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Background and aim of the study: It has been shown
previously that the exposure of porcine aortic valve
leaflets (PAVL) to elevated pressure or steady shear
stress increases extracellular matrix (ECM) synthesis.
It was hypothesized that exposure of the aortic valves
to pressure or shear stress would regulate valvular
expression of proteases such as matrix metalloproteinases (MMPs) and cathepsins.
Methods: Fresh PAVLs were exposed to cyclic pressure (170 mmHg at 1.167 Hz) or to a steady shear
stress of 25 dyne/cm2 for 48 h, with static culture serving as controls.
Results: Shear stress significantly inhibited cathepsin activity and cathepsin L protein expression, but
increased MMP-2/9 activity. A cyclic hypertensive

pressure condition also slightly decreased MMP-2/9
and cathepsin L activities.
Conclusion: For the first time, valvular cathepsin and
MMP activity were seen to be directly regulated by
mechanical forces such as pressure and shear stress.
The down-regulation of cathepsin L activity correlates with an up-regulation of ECM synthesis; MMP2 and -9 activities increased with ECM synthesis
under shear stress, showing that these proteinases
may serve different roles in valvular remodeling.
This observation may have implications for understanding valve biology, as well as for valve tissue
engineering.

Heart valve disease is a serious condition that affects
a significant percentage of the population, both in the
United States and worldwide. According to the
American Heart Association statistics, valvular diseases cause almost 20,000 deaths each year, and are
related to another 42,000 deaths. Current surgical
interventions include valve repair or replacement,
depending on the diagnosis. Although during the past
century significant progress has been made in the
development and improvement of prosthetic valves,
there is to date no ideal replacement valve available.
Recent advances in biotechnology have spurred an
interest in heart valve tissue engineering, though the
success of a tissue-engineered heart valve (TEHV) will
rely heavily on an understanding of native valve biology which has, unfortunately, been studied only to a
very limited degree.
Native heart valves - the aortic and mitral valves in
particular - function in a harsh and complex surround-

ing mechanical environment to which the valvular
structure constantly responds. Close correlations
between mechanical stresses and heart valve biology
have long been documented by clinical observations
and animal studies (1-3). According to these findings,
the structural components of the aortic valve undergo
constant renewal in response to mechanical loading (1),
and the sites of protein and glycosaminoglycan synthesis in the leaflets correlate with the areas of functional
stress (2). Similarly, changes in mechanical loading alter
the biosynthetic behavior of valve cells. For example,
collagen synthesis in mitral valve leaflets was enhanced
as a result of altered stress distribution due to left ventricular infarctions (4). Although, it is clear that mechanical factors play a very important role in heart valve
biology, there is to date a paucity of information relating
to this subject. These studies have shown that cultured
porcine aortic valvular cells respond to applied shear
stress in a unique way (5). Moreover, the mechanotransduction pathway seems to be different from the extensively studied vascular cell counterparts (5,6). Previous
studies conducted in the present authors’ laboratory
showed that elevated pressure, both steady and cyclic,
caused enhanced extracellular matrix (ECM) synthesis
in porcine aortic heart valve leaflets (7,8). It is clear from
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these studies that mechanical factors such as pressure
and shear stress are important in valve ECM remodeling, though the molecular mechanisms involved remain
largely unexplored. An increase in ECM synthesis,
accompanied by a decrease in its degradation, may be
induced by reducing the enzyme activity of matrix metalloproteinases (MMPs) and cathepsins, or by regulating their activity through protein inhibition.
Cathepsin L, a member of the papain family of lysosomal cysteine proteases, was first identified in lysosomes but has since been found also to have functions
in other cellular compartments, including the nucleus
(9), and even extracellularly in different disease conditions such as arthritis (10,11) and cancer (12).
Intracellularly, cathepsin L is a powerful protease
involved in protein turnover. Extracellularly, cathepsin
L has powerful collagenase and elastase activities,
which necessitates its tight regulation by pH, reducing
environment, and protein inhibitors. In the cardiovascular system, cathepsin L has been found to be active
within abdominal aortic aneurysms and atherosclerotic lesions (13), while an absence of cathepsin L in
knockout mice caused dilated cardiomyopathy (14),
again highlighting that although initially found in
lysosomes, this protease is also involved in other
aspects of physiology. It has been shown recently that
steady laminar shear inhibits cathepsin L activity in
mouse aortic endothelial cells (15). Other cathepsins
have also been linked to cardiovascular disease, particularly cathepsins S and K, which have been shown to
be associated with elastic lamina degradation during
atherosclerosis plaque development (16,17), as well as
in myxomatous heart valves (18).
The MMP family of proteases is another large member family that has been studied in the context of both
vascular (19-21) and valvular remodeling (18,22,23).
In the present study, the hypothesis was examined
that MMPs and cysteine-dependent cathepsins are regulated by the mechanical environment, particularly
pressure and steady laminar shear stress. Thus, fresh
porcine aortic valve leaflets were exposed to the highest pressure tested (mean 170 mmHg, 1.167 Hz) and to
a steady laminar shear stress of 25 dyne/cm2. These
were the same pressure and shear stress conditions
used in previous studies on valve ECM synthesis (7,8).

Materials and methods
Tissue collection and culture
Fresh porcine aortic valves were obtained aseptically
from a local slaughterhouse (Holifield Farm,
Covington, GA, USA) and transported to the laboratory in ice-cold sterile Dulbecco’s phosphate-buffered
saline (DPBS) (BioWhittaker, Walkersville, MD, USA).
The three leaflets were cut from the annulus and
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bisected at the mid-line. One half was subjected to
cyclic pressure or steady shear stress; the other half
was exposed to atmospheric pressure to serve as a control. Each experiment was continued for 48 h, with a
sample size ranging from six to 10 leaflets.
Cyclic pressure and shear stress experiments
Valve tissue was placed in 12-well tissue culture
plates and located in an in-house-designed polycarbonate pressure chamber (7,8). The tissues were
exposed to pressure conditions (150-190 mmHg, at a
frequency of 1.167 Hz) for up to 48 h. For shear stress
studies, the valve leaflets were mounted onto a modified parallel plate (24), with the ventricular surface facing the flow. A steady laminar shear stress of 25
dyne/cm2 was applied to the leaflets for 48 h. Control
leaflet tissues were placed in 12-well plates with 3 ml
Dulbecco’s modified Eagle’s medium in each well, and
incubated under static conditions at 37ºC, 5% CO2 and
atmospheric pressure.
Gelatin zymography and immunoblotting
Following mechanical exposure, one-half of a
porcine aortic valve leaflet tissue was solubilized in
lysis buffer (20 mM Tris-HCl (pH 7.5), 5 mM EGTA,
150 mM NaCl, 20 mM glycerol-phosphate, 10 mM NaF,
1 mM sodium orthovanadate, 1% Triton X-100, 0.1%
Tween 20) (20) and centrifuged at 18,000 g. The supernatant (lysate) was removed and assayed for protein
concentration using a modified Lowry method, while
equal amounts of protein (20 µg) were loaded onto
12.5% SDS-PAGE with 0.2% gelatin and electrophoresed at 4°C. Proteins were renatured in 50 mM
Tris buffer (pH 7.4) with 20% glycerol for cathepsins,
or with 2.5% Triton X-100 for MMPs, and incubated
overnight in assay buffer containing 0.1 M sodium
acetate buffer (pH 5.5), 1 mM EDTA and 2 mM dithiothreitol (DTT) (25), with or without the presence of 1
µM E-64, the cathepsin inhibitor, or in 50 mM Tris-HCl
(pH 7.4), 10 mM CaCl2, 50 mM NaCl, and 0.05% Triton
X-100 for MMPs. Gels were then rinsed with deionized
water and stained with Coomassie blue.
Aliquots of lysates were also loaded onto 12.5% SDSPAGE without gelatin and transferred to a polyvinyldifluoride membrane. Membranes were first probed
with a goat anti-cathepsin L primary antibody (R&D),
and then with a rabbit anti-goat secondary antibody
conjugated to alkaline phosphatase. CDP-Star reagent
was added and chemiluminescence detected with photographic paper.
Cathepsin activity assay
The remaining half of the porcine aortic valve leaflet
tissue was homogenized in 0.15 M NaCl, and centrifuged at 18,000 g for 15 min, and the protein content
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of the supernatant was assessed using a modified
Lowry protein assay. The activity assay procedure was
modified from that previously published (26): Brij 35
(0.1%; Sigma) was added to 25 µg total protein in a
final concentration of 100 mM acetate (pH 5.5), 2.5 mM
EDTA, 2 mM DTT for 2 min at 37°C to activate cathepsin L. Z-FR-AMC (Biomol; a synthetic substrate susceptible to cathepsin L hydrolysis) was then added to
a final concentration of 5 µM for 10 min prior to reading amino-4-methylcoumarin (AMC) fluorescence
released in a 96-well plate, with excitation at 360 nm
and emission at 460 nm.
Immunohistochemistry
Leaflet tissues were snap-frozen in liquid nitrogen for
cathepsin immunohistochemistry (IHC). The orientation of the leaflet was controlled by holding the tissue
upright so that the cross-section contained the three
layers while placing it in the viscous medium (OCT),
after which the block was quickly dipped into liquid
nitrogen. The block was cut into 7-µm sections which
were stored at -80ºC until staining. Separate leaflets
were embedded in paraffin and sectioned for MMP
IHC. Frozen sections were thawed at room temperature
and then immersed in acetone for 5 min. The slides
were then washed twice in PBS (5 min each), followed
by immersion in 0.3% H2O2 for 15 min to block the
endogenous peroxidase. The slides were then incubated in 2% bovine serum albumin (BSA)/PBS for 15 min
to suppress non-specific binding. The blocking step
was followed immediately by primary antibody incubation (anti-cathepsin L, dilution 1:20 (Santa Cruz,
S6501); anti-MMP-2, dilution 1:50 (Calbiochem) or antiMMP-9, dilution 1:50 (Calbiochem)) for 1 h followed by
two washes in PBS (5 min each). There followed the
secondary antibody incubation (anti-goat IgG, 1:400)
for 30 min, followed by two washes in PBS, and then
incubation in ABC-peroxidase (Vector Laboratories,
Burlingame, CA, USA) for 1 h. Subsequently, the slides
were incubated in DAB (SK-4100; Vector Laboratories)
until color development. The exact time for color development varied according to the amount of antigen in
the tissue, but total development time was less than 10
min. The slides were then washed in water for 5 min
and counterstained with hematoxylin. Cytoseal 60
(Richard Allan Scientific) was used as a resinous
mounting agent, and the slides were covered and
allowed to dry overnight before viewing with a Nikon
Eclipse E600w microscope.

Results
Inhibition of cathepsin L and MMP2/9 activities by
cyclic pressure
Aortic heart valve leaflets were cultured for 48 h
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under 170 mmHg cyclic pressure before homogenization. Gelatin zymography showed a 37% decrease in
cathepsin activity under cyclic pressure compared to
that of the static control (Fig. 1B). The cathepsin
inhibitor, E64, completely blocked gelatinase activity.
The decrease in cathepsin activity was not due to the
change in cathepsin L protein level, as shown by
Western blotting with the specific antibody (Fig. 1A).
MMP2/9 activity showed a minor, but significant
decrease of 17% by cyclic hypertensive pressure (Fig.
1C). Fresh aortic valve leaflets contained minimal
proMMP-2 activity and some cathepsin L activity (Fig.
1D).
Cathepsin L expression in the aortic valve leaflet
As shown by the IHC staining with the cathepsin L
antibody (Fig. 2), cathepsin L protein was diffusely
expressed in the spongiosa, ventricularis and fibrosa

Figure 1: Effect of cyclic pressure on cathepsin L activity in
aortic valve leaflets. Fresh porcine aortic valve leaflets were
exposed to hypertensive pressure (cyclic: 1.167 Hz, 170
mmHg) or control (atmospheric pressure) for 48 h. Equal
protein content of leaflet lysates was analyzed by Western
blotting with the cathepsin L antibody (A) and gelatin
zymography for cathepsins (B) or for MMPs (C). A)
Representative Western blot and (B) gelatin zymography
in the absence (upper) or presence (lower) of E-64. The bar
graph shows gelatinase activity as determined by
densitometric quantitation of the Western blot and
zymogram (mean ± SEM, n = 4, *p <0.05). Also shown
are gelatin zymography from fresh aortic valve leaflets for
MMP-2/9 (D) and cathepsin L (E).
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Figure 2: Cathepsin L content in aortic valve leaflet layers. Pig valve aortic leaflets exposed to cyclic pressure (170 mmHg at
1.17 Hz) or static controls for 48 h were frozen-sectioned, immunostained with the cathepsin L antibody, and counterstained
with hematoxylin and eosin. Light microscopy images were taken using a 4× objective. Cathepsin L expression is indicated by
the brown staining and arrows. The image shown is representative of four leaflets. V: Ventricular side of the leaflets.

Figure 3: MMP-2 and MMP-9 immunohistochemistry on
aortic valves under static conditions and cyclic pressure.
Pig valve aortic leaflets exposed to cyclic pressure (170
mmHg at 1.17 Hz) or static controls for 48 h were
paraffin-embedded and immunostained with the MMP-2
(A, B) or MMP-9 (C, D) antibodies. MMP-2 staining is
stronger in the ventricularis than in other layers. The
images shown are representative of four leaflets. V:
Ventricular side; arrows indicate positive staining.

Figure 4: Steady shear stress decreased cathepsin activity
and cathepsin L protein expression, but increased MMP-2
activity in aortic valve leaflets. Porcine aortic valve leaflets
exposed to steady laminar shear stress (25 dyne/cm2) or no
flow (as static control) for 48 h were frozen and lysed.
Equal aliquots of lysates were analyzed by Western
blotting with cathepsin L antibody (A) and gelatin
zymography for cathepsins (B) or for MMPs (D).
Representative blots (A) and zymography (B) in the
absence (upper) or presence (lower) of E-64, the cathepsin
inhibitor, are shown. The bar graph is the densitometric
analysis of Western blots or zymography (mean ± SEM, n
= 4, *p <0.05). In (C), lysates were used to determine
cathepsin activity using the synthetic peptide (Z-FRAMC) substrate (mean ± SEM, n = 4, *p <0.05).
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Figure 5: Cathepsin L immunohistochemistry in response to shear stress. Cathepsin L immunohistochemistry staining in
leaflets exposed to shear stress was carried out as described in Figure 2. Note that the distribution of cathepsin L was also
different between shear and control. Under shear, the majority of the staining was found in the ventricularis, while in the
control cathepsin L was diffusely distributed in the ventricularis and spongiosa (n = 3). V: Ventricular side; arrows indicate
positive staining.

Figure 6: MMP-2/9 immunohistochemistry staining in leaflets exposed to shear stress was carried out as described in Figure
2. Under control and shear conditions, strong staining was found in the ventricularis (n = 5). V: Ventricular side; arrows
indicate positive staining.
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regions when cultured under either atmospheric (Fig.
2A) or cyclic pressure conditions (Fig. 2B).
MMP-2 expression in aortic valve leaflets
MMP-2 expression was stronger in the ventricularis
region than the spongiosa region of the aortic valve
leaflets under both atmospheric (Fig. 3A) and cyclic
pressure (Fig. 3B) conditions. MMP-9 expression was
distributed similarly between both regions (Fig. 3C
and D).
Inhibition of cathepsin L by steady shear stress
Exposure to shear stress (25 dynes/cm2 for 48 h) led
to a decrease in cathepsin L protein levels, as shown by
Western blotting of porcine aortic heart valves (Fig.
4A). In addition, shear stress significantly inhibited
cathepsin activity as determined by two independent
assays, namely gelatin zymography (Fig. 4B) and
cathepsin peptide substrate assay (Fig. 4C). The
cathepsin-specific activity was demonstrated by the
complete inhibition of gelatin proteolysis by E-64 (Fig.
4B), and the inhibition of shear-induced cathepsin Llike activity is further supported by the synthetic substrate Z-FR-AMC, which has a preferential specificity
toward cathepsin L (Fig. 4C). In contrast to this, shear
stress increased the activity of MMP2/9 in the aortic
valve leaflets, as shown by gelatin zymography (Fig.
4D).
The area of the valve leaflet in which cathepsin L
expression was affected by laminar shear was identified
by IHC staining with the cathepsin L antibody.
Cathepsin L was diffuse in the leaflet under static culture, but stained more strongly in the ventricularis after
exposure to steady laminar shear stress (Fig. 5). Overall,
MMP-2 and -9 staining in the leaflets showed no
remarkable differences between control and shear
groups, though there was stronger signal in the ventricularis region compared to the spongiosa (Fig. 6A-D).

Discussion
The results of the present study showed that hypertensive pressure caused a significant reduction in
cathepsin L activity and a minor reduction in MMP2/9
activity in porcine aortic valve leaflets, whereas a
steady laminar shear stress decreased cathepsin activity and cathepsin L expression but increased MMP2/9
activity. Previous results reported by the present
authors showed significant increases in collagen content under identical mechanical conditions (7,8). It
appears that there is an inverse relationship between
collagen synthesis and cathepsin activity under the
stimulation of hypertensive pressure or steady shear
stress. As the main function of cathepsins is to degrade
collagen, the observed higher collagen content under
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hypertensive pressure/shear stress conditions is most
likely due, in part, to a down-regulation of the collagenolytic activities. The net collagen content of valve
tissue is determined by a dynamic balance between
new synthesis and degradation by collagenases such
as cathepsins and MMPs.
The novel finding of the present study was that the
cathepsins, which are collagenolytic proteases, are regulated by mechanical factors. Both, an increase in synthesis and a decrease in degradation would lead to
higher total collagen content in the leaflet tissue.
Previously, it had been shown that cathepsin L is inhibited by steady shear stress in aortic endothelial cells
(15), but in the present study it is reported for the first
time that cathepsin L expression is regulated by cyclic
pressure and shear stress, and appears to correlate
with the ECM renewal/remodeling in normal heart
valve tissue. Previous studies have indicated the
involvement of cathepsins K and S in myxomatous
mitral valves (18), but to date no report has been made
on cathepsins in normal healthy heart valves. In addition to cathepsin L, the protein content and gelatinase
activity of MMP-2 and MMP-9 were also studied
because of their well-known role in ECM remodeling
(27,28), as well as in valve pathology (23,29-31). Similar
changes of MMP-2 and -9 were induced by hypertensive pressure, but the opposite occurred with steady
shear stress in the valve tissue. These two protease
families may play different roles in ECM remodeling
under shear stress; for example, one family might be
responsible for the degradation of old components,
while the other is important in the organization of the
newly synthesized matrix.
In contrast to the shear effect, cyclic pressure inhibited cathepsin L activity without altering its protein
level. This raises the possibility that cyclic pressure
may regulate cathepsin activity either by controlling
the cathepsin inhibitors such as cystatin C, or by
directly inhibiting cathepsin L activity through posttranslational modifications.
The IHC staining results showed that cathepsin L
was expressed throughout the layers of the valve
leaflets (even the interstitial cells), but that the MMPs
showed stronger staining in the ventricularis than in
the spongiosa. Immortalized endothelial cells increase
MMP-2/9 activity by steady shear stress compared to
static culture (32), which might be the case in this exvivo valvular model, leading to increased MMP-2/9
activity by shear stress. As the IHC for cathepsin L and
MMP-2/9 was not conclusive in terms of specific protein content, no difference was observed in cell type
expression of these proteases. Moreover, Western blotting and zymography data were used as quantitative
indicators of protease activity in the total porcine aortic valve exposed to various mechanical conditions.
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The importance of flow characteristics in tissue
remodeling and disease progression has been studied
both by engineers and pathologists. The aortic valve
experiences a complex hemodynamic environment
whereby three distinct flow regions exist: the aortic
wall of the sinus of Valsalva is characterized with a
low, disturbed flow; the side of the leaflets facing the
aorta with a low-shear, laminar flow; and the side facing the ventricle with a high-shear, laminar flow (33).
Clinical implications
The significance of these results is two-fold. First,
they help to improve an understanding of the acute
responses of the aortic valve to hypertensive pressure.
Recent clinical retrospective studies have indicated
that hypertension is a risk factor for valvular disease
such as aortic valve stenosis. However, it is not yet
clear how hypertensive pressure is involved in this
pathophysiology, especially during the early stages of
the disease. Results from the present study showed
that hypertensive pressure could induce changes in
valve matrix synthesis within 48 h, indicating that
valvular matrix remodeling might contribute to the
development of aortic valve stenosis in hypertensive
patients. The involvement of cathepsins in these
processes implicates this protease family as a potential
drug target which might slow the remodeling process
induced by abnormal mechanical stimuli. In addition,
these results offer improved strategies for the development of tissue-engineered heart valves. A tissue-engineered heart valve created with biodegradable
scaffolds or ECM needs to have controlled degradation. The present results suggest that culture under
flow can reduce cathepsin-mediated proteolysis, and
that this could extend the life of the scaffold in the
valve construct.
In conclusion, the present study, for the first time,
showed that cathepsin L and MMP-2 and -9 might be
involved in valvular ECM remodeling induced by
hypertensive pressure, while cathepsin L might also
contribute to remodeling under regions of stagnant
flow.
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