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Aims

Parathyroid hormone (PTH) (1-34) exhibits potential in preventing degeneration in both
cartilage and subchondral bone in osteoarthritis (OA) development. We assessed the ef-
fects of PTH (1-34) at different concentrations on bone and cartilage metabolism in a
collagenase-induced mouse model of OA and examined whether PTH (1-34) affects the
JAK2/STAT3 signalling pathway in this process.

Methods

Collagenase-induced OA was established in C57BI/6 mice. Therapy with PTH (1-34) (10
ug/kg/day or 40 pug/kg/day) was initiated immediately after surgery and continued for
six weeks. Cartilage pathology was evaluated by gross visual, histology, and immunohis-
tochemical assessments. Cell apoptosis was analyzed by TUNEL staining. Microcomputed
tomography (micro-CT) was used to evaluate the bone mass and the microarchitecture in
subchondral bone.

Results

Enhanced matrix catabolism, increased apoptosis of chondrocytes in cartilage, and over-
expressed JAK2/STAT3 and p-JAK2/p-STAT3 were observed in cartilage in this model. All
of these changes were prevented by PTH (1-34) treatment, with no significant difference
between the low-dose and high-dose groups. Micro-CT analysis indicated that bone min-
eral density (BMD), bone volume/trabecular volume (BV/TV), and trabecular thickness
(Tb.Th) levels were significantly lower in the OA group than those in the Sham, PTH 10 ug,
and PTH 40 ug groups, but these parameters were significantly higher in the PTH 40 ug
group than in the PTH 10 pg group.

Conclusion

Intermittent administration of PTH (1-34) exhibits protective effects on both cartilage and
subchondral bone in a dose-dependent manner on the latter in a collagenase-induced OA
mouse model, which may be involved in regulating the JAK2/STAT3 signalling pathway.
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We assessed the effects of parathy-
roid hormone (PTH) (1-34) at different
concentrations on bone and cartilage
metabolism in a collagenase-induced
mouse model of osteoarthritis (OA) and
examined whether PTH (1-34) affects
the JAK2/STAT3 signalling pathway in
this process.

PTH (1-34) exhibits protective effects on
both cartilage and subchondral bone in the
development of osteoarthritis (OA).

PTH (1-34) protects subchondral bone in
a dose-dependent manner but not carti-
lage in a collagenase-induced OA mouse
model.
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PTH (1-34) could simultaneously downregulate the
p-JAK2/JAK2 and p-STAT3/STAT3 protein levels.

Strengths and limitations
This study provides some evidence for treating OA.
The results explain the effects of PTH on OA from both
cartilage and subchondral bone.
Lack of evidence on molecular level to elucidate the
exact role of JAK2/STAT3 in the preventive effects of
PTH (1-34) on OA.

Introduction

Osteoarthritis (OA) is the most common form of arthritis
and is generally characterized by degradation of carti-
lage, synovial inflammation, and abnormal bone remod-
elling.” Currently, anti-inflammatory drugs, analgesics,
and lubricating supplements are primarily used for the
treatment of OA,? but there is still no disease-modifying
treatment for OA. In view of the parallel roles of carti-
lage and subchondral bone in OA development, some
agents that affect both cartilage and subchondral bone
are promising for OA treatment, including parathyroid
hormone (PTH) (1-34), which is primarily used for the
treatment of osteoporosis in clinical practice.?

It has been widely recognized that intermittent admin-
istration of PTH (1-34) has an ‘anabolic window’.>* In
the anabolic window, intermittent PTH (1-34) exhibits
promoting effects on bone formation™¢ in a dose-
dependent fashion.”? On the other hand, recent studies
suggest that intermittent administration of PTH (1-34)
works directly on cartilage by preventing its degradation
through promoting chondrocyte proliferation and extra-
cellular matrix production,>'®" but it is unclear whether
the protective effect of intermittent PTH (1-34) on carti-
lage is dose-dependent, and the involved signalling
pathway and the precise network are still unknown.

Previous studies have shown that the JAK2/STAT3
signalling pathway is involved in the degeneration of
the cartilage in OA.">'* However, regarding the effect of
intermittent PTH (1-34) on cartilage in the progression
of OA, there is little knowledge about the involvement of
the JAK2/STAT3 pathway.

We therefore hypothesize that intermittent adminis-
tration of PTH (1-34) has a protective effect on both the
cartilage and subchondral bone, and we performed the
present study to explore the changes in cartilage and
subchondral bone in a collagenase-induced OA mouse
model in response to different concentrations of PTH
(1-34) and provide some primary data focused on the
role of the JAK2/STAT3 signalling pathway in this process.

Methods
Animals. The experiment was approved by the
Institutional Animal Care and Use Committee of

North China University of Science and Technology
(LX2019034), Tangshan, China. The experiments were

Table 1. The Osteoarthritis Research Society International scoring systems
for assessing the severity of osteoarthritis.

Classification Parameter Score

A Articular cartilage structure
Normal 0

Slight surface irregularities or surface slightly 1
disturbed

Moderate surface irregularities or surface 2
roughened

Severe surface irregularities (disruption < 10% 3
depth)

Fissures to transitional zone (disruption < 1/3 4
depth)

Fissures to radial zone (disruption < 2/3 depth)
Fissures to calcified zone (full depth)

Erosion to mid zone (< 1/3 depth)

Erosion to deep zone (< 2/3 depth)

O 00 N O »n

Erosion to calcified zone (full depth)

Erosion to subchondral bone 10
B Chondrocyte density

Normal

Slight decrease

Moderate decrease

Severe decrease

A W N = O

No cells

C Cell cloning
Normal
Several doublets
Many doublets
Doublets and triplets

AW N = O

Multiple cell nests

D Interterritorial Toluidine blue
Normal
Decreased staining to mid zone (< 1/3 depth)
Decreased staining to deep zone (< 2/3 depth)
Decreased staining to calcified zone (full depth)

A W N = O

No staining
E Tidemark
Intact and single tidemark

o

Duplicated tidemark 1

Blood vessels through subchondral bone plate 2
to calcified cartilage

Crossed by vessels of tidemark 3

performed on 24 12-week-old male C57BIl/6 mice.
Animals were randomly divided into four groups of
six animals in each: the Sham group, the collagenase
injection group (OA group), the low dose of PTH (1-
34) treatment group (PTH 10 pg group), and the high
dose of PTH (1-34) treatment group (PTH 40 pg group).
Animals were fed a standard rodent diet, housed in
the Medical Research Animal Centre of North China
University of Science and Technology, and maintained
on a 12 hours light/12 hours dark cycle.

Induction of experimental OA and drug treatment. The
induction of experimental OA replicated previously
validated procedures.” The OA, PTH 10 pg, and PTH
40 pg groups were injected with type VII collagenase
(Sigma-Aldrich, St. Louis, Missouri, USA) from the
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Outline of the tibial plateau of samples and macroscopic scoring between groups. Black arrows indicate fibrillation of the tibial plateau, and pink arrows
indicate surface roughening. Data are presented as the mean (SD), p-values measured using Mann-Whitney U test. OA, osteoarthritis; PTH, parathyroid

hormone.

patellar ligament with a microsyringe on days 0 and 2,
as previously described,” and saline was given in the
Sham group. Animals in the PTH 10 ug and PTH 40 ug
groups received subcutaneous injections of 10 pg/kg/
day or 40 pg/kg/day (five days weekly) of PTH (1-34)
(Sigma-Aldrich), respectively. Saline was given as a pla-
cebo to animals in the Sham and OA groups. The treat-
ment lasted for six weeks. All animals were euthanized
with CO, to harvest the entire knee joints.

Macroscopic findings in cartilage. After disarticulation,
the right tibiae were cleaned, and their gross visual
appearance was photographed with a Canon 550D
digital camera (Canon, Tokyo, Japan) and fixed in 4%
formalin. Medial tibiae were evaluated according to a
previous grading system, as follows: grade 0 (normal);
grade 1 (surface roughening); grade 2 (fibrillation and
fissures); grade 3 (large erosions extending down to the
subchondral bone); and grade 4 (larger erosions down
to the subchondral bone).'

Histology. The left knees were fixed in 4% formalin
solution for 48 hours and decalcified with 10% diso-
dium salt dihydrate (Na,EDTA) for six weeks. Then, the
samples were sequentially dehydrated, embedded in
paraffin, and finally cut into 6 pm sections. The sec-
tions from each group were stained with toluidine
blue. Degenerative changes of the medial tibial pla-
teau were evaluated according to an Osteoarthritis
Research Society International (OARSI) grading system
(Table 1)." The thickness of the calcified layers and
articular cartilage at the medial tibiae was measured
further in these sections. The ratio of calcified layers
to total cartilage was also measured. The scoring and
measurement processes were also performed as previ-
ously described.®

Immunohistochemical assessments. Paraffin sections
were routinely deparaffinized, rehydrated, and repaired
by 0.05% trypsin and inactivation of endogenous per-
oxidases with hydrogen peroxide (H,O,) at room tem-
perature for ten minutes. Subsequently, incubation
with the antibodies was performed overnight at 4°C.
The expression levels of collagen-Il (Col-II) (1 pg/ml;
DSHB Hybridoma Product II-116B3, from Linsenmayer
TF at Tufts University School of Medicine, Boston,
Massachusetts, USA), aggrecan (AGG) (2.85 pg/ml;
Gene Tex, San Antonio, Texas, USA), caspase-3 (0.667

pg/ml; Boster, Wuhan, China), a disintegrin and metal-
loproteinase with thrombospondin motifs (ADAMTS)-4
(2 pg/ml; Abcam, Cambridge, UK), ADAMTS-5 (2 pg/
ml; Bioss, Beijing, China), matrix metalloproteinase-13
(MMP-13) (1 pg/ml; Gene Tex), JAK2 (2.267 pg/ml;
Proteintech, Wuhan, China), STAT3 (1.933 pug/ml;
Proteintech), p-JAK2 (2.5 pg/ml; Boster), and p-STAT3
(2.5 pg/ml; Boster) in the cartilage were analyzed.
Finally, the colour brown developed with DAB stain-
ing (ZSGB-BIO Corporation, Beijing, China). All sec-
tions were measured by Image Pro Plus (IPP) version
6.0 software (Media Cybernetics, Rockville, Maryland,
USA). Then, the mean intensity of optical density (I0OD)
was measured as previously described.>'®

TUNEL staining. We used the ApopTag peroxidase in situ
apoptosis detection kit (Merck Millipore, Burlington,
Massachusetts, USA), which utilizes DNA fragments
utilizing terminal deoxynucleotidyl transferase (TdT) by
specific staining to observe apoptotic chondrocytes in
cartilage. The sections were heated at 59°C and depa-
raffinized in three changes of xylene and alcohol, and
washed once with phosphate-buffered saline (PBS) for
three minutes. Then, the sections were treated with
proteinase K (20 pg/ml, Apoptosis Detection Kit; Merck
Millipore) to digest the samples for 15 minutes at room
temperature, after which the sections were washed
twice with distilled water (dH,0) for three minutes
each, followed by quenching of endogenous perox-
idase in 3% H,O, for five minutes and adding equili-
bration buffer directly onto the specimen. The sections
were treated with TdT enzyme at 37°C for one hour
and washed with working strength stop/wash buff-
er, after which anti-digoxigenin conjugate (Apoptosis
Detection Kit; Merck Millipore) was added for 30 min-
utes. The sections were then washed three times in
PBS. Peroxidase substrate was applied to completely
cover the specimen, and finally the sections were dyed
with haematoxylin. Apoptotic cells were detected by
the percentage of TUNEL-positive cells in the cartilage,
as previously described.?°

Micro-CT imaging. The right knees were scanned using
a micro-CT system (SkyScan1176 Software: Version 1.1,
build 6; Bruker, Kontich, Belgium). Data were collected
at 50 KeV of energy, with a 270-pA current and 8.96580
pm cubic resolution. The region of interest was defined
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Fig. 2

Histological analysis of the medial tibial plateau and OARSI microscopic scoring between groups. a) Toluidine blue staining of the medial tibial plateau. b)
Histological score of the medial tibial plateau in different groups. c) Thickness of calcified cartilage of the medial tibia in different groups. d) Ratio of calcified
cartilage/cartilage in different groups. Data are presented as the mean (SD). The difference of OARSI scores between any two groups was analyzed using the
Mann-Whitney U test. Thickness of calcified cartilage and ratio of calcified cartilage/cartilage was analyzed using the one-way analysis of variance (ANOVA).
Thin bars = 200 um. Thick bars = 100 um. OA, osteoarthritis; PTH, parathyroid hormone.

as the epiphysis bone of the tibia to study subchondral
bone.?’ The following architectural parameters were
calculated to describe the bone mass and structure:
bone mineral density (BMD, mg/cm?), bone volume/
trabecular volume (BV/TV, %), trabecular thickness (Tb.
Th, um), and structure model index (SMI).

Data analysis and statistics. All data are expressed as the
mean and SD. One-way analysis of variance (ANOVA)
was used to test the differences in data with a Gaussian
distribution between groups. Fisher's least significant
difference (LSD) t-test or Dunnett's T3 test was used for
pairwise comparisons, which depends on homogenei-
ty of variance. OARSI scores and non-Gaussian distrib-
uted data were analyzed by Kruskal-Wallis H test, then
Mann-Whitney U test was used to compare pairwise
comparisons. Two-tailed p-values < 0.05 were consid-
ered statistically significant. Statistical analysis data
were measured by using SPSS software (SPSS v20.0;
IBM, Armonk, New York, USA).

Results

Macroscopic findings. The macroscopic findings, shown
in Figure 1, indicated that the articular surfaces of the OA
group were slightly rough. However, total scores were

not significantly different between any two groups (p >
0.05, Mann-Whitney U test).

Histological observation and OARSI scoring of carti-
lage. Histological observation and OARSI scoring of car-
tilage are shown in Figures 2a and 2b. The Sham group
demonstrated almost no degeneration of articular carti-
lage. There were more obvious histological changes in
the OA group, including cartilage surface irregularities,
reduced chondrocyte density, and toluidine blue staining
of the hyaline chondrocyte layer. The PTH 10 ug and PTH
40 pg groups mainly exhibited cartilage degradation,
including slight surface disturbances and increased cell
cloning. The total OARSI score in the OA group was sig-
nificantly higher than that in the Sham group (p = 0.002,
Mann-Whitney U test), while the PL and PH groups
showed lower scores than those of the OA group (PTH 10
pg group vs OA group: p = 0.004; PTH 40 ug group vs OA
group: p = 0.002, both Mann-Whitney U test). There was
no significant difference between the PTH 10 pg and PTH
40 pg groups (p > 0.05, Mann-Whitney U test).
Measurements of articular cartilage. Quantification of
total cartilage thickness by histology revealed no signif-
icant difference between any two groups at the medial
tibial plateau (p > 0.05, one-way ANOVA). However, a
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Fig. 3

Immunohistochemical assay for a) aggrecan (AGG) and b) collagen-II (Col-Il) in each group. c) Intensity of optical density (IOD) values of AGG in different
groups. d) 10D values of Col-Il in different groups. Data are presented as the mean (SD), all p-values were measured using one-way analysis of variance
(ANOVA). Thin bars = 100 um. Thick bars = 50 um. OA, osteoarthritis; PTH, parathyroid hormone.

difference in the calcified cartilage thicknesses was not-
ed: the OA group had significantly thicker calcified car-
tilage than that of the Sham, PTH 10 pg, and PTH 40 pg
groups (p = 0.001, p < 0.001, and p < 0.001, respectively,
all measured with one-way ANOVA) (Figure 2c), and the
ratio of the calcified cartilage to total cartilage was signifi-
cantly higher in the OA group than that in the Sham, PTH
10 pg, and PTH 40 pg groups (p =0.001, p < 0.001, and p
< 0.001, respectively, all measured with one-way ANOVA)
(Figure 2d). Thicknesses of calcified cartilage and the ra-
tio of the calcified cartilage to total cartilage were not sig-
nificantly different between the PTH 10 ug and PTH 40 ug
groups (p > 0.05, one-way ANOVA).

Immunohistochemical assessments. In the cartilage, Col-I|
expression (Figures 3b and 3d) was significantly down-
regulated in the OA group compared with that of the
Sham, PTH 10 pg, and PTH 40 pg groups (p = 0.019, p
= 0.023, and p = 0.005, respectively, all measured with
one-way ANOVA). The Col-ll expression level was not sig-
nificantly different between the PTH 10 pg and PTH 40 ug
groups (p > 0.05, one-way ANOVA). The AGG expression
level showed no significant differences between any two
groups (p > 0.05, one-way ANOVA) (Figures 3a and 3c).
In the OA group, ADAMTS-4 (Figures 4a and 4c),
ADAMTS-5 (Figure 5), MMP-13 (Figures 4b and 4d), and
caspase-3 (Figures 6a and 6c) expression levels were
significantly higher than those in the Sham group (p
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Immunohistochemical assay for a) a disintegrin and metalloproteinase with thrombospondin motifs-4 (ADAMTS-4) and b) matrix metalloproteinase-13
(MMP-13) in each group. c) Intensity of optical density (IOD) values of ADAMTS-4 in different groups. d) IOD values of MMP-13 in different groups. Data are
presented as the mean (SD), all p-values measured using one-way analysis of variance (ANOVA). Thin bars = 100 um. Thick bars = 50 pm. OA, osteoarthritis;

PTH, parathyroid hormone.

= 0.009, p = 0.013, p < 0.001, and p = 0.002, respec-
tively, all measured with one-way ANOVA). Compared
with the protein expression in the OA group, ADAMTS-4,
ADAMTS-5, MMP-13, and caspase-3 expression levels
were significantly lower in the PTH 10 pg group (p =
0.011, p = 0.021, p = 0.001, and p = 0.001, respectively,

all measured with one-way ANOVA) and the PTH 40 ug
group (p = 0.014, p = 0.017, p < 0.001, and p = 0.005,
respectively, all measured with one-way ANOVA).
ADAMTS-4, MMP-13, ADAMTS-5, and caspase-3 expres-
sion levels were not significantly different between the
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Immunohistochemical assay for a) a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-5 in each group. b) Intensity of optical density
(I0D) values of ADAMTS-5 in different groups. Data are presented as the mean (SD), all p-values measured using one-way analysis of variance (ANOVA). Thin
bars = 100 pm. Thick bars = 50 um. OA, osteoarthritis; PTH, parathyroid hormone.

PTH 10 pg group and PTH 40 ug group (p > 0.05, one-
way ANOVA).

In the cartilage, the expression of p-JAK2 (Figures 7b
and 7d) was significantly higher in the OA group than
that in the Sham, PTH 10 pg, and PTH 40 pg groups
(p = 0.034, p = 0.043, and p = 0.048, respectively, all
measured with one-way ANOVA). In the OA group,
p-STAT3 (Figures 8b and 8d) expression level was higher
than that in the Sham group and PTH 10 pg and PTH 40
pg groups (all p < 0.001, one-way ANOVA). The p-JAK2
and p-STAT3 expression levels showed no significant
difference between the PTH 10 ug group and PTH 40 ug
group (p > 0.05, one-way ANOVA). However, there was
no significant difference in the p-JAK2/JAK2 (Figure 7e)
and p-STAT3/STAT3 (Figure 8e) ratio among the groups.

In the cartilage, the expression of JAK2 (Figures 7a and
7¢) was significantly higher in the OA group than that in
the Sham, PTH 10 pg, and PTH 40 pg groups (p < 0.001,
p =0.039, and p = 0.025, respectively, all measured with
one-way ANOVA). In the OA group, STAT3 (Figures 8a
and 8c) expression level was higher than thatin the Sham
group and PTH 10 pg and PTH 40 pg groups (p = 0.015,
p = 0.04, and p = 0.045, respectively, all measured with
one-way ANOVA). The JAK2 and STAT3 expression levels
showed no significant difference between the PTH 10 ug
group and PTH 40 ug group (p > 0.05, one-way ANOVA).
TUNEL staining. The percentage of TUNEL-positive cells
(Figures 6b and 6d) in cartilage was significantly higher
in the OA group than that in the Sham group (p < 0.001,
one-way ANOVA), but the percentage of TUNEL-positive
cells was significantly lower in the PTH 10 pg group or
PTH 40 pg group than that in the OA group (both p <
0.001, one-way ANOVA). However, the percentage of ap-
optotic chondrocytes was not significantly different be-
tween the PTH 10 pug and PTH 40 pg groups (p > 0.05,
one-way ANOVA).

Micro-CT imaging. Micro-CT imaging is shown in
Figure 9a. In the epiphyseal trabeculae, the results in-
dicated that the OA group had significantly less BMD

(Figure 9b), BV/TV (Figure 9¢), and Tb.Th (Figure 9d) than
the Sham group (p = 0.006, p =0.016, and p = 0.008, re-
spectively, all measured with one-way ANOVA). The PTH
10 ug group displayed significantly higher BMD, BV/TV,
and Tb.Th values than those of the OA group (p < 0.001,
p < 0.001, and p = 0.001, respectively, all measured with
one-way ANOVA). The PTH 40 ug group exhibited high-
er BMD, BV/TV, and Tb.Th values than those of the OA
group (p < 0.001, p < 0.001, and p = 0.001, respectively,
all measured with one-way ANOVA). Additionally, in the
PTH 40 ug group, the BMD and BV/TV were significant-
ly higher than those in the PTH 10 ug group (p = 0.014
and p = 0.010, respectively, both measured with one-way
ANOVA). In contrast, in the OA group, the SMI (Figure 9e)
was significantly higher than that in the Sham group,
PL group, and PTH 40 pg group (p = 0.001, p < 0.001,
and p < 0.001, respectively, all measured with one-way
ANOVA). SMI was significantly lower in the PTH 40 ug
group than in the PTH 10 pg group (p = 0.001, one-way
ANOVA) (Figure 7).

Discussion

In the present study, we found that intermittent injection
of PTH (1-34) showed therapeutic effects in a collagenase-
induced OA mouse model, resulting from restraining the
deterioration of cartilage and maintaining subchondral
bone microarchitecture.

Topically, injection of collagenase is one of the most
accepted methods to establish an animal model of
OA, with mild damage to the articular surface;** as
we observed in the present study, no significant differ-
ence was found between the OA and Sham groups in
the macroscopic score, which is consistent with some
previous studies from other groups.?"2® However, further
histological analysis indicated the cartilage degeneration
in this model, as shown by the markedly higher score
in OA animals, regarding the appearance of cartilage
upper layer irregularities, reduced chondrocyte density,
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Fig. 6

Photomicrographs of the immunohistochemistry for a) caspase-3 and b) TUNEL staining for cell apoptosis in the cartilage of the medial tibial plateau. c)
Intensity of optical density (IOD) values of caspase-3 in different groups. d) The percentage of TUNEL-positive cells in different groups. Data are presented
as the mean (SD), all p-values measured using one-way analysis of variance (ANOVA). Thin bars = 100 um. Thick bars = 50 um. OA, osteoarthritis; PTH,

parathyroid hormone.

and toluidine blue staining of the hyaline chondrocyte
layer. Additionally, the thickness of calcified cartilage
was significantly higher in the OA group than in the
Sham group, which is considered to be a deterioration of
biomechanical properties and therefore accelerated carti-
lage degeneration.’

This study proved that in the development of OA, Col-l|
expression decreased in the cartilage, whereas MMP-13,
ADAMTS-4, ADAMTS-5, and caspase-3 expression and
the percentage of TUNEL-positive cells increased. These
results are consistent with previous studies.'?>2* Col-I|
is the main component of articular cartilage, and its
reduction is the major feature of OA.>>-2 MMP-13 and

ADAMTS-4 play important roles in the degradation
process of cartilage."® Overexpression of caspase-3 can
cause chondrocyte apoptosis,?®? and TUNEL-positive
cells were significantly increased.?® Unfortunately, the
AGG expression level was not significantly different
between any two groups. The loss of AGG is a marker of
OA development. However, the relative contribution of
ADAMTS and AGG to cartilage destruction during OA has
not been completely resolved.*® van Dalen et al*' found
that the change in AGG is significantly weaker than that of
ADAMTS-4, ADAMTS-5, and MMP-13 in the collagenase-
induced OA model. Our present study found a similar
result that AGG had an unmarkedly downward trend in
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Fig. 7

Immunohistochemical assay for a) JAK2 and b) p-JAK2 in each group. c) Intensity of optical density (IOD) values of JAK2 in different groups. d) IOD values of
p-JAK2 in different groups. e) Ratio of p-JAK2/JAK2 in different groups. Data are presented as the mean (SD), all p-values measured using one-way analysis of
variance (ANOVA). Thin bars = 100 pm. Thick bars = 50 pm. OA, osteoarthritis; PTH, parathyroid hormone.

the OA group, which may be due to, on the one hand, the
above-mentioned relatively weak response to collage-
nase, which we used a lower dose of in the present study.
On the other hand, we only observed these changes in
one timepoint at an early stage. Therefore, our results
reveal that cartilage degeneration mainly results from
enhanced catabolism of cartilage and increased apop-
tosis of chondrocytes.

Currently, there is a widely accepted point of view
that the effect of intermittent PTH (1-34) on OA has an
anabolic window.3? Intermittent administration of PTH
(1-34) can prevent cartilage degradation and preserve
subchondral bone microarchitecture during the anabolic
window."* Additionally, the dosage of PTH (1-34) varies
considerably among experimental investigations. The
effect of different doses of PTH (1-34) on subchondral
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Immunohistochemical assay for a) STAT3 and b) p-STAT3 in each group. c) Intensity of optical density (IOD) values of STAT3 in different groups. d) IOD values
of p-STAT3 in different groups. e) Ratio of p-JAK2/JAK2 in different groups. Data are presented as the mean (SD), all p-values measured using one-way analysis
of variance (ANOVA). Thin bars = 100 uym. Thick bars = 50 ym. OA, osteoarthritis; PTH, parathyroid hormone.

bone has been studied,®® but the effect of different doses
of PTH (1-34) on cartilage has rarely been studied. We
therefore explored the protective effect of different doses
of PTH (1-34) with intermittent administration on carti-
lage. The clinical dose of PTH (1-34) used for osteopo-
rosis therapy is 20 pg/day.* In mice, a PTH (1-34) dose
of 10 pg/kg/day was similar with 20 pg in patients.>>4 A
PTH (1-34) dose of 40 pg/kg/day is commonly used in
animal experiments.”?3%3¢ Previous studies have reported
that the dose of PTH above 80 ug/kg/day when given

intermittently induced hypercalcaemia and resulted in
death when given by continuous infusion.33”38 Previous
studies also reported that intermittent administration of
PTH (1-34) (10 or 40 pg/kg/day) increases bone mass and
protects the cartilage.>*** We therefore chose 10 pg/kg/
day as the low dose and 40 ug/kg/day as the high dose.
This study demonstrates that PTH (1-34) exhibits
protective effects on cartilage in a mouse model. In our
study, the histological scores of the PTH 10 ug and PTH
40 pg groups were lower than those of the OA group.
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a) Microcomputed tomography (micro-CT) images of the subchondral bone in each group. b) Bone mineral density (BMD) of the subchondral bone analyzed
by micro-CT. c) Bone volume/trabecular volume (BV/TV) of the subchondral bone analyzed by micro-CT. d) Trabecular thickness (Tb.Th) of the subchondral
bone analyzed by micro-CT. e) Structure model index (SMI) of the subchondral bone analyzed by micro-CT. Data are presented as the mean (SD), all p-values
measured using one-way analysis of variance (ANOVA). OA, osteoarthritis; PTH, parathyroid hormone.

In the PTH 10 pyg and PTH 40 pg groups, the cartilage
surface was barely damaged, and chondrocyte density
and interterritorial toluidine blue staining were increased.
In addition, PTH (1-34) reduced the thickness of calcified
cartilage. In this way, restoration of the calcified cartilage
may provide cartilage with greater compressive capacity
and show cartilage degradation.® The above results show
that PTH (1-34) has a protective effect on cartilage.

Our results also show that PTH (1-34) significantly
increased Col-Il expression and reduced MMP-13 and
ADAMTS-4 expression in the cartilage of collagenase-
induced OA mice. It has been previously reported that
the application of PTH (1-34) can prevent the progression
of cartilage degradation by increasing Col-Il in animal
models of OA." Previous studies have shown that PTH
(1-34) prevents cartilage degradation by inhibiting both
ADAMTS-4 and MMP-13 in guinea pigs with spontaneous
OA and meniscectomized guinea pigs.>* These findings
show that PTH (1-34) can protect cartilage by inhibiting
catabolism and promoting anabolism in cartilage. Carti-
lage degeneration caused by chondrocyte apoptosis
plays an important role in the development of OA.*°
PTH (1-34) treatment reduces articular chondrocyte
apoptosis.**2 Chang et al?> found that the percentage
of TUNEL-positive cells was reversed by treatment with
PTH (1-34).2 Previous findings indicate that parathyroid
hormone-related protein (PTHrP) is related to decreased
lipid oxidative damage and caspase-3.** Dai et al° proved
that PTH (1-34) can decrease caspase-3 expression in
chondrocytes. In our study, caspase-3 expression and

the percentage of TUNEL-positive cells were significantly
inhibited by PTH (1-34). These results indicate that PTH
(1-34) can protect the cartilage matrix and chondrocytes.

These findings demonstrated that PTH (1-34), at both
low or high doses, could prevent cartilage degenera-
tion in this model by reducing the thickness of calcified
cartilage, inhibiting the catabolism of cartilage matrix,
and preventing chondrocyte apoptosis. To further
confirm whether JAK2/STAT3 signalling is involved in
the process by which PTH (1-34) affects the cartilage,
we observed the protein expression levels in this model
by immunohistochemistry analysis, which showed that
p-JAK2, JAK2, p-STAT3, and STAT3 expression increased
in articular cartilage after OA. Previous studies have
shown that MMPs and ADAMTS are increased in carti-
lage after STAT3 expression enhancement, and using
the selective JAK2 inhibitor AG490 inhibits the increase
in MMPs and ADAMTS.#* However, as far as we know
there is no direct research on the relationship between
PTH (1-34) and the JAK2/STAT3 signalling pathway
in OA. In the cartilage, the expression of p-JAK2 and
p-STAT3 was significantly higher in the OA group than
in the control group, and was reversed by PTH treat-
ment, which is consistent with the trend of total JAK2
and STAT3 levels. However, there was no significant
difference in the p-JAK2/JAK2 and p-STAT3/STAT3 ratios
among the groups. Previous studies have proved that
in the development of OA, the expression of p-JAK2
and p-STAT3 was upregulated,’* and total JAK2 and
STAT3 levels were upregulated too.?%“¢ Notably, both
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the upregulation induced by OA and the downregula-
tion induced by PTH (1-34) of total or phosphorylated
JAK2 and STAT3 occurred in a parallel manner. We
therefore speculate that PTH (1-34) may mainly affect
the transcription and translation but not the phos-
phorylation of JAK2 and STAT3. Therefore, PTH (1-34)
may protect cartilage by downregulating p-JAK2/JAK2
and p-STAT3/STAT3 protein levels in parallel firstly and
then restraining the expression of MMPs and ADAMTS.
However, further molecular studies are needed to prove
the exact role of the JAK2/STAT3 signalling pathway
during the action of PTH (1-34) on OA. In addition,
multiple models of OA are helpful to comprehensively
clarify the preventive effect of PTH (1-34) on OA. It is
interesting that no significant differences were found
between the low-dose and high-dose groups with
respect to all these beneficial effects of PTH (1-34) on
cartilage in this model. Previous studies proved that in
the OA model, the histological score decreased approx-
imately 47% (10 pg/kg/day)*** and 43% (40 ug/kg/
day) after PTH (1-34) treatment.®* MMP-13 expres-
sion decreased by 50% after treatment with different
concentrations of PTH (1-34)."° These results indicate
that in the dosages we chose and used in the above-
mentioned studies, the protective effect of PTH (1-34)
on the cartilage is not dose-dependent, while further
study is needed to uncover the underlying reason.

In the present study, we found that bone loss in the
subchondral bone occurred in the OA mice, which was
totally prevented by PTH (1-34), with both lower and
higher dose. As reported, subchondral bone is closely
related to the progression of OA.>* Recent observa-
tions have suggested that OA is related to early loss of
bone owing to increased bone remodelling, then slow
turnover leading to densification of the subchondral
plate and loss of cartilage, and subchondral densi-
fication is a late event in OA.*° Bone loss may place
abnormal stress on the cartilage, and the integrity of
cartilage or changes in cartilage metabolism are also
due to the altered mechanics.®® The present experi-
ments and a previous study support the conclusion
that the beneficial effect of PTH (1-34) on cartilage is, at
least in part, caused by ameliorating subchondral bone
microarchitecture.’3¢

In contrast to the effects on cartilage, the positive
effect of PTH (1-34) on the epiphyseal trabeculae is
dose-dependent. Our result is consistent with the
finding that PTH (1-34) dose dependently stimulates
bone formation.? Unparallel effects of different doses of
PTH (1-34) on cartilage and subchondral bone degen-
eration in a collagenase-induced OA model in mice may
be mainly due to the tissue-specific difference in blood
supply between cartilage and subchondral bone.? PTH
(1-34) could act directly on the subchondral bone as
blood supply in subchondral bone is abundant,** while
transport of PTH (1-34) to cartilage was much less as
there is no blood vessel in cartilage.** In addition, the

expression of the type 1 PTH/PTHrP receptor (PTHTR)
decreases in chondrocytes in animals with OA.>® These
reasons may lead to the unparalleled effects of different
doses of PTH (1-34) on cartilage and subchondral bone
degeneration in a collagenase-induced OA mouse
model.

In conclusion, our findings show that intermittent
administration of PTH (1-34) displays a protective
effect on cartilage and improves the subchondral bone
microstructure in the collagenase-induced OA mouse
model, and the JAK2/STAT3 signalling pathway may be
involved in these effects. This protective effect of PTH
(1-34) on this model is dose-dependent in the subchon-
dral bone but not in cartilage.

Supplementary material
Text describing the quantification methods relat-
E ed to the histology, immunohistochemical assess-
ments, and TUNEL staining conducted in this
study.
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