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In calcific aortic valve disease, the valve cusps undergo retraction, stiffening, and nodular calcification.
The inflammatory cytokine, tumor necrosis factor (TNF)-a, contributes to valve disease progression;
however, the mechanisms of its actions on cusp retraction and stiffening are unclear. We investigated
effects of TNF-a on murine aortic valvular interstitial cells (VICs) within three-dimensional, free-
floating, compliant, collagen hydrogels, simulating their natural substrate and biomechanics. TNF-a
increased retraction (percentage of diameter), stiffness, and formation of macroscopic, nodular
structures with calcification in the VIC-laden hydrogels. The effects of TNF-a were attenuated by
blebbistatin inhibition of myosin IIemediated cytoskeletal contraction. Inhibition of actin polymeri-
zation with cytochalasin-D, but not inhibition of Rho kinase with Y27632, blocked TNF-aeinduced
retraction in three-dimensional VIC hydrogels, suggesting that actin stress fibers mediate TNF-ae
induced effects. In the hydrogels, inhibitors of NF-kB blocked TNF-aeinduced retraction, whereas
simultaneous inhibition of c-Jun N-terminal kinase was required to block TNF-aeinduced stiffness. TNF-a
also significantly increased collagen deposition, as visualized by Masson’s trichrome staining, and up-
regulated mRNA expression of discoidin domain receptor tyrosine kinase 2, fibronectin, and a-smooth
muscle actin. In human aortic valves, calcified cusps were stiffer and had more collagen deposition than
noncalcified cusps. These findings suggest that inflammation, through stimulation of cytoskeletal con-
tractile activity, may be responsible for valvular cusp retraction, stiffening, and formation of calcified
nodules. (Am J Pathol 2016, 186: 2378e2389; http://dx.doi.org/10.1016/j.ajpath.2016.05.003)
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Calcific aortic valve disease (CAVD) is the most common
valve disease in developed countries, but the only effective
treatment currently available is invasive valve replacement.
Surgical and transcatheter replacement procedures remain
expensive and suboptimal, especially for younger patients.
Approximately half of patients with CAVD die within 2
years of symptom onset.1 Once the narrowing is severe,
5-year survival is only approximately 25%.2 Lindroos et al3

and Otto and colleagues4,5 have reported that even in the
absence of hemodynamically significant obstruction of left
ventricular outflow, valvular calcification, which is present
in approximately 25% of those aged 65 to 74 years, is
associated with higher risk of cardiovascular events.4 Thus,
as the population ages and CAVD incidence and prevalence
stigative Pathology. Published by Elsevier Inc
increase rapidly, it is critical to develop a better under-
standing of the mechanisms underlying the development of
CAVD. Ultimately, CAVD progresses to severe hemo-
dynamic compromise, with insufficient blood supply to the
. All rights reserved.
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TNF-a Affects Stiffness of Valve Model
body because the valve cusps are too stiff to open.6 Common
features of CAVD are stiffening (aortic sclerosis), retraction,
and formation of calcified nodules and calcified deposits
progressing to bone formation. In general, such changes in
tissues have been associated with inflammatory diseases.7

Inflammation is also associated epidemiologically with an
increased risk of CAVD.8e10 Higher levels of circulating
proinflammatory cytokines, such as tumor necrosis factor
(TNF)-a, are associated with a higher prevalence of athero-
sclerosis11 and a greater progression of aortic valve stenosis.12

Using a murine model of aortic valve disease, low-density
lipoprotein receptor null (Ldlr�/�) mice, Towler and col-
leagues13 found that TNF-a serum levels were increased and,
most importantly, that treatmentwith infliximab, a neutralizing
antibody to TNF-a, significantly attenuated aortic valve
calcification. In further support of their results, we found, using
the same model, that TNF-a protein expression was increased
locally in the aortic valve cusps.14 TNF-a also induces
cytoskeletal reorganization and stress fiber formation in
fibroblasts,15 providing evidence for a role of inflammation in
tissue stiffening. However, it is still not clear whether TNF-a
directly alters actin cytoskeleton and stress fiber formation in
valvular cells and/or whether it contributes directly to valvular
cell contraction and tissue stiffness.

Valvular interstitial cells (VICs) contribute to the me-
chanical characteristics vital for maintaining the unique
dynamic behavior of the valve cusps.16 Most VICs are
quiescent fibroblasts; however, <5% are described as
myofibroblasts and/or smooth muscle cells.6,16 It is not clear
whether these latter cells are merely activated fibroblasts,
given that fibroblast cultures, including dermal fibroblasts,
are known to have some expression of the smooth muscle/
myofibroblast markers, a-smooth muscle actin (a-SMA),
and myosin,17,18 and changes in the phenotype of these cells
are dynamic and reversible.19 Proliferation of VICs appears
to be regulated by transforming growth factor-b and the
Wnt3a/b-catenin pathway.20,21 Pioneering studies have
found that VICs undergo fibrosis, form nodular structures,
and produce calcified matrix22e24 and that varying the de-
gree of extracellular matrix stiffness causes VICs to differ-
entiate along a spectrum of lineages from osteogenic and
chondrogenic to contractile myofibroblastic lineages.24e26

However, it is not clear what initiates these changes in the
matrix of aortic valve cusps. We hypothesized that chronic
inflammation triggers tissue stiffening, leading to retraction
and formation of nodules. We tested the effects of TNF-a on
the mechanisms of tissue stiffening, an active process that
involves cytoskeletal contraction and reorganization as well
as a passive process that involves fibrous protein deposition.

Materials and Methods

Materials

Human TNF-a was purchased from R&D Systems
(Minneapolis, MN). Y27632 was from Cayman Chemicals
The American Journal of Pathology - ajp.amjpathol.org
(Ann Arbor, MI). Pyrrolidine dithiocarbamate (PDTC),
blebbistatin, cytochalasin D, and phalloidin were from
Sigma (St. Louis, MO). Caffeic acid phenethyl ester and
c-Jun N-terminal kinase (JNK) inhibitor SP600125 were
purchased from EMD Millipore (Billerica, MA). Masson’s
modified trichrome stain kit was from IMEB Inc. (San
Marcos, CA). Rat-tail type I collagen was from Corning
(Corning, NY). Anti-phospho-IkB antibody was from
Lifespan Biosciences (Seattle, WA); AlexaFluor 555 2�

antibody was from Life Technologies (Carlsbad, CA). Anti-
phospho-Smad1,5,8 antibody was from Cell Signaling
(Beverly, MA). Hydroxyproline kit was purchased from
BioVision (Milpitas, CA). Deidentified human aortic valve
tissues were obtained with an institutional review board
exemption from surgical specimens through the Trans-
lational Pathology Core Laboratory of the UCLA Depart-
ment of Pathology and Laboratory Medicine.

Secondary Harmonic Generation Microscopy

Human aortic valves were fixed in 4% paraformaldehyde and
embedded in OCT. Then 10-mm cryosections were stained
with HCS CellMask Green (Fisher, Waltham, MA) and DAPI
(Invitrogen, Carlsbad, CA). Secondary harmonic generation
microscopy was performed by multiphoton excitation at 860
nm to image collagen fibrils.27 The specimens were imaged at
63� numerical aperture 1.4 oil-immersion objective on a
Leica TCS SP2 acousto-optic beamsplitter multiphoton
confocal laser scanning microscope paired with a Spectra-
Physics Mai-Tai Ti:Sapphire laser. CellMask Green was
imaged using 496 nm, and DAPI was imaged using 780 nm
light, as described.28

VIC Culture

Aortic valve leaflets were carefully excised from C57BL/6
mice, and VICs were cultured on collagen/gelatin-coated
plates via an explant technique, as previously described.14

Briefly, all three aortic valve cusps were excised from
mouse hearts under a dissecting microscope. For each
harvest, the cusps from three to five mice were all placed in
a 60-mm tissue culture dish that had been coated with 50 mg/
mL of collagen and 0.1% gelatin solution. Cells were allowed
to grow until confluent, and the culture was split and prop-
agated in Dulbecco’s modified Eagle’s medium (DMEM;
Cellgro) supplemented with 15% fetal bovine serum (FBS),
penicillin, and streptomycin. For osteoblastic differentia-
tion, cells were cultured in a-minimum essential medium
(Cellgro) supplemented with 10% FBS, penicillin, strepto-
mycin, sodium pyruvate, 5 mmol/L b-glycerophosphate,
50 mg/mL of ascorbic acid, and the indicated agent(s).

Lentiviral Transduction

Lentiviral transduction of VICs with control shRNA or
Smad6 shRNA were previously described.14 Briefly, at
2379
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50% confluency, VICs plated in 60-mm dishes were
transduced with transduction-ready lentiviral particles
carrying control or Smad6 shRNA (Santa Cruz Biotech-
nology, Dallas, TX) at 2.5 � 105 infectious units of virus
per dish. After a 24-hour incubation, the viral particles
were removed, and the cells were cultured in DMEM
supplemented with 15% FBS. The VICs that expressed the
shRNAs was selected by puromycin (2 mg/mL; Santa Cruz
Biotechnology) resistance.

Three-Dimensional VIC Hydrogels

A three-dimensional collagen hydrogel (3-D VIC hydro-
gel) model, a free-floating and compliant substrate, modi-
fied from that developed by Bell and colleagues,29 was
used. Fresh collagen solutions were prepared for each
experiment, on ice, using 10% 10� DMEM, 80% type I rat
tail collagen, 5% 0.1 N NaOH/HEPES/bicarbonate solu-
tion, and 5% sterile water. Cells in 1� DMEM were added
at 3%; the solution was placed into silicone molds (Grace
Biolabs, Bend, OR) and polymerized for 35 minutes at
37�C. The free-floating 3-D VIC hydrogels were subse-
quently transferred into culture dishes that contained
treatment media. The final concentration of collagen per
gel was 2 mg/mL. For osteoblastic differentiation and
mineralization, cells were maintained in a-MEM supple-
mented with 10% FBS, 5 mmol/L b-glycerophosphate, and
50 mg/mL of ascorbic acid with the indicated agent. Media
was replaced with fresh media and agents every 3 to
4 days.

Mechanical Properties of Hydrogel and Tissue Samples

Hydrogel Retraction
The 3-D VIC hydrogels were seeded with VIC and cultured
with agents, and their diameters were measured, as
described by Bell et al,29 on the indicated days of culture.
Hydrogel retraction was measured as the percentage change
in gel diameter normalized to day 0 diameter in quintupli-
cate per treatment group.

Instron Analysis
For the 3-D VIC hydrogels, VICs were seeded and cultured
with agents, as indicated. For deidentified human aortic
valves, specimens were obtained on the day of surgery.
Linear compressive testing was performed on samples of
hydrogel and the fresh (unfixed) tissue at room temperature
using an Instron 5564 material testing device attached to a
2.5 N load cell (Instron, Norwood, MA). Each sample was
compressed at a constant strain rate of 1 mm/min to at least
40% strain. BlueHill 2 software version 2.2.348 (Instron,
Norwood, MA) was used for data acquisition. Compres-
sive testing was performed in quintuplicate per treatment
group. Data were analyzed with Matlab software version
R2015a 8.5.0.197613 (Mathworks, Natick, MA) to calcu-
late Young’s compressive modulus from the linear portion
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of the slope of each stress-strain relationship with Young’s
compressive modulus:

EðPaÞZs=ε ð1Þ

where stress s Z force/area, and strain ε Z DL/Lo (probe
displacement of the hydrogel/the original height of the
hydrogel).

Alkaline Phosphatase Activity Assay

VICs were seeded in 96-well plates and treated as indicated.
Alkaline phosphatase cytochemistry, normalized to cell
count, was quantified using ImageJ software version 1.49
(NIH, Bethesda, MD; http://imagej.nih.gov/ij).

Matrix Calcification

Hydrogels were cultured for the indicated days then washed
with 1� PBS, fixed in 4% paraformaldehyde for 30 minutes
at room temperature, washed with 0.05% Tween-20/PBS,
permeabilized with 0.1% Triton X-100 for 15 minutes,
then washed with 0.05% Tween-20/H2O. Hydrogels were
stained with Alizarin Red (Sigma) at 2 g/mL for 1 hour then
washed with 0.05% Tween-20/H2O. Nuclei were counter-
stained with DAPI. Hydrogels were then carefully mounted
on glass slides using Fluormount and imaged. The calcified
areas, normalized to total area of the gel or cell number, were
quantified using ImageJ software version 1.49 or Metamorph
Advanced version 7.7 (Molecular Devices, Sunnyvale, CA).

Immunofluorescence

Vimentin and a-SMA
Murine VICs were grown on 8-well chamber slides coated
with collagen/gelatin; washed, fixed, incubated overnight
with antivimentin, antievon Willebrand factor, or antiea-
SMA on confluence; and visualized using secondary anti-
body conjugated with Alexa Fluor 488.

IkB and Phospho-Smad1/5/8
The 3-D VIC hydrogels were treated as indicated for 8 days,
embedded in OCT, snap frozen in 2-methylbutane, and cut
into sections. The slides where then fixed with 4% para-
formaldehyde, stained with antibody to phosphophorylated-
IkB, and visualized using 2� antibody conjugated with Alexa
Fluor 555. Nuclei were counterstained with DAPI. Fluores-
cence intensity of the images was quantified for each image
and normalized per nuclei count by DAPI using image
analysis software (Metamorph Advanced version 7.7).

Western Blotting

VICs were plated in 6-well dishes and treated with TNF-a as
indicated. Whole cell lysates were then extracted. Western
analysis of whole cell lysates was probed with antie
phospho-IkB and antietotal IkB using standard protocols.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Histologic microscopy of collagen architecture and cusp
phenotype in calcific aortic valve disease. Ten-micrometer cryosectioned
human aortic valve cusps were stained for structural analysis by hematoxylin
and eosin (H&E) (A and B), for calcification by Alizarin Red (C and D), and for
collagen content by Masson’s trichrome (E and F). Scale bar Z 200 mm.

Figure 2 Second harmonic generation microscopy of collagen
architecture and cusp phenotype in calcific aortic valve disease. Ten-
micrometer cryosectioned human aortic valve cusps, fibrosa layer
(A and B), spongiosa layer (C and D), and ventricularis (E and F) were
imaged for collagen fibril architecture by multiphoton excitation at 860
nm (red), cell contour (CellMask green) at 496 nm, and nuclei (blue,
DAPI) at 780 nm. In the calcified valve cusps (B, D, and F), collagen
fibers have greater disorganization (thick arrows) and cellularity
(thin arrows) compared with the noncalcified valve cusps (A, C, and E).
Scale bar Z 200 mm.

TNF-a Affects Stiffness of Valve Model
Hydroxyproline Assay

VICs were plated in 6-well dishes and treated with TNF-a
for 14 days. Collagen content was assessed in whole cell
lysates per the manufacturer’s suggested protocol.

Fluorescent Labeling of Filamentous Actin

VICs were cultured on 8-well chamber slides and treated
with vehicle control or TNF-a for 7 days. Cells were
washed twice with PBS, fixed, permeabilized with 0.2%
Triton X-100, stained with 10 mg/mL of phalloidin-
tetramethylrhodamine and DAPI for 30 minutes, and visu-
alized by fluorescence microscopy.

RNA Isolation and Real-Time Quantitative RT-PCR

Total RNA was isolated using TRIzol reagent. Real-time
PCR was performed using gene specific primers (One-Step
RT-qPCR SuperMix Kit, BioChain Inc., Newark, CA) and
MX3005P (Stratagene, La Jolla, CA). Primer sequences
included Ddr2: forward: 50-ATCACAGCCTCAAGTCAG-
TGG-30, reverse: 50-TTCAGGTCATCGGGTTGCAC-30;
fibronectin: forward: 50-TTCAAGTGTGATCCCCAT-
GAA-30, reverse: 50-CAGGTCTACGGCAGTTGTCA-30;
Acta2: forward: 50-GTCCCAGACATCAGGGAGTAA-30,
reverse: 50-TCGGATACTTCAGCGTCAGGA-30; and
b-actin: forward: 50-GGCTGTATTCCCCTCCATCG-30,
reverse: 50-CCAGTTGGTAACAATGCCATGT-30. Values
were normalized to the internal control gene Actb.
The American Journal of Pathology - ajp.amjpathol.org
Statistical Analysis

Experiments were performed with �3 replicates with �3
samples in each experimental condition, and data were
expressed as means � SEM. Results were compared using a
two-tailed t-test. Comparisons across more than two groups
were analyzed by one-way analysis of variance, followed by
Tukey post-hoc analysis. P < 0.05 was considered statisti-
cally significant.

Results

Collagen Architecture and Cusp Phenotype in CAVD

Human aortic valve cusps, obtained from aortic valve
replacement surgery, were subjected to histologic analysis.
The fibrosa layer was markedly thicker in the calcified
cusps (Figure 1, A and B), and Alizarin Red staining
revealed calcification in the fibrosa layer of the cusps
(Figure 1, C and D). By Masson’s trichrome staining,
collagen fibers were more densely packed in all three
layers (fibrosa, spongiosa, ventricularis) in the calcified
cusps (Figure 1, E and F).
2381
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Figure 3 Role of tumor necrosis factor (TNF)-a in production of collagen and expression of cytoskeletal and matrix proteins in primary murine valvular
interstitial cells (VICs). A: Myofibroblast markers. VICs and aortic smooth muscle cells (SMCs) were cultured and immunostained with antibodies to vimentin
(green) and a-smooth muscle actin (a-SMA, red). Nuclei were counterstained with DAPI (blue). B: Collagen deposition. VICs were seeded in 96-well plates and
treated with control vehicle or 25 ng/mL of TNF-a for 14 days, and collagen deposition was visualized by Masson’s trichrome staining. C: VICs were seeded in 6-
well plates and treated with control or 25 ng/mL of TNF-a for 14 days, and collagen content was quantified by the hydroxyproline assay. D: Gene expression.
VICs were seeded in 6-well plates and treated with control vehicle or 25 ng/mL of TNF-a for the indicated periods. Total RNA was isolated, and real-time
quantitative RT-PCR was performed for the indicated genes. *P < 0.05 versus control vehicle on the respective day. Scale bar Z 100 mm (A and B).

Lim et al
To assess changes in the alignment of collagen fibrils in
each layer, second harmonic generation imaging was per-
formed on the calcified versus noncalcified cusps that were
immunostained with CellMask Green and DAPI. Compared
with the noncalcified tissue, the collagen fibrils in the fibrosa
layer of the calcified tissue were more disorganized, with the
loss of the regular spacing present in the noncalcified tissue
(Figure 2, A and B). In addition, there were clusters of
rounded cells near the aortic surface of the fibrosa layer in the
calcified tissue, which was not observed in the noncalcified
tissue (Figure 2, A and B). Similarly, in the spongiosa layer of
the calcified tissue, the collagen fibrils were more densely
packed and disorganized compared with the noncalcified
tissue (Figure 2, C and D). Interestingly, the collagen fibrils
in the ventricularis layer of the calcified tissue contained
organized but more densely packed fibrils compared with
those in the noncalcified tissue (Figure 2, E and F).

Effects of Inflammation on Cytoskeletal and
Extracellular Matrix Proteins

To test whether inflammation affects collagen production, we
performed in vitro cell culture studies using VICs isolated
from mouse aortic valve leaflets and cultured via an explant
technique. The murine VICs tested positive for myofibroblast
2382
markers, vimentin, and a low level of a-SMA, but negative
for an endothelial marker, von Willebrand factor14 (data not
shown), consistent with the findings in porcine VICs by the
Simmons laboratory (Figure 3A).25,30

VICs were treated with an inflammatory cytokine, TNF-a,
and assays for collagen production and mRNA expression of
proteins that interact with collagen were performed. Collagen
content was increased in TNF-aetreated cells based on
Masson’s trichrome staining (Figure 3B), similar to the dense
collagen production seen in calcified versus noncalcified
human aortic valve cusps (Figure 1, E and F). Hydroxyproline
assay confirmed that TNF-aetreated VICs had significantly
greater collagen content than the controls (Figure 3C). TNF-a
also up-regulated the mRNA expression of fibronectin,
a-SMA, and the collagen receptor, discoidin domain tyrosine
kinase receptor 2 (Figure 3D). The findings suggest that TNF-
a induces production of collagen, cytoskeletal actin, and
extracellular matrix proteins and proteins that mediate the
interaction of the cytoskeleton with extracellular matrix.

Effects of TNF-a on Retraction, Formation of Calcified
Nodules, and Stiffness

To simulate the environment experienced by valve cells in
the cusps, which have free edges, we used a 3-D VIC
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Effects of tumor necrosis factor
(TNF)-a on retraction, stiffness, and formation
of nodular structures. A: Retraction. Valvular
interstitial cells (VICs) were seeded in three-
dimensional collagen hydrogels (3-D VIC hydro-
gels) and treated with control vehicle or 25 ng/mL
of TNF-a (for the indicated periods). The diameters
of the hydrogels were normalized to the respective
diameter at day 0. B: Nodular structures. Left: The
3-D VIC hydrogels were treated with control
vehicle or 25 ng/mL of TNF-a (for 14 days), and
the gels were stained with Alizarin Red, mounted
on slides, and visualized by light microscopy.
Right: The human aortic valve tissues were fixed
and stained with Alizarin Red. C: Stiffness of the
3-D VIC hydrogels. Linear compressive testing was
performed on hydrogels containing no cells or cells
treated with control vehicle or 25 ng/mL of TNF-a
for 8 days, and Young’s compressive moduli were
determined. D: Stiffness of human aortic valve
tissue. The deidentified noncalcified or calcified
aortic valve tissues were obtained, and Instron
compressive testing was performed. n Z 8 non-
calcified, n Z 12 calcified (D). *P < 0.05 versus
control vehicle on the respective day (A);
*P < 0.05 versus control (C); yP < 0.05 versus no
cell (C); *P < 0.05 (D). Scale bars: 200 mm
(B, left) and 3 mm (B, right).

TNF-a Affects Stiffness of Valve Model
hydrogel model, a free-floating and compliant substrate,
modified from that originally developed by Bell and col-
leagues.29 We tested the effects of an inflammatory cyto-
kine, TNF-a, on retraction, nodule formation, and stiffening
of the 3-D VIC hydrogels. TNF-a significantly promoted
retraction of the 3-D VIC hydrogels. There was also
spontaneous retraction in untreated VIC-laden hydrogels
(Figure 4A) but no retraction in no-cell hydrogels (data not
shown). Alizarin Red staining revealed that prolonged
treatment of 3-D VIC hydrogels with TNF-a for 14 days
induced formation of calcified nodular structures
(Figure 4B). The calcium deposition in TNF-aeinduced
nodules, normalized to the total area of the gel, was
increased compared with the control group (21.9 � 1.3
versus 10.5 � 1.3, P < 0.01). Alizarin Redepositive nod-
ules were also observed on the fibrosa surface of the human
diseased valve cusp (Figure 4B). To test the stiffness of
hydrogels, linear compressive testing was performed. In this
test, a probe was advanced normally toward the gel at a
constant rate, and the force required to displace the material
was measured. Stress-strain curves were generated, and the
Young’s compressive modulus was derived. The 3-D
VIC hydrogels treated with TNF-a for 8 days had signifi-
cantly greater Young’s compressive moduli than control
The American Journal of Pathology - ajp.amjpathol.org
(untreated) or no-cell hydrogels (Figure 4C). Notably,
hydrogels that contained untreated VICs had greater
compressive moduli than no-cell hydrogels. In specimens of
calcified human aortic valve cusps, compressive moduli
were also significantly greater than in noncalcified human
valves (Figure 4D).

To test whether cytoskeletal contraction contributed to the
TNF-aeinduced retraction and stiffness, the VIC hydrogels
were cotreated with the myosin II inhibitor blebbistatin.
Results indicated that blebbistatin significantly blocked
TNF-aeinduced retraction and stiffness (Figure 5, A
and B), suggesting that the retraction and stiffness are
attributable to effects on cytoskeletal contraction. Blebbis-
tatin also inhibited calcific nodular structures induced by
TNF-a (Figure 5C). Notably, although the hydrogels in the
lower panel are at the same magnification as those in the
upper panel, they are larger than the field of view because of
inhibition of retraction by blebbistatin.

Effects of the Actin Cytoskeleton on TNF-aeInduced
Retraction and Stiffness

Because the actin cytoskeleton contributes to wound
contracture, including tissue stiffening through rapid,
2383
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Figure 5 Role of cytoskeletal contraction in tumor necrosis factor (TNF)-aeinduced retraction and stiffness. A: Retraction. Three-dimensional collagen
hydrogels (3-D VIC hydrogels) were treated with control vehicle, 25 ng/mL of TNF-a, and/or 10 mmol/L blebbistatin (Blebbi). The diameters of the hydrogels
were normalized to the respective diameters at day 0. B: Stiffness. Linear compressive testing was performed at day 8. C: Nodular structures. After 14 days of
treatment, nodule formation was visualized by light microscopy of the hydrogels stained with Alizarin Red. Note that the hydrogels in the lower panel are at
the same magnification as those in the upper panel; they are larger than the field of view because of inhibition of retraction by blebbistatin. Matrix calcium
deposition in the hydrogels, normalized to total area of the gel, was quantified using ImageJ software version 1.49. *P < 0.05 versus control vehicle;
yP < 0.05 versus TNF-a on the respective days. Scale bar Z 200 mm (C).

Lim et al
dynamic reorganization and contraction,31 we next tested
the effects of TNF-a on actin filament (F-actin) stress fiber
formation. By fluorescent phalloidin staining, TNF-a
treatment revealed enhanced accumulation of F-actin
bundles (Figure 6A). To inhibit actin polymerization, we
treated the hydrogels with cytochalasin D and found
significantly less retraction in response to TNF-a
(Figure 6B).

Because the Rho signaling pathway is involved in actin
stress fiber formation, we used Y27632, a specific inhibitor
of Rho-associated protein kinases, to test whether effects of
TNF-a depend on actin cytoskeletal assembly and Rho-
mediated stress fiber formation. Y27632 reduced retraction
and stiffness of control and TNF-aetreated hydrogels
(Figure 6, C and D). Interestingly, it reduced stiffness in
control hydrogels to the level of the no-cell hydrogel
(Figure 4C), whereas in TNF-aetreated hydrogels, Y27632
reduced stiffness only to the level of untreated control
hydrogels (Figure 6D). These findings suggest that TNF-a is
still capable of inducing stiffening even when Rho kinase is
inhibited.
2384
Intracellular Signaling Pathway(s) Mediating TNF-a
Effects on Retraction and Stiffness

To determine the effects of the NF-kB signaling pathway on
TNF-aeinduced retraction and stiffness of hydrogels, we
treated 3-D VIC hydrogels with TNF-a. Results revealed
activation of NF-kB, as evidenced by increased levels of
phospho-IkB immunopositivity (Figure 7A). Western anal-
ysis of VICs on two-dimensional cultures confirmed TNF-a
activation of NF-kB by increased phosphorylation of IkB
and decreased total IkB (Figure 7B). Treatment of the
hydrogels with PDTC, an inhibitor of NF-kB activation,
blunted TNF-aeinduced retraction and stiffness (Figure 7,
C and D), suggesting that TNF-a effects were dependent, at
least in part, on the NF-kB signaling pathway. PDTC
treatment also inhibited TNF-aeinduced alkaline phospha-
tase activity, suggesting that NF-kB is upstream of osteo-
blastic differentiation (Figure 7E). Because PDTC not only
inhibits NF-kB but also activates JNK, we further tested the
involvement of both signaling pathways using caffeic acid
phenethyl ester, which inhibits both NF-kB and JNK,32 or
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Role of actin cytoskeleton in tumor
necrosis factor (TNF)-aeinduced retraction and
stiffness. A: Actin filament stress formation.
Valvular interstitial cells (VICs) were cultured on
8-well chamber slides and treated with vehicle
control (left) or 25 ng/mL TNF-a for 7 days, and
phalloidin staining (red) was performed. Nuclei
were counterstained with DAPI (blue). For the
filament structure, a higher magnification of
TNF-aetreated cells is shown in the right panel.
B: Retraction in response to cytochalasin D inhi-
bition of actin filament polymerization. VICs were
seeded in three-dimensional hydrogels and treated
with control vehicle, 25 ng/mL of TNF-a, and/or
1 mmol/L cytochalasin D (CytoD). The diameters of
the hydrogels were normalized to the respective
diameters at day 0. C and D: Retraction and
stiffness in response to inhibition of Rho kinase.
VICs were seeded in three-dimensional hydrogels
and treated with control vehicle, 25 ng/mL TNF-a,
and/or 10 mmol/L Y27632. The diameters of the
hydrogels were normalized to the respective di-
ameters at day 0. Linear compressive testing was
performed at day 8. *P < 0.05 versus control
vehicle; yP < 0.05 versus TNF-a on the respective
day. White scale bar Z 200 mm (A). Yellow scale
bar Z 100 mm (A).

TNF-a Affects Stiffness of Valve Model
SP600125, which inhibits JNK. Both caffeic acid phenethyl
ester and SP600125 significantly inhibited TNF-aeinduced
retraction (Figure 8, A and C). Interestingly, both inhibitors
failed to attenuate TNF-aeinduced stiffness (Figure 8, B
and D). These findings suggest that TNF-aeinduced
retraction appears to require activation of the NF-kB
signaling pathway, whereas TNF-aeinduced stiffening
appears to require activation of NF-kB with simultaneous
inhibition of JNK signaling.

We and others have previously found that TNF-a promotes
matrix calcification through induction of bone morphogenetic
protein (BMP)-2.14,33,34 Therefore, to test whether the BMP-2
signaling pathway is also involved in TNF-aeinduced
retraction and stiffness, we used VICs deficient in one of the
pathway’s inhibitory molecules: Smad6. In our previous
report, we found that Smad6 levels were reduced by 50% in
Smad6 knockdown VICs.14 Collagen hydrogels were seeded
with lentiviral-transduced VICs (control shRNA or Smad6
shRNA), and retraction and stiffness were assessed. TNF-a
increased retraction and stiffness to a similar degree in both
control and Smad6 knockdown 3-D VIC hydrogels, suggest-
ing that the TNF-a effects are independent of the BMP-2
signaling pathway (Figure 9, A and B). Interestingly, TNF-
aeinduced matrix calcification was augmented in Smad6
The American Journal of Pathology - ajp.amjpathol.org
knockdown VIC hydrogels compared with those in control
hydrogels (Figure 9C), suggesting that BMP-2 signaling is
able to induce osteogenic programming independently of the
lack of effect on matrix remodeling. Nuclear localization of
phospho-Smad1/5/8 was also increased in the hydrogels with
TNF-aeinduced matrix stiffening (Figure 9D), suggesting
that TNF-aeinduced matrix stiffening alters Smad1/5/8
nuclear localization.
Discussion

Increased accumulation of inflammatory cells and changes
in extracellular matrix composition have been reported
previously in valve cusps.35 In the present study, using
histochemistry and laser second harmonic generation, we
found that the collagen content is increased in each layer of
the human diseased valve cusps and that the alignment
of collagen is disorganized, especially in the fibrosa layer of
the calcified cusp. Our findings are similar to those of the
previous report,36 which found, by second harmonic gen-
eration imaging, thickened and disordered collagen fibers in
the atheroma of swine artery walls compared with the
aligned fibers in the normal arteries.
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Figure 7 Role of NF-kB in tumor necrosis factor (TNF)-aeinduced retraction, stiffness, and osteogenic differentiation. A: Immunofluorescence of NF-kB
activation. Valvular interstitial cells (VICs) were seeded in three-dimensional hydrogels and treated with control vehicle or 25 ng/mL of TNF-a for 8 days,
embedded in OCT, and cryosectioned. Slides were immunostained with antibody specific to phosphorylated IkB (red), the images were acquired with Olympus
IX71, and the immunofluorescence was quantified using image analysis software (Metamorph Advanced version 7.7). Nuclei were counterstained with DAPI
(blue). B: Western analysis of NF-kB activation. VICs were seeded in 6-well culture dishes, treated with control vehicle or 25 ng/mL of TNF-a for the indicated
time points, and probed with antibody specific to phosphorylated or total IkB. C and D: Retraction and stiffness in response to an inhibitor of NF-kB. VICs were
seeded in three-dimensional hydrogels and treated with control vehicle, 25 ng/mL of TNF-a, and/or 10 mmol/L pyrrolidine dithiocarbamate (PDTC). The
diameters of the hydrogels were normalized to the respective diameters at day 0. Instron compressive testing was performed at day 8. E: VICs were seeded in
96-well plates and treated with control vehicle, 25 ng/mL of TNF-a, and/or 10 mmol/L PDTC. Alkaline phosphatase (ALP) cytochemistry, normalized to cell
count, was assessed after 7 days of treatment. *P < 0.05 versus control vehicle; yP < 0.05 versus TNF-a. Scale bar Z 100 mm (A).

Lim et al
We and others have previously reported that the proin-
flammatory cytokine TNF-a is a potent osteogenic factor
in valvular and vascular cells.13,14,34,37e44 In this study,
we assessed whether TNF-a also contributes to calcific
aortic valve stenosis. To model aortic valve cusp tissue,
we used mouse valvular cells cultured in free-floating 3-D
VIC hydrogels. TNF-a treatment induced retraction of the
gels, formation of calcific nodules, and expression of
collagen and other matrix and contractile proteins in the
valvular cells. Inhibition of NF-kB activation blocked
2386
the effects of TNF-a on these processes. These findings
suggest that inflammation contributes to much of the
clinicopathologic picture of human aortic valve disease,
including calcification, stiffening, and thickening of the
valvular cusps. To our knowledge, this is the first study
linking inflammation with the clinical features of aortic
stenosis: valvular retraction, stiffening, and formation of
calcified nodules.
Our experiments using inhibition of cytoskeletal contrac-

tion suggest that valve disease, at least initially, involves not
ajp.amjpathol.org - The American Journal of Pathology
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Figure 8 Role of NF-kB and c-Jun N-terminal
kinase in tumor necrosis factor (TNF)-aeinduced
retraction, stiffness, and osteogenic differentia-
tion. A and B: Retraction and stiffness in response
to caffeic acid phenethyl ester (CAPE). Valvular
interstitial cells (VICs) were seeded in three-
dimensional hydrogels and treated with control
vehicle, 25 ng/mL of TNF-a, and/or 5 mmol/L
CAPE. The diameters of the hydrogels were
normalized to the respective diameters at day 0.
Instron compressive testing was performed at day
8. C and D: Retraction and stiffness in response to
SP600125. VICs were seeded in three-dimensional
hydrogels and treated with control vehicle, 25
ng/mL of TNF-a, and/or 10 mmol/L SP600125. The
diameters of the hydrogels were normalized to the
respective diameters at day 0. Instron compressive
testing was performed at day 8. *P < 0.05 versus
control vehicle; yP < 0.05 versus TNF-a.

TNF-a Affects Stiffness of Valve Model
only deposition of matrix proteins but also active cellular
processes, such as cytoskeletal contraction. Interestingly, all
three parameters were completely blocked by the inhibitors of
actin polymerization and myosin II in both control and
TNF-aetreated hydrogels. However, inhibition of Rho
kinase had more complex results; one explanation may be
that inhibition of Rho kinase predominantly affected sponta-
neous retraction and stiffening. Overall, these findings suggest
The American Journal of Pathology - ajp.amjpathol.org
that cytoskeletal contraction may be integral to stenosis and
that TNF-a effects on hydrogel retraction and stiffness are
primarily dependent on F-actin assembly and disassembly and
actin-myosin interaction. One may even speculate that other
forms of stenosis, such as coronary stenosis and urethral
stricture, share features of wound contracture.

In previous work, we found that TNF-a up-regulated
expression of the potent osteogenic regulator BMP-2 and
Figure 9 Role of bone morphogenetic protein
(BMP)-2 signaling pathway in tumor necrosis
factor (TNF)-aeinduced retraction and stiffness. A
and B: Retraction and stiffness. Lentiviral-
transduced valvular interstitial cells (VICs)
(control shRNA or Smad6 shRNA) were seeded in
three-dimensional hydrogels and treated with
control vehicle or 25 ng/mL of TNF-a. The di-
ameters of the hydrogels were normalized to the
respective diameters at day 0. Linear compressive
testing was performed at day 8. C: Matrix calcifi-
cation. Lentiviral-transduced VICs (control shRNA or
Smad6 shRNA) were seeded in three-dimensional
hydrogels and treated with control vehicle or 25
ng/mL of TNF-a for 14 days, and matrix calcium was
visualized by Alizarin Red staining and quantified
using imaging analysis software (Metamorph
Advanced version 7.7). D: Phosphorylated Smad1/
5/8 immunofluorescence. VICs were seeded in
three-dimensional hydrogels and treated with con-
trol vehicle or 25 ng/mL of TNF-a for 8 days,
embedded in OCT, and cryosectioned. Slides were
immunostained with antibody specific to phospho-
Smad 1/5/8 (p-Smad 1/5/8) (red, arrow). Nuclei
were counterstained with DAPI (blue). *P < 0.05
versus control vehicle; yP < 0.05 versus Ct shRNA
TNF-a. Scale bar Z 100 mm (D).
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increased matrix calcification of VICs.14 We also found that
enhancing BMP-2 signaling by knocking down its inhibitor
Smad6 further enhanced TNF-aeinduced matrix calcifica-
tion.14 The present results, contrary to our expectations,
indicate that the effects of TNF-a on retraction and stiffness
were not altered in Smad6 knockdown VICs, suggesting that
the TNF-a effects on retraction and nodule formation appear
to be independent of BMP-2 signaling. Nonetheless, the
osteogenic programming enabled by TNF-aeinduced
matrix stiffening was accentuated by Smad6 deficiency,
suggesting that pro-osteogenic BMP-2 signaling functions
downstream of the permissive mechanical environment
enabled by TNF-a. Moreover, this stiffening resulted in
increased BMP-2 signaling, as evidenced by Smad1/5/8
nuclear localization. This finding may be explained by the
tensegrity model, inspired by Buckminster Fuller and
applied to cellular functions by Ingber.45 This model pre-
dicts that nuclear function is altered by cell shape, which is,
in turn, altered by matrix stiffness. This phenomenon affects
nuclear transport.46 The broader effect of matrix stiffness
was demonstrated famously by Engler et al,47 who found
that sequential increases in substrate stiffness generated a
spectrum of mesenchymal lineage differentiation by multi-
potent human mesenchymal cells, which was confirmed
specifically for osteogenic differentiation of valvular cells.25

Thus, inflammatory cytokines, such as TNF-a, may ulti-
mately promote osteogenesis at least partly through a ten-
segrity mechanism attributable to substrate stiffening.

Our working model links inflammation to CAVD through
a control circuit as follows: inflammation promotes both
passive stiffening, through increased deposition of extra-
cellular matrix proteins (eg, collagen), and active stiffening,
through cytoskeletal contraction (eg, myosin II, F-actin
assembly). Active and passive stiffening act synergistically
through tensegrity and a mechanism proposed by Hinz,48 in
which cell retraction against a stiff matrix transmits forces to
the molecular links that connect actin to collagen binding
proteins (eg, fibronectin and discoidin domain tyrosine ki-
nase receptor 2), which opens latency-associated peptides to
release matrix-bound transforming growth factor-b, and
possibly its family members such as BMP-2, altering dif-
ferentiation through receptor-activated signaling. Because
osteochondrogenic differentiation and calcification would
further increase matrix stiffness, a positive feedback loop
ensues. Moreover, matrix stiffness is also known to increase
responsiveness to TNF-a,7 thus leading to a second positive
feedback loop. One or more of these processes may be ideal
targets for developing treatment of calcific valvulopathy.
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