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ABSTRACT 

The knee joint is the largest and most complex joint in the human body. In this study, we investigated TGFβ1 expres-
sion in the outer meniscus, inner meniscus and articular cartilage of rabbit and human knee tissue (outer and inner me-
nisci) in order to determine the potential role of this factor in normal meniscal function. We also examined the potential 
of TGF-β1 stimulation to promote tissue regeneration in the two different regions of rabbit knee meniscus tissue. Im-
munohistochemical investigations of TGF-β1 were performed on rabbit and human knee tissue. The rabbit outer, inner 
and articular cartilage cells were culture and stimulated with TGF-β1 followed by cell proliferation assay and extracel-
lular matrix analysis. Regulatory studies were performed using TGF-β1 inhibitors SB-431542 and PD98059. Gene ex-
pression was analyzed by quantitative polymerase chain reaction. We found marked regional variation in the expression 
of TGF-β1 in rabbit and human knee. TGF-β1 expressions are relatively greater in the outer meniscus than inner me-
niscus. Furthermore, we found that exogenous TGF-β1 stimulation increased cell proliferation and aggrecan synthesis 
more so in the outer than in the inner meniscus. Articular cartilage tissue shows moderate levels of cell proliferation and 
ECM synthesis when compared with outer and inner meniscus. These findings suggest that growth factors used to en-
hance the repair and regeneration of meniscal tissue should be tailored to enhance region-specific variation in cell pro-
liferation and extracellular matrix synthesis. 
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1. Introduction 

The knee joint is one of the largest articulations in the 
body. Menisci within the knee are crucial to its proper 
function. The meniscus of the knee is functionally a two- 
component connective tissue that distributes compressive 
load and acts as a lubricated bearing surface for rotation 
and sliding of the femoral condyles upon the tibial pla-
teau [1]. The two components are the outer and inner 
menisci, which differ in the predominant collagen and 
proteoglycan isomers that constitute them. The inner 
meniscus is an avascular zone that contains primarily 
type II collagen and higher glycosaminoglycans (GAGs), 
whereas outer meniscus contains mostly type I and less 
GAGs [2]. A torn meniscus can result from any activity 
that causes forcefully twist or rotate knee, such as ag-
gressive pivoting or sudden stops and turns. Torn menisci  

causes significant pain and disability and thus, require 
expeditious management. Failure of the meniscus to 
withstand the high stresses applied to it results in the 
common clinical condition of a meniscal tear. Treatment 
of tears is confounded by a limited blood supply, which 
effectively ends at the transition of the inner and outer 
regions [3]. To aid healing of torn menisci, investigators 
are now examining the potential of growth factor therapy. 
Primary candidates among these are basic fibroblast 
growth factor bFGF [4], TGF-β [5,6] and platelet derived 
growth factor-AB. Previous studies have indicated a 
dramatic, order-of-magnitude effect on meniscal cell 
proliferation with exogenous bFGF in monolayer culture 
[4]. 

Other than meniscus, articular cartilage is also impor-
tant tissue of knee. Damaged articular cartilage has a 
limited regenerative potential and is responsible for con-
siderable disability in the form of arthritis and joint  *Corresponding author. 
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trauma. Once articular cartilage substance is lost, the 
damage is generally permanent and is often progressive 
[7]. In the normal articular joint, cartilage homeostasis is 
maintained by a balance between the synthesis and deg-
radation of articular cartilage composed of proteoglycans 
and type II collagen [8]. However, in Osteoarthritis (OA), 
the balance shifts toward catabolism, leading to cartilage 
destruction because of excessive production of prote-
olytic enzymes. On the other hand, the articular cartilage 
is hard to regenerate during the development of OA. 
Several investigator have used Insulin-like growth factor 
I (IGF-I) [9], fibroblast growth factor-2 (FGF-2) [10] and 
TGFβ [11], the cell-regulatory molecules that promote 
anabolic and mitogenic activities by articular chondro-
cytes which may possess therapeutic potential. 

The growth factor TGF-β is an important factor for 
cartilage development (chondrogenesis), its maintenance 
and regeneration [12]. Transforming growth factor-β 
(TGF-β) superfamily, composed of TGF-β, bone morpho- 
genic protein (BMP), activin and cartilage-derived growth 
factor (CDGF) subfamilies, regulates a variety of cellular 
processes including embryonic differentiation, extracel- 
lular matrix formation, cell proliferation and apoptosis 
[13,14]. TGF-β stimulates chondrocyte differentiation by 
accumulating chondrocyte-specific gene expression such 
as type II collagen and aggrecan. In addition, TGF-β can 
potentially inhibit the release of catalytic factors, which 
are elevated in osteoarthritis [15]. Based on the available 
evidence obtained from various in vitro and in vivo stud-
ies, TGF-β is considered a potentially useful agent for the 
treatment of arthritic conditions.  

The aim of this study was to assess the effects of re-
combinant TGF-β1 on the activity of different region of 
knee tissue particularly articular cartilage and meniscal 
cells harvested from the inner and outer zones of the me-
niscus. We hypothesized that there is regional variation 
in the expression and stimulatory effect of TGF-β1 on 
knee tissue. This is the first report showing the regional 
variation in expression of TGF-β1 in human and rabbit 
knee tissue as well as differential stimulatory effect of 
TGFβ1 on the different region of the knee tissue in rabbit 
model. The study was designed to 1) analyze the 
steady-state level of TGFβ1 expression and its effect on 
cell proliferation in different region of knee tissue 2) to 
determine the TGFβ1 signaling pathway using transcrip-
tion inhibitor, and 3) to analysis the effect of TGFβ1 on 
knee chondrocytes specific gene expression such as col-
lagen type II and proteoglycan. This study would also 
enable the investigators to assess whether cells from the 
avascular regions of the meniscus have the ability to pro-
liferate and produce extracellular matrix (ECM) in a 
similar manner as cells from the vascular region, when 
exposed to TGF-β1 in vitro.  

2. Material and Method 

2.1. Primary Cell Culture 

Four month-old New Zealand white rabbits (n = 6) were 
sacrificed and articular Cartilage, Inner and Outer me-
nisci were harvested. The meniscus was divided ap-
proximately at the radial midpoint to separate the inner 
and outer portions. The cells were isolated by 2-hr diges-
tion at 37˚C in 0.05% pronase (Roche Diagnostics, Indi-
anapolis) followed by overnight digestion at 37˚C in 
0.2% collagenase (type II, Worthington Biochemical, 
Lakewood, NJ) using F12 medium (Mediatech, Herndon, 
VA) modified with 4.8 mM CaCl2 (Sigma, St. Louis, MO) 
and 40 mM HEPES buffer (Sigma). The cells were 
washed in phosphate buffered saline (PBS, Fisher Bio-
tech, Fair Lawn, NJ) and plated at 2.0 × 104 cells/cm2 in 
100-mm tissue culture plates (Becton Dickinson Labware, 
Franklin Lakes, NJ), then grown for 10 days with 3× 
/week changes of supplemented Hams F12 medium (Me-
diatech) containing 50 U/ml penicillin, 50 ug/ml strep-
tomycin (Mediatech), 1% l-glutamine (Hyclone), and 
10% fetal bovine serum (FBS, Hyclone). Cells were 
treated with 0.25% trypsin (Mediatech) for 5 minutes on 
a rotating table to ease detachment when plating the test 
samples. 

2.2. Human Patients’ Samples 

Meniscus tissues from patients (n = 5) were acquired 
after joint replacement surgeries. We obtained informed 
consent from each patient. The experimental protocol 
was approved by the Institutional Review Board. The 
outer and inner meniscus were separated and used for 
immunohistochemistry. The tissue were embedded in 
OCT, snap frozen in liquid nitrogen, and cryostatin sec-
tions cut at 6 - 8 um for immunohistochemistry.  

2.3. Chondrocytes Culture and Treatment with 
TGF-β1 and Its Inhibitors 

Fibroblasts were passage upon reaching 70% confluence. 
After the last passage, fibroblasts were expanded until 
reaching 70% confluence on 12 well culture plates for 
RNA and 96 well plates for cell proliferation and inhibi-
tory study. Chondrocytes fibroblasts were then starved of 
serum for 24 h before treatment by replacing serum con-
taining media with DMEM plus 1% Antibiotic plus 1× 
insulin-transferrin-selenium supplement (Invitrogen). 
Recombinant TGF-β1 (R & D Systems) was dissolved 
into the serum-free media at a final concentration of 5 or 
10 ng/ml. Stock solutions of inhibits TGF-βRI activity 
(SB-431542) and inhibitor of MEK1/2 activation (PD98059) 
were prepared by dissolving these solid anhydrous com-
pounds in dimethyl sulfoxide (DMSO). These stock solu-
tions were then added to serum-free media containing at 

Open Access                                                                                          CellBio 



S. FULZELE  ET  AL. 

Open Access                                                                                          CellBio 

194 

a final concentration of 20 µm for SB-431542 and 30 µm 
concentration of PD98059. Fibroblasts were pretreated 
with SB-431542 and PD98059 for 1 h before treatment 
with TGF-β1. 

2.4. Proliferation Assays 

The number of viable cultured cells in proliferation was 
determined using a Promega CellTiter 96® AQueous One 
MTS Cell Proliferation Assay. Briefly, cells were plated 
in triplicate at an initial density of 5000/cm2 in 96-well 
plates (BD Labware) using supplemented Hams F12 me-
dium containing 5% FBS to support overnight attach-
ment. The following day, fibroblasts were starved of se-
rum for 24 h before treatment by replacing serum con-
taining media with Ham F12 media plus containing 50 
U/ml penicillin, 50 ug/ml streptomycin plus 1× ITS (In-
sulin Transferrin Selenium supplement (BD Biosciences, 
Bedford, MA). The next day cells were fed with fresh 
supplemented Hams F12, substituting the FBS with 1% 
ITS and adding 5 and 10 ng/ml of recombinant TGF-β1 
for 24 hr, 48 hrs and 72 hrs. Cells were washed with PBS 
twice and add 100 µl of Media and 20 µl of MTS 
(CellTiter 96® AQueous One Solution Reagent, Promega) 
assay buffer for 3 hr and incubate at 37˚C in a humidified, 
5% CO2 incubator. Optical density (OD) was read at 490 
ηm. 

2.5. mRNA Determination by Real-Time  
Polymerase Chain Reaction 

After 16 hrs of TGFb1 stimulation, ribonucleic acid 
(RNA) was extracted by TRIzol® (Invitrogen), following 
manufacturer’s instructions, and assayed for absorbance 
at 260 and 280 nm (Helios-Gamma, Thermo Spectronic, 
Rochester, NY). The RNA was reverse-transcribed into 
complementary deoxyribonucleic acid (cDNA) using 
iScript reagents from Bio-Rad on a programmable ther- 
mal cycler (PCR-Sprint, Thermo Electron, Milford, MA). 
50 ng of cDNA was amplified in each real-time poly- 
merase chain reaction using a Bio-Radi Cycler, ABgene 
reagents (Fisher scientific) and custom-designed primers 
for the ECM genes specific (Table 1) to the rabbit. An 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)  

threshold cycles was used to normalize the expression of 
the target genes to the constitutive transcriptional activ-
ity.  

2.6. Immunohistochemistry 

Articular cartilage and portions of the outer and inner 
meniscus were embedded in OCT, snap frozen in liquid 
nitrogen, and cryostat in sections cut at 6 - 8 um. Sec-
tions were fixed with cold acetone for 5 minutes, blocked 
in normal donkey serum, and incubated with primary 
TGFβ1 antibody (Santa Cruz, Inc.) for 2 hrs at room 
temperature then washed and incubated with FITC-la- 
beled goat anti-mouse secondary antibody. Sections were 
counterstained with DAPI and mounted using aqueous 
medium. 

2.7. Statistical Analysis 

Data are expressed as the mean SD. Differences in 
measured variables between experimental and control 
groups were assessed using Student’s t-test. A p-value < 
0.05 was considered statistically significant in between 
sample comparisons. 

3. Results 

3.1. Differential Expression of TGFβ in Rabbit 
and Human Knee Tissue 

The immunostaining results show that TGF-β is present 
in all different type of rabbit knee tissue. Outer meniscus 
shows the most abundant amount of TGF-β and inner 
meniscus the least in rabbit knee tissue (Figure 1(a)). 
The rabbit articular cartilage showed the moderate level 
of TGF-β (Figure 1(a)). Human knee tissue also showed 
similar type of results as rabbit knee tissue. Outer me-
niscus showed most expression of TGF-β1 than inner 
meniscus (Figure 1(b)). 

3.2. Effect of TGF-β1 on Knee Chondrocytes 
Proliferation 

The rabbit meniscus and articular cartilage cells were 
grown on 96 well cell culture plates and stimulate with 
and without TGF-β1. The morphology of cells exposure  

 
Table 1. Nucleotide sequences of rabbit gene primers used for real time-PCR. 

Gene Primer Sequence Product size in base pair Annealing temperature (˚C) Reference 

GAPDH 
5’GTC GTC TCC TGC GAC TTC AAC 3’ 

5’TAC CAG GAA ATG AGC TTC ACA AAG 3’ 
100 60 L23961 

COL-2 
5’GCT CTG AAC AGC CAA AGG AC 3’ 
5’TCT GCC CAG TTC AGG TCT CT 3’ 

191 60 S83370 

Aggrecan 
5’CTG GGT GTC AGG ACC GTG TA 3’ 
5’TTC GCC TGT GTA GCA GAT GG 3’ 

90 60 L38480 

Biglycan 
5’CCT CCA GGT GGT CTA TCT GC 3’ 
5’GAG GCT GAT GCC GTT GTA GT 3’ 

75 60 AF020290 
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(a) 

 
(b) 

Figure 1. Immunofluorescent staining of (a) inner meniscus, 
outer meniscus, and articular cartilage tissue using TGF-β1 
antibodies for rabbit knee tissue; (b) Immunofluorescent 
staining of inner and outer meniscus tissue using antibodies 
specific for human TGFβ1. 
 
to TGF-β1 showed no striking difference compared with 
the control group. MTT proliferation assay showed that 
TGF-β1 significantly stimulated the proliferation of all 
different type of chondrocytes in a dose-dependent man-
ner (Figure 2). We found that 10 ηg/ml concentrations 
stimulate more cell proliferation than 5 ng/ml TGF-β1 
(Figure 3). So we carried out all experiment with con-
centration with 10 ng/ml concentration unless it mention. 
To determine whether TGF-β1 induced the proliferation 
of chondrocytes, chondrocytes were cultured on 96 well 
plates and subsequently treated with TGF-β1 for 24, 48 
and 72 hrs. 

TGF-β1 treatment with concentration of 10 ng/ml in-
creased chondrocytes cell proliferation in outer, inner 
and articular cartilage cell. Outer meniscus showed more 
cell proliferation than inner meniscus whereas articular 
cartilage showed moderate level of cell proliferation. 

3.3. Influence of Pathway Inhibitors Blocked 
Cell Growth under TGF-β1 Stimulation 

MEK1/2 are critical members of the MAPK pathway that 
have been shown to be involved in the growth and cell 
proliferation of cells. PD98059 is a potent and specific  

 

 

 

Figure 2. MTT proliferation assay of (a) outer (OM), (b) 
inner (IM) and (c) articular cartilage (AC) chondrocytes 
treated with concentrations (10 ng/ml) of recombinant 
TGF-β1. Data were recorded 24, 48, and 72 hours following 
treatment (n = 4). Data were analyzed by ANOVA followed 
by Bonferroni post hoc test (*p < 0.05; **p < 0.01). 
 
cell-permeable inhibitor of MEK1/2 activation. As shown 
in figure (Figure 3), 10 ng/ml TGF-β1 treatment in-
creased cell proliferation in all different types of chon-
drocytes. Pretreatment with the 30 µm concentration of 
PD98059 for one hour prior to TGF-β1 treatment, an 
inhibitor of extracellular signal regulated kinase (ERK1/2) 
significantly decrease the cell proliferation by 90% for 
outer, inner and AC cells when compared to with the 
TGF-β1-treated group (Figure 3). 

SB-431542 is a novel small molecule that potently in  
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Figure 3. TGF-β1 inhibitors inhibit cell proliferation. MTT 
assay of inner, outer and articular cartilage chondrocytes 
treated with concentrations +5 ng/ml TGF-β1, ++10 ng/ml 
TGF-β1, *20 uM SB-431542 and #PD98059 30 uM (n = 4). 
 
hibits TGF-β type I receptor activity [16,17]. The cells 
pretreated with 20 µm SB-431542 and followed by 10 
ng/ml TGF-β1 treatment showed significant decrease in 
cell proliferation by 90% - 100% in outer, Inner and AC 
cells compared to TGF-β1 treated group (Figure 3). 
Taken together, these results suggest that 30 µm concen-
tration of PD98059 and 20 µm SB-431542 can effec-
tively inhibit TGF-β1 signal transduction mediated 
growth. 

3.4. TGF-β1 Induces the Expression of Type II 
Collagen and Proteoglycan in Chondrocytes 

The next step was to determine whether TGF-β1 regu-
lated the expression of collagen type II and proteoglycan 
like aggrecan and biglycan. We measure the mRNA level 
of Collagen type II, aggrecan and biglycan in outer, inner 
and AC chondrocytes after 24 hrs of 10 ng/ml TGF-β1  

treatment. TGF-β1 stimulated type II collagen synthesis 
in outer, inner and AC chondrocytes but most up-regula- 
tion in inner meniscus than outer and articular cartilage. 
The mRNA level of aggrecan and biglycan was also up- 
regulatedin outer, inner and AC chondrocytes after 
treatment of TGF-β1. Outer meniscus showed most ag-
grecan up-regulation whereas inner meniscus showed 
biglycan compare to others (Figure 4). 
 

 

 

 

Figure 4. Real-time PCR analysis of (a) type II collagen, (b) 
Aggrecan, and (c) Biglycan expression in inner (IM), outer 
(OM) and articular cartilage (AC) chondrocytes treated 
with 10 ng/ml concentrations of recombinant TGF-β1. Data 
were recorded after 16 hrs hours following treatment. Data 
for each sample were normalized with glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) mRNA. Data (means  
SD, n = 6) are represented as the fold change in expression 
compared to control. *P < 0.05. Data were analyzed by 
ANOVA followed by Bonferroni post hoc test (*p < 0.05; **p 
< 0.01). 
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4. Discussion 

Although TGF-β1 is a potent inhibitor of growth in most 

tep was to assess the effect of recombinant 
TG

n the effects of TGF-β1, we examined the 
ce

extracellular matrix (ECM) are 
th

ed by growth factors are 
co

cell types, it has been shown to stimulate growth of cer-
tain cells in culture, such as mouse bone marrow mesen-
chymal stem cells [18], rat and avian articular chondro-
cytes [19,20], human nasal septal chondrocytes [21] and 
cells with an osteoblastic phenotype from rat parietal 
bone [22]. We first did immunostaining of the rabbit 
knee tissue to know the regional difference in expression 
of TGF-β level. Our results show that TGF-β express in 
all different region of rabbit knee with regional variation 
in expression. The outer meniscus cells shows most 
staining and then gradually staining goes down toward 
inner meniscus and this may be the one of the reasons 
inner meniscus poorly heal when compare to outer me-
niscus. The articular cartilage shows the moderate level 
of TGF-β expression when compare to meniscus tissue. 
Interesting results in rabbit meniscus made us curious to 
analyze level of TGFβ1 in human meniscus. Interestingly, 
TGFβ1 expression in inner meniscus is lower than outer 
meniscus.  

The next s
F-β1 on these different tissues of same rabbit knee 

joint. Our results indicate that outer, inner meniscus and 
articular cartilage chondrocytes when cultured in TGF-β1 
enriched medium displayed increased cell number com-
pared to controls. In addition, the dose-dependent effect 
of TGF-β1 on cell proliferation was found between the 
concentration ranges of 5 - 10 ng/mL. This range is very 
important in the future therapeutic applications of the 
TGF-β1 in cartilage healing. This is consistent with pre-
vious findings reported by other researcher [5,23]. We 
determine the regional differences in the cell prolifera-
tion response to TGF-β1. The cell proliferation is higher 
in outer meniscal cells than inner and articular cartilage. 
This varying response between the tissues of same joints 
may be due to number of TGFβ receptors per cell. We 
did not observed any tremendous change in cell mor-
phology in samples cultured with medium containing 
TGF-β1. It is known that cells in culture have a tendency 
to change their phenotype and behavior especially in cell 
lines. Tissue handling is an important factor in securing 
cell viability and may also affect cell behavior [6]. In this 
study, the experiments were carried out on meniscus and 
articular cartilage cells from primary cultures that have 
been passage only twice to reduce their tendency to de-
differentiate. 

To ascertai
ll cycle regulatory effect of TGF-β1 in rabbit meniscus 

and articular cartilage cells in vitro. We show that pre-
treatment with PD98059 significantly blocked the mito-
genic and cell cycle promotive effects of TGF-β1 (MTT 
assay). PD98059 is an inhibitor for MAP kinase kinases 
1 and 2 (MKK), also called MAP/ERK kinases (MEK), 

the upstream activator of ERK1/2. These results suggest 
that phosphorylated ERK1 is necessary to maintain and 
promote cell cycle progression under TGF-β1 stimulation. 
Our results agree with earlier reports showing that 
ERK1/2 plays a crucial mediating role in mitogenic sig-
naling of TGF-β1 in rat articular chondrocytes [24] and 
airway smooth muscle cell [25]. We used another small 
molecule inhibitor SB-431542 that potently inhibits 
TGF-β RI activity at nanomolar concentrations [16,17]. 
Our data showed SB-431542 molecule counteract TGF- 
β1 mediated growth leading to cell inhibition on inner, 
outer and articular cartilage cell. There are also reports 
that SB-431542 inhibited TGF-β1 mediated proliferation 
of osteosarcoma cell line that is growth stimulated in 
response to TGF-β1 [26]. 

Chondrocytes and their 
e two major components in cartilage biology, both 

playing critical roles in maintaining tissue integrity and 
function. We analysis the ECM genes and showed that 
the presence of type II collagen was enhanced in TGF-β1 
treated cultures in outer, inner and articular cartilage. 
Similar type of finding was reported in meniscus [27] 
and articular cartilage cell [28] when stimulated by TGF- 
β1 exogenous treatment or gene transfer. The inner me-
niscus showed more collagen type II than outer and ar-
ticular cartilage. This may be due to anatomical variation 
in the tissue, it is well known that inner meniscus pre-
dominantly contain collagen type II and outer meniscus 
contain collagen type I [2]. Our data also showed that 
there is increase in proteoglycan synthesis such as ag-
grecan and biglycan in the presence of TGF-β1. We also 
found regional variation in biglycan synthesis following 
TGF-β1 stimulation. The inner meniscus showed signifi-
cantly up-regulation of biglycan synthesis than outer and 
articular cartilage. There are reports that TGF-β1 en-
hanced biglycan synthesis, and increased the length of 
the GAG chains on all secreted Proteoglycan [5,29] but 
little is known about the significance of biglycan up 
regulation following TGF-β1 stimulation. There is no 
significant different in the regional variation of the ag-
grecan synthesis of knee joint after TGF-β1 stimulation. 
To considering clinical application of our results, we 
should collect more histological and biomechanical data 
on knee tissues using the current approach in human and 
larger animal models.  

The signal pathways activat
mplex. It will be interesting to analysis the regional 

variation in expression of other growth factors (IGF, FGF 
and platelet derived growth factor) and their receptors 
which play important roles in cell proliferation and ECM 
synthesis. In summary, these experiments highlight the 
regional variation in expression and stimulatory activity 
of TGF-β1 in articular cartilage and meniscal fibrochon-
drocytes. This study also indicates that meniscus cells 

Open Access                                                                                          CellBio 



S. FULZELE  ET  AL. 198 

from the avascular zone (inner meniscus) of the meniscus 
are capable of responding favorably to the addition of 
TGF-β1. Although this was an in vitro study, we made 
encouraging observations that can form the basis for in 
vivo research aimed at enhancing articular cartilage and 
meniscal repair, even within the avascular zone, follow-
ing surgical repair. Such type of study has immense 
clinical significance because it will give important in-
formation about which region of organ is more benefited 
from particular growth factor that could potentially help 
to develop better and more effective treatment strategies. 
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