascimento H, et al. Major determinants of BMP-2 serum levels in hemodialysis patients. Ren Fail. (2012) 34:1355–8. doi: 10.3109/0886022X.2012.725289

54. Taniguchi R, Ohashi Y, Lee J, Hu H, Gonzalez L, Zhang W, et al. Endothelial cell TGF-β (transforming growth factor-beta) signaling regulates venous adaptive remodeling to improve arteriovenous fistula patency. Arterioscler Thromb Vasc Biol. (2022) 42:868–83. doi: 10.1161/ATVBAHA.122.317676

55. Hu H, Lee S, Bai H, Guo J, Hashimoto T, Isaji T, et al. TGFβ (transforming growth factor-beta)-activated kinase 1 regulates arteriovenous fistula maturation. Arterioscler Thromb Vasc Biol. (2020) 40:e203–13. doi: 10.1161/ATVBAHA.119.313848

56. Shi M, Zhu J, Wang R, Chen X, Mi L, Walz T, et al. Latent TGF-β structure and activation. Nature. (2011) 474:343–9. doi: 10.1038/nature10152

57. Wipff P, Rifkin D, Meister J, Hinz B. Myofibroblast contraction activates latent TGF-β1 from the extracellular matrix. J Cell Biol. (2007) 179:1311–23. doi: 10.1083/jcb.200704042

58. Duque J, Martinez L, Mesa A, Wei Y, Tabbara M, Salman L, et al. CD4+ lymphocytes improve venous blood flow in experimental arteriovenous fistulae. Surgery. (2015) 158:529–36. doi: 10.1016/j.surg.2015.02.018


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Periadventitial β-aminopropionitrile-loaded nanofibers reduce fibrosis and improve arteriovenous fistula remodeling in rats



		Introduction



		Materials and methods



		AVF creation in rats



		Nanofiber fabrication and characterization



		BAPN release profile and directional release



		Histology and immunochemistry



		Doppler ultrasound



		Pressure myography



		Bulk RNA sequencing



		Statistical analysis







		Results



		Bilayer nanofiber scaffolds exhibit sustained and directional release



		Periadventitial BAPN delivery improves AVF outward remodeling



		Periadventitial LOX inhibition reduces postoperative fibrosis and improves compliance



		Periadventitial LOX inhibition does not alter fibrous ECM composition



		Periadventitial LOX inhibition modulates myofibroblast differentiation and reduces profibrotic markers



		BAPN alters matrisome gene expression







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Periadventitial
B-aminopropionitrile-loaded
nanofibers reduce fibrosis
and improve arteriovenous
fistula remodeling in rats












OPS/images/logo.jpg
’ frontiers | Frontiers in Cardiovascular Medicine







OPS/images/email.jpg





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fcvm-10-1124106-g005.jpg
SMA

Myh11

FSP-1

s 5 vy r“.

> £;{~#
.‘h " _,,a-"iOO Hm .

Vehicle

S N T o B )
/',"\ B S P 4
¥ z o X

i oL = .n >
.337,1' oy, ‘Q.,'».
2D -
> e TR
AR et S g

R

TN MG DT LILP AR TR
R ¢ "} ro";"c"{"( % 1&’3’
et Tl )
TE Ryt
C COR T F el D
IO 7 PANT
s Lt S
(7 eyl A
s g7
>y ,‘ ‘?"-'-l“l
e ’,t'f‘f o L " ~7
% ‘.Ill;’.‘- .0"( — _.‘..tu‘; Cakicrs t
St eaen Ll
TR N S L
by 2 3 R AT - 727 RN

’ ?.,“’ﬁ;’ » ’;
e e i
(i K2
i

40
o
& 30-
X
T 20
2
+
< 10-
N
20-
®
p
< 154
S
T
S
+
¥
b
b
B

FSP-1+ Wall % Area

%
—
]

BAPN Vehicle

* %

(=]

o

T T
BAPN Vehicle

% Area

itia

SMA+ Advent

Myh11+ Adventitia % Area

FSP-1+ Adventitia % Area

X
1

0o
(o]
olo
o]

T T
BAPN Vehicle

10' ns
81 | o
[ ]
6_
4-
a (]
2 °. 80
00
0 | |
BAPN Vehicle
ns
40+
°
30+
[ ]
—_ o}
204 ¢
[0)(¢}
10+
Olo
90
0 [o]

1
BAPN Vehicle

SMA+ Media% Area

FSP-1+ Media % Area

ns
50
| 0
40- 8
)
30+
20
°
10
(o}
0 | |
BAPN Vehicle
50 X
s .| |
<404 °
N
8 30
E°)
s
" 20
e
T
£ 10
=
40 0.1014
o
30' 0
)
°
ol0
10
%
[}
N (o]
v I

T
BAPN Vehicle





OPS/images/fcvm-10-1124106-g004.jpg
Elastin Col3 Col1

Fibronectin

Ve

-

7
Faid s

Col3+ % Area Col1+ % Area

Elastin+ % Area

Fibronectin+ % Area

100+ ns
|
804 o
60- o
40_ ° 'Y
20
o
0 T T
BAPN Vehicle
100 - ns
[ ]
80 iy 9‘ f
60
40- 1]
Olo
olo
20
® » -
n (o]
v 1 T
BAPN Vehicle
0.0877
100
[ ]
80 °
60—
o
40 g0
20 ¢ olo
b 1 1
BAPN Vehicle
50- 0.0857

40

‘ |
30-

n
20 == 44
10-
0-

BAPN Vehicle





OPS/images/fcvm-10-1124106-g003.jpg
Vehicle

100 pm

2
© o o
m >
= ° ﬂIIl—loo.T ° lm
ot <
m
| | | ] 1
o o o o o o
= © @ < I
=
ealy % siso.qld [elpaiN
(]
© ©
oo o =
[o 38 [*] [
* >
bt - |2
™ ™ —
<
o
] 1 1 ] 1
o o o o o o
o o © < ~
=
Bealy 9, sisoiqld [ellUBAPY
(]
] ©
(]
* >
* z
oH ° _ _ ® o
° e [ <
om
1 1 ] 1 1
o o o o o o
o © © < ~N
=
ealy 9% sisolqid ||eji

[0}
=<5 N
& 2 3
o = S
(>3
® O .
H®H 2
(7.}
" O | O
O —e k2
HFHO— @
FO- @
HFO—@
FO1®F <R
o
T T T T T | e
N~ w0 w0 Li-] w0 o
o o [ =] o o
-~ -~ - -~ -~
x X X x X
- <o (1] -+ [ |
AN-Eo sauAlp)
sninpojy s,Buno,) jejusawiaiou]
(]
@
W =
=
5 2
® D oF
o
T
o -
-
O
<O
_ o
-
-]
o~
T T T <
(=] o o o
(Yo ) o 1
- -

C

ealy uswn-T abueyd %

Pressure (mmHg)

Pressure (mmHg)





OPS/images/fcvm-10-1124106-g002.jpg
Vehicle

BAPN

’hf«rﬂ!.‘r

.

%&.w ?

e rﬁ.n'«

* %k k

* %k ¥k

£ Vehicle
@ BAPN

300

250-

200-

uone|iag %

150

100

Days

Lumen Area
ns

H
8 m
= o _ o.”o o mw =
= o [ X+) =
=
- " < o
— ) =
= - =
W ! 1 1 |
(=] (=] (=] [ =] o
o (=] o (=
(=] (=] (=] [ =]
(=] o (=] (=]
o o o o
o0 (1] =t o~
L (zvwn) eauy jlepn
o
2 3
o 000 '—
o o ool [ o
O v -
T z
= ..Tm.-m
- o
=
1 | | |
o 0 o wn o
N ~ - = S
o o o o o
L M+1/I
o
L* ] o -

BAPN Vehicle

S g g8 8
o [ —] [ =] [ —]
=] o o =]
o e g Q
(] (;wn) ease uswn-
| O
Q
oo =
- Q
% >
. a
o0 ® ® lA
(1]
| | | | |
o o o o o o
wn < ™ N o
(utw/qw) mol4
(&)






OPS/images/fcvm-10-1124106-g007.jpg
* LN ]

(R P S —

- eNotch3 .° .
G m. LN .l. L
G&lﬁae'. I:tbp4 - .. X :‘ e
Itgh: e ol . ° Fecgrab
. _.v - Cd69

* Cxcl11

BAPN vs Vehicle .

“ GdMO
8_ * Col6at
Ltbpd® o
" - Igfps
6 - cig2

-l0g19Pag;

BAPN vs Vehicle
" (Matrisome)

& Cxci11

-5

0.8
0.6

0.4

log, Fold Change

BAPN Vehicle

o 1 2 3 4

= e Sbsol
BAPN1 BAPN2 BAPN3 BAPN4 VEH1 VEH2 VEH3 VEH4

log, Fold Change

extracellular matrix |
organization

endothelial cell migration

artery development

epithelial cell migration

canonical Wnt signaling |
path

way

mesenchymal cell |
differentiation

cell p

Notch signaling pathway

insulin-like growth factor |
receptor signaling pathway

response to fibroblast |
growth factor

smooth muscle contraction -

smooth muscle cell |
differentiation

hippo signaling
ellular response to

c
transforming growth factor
beta stimulus

cell adhesion mediated by |
integrin

stress fiber assembly -
leukocyte mediated immunity
leukocyte migration

humoral immune response -

h ki diated signaling |
athwa

T cell chemotaxis

GeneRatio
@ o005
@ oo

p.adjust
0.03
0.02

0.01

Downregulated Upregulated
(489) (127)





OPS/images/fcvm-10-1124106-g006.jpg
icle

Veh

BAPN

0

ealy

% +XO1

BAPN Vehicle

T
BAPN Vehicle

eale 9,

+E}9(

-491






OPS/images/fcvm-10-1124106-g001.jpg
A
Slow- SRR R e AT S T
Bilayer degrading %K%M%m‘(ﬁl
Nan)gﬁber FER | o R NS RS NS |
Scaffold BAPN- X S K K N KRS K
loaded ‘ﬁ?qz,i’(!, o =5 %N
PLGA 221,
50:50 Pt
BAPN
Monolayer BAPN-
Nanofiber :ffgzd
ffold .
= 50:50
BAPN
C

Cumulative Release (ug)

Cumulative Release (ug)

% Release

600

400

200

600

400

200

100

80

60—

40

20

© PLA Layer
P<0.0001 € PLGA "Drug" Layer
0 2 4 6
Time (Hours)
i © PLGA Layer
€ PLGA Layer (Flipped)
P=0.1914
1 1 1
0 2 4 6

Time (Hours)

Cumulative BAPN Release

*%  FF € Monolayer
© Bilayer

Lpepelbsq,

0 10 20 30 40 50
Time (Days)





