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We previously showed that the expression of tenascin
(TN-C), an extracellular matrix glycoprotein found in
developing bone and atherosclerotic plaque, and ma-
trix metalloproteinase-2 (MMP-2) are coordinated and
interdependent in cultured vascular smooth muscle
cells. In this study, we hypothesized that TN-C and
MMP-2 are mechanistically involved in the pathobiol-
ogy of calcific aortic stenosis. Human calcific aortic
stenosis cusps demonstrated immunohistochemically
prominent deposition of TN-C, MMP-2, and alkaline
phosphatase activity, as well as MMP-2 gelatinolytic
activity. Although far lesser amounts of TN-C were
noted in several of the grossly non-calcified valve
cusps, MMP-2 and AP were never detected. Further,
when aortic valve interstitial cells (both sheep and
human) were cultivated on collagen supplemented
with TN-C, both MMP-2 mRNA expression and MMP-2
gelatinolytic activity (both pro and active forms),
were up-regulated compared to control. These obser-
vations support the view that accumulation of first
TN-C and then MMP-2 are associated with progression
of calcification. The residual presence of these pro-
teins in severe calcifications is indicative of their in-
volvement in the pathogenesis. (Am J Pathol 2001,
159:321–327)

The mechanism of calcific aortic stenosis has been in-
vestigated in clinical-pathological studies, that have
demonstrated cuspal calcific deposits to be associated
with mineralization of devitalized cells and subcellular
vesicles,1,2 as well as the deposition of extracellular
matrix (ECM) proteins commonly present in bone.3 A
number of ECM proteins normally found in bone, in-
cluding osteocalcin, osteopontin, osteonectin, matrix
Gla protein, bone morphogenetic protein, matrix met-
alloproteinase-2 (MMP-2), and matrix metalloprotein-
ase-9, are present in cardiovascular calcifications,
including calcified valves,3–9 but in general are not

found in normal cardiovascular tissue. Bone morpho-
genetic protein-2 was also found in a cultured calcify-
ing subpopulation of bovine aortic smooth muscle
cells,7 and calcifying aortic valve interstitial cells.10

Tenascin-C (TN-C) is an ECM glycoprotein that is up-
regulated during both development and pathological
tissue remodeling.11 Compelling evidence indicates
that TN-C actively participates in normal mineraliza-
tion.12 Furthermore, developmental co-localization
studies showed that TN-C is transiently expressed in
heart valves.13 Recently, TN-C was found to be present
in macrophage-rich human coronary atherosclerotic
plaque.14 The role of TN-C in valvular calcification,
however, has not been established.

TN-C is often co-expressed with MMPs, a family of
zinc- and calcium-dependent extracellular matrix-de-
grading enzymes, in a variety of tissues.15–17 In addition,
it has been demonstrated, in vascular smooth muscle
cells, that degradation of type I collagen by MMPs pro-
motes TN-C expression at the transcriptional level.18

Conversely, TN-C also up-regulates the expression of
MMPs.19 These findings are noteworthy because MMP-2
and MMP-9 expression/activity are associated with cal-
cification of glutaraldehyde fixed heterograft biopros-
thetic heart valves.15 Recently, MMP-1, MMP-2, and
MMP-9 were demonstrated to be present in calcific aortic
stenosis cusps.20

Our hypothesis focused on the relationship between
TN-C and MMP-2. Based on the background just cited,
we hypothesized that the presence of TN-C in aging or
diseased valves was likely an early event in cuspal ex-
tracellular matrix degeneration, which is associated with
up-regulation of MMP-2 in the progression of calcifica-
tion. To examine this, we evaluated the presence and
localization of TN-C and MMP-2 in human aortic valves
with immunohistochemistry. Alkaline phosphatase (AP),
well established as a crucial enzyme for bone formation
and bone cell differentiation, was also studied. MMP
zymography studies were carried out on fresh cusp re-
trievals obtained at the time of surgery for calcific aortic
stenosis. We also studied TN-C effects on MMP-2 mRNA
expression and gelatinolytic activity in primary cultures of
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sheep aortic valve interstitial cells (AVICs), and cells
derived from aortic valve cusps from a case of human
congenital aortic stenosis.

Materials and Methods

Retrieved Aortic Valve Tissues

Aortic valve specimens were obtained from patients un-
dergoing aortic valve replacement for calcific aortic ste-
nosis, and from cadaver hearts at autopsy. After collec-
tion, the tissue was rinsed with sterile saline, fixed in 10%
neutral buffered formalin and subsequently embedded in
paraffin. Heavily calcified clinical retrievals were decalci-
fied in 10% hydrochloric acid before embedding.

Cell Culture

Normal mature, female sheep (Western Cross from
Thomas Morris, Reisterstown, MD) hearts were removed,
the aortic valve leaflets were dissected, and the endothe-
lial cell layer removed. The remaining interstitial layers
were minced and digested with 0.2% collagenase I (Sig-
ma, St. Louis, MO) in M199 medium (Life Technologies,
Inc., Gaithersburg, MD) containing 0.1% BSA at 37°C for
2 hours. Cells were then seeded and maintained on culture
dishes with M199 medium containing 10% fetal calf serum
(HyClone, Logan, UT), supplemented with penicillin and
streptomycin (Life Technologies). Cells used in the experi-
ments were between passages 3 and 10.

A human aortic valve specimen (congenital aortic ste-
nosis and ventricular septal defect) was obtained from a
2-year-old female patient who underwent heart transplan-
tation (specimen retrieval was approved by the I. R. B. of
the Children’s Hospital of Philadelphia). The cusps from
this specimen were used for tissue culture as described
above.

Collagen gels were prepared as previously de-
scribed.21 To determine the effect of TN-C on MMP-2
expression, neutralized bovine dermal type I collagen
(Cohesion Technologies, Inc., Palo Alto, CA) provided a
model physiological microenvironment, and was supple-
mented with 15 mg/ml of human TN-C (Life Technologies)
that was isolated and purified from the human Glioma cell
line U-251MG.22

Immunohistochemical Studies and Calcium
Detection

Fixed tissues were embedded in paraffin and cut as
6-mm-thick sections. After deparaffinization and dehydra-
tion, immunohistochemistry was performed as previously
described.23 Mouse monoclonal antibodies against hu-
man TN-C (Life Technologies) and MMP-2 (Oncogene
Research Products, Cambridge, MA) were used. After
biotin-labeled secondary antibody incubation and perox-
idase labeling, immunoreactive sites were visualized with
diaminobenzidine, resulting in brown staining of immu-
nopositive regions (Vector Laboratories, Burlingame,

CA). As a control, a nonspecific mouse IgG (DAKO,
Glostrup, Denmark) was substituted for the primary anti-
body. Alkaline phosphatase activity was detected as de-
scribed.24 X-phosphate and nitroblue tetrazolium solution
were obtained from Boeheringer Mannheim. Calcium de-
posits were stained using Alizarin Red S (Sigma) as
described previously.10

Competitive Reverse-Transcription Polymerase
Chain Reaction of MMP-2 Transcripts

MMP-2 expression in response to TN-C in cell culture was
measured quantitatively by competitive reverse-tran-
scription polymerase chain reaction (RT-PCR) as de-
scribed.25 Briefly, total RNAs were isolated, using Trizol
(Life Technologies), from both sheep and human aortic
valve interstitial cells cultivated on bovine type I collagen
with or without supplemented TN-C for 48 hours in M199
medium with 0.5% fetal calf serum. The total RNAs were
reverse transcripted into cDNA (RT products) with oligo
dT primer.25 The MMP-2 gene competitor (MMP-2M13)
for the competitive RT-PCR was generated by PCR using
pBluescript II SK (Stratagene, La Jolla, CA) as a tem-
plate. The primers for generating MMP-2M13 competitor
are: MMP2M13F: 59ATG GCA TCG CTC AGA TCC GTG
CTA AAA CGA CGG CCA GTG 39 and MMP2M13R:
59AGC TCA GCA GCC TAG CCA GTC GGT GCA GGA
AAC AGC TAT GAC CAT G 39. In addition, the primers for
MMP-2 competitive RT-PCR are: MMP2F: 59ATG GCA
TCG CTC AGA TCC GTG 39, and MMP2R: 59AGC TCA
GCA GCC TAG CCA GTC GG 39. MMP2F and MMP2R
are sequence-compatible for use with both the human
and sheep MMP-2 genes. For MMP-2 competitive RT-
PCR, both RT products and the primers for MMP2F and
MMP2R were used, along with a series of dilutions of the
MMP2M13 competitor added in different tubes. The PCR
was performed for 45 cycles with 94° C, 55° C, and 72° C,
for 40 seconds each. The PCR products were loaded
onto a 3% agarose gel and electrophoresis was per-
formed at 120 V for 2 hours. The intensities of the bands
were analyzed using the Gel Doc System (Bio-Rad, Her-
cules, California), and the competitive RT-PCR data were
calculated using SigmaPlot5.0 software (SPSS, Inc., Chi-
cago, IL).

Detection of MMP-2

Conditioned medium was collected 48 hours after AVICs
cultivation on collagen with or without supplemented
TN-C. Cells were lysed in extraction buffer consisting of
0.1 mol/L Tris-HCl, 10 mmol/L EDTA, 1% Triton X-114 (pH
8.1), and fresh complete proteinase inhibitor CPI (Boehr-
inger Mannheim).26 Equal amounts of extracted proteins
or concentrated medium were loaded per lane on 10%
polyacrylamide-sodium dodecyl sulfate precast zymo-
gram gels containing 0.1% gelatin (Bio-Rad, Hercules,
CA). After electrophoresis, gels were renatured, devel-
oped, and stained according to manufacturer’s direc-
tions. Standard protein size markers (Bio-Rad) and hu-
man MMP-2 and MMP-9 zymography standards
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(Chemicon International, Inc., Temecula, CA) were used
to determine the approximate size of bands indicating
proteolytic activity. Five aortic valve cusps obtained in a
fresh state at the time of heart valve replacement for
calcific aortic stenosis were also studied. Cusps were
homogenized in extraction buffer as described above.
The lysates were centrifuged and equal amounts of pro-
tein were assayed for gelatinolytic activity.

Statistical Methods

Cell culture studies were carried out in triplicate, and data
expressed as means 6 SE. Differences between means
were tested with Student’s t-test. RT-PCR data were sub-
jected to correlation analyses.

Results

TN-C, MMP-2, and AP in Aortic Valve Cusps

Six clinically normal aortic valve cusps were documented
to be non-calcified, as demonstrated by overall morphol-
ogy and negative Alizarin Red S staining. Faint, diffuse
TN-C immunopositivity was demonstrated in four of six of
these normal aortic valves (Table 1; Figure 1A). However,
no MMP-2 immunostaining or AP activity were detected in
any of these normal autopsied valves (Table 1).

Calcific aortic stenosis cusps were characterized by
dense mineral deposits, all of which were positive for AP
activity. AP activity was observed to be present through-
out the largely acellular calcific deposits, co-localizing
with Alizarin Red S staining (Figures 1, F and C). AP was
not detectable in non-calcified regions of calcific aortic
stenosis cusps, and was never detected in autopsied
normal cusps (Table 1). Calcific aortic stenosis valve
cusps demonstrated intense TN-C immunopositive stain-
ing in all cases studied. TN-C positivity was distributed
around, but not within, the massive calcific deposits (Fig-
ure 1B). Intense MMP-2 immunopositivity (Figure 1D) was
also observed in these calcific aortic stenosis cusps, with
a distribution that was comparable to that of TN-C (Figure

1B). MMP-2 activity was also detected by zymography
studies of homogenates from aortic cusps samples ob-
tained in a fresh state at surgery from 5 individual cases
of calcific aortic stenosis (Figure 2). However, only the
pro form of MMP-2 was present, rather than the active
form. Relatively smaller amounts of MMP-9 were also
identified in three of these samples (Figure 2).

TN-C Up-Regulates MMP-2 Gene Expression in
Cultured Valvular Interstitial Cells

Experiments were carried out to examine the hypothesis
that MMP-2 up-regulation in aortic valve interstitial cells
was driven by the increased presence of TN-C in the
cuspal extracellular matrix, comparable to MMP-2 up-
regulation in arterial smooth muscle cells grown on a
substrate of TN-C. To evaluate this hypothesis, sheep
and human AVICs were separately cultivated on a sub-
strate of type I collagen containing 15 mg/ml TN-C for 48
hours. The expression and activity of MMP-2 was evalu-
ated using both competitive RT-PCR and gel zymogra-
phy. Both sheep and human AVICs grown on collagen
plus TN-C demonstrated an approximately sevenfold
(sheep) to eightfold (human) increase in MMP-2 mRNA
expression versus the collagen control (Figure 3A).
MMP-2 gelatinolytic activity was relatively greater in
sheep AVICs cultivated on collagen with TN-C, com-
pared to cultures on collagen only. MMP-2 is the major
band identified in both conditioned medium and in cell
lysate (Figure 3B). Both pro-MMP-2 and the active form of
MMP-2 were clearly demonstrated to be present in
greater amounts in lysates of cells grown on collagen
containing TN-C compared to control (Figure 3B). How-
ever, no MMP-9 activity was observed in these cell cul-
ture studies. No obvious differences in MMP-2 activity
were observed in conditioned medium, in comparisons of
cells cultivated on collagen with or without TN-C supple-
mentation. Also, in conditioned medium, MMP-2 was
mainly in its pro form. Thus, in these cell culture studies,
although basal MMP-2 activity was present, TN-C up-
regulated MMP-2 and gave rise to an increased, cell-

Table 1. Clinical Pathologic Summary of Calcification, Alkaline Phosphatase, Tenascin-C, and Matrix Metalloproteinase-2 in Human
Aortic Valve Cusps

Case no. Age (years) M/F Alizarin Red S AP TN-C MMP-2

Autopsy (normal) 1 68 M 2 2 2 2
2 46 F 2 2 1* 2
3 60 F 2 2 1* 2
4 34 F 2 2 1* 2
5 55 F 2 2 2 2
6 52 F 2 2 1* 2

Calcific aortic stenosis† 7 83 F 1 1 1 1
8 58 M 1 1 1 1
9 87 F 1 1 1 1

10 62 M 1 1 1 1
11 63 M 1 1 1 1
12 79 F 1 1 1 1

Alizarin Red S, calcification; AP, alkaline phosphate histochemistry; TN-C, tenascin-C immunohistochemistry; MMP-2, matrix metalloproteinase-2
immunohistochemistry. 1, present; 2, absent.

*Faint, widespread, non-localized TN-C positivity without calcification.
†Intense TN-C and intense MMP-2 staining in the extracellular matrix surrounding the heavy calcific deposits.
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associated pro-form gelatinolytic activity, which may ex-
plain in part the association of TN-C and MMP-2 in
calcific aortic stenosis.

Discussion
Intense immunohistochemical positivity for TN-C and
MMP-2 in calcific aortic stenosis cusps was noted in all

cases studied, in a distinct pattern around the calcific
deposits (Figure 1, B and D). In contrast, intense AP
activity, which was only noted in calcific aortic stenosis,
was observed only within calcific deposits (Figure 1F).
MMP-2 was never found in any of the valve cusps diag-
nosed as normal, and was never present without the
co-association of TN-C. TN-C was present in several of
the diagnostically normal valves, but at qualitatively low

Figure 1. Representative photomicrographs of normal, noncalcific aortic valve cusps with faint, widespread TN-C by immunohistochemistry (brown staining) and
hematoxylin counterstain (case 4 in Table 1) (A); Calcific aortic stenosis (* denotes calcified region, with arrows denoting the margin of the calcification) with
intense TN-C immunopositive brown staining (case 10 in Table 1) (B); calcific aortic stenosis with Alizarin Red S (calcifications staining red, case 10 in Table 1)
(C); calcific aortic stenosis with intense MMP-2 immunopositive staining (case 10 in Table 1) (D); IgG negative control for b and d shows a absence of peroxidase
reactivity (case 10 in Table 1) (E); calcific aortic stenosis with intense alkaline phosphatase activity (purple stained region) localized within the calcific deposits
(F), but not in the non-calcified extracellular matrix (case 7 in Table 1). Original magnification, 3200
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levels, in a distribution pattern that was distinctly different
from observed in calcific aortic stenosis (Figure 1A).

MMP-2/TN-C mechanisms in pathological calcification
in aortic valve disease have not been investigated before
this study. The role of TN-C in physiological mineraliza-
tion is thought to involve cytokine activation, AP induc-
tion, and calcium binding.27,28 This cascade of events
results in new mineral formation in bone development
and regeneration. Most cells do not express TN-C con-
stitutively; however, its expression can be induced by a
number of cytokines and other circumstances, including
basic fibroblast growth factor,28 transforming growth fac-
tor-b,28 interleukin24,29 tumor necrosis factor-a,29 and
altered collagen structure18 in a cell- and tissue-type-
specific manner.

Our results, which demonstrate the presence of enzy-
matically active MMP-2, but only in the pro form, in ho-
mogenates of individual human calcific aortic stenosis
cusps (Figure 2), are of interest in view of other results in
both these studies and the work of others concerning
matrix metalloproteinases in cardiovascular disease.
Variable amounts of MMP-9 activity were also present in
several of our calcified cusp samples. However, MMP-9
was not detected in our cell culture studies (Figure 3B),
suggesting that AVICs may not be the source for MMP-9
via a TN-C association, or additional exogenous stimuli
may be required for its induction. Both MMP-2 and
MMP-9 were shown to be involved in the progression of
atherosclerotic plaque8 and in calcification of glutaralde-
hyde fixed heterograft bioprosthetic heart valves.15 In our
cell culture studies using AVICs cultured on a collagen
gel in the presence of TN-C, we observed a seven- to
eightfold increase in MMP-2 mRNA expression (Figure
3A), and the gelatinolytic activity of MMP-2 was also
increased (Figure 3B), which suggests that the accumu-
lation of TN-C around calcific regions may up-regulate
the expression of MMP-2. The fact that most of the se-
creted MMP-2 (in conditioned medium) was in the pro
form, and the active form of MMP-2 was associated with
cells in cell lysates (Figure 3B) may help explain our
observations in the clinical aortic valve retrievals, that
most MMP-2 was in its pro form (Figure 2). MMP-2 is
secreted by cells in the latent form and must be activated
by cell membrane-associated MMP, MT-1-MMP.30 In our
immunohistochemical studies, we showed that MMP-2
immunopositive staining in calcific aortic stenosis were

prominently localized around the calcific deposits, re-
gions that are also relatively hypocellular and probably
lack the capacity to form MT-1-MMP. Thus the MMP-2
that we detected in the clinical aortic valve retrievals
could have been secreted and laid down on the ECM
many years before valve surgery and retrieval. There-
fore, the presence of TN-C and MMP-2 in pathological

Figure 2. MMP-2 activity was present in individual extracts of five explanted
aortic valve cusps obtained at surgery for calcific aortic stenosis. Gel zymog-
raphy shows MMP-2 (pro form only) in all cases (lanes 2–6), and qualita-
tively lesser amounts MMP-9 in cases 1, 2, and 3 (lanes 2-4) as compared to
MMP standards (lane 7). Lane 1 contains molecular weight standards.

Figure 3. The results of aortic valve interstitial cell culture studies in which
expression of matrix metalloproteinase-2 (MMP-2) is up-regulated by tena-
scin-C (TN-C). A: relative amounts of mRNA in sheep (SAVIC) and human
aortic valve interstitial cells (HAVIC), evaluated by competitive RT-PCR. Cells
were grown on a substrate of either bovine type I collagen or collagen with
TN-C (15 mg/ml). A representative agarose gel (see Materials and Methods)
is shown for SAVIC demonstrating greater amounts of MMP-2 RNA in the
TN-C cultures. The top bands are derived from MMP-2 reverse transcriptase
(RT) products, while the bottom bands are due to the MMP-2M13 competi-
tors. The lanes from left to right represent PCRs with a series of dilutions of
the MMP-2M13 competitor. The reduction in MMP-2M13 band intensity
(bottom bands) occurs in conjunction with an increase in the upper bands
(MMP-2 RT). The last lane is a 100 bp DNA ladder. Bars represent the mean 6
SE of 3 independent measurements. TN-C significantly increased MMP-2
expression (P , 0.05). B: gel zymograms, demonstrating the results of SAVIC
cultures, with greater MMP-2 activity, both pro-, and active-form, in the TN-C
cell culture lysates (lane 5) compared to control (lane 4). MMP-2 levels in
the conditioned media (detected only as the pro form) were comparable in
the TN-C group (lane 3) versus control group (lane 2). No MMP-9 activity
was detected in these cell culture studies. Lanes 1 and 6 are molecular
marker and MMP gelatinase zymography standards, respectively.
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specimens very likely reflects prior pathophysiologic
events, with residual proteins at the site of disease
development.

Several of the grossly normal human valve retrievals in
our studies had low but definite amounts of TN-C demon-
strable by immunohistochemistry, but were negative for
MMP-2 (Table 1). Based on our cell culture observations,
one would hypothetically expect to find MMP-2 in asso-
ciation with TN-C in these cases. One explanation for
these observations is that TN-C and MMP-2 typically
participate in dynamic events involved in remodeling and
development, and are usually transiently present. Thus,
for these grossly normal valves, or for those with early
microscopic calcifications, MMP-2 activity and TN-C in-
teractions and turnover may be far more dynamic than in
cell culture, and certainly more so than in acellular, dis-
eased valve interstitium, thus explaining the absence of
MMP-2 in non-diseased specimens. Only the pro form of
MMP-2 was present in extracts from calcific aortic steno-
sis cusps. This may reflect accumulation of residual in-
active MMP-2 in a dystrophic calcified region, thus rep-
resenting a remnant of the pathogenesis.

Whereas TN-C and MMP-2 are both present around
dense calcific deposits in calcific aortic stenosis, AP
activity was noted to be present only within the actual
valvular calcifications themselves. Others have shown
that AP hydrolyzes phosphoesters and is thereby in-
volved in initial events in physiological mineralization,31,32

concerning the calcification of AP enriched, chondro-
cyte-derived, matrix vesicles. AP is also present during
the initial events in pathological calcification of biopros-
thetic heart valves.33 AP-enriched matrix-vesicle-like
structures were noted at sites of early mineralization in
vascular tissue.1 Because AP is up-regulated by TN-C,27

we propose the following mechanism based on our re-
sults and the prior work of others: progression of aortic
valve disease to calcific stenosis may occur through
induction of TN-C by various factors, such as cytokines,
or collagen damage, which then up-regulates the expres-
sion of MMP-2. The positive feedback by MMP-2 causes
further accumulation of TN-C, leading to cellular aggre-
gation and calcification with increased AP expression
and deposition of calcium phosphates.

We conclude that the combined presence of MMP-2,
TN-C, and AP in calcific aortic stenosis is a distinct char-
acteristic of severe disease progression that has the
following implications: 1) The association of TN-C,
MMP-2, and AP in calcific aortic stenosis, with MMP-2
present in the pro form only, most likely represents resid-
ual extracellular matrix deposition that reflects either
events involved in the progression of calcification or un-
successful attempts at a healing response. 2) This view is
further supported by our cell culture studies demonstrat-
ing both the active form of MMP-2 and pro form are
up-regulated by TN-C in heart valve interstitial cells, dem-
onstrating the dynamic effects of the TN-C/MMP-2 mech-
anism, not noted in the pathology specimens. 3) These
results suggest a therapeutic strategy based on a TN-C/
MMP-2 mechanism.
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