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Objectives: Pain and disability are the main clinical manifestations of osteoarthritis, for which only
symptomatic therapies are available. Hence, there is a need for therapies that can simultaneously alter
disease progression and provide pain relief. KBP is a dual amylin- and calcitonin-receptor agonist with
antiresorptive and chondroprotective properties. In this study we investigated the effect of KBP in a rat
model of osteoarthritis.
Methods: Medial meniscectomy (MNX) was performed in 39 rats, while 10 underwent sham surgery.
Rats were treated with KBP and/or naproxen. Nociception was assessed by mechanical and cold allo-
dynia, weight bearing asymmetry, and burrowing behavior. Blood samples were collected for biomarker
measurements, and knees for histology. Cartilage histopathology was evaluated according to the
advanced Osteoarthritis Research International (OARSI) score and KBPs in vitro antiresorptive effects
were assessed using human osteoclasts cultured on bone.
Results: The MNX animals displayed an increased nociceptive behavior. Treatment with KBP attenuated
the MNX-induced osteoarthritis-associated joint pain. The cartilage histopathology was significantly
lower in rats treated with KBP than in MNX animals. Bone and cartilage degradation, assessed by CTX-I
and CTX-II plasma levels, were decreased in all KBP-treated groups and KBP potently inhibited bone
resorption in vitro.
Conclusions: Our study demonstrates the effectiveness of KBP in ameliorating osteoarthritis-associated
joint pain and in protecting the articular cartilage, suggesting KBP as a potential drug candidate for
osteoarthritis.

© 2019 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society
International. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Joint pain is the hallmark symptom of knee osteoarthritis (OA),
due to cartilage degeneration and subchondral bone remodeling,
and the pain is the main reason for individuals to seek medical
assistance. Although the structural changes are the main
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contributors to OA pathogenesis, inflammation also plays an
important role in disease progression1. OA-associated pain pri-
marily affects the arthritic joint, but widespread sensitization has
been reported for many patients2.

No disease-modifying OA drugs (DMOADs) are currently avail-
able for patients3. Hence, there is an unmet clinical need in the
treatment of OA patients. Targeting multiple aspects of the disease
such as pain and joint swelling as well as delaying disease pro-
gression, rather than a single disease mechanism, could potentially
improve the quality of life of OA patients substantially. At present,
pharmacological therapies consist mainly of pain relievers with the
use of nonsteroidal anti-inflammatory drugs (NSAIDs) and intra-
articular therapies, such as glucocorticoids and hyaluronic acid4;
if unresponsive to treatment, the joint may ultimately have to be
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replaced. Clinical and experimental observations have suggested
that the structural integrity of the articular cartilage is linked to and
dependent upon normal subchondral bone turnover5. Due to the
abnormal biomechanical stresses in OA joints, an ideal therapeutic
strategy may be targeting the regulation of both cartilage and bone
cell activity, while providing analgesia.

Salmon calcitonin (sCT) is an interesting molecule for the
treatment of OA6. It is a 32-amino acid peptide hormone and dual
amylin and calcitonin-receptor agonist (DACRA) that activates both
calcitonin and amylin receptors with high affinity7 and a prolonged
response8. sCT has potent antiresorptive effects, as it inhibits os-
teoclasts9, and it prevents collagen degradation by articular chon-
drocytes10. The antiresorptive and chondroprotective effects of sCT
in OA have been demonstrated both ex vivo and in vivo11. Studies
have found that sCT treatment can provide analgesia a rat model of
OA12, protect the subchondral bone and articular cartilage13,14, and
has anti-inflammatory properties15. In canine OA studies, sCT
counteracts the progression of joint lesions16, indicating the
importance of inhibiting subchondral bone turnover for cartilage
protection. Similarly, in experimental arthritis studies, the inhibi-
tion of bone resorption protects the cartilage from erosion10,17. The
analgesic effects of sCT have been demonstrated in patients with
osteoporosis and Paget's disease18, but the underlying analgesic
mechanisms remain unclear19.

KBP is an analogue of sCT, developed to overcome the challenges
identified within clinical studies investigating sCT which failed to
improve joint space narrowing and WOMAC scores in OA pa-
tients20. KBPs are designed to have greater potency than sCT and
have shown promising results as potential treatments for type 2
diabetes and obesity in rats21,22, but may also have potential in
arthritic diseases23. In this study, we utilized the medial menis-
cectomy (MNX) model of OA, known to cause destabilization of the
joint which eventually leads to rapid generation of the joint24, to
investigate the effects of KBP on the bone and cartilage pathology in
OA, as well as its anti-nociceptive effects, alone or in combination
with a standard of care NSAID.

Materials and methods

Animals

All animal procedures were performed in accordance with
guidelines from the AnimalWelfare Division of the Danish Ministry
of Justice under the institutional license issued to Nordic Bioscience
(2015-15-0201-00469). An everyday inspection of the animals
health, behavior and well-being was conducted according to the
Danish National Regulations and guidelines. Female Lewis rats
(n ¼ 49, Envigo, DK) at 6e8 weeks-of-age, with a mean weight of
170e200 g, were housed in groups of 3e4 under controlled tem-
peratures on a 12-h lightedark cycle with unrestricted access to
water and food in standard type IV cages, enriched with standard
wood chips, red-tinted huts, nesting material and sticks.

OA induction and therapy

The rats were allocated into treatment groups according to their
baseline burrowing performance in order to exclude the animals
that did not burrow and to result in similar burrowing average and
variance. The MNX model of OA was induced as previously
described25. Rats were anaesthetized with isoflurane prior to sur-
gery and the right leg was shaved and disinfected. Medial collateral
ligament was transected and full thickness cut through the medial
meniscus wasmade; themeniscus was then removed. Xylocainwas
used as topical analgesic, and Rimadyl (1 ml/kg) and Baytril (1 ml/
kg) as post-operative drugs for 3 days. Sham-operated animals
underwent the same procedure with the exception that the
meniscus was left intact. Treatment groups were MNX (n ¼ 9);
sham (n ¼ 10), MNX treated with KBP (MNX þ KBP, n ¼ 10); MNX
treated with naproxen (MNX þ Napr, n ¼ 10); MNX treated both
naproxen and KBP (MNX þ KBP þ Napr, n ¼ 10).

KBP peptide (Synpeptide, Shanghai, China) was dissolved in
saline for subcutaneous delivery in a dose of 10 mg/kg/day, ac-
cording to reports in animal models of obesity21 and unpublished
studies performed in rheumatoid arthritis animal models. Nap-
roxen was dissolved in 1 % carboxymethyl cellulose with 0.5%
Tween 80, (all from SigmaeAldrich, St. Louis, MO, USA), and
administered by oral gavage at 4 mg/kg, as previously described26.
Both drugs were administered once daily at 12 p.m., from the day of
the surgeries until termination of the study. All treatment outcome
measurements were made by an observer blinded to treatment,
and behavioral testing was performed once a week starting 1 week
after the OA induction.
Mechanical allodynia

Mechanical allodynia was assessed by measuring the with-
drawal thresholds of both hind paws in response to the application
of von Frey filaments using the up-down method, as previously
described27. After habituation to the procedure, mechanical allo-
dynia was assessed before surgery and up to 55 days post-surgery.
Weight-bearing test

The animals were placed in an incapacitance tester (Colombus
Instruments, Columbus, OH, USA), consisting of two separate
platforms, to detect the weight placed on each hind leg. Three, 4-s
measurements were obtained per animal. The weight-bearing
distribution was assessed pre-surgery and weekly until the termi-
nation of the study. The weight-bearing ratio was calculated as the
amount weight placed on the MNX leg divided by the total weight
placed on both hind legs.
Cold hypersensitivity

Cold hypersensitivity was assessed via the application of
acetone to the hind paws of the animals, and the responses were
recorded. A score of 0 was given to the rats that did not show any
reaction (stamp, flick or paw withdrawal). If a response to the
acetone was noted, then another 20 s was recorded to determine
the nature of the response28. The rats received a score of 0e4;
0 ¼ no response, 1 ¼ quick withdrawal, flick or stamp of the paw
(total reaction time <1 s), 2 ¼ prolonged withdrawal or repeated
flicking (total reaction time 1e3 s), 3 ¼ repeated flicking together
with licking at the ventral side of the paw (total reaction time
3e10 s), 4 ¼ prolonged licking (total reaction time >10 s). The
acetone test was performed three times per paw with at least
10 min in between the tests, and the scores were combined to yield
a maximum possible score of 2429. Cold hypersensitivity was
assessed at baseline and 2, 4, 6 and 8 weeks after surgery.
Burrowing

The burrowing test was performed, as described by Rutten
et al.30 and the allocation into treatment groups as described by
Deacon et al.31. Burrowing performance was determined by
weighing the amount of gravel remaining in the tube and the test
was performed once per week.
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Biochemical analysis of rat plasma

Blood samples were collected from overnight-fasted rats 2 h
after the morning dosing on day 3 and 31 post-surgery. Baseline
samples were obtained in the morning from overnight-fasted rats
without prior dosing of the compounds. The plasma levels of CTX-I
and CTX-II were determined through the use of commercially
available kits (IDS, The Boldons, UK) according to the manufac-
turer's instructions.

Isolation of knees

The ipsilateral joint was collected at termination, 8 weeks after
surgery, fixated in 10% formalin for 1 week and decalcified in 15%
EDTA for 5 weeks. The knees were infiltrated with paraffin using
Tissue-Tek VIP 5 Jr. (Sakura Finetek, Alphen aan den Rijn, The
Netherlands), embedded in paraffin, and cut into 5 mm thick coronal
sections using a HM 360 microtome (Microm International GmbH,
Walldorf, DE). The sections were deparaffinized and rehydrated
according to standard procedures prior to all stainings.

Cartilage joint pathology

Sections were stained with Safranin O (SafO)/Fast green, dehy-
drated, and mounted in Pertex to assess cartilage degradation, us-
ing the Osteoarthritis Research International (OARSI) advanced
grading methodology32. The OARSI score system consists of six OA
grades, with subcriteria for a more detailed examination. If the
subcriteria are met then 0.5 is added to the grade, giving a total
possible range of 0e6.5. OA stages (0e4) are used to identify the
horizontal extent of cartilage damage, independently from the
grade that was given. The reported score is the combination of
grade and stage: score ¼ grade � stage. Scoring was performed by
two blinded observers on the medial area of the tibial plateau.
Several slides per animal were scored and averaged, and the inter-
observer mean was reported.

Resorption assay

Mature human osteoclasts derived from CD14þ monocytes were
generated from peripheral blood, as previously described33, of
anonymized blood donors obtained from a blood bank. For the
resorption experiment, cortical bone (CB) slices from one bovine
knee were used. CB slices were washed with PBS and placed in 96-
well culture plates. The osteoclasts were lifted by trypsinization,
scraped off, counted and seeded into the wells at a density of
50,000 cells/CB slice in 200 ml medium. Two CB slices without os-
teoclasts were cultured in parallel for background measurements.
Plates were incubated 1 day at 37�C and 5% CO2 followed by a
medium change supplemented with resorption inhibitors: 300 nM
diphyllin (V-ATPase inhibitor, SigmaeAldrich), 10 nM KBP, 1 nM
KBP, 0.1 nM KBP, 0.01 nM KBP, or vehicle (medium). Media was
collected after 6 h for measurement of CTX-I release, to assess the
osteoclast-mediated bone resorption. CTX-I, a biomarker detecting
C-terminal type I collagen fragments, was measured using the
CrossLaps for Culture ELISA (IDS, The Boldons, UK).

Statistical analyses

Data derived from body weight, pain assessments and plasma
biomarkers were statistically analyzed by repeated measures two-
way analysis of variance (ANOVA), with the assumption that the
data were normally distributed, with Dunnett's multiple compari-
sons test comparing all groups to the MNX group. The cartilage
scoring data was analyzed by KruskaleWallis test with Dunn's
multiple comparison test comparing all groups to the MNX group.
Data derived from the osteoclast cultures were analyzed using one-
way ANOVA with Dunnett's multiple test for comparison against
the vehicle. Body weight was expressed as percent change from
baseline. Data from the acetone tests were normalized by sub-
tracting baseline (BL) values from the experimental values for each
rat. von Frey data were normalized and shown as percent change
from baseline. Plasma biomarker data were normalized as fold in-
crease compared to baseline. All data are presented in the text as
mean (95% confidence interval), except the cartilage score which is
presented as mean rank differences, and graphically as mean
(S.E.M.). A two-tailed P < 0.05 was taken to indicate statistical
significance. All plots were generated in GraphPad Prism 7.01
(Graph Pad Software, La Jolla, CA, USA).

Results

KBP reduces body weight

The health status of the animals was monitored throughout the
study, with frequent body weight measurements (Fig. 1) and
observation. No observable decrease in body weight was evident
within the MNX group compared to sham (�2.1 (�5.9 to 1.8) g,
P ¼ 0.5). Animals treated with KBP monotherapy (7.6 (3.7e11.4) g,
P ¼ 0.001) and combination therapy with naproxen (8.7 (4.8e12.5)
g, P ¼ 0.001) had a substantially decreased body weight compared
to the MNX group, as has been reported previously21. The general
health of the animals was good, with no signs of impaired loco-
motion or distress.

KBP protects cartilage structure

Articular joint pathology was assessed in the isolated surgery
knees. The induction of OA pathology as a result of the MNX can be
clearly seen in the cartilage in the medial tibia plateau [Fig. 2(A)].
When compared to the sham group, the MNX animals had signif-
icant OA pathology (31.2, P < 0.001) as judged by the OARSI score
[Fig. 2(B)]. MNX animals treated with KBP were found to have a
significantly lower OARSI score compared to MNX (17.9, P ¼ 0.02),
indicating a positive effect upon cartilage health. Animals treated
with the combination treatment had a lower OARSI score than the
MNX group, but this was not statistically significant (9.3, P ¼ 0.66).
Interestingly, the combination therapy did not have increased ef-
ficacy compared to the KBP monotherapy. Furthermore, naproxen
monotherapy appeared to have no effect upon cartilage integrity
compared to the MNX group (2.8, P > 0.9).

KBP reduces nociceptive behavior

To test the anti-nociceptive potential of KBP, we analyzed the
mechanical allodynia, cold hypersensitivity, burrowing behavior,
and weight-bearing of the MNX rats. OA pain-like behavior was
fully developed 9 days post- MNX (�57.52 (�76.26 to �38.78),
P ¼ 0.001 for mechanical allodynia and 3.21 (1.02e5.39), P ¼ 0.002
for cold hypersensitivity), and persisted through day 51 (Fig. 3(A)
and (B), see un-normalized data Supplementary Fig. 1). Interest-
ingly, KBP monotherapy could increase paw withdrawal thresholds
significantly compared to the MNX group (�32.35 (�51.1
to �13.61), P ¼ 0.001, Fig. 3(A)). Naproxen monotherapy and
combination therapy resulted in significantly increased paw with-
drawal thresholds [Fig. 3(A)] compared to the MNX treated animals
(�58.06 (�76.81 to �39.32), P ¼ 0.001 and �63.29 (�82.03
to �44.54), P ¼ 0.001 respectively). Consistent with the anti-
nociceptive effect of KBP found in mechanical allodynia, cold hy-
persensitivity was greatly reduced in the KBP-treated group



Fig. 1. Body weight monitoring. Change in body weight presented as % of initial body weight. Error bars indicate the SEM, n ¼ 10/group except n ¼ 9 in MNX group. Statistical
significance compared to the MNX is indicated by *P < 0.05, **P < 0.01, and ***P < 0.001.

Fig. 2. Effect of KBP on cartilage pathology 8 weeks after surgery. Representative micrographs of the medial tibia plateau stained with SafO þ Fast green staining (A) to assess
cartilage damage according to the Osteoarthritis Research International (OARSI) advanced grading methology (B). Scale bars in A indicate 200 mm. Statistical significance compared
to the MNX in B is indicated by *P < 0.05, **P < 0.01, and ***P < 0.001. n ¼ 9 for the MNX, sham and MNX þ KBP þ Napr, and n ¼ 10 for the MNX þ KBP and MNX þ Napr groups.

A. Katri et al. / Osteoarthritis and Cartilage 27 (2019) 1339e13461342
compared to the MNX group (2.2, (0.003e4.37), P ¼ 0.05, Fig. 3(B)).
Combination therapy was also found to significantly reduce cold
hypersensitivity compared to the MNX group (2.2, (0.02e4.39),
P ¼ 0.05), whilst naproxen was not found to be significant different
(0.93 (�1.26 to 3.12), P ¼ 0.66).

We further assessed the burrowing behavior and the MNX rats
showed the same vigorous burrowing performance as the sham
(�150.9 (�534.8 to 232.9), P ¼ 0.72), which decreased over time
[Fig. 3(C)]. Additionally, no significant difference was observed
between groups. The burrowing data should be cautiously inter-
preted as the test has low sensitivity. Furthermore, we observed an
overall decrease in burrowing within the sham group, and there-
fore the sensitivity of the test decreased over time. OA induction by
MNX did not induce any weight-bearing asymmetry, no difference
between sham and MNX was found (�0.01 (�0.04 to 0.02),
P ¼ 0.77) Fig. 3(D)). Hence the effects of the therapies on weight-
bearing could not be established.

KBP suppresses bone and cartilage turnover

The effects of KBP on bone resorption and cartilage degradation
were investigated by measuring CTX-I and CTX-II. The MNX group
was not found to be significant different compared to the sham for
CTX-I (0.15 (�0.05 to 0.35), P ¼ 0.22) and CTX-II plasma levels (0.13
(�0.19 to 0.46), P ¼ 0.76) [Fig. 4(A) and (B)]. Nonetheless, KBP
monotherapy had a significant reduction in the plasma levels of
CTX-I (0.67, (0.47e0.87), P < 0.001)) and CTX-II (0.73, (0.39e1.06),
P < 0.001) compared to theMNX. The combination therapy resulted



Fig. 3. Effect of KBP on pain behavior in the MNX model. Pain-like behaviors were assessed using paw withdrawal thresholds (A), cold hypersensitivity (B), burrowing behavior (C),
and weight bearing asymmetry (D). Data in A are presented as the percent change from baseline and data in B are presented as the mean change from baseline. Error bars indicate
the SEM, n ¼ 10/group except n ¼ 9 in MNX group. Statistical significance compared to the MNX is indicated by *P < 0.05, **P < 0.01, and ***P < 0.001.

Fig. 4. KBP inhibits bone resorption and cartilage degradation in vivo. Bone resorption and cartilage degradation was assessed by CTX-I (A) and CTX-II (B), respectively. For CTX-I;
MNX n ¼ 9; sham n ¼ 10; CIA þ KBP n ¼ 10; CIA þ Napr n ¼ 10; MNX þ KBP þ Napr n ¼ 9. For CTX-II; MNX n ¼ 10; sham n ¼ 10; CIA þ KBP n ¼ 9; CIA þ Napr n ¼ 10;
MNX þ KBP þ Napr n ¼ 9. Data are presented as the mean fraction of each rat's baseline measurement. Error bars indicate the SEM. Statistical significance compared to the MNX is
indicated by *P < 0.05, **P < 0.01, and ***P < 0.001.
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in a significant decrease of both CTX-I (0.65 (0.45e0.86), P < 0.001)
and CTX-II (0.79 (0.45e1.12), P < 0.001) compared to theMNX,most
likely due to the KBP effect. Naproxen monotherapy significantly
lowered plasma CTX-I levels (0.22 (0.02e0.42), P ¼ 0.03) compared
to the MNX group, albeit the reduction was small and only was
observed at the early time point. On the other hand, it did not show
a statistically significant effect on CTX-II (0.12 (�0.2 to 0.45),
P ¼ 0.79).

KBP decreased CTX-I release on cortical bone

To assess the anti-resorptive potential of the KBP, bone resorp-
tion by human osteoclasts on CB slices was assessed. The V-ATPase
inhibitor diphyllin was used as a positive control of osteoclast in-
hibition in bone resorption cultures34. As shown in Fig. 5, the
release of the bone resorption biomarker CTX-I was significantly
reduced by both diphyllin (41.68 (24.6e58.77), P ¼ 0.001) and the
KBP following 6 h after treatment compared to vehicle. For KBP
10 nM (19.73, (2.64e36.81), P ¼ 0.02); KBP 1Nm (31.09,
(14.01e48.17), P ¼ 0.002); KBP 0.1Nm (32.58, (14.67e50.5),
P ¼ 0.002); KBP 0.01 nm (37.75, (20.67e54.84), P ¼ 0.001).

Discussion

At present, no DMOADs are available to patients3, hence there is
an urgent medical need for the development of pharmaceutical
agents that can both preserve bone and cartilage integrity as well as
provide relief from OA-associated pain. The lack of clinical trans-
latability of sCT was mainly due to the lower levels of exposure or
due to the oral administration which will be hopefully overcomed
by an injectable formulation20. Our study describes KBP, a novel
DACRA with an increased potency than sCT, in the medial MNX rat
model of OA. KBP was found to have both chondroprotective and
anti-nociceptive effects in this model. KBP counteracted MNX-
induced cartilage erosion and reduced plasma levels of the bone
and cartilage degradation biomarkers CTX-I and CTX-II, the



Fig. 5. KBP inhibits osteoclastic bone resorption in vitro inhibition. Resorption of type I
collagen was assessed by measuring CTX-I. Data are presented as the mean ± SEM.
Statistical significance between treated conditions and the vehicle is indicated by
*P < 0.05, **P < 0.01, and ***P < 0.001.
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antiresorptive properties of KBP were further verified in vitro. OA-
associated pain behavior was reduced by KBP according to two
different pain behavioral models, the von Frey and acetone tests.
The data described in this study suggest that DACRAs such as KBP
preserve joint structure and reduce bone pain by inhibiting bone
resorption and cartilage degradation, and therefore holds potential
as a DMOADwith beneficial effects on both joint structure and pain.

Animal experimental arthritis studies of sCT have previously
demonstrated reductions of cartilage and bone pathology6. In the
present study, the administration of KBP significantly reduced the
cartilage pathology, as indicated by the OARSI score. While the
combination therapy also appeared to reduce the OARSI score, this
was not statistically significant and did not provide added effects on
top of the KBP which comes in contrast with the protective effect
found in the joints of an inflammatory rat model of collagen
induced-arthritis23. Our results indicate that treatment with KBP
reduced the MNX-induced cartilage erosion and had a protective
effect on joint health. Naproxen had little to no effect maybe due to
the fact that the structural damage in this model was not inflam-
matory driven or it might have been implicated in a larger atten-
uation of pain perception than KBP, thus animals did not protect
their joints35. Further experimentation of more dosing regimens of
naproxen, preferably lower, should be tested as it might show its
chondroprotective effects, especially combined with KBP.

To assess the effects of KBP specifically on cartilage degradation,
we measured CTX-II which previously has been associated to the
degree of cartilage degradation36 and demonstrated a significant
reduction within all groups that received KBP even though no
significant elevation of CTX-II was observed in the MNX group.
Similarly, KBP strongly inhibited CTX-I, but the MNX failed to
induce a statistically significant increase. However the beneficial
effects on bone structure of KBP combined with naproxen have
been previously shown in an inflammatory arthritis model23. All of
these reductions in CTX-I and CTX-II resulted in CTX-I and CTX-II
levels that were substantially lower than the sham group, sug-
gesting that the treatments’ effects on the biomarkers were pre-
dominantly a result of inhibition of endogenous bone and cartilage
turnover, and not directly in the target joint. Furthermore, any in-
creases in the circulating biomarkers due to MNX surgery,
combined with the localized nature of the lesion, are eventually
obscured by the maturation of the rats37. In vitro, we demonstrated
that KBP inhibits osteoclast-mediated resorption of type I collagen
corresponding well to previous studies of sCT on bone resorption38,
although the dose-response indicated that at the higher doses re-
ceptor desensitization could occur, as previously seen in
osteoclasts39.

In our study, MNX induced clear pain-like behaviors according
to the cold hypersensitivity and mechanical allodynia assessments,
similarly to previous reports regarding MNX-induced pain40. As
expected, naproxen monotherapy, as well as combination treat-
ment, resulted in potent anti-nociceptive effects. The outcomes of
naproxen treatment in pain assessment tests were similar to those
of the sham animals, highlighting the anti-nociceptive action of
NSAIDs41. Interestingly, KBP monotherapy reduced both mechani-
cal allodynia and cold hypersensitivity. The anti-nociceptive effects
provided by KBP mirrors a study which found that eel CT reduced
cold hypersensitivity and mechanical allodynia42. sCT has been
demonstrated to have analgesic in a clinical setting43, which further
supports that KBP may have anti-nociceptive and analgesic effects.
However, while both mechanical allodynia and cold hypersensi-
tivity tests gave clear results regarding MNX-induced pain, the
burrowing test was unable to detect any effects of the MNX.
Similarly, the unilateral monoiodoacetate (MIA) injection model
does not result in significant effects on burrowing44, but bilateral
MIA injection does, suggesting that the burrowing test is not sen-
sitive enough for single-joint arthritis in rats. Additionally, medial
MNX does not seem to induce any significant differences inweight-
bearing asymmetry.

It would be of great interest to replicate the findings of this
study inMNXobese rats, as obesity is amajor risk factor of OA45 and
KBP has beneficial effects upon reduction of fat mass21. The weight
loss seenwith KBP correlates with the decrease of weight observed
in animal studies with sCT46. Future experimentation should
consider testing different doses of KBP, as well as lower doses of
naproxen, as this may provide more information regarding the
dose-dependency and the combination of the therapies. It would be
of great interest to replicate the study using male rats and see the
effect of KBP on joint structure and nociception, as we know that
DACRAs work well on metabolic studies using male animals21,22.
Additionally, in order to reflect the clinical setting any potential
DMOAD should be investigated within an intervention study.
Despite these shortcomings, our study has generated valid and
robust results through the use of multiple methods that corrobo-
rate each other. The advanced OARSI histopathology score uses
quantitative and qualitative measures to evaluate cartilage pa-
thology, and the results were highly reproducible and reliable with
the use of two independent blinded observers. Furthermore, the
use of multiple pain assessment techniques provide different in-
formation regarding the anti-nociceptive effects of the therapies,
and clearly demonstrate the importance of combining appropriate
experimental arthritis models with suitable pain assessment
techniques to detect the effects of novel treatments.

In conclusion, we found that KBP, a novel DACRA, has chon-
droprotective and anti-nociceptive properties in a surgically
induced model of OA. KBP is a promising DMOAD candidate and
may overcome some of the difficulties found in treating patients
with OA.

Author contributions

AK and AD performed experiments and analyzed the data. AK,
HL, MAK, KVA, CST and KH contributed to the conception, study
design and interpretation of the data. AK drafted the manuscript.
All authors read and approved the final manuscript.



A. Katri et al. / Osteoarthritis and Cartilage 27 (2019) 1339e1346 1345
Conflict of interest
AK, MAK, KVA, CST, and KH are employees of Nordic Bioscience A/S
which is a company involved in the discovery and development of
biochemical biomarkers and novel therapeutic peptides, including
KBPs. HL is a former employee of Nordic Bioscience A/S. KH, KVA
and MAK hold patents on KBPs. MAK and KH hold stocks in Nordic
Bioscience A/S. AD reports no conflicts of interest.

Role of the funding source
This project has received funding from the European Union’s Ho-
rizon 2020 research and innovation program under the Marie
Sklodowska-Curie grant agreement No 642720. We also acknowl-
edge the funding from the Danish Science Foundation (“Den
Danske Forskningsfond”).

Acknowledgments

Wewould like to thank Christina Hansen and Majbrith Sprankel
for their technical assistance.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.joca.2019.05.016.

References

1. Smith MD, Triantafillou S, Parker A, Youssef PP, Coleman M.
Synovial membrane inflammation and cytokine production in
patients with early osteoarthritis. J Rheumatol 1997;24(2):
365e71.

2. Fingleton C, Smart K, Moloney N, Fullen BM, Doody C. Pain
sensitization in people with knee osteoarthritis: a systematic
review and meta-analysis. Osteoarthritis Cartilage 2015;23(7):
1043e56, https://doi.org/10.1016/j.joca.2015.
02.163.

3. Karsdal MA, Michaelis M, Ladel C, Siebuhr AS, Bihlet AR,
Andersen JR, et al. Disease-modifying treatments for osteoar-
thritis (DMOADs) of the knee and hip: lessons learned from
failures and opportunities for the future. Osteoarthritis Carti-
lage 2016;24(12):2013e21, https://doi.org/10.1016/
j.joca.2016.07.017.

4. Sinusas K. Osteoarthritis: diagnosis and treatment. Am Fam
Physician 2012;85(1):49e56.

5. Hayami T, Pickarski M, Wesolowski GA, McLane J, Bone A,
Destefano J, et al. The role of subchondral bone remodeling in
osteoarthritis: reduction of cartilage degeneration and pre-
vention of osteophyte formation by alendronate in the rat
anterior cruciate ligament transection model. Arthritis Rheum
2004;50(4):1193e206, https://doi.org/10.1002/art.20124.

6. Nielsen RH, Bay-Jensen A-C, Byrjalsen I, Karsdal MA. Oral
salmon calcitonin reduces cartilage and bone pathology in an
osteoarthritis rat model with increased subchondral bone
turnover. Osteoarthritis Cartilage 2011;19(4):466e73, https://
doi.org/10.1016/j.joca.2011.01.008.

7. Christopoulos G, Perry KJ, Morfis M, Tilakaratne N, Gao Y,
Fraser NJ, et al. Multiple amylin receptors arise from receptor
activity-modifying protein interaction with the calcitonin re-
ceptor gene product. Mol Pharmacol 1999;56(1):235e42.

8. Andreassen KV, Hjuler ST, Furness SG, Sexton PM,
Christopoulos A, Nosjean O, et al. Prolonged calcitonin receptor
signaling by salmon, but not human calcitonin, reveals ligand
bias. PLoS One 2014;9(3), e92042, https://doi.org/10.1371/
journal.pone.0092042.
9. Chambers TJ, Moore A. The sensitivity of isolated osteoclasts to
morphological transformation by calcitonin. J Clin Endocrinol
Metab 1983;57(4):819e24, https://doi.org/10.1210/jcem-57-
4-819.

10. Sondergaard B-C, Oestergaard S, Christiansen C, Tank�o LB,
Karsdal MA. The effect of oral calcitonin on cartilage turnover
and surface erosion in an ovariectomized rat model. Arthritis
Rheum 2007;56(8):2674e8, https://doi.org/10.1002/
art.22797.

11. Karsdal MA, Henriksen K, Arnold M, Christiansen C. Calcitonin:
a drug of the past or for the future? Physiologic inhibition of
bone resorption while sustaining osteoclast numbers im-
proves bone quality. BioDrugs 2008;22(3):137e44.

12. Wen Z-H, Tang C-C, Chang Y-C, Huang S-Y, Lin Y-Y, Hsieh S-P,
et al. Calcitonin attenuates cartilage degeneration and noci-
ception in an experimental rat model of osteoarthritis: role of
TGF-b in chondrocytes. Sci Rep 2016;6:28862, https://doi.org/
10.1038/srep28862.

13. Mosekilde L, Danielsen CC, Gasser J. The effect on vertebral
bone mass and strength of long term treatment with anti-
resorptive agents (estrogen and calcitonin), human para-
thyroid hormone-(1-38), and combination therapy, assessed in
aged ovariectomized rats. Endocrinology 1994;134(5):
2126e34, https://doi.org/10.1210/endo.134.5.8156913.

14. El Hajjaji H, Williams JM, Devogelaer J-P, Lenz ME, Thonar EJ-
MA, Manicourt D-H. Treatment with calcitonin prevents the
net loss of collagen, hyaluronan and proteoglycan aggregates
from cartilage in the early stages of canine experimental
osteoarthritis. Osteoarthritis Cartilage 2004;12(11):904e11,
https://doi.org/10.1016/j.joca.2004.08.005.

15. Aida S, Okawa-Takatsuji M, Aotsuka S, Shimoji K, Yokohari R.
Calcitonin inhibits production of immunoglobulins, rheuma-
toid factor and interleukin-1 by mononuclear cells from pa-
tients with rheumatoid arthritis. Ann Rheum Dis 1994;53(4):
247e9.

16. Manicourt DH, Altman RD, Williams JM, Devogelaer JP, Druetz-
Van Egeren A, Lenz ME, et al. Treatment with calcitonin sup-
presses the responses of bone, cartilage, and synovium in the
early stages of canine experimental osteoarthritis and signifi-
cantly reduces the severity of the cartilage lesions. Arthritis
Rheum 1999;42(6):1159e67.

17. Behets C, Williams JM, Chappard D, Devogelaer J-P,
Manicourt D-H. Effects of calcitonin on subchondral trabecular
bone changes and on osteoarthritic cartilage lesions after
acute anterior cruciate ligament deficiency. J Bone Miner Res
2004;19(11):1821e6, https://doi.org/10.1359/JBMR.040609.

18. Pontiroli AE, Pajetta E, Calderara A, Alberetto M, Pozza G,
Manganelli V, et al. Intranasal and intramuscular human
calcitonin in female osteoporosis and in Paget's disease of
bones: a pilot study. J Endocrinol Investig 1991;14(1):47e51,
https://doi.org/10.1007/BF03350260.

19. Azria M. Possible mechanisms of the analgesic action of
calcitonin. Bone 2002;30(5 Suppl):80Se3S, https://doi.org/
10.1016/S8756-3282(02)00701-9.

20. Karsdal MA, Byrjalsen I, Alexandersen P, Bihlet A, Andersen JR,
Riis BJ, et al. Treatment of symptomatic knee osteoarthritis
with oral salmon calcitonin: results from two phase 3 trials.
Osteoarthritis Cartilage 2015;23(4):532e43, https://doi.org/
10.1016/j.joca.2014.12.019.

21. Gydesen S, Hjuler ST, Freving Z, Andreassen KV, Sonne N,
Hellgren LI, et al. A novel dual amylin and calcitonin receptor
agonist, KBP-089, induces weight loss through a reduction in
fat, but not lean mass, while improving food preference. Br J
Pharmacol 2017;174(7):591e602, https://doi.org/10.1111/
bph.13723.

https://doi.org/10.1016/j.joca.2019.05.016
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref1
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref1
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref1
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref1
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref1
https://doi.org/10.1016/j.joca.2015.<?show [?tjl=20mm]&tjlpc;[?tjl]?>02.163
https://doi.org/10.1016/j.joca.2015.<?show [?tjl=20mm]&tjlpc;[?tjl]?>02.163
https://doi.org/10.1016/j.joca.2016.07.017
https://doi.org/10.1016/j.joca.2016.07.017
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref4
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref4
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref4
https://doi.org/10.1002/art.20124
https://doi.org/10.1016/j.joca.2011.01.008
https://doi.org/10.1016/j.joca.2011.01.008
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref7
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref7
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref7
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref7
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref7
https://doi.org/10.1371/journal.pone.0092042
https://doi.org/10.1371/journal.pone.0092042
https://doi.org/10.1210/jcem-57-4-819
https://doi.org/10.1210/jcem-57-4-819
https://doi.org/10.1002/art.22797
https://doi.org/10.1002/art.22797
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref11
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref11
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref11
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref11
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref11
https://doi.org/10.1038/srep28862
https://doi.org/10.1038/srep28862
https://doi.org/10.1210/endo.134.5.8156913
https://doi.org/10.1016/j.joca.2004.08.005
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref15
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref15
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref15
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref15
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref15
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref15
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref16
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref16
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref16
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref16
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref16
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref16
http://refhub.elsevier.com/S1063-4584(19)31050-7/sref16
https://doi.org/10.1359/JBMR.040609
https://doi.org/10.1007/BF03350260
https://doi.org/10.1016/S8756-3282(02)00701-9
https://doi.org/10.1016/S8756-3282(02)00701-9
https://doi.org/10.1016/j.joca.2014.12.019
https://doi.org/10.1016/j.joca.2014.12.019
https://doi.org/10.1111/bph.13723
https://doi.org/10.1111/bph.13723


A. Katri et al. / Osteoarthritis and Cartilage 27 (2019) 1339e13461346
22. Hjuler ST, Gydesen S, Andreassen KV, Karsdal MA,
Henriksen K. The dual amylin- and calcitonin-receptor agonist
KBP-042 works as adjunct to metformin on fasting hypergly-
cemia and HbA1c in a rat model of type 2 diabetes. J Pharmacol
Exp Ther 2017;362(1):24e30, https://doi.org/10.1124/
jpet.117.241281.
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