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ORIGINAL ARTICLE

Sodium Nitroprusside Stimulation of Elastic Matrix
Regeneration by Aneurysmal Smooth Muscle Cells

Suraj Bastola, BE, Chandrasekhar Kothapalli, PhD? and Anand Ramamurthi, PhD, FAHA'

The chronic overexpression of matrix metalloproteases leading to consequent degradation and loss of the elastic
matrix with the reduction in tissue elasticity is central to the pathophysiology of proteolytic disorders, such as
abdominal aortic aneurysms (AAAs), which are localized rupture-prone aortic expansions. Effecting tissue
repair to alleviate this condition is contingent on restoring elastic matrix homeostasis in the aortic wall. This is
naturally irreversible due to the poor elastogenicity of adult and diseased vascular cells, and the impaired ability
to assemble mature elastic fibers, more so in the context of phenotypic changes to medial smooth muscle cells
(SMCs) owing to the loss of nitric oxide (NO) signaling in the AAA wall tissue. In this study, we report the
benefits of the exposure of primary human aneurysmal SMCs (aHASMCs) to NO donor drug, sodium nitro-
prusside (SNP), in improving extracellular matrix homeostasis, particularly aspects of elastic fiber assembly,
and inhibition of proteolytic degradation. SNP treatment (100 nM) upregulated elastic matrix regeneration at
both gene (p <0.05) and protein levels (p<0.01) without affecting cell proliferation, improved gene, and pro-
tein expression of crosslinking enzyme, lysyl oxidase (p <0.05), inhibited the expression of MMP2 (matrix
metalloprotease 2) significantly (p<0.05) and promoted contractile SMC phenotypes in aHASMC culture.
In addition, SNP also attenuated the expression of mitogen-activated protein kinases, a significant player in
AAA formation and progression. Our results indicate the promise of SNP for therapeutic augmentation of
elastic matrix regeneration, with prospects for wall repair in AAAs.

Keywords: abdominal aortic aneurysm, smooth muscle cells, matrix metalloproteases, elastic fibers, nitric
oxide, elastin

Impact Statement

Chronic and naturally irreversible enzymatic degradation and loss of elastic fibers are centric to proteolytic disorders such as
abdominal aortic aneurysms (AAAs). This is linked to poor elastogenicity of adult and diseased vascular cells, compro-
mising their ability to assemble mature elastic fibers. Toward addressing this, we demonstrate the phenotype-modulatory
properties of a nitric oxide donor drug, sodium nitroprusside on aneurysmal smooth muscle cells, and its dose-specific
proelastogenic and antiproteolytic properties for restoring elastic matrix homeostasis. Combined with the development of
vehicles for site-localized, controlled drug delivery, this can potentially lead to a new nonsurgical approach for AAA wall
repair in the future.
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Introduction

ABDOMINAL AORTIC ANEURYSMS (AAAs) are localized,
naturally irreversible expansions of the abdominal
aortic wall. Broadly, AAAs develop and grow due to the
chronic enzymatic breakdown of the structural matrix (col-
lagen and elastic fibers) of the aortic wall by matrix met-
alloproteases (MMPs), following an initial injury stimulus.
However, the condition is highly multifactorial in its etiol-
ogy, additionally involving the infiltration of leucocytes and
production of proinflammatory cytokines, vascular smooth
muscle cell (VSMC) apoptosis, loss of nitric oxide (NO) sig-
naling, endothelial dysfunction, and phenotypic modulation
of VSMCs between contractile and synthetic phenotypes.'

The breakdown of the matured crosslinked elastic matrix,
which imparts stretch and recoil properties to the aortic wall,
is a critical determinant of abnormal vessel expansions as
this naturally irreversible phenomenon leads to loss of aortic
wall elasticity, weakening, and ultimately potentially fatal
rupture. This is linked to the poor synthesis of the elastin
(ELN) precursor—tropoelastin—by the adult and diseased
vascular cells, and the inability of these cell types to replicate
the biocomplexity of the elastic fiber assembly process that
occurs primarily during the postneonatal period.” The prob-
lem of poor elastic fiber regeneration and repair in the AAA
wall is exacerbated by the chronically upregulated production
of elastolytic proteases such as MMP2 and MMP9, which
further limits the accumulation of new elastic matrix.

In the absence of any proven therapies to reverse AAA
pathophysiology and more specifically, restore elastic ma-
trix homeostasis, slowing or arresting the growth of small
(<5 cm diameter) AAAs to a large, prerupture stage, man-
dating risky surgical intervention, is not currently possible.
The availability of nonsurgical matrix regenerative therapies
would have a significant impact in enabling this.

In the cardiovascular system, NO, a biological regulator
molecule, has been shown to act by cyclic guanosine mono-
phosphate (cGMP)-dependent or cGMP-independent path-
ways to regulate several critical cellular processes.*’
Separately, mitogen-activated protein kinase (MAPK) pro-
teins, such as c-Jun N-terminal kinase (JNK), extracellular
signal-regulated kinases (ERKs), and p38, are highly upre-
gulated in AAAs.®” These MAPK proteins regulate down-
stream expression of MMPs and proteolytic disruption of
the vessel structural extracellular matrix (ECM). We have
published that attenuating JNK significantly upregulates elas-
tic fiber neoassembly and reduces MMP activity by aneurys-
mal SMCs.® In light of evidence that endogenously generated
NO downregulates MMPs and suppresses JNK phosphory-
lation and activation,” in this work, we have sought to
investigate if exposure of primary human aneurysmal
SMCs (aHASMCs) to a NO donor drug, sodium nitroprus-
side (SNP), is a useful therapeutic modality to restore ECM
homeostasis.

Materials and Methods

aHASMCs isolation and culture from AAA tissue
biopsies

AAA tissues were obtained from patients undergoing
open surgical repair of an AAA under an IRB protocol
approved by the Cleveland Clinic, Ohio. Primary aHASMCs
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were isolated and characterized as previously described.'®
First, the intimal layer composed of endothelial cells was
scraped off from the AAA tissue, and the medial layer was
separated from the underlying adventitial layer and adipose
tissue. Then, the sliced tissue was further cut into pieces of
roughly 5 mm? and subjected to a two-step enzymatic diges-
tion process in Dulbecco’s modified Eagle’s medium and
Ham’s F-12 medium (DMEM/F12; Thermo Fisher Scien-
tific, Waltham, MA), first with 125 U/mg collagenase type I
(Worthington Biochemicals, Lakewood, NJ) for 20 min at
37°C, and then with 3U/mg elastase (Worthington Bio-
chemicals) for 1h in a temperature-controlled shaker at 37°C.
The digestates were then centrifuged (1245 rpm, 10 min) and
transferred to a 10-cm? culture dish (six-well plate). The
culture surface of each well was scratched with a sterile
scalpel blade to create grooves for cell attachment.

Primary aHASMCs, derived by outgrowth of the diges-
tates, were cultured for 14-21 days in DMEM/F12 medium
supplemented with 20% v/v fetal bovine serum (FBS; Gibco,
Waltham, MA) and 1% v/v penicillin—streptomycin (Pen—
Strep; Thermo Fisher Scientific) and then transferred to a
T-25 flask for further propagation. The aHASMCs from pas-
sages 2 to 6 were used for experiments.

SNP ICs, determination

SNP (Sigma, Burlington, MA) cytotoxicity was determi-
ned using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT) assay (Abcam, Waltham, MA).
Two days postseeding, aHASMC cultures (3 x 10* cells/well,
six-well plates, n=3), were treated with SNP (100 pM—
10mM) reconstituted in DMEM/F12 medium containing
1% v/v Pen-Strep and 2% (or 10%) v/v FBS for the 24 h;
control cultures received no SNP. MTT reagent (0.5 mg/mL
in phosphate-buffered saline [PBS]) was then added to each
well and incubated for 3 h to allow the formation of a blue
crystalline formazan product. The formazan was solubilized
using 300 pL of dimethyl sulfoxide, and 200 pL of each
sample was taken in a 96-well plate, and absorbance was
measured at a wavelength of 570 nm.

Cytokine injury cell culture model

The aHASMCs were seeded in chamber slides for 48h
and serum starved in DMEM/F12 medium containing 2% v/v
FBS for 3h. Immediately after serum starving, aHASMC
cultures were treated with a cocktail of 10ng/mL of tumor
necrosis factor-alpha (TNFo; Thermo Fisher Scientific) and
10ng/mL of interleukin-1 beta (IL-1fB; R&D Systems,
Minneapolis, MN) for various time points (0 min, 30 min,
1h, 2h, 3h, 24h) to determine the optimal time for upre-
gulating these proteolytic conditions as a function of
MMP2 expression. MMP2 expression in each culture was
visualized using immunofluorescence (IF) imaging with an
Olympus IX51 fluorescence microscope (Olympus America,
Center Valley, PA) as described in our experimental design
section below.

Design of cell culture experiments

For cell culture experiments, aHASMCs were seeded at
a density of 3x10*-5x10* cells/well in a 6-well or 15x
10° cells/well in 12-well plate/2-well chamber slides and
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cultured in DMEM/F12 containing 10% v/v FBS for 7 days.
On day 7, the cells were serum starved in DMEM/F12
containing 2% v/v FBS for 3 h, followed by 3 h of cytokine
treatment with a cocktail of TNFa (10ng/mL) and IL-1j3
(10ng/mL). This was followed by treating the cells with
various doses of SNP (100nM, 10nM, 1 nM, and 100 pM)
for 7 days for gene and protein studies (or 14 days for elastic
matrix quantification). The treatment was done every day by
replenishing the DMEM/F12 media with a freshly prepared
medium containing SNP in each of the culture wells. Con-
trol wells received media change each day without SNP
treatment. Gene expression analysis was done using real-
time polymerase chain reaction (RT-PCR) and quantitative
polymerase chain reaction (qPCR) SMC biology array,
whereas protein expression was quantified using western
blot (WB), IF, MAPK array, and biochemical assays for
elastin, collagen, and DNA quantification. The overall
experimental design is shown in Supplementary Figure S1.

Real-time polymerase chain reaction

Relative levels of gene expression between cases were
determined by real-time PCR. The total mRNA for this
experiment (n=6) was extracted after 2 weeks of culture
using the RNeasy Mini Kit (Qiagen, Valencia, CA) as per
the manufacturer’s instructions. The total mRNA concen-
tration was determined by Nanodrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, Wilmington, DE). MRNA
(200 ng) was reverse transcribed to cDNA using the iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, CA) in a thermo-
cycler as instructed by the manufacturer. The expression of
SMC-specific genes was quantified using SYBR® Green
master mix and target-specific primers (RealtimePrimers;
Elkins Park, PA) in Quantstudio® 3 (Applied Biosystems;
Thermo Fisher Scientific). The relative gene expression of
each target was determined by using the AACt method as
explained by Livak and Schmittgen.'' Data were normalized
to the endogenous reference gene (/8s). The list of primers
and their respective sequences used in this study are shown
in the Supplementary Table S1.

WB analysis

The protein expression in each sample was assessed
semiquantitatively using WB analysis. aHASMCs were har-
vested in RIPA buffer (Thermo Fisher Scientific) containing
1% v/v Halt™ protease inhibitor and phosphatase inhibitor
(Thermo Fisher Scientific). Total protein expression was

determined using a colorimetric Bicinchoninic Acid (BCA)
Assay Kit (Thermo Fisher Scientific). The protein samples
(2 ng) mixed with the loading buffer and a reducing agent
were loaded in 10% or 4-12% NuPAGE™ Bis-Tris gels.
SeeBlue® prestained ladder was used for molecular weight
approximation. The gel was then subjected to sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE; Thermo Fisher Scientific) and transferred to a nitro-
cellulose membrane using iBlot® Western Blotting System
(Invitrogen). The transferred membranes were blocked,
and incubated overnight with primary antibodies (Table 1),
followed by secondary antibody incubation (with IRDye®
680LT goat-anti-rabbit secondary antibody in (1:15,000
dilutions) and IRDye® 800CW goat anti-mouse secondary
antibody (1:20,000 dilution) as published.®'?

Gelatin zymography for MMP2 activity

The enzyme activity of MMP2 was determined by gel
zymography. Briefly, 2 ug of protein was loaded in each
well alongside MMP2 standard. Then the gels were run in
an electrophoresis unit at 125V as discussed in our WB
experiments. The gels were then renatured in 2.5% Triton
X-100, developed in the 1 xNovex development buffer and
stained with SimplyBlue SafeStain. The destaining of the
gels was done in DI water for 72 h. After destaining, MMP2
bands on a dark background was quantified using ImageJ
software.

SMC biology PCR array

For SMC biology-focused gene expression analysis of cul-
tured aHASMCs, a Human qPCR Array Kit (ScienceCell™
Research Laboratories, Carlsbad, CA) was used. A limited
SNP dosage (0M, 100 nM) study was performed to compare
the gene expression profile of a total of 88 genes (no rep-
licates during analysis) relevant to SMC biological function,
contraction, phenotypic switching, and ECM synthesis. The
mRNA (35ng) from our RT-PCR sample was pooled from
each sample/per group (n=6) to comprise a final concentra-
tion of 210ng mRNA. The mRNA was then reverse tran-
scribed to cDNA using the iScript cDNA Synthesis Kit.
The cDNA amplification was done in Quantstudio 3 using
KAPA SYBR fast gPCR master mix (2 x) ROX low (Roche
Sequencing and Life Sciences, Indianapolis, IN). Gene
expression was analyzed using the AACt method. The data
were normalized to the geometric mean of five different
housekeeping genes (f-Actin, GAPDH, LDHA, NONO,

TABLE 1. DETAILS OF PRIMARY ANTIBODIES USED IN WESTERN BLOT AND IMMUNOFLUORESCENCE

Protein WB dilution (v/v) IF dilution (v/v) Catalog No. Source

MMP2 1:1000 1:200 ab92536 Abcam

TIMP1 1:1000 1:200 bs-0415R Thermo Fisher Scientific
TIMP2 1:1000 1:200 ab180630 Abcam

TIMP4 1:1000 1:200 ab38987 Abcam

LOX 1:1000 1:50 ab31238 Abcam

JNK 1:1000 NA 44-682G Thermo Fisher Scientific
ERK 1:1000 NA 91028 Cell Signaling Technology
FBN 1:1000 1:100 PA5-99225 Thermo Fisher Scientific
ELN 1:1000 1:100 ab217356 Abcam

B-Actin 1:2000 NA MABS§929 Thermo Fisher Scientific

IF, immunofluorescence; WB, western blot.
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PPIH) and presented as log,-fold change to determine the
multiplicative factor of upregulation or downregulation of
the target gene versus control.

LIVE/DEAD assay for cell viability

To assess the effect of SNP dose on aHASMC viability, a
LIVE/DEAD™ Viability/Cytotoxicity Kit (Thermo Fisher
Scientific) was used. The SNP doses were 500 nM, 100 nM,
and 1 pM. For this experiment, 15X 10° cells/well were
seeded in a 12-well plate and cultured for 7 days. Cells were
then serum starved, and cytokine treated as explained in our
experimental design section. Following the cytokine treat-
ment, cells were then treated with SNP for 24 h. Subsequ-
ently, the cells were stained with calcein-AM and ethidium
homodimer-1, as per the manufacturer’s instructions, to
determine the percentage of viable and dead cells.

DNA assay for cell proliferation

The effect of different SNP doses on aHASMC prolifer-
ation over 21 days of culture was determined using a
Hoechst-33248 dye-based fluorometric DNA assay as des-
cribed earlier.’® Briefly, in this dose escalation study,
aHASMCs were seeded in six-well plates (5x10* cells/
well) and treated with SNP at doses of 100, 250, and
500nM. The cells were cultured for 21 days, harvested
using Pi Buffer (50 mM Na,HPO,, 2mM EDTA, 0.3 mM
NaN3), and sonicated to lyse the cells. Cell counts in each
sample were calculated based on the assumption that each
cell contains 6pg of DNA.'*

Fastin assay for elastic matrix quantification

A FASTIN assay (Accurate Chemical and Scientific Corp,
Westbury, NY) was used to quantify the total elastin
deposited by cells as per the manufacturer’s protocol.
Briefly, 500 pL of the cell lysates harvested in Pi buffer (as
discussed in the DNA assay for cell proliferation section)
were digested in 1.5 M oxalic acid for 1.5h at 95°C to ext-
ract soluble alpha-elastin. The digested samples were centri-
fuged at 14,000 g, and the supernatant was transferred to a
new 1.5-mL centrifuge tube. The pellet containing insoluble
elastin was further digested in 0.25M oxalic acid (1h,
100°C) and centrifuged at 14,000 g to convert it into a
soluble form. The sample from the second digestion was
pooled with the supernatant from the first digestion. Fol-
lowing the manufacturer’s protocol, elastin content was
calculated using colorimetric absorbance reading at 513 nm.
Data were presented by normalizing them with their corre-
sponding DNA contents.

Hydroxyproline assay for collagen quantification

Collagen matrix content was estimated by quantifying
total hydroxg/proline (OH-Proline) content in the cell culture
samples.'>'® Briefly, for this experiment, 500 pL of the cell
lysates harvested in Pi buffer (as discussed in the DNA
assay for cell proliferation section) were hydrolyzed in
12M HCI at 95°C for 24 h. Cells were then vortexed for
3min. Colorimetric analysis of OH-proline was done by
taking 25 pL of the hydrolyzed sample in a 96-well plate
and incubating them with 100puL of oxidizer solution
(mixture of Chloramine T, 1-propanol, citrate buffer) for
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30 min in room temperature and then with Erlich’s solution
(DMAB, 1-propanol, and 70% perchloric acid) for 45 min
at 65°C. All reagents were obtained from Sigma (St. Louis,
MO) Absorbance was measured at 550nm. Collagen
amounts were calculated based on the assumption that each
fibrillar collagen contains ~ 13.5% w/w of OH-proline.

Human desmosine enzyme-linked immunosorbent
assay

Desmosine in the aHASMC cultures was quantified using
a Human Desmosine Enzyme-Linked Immunosorbent Assay
(ELISA) Kit (MyBioSource, San Diego, CA). aHASMCs
were harvested in PBS on day 21 and centrifuged at 1000 g
for 15min and the supernatant was transferred to a new
microcentrifuge tube. The cell pellets were subjected to
three freeze/thaw cycles and then resuspended in PBS. The
resuspended cell pellets were ultrasonicated (20kHz, 20%
amplification, 30 s on, 10s off) and repelleted by centrifug-
ing (1000 g, 15 min, 2-8°C). A BCA assay was used to quan-
tify the total protein. The samples were then immediately
subjected to ELISA assay following the manufacturer’s
protocol.

MAPK phosphorylation antibody array

To determine the effect of limited SNP dose (100 nM vs.
control) on the expression of phosphorylated (activated)
MAPKSs, a human MAPK phosphorylation antibody array
(ab211061; Abcam) was used. For the experiment, 5X
10* cells/well were seeded in a six-well plate and cultured
for 14 days. At that time, the cells were serum-starved for
3h, then treated with a cocktail containing 10ng/mL of
TNFa and 10ng/mL of IL-1B, with or without SNP
(100nM) for 10, 15, and 30 min. Cells that were neither
treated with SNP nor with the cytokines served as controls.
Cell lysates were harvested in a lysis buffer as provided
and recommended by the manufacturer. BCA assay was
done to quantify the total protein concentration in each
sample. For the MAPK array experiment, briefly, the anti-
body array membranes were blocked in a blocking buffer
(2mL) for 30min at 25°C before incubating them over-
night at 4°C with 150 pg of protein samples.

The membranes were washed using the wash buffers and
were then sequentially incubated with a detection anti-
body cocktail and 1 x horseradish peroxidase anti-rabbit IgG
overnight at 4°C. Finally, a cocktail of detection antibodies
was added to the membrane and the membrane was imaged
in ChemiDoc MP (Bio-Rad).

Atomic force microscopy analysis

The aHASMCs (104 cells/well) were cultured on 2D
collagen-coated substrates for up to 48h in DMEM/F12,
containing 0 (Control), 1, 10, or 100nM SNP. Medium was
changed once every 24h with fresh SNP addition. Cells
were maintained at 37°C throughout the live cell nano-
indentation assay. An MFP-3D-Bio atomic force micros-
copy (AFM; Asylum Research, Oxford Instruments, Santa
Barbara, CA) mounted on an inverted fluorescence micro-
scope (Nikon Eclipse Ti), and tipless AFM cantilevers
modified by gluing a 5-um polystyrene bead, were used for
the measurements. The spring constant was determined
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from the force/distance curves using the thermal calibration
method in a clean culture dish containing warm media. For
each condition, cells were indented between the nuclei and
edges, and force curves were obtained at random locations
on each cell in force-volume mode at an approach/retraction
velocity of 5 pm/s.

A Hertz’s contact model for spherical indenters, given

by F=4EyVR/3(1— %), was used to determine
Young’s modulus from these force curves, where F is the
indentation force, Ey is Young’s modulus, u is Poisson’s
ratio (~0.5 for cells), R is the tip radius (2.5 pm), and J is
the indentation depth (~500nm). The force of adhesion
(F,q)—the force required to separate the AFM tip and cell
surface—was obtained directly from the force/deflection
curve during the retraction mode. The tether forces (F7)
were obtained from the force steps displayed in the retrac-
tion curves. The apparent membrane tension (7},), the force
needed to deform a membrane, was calculated from such
tether forces using Ty = F7/8n’kp, where kg is the bending
stiffness of membranes (assumed to be ~0.1 pN/um”).
Similarly, the tether radius (R7) that describes the plasma
membrane to cytoskeleton connection was calculated as
Ry =2nkg/Fr. Finally, the mean surface roughness (R,) of
each cell, characterized as the arithmetic mean of the devi-
ations in height from the line mean value, was obtained from
randomly selected areas on the cell membrane.

IF-based detection of ECM homeostasis proteins

For IF labeling, 15 x 10° cells/well were cultured in a two-
well Permanox chamber slide (Nalge Nunc International,
Rochester, NY) as previously published.'® Briefly, 7 days
postseeding, cells were serum starved and cytokine treated,
as specified in the experimental plan. The cells were then
subjected to SNP treatment for 7 days for signaling MAPK
proteins (JNK, p-JNK, ERK, p-ERK) with and without
2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
(PTIO;Sigma), which is an NO scavenger; transmembrane
proteins (including MMP2, MMP9; TIMPI, TIMP2,
TIMP4); and 14 days for ECM proteins (ELN, lysyl oxidase
[LOX], fibrillinl [FBNI1]), for total culture times of 14 or
21 days, respectively. At the end of treatment, cells were
washed twice with PBS and fixed in 4% w/v paraformal-
dehyde containing 0.1% v/v Triton X-100 (VWR Scientific,
West Chester, PA) for 30 min at room temperature for
transmembrane proteins, and with ice-cold methanol for
20 min at 4°C for ECM proteins.

Next, the fixed cells were blocked in 5% v/v goat serum
(Gibco) for 30 min. The cells were then incubated overnight
with primary antibodies against MMP2, MMP9, TIMPI1,
TIMP2, TIMP4, ELN, LOX, FBN, INK, p-JNK, ERK, and
p-ERK (Table 1). The expression of these proteins was
visualized using either goat anti-rabbit or goat anti-mouse
IgG (Alexa Fluor® 594 or Alexa Fluor® 633; Thermo Fisher
Scientific). The nucleus was stained using 4’,6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, CA).

Transmission electron microscopy

Transmission electron microscopy (TEM) was used to
quantitively assess the newly deposited elastic matrix by
aHASMCs and compare them with the untreated controls.

The aHASMCs were cultured in two-well Permamox®

chamber slides (Sigma) for 21 days. On day 7 of culture,
cells were serum starved and cytokine injured followed by
SNP treatment for 14 days (as described in the experimental
plan). On day 21, cells were washed three times with PBS
and fixed in a buffer containing 4% w/v paraformaldehyde,
2.5% wlv glutaraldehyde, and 0.1 M sodium cacodylate buf-
fer for 1 h at room temperature, followed by overnight incu-
bation at 4°C. The samples were then postfixed with 1% w/v
osmium tetroxide for 1h, dehydrated in 50-100% ethanol
series, and embedded in the Epon 812 resin before sectioning
it and placing them on the copper grids. After that, samples
were stained with uranyl acetate and lead citrate before im-
aging them at multiple magnifications as described in our
previously published work.®

Statistical analyses

Statistical data analyses were performed using GraphPad
Prism®. The statistical comparison between the groups was
done using one-way ANOVA or Student’s -test as required.
Comparison of different treatment groups with the control
was tested with Dunnett’s post hoc analysis and multiple
comparisons between the groups were tested with the
Tukey—Kramer test. Data are presented as mean * standard
deviation unless specified, with a p-value <0.05 deemed for
statistically significant difference.

Results
Cell viability and ICs, of SNP

At SNP doses of 10 mM, 100 uM, 1 uM, 10nM, and 100
pM under low serum conditions (DMEM/F12 with 2% v/v
FBS), aHASMC viabilities were 3.2% *0.5%, 90.8% *
5.6%, 84.1%+8.7%, 83.1%+17.4%, and 90.8% +5.8%,
respectively. Under higher serum conditions (DMEM/F12
with 10% v/v FBS), cell viabilities at the same SNP doses
were 0%, 41.5%%6.4%, 55.08% +£6.4%, 87.3%+12.8%,
and 96.6% £6.7%, respectively (Supplementary Fig. S2).
The ICsq values of SNP were calculated to be 0.3 mM and
5.4puM in low-serum and high-serum conditions, respecti-
vely. Based on this experiment, the acceptable (noncyto-
toxic) dose range for in vitro SNP treatment was determined
to be between 100nM and 100 pM, as prepared in DMEM/
F12 medium containing 10% v/v FBS.

Cytokine activation of aHASMCs

MMP?2 expression increased significantly at 2, 3, and 24 h
of cytokine treatment versus control or those treated with
cytokines for only 30min (p<0.0001) in aHASMC cul-
tures. In addition, MMP2 expression was significantly
upregulated in cultures subjected to 2, 3, and 24 h of cyto-
kine exposure (longer exposure) versus l1h of cytokine
exposure (p=0.03). MMP2 expression peaked at 3h of
cytokine exposure and remained unchanged between cul-
tures with longer cytokine exposure times (Fig. 1).

Effect of SNP on ECM homeostasis and aHASMC
markers

Figure 2 shows the gene expression in cytokine-injured
aHASMC cultures following treatment with a range of SNP
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FIG. 1. Effect of cytokine exposure duration on the activated phenotype of aHASMCs. (a) IF detection of MMP2
expression (red) in response to cytokine injury on aHASMCs; DAPI-labeled nuclei appear blue. Scale bar =100 pm. (b) The
fluorescence intensity of MMP2 expression from the IF images was quantified, normalized to the respective nuclei count,
and represented as mean=x SD. *, # And $ denote p=0.05 compared with controls, 30 min of cytokine treatment, and 24 h of
cytokine treatment, respectively (n=4 cultures/case). aHASMCs, adult human aneurysmal smooth muscle cell; DAPI, 4’,6-
diamidino-2-phenylindole; IF, immunofluorescence; MMP, matrix metalloprotease; SD, standard deviation. Color images

are available online.

doses. Figure 2a shows the expression of SMC marker
genes. Smooth muscle alpha-actin (ACTA) and desmin
(DES) expression by aHASMCs was downregulated at all
SNP doses (p=0.001 and 0.02 vs. control, respectively),
and myosin heavy chain (MYHI1I) expression was reduced
at all SNP doses, except 100 pM (p=0.05 vs. control). The
gene expressions of end-stage contractile SMC phenotypic
markers, smoothelin (SMTH), and calponin (CNN) remained
unaffected by SNP.

Furthermore, MMP2 gene expression was significantly
decreased upon SNP treatment versus controls (p<0.05
vs. control: Fig. 2b). Among TIMPs (Fig. 2b), TIMPI gene
expressions remained unchanged at all dosages, while
TIMP2 was significantly upregulated only at 100nM
(p=0.006) and TIMP4 was downregulated at 100 pM
(p=0.03 vs. control), but remained unchanged at higher
doses. ELN gene expression was significantly higher at
the 100nM SNP (p=0.05 vs. control), and LOX gene
expression was upregulated at 100 pM and 100 nM (p=0.03
vs. control) (Fig. 2b). In addition, the gene expression
ratio of TIMPI to MMP2 was upregulated at 10nM
(p=0.01) and 100nM (p=0.001) by ~1.8+0.4 and
~2.03 £0.2-fold, respectively, and the gene expression ratio
of TIMP2 to MM P2 was upregulated at 100 nM (p=0.0001)
by ~5x0.8-fold. However, there was no significant change
in TIMP4 to MMP2 gene expression ratios with SNP
treatment.

On the other hand, the gene expression ratio of ELN
to collagen type III alpha 1 (COL3AI) was signifi-
cantly upregulated at 100nM by ~5%0.5-fold (p=0.03),
whereas, gene expression of ELN to collagen type I alpha 1
(COLIAI) did not change significantly (Fig. 2d). In addi-
tion, relative gene expression of FBNI was downregulated
at 100 pM and 1nM of SNP (p=0.006 vs. control) but

remained unchanged at higher doses, and COLIAI genes
were unaffected by SNP treatment (Fig. 2c). In contrast,
COL3AI was significantly downregulated at all SNP doses
(p=0.03 vs. control), except at 100 pM SNP (Fig. 2c).
Among various MAPKs (Fig. 2¢), gene expression of ERK]
was downregulated at all SNP doses (p=0.01 vs. control),
except at 10nM. ERK?2 gene expression was downregulated at
100 pM and 100nM (p=0.02 vs. control), whereas JNKI and
JNK?2 gene expression remained unchanged at all SNP doses.

Effect of SNP on ECM homeostasis protein expression

The dose-dependent effects of exogenous SNP on the
synthesis of key ECM homeostasis proteins (MMPs,
TIMPs), cell signaling MAPK proteins (JNK, ERK), and
ECM proteins (LOX, FBN1) (Fig. 3) were semiquantita-
tively assessed using WB analysis. At all tested doses, SNP
suppressed MMP2 levels (p=0.001 vs. control) (Fig. 3a).
Although TIMP1 (28kDa) and TIMP2 (24 kDa) remained
undetected in WBs, TIMP4 was detected in two distinct
bands—26 and 62 kDa (Fig. 3b). The expression of TIMP4
(both isoforms) appeared higher in SNP-treated cultures,
but this increase was not statistically higher than in control
cultures.

At the analysis time points, the expression of MAPK
proteins, including JNK (Fig. 3c), ERKI1 (44kDa), and
ERK2 (42kDa) (Fig. 3d) was not significantly altered by
SNP treatment. Similarly, FBN1 (312kDa) was not signifi-
cantly different (Fig. 3e); however, LOX (47 kDa) was up-
regulated at 100 pM SNP dose (p=0.006), 1 nM dose
(p=0.04), and 100nM dose (p=0.004) (Fig. 3f). Addi-
tionally, gelatin zymography of MMP2 showed significant
downregulation of enzyme activity at SNP doses of 1, 10,
and 100nM (p=0.04) (Fig. 3g).
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FIG. 2.

(a—c) SNP effects on gene expressions of various phenotypic markers, ECM homeostasis proteins, and MAPK

proteins in aHASMC cultures. (d) Shows the gene expression ratio of TIMP1 to MMP2, TIMP2 to MMP2, TIMP4 to MMP?2,

ELN to COLIAI, and ELN to COL3AI. Data were presented

as mean*SD (n=6 cultures/condition). * Denotes p <0.05

compared with untreated controls for each gene. COL1A1, collagen type I alpha 1; ECM, extracellular matrix; ELN, elastin;
MAPK, mitogen-activated protein kinase; SNP, sodium nitroprusside.

Effect of SNP on aHASMC gene expression profile
at proregenerative/antiproteolytic dose

RT-PCR and WB results indicated significant matrix
regenerative and antiproteolytic benefits of SNP in aHASMC
cultures at the 100nM dose. A human qPCR gene analysis
array was performed at this singular dose to assess SNP

effects more broadly on expression profiles of different
functionally grouped genes. Among the analyzed genes, the
contractile SMC markers, ACTA and caldesmon 1 (CADI),
were downregulated upon SNP treatment (Fig. 4a). SNP also
downregulated genes known to induce synthetic-like SMC
phenotype and regulate the growth, proliferation, and migra-
tion of SMCs, such as myocardin (MYOD), GATA-binding
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online.

protein 6 (GATAG6), Hairy/enhancer-of-split related with
YRPW motif protein 2 (HEY2), monocyte enhancer-binding
factor 2B (MEF2B), Notch receptor 1 (NOTCHI), and
Notch receptor 3 (NOTCH3) (Fig. 4b). Furthermore, there
was an increase in ELN expression and comparatively lower
expression of collagen type I (COLIAI and COLIA2) and
collagen type III (COL3Al) genes (Fig. 4c). Collagen
type IV gene (COL4AI) expression was highly reduced.

Effect of SNP on cell viability

We determined the cytotoxicity of SNP doses in a range
of 100nM to 1 uM to select a safe dose range for our dose
escalation study done to determine the effects of SNP on
cell proliferation and elastic matrix synthesis. Results from
the LIVE/DEAD assay showed a significant reduction in
cell viability at 1 uM dose of SNP (p=0.0001). Cell via-
bility was not adversely impacted at 500 and 100nM of
SNP relative to controls but was significantly higher than
in the cultures treated with 1 uM of SNP (p=0.0001 vs.
1 uM) (Supplementary Fig. S3). The percentage of live
cells in cultures treated with 1 M, 500nM, and 100 nM of
SNP was 50.1% £20.6%, 90.3% £ 3.2%, and 98.1% +4.6%,
respectively.

Effect of SNP on cell proliferation and ECM synthesis

Based on the initial findings of LIVE/DEAD assay and
the proregenerative and antiproteolytic effects of SNP at the
100nM dose, SNP effects on matrix synthesis were evalu-
ated at this and higher doses (250, 500nM). No significant
difference was seen in cell proliferation between control and
100nM SNP-treated cultures although higher SNP doses
induced significantly robust proliferation of aHASMCs ver-
sus controls (p=0.002 and 0.005 for 250 and 500nM,
respectively) and 100nM SNP dose (p=0.01 and 0.02 for
250 and 500nM, respectively) (Fig. 5a). The total elastic
matrix content in the SNP-treated cultures were all signif-
icantly higher than in the controls (p=0.0004, 0.0001,
0.0001 vs. controls for 100, 250, and 500nM of SNP,
respectively; Fig. 5b). There were no significant SNP dose-
dependent differences in total elastin amounts within the
groups. On a cell count-normalized basis, elastic matrix
amounts were deemed significantly higher than controls
only in cultures treated with 100nM of SNP (p=0.01 vs.
control) (Fig. 5c).

On the other hand, the hydroxyproline assay did not
detect any collagen in the samples. In addition, the total
desmosine (normalized to total protein concentration)



Downloaded by North Carolina State University from www.liebertpub.com at 05/18/23. For personal use only.

NITRIC OXIDE DONOR STIMULATES ELASTIC MATRIX NEOASSEMBLY 233

FIG. 4. A human SMC biology
gPCR array was used to determine
the effects of various doses of SNP
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obtained from the ELISA showed significant upregulation at
100 and 500nM of SNP (p=0.03 and p=0.04 vs. control)
in our Dunnett’s post hoc analysis (Fig. 5d).

Effect of SNP on MAPK proteins

The human MAPK phosphorylation antibody array
experiment results are indicated in the heat map shown in
Figure 6a. The heat map indicates increased expression of
MAPK signaling proteins when treated solely with cyto-
kines (TNFa and IL-1). In all cases, the peak expression of
these MAPKs occurred at 15min and 30 min of cytokine
exposure. Such upregulation was inhibited by the adminis-
tration of 100nM of SNP together with cytokine expo-

I
N e RN D R

©

sure, as shown by the decreased expression of these MAPKs
(Fig. 6b). The expression of JNK, ERK, AKT, MEK,
MKK3, MKK6, and mTor were all inhibited by 100 nM of
SNP at all tested exposure times. In addition, GSK-3
(GSK3o and GSK3), RSK1/2, and the transcription factor,
CREB expression also decreased with SNP treatment.

Effect of SNP and NO scavenger on MAPK proteins

To further verify the role of SNP in regulating MAPKSs
(most specifically JINK, ERK, p-JNK, and p-ERK as these
are abundantly expressed in AAAs) and to demonstrate that
NO is the key regulator of this phenomenon, we performed
IF-based labeling of these proteins in our cytokine-injured
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FIG. 5. The effects of SNP dose escalation, beyond the
basal efficacious dose (100 nM), on aHASMC proliferation,
elastic matrix synthesis, and crosslinking was shown. The
effect of various SNP doses on cell proliferation (a), total
elastic matrix synthesis (b), elastin amounts normalized per
cell (c¢), and desmosine crosslinker amounts normalized to
total protein (d) were quantified from various assays and
represented as mean+SD (n=6 cultures/condition). The
differences deemed statistically significant (p <0.05) com-
pared with controls and 100nM dose were indicated by
* and #, respectively.

aHASMC cultures without and with SNP treatment (100 nM),
the latter with and without an NO scavenger, PTIO (Fig. 7),
for 15 min. Our IF results were consistent with our MAPK
array results indicating cytokine treatment (10ng/mL of
TNFo and 10 ng/mL of IL-1PB) caused a significant upregu-
lation in ERK and p-JNK (p<0.01) compared with control
aHASMC:s (without cytokine exposure) (Fig. 7b). Although
expression levels of JNK and p-ERK were not significant
with cytokine exposure, an increasing trend in the expres-
sion levels was still observed when exposed to cytokines.
The parallel exposure of these cytokine-injured aHASMCs
with 100nM of SNP for 15 min significantly inhibited the
expression of ERK (p=0.002), p-ERK (p=0.02), JNK
(p=0.001), and p-JINK (p=0.04).

Conversely, the addition of 200nM PTIO, a NO scav-
enger, overturned the inhibitory effect of SNP significantly
on JNK (p=0.006), p-JINK (p=0.03), and restored their
expression levels to control values or in between control and
cytokine-treated values. Also, the trend in the increase or
decrease of these MAPKs with cytokine treatment and with
the introduction of SNP and PTIO was similar in all proteins
despite their significant differences or no-significant chan-
ges among the groups. In addition, the increase or decrease

BASTOLA ET AL.

in the MMP2 expression in our IF experiment (Fig. 7a, b)
can be correlated to the expression of these MAPKSs, which
suggests that the inhibitory effect of MMP2 was likely
through the inhibition of MAPKs and was governed by
released NO.

Effect of SNP on the aHASMC mechanical
characteristics

Single-cell nanoindentation measurements were obtained
to quantify the biophysical and biomechanical characteris-
tics of live human aHASMCs under different SNP dosage
culture conditions. The SNP dosages selected were based on
cell survival and ICsq studies discussed earlier. The modulus
of elasticity (Ey) decreased significantly at 10 and 100 nM
exposure compared with control or 1 nM SNP dose (Fig. 8a;
p<0.05 for 10nM vs. 100nM). The average Ey in control
cultures was 20.9+7.7kPa and exposure to 100nM SNP
reduced it by ~60% to 9.64 +4.1kPa.

Similarly, the forces of adhesion were not significant at
1 nM SNP versus control but were significantly reduced at
10 and 100 nM SNP (Fig. 8b; p<0.05 for 10nM vs. 100 nM
and vs. control). The baseline adhesive forces in control
cultures were 1.87+0.13 nN. The tether forces (Fr) on the
cell surface were significantly reduced with the addition of
SNP (p<0.05 vs. controls), even at as low as 1 nM con-
centration (Fig. 8c). The baseline tether forces for control
cultures were 218.8 £ 14.3 pN, whereas that in the presence
of 100nM SNP dropped to 75.8 £12.6 pN (~65% drop vs.
controls).

The membrane tension and tether radius were calculated
from the tether forces and trends were along expected lines
as in Fy. With increasing SNP concentration, membrane
tension decreased significantly (Fig. 8d) while the tether
radius proportionately increased (Fig. 8e), compared with
controls. The baseline membrane tension in control cultures
was 6.07+0.8 nN/um, while the tether radius was 2.91=*
0.19 nm. Cell roughness measurements showed that the cell
surface of aHASMC:s turned significantly rougher with the
addition of 100nM SNP, while lower SNP dosages had
no significant effect compared with controls (Fig. 8f). For
all the measured parameters, no significant changes were
noted at longer culture durations (24 or 48h) in control
aHASMC cultures without SNP.

Effect of SNP on the expression of ECM homeostasis
proteins as seen in IF

Representative IF staining of aHASMC:s for expression of
MMP2, TIMP1, TIMP2, TIMP4 and ELN, LOX, and FBN1
are shown in Supplementary Figure S4. MMP2 expression
in cultures treated with SNP (100nM) was significantly
suppressed relative to control cultures (p=0.03) and was
seen as a diffused band surrounding the nuclei. SNP did not
necessarily affect TIMP1 expression. However, TIMP2 and
TIMP4 were found to be significantly higher in SNP-treated
aHASMCs (p=0.001) and were seen to be expressed in a
diffused manner around the cell nuclei, similar to MMP2.
ELN and LOX expressions were also significantly higher
in SNP-treated cultures versus controls (p=0.004). There
were no apparent differences in FBN1 expression between
control- and SNP-treated cultures.
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FIG. 6. Expression of phosphorylated MAPKSs as a function of time in cytokine-injured aHASMC cultures with or without
SNP treatment. (a) A heat map of the results from a human MAPK phosphorylation array experiment. The red color
represents higher MAPK expression (upregulation), blue represents lower MAPK expression (downregulation), while white
(indicated at 1 in the heat map) is the normalized expression of MAPKSs in control cultures. Cultures received cytokine alone
or cytokines and SNP for various durations, while control cultures received none. (b) Representative bar graph of the human
MAPK phosphorylation experiment (n=2 repeats per condition). The mean pixel density of each target protein was
normalized to the pixel density of the positive control. The y-axis in the graph represents the fold change obtained by
normalizing the normalized pixel density to that in controls. The dotted line marked along y=1 represents the fold change of
the untread aHASMC controls (no cytokines, no SNP). CREB, cAMP response element-binding protein; ERK, extracellular
signal-regulated kinase; GSK3, glycogen-synthase kinase 3; HSP27, heat shock protein 27; JNK, c-Jun N-terminal kinase;
MEK/MKK, mitogen-activated protein kinase kinase; MSK, mitogen and stress-activated kinase; mTOR, mechanistic target
of rapamycin; RSK, ribosomal S6 kinase. Color images are available online.

SNP effects on elastic matrix ultrastructure as seen
in TEM

TEM images showed evidence of a dense elastic matrix
composed of newly formed, mature elastic fibers (black
arrows) in the 100nM SNP-treated group (Fig. 9a). In con-
trast, control aHASMC cultures exhibited very few, aberrant/
fragmented elastic fibers (red arrow; Fig. 9b).

Discussion

AAAs represent localized expansions of the abdominal
aorta due to naturally irreversible degradation and loss of
wall elastic matrix caused by chronically activated MMPs
following initial injury stimuli. AAA pathophysiology is
exacerbated by intrinsic abnormalities in elastic fiber neo-
assembly and repair, chronic inflammatory response, the
switch of medial SMCs to a diseased phenotype, and the
association of NO signaling dysfunction.' In this study, we
have sought to assess if delivery of SNP (NO donor drug)
is a useful treatment modality to augment elastic matrix
regenerative repair and antiproteolytic effects and to pro-
mote SMC phenotypes capable of directing elastic matrix
regeneration. We investigated these aspects in a cytokine
injury model of human aneurysmal SMCs or aHASMCs.
Proinflammatory cytokines, such as TNFa and IL-18, which
regulate various inflammatory signaling in the cells, are
known to be upregulated in AAA milieu.'”

In our study, the cytokine injury model (exposure of
aHASMC:s to a cocktail of 10 ng/mL of TNFo and 10 ng/mL
of IL-1B) was adopted to (i) mimic and exacerbate the
activated diseased state in culture following isolation from

the diseased tissue and (ii) to determine how effective SNP
treatment would be in terms of elastic matrix regenerative
repair under these disease-mimicking conditions. Our results
indicate that 3 h of cytokine exposure has a maximal effect
on aHASMCs” MMP2 production, which is the key to ECM
degradation.

Next, to establish a safe, working SNP dose range, the
ICsy (the half maximal inhibitory concentration of SNP
on cell survival) in aHASMC cultures was measured in
2% v/v FBS (low serum) and 10% v/v FBS (higher serum)-
containing medium. The far lower ICsy value observed in
the high-serum (5.4 uM) compared with low-serum condi-
tions (0.3 mM) (Supplementary Fig. S2) is likely due to the
increased generation of reactive oxygen species (ROS)
under higher serum conditions, which consequently causes
more DNA damage and cell death.>*?' On the other hand,
SNP, at higher concentrations activates MAPKSs, such as
p38, through cGMP-independent pathway, which further
triggers proinflammatory activation of the MMPs.** That
said, in our working SNP dose range identified based on
the ICsy value at high-serum conditions, overall cytotoxic
effects were rather limited (<15% cell death; Supplementary
Fig. S2).

Although SNP, which is an FDA-approved hypertensive
drug commonly known as Nitropress™, can activate stress-
induced MAPK pathways and be associated with cyanide
and ROS toxicity, our data suggest that in the working dose
range in the high-serum condition, SNP likely has the anti-
MAPK effect and low cyanide-related cytotoxicity. The
reduced-cytotoxicity effect of SNP was further verified by
our LIVE/DEAD assay results, which showed that cell death
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FIG. 7. [IF-based demonstration of the involvement of NO in inhibiting nonphosphorylated and phosphorylated MAPKSs.
(a) Shows the IF-based labeling of ERK, p-ERK, JNK, p-JNK, and MMP?2 in cytokine-injured, cytokine and SNP-treated,
and cytokine, SNP, and PTIO (NO scavenger)-treated aHASMC:s. (b) Shows the representative integral density boxplots of
the respective IF images. Scale bar=100 pm. Data are presented as mean*SD of values obtained from n=6 cultures/
condition *Denotes (p<0.05), **denotes (p <0.005). NO, nitric oxide; PTIO, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-

oxyl 3-oxide. Color images are available online.

was not enhanced even at an escalated dose range of 1 uM
and 100-500nM (Supplementary Fig. S3). However, tox-
icity profiles of SNP at various serum levels should be
thoroughly assessed to shed more light on SNP-induced
in vitro cytotoxicity. Since low-serum condition is not phys-
iologically relevant, to reflect in vivo conditions more
closely, we adopted higher serum conditions for in vitro
assessment.

Next, we investigated the effects of SNP on the expres-
sion of ECM homeostasis proteins in our cultures. Several
in vitro studies have suggested a possible connection
between NO deficiency and chronic overexpression of the
elastolytic MMPs (MMP2 and MMP9), the most abundant
endopeptidases in the AAA wall, which critically drive
elastic matrix degradation.”*** To date, a spate of published
studies has also demonstrated that inhibiting MMP2 and

MMPO can attenuate inflammatory tissue damage following
injury,” and limit chronic MMP-mediated ECM break-
down and loss.?® Consistent with earlier findings, our results
showed SNP delivery to significantly downregulate MMP2
expression (Figs. 2b and 3a and Supplementary Fig. S4a, b)
and MMP2 enzyme activity (Fig. 3g). MMP2 expression
in treated aHASMCs (Figs. la and 7a and Supplementary
Fig. S4), as seen in our IF images, shows diffused and
spread patterns, which is consistent with results of another
published study.>’

The lack of any discernable effects on MMP9 expression
(data not shown), despite the evidence of NO-mediated
MMP?9 inhibition in human umbilical vein endothelial cells
and rat mesangial cells,”®?’ is likely due to a very low in-
trinsic expression of MMP9 (protein and gene) in cell cul-
ture, which is likely because of the absence of macrophages
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FIG. 8. Dose-dependent effect of higher SNP doses (1, 10, 100 nM) on cellular elastic response as determined by AFM.
(a) Elastic modulus of the cells (Ey) calculated by applying Hertz model to force—indentation curves (128 <n <205 cells/
condition). (b) Adhesion forces measured from the force—indentation curves during retraction mode (109<n <167 cells/
condition). (¢) Tether forces measured from the force—indentation curves during retraction mode (119<n<188
cells/condition). (d) Membrane tension on the cell surface (7),) calculated from the tether forces using Ty, :F% / 8n2ky.
(e) The radius of tether (Ry) calculated from Fy values using Ry = 2nkp/Fr. (f) The surface roughness parameter (R,) on
the cell surface measured using AFM tip (77<n<98 cells/condition) for control and SNP-exposed cells. Data were
presented as mean=® SD, with statistical significance deemed for p <0.05 and indicated by * for differences versus control,
** for differences versus 1 nM dose of SNP, and *** for differences versus 10nM dose of SNP. AFM, atomic force

microscopy. Color images are available online.

100nM SNP

Control
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FIG. 9. The effect of SNP
treatment on elastic matrix
ultrastructure formed in cell
cultures was imaged using
transmission electron
microscopy. (a) Ultra-
structure of thick, newly
formed, elastic fibers
composed of elastin coacer-
vates (tropoelastin) shown
in black arrow in 100 nM
SNP-treated aHASMC
cultures after 14 days of
exposure. (b) Thin and frag-
mented elastin-associated
structures in untreated con-
trol group (red arrow). Color
images are available online.
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and macrophage-generated reactive nitrogen oxide species
linked to triggering MMP9 activation.”® As a next step, we
propose to investigate possible SNP effects on MMP9 in a
more complex in vitro culture model incorporating matrix
debridement with macrophages, which we have published.*

Our results further indicate that the inhibition of MMP2
can be linked to the significant increase in TIMP2 and
TIMP4 (inhibitors of MMPs) (Fig. 2b and Supplementary
Fig. S4a, b). However, no significant change was seen in
TIMP4 WBs, but, it colocalized with active MMP2 bands
(Fig. 3b) suggesting the potential inhibitory effect of TIMP4
against MMP-mediated proteolysis likely by fine-tuning
active-MMP activities as suggested by few studies.*'*

Despite the substantial increase in TIMP2 gene and pro-
tein expression with both RT-PCR and IF at 100nM of SNP,
we were unable to detect TIMP2 with WB while TIMP1
expression did not change in RT-PCR (Fig. 2b) and in IF
(Supplementary Fig. S4a, b) and remained undetected in
WB like TIMP2. This outcome is likely due to the inherent
difference in the probe sensitivity and binding efficiency
of TIMP1 and TIMP2 to their respective antibodies, and
low protein yield from our cultures, which limited protein
loading onto our WB gels. In terms of gene expression ratio,
there was a significant increase in TIMP1 to MMP2 and TIMP2
to MMP?2 ratio showing the potential anti-MMP effect of SNP
(at 100nM) in our aHASMC cultures (Fig. 2d).

The anti-MMP effect of SNP we observed can involve
activation of either cGMP-dependent pathways, cGMP-
independent pathways, or both by the NO released from
SNP.** While the primary focus of this study lies in
assessing SNP effects in promoting elastin homeostasis in
the context of AAAs, we have sought to broadly understand
the underlying mechanisms, specifically the involvement
of the cGMP-independent pathway. This pathway regu-
lates various cellular transcription factors and consequently
modulates gene and protein expressions of the cells through
S-nitrosylation of cysteine residues of the receptors of the
MAPK pathways.*> Among several MAPKs, the JNK and
ERK si%naling pathways have been most implicated in
AAAs.3** Our findings suggest significant downregulation
in ERKI and ERK?2 gene expressions (Fig. 2¢), but no dif-
ference in gene and protein expression of other MAPKs, for
example, JNKI and JNK2 with SNP treatment. This is prob-
ably due to the transient expression of these MAPK proteins
and their relatively shorter half-life, which renders their de-
tection in long-term-treated (7 days) cultures challenging.®

Therefore, to further demonstrate the role of SNP in regu-
lating transiently expressed MAPKSs, we performed a MAPK
array experiment at short cytokine and SNP exposure times
(<30min) in our culture model. This MAPK array provides
the screening of a broader spectrum of MAPKSs, which likely
has a direct or indirect association with the inflammatory
milieu of proteolytic disorders, such as in AAAs.

Most of the MAPKSs, such as AKT, CREB, ERK1, ERK2,
JNK, MEK, MKK3, MKK6, MSK2, mTor, p38, p53, RSK1,
and RSK2, are implicated in proteolytic disorders, with INK
and ERK being the primary MAPKSs that drives the forma-
tion and progression of AAAs.>*7 While our WB result
showed no significant differences in JNK and ERK expres-
sion at a 7-day time point, downregulation of these MAPKs
was observed in the MAPK array experiments at time points
of 0-30min (Fig. 6). To further verify the role of cytokine
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and SNP exposure in downregulating MAPKSs (specifically
INK, p-JNK, ERK, and p-ERK) and to determine if these
effects were mediated by NO released from SNP, we per-
formed IF-based labeling of these MAPKs, which showed
significant upregulation and downregulation of MAPKSs
with cytokine exposure and with parallel SNP treatment,
respectively (Fig. 7a, b). However, this effect was com-
pletely overturned with the addition of NO scavenger, PTIO,
which suggests that the SNP-mediated MAPK inhibition
was regulated by NO.

In addition, the expression of MMP2 showed positive
correlation to MAPK expression, which suggests that the
anti-MMP effect in our aHASMC cultures is linked to
MAPK attenuation. Moreover, SNP treatment caused the
downregulation of other MAPKSs as seen in our MAPK array
results. GSK-3 is considered to be at the crossroads of
various other signaling pathways, including EGFR, Ras,
AKT, and mTor, and is known to control Nf-kf} activity
throu%h IkappaB kinase/Nf-kf3 essential modifier regula-
tion.*®* Similarly, CREB is a transcription factor that reg-
ulates various gene expressions in response to the cAMP
changes and has also been shown to regulate expressions
of MMP 2 in other cell types.*® Other isoforms of MAPKs,
such as MEK, MKK3, MKK6, MSK?2, p38, p53, RSK1, and
RSK?2, also control a wide range of biological functions and
therefore increase the range of action regulated by the active
forms of MAPKs mentioned above to drive the inflamma-
tory re:sponse.41

Overall, our MAPK array experiment has demonstrated that
SNP has inhibitory effects on various MAPKs, which perhaps
occurs through disorganization of actin filaments possibly
through cGMP-dependent si%naling and/or by attenuation of
NOTCH signaling pathway.**** NOTCH signaling pathways
have been previously shown to specifically activate the MEK,
ERK, and AKT pathways.***> On this basis, we hypothesize
that the SNP-mediated MAPK inhibition in our study is me-
diated by disruption of the actin cytoskeleton (Figs. 2a and 3a)
and NOTCH deactivation (Fig. 4b).

Also, NOTCH signaling is associated with the phenotypic
modulation of VSMCs.****” Increased activity of NOTCHI
and NOTCH3 have been shown to promote SMCs prolif-
eration, and collagen synthesis, and induce a synthetic SMC
phenotyge through downstream regulation of CHF1/
HEY2.* Downregulation of HEY2, NOTCHI, and
NOTCH3 in our qPCR array (Fig. 4b) and our experimental
findings on cell proliferation particularly at 100nM SNP
(Fig. 5a) suggest that the cells are not assuming a highly
synthetic SMC phenotype that could potentially promote
hyperplasia in a AAA wall milieu.

This is also supported by our RT-PCR results showing
unchanged expression of end-stage SMC contractile pheno-
typic markers (SMTH and CNN;, Fig. 2a) between SNP-
treated and untreated groups. The decrease in COL3AI gene
expression (Fig. 2c¢) in RT-PCR and lower expressions of
collagens in the qPCR array (Fig. 2c), whose expression is
elevated in SMCs of a synthetic SMC phenotype,* also
supports the inference that SNP exposure does not trigger
a highly synthetic SMC phenotype. On the other hand,
as anticipated, there was a significant downregulation in
ACTA, DES, and MYHI1 (Fig. 2a) genes encoding con-
tractile apparatus proteins as NO donor compounds have
been frequently shown to downregulate contractile
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apparatus genes and induce muscle relaxation by down-
regulating interactions of the actin—tropomyosin—myosin
complex involved in the sliding filament mechanism of cell
contraction.’®>! Collectively, our gene expression analysis
and biochemical assay results indicate that at 100 nM, SNP
did not induce synthetic phenotypes in culture but did pro-
mote a more relaxed cell state.

To investigate the phenotypic changes in aHASMCs in
response to NO exposure, we performed AFM analysis.
We sought to address two primary questions: (i) if NO
exposure softens the cells, and if so, the dose dependency of
this effect, and (ii) if NO exposure causes any change to the
cell surface? Live cell indentation of aHASMCs with AFM
(Fig. 8) showed a significant reduction of Young’s modulus
and cell surface adhesive forces at SNP doses of 10 and
100 nM suggesting aHASMCs acquired softer characteris-
tics with SNP treatment. Similarly, tether force, which is
dependent on membrane adhesion as well as cytoskeleton
adhesion was significantly reduced with increasing SNP
dosage in our study suggesting decreased cytoskeletal den-
sity in the aHASMC cultures.”” The decreased gene expres-
sion of ACTA, MYHI11, and DES in our gene study further
verifies that the decrease in these forces is likely because of
a decrease in the cytoskeletal protein expression with SNP
treatment.”

Furthermore, the radius of tether and surface roughness
increased with increasing SNP concentrations, possibly
through a similar mechanism explained above and through
modulation of cell surface proteins.”* Overall, our study
showed that the forces required to separate the nonfunction-
alized polystyrene bead-modified AFM tip from the cell
surface were strongly dependent on the SNP concentration
in the culture media. aHASMCs turned softer from a stiff-
ness standpoint, while their surfaces turned pliable and
rough in the 4presence of SNP similar to what was noted in
prior study.>® The no significant change in the control cul-
tures at longer time points verifies that the differences seen
in these parameters were mediated by SNP. In addition, the
glycocalyx might also be undergoing some changes in res-
ponse to NO exposure, as shown by the decreased adhesion
force, although such changes are tedious to quantify using
other techniques.

In healthy vessels, the turnover of structural ECM pro-
teins (e.g., elastin and collagen) is very low due to low
MMP activity and an intrinsic balance between MMPs
and TIMPs. Differently, the chronic upregulation of MMPs
in the AAA wall leads to increased fragmentation
of both elastic fibers and collagen fibers to cause ulti-
mate wall weakening and rupture.>® Elastic matrix regen-
eration is particularly challenging due to the poor intrinsic
elastin synthesis capacity of adult and diseased VSMCs
and their impaired ability to assemble mature elastic fibers.
Different from elastin, vascular SMCs robustly synthesize
collagen, thereby increasing the collagen-to-elastin ratio
either by collagen synthesis and/or disproportionate deg-
radation of noncollagenous structural proteins.’® Our
findings demonstrate that elastic matrix synthesis by
aHASMC:s is significantly enhanced with SNP treatment as
suggested by increased ELN gene expression at 100 nM
SNP (Fig. 2b), protein expression (Supplementary
Fig. S4c, d), and increases in total matrix elastin amounts
and on a per-cell basis (Fig. 5b, c¢) at 100 nM.

Tropoelastin often appears localized within or around the
cell, likely due to the fact that most of the ECM proteins are
produced by SMCs in the cell or on the cell surface in their
precursor form (elastin and collagen) where they begin to
form crosslinks and are eventual organization into fibers in
the etxracellular space and their subequent maturation.”’~®
Due to their aberrant diseased phenotype and intrinsic defi-
ciency in generating mature elastic fibers, our IF images
primarily show tropoelastin within and adjacent to cells,
with no discernable organized extracellular structures. Acc-
ordingly, to elucidate further on this, we performed TEM of
our cultured aHASMCs to visualize the ultrastructure of
the deposited fibers and verify if the newly formed elastic
matrix is deposited in the extracellular space or within the
cells. TEM images (Fig. 9) show that SNP treatment stim-
ulated formation of elastic fibers, still in the process of
maturation, and the majority of which was deposited along
the cell membrane and adjaced extracellular space. In con-
trast, the untreated control cultures contained few, if at all
any evidence of frustrated elastic fiber assembly.

While collagen protein amounts were below the thresh-
old for reliable detection, the significant increases seen
in the ELN/COL3AI ratio (Fig. 2d) at the proelastogenic/
antiproteolytic SNP dose (100 nM) suggests progress toward
restoring ECM homeostasis with SNP treatment as collagen
accumulation is primarily associated with an adverse fibrotic
response of vascular SMCs and contribute to the vascular
stiffness.>® A possible reason for having no detected colla-
gen in our cultures is likely because (i) fibroblasts and not
SMCs are the primary source of collagen in the aorta wall,
and (ii) our aHASMCs, having been isolated from rupture
stage AAA tissues exhibit a highly diseased phenotype
characterized by poor ECM production; at the later stages
of AAA progression when an aneurysm reaches a rupture-
prone stage, chronic proteolytic degradation of both colla-
gen and elastin occurs and the cells gradually lose their
ability to restore these elastic matrix assembly and other
extracellular proteins.>

Moreover, a published study has shown that SNP treat-
ment in vascular SMC inhibits collagen production by
42%,%° which might also explain the reason for below-
threshold collagen levels in our aHASMC cultures treated
with SNP. Furthermore, the coacervation and crosslinking
of elastin precursors by LOX provide structural integrity to
the ECM by forming str0n§ intermolecular covalent bonds
between elastin precursors.®'

LOX (precursor, 50kDa) produced by SMCs are hydro-
lyzed into their active form that promotes crosslinking of
fibrous ECM proteins, such as elastin and collagen, into a
nonsoluble state.”> The inactivation of the LOX gene re-
sulted in the formation of large aortic aneurysms, cardio-
vascular dysfunction, and perinatal death in LOX knockout
(LOXf/ D) mice.®? Conversely, an increase in LOX has been
shown to improve elastic matrix crosslinking.®'® Consistent
with these outcomes, our observed increases in the LOX
gene (Fig. 2b) and LOX protein expression (Fig. 3f and
Supplementary Fig. S4c, d) with SNP treatment correlated
positively with increased expression of desmosine (Fig. 5d).
Desmosine is a crosslinker molecule essential for elastic
matrix formation, crosslinking, and maturation.

The formation of desmosine occurs within the forma-
tion of precursor tropoelastin. During development, SMCs
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produce tropoelastin on the cell surface where LOX helps
in the oxidative deamination of lysine residues of tropoe-
lastin to form allysine that further reacts with other lysine
residues of tropoelastins to form desmosine.”’** Our obser-
ved increases in desmosine content with SNP treatment of
cultures can be inferred to be indicative of increased cross-
linking of the elastin. Additionally, once the crosslinking
process of many soluble elastin precursors is done, the
elastic matrix is finally deposited on the ECM for further
maturation and crosslinking.®’

Elastic fiber assembly is a complex, multistep process
orchestrated by several key proteins and glycoproteins.
Fibulins (FBLNS), particularly Fibulin 4 and 5, facilitate
crosslinking of tropoelastin to form coacervates that engage
with a prescaffold of FBN1 glycoprotein to promote elastic
fiber assembly.®® However, despite SNP-induced increases
in elastin and LOX, in the tested dose range, SNP did not
impact gene and protein expression of FBLNs (data not
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FIG. 10. Suggested MAPK-mediated mechanistic path-
way engaged by SNP for antiproteolytic and proelastogenic
regulation of ECM homeostasis in aHASMCs. Arrows
indicate activation and T lines represent inhibition. Question
mark indicate that the critical transcription factors are rem-
ained to be identified. Inflammatory cytokines (TNFa and
IL-1PB) activated MAPK signaling. SNP attenuated these
MAPKs to or below the control value, which in turn
attenuated MMP2 (gene and protein expression), increased
elastic matrix components (elastin, LOX, desmosine), and
promoted contractile SMC phenotypes. IL-1, interleukin-1
beta; LOX, lysyl oxidase; TNFa, tumor necrosis factor-
alpha. Color images are available online.
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shown) and FBNI1 (Figs. 2c and 3e and Supplementary
Fig. S4c, d). Despite this, our TEM experiment shows evi-
dence of elastic fiber assembly in aHASMC cultures treated
with 100nM SNP (Fig. 9), broadly consistent with the
ultrastructure shown by Robb et al,"” while sporadic and
thin elastin-associated structures were seen in the untreated
controls. Based on our above findings, we deduce that these
outcome are driven primarily by increases in tropoelastin
synthesis, and desmosine and LOX-mediated crosslinking
rather than by increases in assessed elastic fiber assembly
proteins, such as fibrillin and fibulins.

In addition to the improvement in the elastic matrix
assembly in aHASMCs with SNP treatment, various stud-
ies have reported that SNP increases compliance of the
aortic wall consequently decreasing the arterial stiffness
and providing mechanical stability to the aortic stretch and
recoil function.®®® As collagen is the major determinant of
matrix stiffness, the decreased expression of collagen genes,
no detection of collagen in our biochemical assays, upre-
gulation of elastin to collagen gene expression ratio, and
upregulation of elastic matrix deposition and crosslinking
suggest that SNP treatment does not probably contribute
to ECM stiffness, rather, it might improve the elastic func-
tion of the ECM. Since microcalcification of the arterial wall
is related to arterial stiffness,”® and SNP suppresses calci-
fication by decreasing calcium current in the cells,”' it is
expected that SNP likely reduces calcification of the vessel
wall.

However, to determine how SNP contributes to the long-
term stabilization of the mechanical properties of the ECM,
more extensive studies in in vitro (3D) cultures and in vivo
studies might be required. In a nutshell, the antiproteolytic
and proelastogenic effects of SNP as seen in our in vitro
study are summarized in Figure 10.

Conclusions

This study has demonstrated that SNP treatment is useful
to restore ECM homeostasis and modulate the phenotype of
human aneurysmal SMC in vitro cultures. SNP upregulated
elastic matrix assembly, crosslinking, and maturation and
concurrently inhibited MMPs through NO-mediated MAPK
inhibition. In addition to this, we have also demonstrated
the ability of SNP to promote contractile subpopulations of
SMC:s in culture conditions, which promote elastic matrix
synthesis. However, one potential drawback of exogenous
SNP delivery is that NO is immediately released in the aque-
ous microenvironment and being a short-lived molecule,
quickly oxidizes into less effective nitrite and nitrate in
aqueous conditions. Our future work will thus focus on the
controlled delivery of SNP encapsulated within nanocar-
riers, which will also offer opportunities for localized drug
delivery at efficacious doses within the AAA wall in vivo.
The proposed approach has the potential to delay the growth
of small AAAs to a rupture stage that mandates risky sur-
gery for mostly older AAA patients.
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