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Losartan attenuates progression of osteoarthritis in the synovial
temporomandibular and knee joints of a chondrodysplasia mouse
model through inhibition of TGF-b1 signaling pathway
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Objective: Transforming growth factor beta 1 (TGF-b1) is implicated in osteoarthritis (OA). The purpose
of this study was to explore the ability of Losartan to inhibit the inflammatory signaling pathway of TGF-
b1 observed during osteoarthritic progression in the temporomandibular joint (TMJ) and knee joint using
a genetic mouse model.
Methods: A murine OA model displaying the heterozygous chondrodysplasia gene (cho/þ), a col11a1
mutation, was used to test this hypothesis. Following a 7-month treatment period with Losartan, the
synovial joints were analyzed for histopathological improvement comparing two experimental groups.
Tissues were fixed in paraformaldehyde, processed to paraffin section, and stained with Safranin O and
Fast Green to visualize proteoglycans and collagen proteins in cartilage. Using the Modified Mankin
scoring system, the degree of staining and OA progression were evaluated.
Results: Results show heterozygous animals receiving Losartan having diminished degeneration of TMJ
condylar and knee joint articular cartilage. This was confirmed in the TMJ and knee by a statistically
significant decrease in the Mankin histopathology score. Decreased expression of HtrA1, a key regulator
to the TGF-b1 signaling pathway, was demonstrated in vitro as well as in vivo, via Losartan inhibition.
Conclusion: Using a genetic mouse model of OA, this study demonstrated the utility of Losartan to
improve treatment of human OA in the TMJ and knee joint through inhibition of the TGF-b1 signaling
cascade. We further demonstrated inhibition of HtrA1, the lowering of Mankin scores to wild type control
levels, and the limiting of OA progressive damage with treatment of Losartan.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Recognized as the eleventh highest contributor to global
disability, the increasing prevalence of osteoarthritis (OA) poses a
major health challenge directly affecting quality of life1. There are
multiple risk factors for this disease, including increased age,
obesity, joint injuries and lifestyle2. The increasing presence of
these risk factors and the detrimental results of OA recognized as
both disabling and with significant financial burden, promote the
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ternational. Published by Elsevier L
need for further investigation into contributory molecular mecha-
nisms with anticipation of developing effective therapeutic inter-
vention. Currently, there are no effective disease-modifying
treatments for either the prevention or treatment of OA.

Pain relievers, muscle relaxants, mouth guards, physical ther-
apy, injections, and surgery are presently used to treat the pro-
gression of osteoarthritis (OA) in the temporomandibular joint
(TMJ). While these options have been successful for some, in others
TMJ OA continues to be problematic, with prominent recurrence of
moderate to severe joint pain3.

Joint replacement can effectively alleviate pain and restore
function of OA; however the procedure is often associated with
high risk and does not necessarily prolong life. The potential ben-
efits of joint replacement must be weighed against the risk of
td. All rights reserved.
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surgical mortality and morbidity and the discomfort and inconve-
nience associated with recovery4. Although joint replacement has
had major impact on the management of OA, outcomes can be
accompanied by significant limitations. Advances have also been
made in the replacement of the TMJ, however patients still often
require multiple surgeries in an effort to obtain relief alongside a
multitude of affecting variables5e7. For non-replaceable joints,
including the TMJ, drug treatments are preferable, and sometimes
essential3.

OA of the synovial joint is characterized by degeneration of the
articular cartilage and dysfunction of joints. Histologically, OA is
characterized by progressive destruction and loss of the articular
and condylar cartilage. Catalysis of existing collagen matrix via the
upregulation of matrix metalloproteinases (MMPs) is recognized as
a contributing mechanism, with MMP-13 accepted as a viable
target8.

HtrA1 is a highly conserved secreted protease that degrades
numerous extracellular matrix (ECM) proteins. HtrA1 has previ-
ously been identified as being upregulated in osteoarthritic pa-
tients and as having the potential to regulate MMP activity9e11.

There is a continual search for an effective drug therapy to
inhibit the progression of OA of the TMJ and knee joint. TGF-b1, a
transforming growth factor, is known to play a critical role during
OA development12e15. In a recent study we assessed the expression
of TGF- b1 in two different OA mouse models16. Using immuno-
fluorescence, selected tissue sections of each genotype were
stained for the presence of TGF- b1. The immunofluorescence re-
sults indicated increased expression of the molecular marker TGF-
b1 in the two mutants relative to wild-type controls. Chen et al.,
showed that TGF-b1 is one of the key initiators of the OA molecular
pathway and therefore is, in part, responsible for the initiation of
articular cartilage breakdown17. Losartan, an angiotensin II receptor
antagonist, is a generic drug for the treatment of hypertension.
Because this drug also blocks the TGF-b1 signaling pathway, it is
therefore a candidate drug for treatment of OA in a genetic mouse
model of this disease18e20.

The cho mutation in the C57BL strain of mice is the result of a
single nucleotide deletion in the col11a1 gene, resulting in a
frameshift mutation and subsequent early stop codon21. Early
termination of the translation process affects the availability of
Type XI collagen in the ECM, which influences the development
and structural integrity of articular cartilage9. Likewise, there are
genetic factors contributing to the initiation of OA in humans, such
as the gene(s) involved with Stickler Syndrome22e25.

In the present study we evaluated the effectiveness of Losartan
in attenuating the progression of OA in heterozygous chon-
drodysplasia (cho/þ) mice carrying the mutation in the type XI
collagen gene. The chomutation is genetically recessivewith regard
to chondrodystrophic dwarfism; however, in the heterozygous
condition in which case the skeleton is normal, the mutation has
been shown to induce early-onset OA in the knee and TMJ, at the
same time showing early over-expression of TGF-b1 and HtrA1 in
the joint cartilage and associated tissues. By targeting TGF-b1 we
report that Losartan therapy is effective in attenuating the pro-
gression of OA in the TMJ and knee joint in heterozygous chon-
drodysplasia (cho/þ) mice.

Methods

Facilities, experimental animals, and genotyping

Mouse genotyping was performed as previously described21.
Heterozygous cho/þ mice and their wild-type littermates were
separated and maintained under a 12-h lighting schedule (12 h
with light, 12 h without light).
The C57BL strain of mice carrying the cho mutation, a col11a1
mutation of Type XI collagen, was maintained as a semi-inbred
colony in the Brigham Young University's Specific Pathogen Free
facility under the Institutional Animal Care and Use Committee
(IACUC) protocol number 150901. The mice were genotyped by
deoxyribonucleic acid (DNA) sequence analysis from tail samples
obtained at 6weeks of age, then divided into three groups, viz., wild
type control mice (n ¼ 6; þ/þ), untreated mutant mice (n ¼ 6; cho/
þ) and drug-treated mutant mice (n ¼ 6; cho/þ). The total number
of animals used in this study was 18, 12 of which had the desired
cho/þ genotype and 6 of which were þ/þ genotype that served as
wild type controls.

The number of animals used allowed appropriate statistical
analysis at an inferential uncertainty significance level of P < 0.05
with a power of 0.8 using a standard deviation of 0.6, and a mini-
mum detectable difference in theModifiedMankin score of 1 point.

The mice were separated into 6 cages, each cage containing 1þ/
þ and 2 cho/þ mice. We isolated the cages from the facility's water
supply and measured water consumption using volumetric bottles.
Three of the cages were given 300 ml of H2O containing 18 mg of
Losartan (0.6 g/L)17. The remaining three cages were given 300 ml
of H2O without the drug. We measured water consumption and
changed the water supply with or without drug weekly to ensure
proper dosage per cage. We also performed daily checks to ensure
the health and safety of each animal. Body weight data were
gathered monthly to further ensure the health of all animals. The
drinking water was replaced weekly, and all animals were moni-
tored for weight gain and water consumption throughout study,
i.e., until 9 months of age.

Tissue processing

Following the 7-month treatment period, mice from each ge-
notype were weighed, before being euthanized, with the right and
left TMJs collected. The knee joints were also excised and similarly
processed as follows. Tissues were fixed in 4% paraformaldehyde,
decalcified, embedded in paraffin, sectioned, and stained with
Safranin-O and Fast Green. The TMJs were processed into coronal
sections at a thickness of 6 mm obtained posterior to anterior
[Fig. 1(A) and (B)]. Coronal sections of the knee joint were prepared
similarly for histological examination as previously described26.

Tissue evaluation and histopathological scoring via Modified
Mankin procedure

Once stained with Safranin-O and Fast Green, tissues were
scored for histopathology according to the Modified Mankin
scoring system26,27(p1). The extent of OA histopathology was
quantified by the sum of scores of the following four criteria: sur-
face fissuring (0e3), pericellular matrix staining (0e2), spatial
arrangement of chondrocytes (0e3), and interterritorial matrix
staining (0e3) [Fig. 1(C)]. The scores of each genotype were aver-
aged and compared for statistical significance; the higher the score
implies more advanced OA histopathology. Both TMJ and knee joint
tissues were also analyzed using the Osteoarthritis Research Soci-
ety International (OARSI) procedure16,28. The statistical analysis in
the present study is based on a two-way analysis of variance
(ANOVA), and was used to compare the means of each treatment
group for statistically significant differences at the P < 0.05 level26.

Immunohistochemical analysis

Immunohistochemistry using antibodies against HtrA1was
performed on the TMJ sections from cho/þ Losartan treated and
untreated mice. Each slide was deparaffinized and then blocked



Fig. 1. (A, B) Diagram of the mouse skull and a representative histological section of the TMJ. The vertical coronal sections allowed removal of the anterior and posterior regions
of the skull prior to paraffin embedment and tissue sectioning. The condylar cartilage is indicated in blue (A). Serial microtome sections 6 m thick and collected from posterior to
anterior (rostral) and stained with Safranin O and Fast Green show the condylar cartilage (B) that was analyzed via the Mankin procedure. The bar in the lower right corner of the
image represents 100 mm. (C) Modified Mankin scoring system used to quantify the extent of OA. These criteria, considered to be the hallmark in the progression of OA, can be
seen in the Safranin-O and Fast Green stained sections of wild-type cartilage in comparison to mutant cartilage with and without Losartan treatment. Surface fissuring represents
the extent of cartilage erosion of the condyle. Pericellular matrix staining refers to the staining around each chondrocyte, determined by Safranin-O staining the proteoglycan. With
regard to spatial arrangement of cells, typically the chondrocytes are arranged in a columnar fashion, but as the progression of OA continues the chondrocytes group together
forming clusters, leaving areas of hypocellularity. Interterritorial matrix staining refers to staining of the extracellular matrix (ECM) by Safranin-O.

M. Thomas et al. / Osteoarthritis and Cartilage 27 (2019) 676e686678
with donkey serum for 1 h. Antibodies were diluted 1:200, applied
to specimens, and incubated overnight at 4�C. On the following day,
samples were rinsed with phosphate buffered saline (PBS) and
incubated with avid/biotin complex (ABC) mix. The samples were
then rinsed again with PBS before incubation with biotinylated
secondary rabbit antibody. After a final rinse, a color reaction was
initiated using a peroxidase substrate (Vector Labs, NovaRED).
Differences in staining intensity between the cho/þ Losartan
treated and the cho/þ untreated tissue sections were then
compared by visual inspection under the light microscope. Stained
and unstained cells were quantified within a defined area,
providing an approximate percentage of cells rescued from upre-
gulation of HtrA1 protein.

Cell culture

Immortalized mouse articular chondrocytes (iMAC) purchased
from abm (Vancouver, BC) were grown in PriCoat™ flasks, PriGrow
III™ media with 10% fetal bovine serum (FBS) and penicillin/
streptomycin and kept at 37�C in a humidified air chamber with 5%
CO2. Cells were seeded at 3 � 105 cells/flask for the experiments
and then grown to confluency. Cells between 3 and 4 passages were
used for all experiments.

Losartan (SigmaeAldrich) was dissolved in dimethylsulfoxide
(DMSO) to obtain a 1 mM stock solution. Cell cultures were
simultaneously induced with TGF-b1 (10 ng/ml) alone or TGF-b1
and Losartan (10 mM). The cells were allowed to continue growing
in the incubator for 24 h.
Protein extraction

Cells were washed with cold PBS and lysed with radio-
immunoprecipitation assay (RIPA) buffer (150mMNaCl, 50mMTris,
1% Sodiumdeoxycholate,1% TritonX-100% and 0.1% sodiumdodecyl
sulfate (SDS)). Cells were collected with a cell scraper and centri-
fuged at 14,000 rpm for 30 min. Supernatant was collected and
assayed for protein concentration. Samplesweremixedwith 4� SDS
Loading buffer (40% Glycerol, 8% SDS, 200 mM TriseHCl, 400 mM
Dithiothreitol, 0.005% bromophenol blue) for further analysis.

Gel electrophoresis

A 12% Sodium dodecyl sulfate (SDS)-polyacrylamide solution
was prepared by standard methods and samples were electro-
phoresed for 1 h at 150 V.

Western blotting

Proteins from gels were transferred to 0.45 mm Nitrocellulose
paper (Bio-Rad) and then blocked with ProteinSimple Blocking
Buffer (PBS) (ProteinSimple). Primary antibodies were diluted in
blocking solution containing 0.1% Tween and incubated overnight
at 4�C with monoclonal antibody to HtrA1 (Abcam). Blots were
normalized via membrane probes with Histone H3 (Cell Signaling
Technology, Beverly, MA).

Secondary antibody was incubation performed in blocking so-
lution with the MultiFluor kit (ProteinSimple). The proteins were
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detected and visualized by fluorescence using a FluorChem M
system (ProteinSimple, San Jose, CA). Densitometry analysis of
specific bands was completed using AlphaView software. Statistical
analysis, including 1-way ANOVA with Dunnett's Multiple Com-
parison Test, was performed using GraphPad Prism 7 (GraphPad
Software, La Jolla, CA).

Results

Health, body weight and water consumption unaffected by Losartan
treatment

Baseline data for health, animal weight, and water consumption
was consistent across all treatment groups. Average Losartan dose
was 1.09 ± 0.09 mg/day/10 g. No marked increase or decrease in
animal weight or water consumption was noted during adminis-
tration of Losartan. At the termination of the experiment, animal
weights of the mutant control group averaged 34.15 g ± 4.03, as
compared to the Losartan treated group of 35.78 g ± 6.06.

Losartan ameliorates TMJ histopathology in mice predisposed to OA

Histologically, the wild type (þ/þ) control TMJ condylar carti-
lage showed an intact superficial border, normal columnar cellular
organization and typical staining of the cartilage ECM and the
Fig. 2. Histological comparison of wild type, untreated mutant and drug-treated mut
with mutant untreated condylar cartilage (B, E, H), the untreated mutant mice show signs of
and chondrocyte clustering (arrow) accompanied by increased staining of the pericellula
proteoglycan staining of the condylar cartilage (C, F, I). The bar in the lower right corner of
pericellular matrix immediately surrounding the chondrocyte
[Fig. 2(A), (D) and (G)]. The untreated cho/þ group showed marked
histopathological changes including surface fissuring, cell clus-
tering, areas of hypocellularity and deficient staining of the ECM
[Fig. 2(B), (E) and (H)]. The Losartan-treated cho/þ mice displayed
normal chondrocyte placement including lack of cell clustering and
clear columnarization as observed in the wild type (þ/þ) group. In
addition, staining of the matrix in the Losartan treated group was
similar to that observed in the wild type condylar cartilage, unlike
the altered staining observed in the untreated cho/þ TMJ [Fig. 2(C),
(F), and (I)].

There was a statistically significant difference (P < 0.05) in the
Mankin score of the TMJ comparing wild type (3.8 ± 0.8) and un-
treated mutant mice (8.1 ± 1.5), but not between the wild type and
Losartan treated mutant mice (3.7 ± 1.2). Mankin scoring thus
confirms statistically that which was observed by visual inspection
(Fig. 3).

Losartan ameliorates knee joint histopathology in mice predisposed
to OA

Histologically, the wild type (þ/þ) control knee joint articular
cartilage for both femur and tibia showed an intact superficial
border, typical cellular organization superior and inferior to the tide
mark, and typical staining of cartilage (ECM) and the pericellular
ant TMJ after staining with Safranin-O/Fast Green. Comparing wild type (A, D, G)
OA, i.e., breakdown of condylar cartilage including hypocellularity, (asterisk) fissuring,
r space. Mutant treated with Losartan displayed normal structural morphology and
photographs A-C, D-F, and G-I represents 100, 50 and 20 mm respectively.



Fig. 3. Mankin scoring confirms the improvement in OA histopathology of the TMJ following drug therapy. The wild type had a mean Mankin score of 3.8 ± 0.8, the untreated
mutant had a mean Mankin score of 8.1 ± 1.5, and the mutant treated with Losartan had a score of 3.7 ± 1.2. By comparing the Losartan treatment group with the mutant untreated
group, Losartan is shown to significantly reduce the average Mankin score (P < 0.05, n ¼ 6).

Fig. 4. Light microscopy of the knee joint comparing the three groups of mice shows marked improvement in overall histology following drug therapy. The wild type (þ/þ)
control group, with the exception of mild osteoarthritic expression expected in 9-month old mice, shows an intact articular cartilage surface, columnar organization of chondrocytes
superior and inferior to the tide mark, and typical Safranin O staining of the extracellular matrix and matrix immediately surrounding the cells (Figs. A, D, G). The untreated mutant
(cho/þ) shows surface irregularity noted here by fissuring (arrowhead) on the articular surface of the joint. The untreated mutant also shows increased hypocellularity, i.e.,
extracellular matrix devoid of chondrocytes (asterisk), and cell clustering (arrow), in addition to a decrease in Safranin O staining of the extracellular matrix (Figs. B, E, H).
Comparable to that observed in wild type (þ/þ) control mice, mutant (cho/þ) mice treated with Losartan show normal histology (Figs. C, F, I). Results shown for each treatment
group are representative of all animals in each group. The bar in the lower right corner of photographs AeC, DeF, and GeI represents 100, 50 and 20 mm respectively.
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Fig. 5. Average Mankin scores show significant improvement in the mutant knee score following Losartan treatment. The mean Mankin score for the untreated mutant (cho/
þ) group was significantly higher than that of the wild type (þ/þ) control group (P < 0.05, n ¼ 6). The Losartan treatment group had a significantly lower average Mankin score in
comparison with the untreated mutant group. The mean score for the Losartan-treated mutant group was comparable to that of the wild type (þ/þ) control mice.
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matrix of the space immediately surrounding the chondrocyte
[Fig. 4(A), (D) and (G)]. The untreated cho/þ group showed marked
histopathological changes including surface fissuring, cell clus-
tering, areas of hypocellularity, and deficient staining of the ECM
[Fig. 4(B), (E) and (H)]. The Losartan-treated cho/þ mice displayed
normal chondrocyte placement including lack of cell clustering and
clear columnarization as observed in the wild type group. In
Fig. 6. Immunohistochemical comparison of mutant mouse (cho/þ) TMJ shows the ef
matory OA marker. Mutant (cho/þ) without Losartan treatment (A and C) shows clusters of
D) shows only background antibody staining, indicating a diminished inflammatory respon
respectively.
addition, staining of the ECM was similar to that observed in the
wild type articular cartilage, unlike the altered staining observed in
the untreated cho/þ knee joint [Fig. 4(C), (F) and (I)].

Applying the Mankin scoring procedure to knee articular carti-
lage revealed that theþ/þ control group mice had an average score
of 3.0 ± 0.3, the untreated cho/þ animals had an average score of
5.3 ± 0.4, and the Losartan-treated cho/þmice had an average score
fectiveness of Losartan treatment in blocking up-regulation of HtrA1, an inflam-
HtrA1 positive chondrocytes (arrows). By comparison, treatment with Losartan (B and
se. The bar in the lower right of the image represents 100 m and 20 m (A, B and C, D)



Fig. 7. Losartan prevents up-regulation of HtrA1 in vitro. Immortalized mouse
chondrocytes (iMAC cells) were induced with 10 ng/mL of TGF-b and treated with
Losartan at 10 mM for 24 h. HtrA1 expression was significantly increased in the induced
group (TGF-b1) when compared with control (Con or Con/Los; P < 0.0001, n ¼ 4) (1-
way ANOVA, Dunnett). HtrA1 expression was not significantly different from that of
control chondrocytes (Con or Con/Los) when iMAC cells were induced with TGF-b1 and
concomitantly treated with Losartan (TGF-b1/Los). Samples were obtained from
cytoplasmic protein extraction and normalized to Histone H3.
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of 2.5 ± 0.4 (Fig. 5). The statistical analysis for the observed dif-
ferences in knee histopathology showed that therewas a significant
difference (P < 0.05) between Losartan treated and untreated cho/þ
groups, but no statistical difference between the Losartan-treated
cho/þ and þ/þ control groups.

In summary, the Mankin scores for the TMJ condylar cartilage
and knee joint articular cartilage support what we had observed by
visual inspection, i.e., the Losartan-treated cho/þ group exhibited
similar histological features to that of the wild type control group,
thereby demonstrating that Losartan therapy had ameliorated the
progression of OA in the cho/þ animal model.

Losartan inhibits upregulation of HtrA1 as detected by
immunohistochemistry

Immunohistochemical analysis of the TMJ in untreated cho/þ
mice showed intense antibody staining of HtrA1throughout the
condylar cartilage [Fig. 6(A) and (C)]. All untreated mice expressed
intense antibody staining, with virtually all cells within the chon-
drocyte clusters being positively stained. By comparison, the Los-
artan treated cho/þ mice showed marked decreases in both
frequency and intensity of cellular staining [Fig. 6(B) and (D)].

Losartan inhibits upregulation of HtrA1 within immortalized mouse
chondrocytes

As shown in Fig. 7, Western Blot analysis demonstrates exposure
of immortalized mouse chondrocytes (iMAC) to TGF- b1 signifi-
cantly upregulates the presence of HtrA1 serine protease with
respect to unexposed iMAC control (P < 0.0001, n ¼ 4). However,
treatment with Losartan in the presence of TGF- b1 inhibits the
TGF- b1 induced upregulation of HtrA1 serine protease. We hereby
report that in the presence of Losartan, TGF- b1 induced upregu-
lation of HtrA1 is halted within iMAC in vitro, as was similarly
observed with immunohistochemistry.

Discussion

Although TGF- b1 expression is required for normal differenti-
ation of cartilage in the early stages of joint development, after
completion of chondrocyte differentiation in adult mice the
increased expression of TGF-b1 appears unnecessary12,13. As the
untreated cho/þ mutants exhibited significantly increased Mankin
scores compared with the wild type, the overexpression of TGF-b1
observed in the TMJ of cho/þ mutants suggests involvement of this
inflammatory molecule in the pathogenesis of TMJ OA16. Over-
expression of TGF-b1 has also been observed in knee OA of cho/þ
mutant mice at 3 months of age and in a surgical mouse model of
knee OA16,17.

Our findings with 9 month old mice support the hypothesis that
normal forces within a col11a1 genetic defect, as seen with Stickler
Syndrome, exacerbates the mechanical load transmitted through
the ECM involved with OA. The col11a1 genetic animal model offers
a promising platform for characterization of the progression of OA
in human. A common etiology of OA is the upregulation and
binding of TGF-b1 with its receptor TGFBRII. Such signaling acti-
vates SMAD2/3 proteins that regulate cell proliferation, differenti-
ation and cellular death12,29e31. This in turn induces the production
of HtrA1, activating degradation of the pericellular matrix and
leading to exposure of chondrocytes to type II collagen and
signaling of Discoidin domain-containing receptor 2 (DDR2). The
consequence of such signaling is that MMP-13 is upregulated and
released into the matrix, destroying type II collagen and chon-
droitin sulfate proteoglycans of the ECM. Regardless of the synovial
joint, i.e., TMJ or knee, this degeneration progresses to OA9,32e36

(Fig. 8).
The present study demonstrates that Losartan treatment has a

significant ameliorating impact on the progression of OA histopa-
thology. Inasmuch as elevated expression and co-localization of
TGF-b1, HtrA1 and p-Smad2 have been reported in TMJ condylar
cartilage of cho/þmice, inhibition of the TGF-b1 cascade may serve
as a potential therapeutic for OA of the TMJ and knee16,17,37. Los-
artan's role as a TGF-b1 antagonist leading to the inhibition of the
arthritic pathway would likely be similar in human OA, as seen in
Stickler syndrome, as such patients experience early onset OA24,38.

The reduction of arthritic-associated histopathology following
treatment with Losartan in the cho/þ TMJ was especially pro-
nounced in regard to fissuring and cell clustering. In the drug
treatment group, the lack of clustering and presence of highly
organized chondrocyte columns comparable to that observed in
wild type animals demonstrate a positive effect of Losartan on the
cartilage of the synovial joint of cho/þ animals. Also, minimal
proteoglycan staining in the pericellular space of the cho/þ Los-
artan treated animals was observed, affirming the evidence of
Losartan's beneficial effect. These results are further supported
when compared to the untreated cho/þ mice, which showed
numerous clusters of chondrocytes arranged in a disordered
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fashion, multiple fissures on the surface of the cartilage, and
increased proteoglycan staining of the pericellular space.

No evidence of osteophytes was observed in any of the un-
treated cho/þ mice. These observations are in agreement with the
OA study of cho/þ mice by Xu et al., 2003. They examined for the
presence of osteophytes but reported that “signs of advanced OA
are not present in cho/þ mice until after 9 months”.

The present study ended at 9 months, whereas Xu et al., 2003
extended to 15 months.

Confirming results come from the knee joint. In the untreated
mutant, both the tibial plateau and femoral condyle show surface
Fig. 8. Flow chart showing initiation of the inflammatory response pathway that le
inflammatory response pathway in cho/þ mice and the point at which Losartan blocks the m
similar to that postulated for onset and progression of knee OA, thereby ameliorating OA i
irregularities throughout, i.e., multiple fissures. Losartan treatment
promoted surface normality, i.e., absence of fissuring and also
promoted normal cellularity, thus contributing to the almost 3
point difference between the means of the mutant untreated and
mutant Losartan-treated groups. The statistical analysis of the
Mankin scores for the three knee groups (wild type control, mutant
without treatment, andmutant treatedwith Losartan) demonstrate
a marked decrease in the Mankin scoring of mutants following
treated with Losartan.

Observing that treatment with Losartan limits the expression of
HtrA1within TMJ chondrocytes confirms Losartan as an inhibitor of
ads to OA and point of antagonism by Losartan. This chart indicates the TGF-b1
olecular signaling pathway in the TMJ. This pathway and point antagonism would be

n the synovial joint17.
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TGF-b1 binding to its receptor TGFBRII located on condylar chon-
drocytes and other cells of this synovial joint. This restriction pre-
vents TGF-b1 from initiating the signaling cascade necessary for the
degeneration of the cartilage in the synovial joint. Specifically, the
cho/þ Losartan treatment group displayed an absence of surface
irregularities, histopathological features that would normally
appear in the untreated cho/þ group. Furthermore, there were no
signs of deterioration of the pericellular matrix, and the chon-
drocytes were organized in a columnar fashion in the Losartan-
treated mutant cartilage. Each of these observations is indicative
of an advantageous implementation of Losartan.

Our demonstrating that treatment with Losartan in the presence
of TGF-b1 limits the expression of HtrA1 within iMAC cell culture
supports previous studies showing Losartan as having an inhibitory
effect on the TGF-b1 signalling cascade18,20,39e43. These data sup-
port the histological improvement that we observed in vivo, and
provide insight into the therapeutic value of Losartan treatment. As
inhibition of HtrA1 is critical in mediating the propagation of MMP-
13 collagen destruction and disease progression, Losartan acts to
halt the detrimental effects seen in OA.

Further research into the exact mechanism by which Losartan
works is necessary in order to extend experimentation to clinical
trials with humans. These trials would be essential to assess the
effectiveness of Losartan in treating and preventing OA of most if
not all etiological types in human populations. Further character-
ization of TGF-b1 regulation in genetic mouse models is warranted,
along with concurrent data on signaling pathway proteins
including SMADs, HtrA1, and MMP-13. Indeed some of these mol-
ecules have the potential of serving as OA biomarkers.
Conclusion

Using Losartan drug therapy to block binding of TGF-b1 to its
receptor on the TMJ and knee joint chondrocyte has significantly
reduced the Mankin scoring and prevented upregulation of HtrA1
of the chondrodysplasia mutant mouse. Furthermore, Losartan in
the presence of TGF-b1 limits the expression of HtrA1 in vitro.
Combined, these findings suggest that the progression of OA in
humans can be slowed or stopped with treatment that is antago-
nistic to TGF-b1.

Our findings are consistent with data from several other recent
investigations, indicating that inhibition activity, rather than ther-
apeutic application of TGF-b1, should be considered in treating OA.
The present study demonstrates that HtrA1, a serine protease, is
one of the down-stream efforts of the increased TGF-b1 activity in
the development of OA. We propose that Losartan, an angiotensin
receptor II antagonist, may be repurposed for treatment of OA.

Further research into the development of TGF-b1 blockers is
anticipated to benefit many who suffer from OA.
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