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Summary

Tenascin-C (TN-C) is a key component of extracellular matrix (ECM) and its
expression process is poorly understood during rheumatic heart valvular
disease (RHVD). In this study, we found that interferon (IFN)-g, tumour
necrosis factor (TNF)-a and TN-C concentrations in patients with RHVD
were significantly higher than in normal controls. More IFN-g receptors and
TNF receptors were found being expressed on rheumatic aortic valves inter-
stitial cells than on non-rheumatic ones and their expression was patients’
sera dependent. Antibodies neutralizing IFN-g or TNF-a could attenuate
patients’ sera-induced TN-C transcription by isolated rheumatic aortic valves
interstitial cells. By application with different protein kinase inhibitors, we
found that combined with cyclic strain, TNF-a and IFN-g induced TN-C
transcription through the RhoA/ROCK signalling pathway. At the same time,
p38 mitogen-activated protein kinase was involved in TNF-a and IFN-g
induced TN-C transcription. TNF-a also increased TN-C mRNA level by
additional PKC and ERK 1/2 activation. Our finding revealed a new insight
into ECM remodelling during RHVD pathogenesis and new mechanisms
involved in the clinical anti-IFN-g and anti-TNF-a therapy.
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Introduction

Tenascin-C (TN-C), a hexameric extracellular matrix (ECM)
glycoprotein, is a major component of ECM. TN-C was
reported to be transiently present during embryo matura-
tion, ECM remodelling, inflammation and neoplasias. TN-C
was involved in cell differentiation, proliferation and migra-
tion [1–4]. TN-C was among few genes that were induced
upon dynamic mechanical stress [5]. Regulation of TN-C
expression induced by mechanical signals depended on inte-
grin engagement with ECM and subsequent activation of the
small GTPase RhoA and thereby induced Rho-dependent
kinase (ROCK)-dependent actin assembly [6]. TN-C was
identified to be induced by transforming growth factor-b,
tumour necrosis factor-a (TNF-a), interleukin-1b (IL-1b)
and platelet-derived growth factor within various cell types
[7–10]. Expression of TN-C in heart valves differed under
physiological and pathological conditions. In normal valves,
TN-C was mainly distributed on the basement membrane

beneath the endothelial cells, whereas no such expression but
rather immunoreactivity was found in the deeper layers of
the valves in stenotic valves [11]. TN-C combined with
matrix metalloproteinase-2, thymosin b-4 and osteopontin
was associated with heart valve calcification [12–14].

Group A streptococcal infection was taken as the patho-
genesis of rheumatic heart disease and rheumatic valvulitis
because of the shared antigen epitopes between group A
streptococcal M peptides and valve components [15]. Th1-
like proinflammatory cytokines interferon (IFN)-g and
TNF-a were predominant in RHD other than IL-4 [16].

Until now, no data were revealed about the relationship
between rheumatic heart valvular disease (RHVD) patho-
genesis and TN-C expression and whether other RHD-
related factors were involved in TN-C production besides the
local valves strain. In this study, we found that RHD-specific
Th1-like proinflammatory cytokines and mechanical stress
had synergistic effects on TN-C production by aortic valves
interstitial fibroblast isolated from patients with RHVD.
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Materials and methods

Patients and normal subjects

The sera were collected from 80 patients (24 female and 56
male; median age, 42.7years; range, 26–58 years) with RHVD,
50 patients (28 female and 22 male; median age, 40.6 years;
range, 20–53 years) with congenital valvular malformation
and 30 healthy volunteers (20 female and 10 male; median
age, 41.3 years; range, 28–55 years), who served as controls,
and kept at -70°C for storage. Human aortic valve specimens
were obtained from those undergoing valve exchange opera-
tions and with RHVD (13 subjects) and congenital valvular
malformation (eight subjects), or from normal autopsy
(three subjects).All patients gave informed consent according
to institutional guidelines.

Immunohistochemistry

Formalin-fixed and paraffin-embedded normal, malformed
or rheumatic valves were obtained from the tissue bank of
the Department of Pathology at the Xijing Hospital. All
tissues were sampled from surgical specimens within 2 h of
resection. Three-micrometre thick sections were mounted
on poly-L-lysine-coated slides, followed by deparaffinization
in xylene and dehydration in graded alcohol. The endog-
enous peroxidase activity was blocked by an incubation with
3 ml/ml H2O2 in methanol for 30 min. Tissue sections were
subjected to antigen retrieval by boiling in 0·01 mol/l
sodium-citrate (pH 6) for 10 min in a microwave oven. After

blocking with 15 mg/ml normal goat serum for 1 h, immu-
nohistochemistry assay was carried out with an Elivision
plus staining kit (Maixub-bio, Fuzhou, China) according to
the manufacturer’s instructions. In brief, tissue sections were
stained with polyclonal antibodies against TN-C (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) with a concentration
of 50 mg/ml for 1 h at room temperature and washed three
times, after which an enhancer was added for 30 min, fol-
lowed by three washes before HRP-conjugated goat-anti-
rabbit IgG were added and washed another three times.
Finally, diaminobenzidine was added for colouring.

Mechanical ventricular assist device and equi-biaxial
cyclic strain production

The mechanical ventricular assist device was designed and
manufactured by us and our cooperators from Xi’an Jiao-
Tong University. It was composed of nine main parts
(Fig. 1b) and used as a cyclic strain producer in our system.
The corresponding cyclic strain accessory device with special
culture dishes was an imitation of Chiquet’s [10]. The dif-
ference in our system was the appliance of a clinical machine
that mimicked the physiological cyclic strain of valve
fibroblast. Similarly, a sheet of silicone membrane (0·05 U,
gloss/gloss; Specialty Manufacturing Inc.) was sandwiched
between the scaffold and the base plate of the culture dish to
form the bottom surface of the wells (Fig. 1c). The isolated
valve fibroblasts were seeded on the collagen-coated silicone
membrane. Linear strains over the x- and y-axis were mea-
sured the same.

Fig. 1. Mechanical ventricular assist device (VAD) and multiwelled equi-biaxial strain device. (a) Appearance of mechanical right ventricular

assist device (RVAD). (b) Structure details of RVAD. Arrows indicate flow direction. (1) Upper adaptor. (2) Pulmonary artery frame with valves.

(3) Valves. (4) Lower adaptor. (5) One-way valve. (6) Mimic right ventricle. (7) Diaphragm. (8) Air dynamic chamber. (9) Motivity entrance.

(c) Multiwelled device to generate equi-biaxial strain on a fibronectin-coated silicone membrane onto which cells have been plated. The membrane

is fitted between the frame and base plate of the six-well dish, forming the bottom of the wells (top view, upper of figure). The dish with cultured

cells is mounted on the upper platform of the device (side view, bottom of figure). Frequency and amplitude of cyclic strain can be adjusted.
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Coating of silicone membrane with human collagen I

Silicone membrane was coated with human collagen I as
described [10]. Briefly, sterile human collagen I (frozen in
10 mM acetic acid, Becton Dickinson) was neutralized and
diluted to final 30 mg/ml with ice-cold PBS. A drop of
100 ml human collagen I was carefully placed onto the sili-
cone membrane in the centre of each well and covered with
a plastic bottle cap (20 mm diameter) at room temperature
for at least 1 h to allow collagen fibril assembly. Collagen
coated wells were dried for 30 min under a UV lamp
(254 nm, 20 W, 15-cm distance) to achieve mild protein
cross-linking.

Isolation and culture of human valve interstitial cells

The endothelial cell layers on the dissected valves were
removed and the remaining interstitial layers were minced
and digested with 0·2% collagenase I (Sigma) in M199
medium (Invitrogen) containing 0·1% BSA at 37°C for 2 h.
Cells were then seeded and maintained on culture dishes
with M199 medium containing 10% valves correspond-
ing to patients’ sera, supplemented with penicillin and
streptomycin (Invitrogen). Cells used in the experiments
were between passages 3 and 10. Cells were harvested
by trypsinization and plated either (for cytokines
co-culture) into normal six-well plastic dishes (Nunc;
6 ¥ 105 cells per well in 4-ml DMEM with indicated sera),
or (for cyclic strain assays) onto the silicone membrane of
the specially designed six-well dishes. After 4 h of seeding,
the medium in both normal and silicone dishes was
replaced by 4-ml DMEM supplemented with 10% corre-
sponding patients’ serum or 3% FCS. Cultures were left in
the CO2-incubator.

Cytokines and cyclic strain assay

Cytokines (all purchased from Sigma) were used on the sub-
jects’ corresponding sera concentration. The inhibitor (all
purchased from Calbiochem) concentrations were chosen
from the literature [17,18] or from the manufacturer’s data
sheets. The final standard concentrations of MEK-1 inhibi-
tor PD 98059 (blocking ERK 1/2, PD), p38 MAPK inhibitor
SB 203580 (SB), PKC inhibitor GF109203X (GFX) and
ROCK-I/II inhibitor Y 27632 (Y) were all 10 mM.

Cultures in normal six-well dishes were washed twice with
DMEM/0·3% FCS before cytokines assays. Cells were then
pretreated with 2 ml of control or inhibitor containing
medium for 60 min. Then, 2 ml of media without or with
cytokines were added to each well. After being cultured in the
CO2-incubator for the designed time course, cells were lysed
and total RNA was extracted. The mAb (clone 3A8) neutral-
izing IFN-g and the mAb (clone 1G7) neutralizing TNF-a
were gifted by professor LiHua Chen from the Fourth Mili-
tary Medical University.

Cultures in the special six-well dishes with silicone mem-
brane were subjected to cyclic strain (10%, 0·3 Hz) in the
CO2-incubator for the indicated time course. Similarly, cells
were treated with protein kinase inhibitors as described
above. Cells from strained and resting cultures were lysed
and total RNA was isolated.

RNA isolation and single-step quantitative real-time
RT-PCR

Cells were lysed with TRIzol (Invitrogen) and collected with
the Qiagen RNeasy mini kit according to the manufacturer’s
instructions. All RNA samples isolated were treated with
DNase (Qiagen). We used the SYBR® Green PCR Master
Mix and RT-PCR kit in one-step RT-PCR according to the
manufacturer’s instructions. The sequence of primers was:
b-actin sense, 5′-AGAAGGATTCCTATGTGGGCG-3′, anti-
sense 5′-CATGTCGTCCCAGTTGGTGAC-3′; TN-C
forward primer, 5′-CAGCTCCACACTCCAGGTAC-3′, anti-
sense 5′-CTTTCGCTGG-GCTCTGAAGG-3′ The sizes of
PCR products for b-actin and TN-C were 101 and 448 bp
respectively. The amplification conditions were 30 min at
48°C, 10 min at 95°C, 40 cycles of denaturation at 95°C for
15 s, and annealing/extension at 60°C for 1 min. For relative
quantification, we calculated the n-fold differential expres-
sion by the DCt method (Ct denoting the threshold cycle of
PCR amplification at which product is first detected by fluo-
rescence), which compares the amount of target gene ampli-
fication, normalized to the b-actin endogenous reference.
The correct sizes of the amplified products were checked by
electrophoresis on 1·5% agarose gels, and visualized by
ethidium bromide staining.

Flow cytometry

Cells were incubated with FITC-conjugated anti-IFN-g
receptor 1 (IFN-gR1, clone 92101, R&D systems), FITC-
conjugated anti-TNF receptor I (TNF RI, clone 16803, R&D
systems) mAbs or their corresponding control mAbs with the
same isotypes (R&D systems) at 4°C for 30 min respectively.
After washing twice, cells were fixed and then analysed.

Sandwich ELISA

Levels of IFN-g, TNF-a and TN-C were assessed using the
corresponding ELIASA kits (IFN-g and TNF-a ELISA kits
from R&D systems, TN-C Large variants ELISA kit form
IBL) according to the manufacturer’s instructions. The final
results were read at a 450 nm wavelength.

Immunoprecipitation and Western blot analysis. The col-
lected sera were supplemented with protease inhibitor cock-
tail (Sigma) and incubated overnight at 4°C with 50 ml of
protein A-Sepharose together with 2 mg of rabbit anti-TN-C
IgG (H-300, Santa Cruz) per 200 mg total protein. Each
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mixture was then centrifuged at 10 000 g for 15 min, washed
at least three times with PBS containing protease inhibitors,
resuspended and boiled directly in SDS sample buffer. After
electrophoresis and membrane transferring, TN-C protein
was detected by incubation with 1:200 anti-TN-C mAb
(6A194, Santa Cruz) followed by incubation with 1:5000
goat anti-mouse IgG-HRP. TN-C expression was detected
by enhanced chemiluminescence according to the manu-
facturer’s protocol (Amersham).

Statistics

All assays were performed in triplicate. Data are expressed as
mean � s.e.m. Statistical comparisons were performed by
one-way analysis of variance followed by the Student-
Newman-Keuls test. A P-value less than 0·05 was considered
statistically significant.

Results

IFN-g, TNF-a and TN-C concentrations in subjects

Concentrations of IFN-g, TNF-a and TN-C in patients with
RHVD were 24.6 � 8.3 pg/ml, 19.3 � 5.2 pg/ml and
93.4 � 32.6 ng/ml respectively, which was significantly
higher than those in congenital valvular malformation
(7.6 � 3.7 pg/ml, 3.8� 1.7 pg/ml and 29.6 � 7.3 ng/ml
respectively) and normal controls (6.9 � 3.8 pg/ml,
3.7 � 1.8 pg/ml and 32.6 � 7.2 ng/ml respectively) (P <
0.01). No significant difference was found between those in

sera of congenital valvular malformation and normal con-
trols (P > 0.05) (Table 1).

The TN-C in sera and their expression patterns in
normal, malformed and rheumatic valves

In sera from the normal controls and patients with the mal-
formed valves, the visible TN-C bands were almost the same
and about 210-KDa (Fig. 2, lane 1 and lane 2), which
matched the smallest TN-C variants (S). In contrast, TN-C
distribution in RHVD patients (Fig. 2, lane 3) was among
the largest variants (L, about 350-KDa) and smallest. TN-C
abundance was much higher than that in normal and mal-
formed valves groups and the most TN-C was larger variants
forms.

The morphology and TN-C expression patterns of the
normal (Fig. 3A and B), the malformed (Fig. 3C and D) and
rheumatic (Fig. 3E and F) valves were found different in
immunohistochemistry results. The endothelial cells of the
normal and malformed valves were unilaminar and the
whole valve structure was tighter. The endothelial cells layer

Table 1. IFN-g, TNF-a and TN-C concentrations in subjects.

Molecules Normal controls CVM patients RHVD patients

IFN-g (pg/ml) 6·9 � 3·8 7·6 � 3·7* 24·6 � 8·3**

TNF-a (pg/ml) 3·7 � 1·8 3·8 � 1·7* 19·3 � 5·2**

TN-C (ng/ml) 32·6 � 7·2 29·6 � 7·3* 93·4 � 32·6**

*P > 0.05 versus the normal controls; **P < 0.01 versus the normal controls. CVM, congenital valvular malformation; RHVD, rheumatic heart

valvular disease.

Fig. 2. TN-C distribution in sera from the normal subjects (lane 1),

patients with the malformed valves (lane 2) and with RHVD (lane 3)

with method of immunoprecipitation and Western blot analysis.

L, largest variants; S, smallest variants.

Fig. 3. TN-C expression patterns in the normal, malformed and

rheumatic valves. The normal (Fig. 2A and B), malformed (Fig. 2C

and D) and rheumatic (Fig. 2E and F) valves were stained with

polyclonal anti-TN-C antibodies as described in Materials and

Methods. Magnification of 2A, 2C and 2E is 100-fold and that of 2B,

2D and 2F is 200-fold.
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and whole bodies of rheumatic valves became thickened and
loose. TN-C was mainly distributed on the basement mem-
brane beneath the endothelial cells on the normal and mal-
formed valves and throughout interstitial tissues and richer
on the basement membrane on the rheumatic valves.

The IFN-g receptor and TNF receptor expression
pattern and effects of antibodies neutralizing IFN-g or
TNF-a on TN-C transcription

By flow cytometry analysis, we found IFN-g R1 and TNF RI
slightly expressed on aortic valve interstitial cells isolated
from patients with congenital valvular malformation (Fig. 4a
and b) and expressed with higher density on those from
patients with RHVD (Fig. 4c and d). If the rheumatic valve
interstitial cells were starved by 3% FCS instead of 10%
corresponding patients’ sera, IFN-g R1 and TNF RI expres-
sion was down-regulated 36 h later (Fig. 4e and f).

In the normal six-well culture system, the isolated rheu-
matic aortic valves interstitial cells were cultured in corre-
sponding sera and TN-C transcription was analysed by
quantitative RT-PCR. After antibodies neutralizing IFN-g or
TNF-a were added, TN-C transcription was attenuated. The
obvious down-regulation started from approximate 6 h after
antibodies were added. Figure 4g was representative of the
assays. The decrease extent differed between antibodies

neutralizing IFN-g and TNF-a. The neutralization targeting
TNF-a decreased TN-C transcription greater than targeting
IFN-g.

The TN-C transcription induced by cyclic stress and
synergistic effects of mechanical strain and cytokines

The TN-C mRNA constitutively existed within isolated
interstitial cells and the cyclic stress of 10% and 0·3 Hz
increased its abundance from the second to the third hour.
Although the constitutive TN-C mRNA was different
between the tested groups, their increases were both found
after cyclic strain stimulation. (Fig. 5a). The kinase inhibitor
assays showed that ROCK rather than ERK 1/2, p38 MAPK
or PKC pathways was involved in strain-induced TN-C tran-
scription after strain for 6 h (Fig. 5b). When cyclic stress and
cytokines were combined together targeting rheumatic valve
interstitial cells for 6 h, synergistic effects were found on
TN-C mRNA production (Fig. 5c).

The TN-C transcription induced by IFN-g

No obvious increased TN-C mRNA level was observed after
IFN-g stimulation within aortic valve interstitial cells iso-
lated from patients with congenital valvular malformation
even after 12 h. We found TN-C mRNA was increased after
4–6 h (varying among individuals) in the rheumatic valve
interstitial cells after IFN-g addition (Fig. 6a). The kinase
inhibitor assays showed that both ROCK and p38 MAPK
pathways other than ERK 1/2 and PKC were involved
in IFN-g-inducing TN-C transcription after stimulation
(Fig. 6b).

The TN-C transcription induced by TNF-a

Similarly, no obvious increased TN-C mRNA level was
observed after TNF-a stimulation within aortic valve inter-
stitial cells isolated from patients with congenital valvular
malformation. We found TN-C mRNA was increased after
3–5 h (varying among individuals) in the rheumatic valve
interstitial cells after TNF-a addition (Fig. 7a). The kinase
inhibitor assays showed that all the tested signal pathways
including ROCK, p38 MAPK, ERK 1/2 and PKC were
involved in TNF-a-inducing TN-C transcription after
stimulation (Fig. 7b).

Discussion

The ECM was composed of various proteins and collagens
and its components were altered by stimuli such as mechani-
cal strain, proinflammatory factors and cellular communi-
cation, etc. TN-C was supposed to be a profibrotic molecule,
also involved in cell-ECM interaction and valve calcification.
It was a unique six-armed multidomain macromolecule with
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a molecular mass of 210–400 kDa. Each arm consisted of
14 + 1/2 EGF-like domains, 8–15 FNIII domains, depending
on alternative RNA splicing, and a single fibrinogen-like
domain. The universal FNIII domains (FNIII repeats 1–5
and FNIII repeats 6–8) were present in all TN-C variants.
The largest TN-C variant also contained nine alternatively
spliced domains (FNIII repeats A1–D), which were missing
in the shortest splice variant. The large variants, containing
the alternatively spliced FNIII domains in various combina-
tions, were predominantly expressed in pathological tissues,
which undergo remodelling, as with regeneration, inflam-
mation and tumorigenesis. TN-C tested in our assay
belonged to its large variant and TN-C was also found in
other rheumatic diseases and taken as a biomarker of disease
progression [19]. In our assay, we found TN-C large variants
were elevated in sera of patients with RHVD, which proved
it’s also a biomarker of RHVD. Rheumatic heart diseases
were Th1-dominant, and here we found undoubtedly,
Th1-like cytokines were abundant in patients with RHVD
compared with those with congenital valvular malformation
or normal controls.

In China, cadaver valves were hard to obtain because of
Chinese traditional culture and incomplete organ donation
laws. Therefore, in this assay, the selected non-rheumatic
valves were from young patients diagnosed as having a bicus-
pid aortic valve. Their valves had relatively normal morphol-
ogy and no obvious calcification. In the IHC results, we
could see that the TN-C distribution pattern on our selected
valves was similar to the previous report [11] on normal
valves. TN-C was mainly on the basement membrane
beneath the endothelial cells.

Our results revealed new evidence for the different aetiol-
ogy of aortic stenosis under rheumatic non-rheumatic
conditions. IFN-g interacted with dimerized IFN-g receptor
1 (CDw119) and TNF-a interacted with the trimerized TNF
receptor I, and then the downstream signal pathways were
activated. IFN-gR1 and TNF-RI were just slightly expressed
on the malformation valve cells. However, co-culture with
IFN-g or TNF-a induced no TN-C transcription, which may
be due to incomplete or ineffective cytokine receptor sensor
systems. Interestingly, the expression of IFN-gR1 and
TNF-RI on rheumatic valve cells was patients’ sera depen-
dent and even if the sera were replaced by normal AB serum,
a similar decrease was found (data not shown). It may be
because the receptors expression needed persistent stimula-
tion by certain molecules in patients’ sera with RHVD.

A previous study proved that fibroblasts sensed strain by
cytoskeleton through integrins within cell-matrix adhesions,
which then triggered MAPK and NK-kB activation
[20].Therefore, collagen I was used as ECM on silicone mem-
brane. In our study, it was found, although constitutive TN-C
mRNA levels in both the rheumatic and malformation groups
were up-regulated after cyclic strain no matter what the cell
origin, but the induction extent and tendency was distinct.
Cells from rheumatic valves were easily activated and we

presumed this was due to the RHVD pathogenesis. Strain
force led to the stiffening of the actin cytoskeleton mediated
by RhoA and ROCK. As with effects on other fibroblasts, the
mechanical strain induced TN-C through the RhoA/ROCK
signalling pathway and could be attenuated by the chemical
inhibitor Y 27632.Also, we found the mechanical strain could
not active ERK 1/2, p38 MAPK or PKC pathways.

Several reports revealed that TNF-a stimulated TN-C
expression in other cell types through several pathways,
including: (i) NF-kB signalling with RelA activation, (ii) p38
MAPK signaling, and (iii) via the transcription factor Ets-1
[21–23]. In our assay, after inhibition of ROCK, PKC, ERK 1/2
and p38 MAPK, we found IFN-g induced TN-C transcription
through RhoA/ROCK and p38 MAPK pathways. TNF-a
acted through all four pathways of ROCK, PKC, ERK 1/2 and
p38 MAPK. Our finding is shown in Fig. 8.

Likewise, we inferred that TNF-a induced RhoA/ROCK
activation and then the changes in cytoskeleton molecules
such as F-actin. A similar phenomenon was found in the
endothelial cell model [24]. The PKC family of proteins was
comprised of at least 11 isozymes with diverse functions that
were involved in important cellular processes [25]. It has
been found that IL-13 could induce TN-C production
through the PKC signalling pathway [26] and thrombin
stimulated TN-C expression via opposing PKC-e signalling
mechanisms in systemic sclerosis and normal lung fibro-
blasts [27]. b3 integrin induced TN-C gene expression in
vascular smooth muscle cell through the ERK1/2 pathway,
which activated a 122-base pair TN-C promoter element
[28]. Correspondingly, blocking of IFN-g or TNF-a attenu-
ated TN-C mRNA levels. The decease extent of blocking
TNF-a was stronger than that of blocking IFN-g. Concern-
ing the downstream signal pathways, TNF-a blockade inter-
fered with more down-stream molecules. In the clinic,
anti-IFN-g and anti-TNF-a therapy was undertaken [29,30]
and our results provide new evidence for the potential
mechanism of these effective targeting therapies.

In conclusion, within valve interstitial cells, TN-C was
constitutively expressed, but at a low level, and also induced
by cyclic strain under normal and malformed conditions.
During RHVD, IFN-g, TNF-a and cyclic strain had syner-

Fig. 8. Signalling pathways and synergistic effects induced by cyclic

strain, IFN-g and TNF-a on tenascin-C production by rheumatic

aortic valve interstitial cells.

L. Jiang et al.
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gistic effects on increasing TN-C mRNA and protein level
through the common and distinct signal pathways.
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