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Evidence for an Important Role of Smad-7
in Intervertebral Disc Degeneration

Bo Li"* Yi-Jun Su?” Xin-Feng Zheng,' Yue-Hua Yang,' Sheng-Dan Jiang,' and Lei-Sheng Jiang'

Smad-7 inhibited the transforming growth factor beta (TGF-p)-induced proteoglycan synthesis in chondrocytes
and completely antagonized the effect of TGF-f on the proliferation of the cells. The aim of this study was to
evaluate the contribution of Smad-7 to the pathophysiology of disc degeneration by determining the expression
of Smad-7 in the degenerative intervertebral discs and its effect on the extracellular matrix metabolism of disc
cells. Instability of the lumbar spine produced by imbalanced dynamic and static forces was used to induce
intervertebral disc degeneration in rats. The expression of Smad-7 was assessed by the immunohistochemical
method. Disc cell apoptosis was detected by in situ TUNEL staining. The effect of Smad-7 overexpression on
the matrix metabolism of disc cells was analyzed in vitro by real-time polymerase chain reaction (PCR) and
Western blotting. Finally, intradiscal injection of the Smad-7 overexpression lentivirus was performed to
evaluate the in vivo effect of Smad-7 on disc degeneration. Radiographic and histomorphological examinations
showed that lumbar disc degeneration became more and more severe in the rats with induced instability.
Immunohistochemical observation demonstrated increasing protein expression of Smad-7 in the degenerative
discs. A significantly positive correlation was found between Smad-7 expression and the degree of disc de-
generation and between Smad-7 expression and disc cell apoptosis. Overexpression of Smad-7 in disc cells
inhibited the expression of TGF-B1, collagen type-I, collagen type-II, and aggrecan and promoted the ex-
pression of MMP-13, but did not change the expression of ADAMTS-5. The in vivo findings illustrated that
intradiscal injection of lentivirus vector with Smad-7 overexpression accelerated the progress of disc degen-
eration. In conclusion, Smad-7 was highly expressed in the degenerative discs. Overexpression of Smad-7
weakened the protective role of TGF-f3 and accelerated the progress of disc degeneration. Interference on Smad-
7 might be a potential therapeutic method for the prevention and treatment of degenerative disc diseases.

Introduction

TRANSFORMING GROWTH FACTOR BETA (TGF-B) is a
pleiotropic cytokine that regulates diverse cellular and
physiological processes, such as cell proliferation, differ-
entiation, apoptosis, migration, adhesion, and intracellular
matrix production. It could stimulate chondrocyte matrix
production and has been considered as a potent agent to
repair already damaged cartilage (Blaney Davidson and
others 2007; Blom and others 2007). It was reported that
TGF-f and its receptors were highly expressed in the disc
tissues from patients with degenerative disc disease (DDD)
(Peng and others 2006; Tolonen and others 2006), and the
level of TGF-f expression was higher in patients with de-
generated discs than in those with herniated discs (Lee and
others 2009). TGF-B was also reported to be able to upre-
gulate the synthesis of the key chondrocytic matrix mole-

cules in disc cells in vitro (Murakami and others 2006;
Risbud and others 2006; Tolonen and others 2006) and has
been proposed as a therapeutic agent to prevent disc de-
generation (Zhan and others 2004; Chen and others 2006).

TGF- exerts its cellular effects by forming a complex
with its type-II and type-I serine/threonine kinase receptors,
and then the type-I receptor is phosphorylated and activated
by the constitutively active type-II receptor. The activated
TGF-f receptors phosphorylate Smad-2 and Smad-3, which
form a heteromeric complex with Smad-4 and enter the
nucleus, bind to DNA in a sequence-specific manner, and
regulate gene transcription in cooperation with various
transcriptional factors and coactivators and/or corepressors
(Nakao and others 2002). At the same time, the inhibitory
Smads (I-Smads, mainly Smad-7) can block the signal
transduction. It either interferes with the binding of TGF-f
to type-I receptors, preventing the activation of Smad-2/3
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(Hayashi and others 1997), or recruits Smurf, an E3 ubi-
quitin ligase to receptors, targeting them for proteasome-
mediated degradation (Hayashi and others 1997; Kavsak
and others 2000). Therefore, Smad-7 performs a critical
function in the process of TGF-f signal transduction.

It has been reported that altered expression of Smad-7 was
associated with several human disease processes, such as
cancers, inflammatory diseases, and tissue fibrosis (Briones-
Orta and others 2011). Overexpression of Smad-7 was seen
in renal carcinomas (Higgins and others 2003; Gumz and
others 2007), squamous cell carcinomas of the head and
neck region (Cromer and others 2004; Ginos and others
2004; Toruner and others 2004; Pyeon and others 2007),
pancreatic (Kleeff and others 1999), and colorectal cancers
(Stolfi and others 2014). Smad-7 expression was upregulated
in inflammatory bowel disease mucosa and purified mucosal T
cells (Monteleone and others 2001). Smad-7 overexpression in
transgenic mice resulted in severe pathological alterations in
multiple epithelial tissues (He and others 2002), whereas de-
creased Smad-7 expression contributed to cardiac fibrosis in
the infarcted rat heart (Wang and others 2002), and deficient
Smad-7 expression was causally linked to scleroderma (Dong
and others 2002). In all of these diseases, the expression of
TGF-B3 was abnormal.

Thus, appropriate expression of Smad-7 is critical for
balanced TGF-B activity. It was also found that Smad-7
could mediate TGF-B-induced apoptosis of human prostate
carcinoma cells, podocytes, MvlLu, MDCK, and COS7
cells (Landstrom and others 2000; Lallemand and others
2001; Mazars and others 2001; Schiffer and others 2001;
Okado and others 2002; Sanchez-Capelo 2005). Over-
expression of Smad-7 could inhibit important TGF-f-
mediated biological responses such as cell proliferation and
proteoglycan synthesis in chondrocytes (Scharstuhl and oth-
ers 2003). However, there have never been investigative re-
ports, at present, on the role of Smad-7 in disc cells and in the
process of intervertebral disc degeneration (IVDD).

The present study was undertaken to evaluate the con-
tribution of Smad-7 to IVDD and it has tried to elucidate its
possible mechanisms by investigating the effect of Smad-7
on the catabolism and anabolism of disc cells. We believe
that our study will deepen the understanding of disc de-
generation and provide novel targets for pharmacological
intervention of DDDs.

Materials and Methods
Animals and study protocols

Male Sprague—-Dawley rats, aged 2 months, were used in
this study. The rats were housed under controlled tempera-
ture and lighting conditions and received food and water ad
libitum. The local Animal Care and Use Committee ap-
proved the experimental protocols and guidelines for labo-
ratory procedures were followed at all times.

To testify our hypothesis that Smad-7 has an important
role in the pathophysiology of IVDD, we designed our ex-
periments to observe the following: (1) the expression of
Smad-7 in the intervertebral discs and evaluate its associa-
tion with the severity of degeneration and disc cell apo-
ptosis, (2) the effect of Smad-7 on the metabolism of
isolated disc cells, and (3) the in vivo effect of Smad-7 on
disc degeneration.
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Establishment for a rat model of lumbar VDD

A modified surgical procedure was performed in 24 rats to
induce imbalanced dynamic and static forces of the lumbar
spine (Wang and others 2006). Other 24 rats just received a
skin incision and suturation and severed as controls. At 6, 12,
and 18 weeks, 8 operated and 8 control rats were euthanized
by intraperitoneal administration of overdose of pentobarbital
sodium separately. Lateral radiographic examination was
performed for each rat. After that, lumbar spines, including
L3 to L6 vertebral levels, were taken out en bloc; the para-
vertebral muscles and the posterior columns were removed
thoroughly. Histomorphology evaluation was performed to
verify the success of the rat model of lumbar IVDD, and
TUNEL staining was used to detect the disc cell apoptosis as
in our previous report (Zhao and others 2010).

Immunohistochemistry for Smad-7 expression

The obtained lumbar tissues were immediately washed
with physiologic saline solution twice, followed by fixation in
4% paraformaldehyde for 24h. After decalcification and
embedding in paraffin, serial sections in 4 mm thickness were
obtained in the sagittal plane and treated with xylene to re-
move paraffin and rehydrated in graded alcohol baths, fol-
lowed by 3 rinses with phosphate-buffered saline (PBS).
Slides were immunostained with the streptavidin-biotin per-
oxidase technique according to our previously described
procedure (Zhao and others 2008). Antigen retrieval was
performed in 10mM citrate buffer (pH6.0) at 98°C for
10 min, allowing them to cool down to room temperature for
20 min. Then, sections were incubated in 1% H,O, for 15 min
for blocking the endogenous peroxidase activity. Sections
were incubated overnight at 4°C with mouse Smad-7 mono-
clonal antibody (MAB2029; R&D Systems) after pre-
incubation with 5% normal goat serum (S-1000; Vector) for
30min at room temperature. Then, sections were incubated
with the corresponding biotinylated goat anti-rabbit IgG (BA-
1000; Vector), applied for 30min at a dilution of 1:200,
followed by a triple wash in PBS. Finally, at room temper-
ature, the sections were incubated in ABC complex (Vec-
tastain ABC kit, Cat#PK-6100; Vector) for 30 min. Staining
was detected with DAB peroxides substrate solution for
Smin, followed by rinsing in distilled water briefly. The
slides were dehydrated in graded ethanol, cleared in xylene,
and mounted with Permount medium after counterstaining
with Gill’s hematoxylin solution for 3 min. Control experi-
ments were incubated with the antibody preincubated with a
blocking peptide. A set of sections, in which the primary
antibodies were omitted, were used as negative controls. The
Smad-7-positive disc cells were counted under 3 to 5 non-
continuous high-power fields (magnification, x200) in each
of 3 regions [cartilaginous endplate, annulus fibrosus (AF),
and nucleus pulposus] from each of 3 discs per specimen and
summed up. The percentage of Smad-7-positive disc cells
compared with total disc cells was then calculated.

Isolation and culture of AF cells

AF cells were isolated from 2-month-old male Sprague—
Dawley rats and cultured according to our previous method
(Zhao and others 2010; Zhang and others 2011). First-pas-
sage cells maintained in a monolayer were used throughout
the experiments.
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Transfection of lentivirus vectors with Smad-7
overexpression into AF cells

The lentivirus vector with Smad-7 gene overexpression
was constructed by Shanghai Genechem Co., Ltd. On the day
of transfection, AF cells were replated at 5 x 10* cells/well in
24-well plates containing serum-free growth medium with
polybrene (5 mg/mL). When they reached 50% confluence,
cells were transfected with the Smad-7 overexpression lenti-
virus or negative control lentivirus at a multiplicity of in-
fection of 100 and cells without transfection were used as
control and cultured at 37°C and 5% CO2 for 24 h. Then, the
supernatant was discarded and serum containing growth
medium was added. Three days later, the transfection effi-
ciency was measured by the frequency of green fluorescent
protein (GFP)-positive cells. Real-time PCR and Western
blotting were used to detect the expression level of Smad-7.

RNA isolation and quantitative real-time PCR
for the transfected cells

At 3 days after the lentivirus infection, the AF cells were
collected and lysed in Trizol reagent. Total RNA was ex-
tracted using Trizol reagent (Invitrogen) according to the
manufacturer’s protocol. The quantity and purity of the iso-
lated RNA were measured at OD260 and OD280 and ana-
lyzed on a 0.5 x5 TBE (0.045M Tris borate, 0.001 M EDTA)
1% agarose gel to check the integrity of the RNA. Then total
RNA was reverse transcribed using the One-Step TaKaRa
Primescript TM RT Reagent kit (TaKaRa). First-strand
cDNA was synthesized from 1 pg total RNA. The gene ex-
pression of collagen type-I, collagen type-II, aggrecan, MMP-
13, and ADAMTS-5 was measured by real-time PCR using
SYBR Premix Ex Taq (Takara) and an ABI Prism 7500 se-
quence detection system (Applied Biosystems). The primers
for actin, Smad-7, TGF-B1, collagen type-1, collagen type-II,
aggrecan, MMP-13, and ADAMTS-5 were designed by Ta-
KaRa Biotechnology. The target sites on these genes and
PCR product length are shown in Table 1.

The reaction mixture was amplified at 50°C for 2 min and
95°C for 30s, and then 40 cycles at 95°C for 5's, followed
by 60°C for 34 s. The optimal concentrations of primers and
templates used in each reaction were established according
to the standard curve created before the reaction and cor-

TABLE 1. SEQUENCES OF PRIMERS USED
IN THE REAL-TIME POLYMERASE CHAIN REACTION

Gene sequences of primers product size (bp)

B-actin F: 5-GGCACAGTCAAGGCTGAGAATG-3" 230
R: 5-ATGGTGGTGAAGACGCCAGTA-3’

Smad-7 F: 5-GGGGGAACGAATTATCTGGC-3’ 478
R: 5-CGCCATCCACTTCCCTTGT-3’

TGF-B1 F: 5-GTGGCTGAACCAAGGAGACG-3’ 461
R: 5-CAGGTGTTGAGCCCTTTCCAG-3’

Collal F: 5-GACATCCCTGAAGTCAGCTGC-3’ 243
R: 5-TCCCTTGGGTCCCTCGAC-3’

Col2al F: 5-GCCTTCCCATTGTTGACATTG-3’ 131
R: 5-GTCCACACCAAATTCCTGATCA-3’

Aggrecan F: 5’-GCAACCTCCTGGGTGTAAGG-3’ 197
R: 5-GCGTCGTAGCGGGATGAG-3’

MMP-13 F: 5-TGACCTGGGATTTCCAAAAGA-3’ 91
R: 5-TCCCCGTGTCCTCAAAGTG-3’

ADATMS-5 F: 5-CGACAAGAGTCTGGAGGTGAG-3" 260
R: 5-CGTGAGCCACAGTGAAAGC-3’
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responding to the nearly 100% efficiency of the reaction.
Gene expression relative to the control was calculated using
the 2722€T formula method. The Ct value of each cDNA
sample was defined as the cycle number at which the fluo-
rescence intensity of each target gene was amplified within
the linear range of the reaction.

Western blot analysis for the transfected cells

At 3 days after the lentivirus infection, the AF cells were
collected and lysed in RIPA buffer (150 mM NaCl, 100 mM
Tris-HCI, 1% Tween-20, 1% sodium deoxycholate, and 0.1%
SDS) supplemented with 1 mM PMSF and protease inhibitor
cocktail. The concentration of protein in the cell lysate was
determined using a Bio-Rad assay according to the manu-
facturer’s protocol (Bio-Rad). For each sample, whole cell
extracts equivalent to 20 mg total protein were loaded into an
8% SDS—polyacrylamide gel, separated by electrophoresis,
and the proteins were electrotransferred to a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad). Nonspecific binding
was blocked by incubating the PVDF membrane with 10 mM
TBS with 1.0% Tween 20 and 10% dehydrated skimmed
milk. Following the blocking procedure, the membranes were
incubated overnight with mouse monoclonal antibody against
Smad-7 (MAB2029; R&D Systems), mouse monoclonal an-
tibodies against TGF-B1 (ab64715; abcam), rabbit monoclo-
nal antibody against total Smad2\ Smad3 (#8685; CST),
rabbit polyclonal antibodies against P-Smad2 and rabbit
monoclonal antibody against P-Smad3 (#3104 and #9520;
CST), rabbit polyclonal antibodies against collagen type-I
and type-1I (ab34710 and ab34712; abcam), rabbit polyclonal
antibodies against aggrecan (novus-NBP1-71370), rabbit
polyclonal antibodies against MMP-13 (ab53047; abcam),
and rabbit polyclonal antibodies against ADAMTS-5
(ab75606; abcam). The performance of immunoblotting on
the same membranes using antibodies against GAPDH (Be-
yotime) was used as a loading control to assay the relative
amounts of protein loaded into each gel. Following incuba-
tion with a primary antibody, the membranes were washed
with TBST and incubated with alkaline phosphatase-linked
secondary antibodies (Jackson Immunoresearch). The mem-
branes were then washed thrice and the immunoreactive
bands visualized using NBT/BCIP as a substrate. Densito-
metric analysis was done using the NIH ImageJ] Software to
quantify the protein present in the detected bands. GAPDH
content was assayed as standardization of sample loading.
Quantitative densitometric values of each protein of interest
were normalized to GAPDH.

Intradiscal injection of the Smad-7
overexpression lentivirus

Another 48 male Sprague-Dawley rats, aged 2 months,
were used for this part of the experiments. Under general
anesthesia, the intervertebral discs were surgically exposed
through a ventral approach (Rousseau and others 2004). A
total of 2pL solution (~10° plaque-forming units) con-
taining Smad-7 overexpression lentivirus was injected into
the L4/L5 and L5/L6 intervertebral discs of half of the rats,
with the depth of injection about 2mm using a 28-gauge
needle attached to a microsyringe (Nishida and others 2006;
Zhang and others 2011). The negative control lentivirus was
injected into the other half of the rats. After the surgery,
antibiotics were supplied to the animals immediately.
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Magnetic resonance imaging examination

At 8 and 12 weeks after injection, magnetic resonance
imaging (MRI) examination for the lumbar spine was per-
formed on a clinical 1.5-T scanner (Siemens Symphony) with
a dedicated custom-made animal volume resonator at room
temperature. T2-weighted sections in the sagittal plane were
obtained. Then, a modified Thompson classification was used,
by 2 observers who were blinded to the study groups, to
evaluate the images based on changes in the degree and area
of signal intensity from grade 1 to 4 (1, normal; 2, minimal
decrease in signal intensity, but obvious narrowing of high
signal area; 3, moderate decrease in signal intensity; and 4,
severe decrease in signal intensity) (Masuda and others 2005).

Histomorphological evaluation

Just after MRI examination, lumbar spines, including
L4-L6 vertebral levels, were harvested en bloc for histo-
morphological evaluation. They were fixed, decalcified,
dehydrated, cleared with dimethylbenzene, and then em-
bedded in paraffin. Serial sections in 4 um thickness were
obtained in the sagittal plane and stained with either he-
matoxylin—eosin and alcian blue-PAS, or safranin-O, or
picrosirius red (Junqueira and others 1979; Borges and
others 2007). The degenerative extent of IVD was graded
according to the classification system for the histological
features of age-related changes in the lumbar disc (Boos and
others 2002; Furukawa and others 2009). A higher score
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represented a more severe extent of disc degeneration.
Morphometric evaluation was carried out under an image
autoanalysis system and a polar scope system (ZEISS Im-
ager M1). The sections were evaluated by 2 observers, in-
dependently and blindly. The final results presented were
the averages of the 2 observers.

RNA isolation and quantitative real-time PCR
for the injected discs

The injected intervertebral discs from the L4-L6 verte-
bral levels harvested en bloc were dissected. Total RNA
from the discs was isolated by grinding the frozen sample in
liquid nitrogen using a mortar and pestle, followed by ex-
traction using Trizol reagent (Invitrogen) according to the
manufacturer’s protocol. Primers for detection of actin,
Smad-7, TGF-B1, collagen type-1, collagen type-II, ag-
grecan, MMP-13, and ADAMTS-5 were designed by Ta-
KaRa Biotechnology. All the quantitative real-time PCR
experiments were performed as previously described above.

Western blot analysis for the injected discs

Total protein was extracted from the injected IVD spec-
imens using a Western and IP Cell Lysis kit (Beyotime).
After centrifuge, the supernatant was collected and boiled
with 2 x SDS protein sample buffer. Then, the proteins were
separated in SDS-PAGE and transferred to PVDF mem-
branes, which were probed with different antibodies. The
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primary antibodies used in this study were the same as
previously described above.

Statistical analyses

All data are expressed as mean=standard deviation. Sta-
tistical analyses were performed using the SPSS 11.5 statis-
tical software program. All experiments in vitro were
performed at least thrice in triplicate. Analysis of variance
with subsequent Fisher’s least significant difference test was
performed to determine the significance of the difference in
multiple comparisons. For the in vivo comparison of the dif-
ferences between the Smad-7 overexpression lentivirus and
negative control lentivirus injections, the Mann—Whitney U
test was used. Pearson correlation test or Spearman rank
correlation test was employed for correlation analysis. A
P value <0.05 was considered to be the level of significance.

Results
Verification of the rat lumbar IVDD model

Successful establishment of the rat model of IVDD was
confirmed by serial X-ray examinations and histomorphol-
ogy evaluation. As in our previous report, imbalanced dy-
namic and static forces of the lumbar spine led to
progressive degenerative changes, including lumbar spine
malalignment, disc space narrowing, and endplate calcifi-
cation on lateral radiographs. Meanwhile, histomorpholo-
gical evaluation showed tears and clefts in the nucleus

Lv-Con

A Con
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pulposus and AF and continuous new bone formation in the
cartilaginous endplates. The total degenerative score grad-
ually increased over time. TUNEL staining also revealed
increased apoptosis of the disc cells with the increased se-
verity of disc degeneration (Zhao and others 2010).

Expression of Smad-7 in the degenerative discs

Expression of Smad-7 in the intervertebral discs was as-
sessed by immunohistochemical analysis. Positive staining of
Smad-7 was mainly localized in the nucleus and cytoplasm of
disc cells. The number of Smad-7-positive cells progressively
increased in the discs of the rats with induced instability at 6,
12, and 18 weeks, and there were significantly more Smad-7-
positive cells in the discs of rats with induced instability than in
those of the control rats at the 3 detection time points (P <0.05)
(Fig. 1A, B). Correlation analysis revealed that the expression
of Smad-7 was significantly correlated with the histomorpho-
logical grade of IVDD (r=0.883, P<0.01) and to the apo-
ptosis incidence of the disc cells (r=0.824, P <0.01) (Fig. 1C,
D). These results indicated that Smad-7 might have an im-
portant role in the pathophysiology of IVDD.

The effect of Smad-7 on the metabolism
of isolated disc cells

Successful transfection of the lentivirus vectors with
Smad-7 overexpression into the isolated AF cells was veri-
fied (Fig. 2). To explore the role of Smad-7 in disc

Lv-Smad-7

White light

Green
fluorescence

80O

600

400

Con Lv-Con

o
H
g
i
E
]
Z
3
o
E
g
v
z
k|
&

(9]
o

P b2

Smad-7 50kd

GAPDH M 36kd

Relative Smad-7 protein

¢ %t A
% A i e

Lv-Smad-7

e

FIG. 2. Successful transfection of the
isolated AF cells. (A) Fluorescence mi-
croscopy. The infection efficiency of
the lentivirus vectors with Smad-7 over-
expression (multiplicity of infection=
100) in AF cells was greater than 80%.
(B) Real-time polymerase chain reac-
tion (PCR) for the mRNA expression
of Smad-7 in the AF cells. (C) Western
blot assay for the protein expression of
Smad-7 in the AF cells. (D) Quantitative
analysis of Smad-7 protein levels. *P <
0.05. Con, controls without transfec-
tion; Lv-Con, negative control lentivirus
vectors transfected; Lv-Smad-7, Smad-7
overexpression lentivirus vectors trans-
fected.

Con

expression level (gray scale value)

Lv-Con

Lv-Smad-7



574

degeneration, we evaluated the effect of Smad-7 on the
extracellular matrix metabolism of disc cells by real-time
PCR and Western blotting. Three days after transfection of
the lentivirus vectors with Smad-7 overexpression into the
AF cells, the protein (Fig. 3A) and mRNA (Fig. 3B) ex-
pression of collagen type-I, collagen type-II, and aggrecan
significantly decreased, while those of MMP-13 signifi-
cantly increased. However, no significant change of the
expression of ADAMTS-5 was noted. Meanwhile, Smad-7
overexpression significantly inhibited the expression of
TGF-B1 and the phosphorylation of Smad-2 and Smad-3
without affecting the total amount of Smad-2 and Smad-3
(Fig. 3C). These results suggested that Smad-7 could inhibit
the extracellular matrix synthesis and promote the degra-
dation functions in the disc cells, and these effects of Smad-
7 on the metabolism of disc cells were probably through its
regulation on the biological behaviors of TGF-f.

The in vivo effect of Smad-7 on disc degeneration

At 8 and 12 weeks after intradiscal injection, MRI ex-
amination of the lumbar spine was carried out in the rats. As
shown in Fig. 4A, the signal intensities of the discs with
negative control virus injections were much higher than
those with Smad-7 overexpression virus injections. The

A
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degeneration score according to Thompson’s classification
was significantly higher in the discs with Smad-7 over-
expression virus injections (Fig. 4B).
Histomorphologically, at 8 weeks after Smad-7 over-
expression virus injections, the number of notochordal cells
significantly decreased in the nucleus pulposus, and con-
centric tears could be identified in the AF of the injected
discs. These characteristics of disc degeneration were more
evident at 12 weeks (Fig. 4C). The grade of disc degener-
ation was also significantly higher in the rats with intradiscal
Smad-7 overexpression virus injections (Fig. 4D). Mean-
while, safranin-O staining and picrosirius red staining were
used to evaluate the content of proteoglycan and collagen
fibrils as well as their changes. The red staining intensity for
proteoglycan gradually decreased in the nucleus pulposus
and AF in the rats with Smad-7 overexpression virus in-
jections at 8 and 12 weeks (Fig. 4E). Under polarization
microscopy, collagen type-I fibrils showed intense bire-
fringence in yellow or red, while collagen type-II fibrils
revealed mild birefringence in aquamarine blue or multi-
color. In the discs with negative control virus injections, the
inner AF was stained into aquamarine blue and the outer AF
into bright yellow, indicating mainly collagen type-II fibrils
in the inner AF and collagen type-I fibrils in the outer AF.
These 2 parts were clearly divided and well arranged in
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concentric circles at 8 and 12 weeks. However, the inner and
outer AF of the discs with Smad-7 overexpression virus
injections were vaguely divided and appeared as yellow or
thin green, suggesting their main component of collagen
type-I fibrils (Fig. 4F).

Finally, the in vivo effect of Smad-7 on the extracellular
matrix metabolism of the disc cells was also investigated.
Real-time PCR (Fig. 5) and Western blotting (Fig. 6) re-
vealed that intradiscal injections with Smad-7 over-
expression virus gradually and significantly increased the
mRNA and protein expression of Smad-7 in the discs. The
increased expression of Smad-7 inhibited the expression of
TGF-B1, collagen type-I, collagen type-II, and aggrecan and
promoted the expression of MMP-13. However, no signifi-
cant change of ADAMTS-5 expression was noted, which
was consistent with our in vitro results. These results sug-
gested that Smad-7 did have an important role in the ex-
tracellular matrix metabolism of disc cells. Its high
expression could lead to the metabolic disturbance of disc
cells and thus the occurrence of disc degeneration.

Discussion

Smad-7 has been characterized as an antagonist of TGF-
B-initiated signaling (Hayashi and others 1997; Nakao and
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others 1997) and plays a key role in control of TGF- signal
transduction. TGF-f could stimulate the proteoglycan syn-
thesis in the intervertebral disc (Thompson and others 1991;
Nishida and others 1999) and was regarded as a crucial
growth factor for the management of DDD (Zhan and others
2004; Chen and others 2006). However, the regulatory effect
of Smad-7 on IVDD has never been investigated. In this
study, we first employed imbalanced dynamic and static
forces to induce lumbar IVDD in rats as in our previous
report (Zhao and others 2010) and found that Smad-7 was
highly expressed in the degenerative intervertebral discs.
Significant positive correlations existed among the expression
of Smad-7, the histomorphological severity of IVDD, and
disc cell apoptosis. These results indicated that Smad-7 might
have an important role in the pathophysiology of IVDD.

So far as we know, activation of Smad-2 and Smad-3 is
mandatory for the proper function of TGF-B. However,
Smad-7 interferes with the binding of TGF-J to its receptors,
preventing the activation of Smad-2 and Smad-3 (Nakao and
others 2002). In addition, this inhibitory Smad in the nucleus
potently repressed the transcription of TGF-f (Nakao and
others 1997). It has been reported that TGF-3 was a pro-
tective factor against IVDD and it could increase proteo-
glycan and collagen synthesis rates in degenerated human
disc cells (Lee and others 2001) and decrease the level of
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active MMPs in nucleus pulposus cells (Pattison and others
2001). Smad-7 inhibited the TGF-B-induced proteoglycan
synthesis in chondrocytes and it completely antagonized the
effect of TGF-P on the proliferation of the cells (Scharstuhl
and others 2003). To elucidate the role of Smad-7 in the
process of disc degeneration and explore the possible
pathogenesis, we transfected the isolated disc cells with
Smad-7 overexpression virus vectors and observed the effect
of Smad-7 on the metabolic activities of the cells. Smad-7
upregulation could significantly inhibit the protein and
mRNA expression of collagen type-I, collagen type-II, and
aggrecan, while promoting the expression of MMP-13 in the
AF cells. Meanwhile, the expression of TGF-B1 and the
activation of Smad-2 and Smad-3 were obviously inhibited
by Smad-7 overexpression in the cells. These in vitro results
indicated that Smad-7 could inhibit the extracellular matrix
synthesis and promote its degradation in the AF cells. Such
effect of Smad-7 was probably through inhibiting the bio-
logical functions of TGF-B. Similar results were found in
inflammatory bowel disease showing that highly expressed
Smad-7 inhibited the TGF-f} signal transduction, while ac-
tivating the proinflammatory pathways. Meanwhile, knock-
down of Smad-7 by antisense oligonucleotides could restore
the TGF-P signaling and inhibit the production of inflam-
matory cytokines (Monteleone and others 2001, 2004).
Thus, we speculate that inhibition of Smad-7 expression
should improve the TGF-f signal transduction and promote
the anabolism activities in disc cells and should be useful in
the management of degenerative disc disorders.

Furthermore, we confirmed in our in vivo study that in-
tradiscal injection of Smad-7 overexpression lentivirus
could promote the catabolism and inhibit the anabolism in
the discs. Similar to our in vitro results, the expression of
collagen type-I, collagen type-II, and aggrecan significantly
decreased, while the expression of MMP-13 significantly
increased in the injected discs. The TGF-B1 expression in
the injected discs was also significantly downregulated.
Histomorphological analysis and MRI assessment also in-
dicated progressive degeneration of the injected discs. These
results further support that Smad-7 must have an important
role in the pathophysiology of disc degeneration, and such
effect of Smad-7 was probably through the TGF-f signaling
pathway.

MMP-13 is known to be involved in IVD degeneration by
hydrolyzing the collagens, and ADAMTS-5 is designated as
an aggrecanase, which can specifically cleave cartilage
proteoglycans. Previously, we found that ADAMTS-5 was
involved in the process of IVD degeneration and its ex-
pression was closely related with aging (Zhao and others
2010). However, in this study, we found no significant
change of ADAMTS-5 expression in the transfected disc
cells or injected discs with Smad-7 overexpression virus.
These seemingly unreasonable results were also observed in
the studies showing that TGF-B had no effect on the ex-
pression and regulation of aggrecanase in human chon-
drocytes in vitro and in osteoarthritis (Yamanishi and others
2002; Moulharat and others 2004).

Our study also revealed that the degree of disc cell apo-
ptosis was significantly correlated with the expression of
smad-7 in the degenerative discs. Smad-7 was reported to
induce apoptosis in podocytes and had a synergistic effect
with TGF-B to promote podocyte apoptosis (Schiffer and
others 2001). Likewise, Smad-7 could sensitize the tumor
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cells to TNF-induced apoptosis through the inhibition of
expression of antiapoptotic NF-KB target genes (Hong and
others 2007). However, in B-lymphocytes, Smad-7 was
upregulated to inhibit TGF-f3 and activin-A-induced apo-
ptosis (Ishisaki and others 1998; Patil and others 2000) and
it could also inhibit the survival factor NF-kB and potentiate
TGF-B-mediated apoptosis in epithelial cells (Lallemand
and others 2001). Therefore, the functional role of Smad-7
in apoptosis seems to be cell type and tissue specific. How
Smad-7 regulates apoptosis in disc cells needs to be further
explored.

In conclusion, the current study demonstrated that Smad-
7 was highly expressed in the degenerative discs. Disc
degeneration might be modulated by the TGF-B/Smad-7
signaling pathway. Overexpression of Smad-7 probably
weakened the protective role of TGF-3 and accelerated the
progress of disc degeneration. Interference on Smad-7 might
be a potential therapeutic method for the prevention and
treatment of DDDs.
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