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The aim of this study was to determine the effects of bone morphogenetic protein-2 (BMP-2) on articular chon-
drocyte tissues grown as monolayers in vitro for up to 8 weeks. Articular chondrocytes were isolated from New
Zealand White rabbits and plated in monolayer cultures. The cultures were supplemented with 100 ng=mL of
BMP-2 for up to 8 weeks and the extracellular matrix (ECM) composition, material properties, and messenger
RNA (mRNA) expression were analyzed. mRNA expression of cartilage-specific genes, type II collagen, and
aggrecan showed that BMP-2 enhanced chondrocyte stability for up to 3 weeks. After 3 weeks in culture, there was
substantially more type I collagen expression and more osteopontin and runt-related transcription factor 2 ex-
pression in 5- and 8-week cultures treated with BMP-2 than in controls. Additionally, matrix metalloproteinase-13
and ADAMTS-5 (A disintegrin-like and metalloproteinase with thrombospondin 5) were upregulated in 5- and 8-
week cultures treated with BMP-2, coinciding with a loss of ECM density, collagen, and proteoglycan. Eight-week
tissue stimulated with BMP-2 was more fragile and tore more easily when removed from the culture dish as
compared to controls, suggesting temporal limitations to the effectiveness of BMP-2 in monolayer systems and
perhaps other models to enhance the generation of a cartilage-like tissue for tissue engineering purposes.

Introduction

Articular cartilage is a specialized tissue found at the
ends of bones in articulating joints. It is critical for re-

sisting compression and reducing friction during joint
movement. Articular cartilage functions in part due to carti-
lage specific components such as type II collagen and ag-
grecan located in the dense extracellular matrix (ECM).1,2

Differentiated mesenchymal cells called chondrocytes main-
tain the ECM composition and organization of articular car-
tilage. These cells make up less than 5% of the tissue volume
in adult animals3 but are responsible for organization of the
cartilage through synthesis and degradation of matrix com-
ponents in response to molecular, electrical, and mechanical
stimuli.4–6 Unfortunately, chondrocytes have a limited ability
to repair cartilage defects, which are manifested in diseases
such as osteoarthritis, in which cracks and fibrillations in the
surface of the tissue can progress to full-thickness cartilage
defects, resulting in severe joint pain.7

Cartilage tissue engineering is a promising technology for
repairing or regenerating articular cartilage in the body. These

techniques often involve growth of cells or tissue in vitro that
are then implanted to initiate repair.8 Articular chondrocytes
grown in monolayer cultures seldom result in a satisfactory
cartilage-like tissue and tend to ‘‘dedifferentiate,’’ as indicated
by a loss of type II collagen and aggrecan expression and an
increase in type I collagen expression.9 Thus, various cellular
stimuli such as growth factors and mechanical forces have
been employed to regulate cellular phenotype and increase
mechanical quality.10

BMP-2 is a growth factor that is currently being studied for
its musculoskeletal applications. BMP-2 is a member of the
transforming growth factor-beta (TGF-b) superfamily. Bind-
ing of BMP ligands to their membrane receptors induces
phosphorylation of the intracellular signaling mediators
Smads, which regulate BMP-responsive genes in concert with
other transcription factors.11 BMP-2 is widely associated with
osteogenic promotion in in vitro differentiation studies and
in clinical applications;12,13 however, the use of BMP-2 for
chondrocyte differentiation is also under investigation.14

BMP-2 promotes chondrogenesis of embryonic stem cells,15

mesenchymal stem cells,16 and synovium-derived progenitor
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cells17 in vitro, suggesting a beneficial aspect of using this
growth factor for cartilage tissue engineering purposes. Ad-
ditionally, there is evidence that BMP-2 maintains or enhances
the differentiated primary chondrocyte phenotype in in vitro
monolayer cultures. Sailor et al. showed that 100 ng=mL of
BMP-2 was sufficient to maintain articular chondrocyte ex-
pression of type II collagen and aggrecan and suppress the
expression of type I collagen in cultured monolayers for up to
4 weeks.18 Stewart et al. had similar results using 100 ng=mL
of BMP-2 in their model and concluded that BMP-2 was a
potent stimulator of chondrocyte differentiation in monolayer
cultures for up to 7 days.19

Recently, it was found that chondrocytes grown in mono-
layer cultures lose endogenous BMP-2 expression in as little
as 7 days, coinciding with a loss of chondrocyte-specific
gene expression.20 These new findings add credibility to the
idea of adding BMP-2 to monolayer cultures to enhance
the chondrocyte-differentiated phenotype, yet the extent of
the effectiveness of BMP-2 supplements in long-term primary
chondrocyte cultures remains poorly understood.

In vivo and in vitro studies suggest that BMP-2 can medi-
ate chondrogenesis, stabilize chondrocyte differentiation, and
enhance cartilage matrix synthesis. However, there is little
evidence available to show that chronic exposure of this
growth factor can induce long-term phenotypic stability in
primary chondrocyte cultures or how this growth factor af-
fects the matrix composition and mechanical properties of the
engineered tissue. The goal of this research was therefore to
determine the effects of BMP-2 on long-term (up to 8 weeks)
primary chondrocyte cultures as assessed by biochemical
analysis of matrix composition, to determine gene expression
according to quantitative reverse transcriptase polymerase
chain reaction (RT-PCR), and to measure the mechanical
properties of the tissues formed.

Methods

Cell culture

All tissue culture reagents were from Invitrogen (Carlsbad,
CA) unless otherwise noted. Articular chondrocytes were iso-
lated from the shoulders and knees of 2- to 3-pound New
Zealand White rabbits as previously described.21 Briefly, ar-
ticular cartilage was removed from rabbit joints, pooled, and
minced with a scalpel blade into approximately 1-mm pieces.
Chondrocytes were released from the minced articular carti-
lage after sequential digestions with 0.25% trypsin-ethylene-
diaminetetraacetic acid (EDTA) and collagenase type II
(Sigma-Aldrich, St. Louis, MO). Released chondrocytes were
pelleted using centrifugation at 855 relative centrifugal force
for 5 min. The pellet was washed twice with serum-free Ham’s
F-12 medium to remove endogenous ECM and then cells
counted using a hemacytometer. Cell viability was determined
using trypan blue exclusion. After isolation of the chon-
drocytes, cells were plated on Vitrogen-coated (COHESION,
Palo Alto, CA) 6-well Falcon plates at 2�105 cells=cm2 (except
cultures analyzed for gene expression on weeks 1–4, which
were grown on Vitrogen-coated 12-well Falcon plates at
2�105 cells=cm2). Cells were grown in Ham’s F-12 medium,
1:100 penicillin:streptomycin, 1:100 Fungizone (Invitrogen),
and 50mg=mL of gentamicin supplemented with 15% fetal
bovine serum. After 2 days in culture, penicillin:streptomycin
and Fungizone were omitted from the cell culture medium.

After 2 weeks, the medium was supplemented with 30mg=mL
of ascorbate (Sigma). The medium was exchanged every 2 to 3
days from the start of culture until the experiment terminated.
One hundred ng=mL of rhBMP-2 (gift from John Stark, De-
partment of Orthopaedic Surgery, University of Minnesota)
was added immediately after plating cells and included in
every medium exchange in BMP-2–treated cultures.

Biochemical analysis of 5- and 8-week
monolayer tissues

The tissue generated in monolayer cultures at weeks 5 and
8 was removed from the culture wells (n¼ 3 per condition),
washed two times with 1� Dulbecco’s phosphate buffered
saline (Invitrogen), and the thickness determined as described
below. Tissue volume (mL¼mL wet weight tissue) was
determined by multiplyng the thickness of the tissue by
the area. The tissue from each condition was pooled for
biochemical analyses. Pooled samples were digested with
1 mg=mL of protease K (Pierce Chemical, Thermo Scientific,
Rockford, IL) in 100 mM sodium phosphate, 50 mM EDTA,
pH¼ 7.4, for 18 h at 568C and analyzed for proteoglycan,
DNA, and hydroxyproline content. Proteoglycan content was
measured according to the binding of dimethylmethylene
blue, as previously described,22 with purified proteoglycan
monomer as the standard. DNA quantitation was performed
using the Hoescht dye method, with calf thymus DNA as the
standard.23 Hydroxyproline (OHPro), used as a measure of
total collagen content, was determined following the chlora-
mine T method as described after hydrolysis in 6 N hydro-
chloric acid (HCl) for 24 h at 1208C.24

Quantitative real-time PCR

Total RNA was isolated from chondrocyte cultures using
Trizol reagent (Invitrogen) following the manufacturer’s in-
structions. Five- and 8-week tissues were pooled as in the
biochemistry experiments. RNA from cultures on weeks 1 to 4
was analyzed from individual wells with an n¼ 3 per condi-
tion. Complementary DNA (cDNA) was amplified using
the Qiagen (Valencia, CA) Quantitect One-Step SYBR Green
RT-PCR kit using gene-specific primers for type I collagen (50-
GATGCGTTCCAGTTCGAGTA-30 and 50-GGTCTTCCGGTG
GTCTTGTA-30), type II collagen (50-GCACCCATGGACAT
TGGAGGG-30 and 50-GACACGGAGTAGCACCATCG-30),
type X collagen (50-TGGCACAGAAATGCCAGCTG-30 and
50-CCAGTGAGAGGAGAACAAGG-30), aggrecan (50-GAG
GAGATGGAGGGTGAGGTCTTT-30 and 50-CTTCGCCTGT
GTAGCAGATG-30), matrix metalloproteinase (MMP)-13
(50-TTCGGCTTAGAGGTGACAGG-30 and 50-ACTCTTGCC
GGTGTAGGTGT-30), runt-related transcription factor 2
(Runx2) (50-ACCATGGTGGAGATCATCGC-30 and 50-CATC
AAGCTTCTGTCTGTGC-30), 3-phosphate dehydrogenase
(GAPDH) (50-TCACCATCTTCCAGGAGCGA-30 and 50-CAC
AATGCCGAAGTGGTCGT),25 A disintegrin-like and metal-
loproteinase with thrombospondin 5 (ADAMTS5) (50-ATGA
CCATGAGGAGCACTACGA-30 and 50-GGAGAACATATG
GTCCCAACGA-30),26 and osteopontin (50-CCGATGACTC
TCACCACTCC-30 and 50-CCTCTTCACTCTTCGGCTCG-
30)27 in a MyIQ Single Color Real-Time PCR Detection
System (BioRad, Hercules, CA). Quantification and normali-
zation to GAPDH amplicons were performed as previously
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described.28 All amplicons for each experiment were run on a
1% agarose gel and stained with ethidium bromide to verify
the correct amplification product.

Western blot for type I and II collagen
in 5- and 8-week monolayer tissues

Tissues from 5- and 8-week cultures were pooled, respec-
tively, and the collagens extracted and resolved on a 7.5%
sodium dodecyl sulfate Tris-HCl polyacrylamide gel, as pre-
viously described, with minor revision.29 Briefly, tissue was
removed from the culture wells and washed two times with
Dulbecco’s phosphate buffered saline (PBS). Proteoglycans
were removed using moderate agitation in 10 volumes of 4 M
guanidine chloride, 250 mM sodium acetate, 10 mM EDTA,
5 mM tryptamine-HCl, 2.5 mM phenanthrolene, 10 mM N-
dthylmaleimide, and 0.5 mM phenylmethylsulphonyl fluo-
ride, pH 5.8, at 48C for 24 h. After proteoglycan extraction, the
tissue was removed and washed twice in ice-cold distilled
water and twice in 0.5 M acetic acid and digested for 24 h in 10
volumes of 1 mg=mL pepsin in 0.5 M acetic acid at 48C with
mild agitation. The supernatant-containing collagen was di-
alyzed three times against 0.5 M acetic acid at 48C and ly-
ophilized to dryness. The lyophilized powder was worked up
into 0.5 M acetic acid and the protein content determined
using the BioRad protein assay. Two mg of protein was
resolved on a polyacrylamide gel under non-reducing
conditions. The resolved proteins were transferred to a nitro-
cellulose membrane (Millipore, Billerica, MA) and immuno-
blotted for type I collagen (Sigma, C2456) and type II collagen
(Calbiochem, CP18L, Gibbstown, NJ) in 3% bovine serum
albumin in PBS following the manufacturer’s instructions.
The immunoblots were washed extensively in PBS and blot-
ted 1:5000 with anti-mouse horseradish peroxidase (Sigma)
followed by signal development using Amersham’s electro-
chemiluminescence detection kit following the manufactur-
er’s instructions. Densitometry was used to determine the
relative amounts of specific collagens in the tissue.

Mechanical tests

Tissue was tested in tension at 5 and 8 weeks. Tissue was
removed from the culture flask, cut into 20-mm�5-mm strips,
and bathed in PBS at room temperature during all mechani-
cal testing. Thickness was measured using a custom-made
device equipped with a low-force load cell and a displacement
transducer. A probe attached to the load cell was brought
down onto the tissue sitting on a glass slide and the displace-
ment measured; then the tissue was removed, and the probe
was brought down onto the glass slide substrate and the dis-
placement measured again. Tissue was then placed in sand-
paper grips on a MicroBionix (MTS, Inc., Minneapolis, MN)
test instrument equipped with a 5 N load cell. Nominal gage
length was 11 mm. Displacement was adjusted so that there
was approximately 0.1 mN on the sample and then 0.15 mm
displacement applied at 9 mm=s as a preload and held for
180 s. The load was then ramped down to 0 N and held for 10 s
and then a displacement of 1.1 mm applied at 8 mm=s and held
for 300 s. Data were reduced to rapid modulus, defined as the
equivalent elastic modulus during the ramp displacement of
1.1 mm, and normalized relaxation function R(t), defined as
the load as a function of time divided by the maximum load for
the 300 s after the 1.1-mm displacement application.

Immunohistochemistry

Immunohistochemical staining was performed on formalin-
fixed, paraffin-embedded sections cut 4 mm thick. Sections
were deparaffinized and rehydrated, followed by antigen
retrieval with pronase 1 mg=mL (Calbiochem) for 15 min at
room temperature. The sections were blocked using a uni-
versal Protein Block (Dako, Carpinteria, CA) for 10 min at
room temperature. Mouse anti-collagen type I (Sigma) anti-
body was diluted at 1:350 and mouse anti-collagen type II
(Hybridoma Bank, University of Iowa, Iowa City, IA) anti-
body was diluted at 1:10 and incubated at 48C overnight.
Biotinylated anti-mouse secondary (Biogenex, San Ramon,
CA) was used at a dilution of 1:20 for 30 min at 308C.
A Streptavidin Alkaline Phosphatase (Biogenex) conjugated
tertiary was applied for 30 min at 308C at a dilution of 1:20.
Specific labeling was developed using enzyme substrate
(Vector Red Substrate Kit, Invitrogen) for 5 min at room
temperature. Negative control included substituting the pri-
mary antibody with SuperSensitive mouse negative control
serum (Biogenex).

Statistical Analysis

All statistical analyses were performed using an unpaired
Student t-test assuming equal variances. Statistical signifi-
cance was considered at p< 0.05.

Results

BMP-2 alters matrix deposition and cell density
in 5- and 8-week chondrocyte cultures

Primary articular chondrocytes were isolated from rabbit
joints and grown in monolayer culture with medium con-
taining 15% fetal bovine serum (FBS) in the presence or ab-
sence of 100 ng=mL of BMP-2 for 5 and 8 weeks. Biochemical
analyses were used to measure the proteoglycan accumula-
tion, OHPro (total collagen) content, and the cell density of the
matrix formed. At 5 weeks in culture, the BMP-2–treated tis-
sue was more proteoglycan rich, containing nearly 50% more
proteoglycan than the untreated controls (mg proteoglycan=
mL tissue: control¼ 14.3� 0.7; BMP-2¼ 21.3� 0.5). However,
the OHPro content and cell density were 74% (mg OHPro=mL
tissue: control¼ 1.4� 0.1; BMP-2¼ 1.0� 0.1) and 58% (106

cells=mL tissue: control¼ 37.3� 2.8; BMP-2¼ 21.9� 1.4) of
those of controls, respectively, in the BMP-2–treated tissue
(Fig. 1). By 8 weeks in culture, the BMP-2–treated tissue had
less additional proteoglycan accumulated in the matrix than
controls (control¼ 13.3� 0.1; BMP-2¼ 15.3� 0.2). The OHPro
content and the cell density were an additional 67% (control¼
2.4� 0.5; BMP-2¼ 1.6� 0.1) and 43% (control¼ 36.5� 1.9;
BMP-2¼ 16.3� 0.9) less, respectively, in BMP-2–treated cul-
tures (Fig. 1).

BMP-2 increases type II collagen relative to type I
collagen deposition in the ECM in 5- but not
8-week cultures

The predominance of type II collagen in the ECM of in vitro
chondrocyte cultures is indicative of a stable chondrocyte
phenotype and articular cartilage–like tissue. Types I and II
collagen were in the matrix of controls and cultures treated
with BMP-2; however, the amount of type I collagen per mg
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of extracted collagens in the ECM of BMP-2–treated samples
was less than controls at 5 weeks (Fig. 2A). Moreover, den-
sitometry measurements show that type II collagen was
more abundant than type I collagen in BMP-2-treated tis-
sues than in controls at 5 weeks in culture ((BMP-2: type I
collagen=type II collagen)=(control: type I collagen=type II
collagen)¼ 1.41). By 8 weeks, there was the same ratio of
type I to type II collagen in the BMP-2 tissue as in controls
((BMP-2: type I collagen=type II collagen)=(control: type I
collagen=type II collagen)¼ 1.01). Immunohistochemical
analysis of these tissues is consistent with these data (Fig.
2B). There was intense vector red staining of type II collagen
in 5-week tissue treated with BMP-2, but there was sub-
stantial loss of type II collagen staining in BMP-2–treated
tissues at 8 weeks. Overall, these results suggest that BMP-2
may have enhanced the chondrogenic phenotype early in
our model but, by 8 weeks in culture, had lost much of its
effectiveness.

BMP-2 affects the mechanical properties
of 8-week chondrocyte tissue

After 5 and 8 weeks in culture, control and BMP-2–treated
tissue was removed from the tissue culture well and 5-
mm�20-mm tissue strips prepared. Thickness was measured,
and tensile rapid modulus and relaxation function were
determined. At 5 weeks, the BMP-2 tissue was slightly thicker
than the untreated controls (BMP-2¼ 141� 7mm, Control¼
121� 8mm); however, by 8 weeks in culture, there was no
significant difference between the thickness of the BMP-2–
treated and that of the control tissue (Fig. 1). There was no
difference between BMP-2–treated tissues and controls in the
rapid modulus (2.74� 0.29 MPa and 2.96� 0.17 MPa, respec-

tively) or relaxation function after 5 weeks in culture, but
mechanical analyses at 8 weeks showed less relaxation in the
BMP-2–treated tissue than in controls (Fig. 3). This indicates
that equilibrium stiffness was greater for the BMP-2–treated
tissue and that there was less energy dissipation. These data
suggest the BMP-2–treated tissue is less shock absorbing than
the control tissue. In addition, the 8-week BMP-2–treated
tissues were more fragile and tore more easily when removed
from the tissue culture well (data not shown). By contrast, the
control tissue could be easily removed from the flask without
tearing.

BMP-2 decreases type II collagen message levels
and induces proteolytic enzyme expression
in 5- and 8-week tissues

The expression of articular chondrocyte–specific mark-
ers (type II collagen and aggrecan), typical chondrocyte
dedifferentiation markers (type I collagen), chondrocyte hy-
pertrophic and chondrocyte inflammation, and bone-like
phenotypic markers (type X collagen and Runx230 or osteo-
pontin31) were measured using quantitative RT-PCR (qRT-
PCR) in 5- and 8-week chondrocyte cultures. Type II collagen
expression was decreased to 85% and 35% in BMP-2 cultures
at 5 and 8 weeks in culture, respectively, as compared to the
controls. At 5 weeks, aggrecan expression in BMP-2 cultures
was 1.25 times that in controls but was decreased to 71% by 8
weeks. Type I collagen in BMP-2–stimulated tissue was more
than 7 times that of controls at 5 weeks and even more dra-
matically by 8 weeks, at which point BMP-2 treated tissue had
32 times higher expression of type I collagen than controls.
Although there was no indication of type X collagen expres-
sion in the control or BMP-2–treated cultures (data not shown),

FIG. 1. Articular chondrocytes were plated in monolayer cultures and grown for 5 and 8 weeks in medium without bone
morphogenetic protein (BMP)-2 (control: solid) or in medium containing 100 ng=mL BMP-2 (BMP-2: shaded). The resulting
tissue was analyzed for proteoglycan and hydroxylated proline content, tissue thickness, and cell density. *Significant
difference from controls with p< 0.05.
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osteopontin was approximately 24 and 7 times greater in 5-
and 8-week BMP-2 cultures, respectively. Runx2 expression
was also higher in BMP-2–treated cultures at 5 and 8 weeks
than in controls (3.1 and 5.6 times, respectively (Fig. 4).

To address the lower density of collagen (mg OHPro=mL of
tissue) in cultures treated with BMP-2 than in controls and
similarly in the lower proteoglycan content (mg proteoglycan=
mL tissue) in 5- and 8-week cultures stimulated with BMP-2
(Fig. 1), MMP-13 and ADAMTS5 expression was analyzed.
MMP-13, a protease with high enzymatic activity in response
to type I and type II collagen,32 was more than 2 and 7 times as
great in 5- and 8-week BMP-2–treated cultures, respectively,
as in controls. Likewise, ADAMTS5, an enzyme that degrades
aggrecan,33 was 21 times as great as that of controls by 8 weeks
in culture (Fig. 4).

Chondrogenic promotion by BMP-2 in primary
monolayer chondrocyte cultures is limiting

Biochemical, immunohistochemical, and western blot an-
alyses of the 5-week chondrocyte tissues suggests that BMP-2
enhances, at least in part, the chondrocyte phenotype in pri-
mary chondrocyte monolayer cultures (i.e., greater amount of
proteoglycan and type II collagen deposited in the matrix of
BMP-2–stimulated cultures). To determine when this en-
hancement becomes limiting, primary articular chondrocytes
were cultured in medium containing 15% FBS with and
without BMP-2 for up to 4 weeks, and message levels for
aggrecan, type I and II collagen, and MMP-13 were measured

FIG. 2. (A) Collagens were extracted from 5- and 8-week monolayer cultures grown in medium with or without 100 ng=mL
of bone morphogenetic protein (BMP)-2. Two mg of total protein extracted was resolved on a 7.5% Tris-hydrochloric acid gel
and western blotted for type I and type II collagen. (B) Immunohistochemical analysis for types I and II collagen in 5- and 8-
week culture tissue from control and BMP-2–stimulated monolayer cultures. Specific labeling was developed using enzyme
substrate vector red substrate kit. Images were taken at 10�magnification.

FIG. 3. The relaxation function of control and bone mor-
phogenetic protein (BMP)-2 treated 8-week chondrocyte tis-
sue. The upper curve is the R(t) for the BMP-2 tissue divided
by the R(t) of the controls at each time point. *Significant
difference from controls at p< 0.05.
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weekly. Type II collagen expression was greater in BMP-2–
treated cultures for the first 3 weeks than in controls; however,
by 4 weeks, the effectiveness of BMP-2 in promoting type II
collagen expression had been lost (Fig. 5). Aggrecan expres-
sion levels were also greater in BMP-2–treated cultures during
the first 3 weeks, but this enhancement was lost by the 4-week
time point. Type I collagen levels were similar to those in
controls for the first 2 weeks but were dramatically greater
(nearly 20 times those of controls by 4 weeks). Additionally,
MMP-13 was upregulated by BMP-2 by 3 weeks in culture,
again nearly 20 times greater than in controls by the 4-week
time point (Fig. 5).

BMP-2 promotes moderate long-term chondrocyte
stability in 5% serum but increases
type I collagen expression

The effectiveness of BMP-2 in enhancing chondrocyte-
specific gene expression has been shown to be dependent on
the addition of serum to the medium.34 In an effort to deter-
mine whether the response of chondrocytes to BMP-2 in our
model was dependent on the amount of serum in the me-
dium, chondrocytes were cultured for 1 or 4 weeks in 5% FBS-
supplemented media with or without 100 ng=mL of BMP-2.
Type I and type II collagen and aggrecan mRNA levels were
measured using qRT-PCR. After 1 week in culture, BMP-2
upregulated type II collagen and aggrecan mRNA to levels
similar to cultures grown in the presence of 15% serum.
However, in contrast to 15% serum-supplemented cultures,
BMP-2 in the presence of 5% serum maintained moderately
more type II collagen and aggrecan expression than controls
at 4 weeks. Type I collagen mRNA levels in cultures with 5%

FIG. 4. Quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR) analysis of type I and II collagen,
aggrecan, runt-related transcription factor 2 (RunX2), osteo-
pontins, ADAMTS-5, and matrix metalloproteinase (MMP)-
13 in 5-week (solid) and 8-week (shaded) chondrocyte
cultures grown in medium containing 100 ng=mL of bone
morphogenetic protein (BMP)-2. Specific gene expression
was normalized to internal 3-phosphate dehydrogenase ex-
pression. Values represent the fold change compared with
controls (no BMP-2 added to medium) at the respective time
point (solid line at 1). NA, not available.

FIG. 5. Type I and II collagen, aggrecan, and matrix metalloproteinase (MMP)-13 messenger RNA in control (^) and bone
morphogenetic protein (BMP)-2–treated (&)chondrocyte cultures at weeks 1 to 4. Gene expression was normalized to internal
3-phosphate dehydrogenase values. Fold expression was based on control values at the 1-week time point.
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serum plus BMP-2 at 1 week were similar to untreated con-
trols, but by 4 weeks, type I collagen message levels had in-
creased dramatically to 21 times those of the controls,
consistent with the BMP-2–dependent upregulation of type I
collagen seen in cultures supplemented with 15% FBS (Fig. 6).

Discussion

The role of BMP-2 in skelatogenesis is not completely un-
derstood. Historically, BMPs were found to be potent os-
teoinductive agents and were originally described as proteins
capable of inducing ectopic endochondral bone formation in
subcutaneous implants.35,36 More recently, BMPs were shown
to play critical roles in a variety of different cell types and
tissues, including neural and epidermal induction,37 differ-
entiation of chondrocytes in the growth plate,38 and en-
hancing maturation in growth plate chondrocytes cultured
in vitro.39 Current evidence suggests that BMP-2 can play
pivotal roles in chondrogenesis40 and promote retention18,19

or reversion41 of chondrocyte differentiation in vitro. The goal
of this study was therefore to examine the ability of BMP-2 to
promote chondrocyte differentiation in long-term monolayer
cultures up to 8 weeks.

Previous studies suggest a beneficial effect of adding BMP-
2 to articular chondrocytes in in vitro monolayer cultures,
enhancing production of matrix molecules indicative of ar-
ticular cartilage and reducing production of molecules indic-
ative of the differentiated state, such as type I collagen. In this
report, initial enhancement of proteoglycan and type II col-
lagen expression in BMP-2 treated cultures and their accu-
mulation in the ECM of BMP-2–stimulated 5-week monolayer
cultures is consistent with these reports. However, mRNA
analyses suggest that the beneficial effect of adding BMP-2 to
chondrocyte cultures is limiting for up to approximately 3
weeks after the initial plating, after which the protective effect
of BMP-2 on chondrocyte stability in monolayer cultures be-
gins to decrease, with a loss of chondrocyte-specific genes,
type II collagen, and aggrecan and an increase in expression of
type I collagen. Additionally, in our model, sustained BMP-2
stimulation resulted in an increase in osteopontin and Runx2
message levels, markers typically associated with bone and
pre-hypertrophic chondrocytes,42 respectively. These devia-
tions from a stable chondrocyte phenotype are evident in the
poor mechanical quality of our 8-week BMP-2–treated tissue,
contrasting the assumed purpose of using the engineered
tissue for cartilage repair.

These results are not unique to our model system. BMP-2
stimulation has been shown to have desirable and undesirable
effects in other cartilage tissue-engineering models. BMP-2
was shown to promote the expression of chondrocyte-specific
genes by adipose-derived stem cells, but there was not only an
upregulation of type II collagen expression and chondroitin-4-
sulfate (a measure of proteoglycan synthesis), but also an in-
duction of alkaline phosphatase expression and activity and
Runx-2 expression.43 Synovial explants treated with BMP-2
expressed the cartilage-specific markers type II collagen and
proteoglycan, but by 6 weeks in culture, the authors noted
the grossly hypertrophic state of the differentiated synovial
cells.44 In a more recent experiment, ATDC5 cells, a chon-
drogenic cell line from the AT805 mouse teratocarcinoma,
were shown to have enhanced proteoglycan synthesis up to 4
weeks in cultures in which BMP-2 was stably over-expressed,
but the same study found that alkaline phosphatase expres-
sion and activity also increased in response to BMP-2 in as
little as 9 days.45 Similarly, BMP-2 promoted hypertrophy of
primary chondrocytes grown for 4 weeks on substrates that
support three-dimensional cell morphology.46 Collectively,
these data indicate that BMP-2 is a potent growth factor that

FIG. 6. The effects of serum on bone morphogenetic protein
(BMP)-2 stimulation in primary chondrocyte cultures. Type I
and II collagen and aggrecan expression in control (^) and
BMP-2-stimulated (&) cultures in the presence of 5% betal
bovine serum at weeks 1 and 4. Expression was normalized
to internal 3-phosphate dehydrogenase values. Fold expres-
sion was based on control values at the 1-week time point.
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can influence a multiplex of genes formally associated with
chondrogenesis15-17 and chondrocyte differentiation or are
involved in osteogenesis.42,47

Recent evidence proposes that BMP-2 is a mediator of ar-
ticular cartilage repair and remodeling in vivo. Davidson et al.
showed that BMP-2 stimulation increased matrix synthesis
and catabolism in articular cartilage.48 Our data, notably the
initial increased deposition of cartilage-specific molecules and
then loss of ECM components coinciding with an upregula-
tion of collagen and proteoglycan proteases, are consistent
with a bimodal or biphasic BMP-2 metabolic model.

The lower cell density of our BMP-2–treated 5- and 8-week
cultures than in controls may also indicate an undesirable as-
pect of using BMP-2 for cartilage tissue engineering purposes.
Although articular cartilage is a relatively acellular tissue, a
presumed purpose for placing primary cells in monolayer
cultures for tissue engineering is to increase cell density. Some
have found BMP-2 to be associated with an increase and de-
crease in cell proliferation,49,50 whereas others found no sig-
nificant difference in cell proliferation or cell death with
concentrations of BMP-2 similar to those used in our model.18

It may be of interest to further investigate cell proliferation or
apoptosis at earlier time points than in this study.

Our results do not exclude the possibility that BMP-2 may
play an important role in cartilage tissue engineering. Our
data are consistent with other studies that BMP-2 helps re-
tain the chondrocyte phenotype with enhancement of type II
collagen and proteoglycan expression in monolayers for the
first few weeks in culture, after which the cells may be
readily used for cartilage repair or for further exploitation in
other model systems to generate tissue suitable for repair of
cartilage defects.

Addition of BMP-2 to cell cultures has shown some promise
in maintaining the chondrocyte phenotype in vitro; however,
the present study implies limitations to these beneficial effects
on chondrocyte monolayer cultures, resulting in a loss of
chondrocyte stability. It is likely that these results are de-
pendent on the specifics of the culture conditions and model
systems, but they suggest that long-term exposure to BMP-2
does not enhance the quality of tissue-engineered cartilage
and consequently may have detrimental effects.
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