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ANIMAL MODELS
Attenuation of the Progression of Articular
Cartilage Degeneration by Inhibition of TGF-b1
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Transforming growth factor beta 1 (TGF-b1) is implicated in osteoarthritis. We therefore studied the role of
TGF-b1 signaling in the development of osteoarthritis in a developmental stage-dependent manner. Three
different mouse models were investigated. First, the Tgf-b receptor II (Tgfbr2) was specifically removed from
the mature cartilage of joints. Tgfbr2-deficient mice were grown to 12 months of age and were then
euthanized for collection of knee and temporomandibular joints. Second, Tgfbr2-deficient mice were sub-
jected to destabilization of the medial meniscus (DMM) surgery. Knee joints were then collected from the
mice at 8 and 16 weeks after the surgery. Third, wild-type mice were subjected to DMM at the age of 8
weeks. Immediately after the surgery, these mice were treated with the Tgfbr2 inhibitor losartan for 8 weeks
and then euthanized for collection of knee joints. All joints were characterized for evidences of articular
cartilage degeneration. Initiation or acceleration of articular cartilage degeneration was not observed by
the genetic inactivation of Tgfbr2 in the joints at the age of 12 months. In fact, the removal of Tgfbr2 and
treatment with losartan both delayed the progression of articular cartilage degeneration induced by
DMM compared with control littermates. Therefore, we conclude that inhibition of Tgf-b1 signaling protects
adult knee joints in mice against the development of osteoarthritis. (Am J Pathol 2015, 185: 2875e2885;
http://dx.doi.org/10.1016/j.ajpath.2015.07.003)
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Transforming growth factor beta 1 (TGF-b1) is considered
an anabolic factor to articular chondrocytes, based largely
on results from in vitro and ex vivo experiments in which
TGF-b1 can stimulate chondrocytes to synthesize and
release extracellular matrix molecules, including pro-
teoglycans and type II collagen.1,2 In addition, results from
other studies indicate that the genetic inactivation of Smad3
or disruption of the interaction of Tgf-b1 with its receptor,
Tgf-b receptor type II (Tgfbr2), during early development
results in osteoarthritis (OA)-like knee joints in mice.3e5

Moreover, a human genetic study reports that a two-
nucleotide deletion, 741-742del AT (nonsense mutation),
in SMAD3 causes early-onset OA in a human family.6 These
investigations indicate that TGF-b1 is, at least, required for
the normal development of a joint.

The lack of TGF-b1 signaling during early development
can cause a normal joint to develop into an osteoarthritic
joint. However, observations from studies of adult mice as
stigative Pathology.
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opposed to developing mice suggest that the increase in the
activity of TGF-b1 signaling may initiate and accelerate
articular cartilage degeneration in adult joints. First, studies
in animal models by Itayem et al7,8 suggest that intra-
articular injection of TGF-b1 into adult rat knee joints
causes early onset of OA. Second, a study by Bakker et al9

reports that the constitutive overexpression of active TGF-
b1 in adult mouse knee joints results in OA associated with
increase in the production of proteoglycans in articular
cartilage and hyperplasia of synovium and chondro-
osteophyte formation. Note that the enhanced production
of extracellular matrix molecules is not necessarily benefi-
cial or physiologic to adult articular cartilage. For instance,
one of the earliest pathologic signs in articular cartilage
degeneration is the overproduction of proteoglycans in
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Figure 1 Genotyping strategy for the removal of the exon 2 of Tgfbr2.
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mouse models of OA.10,11 Thus, the overproduction of the
proteoglycans could disrupt the homeostasis of adult artic-
ular cartilage. Third, the above-mentioned human genetic
study reports that a nucleotide change, 859C>T or 782C>T
in SMAD3, increases the level of TGF-b1 and activity of the
TGF-b1 signaling pathway in two human families associ-
ated with early-onset OA.6 In addition, data from a human
genetic association study suggest that an increase in the
expression of SMAD3 is a risk factor for the development of
OA.12 This is in agreement with the observation from
studies showing that the level of TGF-b1 is significantly
higher in human osteoarthritic tissues than in healthy
articular cartilage.13,14 Fourth, we found that the protein
level of Tgf-b1 was significantly increased in the articular
chondrocyte of adult knee joints in two mouse models of
OA, collagen type XI gene-deficient mice and destabiliza-
tion of the medial meniscus (DMM).15 On the basis of re-
sults from all of the aforementioned studies, a question
remains: what is the exact role of TGF-b1 in the development
of OA? We hypothesized that TGF-b1 signaling in the
development of OA acts in a developmental stage-dependent
manner. In this scenario, TGF-b1 is required for the devel-
opment of articular cartilage; however, once a joint is formed,
TGF-b1 is no longer needed. Therefore, induction of TGF-b1
in an adult joint causes articular cartilage degeneration, which
eventually leads to OA.

To support our hypothesis, we evaluated the articular carti-
lage of knee joints for evidence of changes in structural char-
acteristics and protein expression of genes in three different
conditions of adult mice. First, Tgfbr2was specifically removed
from the articular cartilage of knee and temporomandibular
(TM) joints of mice at the age of 8weeks. Themice were grown
to the age of 12months, at which point knee and TM joints were
collected. Second, adult mice (8 weeks old) without Tgfbr2 in
the articular cartilage of their knee joints were subjected to
DMM surgery (known to induce OA) and were euthanized at 8
and 16 weeks after DMM for the collection of knee joints.
Third, adult wild-type C57BL/6 mice were subjected to DMM
and then treated with a Tgfbr2 inhibitor, losartan. The mice
were euthanized at 8 weeks after DMM for collection of knee
joints. The articular cartilage of joints from the mice and their
corresponding controls were analyzed.

Materials and Methods

Inducible Expression of CreERT2 in Articular Cartilages
of Knee Joints and Condyles of Mandibles of TM Joints
in Adult Mice

All of the animal experimental procedures were performed
after approval from the Harvard Medical School Institutional
Animal Care Committee. AgcCreERT2þ/� mice were bred
with Rosa26 lacZ reporter (Rosa26floxlacZ/floxlacZ) mice. Mice
containing both AgcCreERT2 and Rosa26 lacZ were identi-
fied by PCR. A pair of PCR primers for AgcCreERT2þ/�was
forward 50-TAACTACCTGTTTTGCCGGG-30 and reverse
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50-GTCTGCCAGGTTGGTCAGTAA-30. A pair of PCR
primers for Rosa26þ/floxlacZ was forward 50-AAAGTCGC-
TCTGAGTTGTTAT-30 and reverse 50-GCGAAGAGTT-
TGTCCTCAACC-30. The mice were injected intraperitone-
ally with tamoxifen. The mice were euthanized for the
collection of knee joints and mandibles of TM joints. X-Gal
staining of the joints was performed.

Efficiency of Tgfbr2 Removal in AgcCreERT2þ/�;Tgfbr2f/f

Mice

Three of the AgcCreERT2þ/�;Tgfbr2f/f mice at the age of 8
weeks were injected intraperitoneally daily with tamoxifen at 2
mg/10 g body weight for 5 consecutive days and another three
of the AgcCreERT2þ/�;Tgfbr2f/f mice were injected with sun-
flower seed oil. The mice were then euthanized, and articular
cartilages of knee joints were collected for isolation of the
genomic DNAs. For the detection of the exon 2 of Tgfbr2, PCR
was performed with two forward primers, Tgfbr2-F 50-TA-
AACAAGGTCCGGAGCCCA-30 and Tgfbr2-F4 50-GGA-
TGGCAAAGAGATAACCCA-30 and one reverse primer,
Tgfbr2-R 50-AGAGTGAAGCCGTGGTAGGTGAGCTT-30

(Figure 1).
For the quantitative measurement of the exon 2 of Tgfbr2,

real-time PCRwas performed. For an internal positive control,
the following primers that target cartilage oligomeric matrix
protein were used: forward 50-ACCCACAACAGGCA-
CATT-30 and reverse 50-TCAGTCATAGGAAGCAGG-30 to
generate a 142-bp PCR product. For the detection of the
Tgfbr2 gene, the following primers for the exon 2 of Tgfbr2
were used: forward 50-AACAGTGATGTCATGGCCAG-30

and reverse 50-CAGACTTCATGCGGCTTCTC-30 to generate
a 155-bp PCR product. PCR was performed with 25 mL of 1�
PCR Master Mix (Life Technologies, Grand Island, NY) that
contained each primer at 200 nmol/L and 0.5 mL of genomic
DNA from the articular chondrocyte of mouse knee joint. Real-
time PCR reaction was performed at 95�C for 3 minutes,
followed by 50 cycles of 95�C for 30 seconds, 60�C for 30
seconds, and 72�C for 30 seconds, with a final extension at
72�C for 4 minutes. Each sample was tested in triplicate.

Histologic Examination of Mouse Knee and TM Joints
by Safranin O/Fast Green

At the age of 8 weeks, eight mice from AgcCreERT2þ/�;
Tgfbr2f/f mice were injected intraperitoneally with tamoxifen
(see section above) and another eightAgcCreERT2þ/�;Tgfbr2f/f

mice were injected intraperitoneally with sunflower seed oil. At
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 The removal of the exon 2 of Tgfbr2 in articular chondrocytes of mouse knee joints. A: Before the Cre-recombination, a size of 1-kb PCR product is
generated by the primers Tgfbr2-F4 and Tgfbr2-R and after the Cre-recombination, a size of 608-bp PCR product is generated by the primers Tgfbr2-F and Tgfbr2-R. B:
Cells with intense X-gal staining (blue color) appear above the tidemark (dashed line) of the articular cartilage of knee joints in AgcCreERT2þ/�,Rosa26þ/floxlacZ mice
at 2 months of age. A counterstain was performed with Safranin O staining of proteoglycan. C: Every articular chondrocyte in AgcCreERT2þ/�;Tgfbr2þ/þ littermates
contains the exon 2 of Tgfbr2. However,<14% of articular chondrocytes with the exon 2 of Tgfbr2 are observed in the conditionally Tgfbr2-knockout mice. Significant
difference was found in the number of the exon 2 of the Tgfbr2 cells between the two groups, **P < 0.01 (t-test).

Attenuation of OA by Deletion of Tgfbr2
the age of 6 months, four mice from each group were eutha-
nized for the collection of knee and TM joints. The remaining
mice were kept alive to the age of 12 months and euthanized for
the collection of knee and TM joints. Four wild-type littermates
were also sacrificed at each age for the collection of knee and
TM joints. For knee joints, the samples were fixed in 4%
paraformaldehyde for 6 hours at room temperature, decalcified,
and processed for paraffin embedding. For TM joints, mouse
heads were cut along the midsagittal plane. The right half of the
mouse heads were fixed in 4% paraformaldehyde for 6 hours at
room temperature, decalcified, and embedded. The samples
were then sectioned by serial sectioning at a 6-mm thickness
from lateral to medial direction for the knee joints and in an
anteroposterior direction for the TM joints. Every 10th section
was collected for Safranin O/Fast Green staining.16

Immunohistostaining of Type X Collagen

Eight paraffin sections, distributed throughout each joint, from
mice at the age of 12 months (n Z 4) were selected for
immunohistostaining. Paraffin sections from the growth plate
of tibia of C57BL/6 mice at the age of 1 month were used as
positive control. The sections were incubated with a rabbit
polyclonal antibody (dilution 1:200) against type X collagen
(Abcam, Cambridge, MA). After overnight incubation at 4�C,
the sections were washed and treated with a biotinylated
secondary antibody. Color development was performed with a
peroxidase substrate (Vector Laboratories, Burlingame, CA)
after treatment of the sections with a mixture of avidin and
biotinylated horseradish peroxidase (Vector Laboratories).
Staining without primary antibody was performed as negative
control.

Destabilization of the Medial Meniscus

Two groups of mice, AgcCreERT2þ/�;Tgfbr2�/� (tamoxifen
treated), AgcCreERT2þ/�;Tgfbr2þ/þ (oil treated), at the age of
The American Journal of Pathology - ajp.amjpathol.org
10 to 12 weeks were generated (see Histologic Examination of
Mouse Knee and TM Joints by Safranin O/Fast Green). The
mice were subjected either to DMM or sham surgery. Briefly,
after the mice were anesthetized intraperitoneally with 90 mg
ketamine/kg body weight and 10 mg Xylazine/kg mouse body
weight, the right knees were prepared for aseptic surgery. The
joint capsule immediately medial to the patellar tendon was
opened. The medial meniscotibial ligament was sectioned. The
joint capsule was then closed with 8-0 Vicryl (Ethicon, West
Somerville, NJ) suture and the subcutaneous layer was closed
with 7-0 suture. The skin was closed by the application of
tissue adhesive. Sham surgery in which the ligament was
visualized but not transected in mice was performed as a
negative control.

Evaluation of Articular Cartilage Conditions by a
Scoring System

The pathologic condition of articular cartilages was evalu-
ated by a scoring system designed to assess the histology of
OA in mouse joints; the system is recommended by the
Osteoarthritis Research Society International histopathology
initiative.11 The score 0 is for normal mouse articular
cartilage and 6 is the maximal score, for vertical clefts/
erosion to the calcified cartilage extending >75% of the
articular surface.

Immunohistostaining for p-Smad2/3

Paraffin sections of randomly selected four mice from each
experimental group were used for protein expression of
phospho (p)Smad2/3. The experimental procedure was as
described in Immunohistostaining of Type X Collagen with
the exception of a primary rabbit polyclonal antibody
(dilution 1:500) against p-Smad2/3 (Cell Signaling Tech-
nology, Danvers, MA). For each mouse, 10 to 12 paraffin
sections were used for the staining. Thus, there were 40 to
2877
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Figure 3 Structural characteristics of articular cartilage in mouse knee
joints. No overt observable structural characteristic changes were found in
the articular cartilage of knee joints in the Tgfbr2-deficient mice at the ages
of 6 and 12 months (Safranin O/Fast Green). Scale bar Z 100 mm.

Chen et al
48 (4 � 10 or 12) paraffin sections in each experimental
group.
Losartan Treatment in DMM Mice

Four groups of C57BL/6 mice were selected as follows: sham
with or without losartan (n Z 7) and DMM with or without
losartan (n Z 7). Mice were subjected to DMM or sham sur-
gery. Immediately after the surgery, one group of sham and one
group of DMM mice were treated with losartan orally at the
concentration of 600 mg/1000 mL drinking water for 8 weeks.
The bottle was changed weekly, and the leftover losartan-water
was measured to calculate daily water intake. The average
intake of losartan was 2.5 mg/10 g mouse body weight daily.
Mice without losartan treatment served as controls. Mice at 8
weeks after the surgery were euthanized for collection of knee
joints. Structural characteristics of the knee joints was examined
by Safranin O/Fast Green staining. The pathologic condition of
the joints was evaluated by the scoring system.
Figure 4 Immunohistostaining for collagen type X. Collagen type X is
present in the extracellular matrix of the HZ of growth plates in mice at 1 month
of age (arrowheads). The collagen type X is absent in the PZ of the growth
plate. No positive staining of the collagen type X was found in the AC of both
Tgfbr2-deficient mice and their AgcCreERT2þ/�;Tgfbr2þ/þ littermates at 12
months of age. The dashed line in the growth plate indicates the boundary
between PZ and HZ. The dashed lines in ACs indicate the boundary between the
articular cartilage and subchondral bone. AC, articular cartilage; HZ, hypertro-
phic zone; PZ, proliferative zone; SB, subchondral bone.
Statistical Analysis

Ten to 12 paraffin sections, which were evenly distributed from
an entire joint, were examined and scored. The score from the
section of the worst condition was selected to represent that
joint. Because six to eight mice were in an experimental group,
six to eight scores were obtained for each group. An average
score was then calculated from six to eight scores for each
group.

We used t-tests with a significance level of 0.05 to determine
whether a significant difference between any two scores was
present. To determine sample size in this study, we performed a
pilot study on the effect of the Tgfbr2 deficiency and losartan on
mice with DMM. From the results, we concluded that a sample
size of minimum six is required to achieve the specified con-
fidence interval (95%) with at least 50% reduction of the score
in the treatment group. We also used the t-test in the efficiency
of the Tgfbr2 removal and immunohistostaining for p-Smad2/3
experiments.
2878
Results

No Structural Characteristic Changes after Genetic
Inactivation of Tgfbr2 in Articular Cartilage of Adult
Mouse Joints

We first used a specific mouse strain, Cre-recombinase and the
modified estrogen receptor (CreERT2) driven by the aggrecan
promoter, AgcCreERT2. CreERT2 was highly inducible in the
articular chondrocytes of knee joints (n Z 4) in AgcCreERT2
mice at the age of 2months (Figure 2, A andB).We noticed that
the induced CreERT2 appeared in chondrocytes above the
tidemark of the articular cartilage. This is consistent with pre-
vious findings.17 We also examined the efficiency of the abla-
tion of Tgfbr2 by AgcCreERT2 in the articular chondrocyte of
adult mouse knee joints. After several rounds of crossing
AgcCreERT2 mice with floxed Tgfbr2 mice, we obtained
compound mutant mice, heterozygous CreERT2 driven by the
aggrecan promoter and homozygous floxed Tgfbr2
(AgcCreERT2þ/�;Tgfbr2f/f). We found that the exon 2 genomic
DNA of Tgfbr2 floxed by loxP sites was deleted in 86%
articular chondrocytes of adult mouse knee joints (Figure 2C).
The loss of the exon 2 resulted in a pre-mature stop codon
immediately after the exon 1 of Tgfbr2. This result indicated
that Tgfbr2 was deleted in most articular chondrocytes of adult
knee joints in AgcCreERT2þ/�;Tgfbr2f/f mice.
On X-Gal staining, cells above the tidemark were

considered positive staining cells (or aggrecan-producing
cells), whereas cells below the tidemark were classified as
negative staining cells. That may be, at least, part of the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 X-Gal staining in the condylar cartilage of TM joints in mice. Intensive X-gal staining cells (blue color) are observed in the bottom layer of
condylar cartilage in TM joints of AgcCreERT2þ/�,Rosa26þ/floxlacZ mice at the ages of 1 (B and F) and 6 (D and H) months. The black dashed lines in F and H
indicates the border between the condylar cartilage and subchondral bone. No X-gal staining cells are in the top layer of the condylar cartilage in TM joints,
which is consistent with the structural characteristics of the condylar cartilage of TM joints by Safranin O/Fast Green staining (I and J). X-Gal staining cells are
absent in the cartilage of TM joints in the control mice (A, C, E, and G). TM, temporomandibular.

Attenuation of OA by Deletion of Tgfbr2
reason that 14% of cells contain the exon 2 of Tgfbr2
because the cells do not express aggrecan.

We then examined structural characteristic conditions of the
articular cartilage of knee joints from AgcCreERT2þ/�;
Tgfbr2þ/þ, AgcCreERT2þ/�;Tgfbr2�/� mice and their wild-
type littermates at the ages of 6 and 12 months. Knee joints
from four mice in each group were used for histology analysis.
By Safranin O/Fast Green staining, we characterized the carti-
lage by four structural characteristic appearances, chondrocyte
clustering, absence of proteoglycan staining, fibrillation, and
missing cartilage. Without any of those phenotypes, we
considered the articular cartilage to be normal. We found that
there was no structural characteristic differences between
AgcCreERT2þ/�;Tgfbr2þ/þ and the wild-type littermates,
indicating no structural characteristic effect by the inser-
tion of the CreERT2 in the mouse genome, consistent with
earlier findings.17 We did not observe structural charac-
teristic differences between AgcCreERT2þ/�;Tgfbr2�/�

and AgcCreERT2þ/�;Tgfbr2þ/þ mice (Figure 3), which
suggested that the removal of Tgfbr2 from the articular
cartilage after mice maturity (adult mice) did not cause any
overt structural characteristic changes in knee joints of the
mice.

Data from in vivo experiments indicated that the inhibi-
tion of activity of TGF-b1 signaling results in pre-mature
hypertrophy of articular chondrocytes in mouse joints dur-
ing early development (before maturity at the age of 6 to 8
weeks). Type X collagen is one of the markers for chon-
drocyte hypertrophy. We examined the protein expression
The American Journal of Pathology - ajp.amjpathol.org
of type X collagen in the articular cartilage of knee joints of
mice at 12 months of age. In these mice, Tgfbr2 had been
removed from the articular cartilage at the age of 2 months.
Ten months after Tgfbr2 removal, we did not detect the
protein expression of type X collagen in the articular carti-
lage of knee joints in these mice (Figure 4).

Although an independent study reports that the expres-
sion of CreERT2 is inducible in the articular chondrocyte of
adult knee joints in AgcCreERT2 mice,17 it is unknown
whether CreERt2 is also inducible in the condylar cartilage
of adult TM joints. By crossing AgcCreERT2þ/� mice with
Rosa26floxlacZ/floxlacZ mice, we found that CreERT2 was
highly expressed in the condylar cartilage of TM joints in
mice at the age of 1 month and 6 months (Figure 5). This
result indicated that AgcCreERT2 mouse strain could also
be used to remove a gene of interest, such as Tgfbr2, in the
condylar cartilage of adult TM joints.

We then examined the structural characteristics of TM joints
from AgcCreERT2þ/�;Tgfbr2þ/þ, AgcCreERT2þ/�;Tgfbr2�/�

mice and their wild-type littermates at the ages of 6 and 12
months. No structural characteristic differences were found in
TM joints among the mice (Figure 6). This result was
consistent with our observation that in adult knee joints in
which the Tgfbr2 was removed from the adult articular carti-
lage, no overt structural characteristic changes were observed
in the joints.

Genetic inactivation of Tgfbr2 in articular cartilage of
adult mouse knee joints results in a chondroprotective effect
against the development of OA.
2879
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Figure 6 Structural characteristics of condylar cartilage in mouse TM
joints. No overt structural characteristic changes are seen in the
condylar cartilage of TM joints in the Tgfbr2-deficient mice at the ages
of 6 and 12 months. Safranin O/Fast Green. Scale bar Z 100 mm. TM,
temporomandibular.
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We first determined whether the removal of Tgfbr2 from
the articular cartilage of adult knee joints could attenuate the
progression of cartilage degeneration. We performed
DMM surgery on knee joints of adult AgcCreERT2þ/�;
Tgfbr2�/� mice and their corresponding controls. We
found significant disparities in the progressive process of
the articular cartilage degeneration in knee joints between
AgcCreERT2þ/�;Tgfbr�/� and AgcCreERT2þ/�;Tgfbr2þ/þ

mice at 8 and 16 weeks after DMM surgery (Figure 7A). The
progression toward OA was dramatically delayed in the
AgcCreERT2þ/�;Tgfbr2�/� mice after the surgery. No
abnormal structural characteristic changes were found in the
sham surgery groups.

The condition of the articular cartilage was also evaluated
with the scoring system designed to assess the histology of
the articular cartilage in DMM model of OA (Figure 7, B
and C). Mice at 8 weeks after sham surgery were used as a
normal control (scoreZ 0). At 8 weeks after DMM surgery,
the average scores for AgcCreERT2þ/�;Tgfbr2�/� mice and
AgcCreERT2þ/�;Tgfbr2þ/þ littermates were 0.88 and 2.19,
respectively. At 16 weeks after surgery, the average scores
were 2.25 for AgcCreERT2þ/�;Tgfbr2�/� littermates and 4.17
for AgcCreERT2þ/�;Tgfbr2þ/þ littermates. The scores were
significantly different between the two groups at both time
points (P < 0.05). In addition, we noticed the appearance of
osteophytes in AgcCreERT2þ/�;Tgfbr2þ/þ littermates at 16
weeks. However, no evidence of osteophyte formation was
found in AgcCreERT2þ/�;Tgfbr2�/� littermates. We did not
observe any abnormal structural characteristics in the sub-
chondral bone and synovial tissue in both AgcCreERT2þ/�;
Tgfbr2�/� and AgcCreERT2þ/�;Tgfbr2þ/þ mice.

We then examined the protein expression of p-Smad2/3 in
the articular cartilage of knee joints from mice at 8 weeks after
DMM. The positive staining cells were counted in each
paraffin section and were added to determine the total number
of the positive cells from all of the sections in each group for
quantitation of the percentage of cells expressing p-Smad2/3
2880
protein. p-Smad2/3 protein-expressing cells were detected at
approximately 2% in the articular cartilage of knee joints from
all of the Tgfbr2-deficient mice (AgcCreERT2þ/�;Tgfbr2�/�).
However, p-Smad2/3 protein-positive cells were present at
17% in the articular cartilage of knee joints from the
AgcCreERT2þ/�;Tgfbr2þ/þ littermates. The number of the
positive staining cells was significantly different between the
two groups (P < 0.05). The location of the p-Smad2/3þ cells
was randomly scattered in the superficial layer of the articular
cartilage (Figure 8).

Delayed Progression of Surgically Induced Articular
Cartilage Degeneration by the Oral Administration of
Losartan in Adult Mice

In earlier experiments we found that the appearance of fibril-
lation at the superficial layer of articular cartilage was a hall-
mark of cartilage degeneration inmouse knee joints at 8weeks
after DMM.18 Indeed, we found fibrillation in knee joints of
mice at 8 weeks after DMMwithout the treatment of losartan
(Figure 9A). However, no fibrillation was observed in any of
the mice at 8 weeks after DMMwith the treatment of losartan.
The degradation of proteoglycans was the only structural
characteristic change that was seen in the DMM mice. No
structural characteristic changes were found in mice under-
going sham surgery with or without the treatment of losartan.
This result indicates that losartan could delay the progression
of articular cartilage degeneration in the mouse model of OA.
We evaluated the condition of articular cartilage of mouse

knee joints by a scoring system (Figure 9B). A significant
difference was found between the two groups, 0.64 in the
losartan-treated group and 2.14 in the nontreated group
(P < 0.05). This indicates that losartan is able to delay the
progression of articular cartilage degeneration, induced by
DMM, in adult mouse knee joints.
We also examined the protein expression of p-Smad2/3 in

the articular cartilage of knee joints from mice treated with
losartan. The expression profile of p-Smad2/3 in the knee
joints was similar to what we observed in the articular
cartilage of Tgfbr2-deficient mice. The protein expression of
p-Smad2/3 was detected in 1% of cells in the articular
cartilage of knee joints from DMM mice treated with los-
artan, whereas the protein of p-Smad2/3 was present in 16%
of cells in the articular cartilage of knee joints from DMM
mice without the treatment of losartan (Figure 9C). The
number of the positive staining cells was significantly
different between the two groups (P < 0.05). Again, the
positive staining cells were randomly scattered in the su-
perficial layer of the articular cartilage.

Discussion

TGF-b1 in the Development of Articular Cartilage

Results from three independent research groups indicate that
Tgf-b1 is required for the development of articular cartilage
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Structural characteristic evaluation of the articular cartilage of knee joints from the Tgfbr2-deficent mice after DMM surgery. A:
Fibrillation (arrow) in the articular cartilage of AgcCreERT2þ/�;Tgfbr2þ/þ littermates at 8 weeks after the surgery. However, only localized absence of
the proteoglycans is observed in AgcCreERT2þ/�;Tgfbr2�/� mice at 8 weeks after the surgery. At 16 weeks after the surgery, a complete loss of
the articular cartilage (lesion reaching the tidemark and beyond) is evident in both femoral and tibia condyles of the AgcCreERT2þ/�;Tgfbr2þ/þ

littermates. The missing cartilage is extended >75% of the surface area. In the AgcCreERT2þ/�;Tgfbr2�/� mice, the fibrillation reaching to the
tidemark is evident, and the missing cartilage is only extended <25% of the surface area. A delay in the degenerative process is seen in Tgfbr2-
deficent mice after surgery. B: The mean scores were 2.19 � 0.79 in AgcCreERT2þ/�;Tgfbr2þ/þ mice and 0.88 � 0.22 in AgcCreERT2þ/�;Tgfbr2�/� mice
at 8 weeks after DMM surgery. C: The mean scores were 4.17 � 0.70 in AgcCreERT2þ/�;Tgfbr2þ/þ mice and 2.25 � 0.66 in AgcCreERT2þ/�;Tgfbr2�/�

mice at 16 weeks after DMM surgery. Data are expressed as means � SD. n Z 8 mice. *P < 0.05 (t-test). Scale bar Z 100 mm. DMM, destabilization
of the medial meniscus.

Attenuation of OA by Deletion of Tgfbr2
of knee joints in mice.3e5 Tgf-b1/Smad2/3 may play an
important role in the control of chondrocyte hypertrophic
differentiation in articular cartilage. The complete removal
of Smad3 in mouse germline cells results in a high number
of hypertrophic chondrocytes in the basal layer of articular
The American Journal of Pathology - ajp.amjpathol.org
cartilage of knee joints in 1-month-old mice. The deficiency
of Smad3 may enhance bone morphogenetic protein
signaling and deregulate p38, which leads to chondrocyte
hypertrophy.19,20 Results from other in vitro studies indicate
that TGF-b1 can inhibit chondrocyte hypertrophy by
2881
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Figure 8 Immunohistostaining of p-Smad2/3 in the articular cartilage of the Tgfbr2-deficent mice. p-Smad2/3 protein-positive staining cells (17%) are
present in the articular cartilage of AgcCreERT2þ/�;Tgfbr2þ/þ mice after DMM surgery. However, the p-Smad2/3þ staining cells are only detected at
approximately 2% in the Tgfbr2-defecient mice. The white dashed line separates the articular cartilage from the subchondral bone. The number of the positive
staining cells is significantly different between the two groups (P < 0.05). Scale bar Z 50 mm. DMM, destabilization of the medial meniscus.

Chen et al
regulating the expression of some cartilage matrix proteins
and metalloproteases.21,22 In addition, the lack of the
Tgf-b1/Smad2/3 signaling may activate runt-related tran-
scription factor 2 (Runx2)-inducible expression of matrix
metalloprotease 13 (MMP-13), which leads to the degen-
eration of articular cartilage.23 Clearly, TGF-b1 is a critical
factor in the development of articular cartilage. However, no
information suggests that this is also the case in adult
(mature) articular cartilage.

TGF-b1 in the Maintenance of Articular Cartilage

The possible role of TGF-b1 in the maintenance of the mature
articular cartilage remains unclear. Whether TGF-b1 is one of
Figure 9 Structural characteristic evaluation of the articular cartilage of kne
structural characteristic conditions of articular cartilages in mice are similar to T
without treatment of losartan; no fibrillation is observed in mice with treatment o
mice without the treatment of losartan and 0.64 � 0.23 in mice with the treatmen
deficient mice. The p-Smad2/3 positive-staining cells (16%) are seen in the articu
p-Smad2/3 positive-staining cells are detected at approximately 1% in the losar
articular cartilage from the subchondral bone. Data are expressed as means � SD.
(B). DMM, destabilization of the medial meniscus.
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the key molecules in the maintenance of articular cartilages in
adult joints remains unresolved. Tgf-b3 is present in the
articular cartilage of adult mouse knee joints,24 whereas activin
receptor-like kinase 1 (Alk1) and Alk5 are present in the
articular cartilage of adult mouse knee joints.25 As mice age,
the ratio of Alk1 to Alk5 increases, suggesting either a dra-
matic increase in Alk1 or a dramatic decrease in Alk5. A
decrease in Alk5 would cause induction of cartilage-degrading
enzymes, such as MMP-13, in aged cartilage. The causal
relation between TGF-b signaling and aging articular cartilage
needs to be explored further.
To understand the role of Tgf-b1 in the maintenance of

mature articular cartilage, Tgfbr2 was conditionally knocked
out in the articular cartilage of mice at the age of 8 weeks in
e joints from losartan-treated mice at 8 weeks after DMM surgery. A: The
gfbr2-deficient mice. Fibrillation (arrow) in the articular cartilage of mice
f losartan (Safranin O/Fast Green). B: The mean scores were 2.14 � 0.58 in
t of losartan. C: Immunostaining for p-Smad2/3 protein is similar to Tgfbr2-
lar cartilage of mice without treatment of losartan after DMM, whereas the
tan-treated mice after DMM surgery. The white dashed line separates the
n Z 8 mice. n Z 7 mice. *P < 0.05 (t-test). Scale bars: 100 mm (A); 50 mm
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Activation of p-SMAD2/3 signaling  
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Degradation of the pericellular matrix of chondrocytes  
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Degradation of collagen type II & proteoglycans 
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Figure 10 A schematic illustration of the molecular pathways under-
lying articular cartilage degeneration. DDR2, discoidin domain receptor 2;
MMP, matrix metalloprotease; TGF, transforming growth factor.

Attenuation of OA by Deletion of Tgfbr2
this study. (Complete maturation of laboratory mice typically
occurs at the age of 6 to 8 weeks.) Mice were then euthanized
at the age of 12 months. No overt structural characteristic
changes in the articular cartilage of the knee or the condylar
cartilage of the TM joints of the Tgfbr2-deficient mice were
observed. The protein expression of type X collagen, one of
the molecular markers for chondrocyte hypertrophy, in the
articular cartilage of knee joints of Tgfbr2-deficient mice was
also examined. The presence of type X collagen was not
detected in the cartilage, suggesting that the removal of Tgfbr2
from the mature articular cartilage may not have any effect on
chondrocyte hypertrophic differentiation. In addition, the
presence of Tgf-b1 was not detected in mature articular
cartilage of mouse knee joints. These results suggest an
insignificant role of Tgf-b1 in the maintenance of mature
articular cartilage.

TGF-b1 in the Degenerative Process of Adult Articular
Cartilage

Results from numerous independent studies and data from our
previous investigation demonstrate that the protein expression
of TGF-b1 is dramatically increased in human osteoarthritic
cartilages and in the articular cartilage of mouse models of
OA.13e15 Because data from in vitro experiments indicate that
The American Journal of Pathology - ajp.amjpathol.org
TGF-b1 can stimulate chondrocytes to synthesize extracellular
matrix molecules, such as type II collagen and proteoglycans,
it is suggested that the increased expression of TGF-b1 may
partly counter articular cartilage degeneration. However, other
investigations find that the up-regulated expression of TGF-b1
causes articular cartilage degeneration. First, mature articular
cartilage is a relatively quiescent tissue. A study by Verzijl
et al26 indicates that the half-life of type II collagen in humans
is 117 years. The long half-life of type II collagen indicates a
slow turnover of collagen in mature articular cartilage. This
also suggests that it may not be needed for chondrocytes to
continually produce type II collagen in mature articular carti-
lage. Thus, the TGF-b1estimulated overproduction of type II
collagen or/and proteoglycans in mature articular cartilage, in
fact, may disrupt the homeostasis of the tissue, which even-
tually leads to cartilage degeneration. Second, an independent
research group found that TGF-b1 induces a serine protease,
high temperature requirement A1 (HTRA1) in human chon-
drocytes.27 Results from our in vitro experiments confirmed
this observation.15 Furthermore, we found increased expression
of Tgf-b1, p-Smad2/3, and HtrA1 in articular chondrocytes of
knee joints in mouse models of OA. We also observed that
increased expression of p-Smad2/3 and HtrA1 were co-
localized in the chondrocyte. In addition, TGF-b1einduced
expression of HTRA1 was inhibited by the ALK-5 inhibitor
SB431542 in human and mouse chondrocytes, suggesting that
the Tgf-b1 canonical signaling is activated to induce HtrA1 in
articular chondrocytes of the mouse models of OA.

To determine whether the inhibition of Tgf-b1 signaling
could attenuate the progression of articular cartilage degen-
eration, we conditionally deleted Tgfbr2 in the mature
articular cartilage of knee joints of mice and then subjected
the mice to DMM surgery. We found that the knee joints in
the Tgfbr2-deficient mice were protected from degradation.
To validate this observation, we treated wild-type mice with
the Tgfbr2 inhibitor losartan28 immediately after DMM sur-
gery. We also found that the knee joints in the losartan-
treated mice were protected from being degraded. On the
basis of these results, we conclude that inhibiting the activity
of TGF-b1 signaling in mature articular cartilage can, in fact,
delay the progression of articular cartilage degeneration.

Mechanical stress is believed to be the initial insult to
articular cartilage during the development of OA. Induction
of TGF-b1 is one of the responses to mechanical stress in
chondrocytes. Our study demonstrated that normal me-
chanical loading of defective joints or an overloading of
normal joints could stimulate chondrocytes to synthesize
and release Tgf-b1 in mouse models of OA.15 A study by
Lee et al29 reported that mechanical injury of bovine carti-
lage explants causes a significant increase in TGF-b1 gene
expression. Another recent study by Madej et al30 showed
that excessive mechanical stress can activate Tgf-b1
signaling via p-Smad2/3 in bovine articular cartilage. On the
basis of the established and reported data, we propose a
molecular pathway (Figure 10) underlying articular cartilage
degeneration as follows: excessive mechanical stress can
2883
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stimulate chondrocytes and other joint tissues to synthesize
and release TGF-b1. The active TGF-b1 binds to its cognate
receptor, TGFBR2, which induces expression of HTRA1 in
chondrocytes.15,27 Consequences of induction of HTRA1
are degradation of the pericellular matrix of chondrocytes
and enhanced exposure of chondrocytes to type II
collagen.31 Interaction of chondrocytes with type II collagen
results in enhanced signaling through a cell surface receptor
tyrosine kinase, discoidin domain receptor 2, for native type
II collagen.32 This induces the expression of MMP-13 and
expression of discoidin domain receptor 2 itself.33 MMP-13
degradation of type II collagen and aggrecan results in type
II collagen and aggrecan fragments, which in turn may
activate signals that further increase the synthesis of MMP-
13.34 The end result is a feedback amplification loop that
causes irreversible articular cartilage degeneration.

It is likely that the proposed molecular pathway is not the
only sequential chain of the molecular events responsible for
the articular cartilage degeneration, leading to OA. Other
signaling pathways, such as Toll-like receptor signaling and
Wnt/b-Catenin signaling, may also be involved in the initi-
ation and progression of articular cartilage degeneration.35,36

Furthermore, evidence is increasing that inflammation, such
as cytokines released from the synovium or chondrocytes,
plays a role in the articular cartilage destruction.37,38 Other
factors, such as chemokines,39 angiogenic factors, and neu-
ropeptides,40 also play roles in the development of OA.
Furthermore, many other genes, discovered by epigenetic
approaches, are involved in the pathogenesis of OA.41,42

Although it is a formidable challenge to determine how
exactly all these factors cause OA, the molecular under-
standing of the complex genetic networks responsible for the
articular cartilage destruction will provide invaluable infor-
mation for the development of disease-modifying osteoar-
thritis drugs.

In summary, TGF-b1 is a potential pathogenic factor in
the development of OA in adult joints. Therefore, inhibition
of activity of TGF-b1, not induction of TGF-b1, should be
considered in the prevention and treatment of OA.
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