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Periadventitial Delivery of Simvastatin-

L oaded Microparticles Attenuate Venous
Neointimal Hyperplasia Associated With
Arteriovenous Fistula

Chenglei Zhao, MD; Sean T. Zuckerman, PhD; Chuangi Cai, MD; Sreenivasulu Kilari, PhD; Avishek Singh, PhD;
Michael Simeon, BS; Horst A. von Recum, PhD; Julius N. Korley, PhD; Sanjay Misra ', MD

BACKGROUND: Venous neointimal hyperplasia and venous stenosis (VS) formation can result in a decrease in arteriovenous fis-
tula (AVF) patency in patients with end-stage renal disease. There are limited therapies that prevent VNH/VS. Systemic delivery
of simvastatin has been shown to reduce VNH/VS but local delivery may help decrease the side effects associated with statin
use. We determined if microparticles (MP) composed of cyclodextrins loaded with simvastatin (MP-SV) could reduce VS/VNH
using a murine arteriovenous fistula model with chronic kidney disease.

METHODS AND RESULTS: Male C57BL/6J mice underwent nephrectomy to induce chronic kidney disease. Four weeks later, an
arteriovenous fistula was placed and animals were randomized to 3 groups: 20 pL of PBS or 20 pL of PBS with 16.6 mg/mL
of either MP or MP-SV. Animals were euthanized 3 days later and the outflow veins were harvested for quantitative reverse
transcriptase—polymerase chain reaction analysis and 28 days later for immunohistochemistical staining with morphometric
analysis. Doppler ultrasound was performed weekly. Gene expression of vascular endothelial growth factor-A (Vegf-A), matrix
metalloproteinase-9 (Mmp-9), transforming growth factor beta 1 (Tgf-37), and monocyte chemoattractant protein-1 (Mcp-7)
were significantly decreased in MP-SV treated vessels compared with controls. There was a significant decrease in the neoin-
timal area, cell proliferation, inflammation, and fibrosis, with an increase in apoptosis and peak velocity in MP-SV treated out-
flow veins. MP-SV treated fibroblasts when exposed to hypoxic injury had decreased gene expression of Vegf-A and Mmp-9.

CONCLUSIONS: In experimental arteriovenous fistulas, periadventitial delivery of MP-SV decreased gene expression of Vegf-A,
Mmp-9, Tgf-51 and Mcp-1, VNH/VS, inflammation, and fibrosis.
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orldwide, more than 2 million patients have
Wend-stage renal disease and the majority re-

quire hemodialysis to sustain life. The au-
tologous arteriovenous fistula (AVF) is the preferred
hemodialysis vascular access because of the lower risk
of complications, decreased need for interventions to
maintain patency, and better patency." A durable and
reliable vascular access is the lifeline of patients with
end-stage renal disease. The first AVF was created in

1966;2 however, the patency of AVF remains 60% at
1 year.®

AVF will develop venous stenosis because of ve-
nous neointimal hyperplasia (VNH). The mechanisms
responsible for VNH formation are not well under-
stood. Several studies indicate that multiple molec-
ular mechanisms work in concert to contribute to
VNH formation, including hypoxic injury to the vessel
wall at the time of AVF creation leading to increased
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CLINICAL PERSPECTIVE
What Is New?

In experimental animal models of hemodialysis
arteriovenous fistulas, microparticles loaded
with statins delivered to the periadventitia of the
outflow vein reduce venous stenosis formation.

What Are the Clinical Implications?

e These observations provide a rationale for local
drug delivery of microparticles loaded with
statins for reducing venous stenosis formation
associated with arteriovenous fistula.

Nonstandard Abbreviations and Acronyms

a-SMA a-smooth muscle actin
AVF arteriovenous fistula

CD68 cluster of differentiation 68

CDP cyclodextrin polymer

FSP-1 fibroblast-specific protein-1

HIF-1a hypoxia-inducible factor-1a

MCP-1 monocyte chemoattractant protein-1
MMP-9 matrix metalloproteinase-9

MP microparticles

MP-SV microparticles composed of
cyclodextrins loaded with simvastatin

MYH11 myosin heavy chain 11

PSMAD3 phosphorylated mothers

against decapentaplegic homolog 3
SV simvastatin

TGF-p1 transforming growth factor beta 1

TUNEL terminal deoxynucleotidal transferase—
mediated biotin—deoxyuridine
triphosphate nick-end labeling

VNH venous neointimal hyperplasia

matrix deposition, proliferation and migration of fi-
broblasts and vascular smooth muscle cells, and
inflammation.*-® Several genes have been found to
be increased including vascular endothelial growth
factor-A (Vegf-A) and matrix metalloproteinase-9
(Mmp-9).47

Statins are 3-hydroxy-3-methylglutaryl coenzyme
A reductase inhibitors that are widely prescribed as
cholesterol-lowering agents® that also possess an-
ti-inflammatory properties.® SV has been shown to
reduce gene expression of Vegf-A and Mmp-9™ and
thereby inhibit VNH by reducing vascular smooth
muscle cell migration and proliferation in experimen-
tal animal models of vein bypass grafts.!~'® Systemic
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delivery of SV in a murine model of chronic kidney
disease with AVF has been shown to have benefi-
cial effects with a decrease in VNH formation and
improved vascular remodeling.'’®™ Clinical studies
suggest that statins might improve AVF patency,'®'®
and a recent clinical study demonstrated that high-
dose statin use is associated with lower risk of AVF
failure.’® However, statin intolerance occurs in many
patients, which can present as muscle pain and
changes in liver function.

Periadventitial drug delivery can be performed
using biodegradable wraps, gels, and particles to
prevent VNH/venous stenosis formation because
a high dose of drug therapy can be delivered.'-2°
Microparticles (MP) composed of cyclodextrin have
been used for drug delivery because of their reli-
able and durable drug release properties. They have
been used to treat cancer,®' fungal infection, and
cardiac disease.?*?? In the present paper, we tested
the hypothesis that periadventitial delivery of MP
composed of cyclodextrin loaded with SV (MP-SV)
delivered to the periadventitia of the outflow vein of
AVF would reduce VNH/venous stenosis formation
by decreasing Vegf-A and Mmp-9 gene expression
in a murine model of chronic kidney disease with
AVF.410 We determined both gene and protein ex-
pression changes as well as histomorphometric and
immunohistochemical analysis along with ultrasound
evaluation after periadventitial delivery of cyclodex-
trin-loaded SV.

METHODS

The data that support the findings of this study are
available from the corresponding author on reason-
able request.

Cyclodextrin Polymer MP Synthesis
Detailed synthesis of cyclodextrin polymer (CDP) has
been previously published.?* Briefly, lightly cross-
linked CD prepolymer was dissolved in water and
cross-linked in a single water-in-oil emulsion sys-
tem using a base-catalyzed epoxide ring opening.
Particles were washed extensively with hexanes, ac-
etone, and water to remove any remaining mineral oil
and unreacted reagents were then lyophilized before
drug loading.

SV Loading and In Vitro Release of SV
From CDP

SV was dissolved in dimethylformamide at 5 mg/mL.
CDP MP were placed in the SV-loading solution on a
rotisserie shaker for 3 days at room temperature. The
MP were spun down at 1000 relative centrifugal force
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Table 1. Primer Sequences Used for RT-PCR Gene Expression Analysis

Gene Forward Reverse

Tbp-1 AAGGGAGAATCATGGACCAG CCGTAAGGCATCATTGGACT

Tgr-B1 CCTGAGTGGCTGTCTTTTGA TCGTGGAGTTTGTTATCTTTGCTG

Vegf-A Qiagen confidential Qiagen confidential

Mmp-9 TGCCTGTGTACACCCACATT TACAGGGCCCCTTCCTTACT

Mcp-1 GGAGAGCTACAAGAGGATCAC TGATCTCATTTGGTTCCGATCC

Mcp-1 indicates monocyte chemoattractant protein-1; Mmp-9, matrix metalloproteinase-9; RT-PCR, reverse transcriptase—polymerase chain reaction; Tbp-
1, TATA-binding protein-1; Tgf-f1, transforming growth factor beta 1; and Vegf-A, vascular endothelial growth factor-A.

and the loading solution removed, washed twice with
cold dimethylformamide/water (50/50) to remove any
unbound SV, and finally washed again with cold deion-
ized water before freezing and lyophilization.

For in vitro release, MP-SV were weighed, placed
into low retention tubes, resuspended in 37°C 1X PBS
with 0.2% sodium dodecyl! sulfate, and placed on a
rotisserie shaker. At 1, 2, 4, 8, and 24 hours and every
24 hours thereafter, MP were centrifuged at 1000 rela-
tive centrifugal force, the entire volume of PBS removed,
and fresh PBS with 0.2% sodium dodecyl sulfate re-
placed to model infinite sink conditions. Aliquots were
frozen at —80°C until analysis by UV-Vis spectropho-
tometry was performed at 238 nm. To quantify drug
loading, MP-SV were placed into 200-proof ethanol on
a rotisserie shaker and SV leached into excess ethanol
with frequent solvent changes. SV was quantified by
UV-Vis as for release samples.

In Vitro SV Assay

NIH3T3 fibroblasts (ATCC CRL 1658) were serum
starved overnight; 50 000 cells per 2-cm well were in-
cubated in Dulbecco’s Modified Eagle Medium (con-
taining 10% fetal bovine serum, 100 U/mL penicillin,
and 100 U/mL streptomycin) in a cell culture incubator.
For the SV dose experiment, cells were treated with

Table 2. Antibodies Used for Imnmunostaining

both 1 and 10 pmol/L of SV from a-MP, after 8 hours of
incubation in normoxia and hypoxia chamber as previ-
ously described.?®> RNA was isolated for gene expres-
sion as previously described.?®?” Experiments were
performed in triplicate.

Animal Models

We obtained approval from the Mayo Clinic Institutional
Animal Care and Use Committee before performing
any experiments. Male C57BL/6J mice (6—8 weeks
old, Jackson Labs, Bar Harbor, ME) were used. They
were housed in an animal facility with a 12-hour light/
dark cycle, 21°C, and access to food and water ad
libitum. Before all procedures, ketamine (120 mg/kg)
and xylazine (10 mg/kg) were used to induce anesthe-
sia, which was then was maintained by using ketamine
(40 mg/kg) and xylazine (8 mg/kg) with intraperitoneal
injection. Each mouse underwent partial nephrectomy
and AVF creation. At day —28, chronic kidney disease
was created by surgical removal of the right kidney,
accompanied with ligation of the upper polar artery
of the left kidney. Four weeks later, an AVF was cre-
ated by connecting the end of the left carotid artery to
the end of the right jugular vein using a 24-gauge cuff
(Patterson Veterinary, Greeley, CO). During the AVF
creation, carotid artery and outflow vein were flushed

Antibody Host Catalog Number Source Concentration
A-SMA Rabbit ab5694 Abcam 1:1000
MYH11 Rabbit ab53219 Abcam 1:1000
FSP-1 Rabbit 07-2274 EMD Millipore 1:1000
Hif-1a Rabbit ab2185 Abcam 1:800
VEGF-A Rabbit ab46154 Abcam 1:900
MMP-9 Rabbit ab38898 Abcam 1:1500
Ki-67 Rabbit ab9260 EMD Millipore 1:400
pSMAD3 Rabbit ab52903 Abcam 1:100
MCP-1 Rabbit ab25124 Abcam 1:1000
CD68 Rabbit ab125212 Abcam 1:1000

a-SMA indicates a-smooth muscle actin; CD68, cluster of differentiation 68; FSP-1, fibroblast-specific protein-1; MCP-1, monocyte chemoattractant
protein-1; MMP-9, matrix metalloproteinase-9; MYH11, myosin heavy chain 11; pSMAD3, phosphorylated mothers against decapentaplegic homolog 3; and
VEGF-A, vascular endothelial growth factor.
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Figure 1.

MP characterization and in vitro inhibition of Vegf-A and Mmp-9 gene expression.

A, There was an increase in SV release from SV-aCDP compared with SV-BCDP from day 1 to day 14. B, There was an initial burst in
both MP, starting from day 1 to day 4. C and D, There is a significant decrease in Vegf-A and Mmp-9 gene expression in NIH3T3 cells
treated with 1 umol/L SV-a-MP and 10 pmol/L SV-a-MP concentration of SV subjected to 8 hours of hypoxia compared with control
and MP groups. Analysis of variance with repeated measures with post hoc Bonferroni’s correction was performed in (C and D). Each
bar represents mean+SD of 3 independent experiments. Significant differences are indicated by *P<0.05 or **P<0.01. C indicates
controls; CDP, cyclodextrin polymer; MMP-9, matrix metalloproteinase-9; MP, microparticles; pCD, polymerized cyclodextrin; SV,

simvastatin; and VEGF-A, vascular endothelial growth factor-A.

with heparinized saline. PBS (20-pL), MP (20-pL of
16.6-mg/mL), and MP-SV (20-pL of 16.6-mg/mL) were
applied to the periadventitia of the outflow vein just
distal to the anastomosis circumferentially for a length
of 5 mm at the time of AVF creation. Subcutaneous
injection with 0.5 mL of warm saline was administered
in all animals and they were kept on a warm plate until
full recovery. The mice were euthanized 3 and 28 days
after AVF creation.

Serum Urea Nitrogen, Creatinine,
Aspartate Aminotransferase and Alanine
Aminotransferase Assay

Blood was removed to determine the serum urea ni-
trogen and creatinine at the time of nephrectomy,
AVF placement, day 14 and 28 after AVF creation.
We used the QuantiChrom Urea Assay Kit (BioAssay
Systems, Hayward, CA) and mouse creatinine assay
kit (Crystal Chem, Elk Grove Village, IL) to determine
the serum urea nitrogen and creatinine, respectively.
The Preventive Care Profile Plus rotor (Abaxis, Union
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City, CA) was used to determine the serum alanine
aminotransferase, aspartate aminotransferase, total
bilirubin, and albumin using a Vetscan VS2 machine
(Abaxis, Union City, CA).

Doppler Ultrasound

Anesthesia was induced and maintained by intra-
peritoneal injection of ketamine (10 mg/kg) and xyla-
zine (1 mg/kg). Doppler ultrasound was performed to
determine the peak velocity in the outflow vein at 7,
14, 21, and 28 days after AVF creation as described
previously.?8=1

Tissue Collection and Processing

Mice were euthanized at day 3 and outflow vein and
contralateral jugular vein placed in RNA later (QIAGEN,
Hilden, Germany) for quantitative reverse tran-
scriptase—polymerase chain reaction analysis. Mice
were euthanized at day 28 and the outflow vein was
removed and flushed with PBS and placed in 10% for-
malin (Fisher Scientific, Pittsburgh, PA). Each outflow
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Figure 2. Murine outcomes after surgery.

A, study design. B and C, After nephrectomy, all groups had a
significant increase in the average serum urea nitrogen and creatinine
compared with baselines. No significant difference was observed
between each group (C=6, MP=5, SVn=6). D and E, There was no
significant difference between the average ALT and AST levels at any of
the time points (C=5, MP=5, SV=6). F, At day 28, there was a significant
increase in the patency of the outflow veins treated with MP loaded
withSV (83%) when compared control (16.7%) and MP (40%, P<0.05,
Figure 2D) (day 7, Cl=5, MP=5, SV=6; day 14, C N=5, MP N=5, SV N=5;
day 21, C N=4, MP N=4, SV N=5; day 28, C N=1, MP N=2, SV N=5). Log
rank test was performed. G, At day 28, there was a significant increase
in the average peak velocity of simvastatin treated vessels compared
with C and MP groups (C N=5, MP N=5, SV N=5). H, Representative
image of the Doppler signal of the outflow vein. I, Regression analysis
showed a positive correlation between peak velocity and lumen area
(r2=0.6389, P<0.001). Analysis of variance with repeated measures
with post hoc Bonferroni’s correction was performed (B through E
and G). Each bar represents mean+SD. Significant differences are
indicated by *P<0.05. ALT indicates alanine aminotransferase; AST,
aspartate aminotransferase; AVF, arteriovenous fistula; C, controls;
Cr, creatinine; IHC, immunohistochemistry; MP, microparticles; PCR,
polymerase chain reaction; and SV, simvastatin.
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vein was embedded in paraffin lengthwise and cut into
50, 4-pm thin contiguous sections and stained with
hematoxylin and eosin (H & E), Masson’s trichrome
(Thermo Fisher Scientific, Waltham, MA), and other
stains as outlined subsequently.

RNA Isolation and Quantitative Reverse
Transcriptase—Polymerase Chain

Reaction Analysis

Complementary DNA was prepared using the iScript
kit (Bio-Rad, Hercules, CA) according to the manu-
facturer’s protocol. Real-time polymerase chain re-
action was performed using the iTaqg universal SYBR
green super mix (Bio-Rad) in a C1000 thermal cycle
equipped with a CFX96 Real Time System, and cq
values were measured using Bio-Rad CFX Manager
software. The Acq values were normalized to TATA-
binding protein-1 gene expression and the fold
change in outflow vein gene expression normalized to
the respective contralateral vein and calculated using
the 2—(AACT) method.?8-3" Primers used for the differ-
ent genes are listed Table 1.

Immunohistochemistry and Morphometric
Analysis

Immunohistochemistical  staining was performed
as described previously.?® Sections were immersed
in citric acid buffer (pH of 6.0) for antigen retrieval.
Endogenous peroxidase and protein block were incu-
bated, followed by primary antibody incubation at 4°C
overnight. The primary antibodies are shown in Table 2
and negative control staining was performed using an
immunoglobulin G corresponding to the primary anti-
body species. All images were captured using a Carl
Zeiss Imager M2 microscope (Carl Zeiss, Oberkochen,
Germany) in order to cover the entire section. Vessel
area, cell density, and intensity of chromogen staining
were analyzed using a ZEN 2 blue edition version 2.0
(Carl Zeiss) as described.?”3":32 The a-SMA (a-smooth
muscle actin), FSP-1 (fibroblast-specific protein-1),
MYH11 (myosin heavy chain 11), HIF-1a (hypoxia-
inducible factor-1q), VEGF-A (vascular endothelial
growth factor-A), MMP-9 (matrix metalloproteinase-9),
Ki-67, TUNEL (terminal deoxynucleotidal transferase—
mediated biotin—deoxyuridine triphosphate nick-end
labeling), pPSMAD3 (phosphorylated mothers against
decapentaplegic homolog 3), MCP-1 (monocyte che-
moattractant protein-1), and CD68 (cluster of differ-
entiation 68) indexes were calculated by counting the
number of positive cells divided by the total number of
cells multiplied by 100. Lumen area was calculated by
square of lumen perimeter divided by 12.56. Cell den-
sity was calculated by the cell number divided by the
neointimal area multiplied by 10€.

J Am Heart Assoc. 2020;9:e018418. DOI: 10.1161/JAHA.120.018418

Periadventitial Delivery of Simvastatin

TUNEL Staining

TUNEL assay was performed using a colorimetric kit
(TACS® 2 TdT DAB in situ Apoptosis Detection Kit,
Trevigen Inc., Gaithersburg, MD) on paraffin-embed-
ded sections from PBS, MP, and SV-treated outflow
veins. A negative control was performed with TdT en-
zyme omitted.?”3!

Statistical Analysis

Data are presented as mean+SD. All data were ana-
lyzed using GraphPad Prism 8 software (GraphPad
Software, La Jolla, CA). Analysis of variance with re-
peated measures followed by a post hoc Bonferroni’s
correction or a student 2-sample t test was used. Log-
rank test was performed to assess differences in pa-
tency between the groups. For all comparisons, a P
value of <0.05 was considered statistically significant
and denoted by * (P<0.05), ** (P<0.01), and NS (not
significant).

RESULTS

MP Characterization

We analyzed drug release from 2 different MP to de-
termine which one to use. MP release studies demon-
strated an initial burst of SV from both a- and B-MP
followed by decreasing amounts of SV release through
day 14 and 12, respectively (Figure 1A and 1B). a-MP
released more cumulative SV with less initial burst and
did so in a more consistent manner over time com-
pared with 3-MP (Figure 1B). Based on the release
studies, we chose a-MP.

a-MP Loaded With SV Decrease Gene
Expression of Vegf-A and Mmp-9 in
Hypoxic Fibroblasts

We performed in vitro experiments in NIH3T3 cells
subjected to hypoxia for 8 hours to determine the dose
of SV-a-MP to be used. We determined the gene ex-
pression of Vegf-A and Mmp-9 treated with 1 umol/L
SV-a-MP (SVa-1 pmol/L) and 10 pmol/L SV-a-MP
(SVa-10 pmol/L). We have previously used a similar
assay to identify the dose for local drug delivery.3?
There was a significant decrease in the average gene
expression of Vegf-A in hypoxic fibroblasts treated
with SVa-1 pmol/L and SVa-10 pmol/L (hypoxia:
control: 6.66+0.08, MP: 3.45+0.42, SVa-1 pmol/L:
2.31+0.84, SVa-10 pmol/L: 2.72+0.30, SVa-1 pmol/L
versus control average decrease: 65%, P<0.01, SVa-
10 pmol/L versus control; average decrease: 59%,
P<0.05, MP versus control; average decrease: 48%,
P<0.05). We also observed a significant decrease in
the Mmp-9 expression in hypoxic fibroblasts treated
with SVa-1 pmol/L and SVa-10 pmol/L (hypoxia:
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Table 3. Serum Total Bilirubin and Albumin Over Time—
Serum Total Bilirubin (umol/L)

-28 3 14 28
C 0.325+0.05 0.3+0 0.25+0.08 0.28+0.04
MP 0.3+0 0.28+0.04 0.3+0 0.33+0.08
SV 0.3+0.08 0.28+0.04 0.28+0.04 0.3+0

C indicates control; MP, microparticles; and SV, simvastatin.

control: 2.24+0.48, MP: 0.72+0.31, SVa-1 pmol/L:
0.59+0.26, SVa-10 pmol/L: 0.75+0.29, SVa-1 pmol/L
versus control; average decrease: 74%, P<0.05, SVa-
10 pmol/L versus control; average decrease: 68%,
P<0.05, MP versus control average decrease: 69%,
P<0.05 Figure 1C and 1D). Based on these experi-
ments, we chose the lower dose (1 pmol/L) for the in
Vivo experiments.

Surgical Outcomes

Thirty-nine male C57BL/6J mice were included in
the study. Two mice died after partial nephrectomy,
1 mouse died after AVF creation, and 1 mouse was
excluded because of a thickened carotid artery. The
study consisted of 35 mice divided into a control
group (N=12), MP group (N=11), and SV group (N=12)
(Figure 2A). After partial nephrectomy, there was a sig-
nificant increase in the average serum urea nitrogen
and creatinine when compared with baseline and there
was no significant difference between the 3 groups
(Figure 2B and 2C). Serum aspartate aminotransferase
and alanine aminotransferase test results were in the
normal range and showed no difference between the
3 groups (Figure 2D and 2E) as did the serum albumin
and total bilirubin (Tables 3 and 4).

Outflow Veins Treated With Periadventitial
Delivery of MP-SV Have Increased
Average Peak Velocity

At day 28, there was a significant increase in the pa-
tency of the outflow veins treated with MP-SV (83%)
when compared control (16.7%) and MP (40%, Log-
rank: P<0.05, Figure 2F). At day 28 after AVF place-
ment, the average peak velocity in SV-treated outflow
veins had increased significantly compared with the

Table 4. Serum Total Bilirubin and Albumin Over Time—
Serum Albumin (g/dL)

-28 3 14 28
C 3.98+0.1 3.83+0.41 4.24+018 3.93+0.23
MP 4.23+0.15 3.82+0.34 4+0.29 4.12+0.16
SV 4.03+0.64 3.93+0.19 3.98+0.16 4.16+0.29

C indicates control; MP, microparticles; and SV, simvastatin.
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control and MP vessels (control: 49.21+£7.30 cm/s,
MP: 52.70+10.56 cm/s, SV: 105.06+29.97 cm/s, SV
versus control; average increase: 214%, P<0.05,
SV versus MP; average increase: 199%, P<0.05,
Figure 2G).

Outflow Veins Treated With Periadventitial
Delivery of MP-SV Have Decreased Gene

Expression of Vegf-A, Mmp-9, Tgf-f1, and
Mcp-1 in AVFs

We assessed gene expression of Vegf-A, Mmp-9,
transforming growth factor beta 1 (Tgf-37), and Mcp-
7 in outflow veins using quantitative reverse tran-
scriptase—polymerase chain reaction at day 3 after
AVF placement. There was a significant reduction
in the average gene expression of Vegf-A (control:
3.56+1.59, MP: 2.83+1.39, SV: 0.54+0.70, SV versus
control; average decrease: 84%, P<0.01, SV versus
MP; average decrease: 81%, P<0.05, Figure 3A), Mmp-
9 (control: 5.76+2.69, MP: 5.73+2.57, SV: 1.78+0.67,
SV versus control average decrease: 69%, P<0.05,
SV versus MP; average decrease: 69%, P<0.05,
Figure 3B), Tgf-B1 (control: 4.39+1.80, MP: 4.71+1.42,
SV: 1.37+0.97, SV versus control; average decrease:
69%, P<0.05, SV versus MP; average decrease: 71%,
P<0.01, Figure 3C), and Mcp-1 (control: 6.00+2.02,
MP: 5.43+3.49, SV: 1.25+1.23, SV versus control; aver-
age decrease: 79%, P<0.05, SV versus MP; average
decrease: 77%, P<0.05, Figure 3D).

Outflow Veins Treated With Periadventitial
Delivery of MP-SV Have Increased
Positive Vascular Remodeling

We assessed vascular remodeling of the outflow
vein by analyzing H & E stained outflow vein sections
(Figure 3E). Semiquantitative analysis demonstrated
that the average lumen area/neointima ratio was sig-
nificantly increased in SV-treated vessels compared
with the control and MP vessels (control: 0.69+0.45,
MP: 0.97+0.35, SV: 2.29+1.06, SV versus control;
average increase: 332%; P<0.05, Figure 3F). There
was a significant decrease in the average neointimal
area in SV-treated vessels compared with the control
and MP vessels (control: 52 910+21 738 um?, MP:
47 316+13 284 pm?, SV: 21 669+8636 pm?, SV ver-
sus control; average decrease: 59%, P<0.05, SV ver-
sus MP; average decrease: 54%, P<0.05, Figure 3G)
and neointimal cell density (control: 21 622+1911/
mm?, MP: 22 402+3448/mm?, SV: 15 578+3966/mm?,
SV versus control; average decrease: 28%, P<0.05,
SV versus MP; average decrease: 30%, P<0.05,
Figure 3H) There was no significant decrease in the
average media+adventitia area in the SV group com-
pared with the control group (control: 40 719+14 236/
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Figure 3. Decreased gene expression of Vegf-A, Mmp-9, Tgf-B1, and Mcp-1 increases AVF remodeling in SV group.

A through D, The gene expression of Vegf-A (C N=5, MP=5, SV N=5), Mmp-9 (C N=5, MP N=5, SV N=5), Tgf-31 (C N=5, MP N=5, SV
N=5), and Mcp-1 (C N=5, MP N=5, SV N=6) were determined by RT-PCR in AVF outflow vein normalized to the contralateral vein. In
SV-treated vessels, there was a significant decrease in the average gene expression of Vegf-A, Mmp-9, Tgf-f1, and Mcp-1 compared
with control and MP group. E, Representative hematoxylin and eosin stained sections for control, MP, and SV-treated outflow veins
at day 28, respectively. F, There was a significant increase in the average ratio of the lumen vessel area/neointimal area (C N=5, MP
N=5, SV N=5) of SV-treated outflow veins compared with the control group at day 28. G and H, There was a significant reduction in
the average neointimal area (C N=5, MP N=5, SV N=6) and neointimal cell density (C N=5, MP N=5, SV N=5) in SV-treated vessels
compared with C and MP groups. | and J, There was no significant difference of media+adventitia area (C N=5, MP N=5, SV N=6).
A significant decrease in the average media+adventitia cell density (C N=5, MP N=5, SV N=6) was observed in SV-treated vessels
compared with control and MP group. Dash line, neointimal area. Two-sample t test was performed (A through D and F through J).
Each bar represents mean+SD. Significant differences are indicated by *P<0.05 and **P<0.01. NS, not significant. Scale bar is 50 pm.
AVF indicates arteriovenous fistula; C, controls; H&E, hematoxylin and eosin; MCP-1, monocyte chemoattractant protein-1; MMP-9,
matrix metalloproteinase-9; MP, microparticles; SV, simvastatin; TGF-(31, transforming growth factor beta 1; and VEGF-A, vascular
endothelial growth factor-A.
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mm?, MP: 37 272+6347/mm?, SV: 24 962.36+11 025/
mm?, Figure 3I). The average cell density in the
media+adventitia was significantly decreased in the
SV-treated vessels compared with the control and MP
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Figure 4. Immunohistochemical a-SMA,
MYH11, and FSP-1.

Representative sections of a-SMA (A), MYH11 (B), and FSP-1 (C)
staining at day 28. (D through F) Semiquantitative analysis results
showed a significant decrease in the average a-SMA (C N=5, MP
N=5, SV N=5), MYH11 (C N=6, MP N=4, SV N=5), and FSP-1 (C
N=6, MP N=5, SV N=5) positive index in the SV-treated vessels
compared with the C and MP groups at day 28. Cells staining
brown are positive for a-SMA, MYH11, and FSP-1. Two-sample t
test was performed (D through F). Each bar represents mean+SD.
Significant differences are indicated by *P<0.05 and **P<0.01.
Scale bar is 50 pm. a-SMA indicates a-smooth muscle actin; C,
controls; FSP-1, fibroblast-specific protein-1; MP, microparticles;
MYH11, myosin heavy chain 11; and SV, simvastatin.

staining for

group (control: 26 892+3972/mm?, MP: 23 314+4284/
mm?, SV: 17 427+2093/mm?, SV versus control; aver-
age decrease: 35%, P<0.01, SV versus MP; average
decrease: 25%, P<0.05, Figure 3J).

Outflow Veins Treated With
Periadventitial Delivery of MP-SV Have
Decreased Staining of a-SMA, MYH11,
and FSP-1

Immunohistochemical analysis of outflow veins from
control animals demonstrated that there were increased
a-SMA (+) cells that were localized mainly to the neoin-
tima of the outflow veins (Figure 4A). Semiquantitative
analysis showed a significant decrease in the average
a-SMA index ofSV-treated outflow veins compared
with the MP and control vessels (control: 17.74+5.56%,
MP: 15.69+6.00%, SV: 7.10+1.91%, SV versus control;
average decrease: 60%, P<0.05, SV versus MP; aver-
age decrease: 55%, P<0.05, Figure 4D). MYH11 (+) cells
were located in the neointima of all groups (Figure 4B).
Compared with the control and MP groups, there was
a significant decrease in the average MYH11 index in
the SV-treated vessels (control: 14.50+3.81%, MP:
14.42+2.75%, SV: 7.46+3.60%, SV versus control; av-
erage decrease: 49%, P<0.05, SV versus MP; average
decrease: 48%, P<0.05, Figure 4E). FSP-1 (+) cells were
localized in the neointima in the control and MP groups,
whereas in the SV group FSP-1 (+) cells were located
throughout the vessel (Figure 4C). There was a significant
reduction in the average FSP-1 index of SV-treated out-
flow veins compared with control and MP groups (con-
trol: 17.17+7.35%, MP: 15.16+2.72%, SV. 5.86+3.59%,
SV versus control; average decrease: 66%, P<0.01, SV
versus MP; average decrease: 61%, P<0.05, Figure 4F).

Outflow Veins Treated With
Periadventitial Delivery of MP-SV Have
Decreased HIF-1a, VEGF-A, and MMP-9
Index

To access the extent of hypoxia-induced extracel-
lular matrix deposition, we performed staining of
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Figure 5. Immunohistochemistry staining for HIF-1a,
VEGF-A, and MMP-9.

A through C, Representative stains of HIF-1a (A), VEGF-A (B)
and MMP-9 (C) staining at day 28. D through F, Semiquantitative
analysis showed a significant decrease in the average HIF-1a (C
N=6, MP N=4, SV N=6), VEGF-A (C N=5, MP N=4, SV N=6), and
MMP-9 (C N=5, MP N=5, SV N=6) index in the SV-treated vessels
compared with the control group at day 28. There was also a
significant decrease in average HIF-1a and VEGF-A positive
index in the SV-treated vessels compared with the MP group. A
significant difference was observed in the MP group for average
MMP-9 index compared with the control group. Cells staining
brown are positive for HIF-1a, VEGF-A, and MMP-9. Two-
sample t test was performed (D through F). Each bar represents
mean+SD. Significant differences are indicated by *P<0.05
and **P<0.01. Scale bar is 50 pm. C indicates controls; HIF-1q,
hypoxia-inducible factor-1a; MMP-9, matrix metalloproteinase-9;
MP, microparticles; SV, simvastatin; and VEGF-A, vascular
endothelial growth factor-A.

(Figure 5A). There was a significant decrease in the
mean HIF-1a index in the SV-treated outflow veins
compared with control and MP groups (control:
12.60+3.66%, MP: 12.81+£3.72%, SV: 6.71+2.79%,
SV versus control; average decrease: 47%, P<0.05,
SV versus MP; average decrease: 48%, P<0.05,
Figure 5D). There was a significant decrease in the
average VEGF-A index in the SV-treated vessels
compared with the control and MP groups (con-
trol: 7.58+1.02%, MP: 7.34+1.63%, SV: 3.33+1.86%,
SV versus control; average decrease: 56%, P<0.01,
SV versus MP; average decrease: 55%, P<0.05,
Figure 5B and 5E). The average MMP-9 index was
significantly decreased in the SV-treated vessels
compared with the control and MP groups (control:
14.85+5.05%, MP: 6.94+3.30%, SV: 7.86+1.33%,
SV versus control; average decrease: 41%, P<0.05,
MP versus control; average decrease: 53%, P<0.05,
Figure 5C and 5F).

Outflow Veins Treated With
Periadventitial Delivery of MP-SV

Have Decreased Cell Proliferation and
Increased Apoptosis

Ki-67 and TUNEL staining were performed to assess cell
proliferation and apoptosis. There was a significant de-
creaseinthe average Ki-67 indexin the SV-treated vessels
compared with the control but not the MP group (control:
39.10+£8.58%, MP: 21.57+7.37%, SV: 16.35+9.01%, SV
versus control; average decrease: 58%, P<0.01, MP ver-
sus control; average decrease: 45%, P<0.05, Figure 6A
and 6C). TUNEL staining was significantly increased in
the SV-treated vessels compared with the control and
MP groups (control: 9.33+3.29%, MP: 10.54+3.78%, SV:
15.66+2.77%, SV versus control; average increase: 68%,
P<0.05, SV versus MP; average increase: 49%, P<0.05,
Figure 6B and 6D).
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Figure 6. Immunohistochemistry staining for Ki-67 and TUNEL.
A, Representative staining for Ki-67 at day 28. Cells staining brown
are positive for Ki-67. B, Representative staining for TUNEL. Cells
staining black are positive for TUNEL. C, Semiquantitative analysis
showed a significant decrease in the average Ki-67 positive index
in the SV-treated vessels compared with control and MP groups
(C N=5, MP N=5, SV N=6). D, Semiquantitative analysis showed a
significant increase in the average TUNEL positive staining in SV-
treated vessels compared with control group and MP group (Control
N=6, MP N=5, Simvastatin N=6). Two-sample t test was performed
(C and D). Each bar represents mean+SD. Significant differences are
indicated by *P<0.05 and **P<0.01. Scale bar is 50 pm. C indicates
controls; dUTP, deoxyuridine triphosphate; MP, microparticles; SV,
simvastatin; and TUNEL, terminal deoxynucleotidal transferase—
mediated biotin—deoxyuridine triphosphate nick-end labeling.

Outflow Veins Treated With Periadventitial
Delivery of MP-SV Have Decreased
Fibrosis and pSMAD3 Index

Statins have been shown to reduce TGF-B1 ex-
pression.>* TGF-B1 expression was observed to be

J Am Heart Assoc. 2020;9:e018418. DOI: 10.1161/JAHA.120.018418
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significantly increased in AVF creation and failed
vascular access both in clinical specimens and ex-
perimental animal models.?"3%38 Vessel fibrosis was
assessed using pSMAD3 and Masson’s trichrome
staining (Figure 7A and 7B). There was a significant de-
crease in the pSMADS index in the SV-treated vessels
compared with control and MP (control: 7.91+3.08%,
MP: 7.05+0.99%, SV: 2.60+1.67%, SV versus control;
average decrease: 67%, P<0.01, SV versus MP; aver-
age decrease: 63%, P<0.05, Figure 7C). The amount of
Masson’s trichrome index was significantly decreased
in the SV group compared with the control and MP
groups (control: 48.40+10.47%, MP: 46.51£5.11%, SV:
29.94+5.07%, SV versus control; average decrease:
38%, P<0.01, SV versus MP average decrease: 36%,
P<0.05, Figure 7D).

Periadventitial Delivery of MP-SV Results in
Decreased Staining of MCP-1 and CD68

MCP-1 (+) positive cells were located in the media and
adventitia layers in all groups (Figure 8A). The mean
MCP-1 index was significantly decreased in the SV-
treated vessels compared with the control and MP
groups (control: 14.90+4.44%, MP: 14.86+6.68%, SV:
6.66+2.50%, SV versus control; average decrease:
55%, P<0.05, SV versus MP; average decrease:
55%, P<0.05, Figure 8C). CD68 (+) cells were present
throughout the whole vessel in the control and MP
groups, whereas in SV-treated vessels, most were |o-
calized in the media and adventitia layer (Figure 8B).
There was a significant decrease in the average CDG8
index in the SV-treated vessels compared with the
control and MP vessels (control: 15.65+3.06%, MP:
1419+5.44%, SV: 6.73+3.21%, SV versus control; av-
erage decrease: 57%, P<0.05, SV versus MP; average
decrease: 53%, P<0.05, Figure 8D).

DISCUSSION

In the present study, we demonstrated that periadven-
titial delivery of MP-SV to the outflow vein of AVF de-
creases gene expression of Vegf-A, Mmp-9, Tgf-31, and
Mcp-1 in a murine AVF model. This was accompanied
with a reduction in VNH/venous stenosis formation,
increased peak velocity, decreased cell density, cell
proliferation, inflammation, hypoxia, and an increase in
apoptosis. This was accompanied with a reduction in
VEGF-A, MMP-9, MCP-1, and pSMADS staining. SV-
treated NIH3T3 cells when exposed to hypoxia had
decreased Vegf-A and Mmp-9 gene expression.

It is hypothesized that VNH occurs in AVF because
of multiple etiologies including hypoxic injury after cre-
ation of AVF, anincrease in inflammation due to the end-
stage renal disease milieu, abnormal flow patterns, and
shear stress leading to smooth muscle proliferation,
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Figure 7. Immunohistochemistry staining for pPSMAD3 and
fibrosis.

There is decreased fibrosis in SV-treated vessels as assessed using
Masson’s trichrome and pPSMADS3 staining. A and B, Representative
staining of pPSMADS (A) and Trichrome (B) staining at day 28. C and
D, Semiquantitative analysis showed a significant decrease in the
pSMAD3 (C N=5, MP N=4, SV N=6) and the trichrome-positive
index (C N=5, MP N=5, SV N=5) in the SV-treated vessels compared
with the control and MP group. Cells staining brown are positive
for pPSMADS. Two-sample t test was performed (C and D). Each
bar represents mean+SD. Significant differences are indicated by
*P<0.05 and **P<0.01. Scale bar is 50 pm. C indicates controls;
MP, microparticles; pSMAD3, phosphorylated mothers against
decapentaplegic homolog 3; and SV, simvastatin.
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extracellular matrix deposition, and fibrosis causing
venous stenosis.'®% Studies have demonstrated that
there is increased expression of HIF-1a in experimen-
tal animal models and clinical samples of failed hemo-
dialysis vascular access specimens.*3 The present
study demonstrated a reduction in HIF-1a staining in
SV-treated vessels compared with controls. Previous
studies have demonstrated that hypoxic injury can re-
sult in differentiation of fibroblasts to myofibroblasts.?®
Moreover, when NIH3T3 cells were subjected to hy-
poxia and treated with MP-SV, there was a reduction
in Vegf-A and Mmp-9 gene expression. Previous re-
search in experimental animal models has shown that
there is increased expression of Vegf-A and Mmp-9
before venous stenosis formation.*’ Reducing Vegf-A
expression using lentiviral techniques decreased VNH
with increased lumen vessel area.®® We hypothesized
that locally delivered MP-SV would decrease hypox-
ia-induced VNH via VEGF-A/MMP-9 signaling. Our
results indicated that SV decreased expressions of
HIF-1a, VEGF-A, and MMP-9 in periadventitial delivery
of day 28 AVF outflow veins. In addition, the average
gene expression of Vegr-A and Mmp-9 was reduced
and these results are consistent with our previous
studies.®

In human AVF and experimental animal models,
increased TGF-31 expression has been observed in
stenotic segments.2340 An increase in TGF-B1 can
induce vascular fibrosis through pSMAD3 signaling.*°
Studies have demonstrated that there is increased fi-
brosis in specimens removed from patients with AVF
failure.®*" Masson’s trichrome staining and pSMAD3
were performed to access the fibrotic changes in
outflow veins. There was reduction in trichrome and
PSMADS staining in SV-treated vessels representing
a decrease in vessel fibrosis compared with the con-
trol and MP groups, which is consistent with previous
studies.*® When SV was delivered to the periadventitia
of the AVF outflow vein with chronic kidney disease,
there was a significant decrease in the neointimal area
and cell density together with an increase in the lumen
vessel area/neointimal area ratio. Histological observa-
tions of the SV-treated vessels at day 28 after AVF cre-
ation demonstrated a significant decrease in a-SMA,
FSP-1, and MYH11 positive cells.

MCP-1 has been shown to mediate TGF-31 in-
duced migration of vascular smooth muscle cells via
SMAD3.#3 Inflammatory cells and macrophages can

Figure 8. Immunohistochemistry staining for MCP-1 and CD68.

There is decreased inflammation in SV-treated vessels compared with control and MP group as assessed by MCP-1 and CD68
staining. A and B, Representative sections of MCP-1 (A) and CD68 (B) staining at day 28. C and D, Semiquantitative analysis showed a
significant decrease in the MCP-1 (C N=6, MP N=5, SV N=5) and the CD68-positive (C N=5, MP N=5, SV N=5) index in the SV-treated
vessels compared with the control and MP group. Cells staining brown are positive for MCP-1 and CD68. Two-sample t test was
performed (C and D). Each bar represents mean+SD. Significant differences are indicated by *P<0.05. Scale bar is 50 pm. C indicates
controls; CD68, cluster of differentiation 68; MCP-1, monocyte chemoattractant protein-1; MP, microparticles; and SV, simvastatin.
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regulate AVF patency and remodeling.*+4® The adven-
titia and perivascular tissue surrounding the fistula play
a major role in regulation of inflammation, cell recruit-
ment, and cell proliferation after vascular injury.*®47

J Am Heart Assoc. 2020;9:e018418. DOI: 10.1161/JAHA.120.018418

There are several studies showing that SV might mod-
ulate expression of MCP-1 and CD68.484° Consistent
with these studies, we observed that the gene expres-
sion of Mcp-1 was decreased in SV-treated vessels at
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day 3. Meanwhile, there was more MCP-1 and CD68
positive cells observed in the media and adventitia lay-
ers in the control and MP-treated vessels compared
with statin-treated vessels at day 28.

In AVF failure, there is increased cell proliferation and
decreased apoptosis. Previous study from our labora-
tory demonstrated that systemic delivery of SV resulted
in a significant decrease in average Ki-67 staining with
a significant increase in TUNEL staining. In the present
study, SV-treated vessels had a significant decrease in
proliferation with an increase in TUNEL staining.

Soluble cyclodextrin (CD) has been used for sev-
eral decades to increase the solubility of hydrophobic
drugs.®® The cyclodextrin polymers used in this study
harness the molecular inclusion complex formation
between CD and soluble drugs to form an insoluble
drug delivery depot capable of delivering SV for at least
14 days. Three different sizes of CD rings are widely
available with additional modifications of ring hydroxyl
groups that can be used to tailor the affinity of drug for
the CD pocket to further adjust the localized delivery
rate. Some burst release is still observed, which we
believe is likely the result of a combination of 2 fac-
tors: (1) some unbound drug remains after loading and
washing that immediately is available for release; and
(2) fully loaded CDP at t=0 represents saturation of
drug: CD pocket inclusion formation. A given molecule
of SV that dissociates from a CD pocket and begins
diffusing away is unlikely to interact with another free
CD pocket before diffusion away from the CDP.5"%?
This case is even more likely at or near the surface
of CDP particles. The thermodynamic favorability of
drug-CD inclusion formation enables our CDPs to be
refilled in situ after implantation,®® which is important
for preventing vascular access failure as the length of
necessary treatment is an unresolved question. Thus,
our CDPs are an ideal platform to provide sustained
delivery of statin drugs to minimize VNH in AVFs.

There are several limitations to this study. First, the
AVF was created using a cuff method, which may not
mimic AVF creation in humans. However, some previ-
ous studies suggest that this procedure in mice could
recapitulate AVF pathology.*'%2” Second, only 1 statin
was tested in the current study, but the mechanisms of
statins are similar.%* Third, the CDPs had an effect on
reducing gene expression of Vegf-A and Mmp-9 in cell
culture, which was not observed in vivo.

In summary, periadventitial delivery of controlled-re-
lease SV from CDP attenuates VNH for 4 weeks after
AVF creation. This therapy offers a potential advantage
to systemic therapy as there is directed drug delivery
and potential reduction for potential problems with sys-
temic delivery such as muscle pain and liver function
abnormalities. Periadventitial delivery of CDP particles
to the outflow vein at the time of AVF creation could be
performed as was done in clinical trials using stem cell

J Am Heart Assoc. 2020;9:e018418. DOI: 10.1161/JAHA.120.018418
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delivery and vonapanitase.®®%6 These findings suggest
that CDP coated statins have the therapeutic potential
to reduce AVF failure and future studies in large ani-
mals need to be performed to validate these results
before clinical trials are initiated.
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