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ABSTRACT
Background: Postmenopausal osteoporosis which results in a reduction of
bone quality and bone density is one of the most prevalent diseases affecting
people around the world. Cathepsin K (CatK) is one of the most potent
proteases in lysosomal cysteine proteases family, of which main function is to
mediate bone resorption. Currently, the Odanacatib (ODN) developed by Merck
& Co. is the only Phase III CatK inhibitor candidate with high efficacy in treating
postmenopausal osteoporosis. Unfortunately, the development of ODN was
finally terminated due to the cardio-cerebrovascular adverse effects. In order to
enhance the specificity of ODN to osteoclasts for suppression of bone
resorption in postmenopausal osteoporosis, we have previously designed and
synthesized (D-Asp8)-ODN conjugate by linking ODN with a promising
osteoclast-targeted moiety D-Asp8. The data showed that D-Asp8 could
facilitate the conjugated ODN specifically approaching osteoclasts, with
reduced distribution in non-bone tissues, to inhibit the functional CatK activity
within bone tissues in healthy rats. In this thesis, we hypothesized that the in
vitro antiresorptive effects of (D-Asp8)-ODN conjugate were comparable with
that of ODN. On the other hand, we also developed a QQQ-LC/MS method for
quantitation of (D-Asp8)-ODN conjugate in plasma, which will be a valuable tool
to support further pre-clinical studies.

Aim: (1) To compare the antiresorptive effect between (D-Asp8)-ODN conjugate
and ODN in vitro. (2) To develop and validate a practicable method for
pharmacokinetic profile of (D-Asp8)-ODN conjugate in rats.

Materials and Methods: The cytotoxic effect of (D-Asp8)-ODN conjugate and
ODN were evaluated and compared by 3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay. The effect of (D-Asp8)-ODN
conjugate and ODN on Receptor activator of nuclear factor κB ligand (RANKL)induced osteoclasts formation and osteoclast function-related genes were
ii

evaluated and compared by Tartrate-resistant acid phosphatase (TRAP)
staining and quantitative real time polymerase chain reaction (qRT-PCR). The
effect of (D-Asp8)-ODN conjugate and ODN on osteoclast bone resorption
activities were evaluated and compared by bone resorption pit assay. Moreover,
the pharmacokinetic profile of (D-Asp8)-ODN conjugate in rat plasma was
determined

by

using

triple

quadrupole liquid

chromatography–mass

spectrometry (QQQ-LC/MS) system.

Result: The cytotoxicity of (D-Asp8)-ODN conjugate was significantly lower
than that of ODN on the murine macrophage RAW 264.7 cell line. (D-Asp8)ODN conjugate had no effect on RANKL-induced osteoclast formation, which
was comparable with that of ODN. (D-Asp8)-ODN conjugate had no effect on
the mRNA level of CTSK, but it could upregulate the mRNA levels of ACP5 and
OSCAR, which was comparable with that of ODN. (D-Asp8)-ODN conjugate
inhibited osteoclast bone resorption activity, which was comparable with that of
ODN. The newly established QQQ-LC/MS protocol had good precision and
accuracy for detecting (D-Asp8)-ODN conjugate in rat plasma. Finally, the
pharmacokinetic profile of (D-Asp8)-ODN conjugate in rat plasma was
determined. Following subcutaneous administration, the time to reach
maximum concentration (Tmax) was 1.0 h, the antibiotics area under the
concentration time-curves from time zero to infinity (AUC0–∞) was found to be
27.78 ug·mL-1·h and the terminal half-life (t½ ) was 1.4 h.

Conclusion: (D-Asp8)-ODN conjugate had no effect on RANKL-induced
osteoclast formation, which was comparable with ODN. The antiresorptive
effect of (D-Asp8)-ODN conjugate was comparable with that of ODN. On the
other hand, a new QQQ-LC/MS protocol has been established for the
pharmacokinetic profile of (D-Asp8)-ODN conjugate in rat.

Keywords: Postmenopausal osteoporosis, Cathepsin K, Drug Development,
Conjugation, (D-Asp8)-ODN conjugate, Osteoclast, Pharmacokinetic profile,
QQQ-LC/MS
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CHAPTER 1 BACKGROUND

1.1 Introduction of osteoporosis
Osteoporosis, a disease in which bone weakening increases the risk of a
broken bone, is one of the commonest and deadly chronic diseases all over the
world. Osteoporosis is a disease literally describing porous bone, this prevalent
bone disorder demonstrates a rapid reduction in the bone mass and bone
mineral density. When bones gradually become more porous and fragile, a
break will probably occur with minor stress or even spontaneously.

1.1.1 Pathology
The underlying mechanism in all cases of osteoporosis is an imbalance
between bone resorption regulated mainly by osteoclasts and bone formation
regulated mainly by osteoblasts. In normal condition, these two processes are
under dynamic balance, which make our total bone mass stable. However, low
bone mass density can occur when osteoclasts are degrading the bone matrix
faster than the osteoblasts are rebuilding the bone [1]. Bone loss increases much
faster in women than men, especially after menopause due to lower levels of
estrogen.

1.2 Anti-resorptive Therapy
Currently, there are two main strategies for treating osteoporosis. Treatments
focus on bone formation called anabolic therapies. Treatments aim to reduce
bone resorption called antiresorptive therapies. In order to enhance the strength
1

of bone quality and increase the bone mineral density, anti-resorptive therapy
is considered by most to be the first-line for the treatment of Osteoporosis.
Nowadays, there are five main classes of anti-resorptive drugs including
bisphosphonates, estrogens, selective estrogen receptor modulators (SERMs),
Calcitonin and monoclonal antibodies such as Denosumab [2]. However, all
these FDA approved anti-resorptive drugs have their own prevalence of
adverse events (<10%). For example, women treated with estrogens increased
the risks of breast cancer and coronary heart diseases [3]. Currently,
bisphosphonates and denosumab are still recommended as first-line therapy
for patients with osteoporosis. While bisphosphonates and denosumab have a
same problem that they could suppress both bone resorption and bone
formation, which lead to a low bone turnover state that would be less able to
repair micro-damage or even a cause of bone fracture[4].

1.3 Cathepsin K as a new target in anti-resorptive
drugs development
Lysosomal cysteine proteases, firstly discovered in the 20-ies of the 20th
century, are generally called cathepsins nowadays. In human, there are 11
members of cathepsins (cathepsin B, C, F, H, K, L, O, S, V, W, and Z), which
are distinguished by their structures, catalytic mechanisms, and which proteins
they cleave[5]. This big family shares a common papain-like structural fold and
a conserved active site Cys-Asn-His triad of residues[6]. Among them,
Cathepsin K (CatK) is predominantly secreted by activated osteoclasts to
degrade collagen and other matrix proteins during bone resorption [7]. Human
CatK is a long protein with 329-amino-acid, which was consisted of a 15-amino2

acid long N-terminal as the signal sequence, a propeptide with 99-amino-acid
long and a catalytic unit with 215-amino-acid long [8]. From the structural aspect,
CatK has the typical three-dimensional structure of a CatL like peptidase. The
active site of CatK is a V-shaped cleft located at the top of the molecule and
contains the catalytic diad cysteine–histidine. It can accept a Pro residue in the
P2 position, which is correlated to the high content of Pro and hydroxyproline
residues in collagen[9, 10]. Since suppression of CatK activity could prevent bone
resorption without perturbing bone formation [7, 11, 12], it has become an attractive
target for anti-resorptive drug development.

1.4 Current Cathepsin K inhibitor candidates
Many pharmaceutical companies are working on the development of selective
inhibitors for CatK, most efforts focused on the cysteine thiol moiety of CatK
with reactive electrophile ‘warheads’ to reversibly inhibit or irreversibly
inactivate its proteolytic activity[11, 13, 14]. Nevertheless, there is no FDA approved
drug till now. Balicatib (AAE581) developed by Novartis terminated in its Phase
II trial due to cutaneous lesions such as pruritus, skin rashes and rare morphealike skin changes[15,

16]

. ONO-5334, a novel synthetic inhibitor of CatK,

developed by Ono Pharmaceutical Co has passed its phase I & II clinical
trials[17]. But this project was recently terminated due to some market reasons.
Odanacatib (ODN) developed by Merck & Co. is the only CatK inhibitor
candidate which demonstrated high therapeutic efficacy in patients with
postmenopausal osteoporosis in Phase III clinical trials [18]. Unfortunately, due
to the undesirable adverse effects in non-bone tissues, i.e. higher incidence of
cardio-cerebrovascular events versus placebo group, the development of ODN
3

was finally stopped. CatK was previously believed to be mainly secreted by
osteoclasts and active at the bone resorption surfaces [7,

19]

. However, it

becomes clear at this point that the activity of CatK has far-reaching effects
throughout various organs beyond bone. Therefore, it is essential to ascertain
the role of CatK in bone and non-bone sites as well as in cell types besides
osteoclasts.

1.5 Role of CatK in bone
1.5.1 CatK and bone cells
The abundant expression of CatK instead of the other cathepsins was
previously identified in osteoclasts[19], the unique bone cell type responsible for
absorbing bone matrix in skeletal modeling and remodeling. It has been known
that CatK expression is regulated by receptor activator of nuclear factor κB
ligand (RANKL)-RANK signaling[20], the critical signaling pathway of
osteoclastogenesis. The activation of RANKL-RANK signaling pathway in
osteoclast precursors stimulates the pro-osteoclastogenic transcriptional factor
NFATc1 (nuclear factor of activated T cells) to initiate the transcription of CatK [21].
Many other factors, such as tumor necrosis factor-α (TNF-α), interleukins,
vitamin D, and parathyroid hormone, could also stimulate CatK expression in
osteoclasts[20]. The CatK secretion could be regulated by the interaction
between the E3 ubiquitin ligase Cbl and Phosphatidylinositol-3 Kinase (PI3K)
in osteoclasts[22]. In the process of bone resorption, CatK are secreted from
mature osteoclast into the ‘sealing zone’, a dynamic actin-rich cell–matrix
adhesion structure that defines the resorption area of bone [23], wherein the
4

acidified milieu could dissolve the mineralized component of bone for exposing
its organic matrix, which were subsequently degraded by CatK and other
proteases. It is known that CatK could efficiently degrade type I collagen [24, 25],
which constitutes approximately 90% of bone organic matrix, and extracellular
matrix glycoprotein osteonectin[26], which is among the remaining 10%
constituent of bone organic matrix and is critical in supporting bone remodeling
and maintaining bone mass[27]. Impressively, CatK is the only osteoclastsecreted protease that is able to cleave both the triple helix and telopeptides of
type I collagen fibers[8,

24]

. CatK could also degrade type II collagen, the

predominant matrix protein in cartilage [25]. In addition, it was previously shown
that CatK could cleave and activate the matrix-metalloproteinase-9 (MMP-9)[28],
another protease necessary for bone matrix degradation. Importantly, the CatK
deficient mice developed osteopetrosis while the CatK deficient osteoclasts
were defective in resorbing demineralized bone [29]. Collectively, it could be
concluded that CatK is indispensable for osteoclast-mediated bone resorption.
Although a previous immunoelectron microscopic study on mouse femur
showed the negligible CatK expression in both osteoblasts and osteocytes [30],
the other two important bone cell types, it is now known that CatK could be
expressed and secreted by these two types of bone cells to exert its function of
degrading bone matrix. The expression and secretion of CatK was found in
human trabecular bone-derived osteoblasts from patients with fracture of
femoral neck, which was thought to probably contribute to the maintenance of
bone organic matrix and recycling of improperly processed type I collagen [31].
On the other hand, it was recently found that osteocytes could also express and
secrete CatK, which was required for the lactation-induced peri-lacunar
5

resorption to guarantee the adequate amounts of calcium in milk for the skeletal
development in offspring[32]. In addition, it was demonstrated that mechanical
loading could stimulate osteoblasts and osteocytes to express CatK whereby it
could modulate modeling-based cortical bone formation by degrading
periostin[33], the matricellular protein secreted by these two bone cell types
essential for periosteal bone formation in response to mechanical loading [34].
Intriguingly, a recent study has identified a population of periosteal stem cell
(PSC) with CatK expression that could contribute to mediate intramembranous
bone formation[35]. These CatK-expressing PSCs also possessed the capacity
to differentiate into chondrocytes to mediate endochondral bone formation in
fracture healing. However, the functional role of CatK in PSCs remains to be
answered in future study.

1.5.2 CatK and skeletal diseases
The CatK function has been linked with skeletal homeostasis ever since the
discovery of the mutations in CatK gene that are responsible for
pycnodysostosis[36], a rare autosomal recessive disorder characterized by
osteopetrosis, bone fragility, and decreased bone turnover. In vitro studies
revealed that the Pycnodysostosis-related mutant CatK proteins were
incapable of degrading type I collagen[37]. Consistently, the urine levels of crosslinked N- and C-telopeptides of type I collagen (NTX and CTX), two bone
resorption markers reflecting the degradation of type I collagen, were both
decreased in the pycnodysostosis (Pycno) patients[38], which suggests the low
bone resorption activity in pycnodysostosis. Interestingly, the serum levels of
Tartrate-resistent acid phosphatas (TRAP) levels, an osteoclast marker, and
6

type I collagen carboxy-terminal propeptide (PICP) and osteocalcin, two bone
formation markers reflecting bone martix synthesis, were all normal in Pycno
patients[38], suggesting that the generation of osteoclast and bone formation
capacity were not affected by the lack of CatK activity in pycnodysostosis. In
fact, all the CatK mutations identified in Pycno patients were loss-of-function
mutations that appeared to eliminate its enzymatic activity [37, 39-42]. The bone
phenotype of pycnodysostosis was later reproduced in the CatK gene knockout
mice, which developed mild osteopetrosis with increased trabecular and
cortical bone mass due to impaired osteoclastic bone resorption [43]. In contrast,
overexpression of CatK in mice resulted in the accelerated bone turnover [44].
Consistently, it was found that the serum CatK levels were significantly elevated
in women with postmenopausal osteoporosis, while they were reduced after the
patients were treated with bisphosphonates, the established anti-resorptive
agents[45]. Thus, all these preliminary findings lent support to the idea that
targeting CatK could be a promising anti-resorptive strategy for osteoporosis.
Thus far, a series of CatK inhibitors have been designed against the human
CatK and developed, most of which have proved efficacious in suppressing
osteoclastic bone resorption and preventing bone loss in the osteoporotic
rodents or non-human primates in preclinical study. Moreover, several inhibitors
have been evaluated in clinical trials to treat osteoporosis, which showed
excellent efficacy on reducing bone resorption and improving trabecular bone
mineral density (BMD) in osteoporotic patients. Unfortunately, despite the
beneficial effect on bone, all these CatK inhibitors have currently been
discontinued due to various adverse effects beyond bone in clinical trials [46].
It is noteworthy that a high bone-formation rate was also observed in the CatK7

deficient (CatK-/-) mice[47], while the bone formation remains normal in patients
with pycnodysostosis[38,

48]

. Impressively, unlike the other classes of anti-

resorptive agents[49], CatK inhibitors generally do not perturb bone formation [46,
50]

. This unexpected phenomenon suggests the uncoupling of bone resorption

and bone formation under the deficiency of CatK function. The available
evidence from preclinical studies have demonstrated that either CatK
deficiency or inhibition did not affect the osteoclastogenesis in vitro[51], whereas
they could maintain or led to the increased osteoclast formation in multiple
preclinical animal models in vivo[52, 53]. Accordingly, these findings indicate that
CatK inhibition, contrary to other anti-resorptive strategies, does not perturb
osteoclast formation and survival that are required for the osteoblastic bone
formation response during remodeling [54]. From the molecular aspect, a study
by Lotinun et al. found that the CatK-deficient osteoclasts would secrete more
sphingosine-1-phosphate (S1P) to enhance osteoblastic bone formation [55].
Moreover, it was recently shown by Xie et al. that inhibition of CatK could result
in the increased number of preosteoclasts, which would facilitate the secretion
of platelet-derived growth factor-BB (PDGF-BB) from preosteoclasts to induce
the formation of CD31hiEmcnhi vessel subtype (highly expressing CD31 and
endomucin) for stimulating bone formation [56].
Arthritis is a collection of joint disorders affecting the articular cartilage, bone
and periarticular tissues such as synovium due to the aberrant mechanical
stimulation and/or inflammation. Osteoarthritis (OA) and rheumatoid arthritis
(RA) are the most common forms of arthritis, of which the primary pathological
feature is the progressive cartilage matrix degradation [57]. CatK has been
implicated in cartilage matrix degradation and OA, since type II collagen, the
8

predominant matrix protein of cartilage, are the substrates of CatK [25, 58], while
chondroitin sulfates, the glycosaminoglycans (GAGs) abundant in cartilage
matrix, could specifically increase the stability and collagenolytic activity of
CatK[59]. A recent study further demonstrated that the excess mechanical stress
loading could stimulate the CatK expression in human chondrocytes [60].
Moreover, it was shown that the CatK expression in OA cartilage increased in
relation to the severity of OA[61]. In human normal cartilage, the CatK expression
was only detected in chondocytes at the deep zone of cartilage near
subchondral bone, while it was detected in chondrocytes at all layers especially
the superficial layer with fissures at cartilage surface in human OA cartilage as
well as in human OA synovial tissues[61, 62]. In accordance with these findings,
the collagenase-generated cleavage neoepitopes of type II collagen were found
to be abundant and extended at all layers of human OA cartilage but only limited
in the pericellular area of chondrocyte in human normal cartilage [63]. More
importantly, the CatK-deficient mice revealed the milder cartilage degradation
after anterior cruciate ligament transection (ACLT) when compared with
wildtype controls[64], whereas the CatK transgenic mice spontaneously
developed synovitis and cartilage degradation [65]. Taken together, these
findings suggest that the increased expression and collagenase activity of CatK
could contribute to the cartilage matrix degradation in OA progression.
Consequently, CatK is currently among the promising therapeutic target
candidates for the development of disease-modifying osteoarthritic drugs. It is
encouraging to learn that CatK inhibition could exert obvious chondroprotective
effect in preclinical OA models[64, 66-68]. Furthermore, a novel selective CatK
inhibitor MIV-711 by Medivir was recently reflected to reduce bone remodeling
9

and cartilage volume loss but have no impact on pain in OA patients in a PhaseIIa trial[69]. Nevertheless, the structural benefits by CatK inhibition in OA should
be further evaluated and confirmed in longer and larger trials.
Apart from OA, CatK was also involved in RA progression. The high CatK
expression was detected in the synovial tissues, particularly in synovial
fibroblast, from RA patients[70], as well as in osteoclasts, articular cartilage and
synovial tissue in arthritic joints of cynomolgus monkey with collagen-induced
arthritis (CIA)[71], which implies the contribution of CatK to articular bone
destruction in the affected joints in RA Further, it was shown that the serum
CatK levels were increased in patients with active longstanding RA, which were
significantly correlated with the severity of joint destruction [72]. By genetic
approach, it was found that CatK deficiency largely prevented the cartilage
erosion and bone destruction and reduced the joint inflammation in mice with
TNF-α-mediated arthritis[73]. By pharmacological approach, several preclinical
studies concordantly showed that inhibition of CatK could suppress the
cartilage degradation as well as the systemic and local bone loss to prevent
joint destruction in preclinical RA models[74-77]. Interestingly, the efficacy of CatK
inhibition on joint inflammation are contradictory among these studies. Those
studies on CIA rodent models all revealed improvement in joint inflammation
with CatK inhibition, whereas the study on CIA cynomolgus monkeys showed
no impact on joint inflammation with CatK inhibition. This discrepancy maybe
attributed to the different susceptibility and immune response to heterogenous
collagen between rodents and non-human primates. Collectively, a detrimental
role of CatK in RA progression could be concluded, which also suggests that
targeting CatK could be a promising therapeutic strategy for RA.
10

Table 1. Role CatK in bone
Tissues

Diseases

Functions

Reference

Bone

Pycnodysostosis

Pycnodysostosis-related mutant CatK proteins were incapable of degrading type I collagen. All the

[36-38]

CatK mutations identified in Pycno patients were loss-of-function mutations that appeared to
eliminate its enzymatic activity.
Postmenopausal osteoporosis

The serum CatK levels were significantly elevated in women with postmenopausal osteoporosis,

[45]

while they were reduced after the patients were treated with bisphosphonates, the established
anti-resorptive agents
OA

The increased expression and collagenase activity of CatK could contribute to the cartilage matrix

[61-63]

degradation in OA progression. CatK is currently among the promising therapeutic target
candidates for the development of disease-modifying osteoarthritic drugs.
RA

The serum CatK levels were increased in patients with active longstanding RA, which were
significantly correlated with the severity of joint destruction. CatK deficiency largely prevented the
cartilage erosion and bone destruction and reduced the joint inflammation in mice with TNF-αmediated arthritis. Inhibition of CatK could suppress the cartilage degradation as well as the
systemic and local bone loss to prevent joint destruction in preclinical RA models.

Briefly, the roles of CatK in skeletal diseases are summarized in Table 1. Given
the fundamental role in mediating bone and cartilage matrix degradation as well
as the unique action to bone formation response after inhibition, CatK has
become one of the most attractive therapeutic targets in bone in the past two
decades. The fact is that most of the CatK inhibitors have failed in clinical trials
due to adverse effects beyond bone [11,

46]

. Still, lessons learned from these

failures not only extend our knowledge about the underlying biology of CatK
and clinical efficacy of CatK inhibitors, but also prompt us to reconsider the
CatK action in non-bone sites, which would be valuable for the design and
development of novel CatK inhibition strategies.
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[72-77]

1.6 Role of CatK beyond bone
1.6.1 Central nervous system (CNS)
CatK has been found to be unevenly and widely distributed in adult rat and
human brain especially in multiple neurons as well as in glial cells [78]. Moreover,
a previous study by Brix’s group revealed a wide range of both molecular and
cellular changes in the CNS after ablation of the CatK gene in mice [79]. It is
noteworthy that an imbalance of the cysteine cathepsins proteolytic network
was found in the brains of CatK-/- mice. Particularly, when compared with the
wildtype mice, the amounts of CatB and CatL proteins in the cortex were
decreased while their enzyme activities were unaltered in CatK-deficient mice.
Meanwhile, the amounts of CatB and CatL proteins were increased in the
striatum/mesencephalon and hippocampus in CatK-deficient mice, respectively,
while their enzyme activities decreased together with the increased protein
amounts of cystatin C, the endogenous cysteine protease inhibitor, in the same
brain regions. These interesting findings indicate that CatK deficiency could
trigger the compensative expression of CatB and CatL in brain, while the
upregulated cystatin C may serve as a self-feedback mechanism in response
to such compensation. Importantly, the dysregulation of of CatB and CatL in
cerebral cortex has been implicated with dramatic consequences in CNS,
including neurodegeneration and brain atrophy [80, 81]. Moreover, CatK-deficient
mice exhibited reduced anxiety levels and both short- and long-term learning
and memory deficits as compared to the wildtype mice [79]. Although two later
studies by the same group have excluded the possible influence of CatK’s
function in thyroid and astrocytes on the brain phenotype of CatK-deficient
12

mice[82,

83]

, the underlying molecular mechanism responsible for the CNS

dysfunction in CatK-deficient mice remains elusive. Cumulatively, it indicates
that the existence of CatK should be extremely vital for the development and
metabolism of CNS.
The involvement of CatK has been found in various CNS diseases, including
stroke, cerebral aneurysm (CA), chronic subdural hematoma (CSDH) and
schizophrenia. Zhao and colleagues have reported a protective role of CatK in
acute ischaemic stroke (AIS) [84]. The recombinant tissue plasminogen activator
(rtPA) is the only approved drug for the standard reperfusion treatment for AIS
but could aggravate blood-brain barrier BBB disruption and increase the risk of
life-threatening haemorrhagic transformation (HT)

[85-87]

. The study by Zhao et

al. found that CatK-deficient mice had the higher risks of HT, cerebral oedema,
blood-brain barrier (BBB) disruption, neurological deficits and infarct volume
after rtPA-treated cerebral ischaemia comparing with the wild types

[84]

. At the

molecular levels, they observed the upregulation of vascular endothelial growth
factor (VEGF) and downregulation of Akt/mTOR pathway in the ischaemic brain
of CatK-deficient mice, which were thought to contribute to the BBB leakage in
the acute ischaemic brain[88-90]. Although a protective role of CatK on BBB
integrity has been proposed in this study, the underlying mechanism is largely
unknown and requires further study. Nevertheless, it hints that the inhibition of
CatK could pose higher risk of rtPA-induced HT in patients with AIS.
The extensive breakdown of extracellular matrix (ECM) in arterial wall is a
prominent pathological feature of cerebral aneurysm (CA)[91]. The study by Aoki
et al. attributed this aberrant change to the imbalance between cysteine
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cathepsins, including CatK, CatB and CatS, and their endogenous inhibitor
Cystatin C in CA development[92]. It was found that the expression of CatK and
the other two cysteine cathepsins were upregulated mainly in the late stage of
CA, whereas the Cystatin C expression was downregulated with the
progression of experimental CA in rats. Impressively, administration of NC-2300,
an inhibitor of most of cysteine proteases, could prevent CA progression in rats
by inhibiting ECM degradation in aneurysmal walls caused by cysteine
cathepsins. These results suggest that inhibition of CatK might be beneficial for
preventing CA progression. Intriguingly, the unusual imbalance between CatK
and Cystatin C was also found to be associated with the process of chronic
subdural hematoma (CSDH), another pathological conditions of CNS after
head injury, according to the research by Tsutsumi et al. on a group of 42
patients with symptomatic CSDH[93]. The results showed that both the CatK and
Cystatin C levels were concentrated in CSDH and intracranial cerebrospinal
fluid (CSF). However, in peripheral venous blood of CSDH patients, the CatK
levels were increased while the Cystatin C levels were decreased when
compared with normal controls. The immunohistochemistry staining further
revealed the diffuse CatK expression in the outer membrane of CSDH

[93]

. This

study suggests that CatK is highly relevant with the development of CSDH.
It was previously found that the CatK gene were among the very few genes that
were linked to schizophrenia with various antipsychotic treatment[94], wherein
its expression in rodent brain striatum was downregulated by the psychotropic
substance amphetamine but was upregulated by typical and atypical
neuroleptic. Consistently, Lendeckel et al. reported in a later study showing that
the CatK expression was markedly upregulated in postmortem brains of
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patients suffering from schizophrenia who received long-term treatment with
neuroleptics[78]. By immunohistochemistry, they further identified that CatK was
largely colocalized with enkephalinergic and endorphinergic innervated
structures in hypothalamic nuclei[95]. Interestingly, they also observed a dosedependent increase of CatK mRNA expression in dopamine receptorexpressing SH-SY5Y cells in response to the treatment of the neuroleptic agent
haloperidol[95], which reinforced the previous findings by Ko et al.[94]. They
further demonstrated that the upregulated cerebral CatK expression by
neuroleptic treatment might contribute to the altered opioid levels in brains of
schizophrenics probably through processing β-endorphin to release metenkephalin[95].

1.6.2 Cardiovascular system
The endocardial CatK expression is regulated by RANKL (receptor activator of
NFκB ligand)/RANK-NFATc1 signaling pathway[96]. Although only a small
amount of CatK was detected in normal heart and artery tissues[97,

98]

, its

expression was significantly upregulated in failing heart, abdominal aortic
aneurysms (AAA) lesion and atherosclerotic lesions [98-100]. Consistently, the
existing evidence from a series of studies on the genetic CatK knockout mouse
reveal that CatK is not essentially required for the organogenesis and postnatal
development of cardiovascular system[96], but it is actively involved in the
progression of various cardiovascular diseases[101].
The link between CatK and cardiac dysfunction has been extensively studied.
Zhao and colleagues previously found that the elevated serum CatK levels were
closely associated with the presence of chronic heart failure (CHF)[102]. They
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showed that patients with CHF who showed a low left ventricular ejection
fraction (LVEF) had significantly higher serum CatK levels than those who
showed a high LVEF. Consistently, in another study by Hua et al., they detected
the

high

CatK

expression

in

human

hearts

of

end-stage

dilated

cardiomyopathy[103]. On the other hand, the Nair’s group has reported serial
studies on CatK knockout mice to authenticate the essential contribution of
CatK to cardiac dysfunction, including the obesity-associated cardiac
hypertrophy[104], the pressure overload–induced cardiac hypertrophy[103], the
diabetes-induced cardiac anomalies[105] and the aging-induced cardiac
dysfunction[106]. They reported several benefits of CatK deficiency to the heart
including : (1) inhibiting the expression of cardiac hypertrophic proteins and
apoptotic markers and partly reversing the impaired cardiomyocyte contractility
associated with high-fat diet[104], (2) attenuating the pressure overload-induced
upregulation of mammalian target of rapamycin and extracellular signalregulated kinases (ERK) signaling cascades and partly resolving the pressure
overload-induced cardiac hypertrophy[103], (3) reducing the cardiac oxidative
stress and calcineurin/NFAT signaling and mitigating the cardiac dysfunction in
streptozotocin-induced diabetes[105], and (4) ameliorating the aging-related
decline in cardiac function via suppressing caspase-dependent and caspaseindependent cardiomyocyte apoptosis[106]. Moreover, in another study on the
cardiomyocyte-specific CatK-deficient mouse model by the same group, they
showed that the doxorubicin-induced cardiotoxicity could be ameliorated by
cardiomyocyte-specific ablation of CatK[107]. Collectively, these serial studies
hint the crucial role of CatK in cardiac dysfunction. Intriguingly, a recent study
by Fang et al. showed that the plasma CatK levels were significantly increased
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in patients with coronary heart diseases (CHD) particularly in those with acute
myocardial infarction (MI) when compared to non-CHD controls[108]. They
further detected the elevated CatK expression in heart from the post-MI mouse,
which mainly localized to cardiomyocytes, ECs, fibroblasts, macrophages and
CD4+ T cells as well. Surprisingly, contrary to the aforementioned protective role
of CatK deficiency on cardiac function[103-107], they found that the CatK-deficient
mice exhibited worsen post-MI cardiac function along with increased collagen
deposition and fibrosis, enhanced cardiac cell death, and reduced cardiac cell
proliferation than the wildtype controls. Moreover, they showed that CatK
deficiency or inhibition increased cardiomyocyte death, whereas CatK inhibition
suppressed CD4+ T-cell and macrophage death in vitro. These findings in turn
hint a protective role of CatK on the cardiac function after MI. In addition, a
research group from Japan studied the link between CatK and atrial fibrillation
(AF)[109]. They found that the plasma CatK levels were higher in patients with
persistent AF than those with paroxysmal AF. Moreover, the atrial CatK
expression and activity were found to be also increased in the rabbits with
tachypacing-induced AF, which could be attributed to the activation of Ang II
(angiotensin II)/AT1R (angiotensin type 1 receptor) signaling pathway in the
atrium with AF. Although the atrial CatK expression seems to be closely
associated with the presence of AF, it requires further mechanistic studies to
determine the effect of CatK deficiency or inhibition on AF.
Apart from cardiac dysfunction, CatK has been implicated in the pathogenesis
of other cardiovascular disorders including AAA, coronary artery diseases and
atherosclerosis. The concurrent overexpression of CatK and CatS was
previously identified in the human AAA lesions[100]. A later study by Sun and
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colleagues further confirmed that CatK could play an essential role in AAA
formation[110]. They found that CatK knockout mice were protected from
elastase perfusion-induced experimental AAA. Mechanistically, it was shown
that CatK could promote T-cell proliferation, vascular SMC apoptosis, and
elastin degradation to contribute to AAA formation. Cheng et al. studied the
relationship between plasma circulating CatK and the prevalence of coronary
artery disease (CAD), by which they showed that CatK level was an
independent predictor of CAD[111]. In this study, they found that patients with
CAD had higher circulating CatK levels than the non-CAD controls. The CatK
levels were positively correlated with the ratios of ICTP (cross linked carboxyterminal telopeptide of collagen type I) /I-PINP (intact procollagen type I Nterminal propeptide), the collagen turnover-related index, indicating that the
elevated circulating CatK levels were closely associated with the increased
collagen turnover in CAD patients. Interestingly, among the CAD patients, the
individuals with acute coronary syndrome had higher CatK levels than those
with stable angina pectoris. More importantly, the CatK levels were found to be
correlated positively with the percent plaque volumes and inversely with the
percent fibrous volumes of coronary artery by intravascular ultrasound. These
clinical findings were in line with the previous histopathological findings in
human atheroma specimens showing that CatK expression was remarkably
upregulated in the atherosclerotic lesions of human aorta [98, 99]. Specifically, the
CatK expression was detected in the intima and medial SMCs of early human
atherosclerotic lesions and in macrophages and SMCs of the fibrous cap in
advanced atherosclerotic plaques[98]. All these findings indicate the possible
involvement of CatK in atherosclerosis. The role of CatK on the progression of
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atherosclerotic plaque was further investigated in the study by Lutgens and
colleagues using the atherosclerosis-prone mouse model with CatK deficiency
(CatK-/-apoE-/- mice)[99]. They found that the deficiency of CatK resulted in the
reduced number of advanced lesions as well as decreased individual advanced
plaque area but increased number of initial plaques in the CatK-deficient apoE/- mice as compared with the CatK-intact apoE-/-. Moreover, the atherosclerotic
plaques were highly fibrotic in CatK-deficient apoE-/- mice, which characterizing
a stable plaque phenotype. On the other hand, Platt et al. observed the
increased expression and activity of CatK in mouse aortic endothelial cells
(MAEC) exposed to proatherogenic oscillatory shear (OS) than the MAECs
exposed to atheroprotective, unidirectional laminar shear stress (LS)

[112]

. They

further showed that knocking down CatK with small-interfering RNA (siRNA)
could decreased OS-dependent elastase and gelatinase activities in MAECs.
Similarly, another recent study reported that genetic knockout of CatK could
mitigate the calcification, migration and proliferation of mouse aortic vascular
SMCs[113], which may contribute to the vascular calcification and intimal
thickening in atherosclerosis. Collectively, these findings suggest that CatK
deficiency may have a protective role in atherosclerosis by increasing plaque
fibrosis and decreasing the aberrant arterial wall remodeling. Interestingly, in
the aforementioned study by Lutgens et al., they also showed that CatK
deficiency in apoE-/- mice simultaneously accelerated the formation of
macrophage foam cells[99], the featured cell type occupying much of the lesion
volume in early to intermediate atherosclerotic lesion that could lead to the
progression of atherosclerosis[114]. Both the scavenger receptor (SR)-mediated
uptake of oxidized low-density lipoprotein (OX-LDL) and the storage of
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cholesterol esters in macrophages, as well as the lysosomal size of
macrophage foam cells, were found to be increased in the absence of CatK [99].
In addition, the CatK-deficient apoE-/- mice in this study showed a trend toward
increased serum cholesterol, LDL cholesterol, and triglyceride levels and
decreased HDL cholesterol levels[99], while these changes in serum lipid profile
are generally considered as the clinical pro-atherogenic factor[115]. Therefore,
these findings not only hint a potential role of CatK in lipid metabolism, but also
indicate that CatK deficiency could aggravate the formation of macrophage
foam cells, which may affect the plaque stability.

1.6.3 Respiratory system
It is known that the lysosomal cysteine proteases play a crucial role in ECM
remodeling, immunoregulation and surfactant protein processing in the lung [116].
As one of the most potent cysteine proteases, CatK has been linked with
various diseases of the respiratory system. The aberrant CatK activity is closely
associated with the inadequate collagen turnover in the lung.
The expression of CatK was detected in the bronchial and alveolar epithelial
cells as well as alveolar macrophages in the normal lung[117-119]. In fact, CatK
plays a pivotal role in pulmonary homeostasis through collagen cleavage, which
is required for the airway structural integrity [120, 121]. A previous study on CatKdeficient mice demonstrated that CatK could partly regulate mouse airway
development[121]. Meanwhile, TGF-β1 was proven as an efficient substrate of
CatK. This finding echoed the previous finding on the inverse correlation
between the expression of CatK and TGF-β1 in lung tissues of mice with silicainduced lung fibrosis[122]. Collectively, it indicates that the interaction between
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CatK and TGF-β1 might be necessary for preventing the excessive TGF-β1driven airway remodeling, which is important for the airway development and
lung homeostasis. Bühling and colleagues reported a protective role of CatK in
lung fibrosis[120]. They showed that CatK-deficient mice developed more
pulmonary fibrosis than wildtype controls after bleomycin induction. The
pulmonary fibroblast from CatK-deficient mice showed decreased cathepsinmediated collagenolytic activity as compared with those from wildtype mice,
whereas pulmonary fibroblast from patients with lung fibrosis exhibited
enhanced CatK activity. Interestingly, they further showed that, comparing with
nonfibrotic lung tissues, CatK expression was significantly upregulated in the
fibrotic lung tissues from mice and patients with pulmonary fibrosis, which could
be dominantly contributed by the excessive CatK expression in pulmonary
fibroblasts but not in bronchial epithelial cells and alveolar macrophages that
were previously considered as the major cell type with CatK expression in
lung[117-119]. The upregulated CatK expression in the fibrotic lung may reflect the
self-defense mechanism in response to lung fibrosis.
Despite the protective role of CatK on lung fibrosis is univocal, the overexpression of CatK could be harmful in some other lung diseases. For example,
lung emphysema, of which cigarette smoking is the major cause, was closely
associated with CatK over-expression in lung[123,

124]

. The activity of CatK

instead of MMPs was found to be upregulated in the lung tissues of guinea pig
with cigarette smoke-induced emphysema, which may contribute to the
remodeling of the lung ECM with disease progression [124]. Additionally, a recent
study done by Kubler et al. reported the negative impact of CTSK overexpressoin in active pulmonary tuberculosis (TB) [125]. It was observed that CatK
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was most abundantly expressed in cavitary lesion, which was associated with
the collagen turnover of cavitation in a rabbit model of TB. They also found the
increased plasma CatK levels in patients with TB when compared with healthy
controls, which, as they suggested, was a feature of active pulmonary
tuberculosis.
CatK has also been connected with some of the lung tumors. It was found that
CatK was diffusely and strongly expressed in pulmonary perivascular
epithelioid cell tumor and it maybe a potential biomarker for identification of
such kind of disease[126]. In addition, the expression of CatK was restricted in
the LAM cells in pulmonary lymphangioleiomyomatosis (LAM), a rare disease
in which LAM cells and fibroblasts form lung nodules [127]. Dongre et al. recently
reported that LAM nodule-derived CatK activity, which was thought to contribute
to cyst formation and tissue damage in lung [127], was largely dependent on the
interactions between LAM cells and lung fibroblasts[128].

1.6.4 Other organs and systems
CatK could play a unique role in autoimmune diseases. Researchers have
previously showed that either genetic deficiency or pharmacological inhibition
of CatK could suppress the autoimmune inflammation in animals with
experimental autoimmune encephalomyelitis and adjuvant-induced arthritis
and lupus, respectively[77,

129]

. In the study by Takayanagi’s group, they

demonstrated that the lack of CatK activity could affect the innate immune
response to pathogen DNA by compromising Toll-like receptors 9 (TLR9)
signaling in dendritic cells (DCs), leading to the attenuated induction of T helper
17 cells without affecting the antigen-presenting ability of DCs[77]. In another
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study by Shi’s group, they showed that CatK could contribute to autoimmune
inflammation by regulating TLR7 expression, proteolytically processing TLR7,
reducing the T regulatory cells (Tregs) numbers, and suppressing Treg
immunosuppression activity against T effector cells[129].
CatK is also involved in the physiological function of thyroid. It is expressed by
the thyroid epithelial cells and secreted into the follicular lumen for mediating
the extracellular proteolysis of the prohormone thyroglobulin (TG), which is the
essential process for the thyroxine liberation [130-132]. Interestingly, it was found
that serum CatK levels were increased by a suppressive L-thyroxine therapy
but negatively correlated with aging in patients with differentiated thyroid cancer,
although reasons account for this phenomenon remains unclear [133]. On the
other hand, the osteoclast-like multinucleated giant cells (MGCs) with CatKexpression were previously identified in the tumor mass of patients with
anaplastic carcinoma of the thyroid gland (ACT), which were postulated to
contribute to the invasive behavior of this tumor [134].
The CatK expression was also detected in white adipose tissue [135, 136], and it
was markedly increased in the overweight/obese mice and peoples as
compared to their controls with normal weight [137, 138]. Previous studies have
elegantly demonstrated that CatK could play a critical role in adipogenesis,
since its expression was detected in pre-adipocytes and gradually upregulated
during adipocyte differentiation[136], while the adipogenesis was enhanced by
CatK overexpression but retarded after CatK deficiency [137,

139]

. In addition,

body weight gained after high-fat diet was remarkably decreased in mice with
either genetic knockout or pharmacological inhibition of CatK when compared
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with the controls[137]. Moreover, the CatK-deficient mice also revealed a higher
lipolytic rate in young age, an increased rate of free fatty acid oxidation after
high-fat diet, and the altered serum cholesterol profiles upon the apolipoprotein
E knockout, respectively, when compared with wildtype controls [99, 139]. These
findings implied the role of CatK in lipid homeostasis and metabolism.
On the other hand, the activities of CatK in skin areas is conditional. CatK gene
was not detectable under normal conditions [140], but it was strongly expressed
under certain circumstances, such as inflammation, scar formation and other
cell-rich fibrosing processes[141]. It was found that CatK expression was
especially prominent in young scars and reduced with time

[141]

. In addition to

scar formation, a vital role of CatK was also suggested in primary melanomas
and cutaneous melanoma metastases[142]. Besides, the upregulation of CatK in
the psoriatic lesions of patients with psoriasis was documented by Hirai and
colleagues [143]. Coincidently, the upregulated CatK was found to be associated
with oral squamous cell carcinoma (OSCC), in which CatK may be served as a
predictive biomarker according to the study by Leusink et al.[144].
Collectively, the roles of CatK beyond bone are summarized in Table 2. To sum
up, based on the currently available evidence from CatK-deficient mouse model,
it appears that the lack of CatK activity could bring benefits to the heart and
vessels. However, results from the Phase III clinical trial of odanacatib have
recorded a significantly higher incidence of stroke, more episodes of new or
recurrent atrial fibrillation or flutter and more cases of cardiovascular death in
the odanacatib group as compared with placebo group[18], which highlight the
cardiovascular adverse effects associated with CatK inhibition. It remains to be
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answered whether these cardiovascular
Table 2. Role of CatK beyond bone
Tissues

Disease

Functions

Reference

Central nervous

AIS

CatK is required for maintaining the BBB integrity while the absence of CatK activity might result in

[84]

system

higher risk of rtPA-induced HT after cerebral ischaemia.
CA

Inhibiting CatK could inhibit the excessive ECM degradation, and thus might be beneficial for

[92]

preventing CA progression.
CSDH

the CatK levels were increased while the Cystatin C levels were decreased when compared with

[93]

normal controls, suggesting that CatK is highly relevant with the development of CSDH.
Schizophrenia

The CatK expression was markedly upregulated in postmortem brains of patients suffering from

[94, 95]

schizophrenia who received long-term treatment with neuroleptics. This upregulation of CatK might
contribute to the altered opioid levels in brains of schizophrenics probably through processing βendorphin to release met-enkephalin
Cardiovascular

Cardiac dysfunction

system

CatK deficiency are beneficial to cardiac dysfunction, including the obesity-associated cardiac

[103-106]

hypertrophy, the pressure overload–induced cardiac hypertrophy, the diabetes-induced cardiac
anomalies and the aging-induced cardiac dysfunction.
MI

The CatK-deficient mice exhibited worsen post-MI cardiac function along with increased collagen

[108]

deposition and fibrosis, enhanced cardiac cell death, and reduced cardiac cell proliferation than the
wildtype controls.
Atherosclerosis

The deficiency of CatK resulted in the reduced number of advanced lesions as well as decreased

[99]

individual advanced plaque area but increased number of initial plaques in the CatK-deficient apoE-/mice as compared with the CatK-intact apoE-/-.
Respiratory

Lung fibrosis

system

The pulmonary fibroblast from CatK-deficient mice showed decreased cathepsin-mediated

[120]

collagenolytic activity as compared with those from wildtype mice, whereas pulmonary fibroblast
from patients with lung fibrosis exhibited enhanced CatK activity.

Other organs and

Autoimmune diseases

systems

The lack of CatK activity could affect the innate immune response to pathogen DNA by compromising

[77]

TLR9 signaling in DCs, leading to the attenuated induction of T helper 17 cells without affecting the
antigen-presenting ability of DCs.
Physiological function of

CatK is expressed by the thyroid epithelial cells and secreted into the follicular lumen for mediating

thyroid

the extracellular proteolysis of the prohormone TG, which is the essential process for the thyroxine

[130-132]

liberation.
Overweight/obese

The adipogenesis was enhanced by CatK overexpression but retarded after CatK deficiency. Body
weight gained after high-fat diet was remarkably decreased in mice with either genetic knockout or
pharmacological inhibition of CatK when compared with the controls.

adverse effects are attributable to the potential off-target of odanacatib or the
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[137, 139]

direct inhibition of CatK in cardio-cerebrovascular tissues. Nevertheless, the
inconsistency of cardiovascular impact between CatK knockout and CatK
inhibition remind us that inactivation of this protease may not necessarily mimic
the consequences of gene deficiency. Since inhibition of CatK with odanacatib
treatment could result in the elevated CatK expression and accumulation in
osteoclasts in vitro[51], it is plausible that CatK inhibitor could also induce the
upregulation of CatK in cardio-cerebrovascular cells, which is thought to be
detrimental to heart and vessels, and thus, worth further investigation. On the
other hand, another CatK inhibitor Balicatib were terminated in Phase II trials
due to cutaneous lesions such as pruritus, skin rashes and rare morphea-like
skin changes as reported[15,

16]

. These dermatologic adverse events were

thought to be attributed to the lysosomotropism property of this basic compound,
which potentially led to the off-target inhibition of cathepsins B, L, and S
expressed in skin fibroblasts. This failure in turn alerts us the importance of
designing the highly selective CatK inhibitor to avoid off-target side effects.

1.7 Concluding remarks
Currently, CatK was among the most attractive targets for anti-osteoporosis
drug development. This cysteine protease bears important functions in
mediating bone resorption. However, the activity of CatK has far-reaching
effects throughout various organs besides bone. The fact is that CatK not only
demonstrates vastly distinct functional roles beyond bone, but also involves in
various diseases beyond the musculoskeletal system. Nevertheless, the exact
role of CatK and the underlying mechanisms in these diseases are not well
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elaborated. Therefore, more in-depth mechanistic studies are urgently required
to delineate the critical roles of CatK in these diseases. In another word, the
sophisticated roles of CatK in various diseases beyond the musculoskeletal
system would in turn pose the higher risk of adverse effects in non-bone sites
after inhibiting CatK. Thus, researchers should be alerted to these risks when
CatK inhibitors are developed as anti-osteoporosis drugs, while physicians
should be more cautious when CatK inhibitors are prescribed for antiosteoporosis treatment in patients with or with increased risk of developing
those diseases. On the other hand, aptamer-drug conjugates (ApDC) have
emerged over the past decades as a class of potential targeting agents to
improve the efficacy of the traditional chemical compounds and overcome their
potential side effect in off-target organs[145]. Therefore, as an alternative strategy,
it would be desirable to design and develop the novel ‘smart’ CatK inhibitor
chemically conjugated with bone-targeted aptamer[146, 147], by which it would
facilitate the CatK inhibitor targeting bone to reduce its exposure in non-bone
sites so as to prevent the potential adverse effects beyond bone.

1.8 Our previous studies
In our previously published studies, we have demonstrated that eight repeated
sequences of aspartate D-Asp8 could serve as a promising target moiety to
achieve osteoclast-targeted drug delivery. Then, we designed and synthesized
(D-Asp8)-ODN conjugate by linking the osteoclast-targeted oligopeptide D-Asp8
to ODN. We tested the in vivo distribution of the (D-Asp8)-ODN conjugate in
healthy mice. The data showed that D-Asp8 could facilitate the conjugated ODN
specifically approaching osteoclast, with reduced distribution in non-bone
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tissues, to inhibit the functional CatK activity within bone tissues (Figure 1).

Figure 1. A brief summary of our previous studies.
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CHAPTER 2 AIMS OF STUDY

The first aim of this study is to compare the antiresorptive effects between (DAsp8)-ODN conjugate and ODN in vitro. And the second one is to establish and
validate a practicable QQQ-LC/MS method for quantitating (D-Asp8)-ODN
conjugate in rat plasma, subsequently to determine the pharmacokinetic profile
of (D-Asp8)-ODN conjugate in rats.
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CHAPTER 3 MATERIALS AND METHODS

3.1 Cell culture
Murine macrophage Raw 264.7 cell line (ATCC, Manassas, VA, USA) was
cultured in DMEM supplemented with 1% P/S and 10% FBS (mL:mL), so-called
growth medium.

3.2 MTT assay
The inhibition rate of RAW 264.7 cell was measured by using MTT assay. RAW
264.7 cell lines were seeded in two 96-well plates (6,000 cells/well) in growth
medium for one day. The MTT labeling solution (20ul/well) was then added to
each well. After 4h MTT solution (20ul/well) treatment, supernatant was
discarded, then 100 ul of DMSO was added to each well. The absorbance was
measured at 570 nm by using microplate reader. Cell inhibition rate was
calculated by the formula [(Ac-As)/(Ac-Ab)] × 100%. Ac was for absorption of
vehicle control group. As was for absorption of either (D-Asp8)-ODN conjugate
group or ODN group. Ab was for absorption of negative control group.

3.3 RANKL induction
RAW 264.7 cell lines were seeded in one 96-well plates (10,000 cells/well) in
growth medium. After cultured for one day, 20 ng/ml RANKL was added to each
well at the 2rd day, 4th day and 6th day into each well. Two different
30

concentrations of both (D-Asp8)-ODN conjugate and ODN (10uM, 20uM) were
added at the 4th day and the 6th day[148].

3.4 TRAP staining
At the 7th day, medium was discarded from each well and cells were washed
for 3 times with phosphate‐buffered saline (PBS). Then each well was fixed with
4% paraformaldehyde (PFA) at 37℃ for 15 minutes. Each well was washed for
another 3 times with PBS. Then cells were stained by using TRAP kit for 90
minutes at 37°C under light-shield condition. Positive TRAP osteoclasts were
identified if they had more than 3 nuclei, and were visualized and counted by
using light microscope. Images were analyzed via ImageJ (NIH)[148].

3.5 Bone resorption pit assay
For pit assay, CaP-coated plates were used. Binding of 0.25 mL BONE
RESORPTION ASSAY FACS to each well of 48-well CaP-coated plates before
inoculating RAW 264.7 cells. Then RAW 264.7 cell lines (1.0*105 cells each
well) were seeded on bone resorption assay 48-well plates in phenol red-free
medium and induced into osteoclasts by RANKL (40ng/mL) for 6 days without
medium change. (D-Asp8)-ODN conjugate, ODN and vehicle were added on
day 1. On Day 6, 100 uL conditioned medium from each well was transferred
to a 96-well black plate and 50 uL of BONE RESORPTION ASSAY BUFFER
was added to each well and mixed. Then fluorescence intensity of each well
was measured at 485 nm and 535 nm. The pit area of each well was
photographed and measured by microscope and image analyzing software
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after treating each well with 5% sodium hypochlorite for 5 minutes.

3.6 Reverse transcription and quantitative real-time
PCR (qRT-PCR)
Osteoclast bone resorption activity related RNA was extracted by using TRIzol.
0.5 mg RNA was reversely transcribed with Prime-Script RT reagent Kit. A total
of 20 μL reaction mixtures, which contains 1 μl cDNA and specific primer pairs
was used for detecting transcripts of ACP5, CTSK and OSCAR in PCR analysis.
GAPDH was used as an endogenous control gene. The specific mRNA levels
were calculated as a ratio of GAPDH[149].

3.7 QQQ-LC/MS quantification
A validated protocol for quantitating the plasma levels of (D-Asp8)-ODN
conjugate was established by using QQQ-LC/MS.
The mobile phase consisted of solvent A (5 mM ammonium hydrogen carbonate
in water) and solvent B (Acetonitrile). The elution gradient was as follows: 540% B from 0 to 5 min, 40%–95% B from 5 to 6.5 min, 95% B from 6.5 to 9.5
min, 95%–5% B from 9.5 to 9.6 min, 5% B from 9.6 to 12 min. The flow rate
was 0.4 mL·min-1. The transitions was m/z 750.7→211.1 (quantitative ion),
750.7→114.1 (qualitative ion) and m/z 750.7→ 149.3 (qualitative ion)
respectively.

3.8 Preparation of standard solutions
The standard solution of the (D-Asp8)-ODN conjugate was dissolved in
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methanol, in which the (D-Asp8)-ODN conjugate was present at 400 μg·mL-1,
and stored at 4℃ until analysis.

3.9 QQQ-LC/MS Method validation
3.9.1 Calibration curves and low limit of quantitation
50 % methanol in water was used to dilute and create a series of standard
solutions (100, 200 and 400 ug·mL-1) of (D-Asp8)-ODN conjugate. Then eight
concentrations (0.15625, 0.3125, 0.625, 1.25, 2.5, 5 and 10 ug·mL -1) of
standard plasma samples was made by using blank rat plasma. MeOH was
pipetted to the mixture (Vmixture/Vmethanol = 1/3) for precipitating protein. The
precipitated protein was removed by centrifugation at 13000 rpm at 4℃ for 10
min. Finally, 20 uL of each sample was injected into the QQQ-LC/MS system
for quantitating the level of (D-Asp8)-ODN conjugate.

3.9.2 Stability
Three concentrations (10, 2, and 0.5 ug·mL -1) of samples added with the
standard solution were determined under different conditions (0h, 10h, and 3
times of frozen-thawed cycle). The concentrations of the (D-Asp8)-ODN
conjugate in these samples were determined and compared with the added
amount, respectively (n = 3).

3.9.3 Recovery and matrix effects
Extraction recoveries and matrix effects were determined by analysing 3
different sets. Set 1 represented the (D-Asp8)-ODN conjugate standard solution
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dissolved in MeOH. Set 2 represented the (D-Asp8)-ODN conjugate standard
solution added in MeOH-precipitated rat plasma. Set 3 represented the rat
plasma mixed with (D-Asp8)-ODN conjugate and then being MeOH-precipitated
(n = 3). Then, the recovery efficiency (RE) was calculated by using the formula:
RE = Peak area of set 3 / Peak area of set 2 × 100%. The absolute matrix effect
(a-ME) was calculated by using the formula: a-ME = Peak area of set 2 / Peak
area of set 1 × 100%.

3.9.4 Plasma pharmacokinetic studies in rats
One female rat weighed 250 g was used for plasma pharmacokinetic studies.
The rat was kept with food and water at room temperature. Animal experimental
procedures were conducted according to the all the policy of this university. The
rat received a single dose of the (D-Asp8)-ODN conjugate (13.68 mg·kg-1). The
(D-Asp8)-ODN conjugate was dissolved with PBS prepared for subcutaneous
administration. 6 blood samples (about 0.2 mL) at different time points (0.5, 1,
2, 4, 8, and 12 h) were collected via caudal vein. Then each sample was
centrifuged at 3000 rpm for 10 min in order to separate plasma. Each plasma
sample was stored at −80 °C until analysis.

3.10 Statistical analysis
Data were presented as mean ± S.E.M in each experiment. Student’s t-test
was used to consider statistically significant if P<0.01. All results and images
were analyzed and drew by Graphpad 7.01.
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CHAPTER 4 RESULTS

4.1 The cytotoxic effect of (D-Asp8)-ODN conjugate on
RAW 264.7 cells is significantly lower than that of ODN
The potential cytotoxic effect of (D-Asp8)-ODN conjugate was evaluated by
performing an MTT assay. Cells were cultured with (D-Asp8)-ODN conjugate in
a serious of concentration groups (400uM, 200uM, 100uM, 50uM, 25uM,
12.5uM, 6.25uM) for 24 hours. ODN treatment was set as a positive control
group, whereas a negative control group was also set. 0.5% DMSO (mL: mL)
treatment was set as a vehicle control group. Each group was made in sextuple.
The absorbance (A) of each group was measured for calculating the inhibition
rate of (D-Asp8)-ODN[150]. The inhibition rate of (D-Asp8)-ODN conjugate was
significantly lower than that of ODN in the same concentration range from 0 uM
to 400 uM (P<0.01 for all). The inhibition rate of ODN increased rapidly in a
dose-dependent manner from 0% to 80% in the concentration range from 0 uM
to 25 uM with an IC50= 44±1.0 uM and continuously remained stable in the
concentration range from 50 uM to 400 uM. By contrast, the inhibition rate of
(D-Asp8)-ODN conjugate increased slowly from -12% to 10% in the
concentration range from 0 uM to 400 uM with no IC50 value (Figure 1). These
results indicated that the cytotoxic effect of (D-Asp8)-ODN conjugate on RAW
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264.7 cells was significantly lower than that of ODN.

Figure 2. The cytotoxic effects of (D-Asp8)-ODN conjugate and ODN on RAW 264.7 cells.
RAW264.7 cells were treated with (D-Asp8)-ODN conjugate and ODN for 1 day, respectively.
The cytotoxicity was assessed by MTT assay. Note: Data were means ± S.E.M., n=6 per group;
*P<0.01 for (D-Asp8)-ODN conjugate group vs ODN group.

4.2 (D-Asp8)-ODN conjugate has no effect on RANKLinduced osteoclasts formation from RAW 264.7 cells,
which is comparable with that of ODN
To evaluate the effect of (D-Asp8)-ODN conjugate on RANKL-induced
osteoclasts formation, a classic in vitro osteoclast formation model was used.
RAW 264.7 cells were treated with RANKL and cultured with (D-Asp8)-ODN
conjugate at a concentration of 10 uM and 20 uM for 6 days, respectively. ODN
treatment was set as a positive control group. 0.5% DMSO (mL: mL) group was
set as a vehicle control group. Each group was made in sextuple. TRAP staining
assay was used to count the number of the multinucleated osteoclasts formed
from RAW 264.7 cells in response to RANKL induction. There were no
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significant differences in the number and in the appearance of the RANKLinduced osteoclasts between (D-Asp8)-ODN conjugate groups and vehicle
control group (P>0.01). Consistently, there were no significant differences
between ODN groups and vehicle control groups (P>0.01) (Figure 2). These
results indicated that (D-Asp8)-ODN conjugate had no effect on RANKLinduced osteoclasts formation at the examined concentrations, which was
comparable with that of ODN.

(a)

(b)

Figure 3. The effects of (D-Asp8)-ODN conjugate and ODN on RANKL-induced
osteoclasts formation in vitro.
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(a) Representative TRAP staining images for RANKL-induced osteoclasts formation by
microscopy. (b) Quantitative analysis of the number of the RANKL-induced osteoclasts by
counting. Note: Data were means ± S.E.M, ns: No significance.

4.3 The effect of (D-Asp8)-ODN conjugate on
osteoclast function-related genes is comparable with
that of ODN
RAW 264.7 cells were seeded and induced to Osteoclasts by RANKL on five 6well plates. RAW 264.7 cells were treated with (D-Asp8)-ODN conjugate at a
concentration of 10 uM and 20 uM for 6 days, respectively. ODN treatment were
set as a positive control group. 0.5% DMSO (mL: mL) group were set as a
vehicle control group. Each group was made in sextuple. After being extracted
and reversely transcribed, six different mRNAs (CTSK, ACP5, OSCAR) were
added separately for amplification in PCR analysis to detect gene expressions.
GAPDH was used as housekeeping gene. Osteoclastogenesis is directly
executed by the expressions of several related marker genes, such as ACP5,
CTSK and OSCAR. To further measure the anti-osteoclastogenesis action of
the (D-Asp8)-ODN and compare to that of ODN, we detected those gene
expression level by quantitative PCR. The results demonstrated that (D-Asp8)ODN conjugate had no effect on the mRNA level of CTSK, which was
comparable with that of ODN. (D-Asp8)-ODN conjugate upregulated the mRNA
levels of ACP5 and OSCAR, which was comparable with that of ODN (Figure
3). These results indicated that the effect of (D-Asp8)-ODN conjugate on
osteoclast function-related genes was comparable with that of ODN.
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Figure 4. The effects of (D-Asp8)-ODN conjugate and ODN on osteoclast function-related
genes.
Quantitative analysis of the mRNA levels of ACP5, CTSK and OSCAR detected by quantitative
PCR. Note: Data were means ± S.E.M., n=6 per group. ns: No significance, *P<0.01 for (DAsp8)-ODN conjugate group or ODN group vs 0.5% DMSO group.

4.4 The inhibitory effect of (D-Asp8)-ODN conjugate
on osteoclasts bone resorption is comparable with
that of ODN
To evaluate and compare the inhibitory effects of (D-Asp8)-ODN conjugate and
ODN on osteoclasts bone resorption activity, a calcium phosphate-coated (CaP)
plate was used. The coated CaP was first bound to fluoresceninamine-labeled
chondroitin sulfate (FACs). Then RAW 264.7 cells were treated with RANKL
and cultured with (D-Asp8)-ODN conjugate at a concentration of 5 uM, 10 uM
and 20 uM for 6 days, respectively. ODN treatment was set as a positive control
group. 0.5% DMSO (mL: mL) group was set as a vehicle control group. Each
group was made in quadruple. Bone resorption activity is evaluated by
measuring the fluorescence intensity of the conditioned medium. Fluorescence
intensity of the conditioned medium of each well was measured with an
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excitation wavelength of 485 nm and an emission wavelength of 535 nm. The
results showed that the fluorescence intensity of the conditioned medium of (DAsp8)-ODN conjugate decreased in a dose-dependent manner in concentration
range from 5 uM to 20 uM. Consistently, the fluorescence intensity of the
conditioned medium of ODN decreased in a dose-dependent manner in
concentration range from 2.5 uM to 10 uM (Figure 4). These results indicated
that (D-Asp8)-ODN conjugate significantly inhibited the osteoclasts bone
resorption activity in a dose-dependent manner. The inhibitory effect of (DAsp8)-ODN conjugate on osteoclasts bone resorption activity was comparable
with that of ODN.

Figure 5. The inhibitory effects of (D-Asp8)-ODN conjugate and ODN on osteoclasts bone
resorption activity.
The inhibitory effects of (D-Asp8)-ODN conjugate and ODN on the resorption of CaP induced
by RANKL (100 ng/mL) were evaluated by fluorescence intensity. Note: Data were means ±
S.E.M., n=4 per group; *P<0.01 for experimental group vs vehicle control group.
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4.5 The pharmacokinetic profiles of (D-Asp8)-ODN
conjugate in rats
4.5.1 Calibration curves and lower limit of quantitation
The calibration curves of the (D-Asp8)-ODN conjugate in rat plasma was linear
in the range of 0.15625 – 10 ug·mL-1. The LLOQ values of (D-Asp8)-ODN
conjugate was 0.15625 ug·mL-1, and its precision 100.51% (n=3). The linear
regression equations of the calibration curves of (D-Asp8)-ODN conjugate was
as follow:
(D-Asp8)-ODN: y = 311.19 x + 17.833 (r2 > 0.9992)
There was no endogenous interference with (D-Asp8)-ODN conjugate in the
blank plasma sample. The retention times of (D-Asp8)-ODN conjugate was 3.39
min for the (D-Asp8)-ODN conjugate (Figure 4).
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A

B

C

Figure 6. A represents the blank plasma, B represents the treated plasma sample and C
represents the true plasma of the (D-Asp8)-ODN conjugate.

4.5.2 Precision
The results of the precision of (D-Asp8)-ODN conjugate were shown in Table 3
(n = 3). RSD were no more than 5.15 % under all tested conditions with 86.4%–
109.9% of precision. These results suggested that the protocol established in
this study for quantitating (D-Asp8)-ODN conjugate had good precision.
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4.5.3 Stability
There was no significant degradation for the (D-Asp8)-ODN conjugate whether
stored at 20

℃

for 0 hours to 10 hours or underwent three frozen-thawed cycles.

The results were demonstrated in Table 4 (n = 3). These results indicated that
this conjugate was stable at different conditions.

4.5.4 Recovery and matrix effect
The extraction recoveries of (D-Asp8)-ODN conjugate were within 79.97%–
83.44% in all three concentrations (10, 2, and 0.5 ug·mL−1). The results were
demonstrated in Table 5. These results suggested that there was no significant
inhibition or facilitation effect for the matrix effect, which indicated that the
protocol of sample handling was suitable for analyzing (D-Asp8)-ODN conjugate.
Table 3. Precision tests for the (D-Asp8)-ODN conjugate in rat plasma (n = 3)

Compound

Concentration

Intra-day (n=3)

Inter-day (n=3)

(ug·mL−1)

Precision (%)

RSD (%)

Precision (%)

RSD (%)

0.5

86.46

2.80

90.52

5.15

2

109.92

0.44

107.83

0.81

10

99.73

4.72

99.84

4.68

(D-Asp8)-ODN

Table 4. Stability study of the (D-Asp8)-ODN conjugate in rat plasma (n = 3)

Compound

(D-Asp8)-ODN

Nominal
(ng·mL−1)

0 h immediately

10 h post-procedure

3 frozen-thawed
cycles

Precision (%)

RSD

Precision (%)

RSD

Precision (%)

RSD

0.5

88.48

0.03

88.41

0.13

89.02

0.04

2

107.15

0.10

104.05

0.03

106.43

0.06

10

99.79

0.04

99.88

0.04

99.65

0.07
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Table 5. Matrix effects and recoveries of the (D-Asp8)-ODN conjugate in rat plasma (n = 3)
Compound

Nominal (ng·mL−1)

Recovery (%)

Matrix effect (%)

0.5

79.97

1.80

2

81.56

1.77

10

83.44

1.79

(D-Asp8)-ODN

4.5.5 Plasma pharmacokinetic studies
Pharmacokinetic profile was analyzed by using PKSolver in Excel with the
compartmental method. The results were shown in Table 6.
For the (D-Asp8)-ODN conjugate, it behaved as an open one-compartment
model following subcutaneous administration. The concentration–time profiles
were demonstrated in Figure 5.
Table 6. Main pharmacokinetic parameters of the (D-Asp8)-ODN conjugate in rat plasma following
subcutaneous administration
Compound

Method

Subcutaneous
(D-Asp8)-ODN

administration

AUC0→24

AUC0→∞

tmax

Cmax

t1/2

(ug·mL−1·h)

(ug·mL−1·h)

(h)

(ug·mL−1)

(h)

27.61

27.70

1.00

12.71

1.48
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Figure 7. The concentration–time profiles of the (D-Asp8)-ODN conjugate following
subcutaneous administration in rat plasma.
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CHAPTER 5 CONCLUSIONS AND DISCUSSIONS

To conclude, after being chemically conjugated with our previously found bonetargeted aptamer D-Asp8, the novel ‘smart’ CatK inhibitor (D-Asp8)-ODN
conjugate was developed, synthesized and then evaluated. Our previous
studies showed that the D-Asp8 could facilitate the conjugated ODN specifically
approaching osteoclast, with reduced distribution in non-bone tissues, to inhibit
the functional CatK activity within bone tissues in healthy rats. To test whether
this modification would change the functions of ODN or not, we compared the
antiresorptive effects of (D-Asp8)-ODN conjugate with ODN in vitro. Our in vitro
studies demonstrated that the effects of (D-Asp8)-ODN conjugate on RANKLinduced osteoclasts formation, mRNA levels of osteoclast function-related
genes and osteoclasts bone resorption activity were all comparable with that of
ODN. These results confirmed that our chemical modification of (D-Asp8)-ODN
conjugate successfully achieved the goal of bone-targeted delivery and
remained the function of ODN at the same time. To our surprise, we also found
that the cytotoxic effect of (D-Asp8)-ODN conjugate was significantly lower than
that of ODN at the examined concentration, and the water-solubility of (D-Asp8)ODN conjugate was much better than that of ODN. Suggesting that (D-Asp8)ODN conjugate have a wider safe dose range than ODN in vitro.
Furthermore, (D-Asp8)-ODN conjugate treatment had no effect on both the
RANKL-induced osteoclast formation and the mRNA level of CTSK. Taken
together with our previous data that (D-Asp8)-ODN conjugate inhibited the
functional CatK activity within bone tissues in healthy rats, suggesting that the
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inhibition effect of (D-Asp8)-ODN conjugate on functional CatK activity in bone
tissues was neither through reducing or killing osteoclasts nor by suppressing
the expression of CatK in osteoclasts. Given the facts that osteoclasts and
osteoblasts can interact with each other directly, and osteoclasts can influence
bone formation by osteoblasts via several factors [151, 152]. Inhibiting functional
CatK activity in bone tissues without perturbing osteoclasts formation would not
directly reduce the activity of bone formation by osteoblasts caused by a decline
number of osteoclasts, which is essential for the treatment of osteoporosis.
However, the current study only evaluated and compared the antiresorptive
effects of (D-Asp8)-ODN conjugate and ODN in vitro, more in-depth studies
should be conducted to further examine their functional activities and efficacy
in pre-clinical species in vivo. Therefore, it is required to determine the
pharmacokinetic profile of (D-Asp8)-ODN conjugate, and thus providing
important information for further studies.
As an osteoclast-targeting ODN, (D-Asp8)-ODN conjugate is an oligopeptide
with a 1504 molecular weight. Using commonly-used HPLC method for
quantification of (D-Asp8)-ODN conjugate in pre-clinical species is difficult.
Hence, we develop and validate a simple, isocratic, reversed-phase QQQLC/MS method for determination of (D-Asp8)-ODN conjugate in plasma, which
would be a valuable tool to support further pre-clinical studies. This method is
highly specific, accurate, precise, sensitive and reproducible, and it has been
successfully applied to quantitate level of (D-Asp8)-ODN conjugate in a rat
pharmacokinetic study. We believe that this QQQ-LC/MS method developed in
this study could provide a reliable method to assist further evaluation and
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comparison of pharmacokinetics and efficacy of (D-Asp8)-ODN conjugate and
ODN in pre-clinical species in vivo.
However, there are several limitations of this study. Firstly, a group of D-Asp8
treatment should be added to each experiment to exclude any antiresorptive
effect of D-Asp8 on osteoclasts. More importantly, it was reported that ODN
demonstrated lower potency against the rodent CatK than human CatK due to
the species differences between the rodent enzyme (approximately 87%–88%
homology) and human enzyme[153]. Thus, further studies would be conducted
on more superior animals like rabbits in order to avoid the homology problem.
On the other hand, after being purified by HPLC, the quantity of the synthesized
(D-Asp8)-ODN conjugate is limited (100mg). Thus, we only quantitated the
plasma level of (D-Asp8)-ODN conjugate in one rat by one single subcutaneous
administration. More pharmacokinetic profile of (D-Asp8)-ODN conjugate
followed by different administration routes (intravenous and oral administration)
should be determined to compare the difference between different
administration routes of (D-Asp8)-ODN conjugate. Additionally, we didn’t
compare the difference of pharmacokinetic profile between (D-Asp8)-ODN
conjugate and ODN also due to the limited number of ODN. Thus, it remains
unknown whether the pharmacokinetic profile of the (D-Asp8)-ODN conjugate
is comparable with that of ODN.
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CHAPTER 6 PROSPECTIVE WORKS

Based on the result of this study, more in vivo and in vitro evaluations of (DAsp8)-ODN conjugate would be processed in the further study to have a better
development of postulated inhibitory potential on cathepsin K activity for
treating postmenopausal osteoporosis.

Moreover, more in-depth studies of (D-Asp8)-ODN conjugate would be
processed to understand the exact mechanisms of the conjugate selectively
inhibits CatK activity in bone tissues.

Besides, more pharmacokinetic profile of (D-Asp8)-ODN conjugate following
different administration route would be determined and compared with ODN by
using the well-established QQQ-LC/MS method developed in this thesis.
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