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Abstract

Aims—Valve interstitial cells are active and aggressive players in aortic valve calcification, but 

their dynamic mediation of mechanically-induced calcific remodeling is not well understood. The 

goal of this study was to elucidate the feedback loop between valve interstitial cell and 

calcification mechanics using a novel three-dimensional culture system that allows investigation of 

the active interplay between cells, disease, and the mechanical valve environment.

Methods & Results—We designed and characterized a novel bioreactor system for quantifying 

aortic valve interstitial cell contractility in 3-D hydrogels in control and osteogenic conditions over 

14 days. Interstitial cells demonstrated a marked ability to exert contractile force on their 

environment and to align collagen fibers with the direction of tension. Osteogenic environment 

disrupted interstitial cell contractility and led to disorganization of the collagen matrix, concurrent 

with increased αSMA, TGF-β, Runx2 and calcific nodule formation. Interestingly, RhoA was also 

increased in osteogenic condition, pointing to an aberrant hyperactivation of valve interstitial cells 

mechanical activity in disease. This was confirmed by inhibition of RhoA experiments. Inhibition 

of RhoA concurrent with osteogenic treatment reduced pro-osteogenic signaling and calcific 

nodule formation. Time-course correlation analysis indicated a significant correlation between 

interstitial cell remodeling of collagen fibers and calcification events.

Conclusions—Interstitial cell contractility mediates internal stress state and organization of the 

aortic valve extracellular matrix. Osteogenesis disrupts interstitial cell mechanical phenotype and 

drives disorganization, nodule formation, and pro-calcific signaling via a RhoA-dependent 

mechanism.
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Introduction

Aortic valve disease (AVD) is a leading cause of cardiovascular morbidity resulting in 

approximately 15,000 deaths per year in the USA. It is primarily a disease of the elderly, 

occurring in 2.8% of Americans over the age of 75 [1]. It is an active degenerative process 

driven by complex cell-cell and cell-matrix interactions [2]. Despite sharing risk factors with 

atherosclerosis [3], it is a pathobiologically unique disease that has no clinically proven 

biologically-based intervention strategies outside of cardiothoracic surgery [4].

As the aortic valve becomes diseased, its mechanics change in a number of ways. The 

leaflets stiffen as calcific nodules form [5], the extracellular matrix becomes disorganized 

[6] and altered in composition [7], and the strain experienced by valvular interstitial cells 

(VIC) increases [8]. These changes influence VIC phenotype and modulate VIC interactions 

with their environs [9, 10]. Strain state regulates VIC cytokine secretion [11,12], 

calcification [13], collagen synthesis [14], alignment [15], and proliferation [16]. 

Extracellular matrix composition influences VIC homeostasis [17], in part through 

modulation of leaflet [18] and cellular [19] stiffness. VIC become activated in response to 

changes in their mechanical [20] or biochemical [21] situation, initiating a complex 

feedback loop between cellular decisions and changes in the extracellular environment. The 

temporal dynamics of this loop, as well as the role of disease progression on signaling, are 

not well understood. Understanding the time and phase governance of the mechanical-

biological interplay in AVD is critical to the design of effective interventions that could 

capitalize on biological signaling cascades, rather than drug- or surgical-based strategies.

In this study, we have designed a novel system to culture VIC in 3D hydrogels with a 

controlled and sustained level of tension. The system allows measurement of dynamic tissue 

stresses developing within a 3D VIC and collagen environment, as well as imaging of 

changes to collagen and cell morphology via longitudinal confocal microscopy. This system 

allowed us to uniquely investigate the interplay between collagen fibers, cell morphology, 

activity, and signaling, and osteogenesis in order to shed light on the complex 

mechanopathology of aortic valve disease. We identified a distinct tri-phasic temporal 

mechanobiological response of VIC to osteogenic environment. We further show that the tri-

phasic remodeling and mechanobiological response is disrupted by RhoA inhibition.

Materials and Methods

Bioreactor System Fabrication

The systems were created using a custom mold, polydimethylsiloxane (PDMS) at a 15:1 

base to curing agent ratio, and steel springs. A collagen hydrogel seeded with porcine aortic 

valve interstitial cells (PAVIC) was pipetted into the system with the use of a PDMS plug to 

help the hydrogel stay in place. The plug was then removed in 30 minutes, after the hydrogel 
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had set (Fig. 1). PAVIC used in the system were harvested from fresh porcine aortic valves 

from a local abattoir, cultured up to a maximum of six passages, and seeded at 1 million 

cells per milliliter into a 1 mg/mL type I collagen hydrogel (rat-tail collagen, Corning, 

354236), as described previously [15]. Hydrogel in the spring system were cultured in either 

control medium or osteogenic medium. Control medium was made from Dulbecco’s 

Modified Eagle Medium (ThermoFisher Scientific Scientific, 12100061) with 10% fetal 

bovine serum (ThermoFisher Scientific Scientific, 10437028) and 1% penicillin-

streptomycin (ThermoFisher Scientific Scientific, 15140122). Osteogenic medium was made 

from control media supplemented with 10 mMol/L β-glycerophosphate (Sigma, G9422), 

sterile filtered 50 mg/mL ascorbic acid (Sigma, 1043003 USP), and 10 nMol/L dexa-

methasone (Sigma, D4902) for 14 days with media changed every 48 hours.

Effect of varying spring parameters

Two different springs (Table 1) were tested for their ability to recapitulate physiological 

tissue stress levels in the hydrogels over 14 days of culture. Both springs were made of 

SS316 stainless steel and obtained from Lee Spring Company.

Each spring was cut to nine centimeter length and inserted into the system. The load 

required to cause deflection of the end of the springs between zero and one millimeter was 

measured for each spring system by downward translation of the spring onto a high-

precision scale (Fig. 2A, B). This process was repeated using five different systems for each 

type of spring, with all five springs obtained from the same batch from Lee Spring 

Company, to estimate variation between springs. A cantilevered beam approximation was 

used to calculate the effective modulus (EI) of each type of spring according to equation 1.

(1)

Imaging Gels

To measure spring deflection, the systems were live-imaged in a sterile environment using 

an inverted dissection microscope with a Lumenera INFINITY 1-5 5.0 megapixel CMOS 

digital camera at 0.67× magnification. Deflection of the spring was measured with ImageJ 

and used to calculate contractile force according to the calculated effective modulus for each 

spring. The thickness of each gel was also measured at the thinnest point at the middle of 

each gel. Using the center of the gel ensured that results were not affected by boundary 

conditions caused by the interaction of the spring and the hydrogel, which were quantified 

using confocal microscopy of collagen and cell fiber orientation (as described below) and 

found to extend only 1 millimeter from the spring into the hydrogel. The gels were assumed 

to be perfectly cylindrical at the center, thus the area was calculated from equation 2.

(2)
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Force and gel thickness were used to calculate contractile stress (σ) in the gel at the thinnest 

point, using equation 3.

(3)

The internal stresses developed in each of the two types of spring systems were then 

compared over the course of the experiment (Fig. 2C). The two spring systems showed 

similar trends in stress in the hydrogels over time. However, the 0.008 inch wire diameter 

springs developed a significantly broader range of stresses over the 14 days (0-30 kPa versus 

0-20 kPa) that were more representative of the stresses found in a human aortic valve in vivo 
[28], thus we selected these springs for use in all following experiments.

VIC Phenotype

After 1, 5, or 14 days, VIC RNA was isolated harvested from gels with the Qiagen RNeasy 

kit (Qiagen, 74104) according to the manufacturer’s instructions. cDNA was synthesized 

using the iScript cDNA synthesis kit (Bio-Rad, 170-8891), according to the manufacturer’s 

instructions using 20 nanograms of RNA template. Quantitative real-time PCR was 

performed using SYBR Green FastMix (Quanta, 95072-05K) as previously described [22] 

using the primers in Table 2.

Immunofluorescence, collagen imaging, and cell viability/cytotoxicity

Antibody and cytoskeletal staining was performed as described previously [22] using αSMA 

goat anti-rabbit (1:100, Abcam, ab5694), Alexa Fluor 488 Phalloidin (1:500, ThermoFisher 

Scientific, A12379), and DRAQ5 (1:1000, Cell Signaling Technologies, 4084) to detect 

alpha-smooth muscle actin, f-actin, and nuclei, respectively. Goat anti-rabbit Alexa Fluor 

568 was used as a secondary antibody at 1:200 (ThermoFisher Scientific, AF-11011). Gels 

were imaged using a Zeiss 710 or 780 laser scanning confocal microscope. Collagen 

reflectance microscopy was used to simultaneously collect collagen fiber images.

Cell viability was assessed every 48 hours using the live/dead viability/cytotoxicity Kit for 

mammalian cells from ThermoFisher Scientific (L3224), according to the manufacturer’s 

instructions and as described previously [23]. Briefly, the assay was performed by rinsing 

the intact hydrogel system in phosphate buffered saline (PBS, Sigma, P5493), incubating it 

fully submerged the staining solution for 30 minutes at room temperature, rinsing again in 

PBS, then imaging immediately using a Zeiss 710 laser scanning confocal microscope at 

40× magnification. Immediately after imaging, fresh media was applied to the gels and the 

system was placed back at 37oC. No system was out of incubation for more than ten minutes 

at any given time. The live/dead images were analyzed using ImageJ (NIH) to calculate the 

average number of live cells within three different viewing areas of the gel. This procedure 

was repeated on a single system seven different times, at days 1, 3, 5, 7, 9, 11 and 14. The 

full time-course of live/dead assays was repeated across four different systems.
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Inhibition of RhoA was achieved using X-treme Gene 9 transfection reagent (Sigma, XTG9-

RO ROCHE) according to the manufacturer’s instructions, using 1 μg/100 μL of dominant 

negative RhoA plasmid (gift from: Dr. Sanjay Kumar, Department of Bioengineering, 

University of California, Berkeley). The cells were used 24 hours after initial transfection.

Cell and collagen fiber alignment analysis

Interstitial cell f-actin fiber and collagen fibril alignment angle distributions were analyzed 

as previously described [15, 24]. Briefly, z-stack images of gels were collected via confocal 

and collagen reflectance microscopy, at a resolution of 2 μm per slice, for at least 200 μm of 

the total depth of the gel and up to 400 μm. Maximum intensity projections of 20 μm stacks 

for cells and fibers at the central region of each gel were compiled using ImageJ. The 

average of three representative 20 μm stacks was used to calculate alignment for each gel. 

Regions of distinct nodule formation in osteogenic condition were avoided, unless otherwise 

noted in text. F-actin and collagen fiber alignment was quantified using a MATLAB 

algorithm adapted from [24] and [15]. The algorithm uses a fast fourier transform to 

quantify the orientation of lines in an image. Briefly, the algorithm sums the FFT intensity 

along lines at increments of 5° from 0 to 180°, with 0° and 180° being fully aligned with the 

direction of tension in the hydrogel. The intensity that falls along lines at 0° and 180° is 

summed and divided by the total measured intensity to give a fiber alignment ratio. 

Therefore, a fiber alignment ratio of 1 indicates that 100% of the fibers in the image fall 

along lines of 0° or 180°. A fiber alignment of 0.4 indicates that 40% of the fibers in the 

image fall along lines of 0° or 180°. Given the complexity of the collagen structures and the 

use of z-stack projections to capture more of the hydrogel thickness, a fiber alignment ratio 

of 0.4 can be considered highly aligned with the direction of tension.

Statistics

Data is expressed as mean +/− standard error of the mean (SEM). All comparisons between 

two groups were made using two-tailed, unpaired t-tests assuming unequal variance. 

Comparisons between multiple groups were made using ANOVA with Tukey post hoc 

paired tests. Differences between means were considered significant when p < 0.05. 

Correlation analysis was done by finding Pearson’s linear correlation coefficient between 

each set of variables. The significance of correlation was tested using a two-way Student’s t-

test. A correlation was considered statistically significant when p < 0.05.

Results

Design of system to culture VIC in 3D while measuring contractile force

The VIC seeded in the hydrogels within the system were well spread and quiescent (no 

αSMA) (Fig. 3A). Live/dead analysis indicated good viability over 14 days, with only a 

slight decrease to 94% live cells at day 7 in osteogenic gels and to 89% and 88% live cells at 

day 14 in control and osteogenic conditions, respectively (Fig. 3B). Cell density was 

consistent over 14 days, with a slight increase in control condition at day 7 and 14 due to 

compaction of the hydrogel (Fig. 3C).
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Pro-osteogenic stimulation dysregulates the native ability of VIC to organize and maintain 
their mechanical environment

VIC in control condition were classified as normal VIC and VIC in osteogenic condition 

were classified as osteoblast-like VIC, due to their ability to deposit calcium and form 

nodules. We observed normal VIC and osteoblast-like VIC hydrogels in the bioreactor over 

14 days and identified three phenotypic phases: acute (day 1), transitional (days 3-5), and 

advanced pathological (days 7-14). These phases are marked by changes in VIC RNA, 

protein, and mechanobiological activity, characterized by VIC influence on the collagen 

fibers of the hydrogel.

In the acute phase, stress, fiber alignment, and fiber density are higher in the osteoblast-like 

VIC gels than in controls. In the transition phase (days 3-5), stress, fiber alignment, and fiber 

density are equal in osteoblast-like VIC and controls. Osteoblast-like VIC and control gels 

are also thinning at approximately the same rate during the transition phase. In the advanced 

pathological phase, osteoblast-like VIC gels are significantly thicker and have significantly 

lower stress, density, and fiber alignment (Fig. 4).

Therefore, we found that VIC in our system show three distinct phases of mechanobiological 

response to pro-osteogenic stimulation. In the acute phase, osteoblast-like VIC are more 

active than normal VIC, the hydrogel is under more internal stress, and the fibers are more 

aligned and dense. In the transition phase, osteoblast-like VIC and normal VIC activity 

appears equal, as the hydrogels show equal internal stress, fiber alignment, and density. In 

the advanced pathological phase, osteoblast-like VIC show a signature mechanobiological 

response, in which the gels are thicker, lower stress, less aligned, and have less dense 

collagen than normal VIC.

Dysregulation of VIC morphology and myofibroblastic signaling correlates with phases of 
mechano-osteogenic response

We assessed cell morphology, f-actin fiber dynamics, and αSMA expression at each phase 

of VIC response. We found that normal VIC have consistent alignment of cell cytoskeleton 

with direction of tension and only slight increase in αSMA over 14 days. In contrast, 

osteoblast-like VIC have f-actin fibers aligned with the direction of tension at day 1, but 

increasing disorganization and expression of αSMA at day 5 and even more so at day 14 

(Fig. 5A). Quantification of f-actin fiber directionality showed decreasing alignment of 

osteoblast-like VIC cytoskeleton over time relative to normal VIC (Fig. 5B). We then 

analyzed mRNA levels of mechanotransductive protein RhoA and myofibroblastic marker 

αSMA (ACTA2 gene) at each phase of response. Osteoblast-like VIC had higher levels of 

RhoA mRNA than normal VIC at day 1, indicating an aggressive initial 

mechanotransductive response. RhoA mRNA decreased over time in both osteoblast-like 

VIC and normal VIC. αSMA increased similarly over the first two phases (day 1 and 5) in 

both normal VIC and osteoblast-like VIC. However, at the third phase (day 14), osteoblast-

like VIC had significantly higher expression of αSMA (Fig. 5C).
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Pro-osteogenic environment disrupts ability of VIC to organize collagen matrix

Collagen fiber imaging revealed significant changes in the collagen hydrogel environment at 

each phase of VIC response to osteogenic. In the acute phase (day 1), osteoblast-like VIC 

drove increased alignment of collagen fibers in the direction of gel tension compared to 

normal VIC. In the transition phase (day 5), fiber alignment is similar in both normal VIC 

and osteoblast-like VIC gels. However, as VIC reached the advanced pathological phase 

(day 14), normal VIC gels had fiber alignment similar to day 5, but osteoblast-like VIC gel 

fibers are highly disorganized (Fig. 6A).

Analysis of collagen isoform mRNA showed a corresponding switch from the acute to the 

transition phase, with exaggerated response at the advanced phase. Specifically, Collagen I 

was lower in osteoblast-like VIC at day 1, but increased over time and was higher than nVIC 

at all later stages. Normal VIC synthesized increasing amounts of collagen II over time, 

whereas osteoblast-like VIC plateaued in their level of collagen II mRNA synthesis across 

days 1-14. Collagen III was similar in normal VIC and osteoblast-like VIC at day 1, but was 

significantly higher in osteoblast-like VIC from day 5 onwards (Fig. 6B).

We then examined MMP-9 mRNA for an indication of matrix remodeling activity and Sox-9 

as a marker of chondrogenic differentiation. In the acute phase, MMP-9 was lower in 

osteoblast-like VIC, but in the transition phase osteoblast-like VIC had significantly higher 

MMP-9 than nVIC. Both normal VIC and osteoblast-like VIC had almost undetectable 

MMP-9 mRNA at the advanced phase. Sox9, a transcriptional driver of chondrogenic 

differentiation that is regulated by RhoA and repressed in calcifying valves, was repressed in 

osteoblast-like VIC at the transition and advanced phases compared to normal VIC. Normal 

VIC showed increased Sox9 mRNA at the advanced phase compared to earlier phases (Fig. 

6C).

Early increase in TGF-β1 drives progressive pro-calcific phenotype of osteogenic VIC gels

Low-magnification bright field images revealed increasing nodule formation in osteoblast-

like VIC gels over time (Fig. 7A, arrows). Confocal microscopy of nodules at the transition 

(day 5) and advanced (day 14) phases showed that nodules consisted of cell aggregates 

positive for αSMA (Fig 7B), cell aggregation, and significant disruption of collagen 

architecture near nodules. Quantification of nodules over time indicated significantly higher 

nodule formation in osteoblast-like VIC gels versus normal VIC at transition and advanced 

phases (Fig. 7C). Pro-calcific cytokine TGF-β1 was increased in osteoblast-like VIC 

compared to normal VIC at the initial phase, but not at transition or advanced phases (Fig. 

7D). Pro-osteogenic transcription factor Runx2 was higher in osteoblast-like VIC at all time 

points. ALP mRNA was the most drastically increased pro-osteogenic signaling factor we 

observed in osteoblast-like VIC, reaching over 1000-fold versus normal VIC the by the 

transition phase time point and maintaining highly upregulated levels through the advanced 

phase.

Inhibition of RhoA suppresses osteogenic and promotes chondrogenic VIC phenotype

In order to investigate the role of RhoA in VIC osteogenic response over time, we 

transfected VIC with a dominant-negative form of RhoA prior to seeding in the hydrogels 
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within the spring system. We found that DN-RhoA significantly decreased the number of 

nodules formed by VIC in the osteogenic environment, compared to VIC transfected with a 

control vector (Fig. 8A, B). This was not due to an increase in apoptosis. Over 90% of cells 

were viable at day 14 in both control and osteogenic conditions, in both empty vector and 

+DN-RhoA VIC (Fig. 8 C, D). In the advanced phase, DN-RhoA decreased fiber alignment 

and density in both control and osteogenic conditions compared to empty vector controls 

(Fig. 8E, F). DN-RhoA also led to increased gel thickness in both control and osteogenic 

conditions (Fig. 8G).

We then examined cellular mRNA signaling profiles in VIC+DN-RhoA at the advanced 

pathological phase (Fig. 8H). ACTA2 levels were the same, but MMP-9 increases were 

blocked by DN-RhoA transfection. Sox9 transcription was highly increased in the 

osteogenic condition. Collagen I and III mRNA were significantly decreased and collagen II 

was increased in DN-RhoA compared to controls. Pro-calcific signaling genes ALP, TGF-

β1, and Runx2 were uniformly downregulated in VIC+DN-RhoA, in both control and 

osteogenic environments.

Collagen fiber dynamics correlate with VIC mechanobiological activity

We then analyzed the mechanical and pathological changes in VIC systems over time to 

assess correlations between different variables. In normal VIC gels, collagen fiber density 

increased as fiber alignment increased (p=0.03). This correlation was lost in osteoblast-like 

VIC gels (p=0.14) (Fig. 9A). In nVIC gels, gel thickness decreased as fiber alignment 

increased (p=0.05). Loss of organized collagen structure and nodule formation degraded this 

correlation in osteoblast-like VIC gels (p=0.14) (Fig. 9B).

In normal VIC gels, gel thickness decreased as fiber density increased (p=1.6E-5). In 

osteoblast-like VIC gels, gels did not undergo thinning as density increased because of the 

increasing disorganization of collagen fibers over time (p=0.16) (Fig. 9C). In normal VIC 

gels, internal stress increased as fiber density increased (p=0.01). In osteoblast-like VIC 

gels, relationship between stress and density was not as strong due to loss of collagen 

organization and nodule formation (p=0.22) (Fig. 9D).

In osteoblast-like VIC gels, there was increased nodule formation as collagen fiber 

alignment decreased and thickness of the gels decreased (p=0.01, p=0.02 respectively). 

Normal VIC gels did not show any trends with respect to nodule formation, as there were no 

observable nodules (Fig. 9E, F).

Discussion

Importance of our novel system design

Our system is inexpensive, easily manufactured, and amenable to a variety of sterilization 

techniques including autoclaving. As shown here, the system can be live-imaged without 

disassembly allowing for dynamic longitudinal studies, which is an advantage over methods 

that require fixation and sectioning of the hydrogel prior to imaging [25]. Multiple types of 

springs can be used in the system to achieve a range of resulting internal stresses. Our 

system is designed to measure tissue-level stress, which adds to current knowledge of cell-
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level mechanobiology [27]. In this study, the system is used specifically to replicate the 

healthy valve environment with a physiological cell number and density using collagen as 

our primary extracellular matrix component. This is useful for understanding native aortic 

valve biomechanics and how they progress from health to disease, in contrast to studies that 

focus on the damaged or diseased valve environment by using fibrin-based hydrogels 

[28].Finally, the ability to tune the hydrogel matrix and its cellular components complements 

existing studies that use ex vivo valve tissue [29], allowing for a controlled investigation of 

the contribution of different physiological elements.

Identification of acute, transition, and advanced phases of VIC mechano-pathological 
response

Previous studies examining the dynamics of VIC mechanics in valve pathology have been 

conducted over very short time periods (less than 72 hours) [7,14,16,17,29]. However, 

degeneration of the aortic valve occurs over much longer time scales in vivo, and in vitro 
calcification has been shown in some studies to take at least 14 days to develop [31]. Studies 

that have examined longer time periods, 21 days [26] and 14 days [32], have only focused on 

the end time point. This study presents 14-day data and also reveals important intermediate 

phases (day 1 and day 5) that have not been shown previously (Fig. 10). We found that at 

day one, osteoblast-like VIC exert more stress, have higher fiber alignment, and higher fiber 

density. We characterize this as the acute phase of VIC mechanoreactive response to the 

osteogenic, pathological environment. Interestingly, by day five, we observed that normal 

VIC and osteoblast-like VIC exert similar stress and have similar fiber alignment and 

density. We characterize this as the transition phase in which osteoblast-like VIC have begun 

aggregate into nodule-like formations, have increased osteogenic signaling, and significant 

disruption of cell alignment, but have not yet significantly remodeled their collagen 

environment. Finally, at day 14, we saw advanced cell aggregate formation and pro-calcific 

signaling and significant changes in collagen fiber alignment and density. We characterize 

this as the advanced pathological phase of VIC mechanopathological response.

TGF-β1 is an important mediator of VIC mechanopathology in the acute phase

TGF-β1 increase is likely connected to the increase in RhoA in the acute phase (day 1), 

increasing cell tension and prompting the early contractile response of VIC to osteogenic 

media, as has been shown in fibroblasts [33]. Early TGF-β1 activity also underpins the 

observed pro-fibrotic response of VIC [34], increased collagen synthesis [35], and the 

beginnings of the calcification response [36] (Fig. 11).

Many VIC calcification studies supplement osteogenic media with TGF-β1 [31], despite 

TGF-β1 being an important autocrine and paracrine signal that develops throughout valve 

calcification [37]. In this study, TGF-β1 is not added to the osteogenic media, allowing VIC 

to produce their own TGF-β1 at the acute phase. Our longitudinal results indicate that TGF-

β1 is an important early responder to osteogenic conditions. This agrees with studies in 

osteoprecursor cells that indicate that endogenous TGF-β1 production is increased by both 

ascorbic acid and β-glycerophosphate [38], components of our osteogenic media. TGF-β1 

also induces rapid ALP expression in osteoblastic differentiation [39] and targets Runx2 

transcriptional activity [40].
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Changes in collagen organization dominate the transition phase

A recent study showed that collagen disruption or deficiency is sufficient to induce 

calcification in aortic valve leaflets [18]. Our results showed increased organization and 

elevated density of collagen osteogenic media condition in the acute phase, but this trend 

had leveled out by the transition phase (day 5) and was reversed by the advanced phase (day 

14). This suggests that VIC induce an early, pro-fibrotic increase in collagen in response to 

osteogenic stimuli that changes to a pro-calcific decrease in collagen synthesis [41] through 

the transition (day 5) and advanced pathological (day 14) phases. Our mRNA results 

indicate that this phenomenon is dominated by changes in collagen II synthesis, which is 

lower than control at both day 5 and day 14, as opposed to collagen I or III.

Tension promotes early and aggressive calcification, dependent on RhoA activity

Both Runx2 and ALP are upregulated in the acute phase of osteogenic media stimulation 

(day 1). Dominant response then switches to ALP in the transition phase (day 5). By the 

advanced phase (day 14), both factors are again in effect. This early and sustained pro-

osteogenic cell signaling demonstrates the importance of a physiologically-relevant 

tensioned environment in stimulating VIC response to pro-calcific stimuli. Osteogenic media 

also inhibited the increases in internal stress over time seen in normal VIC, indicating a 

change in the ability of osteoblast-like VIC to regulate valve leaflet stiffness [30] and 

respond to vasoactive agents [32].

The aggressive early mechanopathological calcification response is likely mediated by TGF-

β1 via RhoA signaling, as suppression of RhoA activation via transfection with DN-RhoA 

decreased both fiber alignment and density, suppressing collagen I and III synthesis and 

increasing expression of collagen II. DN-RhoA also decreased expression of ALP and 

Runx2 and increased expression of Sox9, suggesting a switch from pro-calcific to pro-

chondrogenic phenotype [42]. Inhibition of RhoA may also block the trafficking of 

molecules involved in VIC mineralization. For example, a recent study showed that 

mechanical strain promoted calcification by stimulating localization of ENPP1 to the cell 

membrane via RhoA/ROCK signaling [43]. Our results provide strong evidence that RhoA 

is a major regulator of the phenotype and mechanical activity of VIC under osteogenic 

stimuli.

Interestingly, our system showed that osteoblast-like VIC actively remodel their environment 

and compact the gel as a whole, but to a lesser overall extent than normal VIC. Although 

normal VIC gels are thinner than osteoblast-like VIC gels from day 11-14, osteoblast-like 

VIC nodule formation correlates with progressive thinning of the osteoblast-like VIC gels. 

This is likely due to the overall increased mechanical activity of osteoblast-like VIC over 

time, despite the disorganization of their mechanical response. Decreased collagen II 

synthesis and decreased fiber density also contribute to the thickness of osteoblast-like VIC 

gels in the advanced pathological phase. This indicates that these osteoblast-like VIC and 

normal VIC phenotypes, seen in vivo in calcified human aortic valves, can be explained as 

the same original cell type (VIC) that have taken on a different phenotypic state due to their 

mechanobiological feedback with their environment.
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VIC actively regulate their mechanical environment to maintain tissue homeostasis –this 
role is disrupted by pathological osteogenic differentiation

Our results provide evidence for an active role of VIC in maintaining the collagen 

environment of a healthy valve via increasing collagen fiber alignment and density over 

time, continuing synthesis and regulation of collagen isoforms, and generation of contractile 

force. These activities are disrupted as VIC undergo pathological response to osteogenic 

stimulation. Osteogenic environment disrupted cell and collagen fiber alignment, inhibiting 

the ability of VIC to compact and organize their extracellular matrix environment as they 

would in healthy tissue.

Conclusions

This study affirms the importance of VIC regulation of the extracellular matrix (ECM) in 

both homeostasis and disease. The VIC-ECM feedback loop is actively involved in 

maintenance of the valve matrix, as well as the pathogenesis of CAVD through the 

modulation of biochemical and biomechanical signals [44]. ECM disruption also creates a 

negative feedback loop between cell and matrix mechanics, changes surface receptor 

binding, disrupts paracrine signaling, and changes transduction of force through the 

extracellular environment [17]. Analysis of collagen isoforms and MMP-9 mRNA indicated 

VIC ECM changes are mediated by both synthesis of new collagen and by reorganization of 

the existing matrix. In particular, in the acute phase, osteoblast-like VIC showed increased 

collagen II mRNA and decreased MMP-9, indicating that the initial ECM response is 

mediated primarily by new collagen synthesis and not by matrix reorganization. In the 

transition phase, collagen II was decreased and MMP-9 was increased, pointing to a shift 

from synthesis to reorganization of collagen fibers. This is an important feature of dynamic 

VIC-matrix interaction that agrees with previous observations of valve thickening and 

fibrosis [45] followed by matrix disorganization [46,47].
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Fig. 1. Design and manufacturing of system
A. Custom molds machined from polycarbonate. B. Inserts and springs were inserted into 

device base to form complete system (left). Temporary plug prevented downward flow of 

collagen hydrogel (pink) as VIC gels were applied to upper region of device (center). The 

plug was removed once the gel polymerized. Over 14 days, hydrogel+VIC contracted, 

deflecting cantilevered spring (right) by a measurable amount. Scale bar is 1 cm.
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Fig. 2. Calibration of system to measure VIC contractility
A. Set-up for empirical calibration of spring in manufactured system. B. Deflection versus 

load curve for springs of two different wire thicknesses (0.01 and 0.008 inch). Inset photo 

shows systems with different thickness springs and corresponding symbol. C. Internal 

stresses developed in the hydrogels over 14 days of culture using springs with different wire 

thicknesses. Error bars are SEM. N=5 different systems tested for each type of spring.
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Fig. 3. Characterization of system to measure VIC contractility
A. Completed system at day 0, with hydrogel+VIC (left). F-actin (green), αSMA (red), and 

nuclei (blue) of hydrogel+VIC after 24 hours of culture in control media (right). B. Cell 

viability in control and osteogenic conditions over 14 days of culture in the system. C. Cell 

density in control and osteogenic conditions over 14 days of culture in the system. N ≥ 3. * 

indicates p < 0.05 versus day 1 control. Error bars indicate SEM.
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Fig. 4. Pro-osteogenic environment disrupts native mechanical activity of VIC
A. Thickness of the hydrogels. Thickness was measured every 48 hours over 14 days in 

control and osteogenic conditions. B. Internal stress in hydrogels. Stress was calculated from 

force exerted by VIC on the spring divided by the cross-sectional area of the gel at the 

thinnest point. C. Alignment of collagen fibers in the hydrogels. Alignment ratio of 1 

indicates perfect alignment with direction of tension in hydrogel, alignment of 0 indicates 

fibers perpendicular to direction of tension. D. Density of collagen fibers in the hydrogels 

calculated from areal integrated density (IntDen/μm2), the sum of the values of the pixels in 

the image divided by the area of the image. N = 4 for all experiments, * indicates p < 0.05 

between groups indicated by bars, error bars indicate SEM.
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Fig. 5. Pro-osteogenic environment increases VIC myofibroblastic signaling
A. F-actin (green) and αSMA (red) in control or osteogenic condition at day 1, 5, and 14. 

Scale bar is 50μm. B. Alignment of VIC in control or osteogenic condition at day 1, 5, and 

14, where a value of 1 indicates cells are perfectly aligned with the direction of tension. C. 

RhoA and ACTA2 mRNA in control or osteogenic condition at day 1, 5, and 14. N ≥ 3 for 

all experiments. Bars with different letters are statistically different (p< 0.05), error bars 

indicate SEM.
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Fig. 6. Pro-osteogenic environment disrupts VIC organization of collagen matrix
A. Representative images of collagen fibers in control and osteogenic hydrogels at day 1, 5, 

and 14. B. Collagen isoform mRNA control and osteogenic hydrogels at day 1, 5, and 14. C. 

MMP-9 and Sox9 mRNA in control and osteogenic hydrogels at day 1, 5, and 14. N ≥ 3 for 

all experiments. Bars with different letters are statistically different (p< 0.05), error bars 

indicate SEM.
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Fig. 7. Nodules and osteogenic signaling in mechanically active VIC hydrogels
A. Bright-field images of osteogenic hydrogels at day 1, 5, and 14. Arrows indicate nodules. 

B. Immunofluorescence of osteogenic hydrogels at day 1, 5, and 14. Green = f-actin, red = 

αSMA, white = collagen. C. Number of nodules formed in control and osteogenic hydrogels 

at day 1, 5, and 14. D. TGF-β1, Runx2, and ALP mRNA in control and osteogenic 

hydrogels at day 1, 5, and 14. N =4 for all experiments. Bars with different letters are 

statistically different (p< 0.05), error bars indicate SEM.
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Fig. 8. Osteogenic and chondrogenic effects of RhoA inhibition
A. Brightfield images of VIC+DN-RhoA, control and osteogenic condition at day 14, 

showing reduction in nodule formation (arrows). Scale bar is 1mm. B. Number of nodules 

per gel at day 14. N = 4. C. Proportion of apoptotic cell nuclei in day 14 VIC+empty vector 

and +DN-RhoA, control or osteogenic treatments. D. Representative images of day 14 VIC

+DN-RhoA gels control or osteogenic treatment. Scale bar is 500μm. E. Quantification of 

fiber alignment at day 14. A value of 1 indicates cells are perfectly aligned with the direction 

of tension. F. Quantification of fiber density. G. Quantification of gel thickness. H. Analysis 
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of mRNA for matrix remodeling, collagen isoforms, and pro-osteogenic genes in VIC+DN-

RhoA, control or osteogenic condition at day 14. N ≥ 3 for all experiments. Bars with 

different letters are statistically different (p< 0.05), error bars indicate SEM.
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Fig. 9. Collagen fiber dynamics correlate with VIC mechanical activation
Analysis of Pearson’s linear correlation coefficient between different sets of mechanical, 

biological, and pathological outputs in the VIC+hydrogel spring systems. All data sets 

include days 1 through 14. Only comparisons with at least one statistically significant 

correlation (p < 0.05) are shown, all other comparisons were not significant. OGM = 

osteogenic treatment.
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Fig. 10. Tri-phasic dynamics of collagen, cells, and calcification in VIC in tensioned hydrogels
Conceptual representation of the three phases of VIC time-dependent response to culture in 

the mechanically tensioned system under control or osteogenic conditions. Collagen 

response only differentiates in last phase (day 14), where cell and pro-calcific response 

begins at day 5.
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Fig. 11. Interactions between cells, collagen, signaling molecules, and tension
Conceptual representation of the different components of the system. In contrast to a non-

tensioned culture environment, tension induces collagen synthesis and alignment. 

Osteogenic condition elicits complex time-dependent pathological response that results in 

reorganization of the extracellular matrix.
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Table 1
Spring Parameters

Spring Parameter Spring 1 Spring 2

Wire diameter 0.008 in 0.01 in

Outside diameter 0.088 in 0.088 in

Hole diameter 0.094 in 0.094 in

Load at solid
length

0.333 lb 0.666 lb

Rate 0.70 lb/in 1.10 lb/in

Part ID CI 008B 09 CI 010B 13
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Table 2
Quantitative rt-PCR primers

Gene Forward Reverse

18S AATGGGGTTCAACGGGTTAC TAGAGGGACAAGTGGCGTTC

RhoA AACAGGATTGGTGCTTTTGG CAGCAGGGTTTCACAAGACA

ACTA2 CAGCCAGGATGTGTGAAGAA TCACCCCCTGATGTCTAGGA

COL1A1 AGAAGACATCCCACCAGTCA CGTCATCGCACAACACATTG

COL2A1 GTCTACCCCAATCCAGCAAA GTCTACCCCAATCCAGCAAA

COL3A1 TTGGCCCTGTTTGCTTTTTA TGGTTGACAAGATGAGAACAAAA

MMP-9 ACACACACGACATCTTCC AAGGTCACGTAGCCCACAA

Sox9 GGAGACTGCTGAATGAGAGC CGTTCTTCACCGACTTTCTC

TGF-β1 CCACTCTCAGCCTCTCTGCT TGGGTTCTCGGTATCCTACG

Runx2 GCACTACCCAGCCACCTTTA TATGGAGTGCTGCTGGTCTG

ALP ATGAGCTCAACCGGAACA GTGCCCATGGTCAATCCT
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