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RESEARCH ARTICLE Open Access

Antiresorptive effect of a cathepsin K
inhibitor ONO-5334 and its relationship to
BMD increase in a phase II trial for
postmenopausal osteoporosis
Makoto Tanaka1*, Yoshitaka Hashimoto2, Chihiro Hasegawa2, Steve Deacon3 and Richard Eastell4

Abstract

Background: ONO-5334 is a cathepsin K inhibitor that induced bone mineral density (BMD) gain in a phase II study

in postmenopausal osteoporosis patients. Even though the antiresorptive effect could only be monitored in the

morning during the study, simulation can allow the antiresorptive effect to be assessed over 24 h, with assessment

of the relationship to BMD gain.

Methods: Inhibition of the serum C-telopeptide of type I collagen (sCTX) level at doses of ONO-5334 of 100 mg

once daily (QD), 300 mg QD, and 50 mg twice daily (BID) was simulated using plasma ONO-5334 pharmacokinetic

(PK) data for repeated dose administration in a phase I study and corresponding sCTX inhibition from the PK-

pharmacodynamic (PK/PD) relationship. sCTX was selected because it has a high signal-to-noise ratio compared to

other telopeptides. A negative sigmoidal shape for the PK/PD relationship between plasma ONO-5334 and sCTX

levels was obtained in our previous study.

Results: The simulated sCTX inhibition reached >99% of the maximal inhibitory effect (Emax) at 0.5 h in all treatment

groups, and decreased to <80% Emax at 8 and 12 h at 50 mg BID and 100 mg QD, respectively. However, sCTX

inhibition at 300 mg QD was maintained at ≥82% Emax over 24 h. The mean sCTX inhibition rates for 24 h at 100 mg

QD, 300 mg QD and 50 mg BID were 63, 95 and 80% Emax, respectively. There was a positive linear relationship by

treatment group between mean sCTX inhibition over 24 h and observed BMD gain in the phase II study.

Conclusion: The dose response for BMD with ONO-5334 at 100 and 300 mg QD and higher BMD gain at 50 mg BID

vs. 100 mg QD can be explained by sCTX inhibition over 24 h. The simulation gave the antiresorptive effect of ONO-

5334 over 24 h and allowed prediction of BMD gain due to ONO-5334.

Trial registration: The registration number in The European Union Clinical Trials Register is 2007–002417-39. The date

of registration was August 31, 2007.
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Background
Osteoporosis is defined as a systemic skeletal disease char-

acterized by low bone mass and microarchitectural deteri-

oration of bone tissue, with a consequent increase in bone

fragility and susceptibility to fracture [1]. The disease is

characterized by an imbalance in skeletal turnover such that

bone resorption exceeds bone formation, thereby leading to

a reduction in overall bone mass [2]. Osteoporosis is usually

diagnosed based on bone mineral density (BMD), and sev-

eral biochemical markers are used to monitor bone resorp-

tion and bone formation. Drugs for osteoporosis are

classified as antiresorptive drugs that inhibit bone resorp-

tion, such as bisphosphonates, and anabolic agents that

stimulate bone formation, such as parathyroid hormone

[3]. Bisphosphonates are widely used first-line osteoporosis

agents due to fracture prevention by BMD increase and

prolonged antiresorptive effect after withdrawal [4].

Cathepsin K, a member of the papain cysteine protease

superfamily, is released by osteoclasts and degrades colla-

gen of bone [5]. Genetic evidence indicates a critical role

of cathepsin K in bone resorption in humans and mice

[6–8]. Cathepsin K releases type I collagen crosslinks such

as N-telopeptides of type I collagen (NTX) and C-telopep-

tides of type I collagen (CTX), which are widely used as

diagnostic biomarkers for evaluation of osteoporosis [9–

11]. Therefore, several cathepsin K inhibitors have been

examined as potential therapy for osteoporosis [12–14].

ONO-5334 is an orally available cathepsin K inhibitor

with established efficacy for increasing BMD and proven

safety in a 2-year phase II study in osteoporosis (the

OCEAN study) [15–17]. In earlier phase I studies, ONO-

5334 decreased serum CTX (sCTX) in a dose-dependent

manner. Plasma ONO-5334 reached a maximum (Cmax)

within 1.5 to 2 h of dosing and thereafter decreased in a

biphasic manner, with a rapid initial phase followed by a

slower phase. In repeated administration, the plasma

ONO-5334 level just before the next dose (trough)

reached steady state in 2 days after the first administra-

tion. Chemically, ONO-5334 is an α-amino acid derivative

with a ketone, which differs from another cathepsin K in-

hibitor, odanacatib, an aliphatic nitrile [18, 19]. These ca-

thepsin K inhibitors have similar efficacy in clinical and

non-clinical studies [15, 16, 20–24], but the pharmacoki-

netic (PK) profiles were differ, with odanacatib developed

as a once weekly treatment [18, 25].

The OCEAN study was a randomized, double-blind, pla-

cebo- and active-controlled parallel-group trial performed

to investigate the efficacy and safety of 100 mg once daily

(QD), 300 mg QD and 50 mg twice daily (BID) ONO-5334

immediate release (IR) tablets [16, 17]. ONO-5334 300 mg

QD was chosen because phase I data suggested that

≥300 mg ONO-5334 showed a maximum suppressive ef-

fect on sCTX, and that 300 mg ONO-5334 maintained the

suppressive effect on sCTX for 24 h after administration.

ONO-5334 100 mg QD was added for evaluation of the

dose response. ONO-5334 50 mg BID was chosen to com-

pare the efficacy and safety of two regimens with a 100 mg

total daily dose, to assess the potential for development of a

slow release (SR) formulation. ONO-5334 increased BMD

at all measured sites at 50 mg BID and 300 mg QD in the

trial. A dose of 100 mg QD had less efficacy for increasing

BMD compared to 50 mg BID and 300 mg QD. These

findings suggest that a higher trough concentration of

ONO-5334, rather than a higher Cmax, is more important

for BMD increase. The drug was administered in the even-

ing in the QD groups, and bone turnover markers were

assessed only in the morning, based on bone resorption

markers showing rhythmic variations and peaking at night

[26, 27]. Therefore, evaluation of the antiresorptive effect

over 24 h and its relationship to BMD was limited in the

OCEAN study. It was also difficult to calculate the antire-

sorptive effect over 24 h in phase I studies of ONO-5334 IR

formulations because of limited sampling points for detec-

tion of significant changes in bone resorption markers.

In contrast, ONO-5334 SR formulations most likely

maximize the potency of ONO-5334 by reducing Cmax

and increasing exposure around the trough [28]. In

addition, the flat PK profile of ONO-5334 SR may

minimize the lag-time between PK and pharmacodynamic

(PD) inhibition of bone resorption markers. Therefore,

ONO-5334 SR provided a better evaluation of the PK/PD

relationship in our previous study [29]. In an analysis ex-

cluding circadian variation of bone resorption markers, the

plasma levels of bone resorption markers and ONO-5334

were fitted with sigmoidal maximal inhibitory effect (Emax)

models, simply reflecting inhibition of cathepsin K. Further-

more, Eastell et al. clearly showed that changes in sCTX in-

hibition with ONO-5334 SR morning vs. evening dosing

parallel changes in the PK profile, highlighting a clear link

between PK levels and antiresorptive effects [30].

Even though the antiresorptive effect could only be

monitored at one point in the morning in the OCEAN

study, simulation can allow the antiresorptive effect to be

assessed for 24 h and may provide a better assessment of

the relationship of this effect with BMD increase. sCTX

has the highest signal-to-noise ratio among serum and

urinary NTX and CTX bone resorption markers [29]. In

this post-hoc analysis, the duration of antiresorptive ef-

fects, sCTX inhibition, and the relationship between anti-

resorptive effects and increases in BMD were investigated

in postmenopausal patients with osteoporosis.

Methods
Studies from which data were used

PK data at 50 mg BID, 100 mg QD and 300 mg QD were

used from the 15-day multiple-dosing cohort in a phase 1

study of ONO-5334 IR tablets (MAD study, n = 96) [31].

The MAD study was a randomized, double-blind, single-
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center study conducted at the Kendle Clinical Pharmacol-

ogy Unit, Utrecht, The Netherlands, from April to Novem-

ber 2006 (EudraCT: not applicable). The sigmoidal

relationship (Emax model) between plasma ONO-5334

concentrations and sCTX inhibition was taken from a study

using SR tablets of ONO-5334 (PKPD study, n = 10) [29].

The PKPD study was a phase 1, 2-part (4- and 2-way

crossover), open-label, randomized trial conducted at

Pharmaceutical Profiles, Ruddington, Nottingham, United

Kingdom, from January 2008 to April 2008 (European

Union Clinical Trials Register [EudraCT]: 2007–005206-47).

Data for sCTX inhibition and increase in BMD after 1 year

of treatment were taken from the OCEAN study (n = 285)

[16]. This study was a randomized, double-blind, multi-

center study conducted at 13 sites in six European countries

from December 2007 to August 2009 (EudraCT: 2007–

002417-39, ClinicalTrials.gov Identifier: NCT00532337).

The timing of 1 year was the end of the administration

period in the original OCEAN study and the last point for

PK data. Summaries of the two earlier phase I studies and

the OCEAN study are given in Additional file 1.

In all studies, the protocol and consent form were

reviewed and approved by an independent ethics com-

mittee prior to study initiation. Inclusion criteria for the

MAD and PKPD studies were healthy postmenopausal

females aged 45 to 75 years old with a body mass index

of 19 to 32 kg/m2 [28, 31]. All participants had cessation

of menstruation for more than 1 year before inclusion in

the trials. The OCEAN study included postmenopausal

women aged 55 to 75 years old with osteoporosis or

osteopenia with one fragility fracture (at the start of the

study), but otherwise in good general health [16].

Patients had cessation of menstruation for more than

5 years before inclusion in the trial. Osteoporosis was

defined as a T-score ≤ −2.5 and osteopenia as a

T-score ≤ −1 and > − 2.5 at the lumbar spine or total

hip. Patients with urinary CTX <200 mg/mmol creatinine

were excluded in the OCEAN study.

Measurement of the plasma ONO-5334 concentration

Plasma ONO-5334 was determined by a liquid

chromatography-tandem mass spectrometry with a lower

limit of quantification of 0.02 ng/mL [18, 29]. The precision

of the ONO-5334 assay was <15% (coefficient of variation)

and the accuracy was within 15% of the actual value. In the

50 mg BID group in the MAD study, ONO-5334 was

administered at 12-h dose intervals on days 1 to 14, and QD

on day 15 (in the morning) to allow determination of

terminal clearance similarly to other regimens. Complete

PK data were available on days 1 and 15. A steady state

plasma ONO-5334 concentration was reached on day 15;

therefore, PK data from 0 to 12 h after dosing on day 15

were used and data from 12 to 24 h were substituted by

values from 0 to 12 h.

Measurement of the sCTX concentration

The level of sCTX was determined by a CrossLaps

enzyme-linked immunosorbent assay (ELISA) at Charles

River Laboratories (Edinburgh, UK) [16, 28]. Blood sam-

ples were collected in the morning after overnight fast-

ing in the OCEAN study, but collected under a fed

condition in the PKPD study. All CTX values used in

simulations were higher than the lower limit of detection

and the bottom of the standard curve for the assay.

Simulation of sCTX levels from plasma ONO-5334

concentrations

PK data from the MAD study and the relationship be-

tween plasma ONO-5334 levels and sCTX inhibition in

healthy postmenopausal women obtained from the

PKPD study were used in simulation of the antiresorp-

tive effect of ONO-5334 [29, 31]. Our previous PK data

for 14 days after repeated administration were also used

in the simulation. sCTX inhibition for doses and regi-

mens in the OCEAN study were simulated using plasma

ONO-5334 levels and the sigmoidal Emax model in the

PKPD study (Fig. 1). The sigmoidal Emax model was fit-

ted to data using log-transformed ONO-5334 plasma

concentrations and effects on sCTX inhibition, using the

following equation [32].

Effect ¼ E0 þ
Emax � Cr

ECr
50 þ Cr

where C is the plasma ONO-5334 concentration, the

baseline effect (E0) is 0.9%, the effect span (Emax) is

−54.0%, the half-maximal effective concentration of

ONO-5334 (EC50) is 2.07 ng/mL, and the sigmoidicity fac-

tor (Hill constant, γ) is 2.07 for a negative change [29].

Mean sCTX inhibition over 24 h was calculated from the

area under the sCTX inhibition (%Emax) curve (AUC)

from 0 to 24 h after ONO-5334 administration, which was

determined using the trapezoidal method. The mean

sCTX inhibition (%Emax) over 24 h was calculated by

dividing AUC by 24 h. The duration of sCTX inhibition

over 24 h was evaluated for ≥90%, ≥70, ≥50 and ≥30%

Emax using time intersections in the simulated sCTX in-

hibition (%Emax) plot. The 95% confidence interval (CI)

was calculated for sCTX inhibition (%Emax) at 24 h after

administration, but not for time-related analysis such as

AUC and duration of sCTX inhibition.

Relationship of sCTX inhibition and increase in BMD in

the OCEAN study

The relationship of sCTX inhibition for 24 h and the

mean increase in BMD for the lumbar spine (L1-L4) and

total hip after 1 year of treatment in the OCEAN study

were analyzed. BMD in the OCEAN study was measured
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using dual-energy X-ray absorptiometry (DXA) (Prodigy,

GE Lunar, Madison, WI, USA) [16]. DXA images ob-

tained at study sites were sent to a central site for image

analysis (Synarc A/S, Zweigniederlassung, Hamburg,

Germany). Linear regression analysis was used to evalu-

ate correlations of mean sCTX inhibition (%Emax) over

24 h and BMD increases using Pearson correlation ana-

lysis (GraphPad Prism Software Inc., San Diego, CA),

with significance defined as p < 0.05. The OCEAN study

continued for 2 years of treatment with assessment of

bone resorption markers and BMD [16, 17], but the last

available PK data were 1 year after administration.

Results

Baseline characteristics

Age, weight, sCTX and other parameters at baseline in

the MAD, PKPD and OCEAN studies are shown in Table

1. All studies were conducted in European countries and

included only postmenopausal Caucasian women. Mean

ages ranged from 60.6 to 65.3 years and mean baseline

weights ranged from 65.4 to 71.1 kg, with slightly higher

values in the MAD and PKPD studies than in the OCEAN

study. Mean sCTX ranged from 0.550 to 0.898 ng/mL.

Simulated sCTX inhibition based on plasma ONO-5334

concentration

In accord with the rapid increase of the plasma

ONO-5334 concentration, complete sCTX inhibition

(≥99% Emax) was achieved 0.5 h after administration

in all treatment groups (Figs. 2 and 3). From 1.5 to

2 h after administration, plasma ONO-5334 concen-

trations reached Cmax in the 100 mg QD, 300 mg

QD and 50 mg BID groups and were 14, 56, and 4

times higher than the concentration required for 99%

Emax, respectively. After Cmax, sCTX inhibition fell

in accord with the rapid decrease in ONO-5334, and

Fig. 1 Simulation of serum CTX (sCTX) inhibition in the OCEAN study. Plasma ONO-5334 concentrations in postmenopausal women were

measured in the MAD study [31]. Plasma ONO-5334 concentrations at doses of 50 mg BID, 100 mg QD and 300 mg QD were converted into

simulated sCTX inhibition using a sigmoidal Emax model from a PK/PD study [29]. Simulated sCTX inhibition over 24 h for doses and regimens

used in the OCEAN study (100 mg QD, 300 mg QD, and 50 mg BID) were then calculated [16]. Data for 100 mg QD is used as an illustrative

example. BMD: bone mineral density
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was <80% Emax at 100 mg QD and 50 mg BID at 12

and 8 h after administration, respectively. sCTX in-

hibition at 100 mg QD decreased to 12% Emax (95%

CI: 0–50%) at 24 h after administration, but sCTX in-

hibition with 50 mg BID was 43% Emax (95% CI:

18–74%) at 12 h after the first dose and increased

again at 12 h after the second dose in one day. sCTX

inhibition at 300 mg QD was maintained at >98%

Emax at 12 h after administration, and decreased to

82% Emax (95% CI: 24–100%) at 24 h. The duration

of sCTX inhibition over 24 h was longer at 50 mg

BID than at 100 mg QD for ≥90, ≥70, ≥50 and ≥30%

Emax (Fig. 4), despite the total daily ONO-5334 dose

being the same. The mean sCTX inhibition rates for

24 h at 100 mg QD, 300 mg QD and 50 mg BID

were 63, 95 and 80% Emax, respectively.

Comparison of simulated sCTX inhibition with observed

data in the OCEAN study

Next, we compared simulated sCTX inhibition at 12 h

after administration with observed sCTX inhibition in

the OCEAN study [16]. The simulated sCTX inhibition

rates at 100 mg QD, 300 mg QD and 50 mg BID were

35, 53 and 24% (66, 100 and 45% Emax), respectively.

The observed sCTX inhibition rates (standard deviation)

Table 1 Baseline Characteristics of the Study Population

Study MADa PKPDb OCEANd

Subjects/Patients Postmenopausal
women

Postmenopausal
women

Postmenopausal women with osteoporosis or
osteopenia

Number of subjects/ patients 27 10 278

Race 100% Caucasian 100% Caucasian 100% Caucasian

Age (Mean (SD), year) 60.6 (5.7) 63.2 (4.7) 65.3 (4.8)

Weight (Mean (SD), kg) 69.8 (7.4) 71.1 (9.8) 65.4 (9.8)

Height (Mean (SD), cm) 165.2 (5.0) 160.3 (6.0) 160.1 (5.9)

BMI (Mean (SD), kg/m2) 25.6 (2.4) 27.6 (2.7) 25.5 (3.7)

Serum CTX (Mean (SD), ng/mL) 0.550 (0.209) 0.898 (0.171)c 0.739 (0.249)

Urine CTX (Mean (SD), μmol/mmol
creatinine)

215 (91) 361 (165) 296 (128)

aOnly 50 mg BID, 100 mg QD and 300 mg QD groups in 15-day cohort. The original study was reported by Nagase et al. [31]
bValue of all predose [28]
cBaseline data of the first period
dFull analysis set in the OCEAN study [16]

Fig. 2 Plasma ONO-5334 concentrations following administration and those required for different levels of sCTX inhibition. Plasma ONO-5334

concentrations at 100 mg QD, 300 mg QD and 50 mg BID in the MAD study are shown. At 50 mg BID, plasma ONO-5334 concentrations

between 12 and 24 h after administration are substituted by values between 0 and 12 h. ONO-5334 concentrations required for sCTX inhibition

of 20, 50, 80 and 99% Emax are indicated. The plasma ONO-5334 concentration in the MAD study was reported by Nagase et al. [29]
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for 1 year treatment in the OCEAN study were 24%

(40%), 44% (38%) and 29% (41%), respectively.

Relationship between simulated sCTX inhibition and

increase in BMD

The relationships between simulated sCTX inhibition

over 24 h and observed increases in BMD of the lumbar

spine and total hip in the OCEAN study at 1 year are

shown in Fig. 5. BMD increases at both measured sites

were positively correlated with sCTX inhibition over

24 h. The maximum BMD increases (100% Emax for

24 h) at 1 year were calculated by linear regression to be

4.85% in the lumbar spine and 3.05% in the total hip.

Discussion

Simulated sCTX inhibition quickly reached >99% Emax

at 0.5 h at all doses, but then fell below 80% Emax at

100 mg QD and 50 mg BID, but not at 300 mg QD. The

mean sCTX inhibition rates over 24 h at 100 mg QD,

300 mg QD and 50 mg BID were 63, 95 and 80% Emax,

respectively. The longest sCTX inhibition occurred with

300 mg QD, followed in order by 50 mg BID and

100 mg QD. The observed increases in BMD at the lum-

bar spine and total hip in the OCEAN study showed

strong relationships with mean sCTX inhibition over

24 h. Taken together, these data show that the mean

antiresorptive effects of ONO-5334 over one day at

100 mg QD and 50 mg BID were <90% Emax. However,

300 mg QD gives almost maximal potential of 96%

Emax for antiresorptive effect. These results show that

simulation of antiresorptive effect over 24 h allows pre-

diction of BMD increases due to ONO-5334.

All three clinical studies used in this post-hoc analysis

included only postmenopausal Caucasian women. The

mean age of the patients in the OCEAN study was

slightly higher than in the MAD study, and the mean

Fig. 3 Simulated % Emax for sCTX inhibition over 24 h after ONO-5334 administration. Each symbol depicts sCTX inhibition obtained from the

Emax equation using the plasma ONO-5334 concentrations shown in Fig. 2. Emax is the predicted maximum drug effect as 53.1% sCTX inhibition

Fig. 4 Duration of simulated % Emax for sCTX inhibition over 24 h evaluated for the following categories of % Emax: ≥90, ≥70, ≥50 and ≥30%

Tanaka et al. BMC Musculoskeletal Disorders  (2017) 18:267 Page 6 of 9



body weight in the OCEAN study was 7% lower than in

the MAD study. Plasma ONO-5334 levels in the

OCEAN study were comparable to those in the MAD

study (Additional file 2). There were differences in base-

line levels of bone resorption markers among studies,

but these levels do not seem to influence the antiresorp-

tive effect of cathepsin K inhibitors [16, 25]. Conse-

quently, the slight differences in baseline characteristics

were considered not to be clinically relevant or to have

significantly affected the outcome of the current analysis.

Therefore, it was considered appropriate to estimate the

antiresorptive effect of ONO-5334 in the OCEAN study

based on data from the MAD and PKPD studies.

The timing of administration also differed among

studies. ONO-5334 was administered in the morning in

the MAD and PKPD studies, but the QD groups re-

ceived ONO-5334 in the evening in the OCEAN study.

PK is influenced by variation of physiological functions

with time of day [33, 34]. Among these factors, gastric

pH may influence absorption of ONO-5334 because the

solubility of ONO-5334 is high at acidic pH. Gastric pH

transiently increases from pH 2 to pH 4 after a meal

[35], although PK parameters, Cmax and AUC of ONO-

5334 do not differ significantly in postprandial adminis-

tration compared with a fasted state [18]. Dissolution of

IR tablets is rapid (50% dissolution in vitro in <0.25 h).

Therefore, the difference in timing of administration

with ONO-5334 was unlikely to have significantly influ-

enced the PK. However, the timing of administration

may influence antiresorptive effects due to circadian

rhythms in bone turnover, which reach a peak during

the night/early morning and a nadir in the late afternoon

[26, 27]. Eastell et al. showed that changes in sCTX in-

hibition with ONO-5334 SR in morning vs. evening

dosing parallel changes in PK [30]. In addition, the sig-

moidal Emax model of sCTX with ONO-5334 SR was

similar under fed and fasted conditions [29]. Overall,

these limitation in differences in PK are unlikely to have

significantly influenced the simulation of levels of bone

resorption markers.

This post-hoc analysis showed that the mean antire-

sorptive effect over 24 h had a significant positive rela-

tionship with observed increases in BMD in the OCEAN

study. It is difficult to explain why the increase in BMD

at 50 mg BID was higher than that at 100 mg QD from

the observed sCTX and PK data in the OCEAN study,

in which there was no marked difference in sCTX be-

tween the two groups at 12 months. However, the simu-

lation of antiresorptive effect at 50 mg BID clearly

showed higher sCTX inhibition compared with 100 mg

QD, and thus may help to explain the change in BMD

relative to changes in bone resorption. ONO-5334 SR

can reduce excessive exposure and improve adherence

by reducing dosing frequency from BID to QD. On the

other hand, 300 mg QD was the most effective dose and

regimen for a BMD increase in the OCEAN study, and

had no safety concerns, even though Cmax was 74 times

higher than that required for 99% Emax [16, 17]. In the

current analysis, the antiresorptive effect over 24 h at

300 mg QD almost reached maximum inhibition.

Several cathepsin K inhibitors have been reported [18,

19, 36, 37] and these have different PK and safety pro-

files [18, 25]. However, the maximal effects of drugs in

the same class may not differ [38] and the effect of

300 mg QD ONO-5334 may reflect the maximal effect

of cathepsin K inhibitors on BMD. The maximal BMD

increase with ONO-5334 was not less than that ob-

served for odanacatib at 50 mg once weekly [16, 23].

Fig. 5 Relationships of mean sCTX inhibition over 24 h with observed increases in BMD over 1 year in the OCEAN study [16]. Relationships are

shown for % Emax for sCTX inhibition with increases in (a) lumbar spine (LS1–4) BMD and (b) hip BMD. BMD data in the OCEAN study were

reported by Eastell et al. [16]
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This study has a number of strengths, including use of a

PK/PD analysis to evaluate specific regimens, dose response,

and maximal response in the OCEAN study. However,

there are also several limitations. First, this was a post-hoc

analysis that used data that were not designed for the ana-

lysis. Second, there is a time mismatch between data at

2 weeks after repeated administration in the simulation and

observed 1-year data in the OCEAN study. However, this

mismatch was considered minimal because the antiresorp-

tive effect and PK of ONO-5334 were stable and BMD

gradually increased over 1 year [16]. Third, the inhibitory ef-

fect on osteoblast function, e.g. P1NP, of cathepsin K inhibi-

tors is slightly less than that of bisphosphonates [16]. This is

an important feature of cathepsin K inhibitors, but we used

only antiresorptive effect to simplify the PK/PD analysis.

Conclusion

This study shows that simulation of antiresorptive effect

via sCTX inhibition provides a quantitative prediction of

the dose- and regimen-dependent effects of ONO-5334.

In addition, the analysis clarified the relationship of antire-

sorptive effect over 24 h with BMD increase. The simula-

tion confirmed the observation that a dose of 50 mg BID

is more effective than 100 mg QD (the same total daily

dose) for increasing BMD and suppressing antiresorptive

effect. Thus, simulation of antiresorptive effect over 24 h

permits prediction of the BMD increase induced by

ONO-5334. This is important because sustained release

preparations may have better compliance and maximize

antiresorptive potency using a lower dose of ONO-5334.

Additional files

Additional file 1: Table S1. Study design, dosing duration, dosage

strength, regimen and formulation of OCEAN, PKPD and PK studies.

(DOCX 71 kb)

Additional file 2: Table S2. Plasma ONO-5334 concentrations in MAD

and OCEAN studies. (DOCX 70 kb)

Additional file 3: Table S3. Independent ethics committees of OCEAN,

PKPD and PK studies. (DOCX 45 kb)

Abbreviations

AUC: Area under the curve; BID: Twice daily; BMD: Bone mineral density;

Cmax: Higher maximum level; CTX: C-telopeptides of type I collagen;

DXA: Dual-energy X-ray absorptiometry; Emax: Sigmoidal maximal effect;

IR: Immediate release; NTX: N-telopeptides of type I collagen;

PK: Pharmacokinetic; QD: Once daily; sCTX: Serum CTX; SR: Slow release

Acknowledgements

We thank all of our contributors for the work.

Funding

No specific funding was received.

Availability of data and materials

The datasets of each original study used the current study are archived by

the study sponsor, Ono Pharmaceutical Company, Ltd. (Osaka, Japan) and its

European office, Ono Pharma UK Ltd. (UK). There is no limitation for the

corresponding author to use these data. On the other hand, the original

source datasets used in the study and the datasets generated during the

current study are not publicly available due to intellectual property

restrictions. Data are however available from the authors upon reasonable

request and after review from sponsor company.

Authors’ contributions

Study design: MT, YH, CH, SD, RE. Data analysis: MT. Data collection: YH, SD,

RE. Data interpretation: MT, YH, CH, SD, RE. Manuscript draft: MT. Manuscript

revision: YH, CH, SD, RE Manuscript approval: all. MT takes responsibility for

the integrity of the data analysis.

Competing interests

This study was supported by Ono Pharmaceutical Co., Ltd. MT, YH, CH and S

D are research scientists at Ono Pharmaceutical Co., Ltd. or its European

office, Ono Pharma UK Ltd. (UK). RE provided the study sponsor with

scientific advice and received consultancy fees as members of the study’s

Steering Committee in past.

Consent for publication

Not applicable.

Ethics approval and consent to participate

In all studies, all subjects gave written informed consent, and the study was

approved by the appropriate each ethics committee (see Additional file 3 for

a list of ethics committees) and regulatory authorities.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Author details
1Research Promotion, Ono Pharmaceutical Co., Ltd, 3-1-1 Sakurai,

Shimamoto, Osaka 618-8585, Japan. 2Translational Medicine Center, Ono

Pharmaceutical Co., Ltd, Shimamoto, Osaka, Japan. 3Clinical Development,

Ono Pharma UK Ltd, London, UK. 4Academic Unit of Bone Metabolism,

University of Sheffield, Sheffield, UK.

Received: 6 February 2017 Accepted: 12 June 2017

References

1. Conference CD. Diagnosis, prophylaxis and treatment of osteoporosis. Am J

Med. 1993;94:646–50.

2. Teitelbaum SL. Bone resorption by osteoclasts. Science. 2000;289:1504–8.

3. Rodan GA, Martin TJ. Therapeutic approaches to bone diseases. Science.

2000;289:1508–14.

4. Adler RA, El-Hajj Fuleihan G, Bauer DC, Camacho PM, Clarke BL, Clines GA, et

al. Managing osteoporosis in patients on long-term bisphosphonate

treatment: report of a task force of the American society for bone and

mineral research. J Bone Miner Res. 2016;31:16–35.

5. Tezuka K, Tezuka Y, Maejima A, Sato T, Nemoto K, Kamioka H, et al.

Molecular cloning of a possible cysteine proteinase predominantly

expressed in osteoclasts. J Biol Chem. 1994;269:1106–9.

6. Gelb BD, Shi GP, Chapman HA, Desnick RJ. Pycnodysostosis, a lysosomal

disease caused by cathepsin K deficiency. Science. 1996;273:1236–8.

7. Saftig P, Hunziker E, Wehmeyer O, Jones S, Boyde A, Rommerskirch W, et al.

Impaired osteoclastic bone resorption leads to osteopetrosis in cathepsin-K-

deficient mice. Proc Natl Acad Sci U S A. 1998;95:13453–8.

8. Gowen M, Lazner F, Dodds R, Kapadia R, Feild J, Tavaria M, et al. Cathepsin

K knockout mice develop osteopetrosis due to a deficit in matrix

degradation but not demineralization. J Bone Miner Res. 1999;14:1654–63.

9. Nishi Y, Atley L, Eyre DE, Edelson JG, Superti-Furga A, Yasuda T, et al.

Determination of bone markers in pycnodysostosis: effects of cathepsin K

deficiency on bone matrix degradation. J Bone Miner Res. 1999;14:1902–8.

10. Atley LM, Mort JS, Lalumiere M, Eyre DR. Proteolysis of human bone

collagen by cathepsin K: characterization of the cleavage sites generating

by cross-linked Ntelopeptide neoepitope. Bone. 2000;26:241–7.

11. Garnero P, Ferreras M, Karsdal MA, Nicamhlaoibh R, Risteli J, Borel O, et al.

The type I collagen fragments ICTP and CTX reveal distinct enzymatic

pathways of bone collagen degradation. J Bone Miner Res. 2003;18:859–67.

Tanaka et al. BMC Musculoskeletal Disorders  (2017) 18:267 Page 8 of 9

dx.doi.org/10.1186/s12891-017-1625-y
dx.doi.org/10.1186/s12891-017-1625-y
dx.doi.org/10.1186/s12891-017-1625-y


12. Yasuda Y, Kaleta J, Brömme D. The role of cathepsins in osteoporosis and

arthritis: rationale for the design of new therapeutics. Adv Drug Deliv Rev.

2005;57(7):973–93.

13. Wijkmans J, Gossen J. Inhibitors of cathepsin K: a patent review (2004 -

2010). Expert Opin Ther Pat. 2011;21:1611–29.

14. Garber K. Two pioneering osteoporosis drugs finally approach approval. Nat

Rev Drug Discov. 2016;15:445–6.

15. Ochi Y, Yamada H, Mori H, Nakanishi Y, Nishikawa S, Kayasuga R, et al.

Effects of ONO-5334, a novel orally-active inhibitor of cathepsin K, on bone

metabolism. Bone. 2011;49:1351–6.

16. Eastell R, Nagase S, Ohyama M, Small M, Sawyer J, Boonen S, et al. Safety

and efficacy of the cathepsin K inhibitor ONO-5334 in postmenopausal

osteoporosis: the OCEAN study. J Bone Miner Res. 2011;26:1303–12.

17. Eastell R, Nagase S, Small M, Boonen S, Spector T, Ohyama M, et al. Effect of

ONO-5334 on bone mineral density and biochemical markers of bone

turnover in postmenopausal osteoporosis: 2-year results from the OCEAN

study. J Bone Miner Res. 2014;29:458–66.

18. Nagase S, Hashimoto Y, Small M, Ohyama M, Kuwayama T, Deacon S. Serum

and urine bone resorption markers and pharmacokinetics of the cathepsin

K inhibitor ONO-5334 after ascending single doses in post menopausal

women. Br J Clin Pharmacol. 2012;74:959–70.

19. Gauthier JY, Chauret N, Cromlish W, Desmarais S, Duong LT, Falgueyret JP,

et al. The discovery of odanacatib (MK-0822), a selective inhibitor of

cathepsin K. Bioorg Med Chem Lett. 2008;18:923–8.

20. Ochi Y, Yamada H, Mori H, Nakanishi Y, Nishikawa S, Kayasuga R, et al.

Effects of eight-month treatment with ONO-5334, a cathepsin K inhibitor,

on bone metabolism, strength and microstructure in ovariectomized

cynomolgus monkeys. Bone. 2014;65:1–8.

21. Yamada H, Ochi Y, Mori H, Nishikawa S, Hashimoto Y, Nakanishi Y, et al.

Effects of 16-month treatment with the cathepsin K inhibitor ONO-5334 on

bone markers, mineral density, strength and histomorphometry in

ovariectomized cynomolgus monkeys. Bone. 2016;86:43–52.

22. Cusick T, Chen CM, Pennypacker BL, Pickarski M, Kimmel DB, Scott BB, et al.

Odanacatib treatment increases hip bone mass and cortical thickness by

preserving endocortical bone formation and stimulating periosteal bone

formation in the ovariectomized adult rhesus monkey. J Bone Miner Res.

2012;27:524–37.

23. Bone HG, McClung MR, Roux C, Recker RR, Eisman JA, Verbruggen N, et al.

Odanacatib, a cathepsin-K inhibitor for osteoporosis: a two-year study in

postmenopausal women with low bone density. J Bone Miner Res. 2010;25:

937–47.

24. Langdahl B, Binkley N, Bone H, Gilchrist N, Resch H, Rodriguez Portales J, et

al. Odanacatib in the treatment of postmenopausal women with low bone

mineral density: five years of continued therapy in a phase 2 study. J Bone

Miner Res. 2012;27:2251–8.

25. Stoch SA, Zajic S, Stone JA, Miller DL, van Bortel L, Lasseter KC, et al. Odanacatib,

a selective cathepsin K inhibitor to treat osteoporosis: safety, tolerability,

pharmacokinetics and pharmacodynamics–results from single oral dose studies

in healthy volunteers. Br J Clin Pharmacol. 2013;75:1240–54.

26. Eastell R, Calvo MS, Burritt MF, Offord KP, Russell RG, Riggs BL. Abnormalities

in circadian patterns of bone resorption and renal calcium conservation in

type I osteoporosis. J Clin Endocrinol Metab. 1992;74:487–94.

27. Qvist P, Christgau S, Pedersen BJ, Schlemmer A, Christiansen C. Circadian

variation in the serum concentration of C-terminal telopeptide of type I

collagen (serum CTx): effects of gender, age, menopausal status, posture,

daylight, serum cortisol, and fasting. Bone. 2002;31:57–61.

28. Tanaka M, Hashimoto Y, Sekiya N, Honda N, Deacon S, Yamamoto M. Effects

of novel cathepsin K inhibitor ONO-5334 on bone resorption markers: a

study of four sustained release formulations with different pharmacokinetic

patterns. J Bone Miner Metab. 2014;32:447–54.

29. Tanaka M, Hashimoto Y, Hasegawa C. An oral cathepsin K inhibitor ONO-

5334 inhibits N-terminal and C-terminal collagen crosslinks in serum and

urine at similar plasma concentrations in postmenopausal women. Bone.

2015;81:178–85.

30. Eastell R, Dijk DJ, Small M, Greenwood A, Sharpe J, Yamada H, et al.

Morning vs evening dosing of the cathepsin K inhibitor ONO-5334: effects

on bone resorption in postmenopausal women in a randomized, phase 1

trial. Osteoporos Int. 2016;27:309–18.

31. Nagase S, Ohyama M, Hashimoto Y, Small M, Kuwayama T, Deacon S.

Pharmacodynamic effects on biochemical markers of bone turnover

and pharmacokinetics of the cathepsin K inhibitor, ONO-5334, in an

ascending multiple-dose, phase 1 study. J Clin Pharmacol. 2012;52:

306–18.

32. Gabrielsson J, Weiner D, editors. Pharmacokinetic & Pharmacodynamic

Data Analysis:Concepts and Applications. Stockholm: Swedish

Pharmaceutical Press; 2007.

33. Baraldo M. The influence of circadian rhythms on the kinetics of drugs in

humans. Expert Opin Drug Metab Toxicol. 2008;4:175–92.

34. Bruguerolle B. Clinical chronopharmacology in the elderly. Chronobiol Int.

2008;25:1–15.

35. Blum RA, Hunt RH, Kidd SL, Shi H, Jennings DE, Greski-Rose PA. Dose-

response relationship of lansoprazole to gastric acid antisecretory effects.

Aliment Pharmacol Ther. 1998;12:321–7.

36. Yamashita DS, Marquis RW, Xie R, Nidamarthy SD, Oh HJ, Jeong JU, et al.

Structure activity relationships of 5-, 6-, and 7-methyl-substituted azepan-3-

one cathepsin K inhibitors. J Med Chem. 2006;49:1597–612.

37. Jerome C, Missbach M, Gamse R. Balicatib, a cathepsin K inhibitor, stimulates

periosteal bone formation in monkeys. Osteoporos Int. 2012;23:339–49.

38. Mandema JW, Zheng J, Libanati C, Perez Ruixo JJ. Time course of bone

mineral density changes with denosumab compared with other drugs in

postmenopausal osteoporosis: a dose-response-based meta-analysis. J Clin

Endocrinol Metab. 2014;99:3746–55.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Tanaka et al. BMC Musculoskeletal Disorders  (2017) 18:267 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Studies from which data were used
	Measurement of the plasma ONO-5334 concentration
	Measurement of the sCTX concentration
	Simulation of sCTX levels from plasma ONO-5334 concentrations
	Relationship of sCTX inhibition and increase in BMD in the OCEAN study

	Results
	Baseline characteristics
	Simulated sCTX inhibition based on plasma ONO-5334 concentration
	Comparison of simulated sCTX inhibition with observed data in the OCEAN study
	Relationship between simulated sCTX inhibition and increase in BMD

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

