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Abstract 

Osteoporosis is a multifactor degenerative bone loss disease characterized by the uncoupling 

of bone formation and bone resorption.  As one of the leading causes of disability and even 

death in the elderly, osteoporosis poses enormous societal burdens to the whole world.  

Although several FDA-approved drugs are available, osteoporotic fractures remain an 

unresolved problem. 

 

The positive correlation between Alzheimer’s disease and osteoporosis has been noticed for 

a long time. Recently, the use of AChE inhibitors has been reported to associate with 

reduced risk of hip fractures, elevated healing of osteoporotic fractures, and decreased 

overall mortality in Alzheimer's disease patients. Meanwhile, it has been reported that the 

expression of AChE and other cholinergic components existed not only in the nervous 

system but also in the bone system. AChE and other cholinergic components have also been 

recently proposed to be correlated with the regulation of bone homeostasis. These cues 

indicate a possible role of AChE and its inhibitors in the treatment of osteoporosis. 

 

The roles and the underlying mechanism of AChE, however, in osteoblast senescence and 

osteoclastogenesis under pathological conditions remain unclear. We aimed to determine the 

roles of AChE and its inhibitors in osteoblast senescence, osteoclastogenesis, and osteoblast-

osteoclasts crosstalk in osteoporosis development as well as the feasibility of employing 

AChE inhibitors for osteoporosis treatment. 
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In this study, we first demonstrated that the AChE expression increased during the natural 

aging process in the mice model. For the in vitro study, we found that osteoblasts could 

form an autocrine loop of AChE and amplify the senescence of osteoblast continuously. We 

firstly confirmed an upregulated expression of AChE with an increased level of p21 and 

p16INK4a in an H2O2-induced senescence model of osteoblastic cells. Moreover, with the 

incubation with recombinant AChE protein or heat-inactivated AChE protein, a higher level 

of early senescent marker p21 in osteoblastic cells was observed. Additionally, the treatment 

of dual-bind AChE inhibitor donepezil but not catalytic inhibitor galantamine could partly 

rescue the H2O2 induced senescence in osteoblasts. 

 

We also found that AChE played an important role in regulating osteoclastogenesis. We first 

confirmed that the AChE secreted by senescent osteoblasts could trigger the migration of 

osteoclast precursors. Secondly, our results suggested that both intact AChE and heat-

inactivated AChE (HAChE) protein could promote the adhesion of osteoclast precursors. 

Thirdly, AChE and HAChE treatments accelerated the process of osteoclast fusion. The 

expression of AChE was also elevated during osteoclastic differentiation. Reversely, we 

observed that genetic silence of AChE led to a lower differentiation ratio of osteoclasts. 

Moreover, dual binding AChE inhibitor donepezil but not catalytic AChE inhibitor 

galantamine suppressed osteoclastogenesis in vitro, further suggesting that the non-

enzymatic function and peripheral anionic site of AChE got involved in the regulation of 

osteoclast differentiation. 
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To investigate the protective effect of AChE inhibitors for the treatment of osteoporosis, we 

used the OVX mice as an osteoporotic in vivo model. We demonstrated that the expression 

of AChE protein increased in OVX induced postmenopausal osteoporosis in vivo. The 

pharmaceutical inhibition of AChE could rescue postmenopausal bone loss in vivo. In 

particular, the BBB (blood-brain barrier)-impermeable AChE inhibitor ambenonium 

indicated a comparable rescue effect to BBB-permeable inhibitor donepezil, which suggested 

that targeting peripheral AChE protein could also rescue OVX-induced bone loss.  

 

In short, with the aging and bone degeneration development, higher expression of AChE 

occurred in senescent osteoblasts and further accelerated osteoblast aging. The elevated 

AChE was deposited in the bone matrix and was released to the bone microenvironment 

during osteoclast-mediated bone resorption. These released AChE proteins stimulated 

increased osteoclastogenesis. This study, for the first time, implicated the roles of AChE, a 

hydrolytic enzyme of choline ester, in bone homeostasis and disease. AChE inhibitor 

donepezil could be an emerging drug for osteoporosis treatment. This study will lead to the 

discovery of dual-acting AChE inhibitors as an alternative for the treatment of osteoporosis, 

which will open a new avenue for osteoporosis treatment via repositioning the AChE 

inhibitors. 
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Chapter 1 Introduction – Literature Review 

1.1 Bone system 

Bone is a complex but organized system which have multiple irreplaceable 

functions[1]. Bone is responsible for protecting the inner organs, supporting 

the body structure, and motivating the movement. For its vital functions in 

reserving the minerals, housing the formation of white and red blood cells, 

bone plays an important role in maintaining the homeostasis of human 

function. Recently, it is reported that bone have more new functions for its 

secreting cytokines involving in regulating kidney [2, 3]and brain function [4, 

5].  

 

Bone is a complex hard connective tissue composed of collagenous 

extracellular matrix, calcium phosphate minerals and various types of cells: 

osteoblast, osteoclasts, osteocytes, bone lining cells and their precursors[6, 7]. 

Among all these cells, the bone-forming cell family and the bone-resorbing cell 

family are the most important. These cells cooperate with each other under the 

regulation of multiple signaling factors to maintain bone homeostasis. 

 

 

1.1.1 Bone structure 

Bones can be divided into long bones, short bones, flat bones, irregulate bones, 
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and sesamoid bones based on their shapes. Long bones are found in arms and 

legs as well as in fingers. Short bones are carpals and tarsals existing in the 

wrist ankles with cube-like shapes. Flat bones include the cranial bone, the 

scapulae bone, the sternum, and the ribs. Irregulate bones, just as the name, 

have more complex structures that cannot be easily described as any simple 

shape, the typical examples of irregulate bones are vertebrae and many facial 

bones. Sesamoid bones are sesame-seed-like bones always found in tendons 

connected to the limbs[8, 9]. The anatomy of a representative long bone[9] is 

shown in Fig 1.1, a long bone can be mainly divided into three parts: proximal 

epiphysis, diaphysis, and distal epiphysis. The two expanded ends of the long 

bone are the epiphysis, whose internal is filled with spongy bone (also called 

trabecular bone) and red bone marrow. The structure in between the proximal 

epiphysis and the distal epiphysis is a long, hollow tubular shaft called the 

diaphysis. The walls of diaphysis are consisting of rigid compact bone (also 

called cortical bone). The compact bone encloses the medullary cavity, which 

is filled with yellow bone marrow storing bone marrow cells to produce 

chondrocytes, osteoblasts, and adipocytes. The field where every epiphysis 

connects to diaphysis is metaphysis. During growth, the cartilaginous 

epiphyseal plates located in the metaphysis act as the original site of new bone 

formation. After the bone growth stopped, these epiphyseal plates turn out into 

the epiphyseal line shown in Fig 1.1. 
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Flat bones, for example, those cranial bones, have a three-layer sandwich 

structure that can strongly protect the organ inside. For the sandwich structure, 

the inner layer is composed of spongy bone called diploë, the upper layer and 

downer layer are both consisting of compact bone, and their inner is filled with 

red bone marrow. This composite structure can provide sufficient mechanical 

properties with minimal mass.  

 



 

 23 

 

Fig 1.1 The structure of a typical long bone. A schematic diagram showing the 
structure of compact bone, spongy bone, articular cartilage, and other components of a 
long bone. 
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The outermost part of compact bone is enveloped with a bilayer structure 

called periosteum. (Shown in Fig 1.2). The outer layer is a fibrous layer and 

inner layer is a cellular layer which contribute to the bone growth, repair, and 

remodeling. Periosteum provides the binding site to tendon attachment, the 

route of vesicular, nervous, and lymphatic supply and separate the bone system 

from other organs. Periosteum wraps the entire bone outer surface, apart from 

the surface of joints, which is covered by a layer of cartilage tissue. 

 

A layer of bone cells found on the inner side of the compact bone, near the 

medullary cavity is called endosteum[10]. This single layer of cells forms a 

thin membrane to cover both endocortical and trabecular bone surfaces. The 

incomplete cell layer of the endosteum is composed of bone lining cells and 

osteoprogenitor cells. In the exposed active site, osteoclasts and osteoblasts 

appear to reconstruct the bone matrix. 

 

The compact bone is composed of many osteons, the basic functional units of 

compact bone. In an osteon, osteocytes line regularly in collagen and calcified 

matrix to assembly concentric layers of lamellae, surrounding the central canal. 

Generally, one or two blood vessels are presented in a central canal and 

function to supply blood in and out of the osteons. Many osteons stand 

parallelly together to form the compact bone and the central canals occupy 
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inside. There are other channels called perforating canals that run 

perpendicular to the bone surface to carry blood to the osteons deep inside the 

bone and to the tissues in the medullary cavity. All osteons align together to the 

direction of the long axis of the long bone shaft, providing strong mechanical 

stress along the long axis which can withstand 10–15 times the body’s weight. 

 

In spongy bones, the arrangement of lamellae is irregular. The spongy bone 

matrix is composed of a 3D bony fibrous open network known as 

trabeculae[11]. Red blood marrow filled in between the trabeculae supporting 

blood cells formation and trabecular bone cell metabolism. The osteocytes in 

trabeculae exchange wastes and nutrients by diffusion through the canaliculi 

which open on the surface of trabeculae. This kind of network structure 

provides spongy bone the capability to resist mechanical loading from different 

directions, also makes it easier for muscles to move bones for their lighter 

weight.  
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Fig 1.2 The Periosteum and the endosteum. 
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1.1.2 Blood supply to bone 

During bone development and mature bone homeostasis, the bone system 

requires extensive oxygen, nutrients, and regulation factors supply. Therefore, 

there are abundant blood vessels to form a complex vascular network in bone 

tissue. Blood vessels formation is highly coupled with bone ossification. 

Studies from animals to human reported that the bone system demanded about 

5-15% of cardiac output, which indicated the importance of blood vessels to 

skeleton development and homeostasis[12-15]. 

 

There are three typical types of blood vessels in the bone system: the nutrient 

artery and vein, metaphyseal and epiphyseal vessels, and periosteal vessels. 

The nutrient arteries and veins are large vessels located in the central diaphysis 

and branch into smaller arteries and veins which reach the metaphysis and 

endosteum[15]. The principal nutrient arteries pass through the cortical bone 

and then enter the medullary cavity via the foramen and then leave the inner 

diaphysis through Volkmann’s arteries and Haversian arteries, and finally 

connected with the periosteal vessels in the super layer of the bone[12]. The 

periosteal system is a low-pressure system that supports the blood supply of the 

outer cortical bone. Instead of connecting to the medullary vessels, the 

epiphyseal vessels circulate as a separate system when the bone is still in 

youth, as the growth plate is avascular. So the epiphyseal vessels are vital for 

epiphysis development[16]. 
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After the closure of the epiphyseal growth plate, these three systems of blood 

vessels are highly linked together via numerous capillaries. There are two 

subtypes of capillaries in bone, type H and type L. Type H capillaries are found 

in the metaphyseal area and region near the endosteum, which is identified to 

express a high level of junctional protein CD31 and the sialoglycoprotein 

endomucin. Type L capillaries, which indicated a low level of these two 

markers, are located in the medullary cavity. Type H capillaries show column-

like structures while type L capillaries are extensively branched. The blood in 

arteries flow in the type H capillaries and then type L capillaries and drain into 

veins[17]. 

 

The vascular system is critical for the regulation of bone growth and repair, as 

it supports the metabolic activity of the bone. As age increases, oxygen 

consumption decreased in the human body. Studies also reported that the 

volume and speed of blood in the bone system declined with aging. 

Meanwhile, the number of type H capillaries and arteries is reduced in aged 

bones[12, 14-16]. Aging, vascular dysfunction, and bone loss are closely 

associated[18, 19]. 
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1.1.3 Nerves and the neuronal regulation in bone 

Rich nerves networks have been identified in the bone system over the past 170 

years[20]. Although myelinated axons are also found in bone tissue, most of 

the nerves in bone are unmyelinated. The nerves in the bone are distributed in 

the bone marrow, periosteum, and epiphyseal plate, which are always 

accompanied by blood vessels[21]. There are sensory neurons and autonomic 

neurons in the bone system, including both cholinergic and adrenergic 

neurons[22, 23]. Peripheral nerves in bone are involved in the regulation of 

bone homeostasis via neurotransmitters, neuropeptides, and other signaling 

factors. Histological and transcription-polymerase chain reaction (RT-PCR) 

results proved the expression of adrenergic receptors in osteoblastic and 

osteoclastic cells. Activation of 𝛼1 and 𝛽2 adrenergic receptors on osteoblastic 

cells indicated the anabolic effects in the aspects of promoting alkaline 

phosphatase (ALP) activity and DNA synthesis[24]. Meanwhile, stimulation of 

𝛽 adrenergic receptors also enhanced bone resorption in osteoclastic cells[24, 

25]. For cholinergic regulation, both nicotinic acetylcholine receptors and 

muscarinic acetylcholine receptors were reported to be expressed on 

osteoblastic cells and osteoclastic cells. The increased cholinergic activity was 

associated with accelerated bone formation and inhibited bone resorption[23]. 
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1.1.4 Bone cells 

Bone is a complex hard connective tissue composed of collagenous 

extracellular matrix, calcium phosphate minerals and various types of cells: 

osteoblast (OBs), osteoclasts (OCs), osteocytes, bone lining cells and their 

precursors[6, 7]. Among all these cells, the bone-forming cell family and the 

bone-resorbing cell family have the most critical functions to maintain the bone 

homeostasis. These cells cooperate with each other under the regulation of 

multiple signaling factors to maintain bone homeostasis.  
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Fig 1.3 Bone cells.A schematic diagram showing the bone cells, including 
osteoblastic cells derived from mesenchymal stem cells and osteoclastic cells derived 
from hematopoietic stem cells. 
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Osteoblasts 

Osteoblasts (OBs) are mononucleated fibroblast-like cells derived from 

mesenchymal stem cells. Osteoblasts in the active phase are a group of aligned 

cuboidal cells found on the bone surface, they adhere to each other by tight 

junctions and gap junctions[26, 27]. Osteoblasts display features of protein-

synthesizing cells, containing a sufficient amount of endoplasmic reticulum, 

Golgi apparatus, and mitochondria[28, 29]. In the bone system, osteoblasts are 

responsible for new bone formation, which secret highly cross-linked collagen 

type I and other proteins to form an organic matrix and help concentrate 

surrounding calcium phosphate to induce inorganic components deposition to 

the bone matrix.  

 

Early Stage of osteoblast differentiation 

Osteoblasts are derived from bone marrow pluripotent mesenchymal stem cells 

(MSCs), which have multiple potentials to differentiate into several types of 

cells, such as osteoblasts, chondrocytes, and adipocytes[30]. Osteoblast 

differentiation is regulated by a lot of signaling molecules[31]. Under the 

regulation of the Wnt family[32], bone morphogenetic proteins (BMPs)[33], 

fibroblast growth factor (FGF)[34], hedgehog (Hh)[35], parathyroid hormone 

(PTH)[36] and transforming growth factor-β (TGF-β)[33],  the mesenchymal 

stem cells begin to differentiate to osteoblasts, the expressions of transcription 
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factors runt-related transcription factor 2 (RunX2), special AT-rich sequence-

binding protein 2 (SATB2) increase; therefore, the proliferation of pre-

osteoblasts (pre-OBs) is activated and pre-OBs secret collagen, fibronectin, and 

TGF-β receptor 1 to synthesize the extracellular matrix (ECM). For the 

transcription factor, RunX2 and Osterix are upregulated, the pre-OB also 

expresses a low level of alkaline phosphatase (ALP) and collagen type 1 alpha 

1 chain (COL1A1)[37].  

 

Matrix maturation of osteoblasts 

In the next step, still under the same signals stimulation, the proliferation of the 

immature osteoblasts decreases, and the transcription factors RunX2, SATB2, 

Osterix, and activating transcription factor 4 (ATF4) are highly expressed. The 

immature osteoblasts differentiate to mature osteoblasts and secret a large 

amount of COL1A1 (the major abundant fibrous protein of ECM), ALP and 

bone sialoprotein (BSP) to mature the matrix. 

 

Matrix mineralization of osteoblasts 

Once the stage of matrix maturation is finished, the mature osteoblasts express 

osteocalcin (OCN), osteopontin (OPN), and BSP to mineralize the ECM[38]. 

The OCN binds to calcium directly and therefore contributes to the mineral 

deposition in the bone matrix. The OPN regulates the balance of bone 

formation and mineralization. The BSP modulates the crystallization of 
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hydroxyapatite in the bone matrix. At the same time, the COLA1 and ALP are 

continuously produced by the mature osteoblasts. Finally, the mature 

osteoblasts are trapped in the bone matrix to become osteocytes or directly 

undergo apoptosis or become bone lining cells. 

 

Apoptosis of osteoblasts 

The balance of cell proliferation, differentiation, and apoptosis is critical for 

the number of osteoblasts, which is important for bone homeostasis.  Apoptosis 

refers to the programmed death of cells and is essential for bone development 

and regeneration. There are two widely accepted cell apoptosis signaling 

pathways: the mitochondrial activated pathway[39] and the activation of the 

tumor necrosis factor (TNF) receptor family[40]. Apoptotic stimuli trigger 

mitochondria to secret cytochrome c to the cytosol or activate the death 

receptors of the TNF receptor family on the cell membrane, which both lead to 

the initiation of several initiator caspases, finally inducing cell apoptosis. 

BMPs family is documented as key regulators in interdigital apoptosis for limb 

development. FGF-2 and the FGF-2 receptor are reported to control the 

survival and apoptosis of osteoblast during bone remodeling. As the receptor 

activator of NF-κB (RANK), RANK ligand (RANKL), and osteoprotegerin 

(OPG) belong to the TNF receptor family, RANK/RANKL/OPG system are 

also under investigation for their relationship to apoptosis[41]. 
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Osteocytes 

Osteocytes are mature bone cells and are the most abundant cells in bone tissue 

as they occupy 90-95% of the bone cells. The end osteogenic stage of MSCs is 

osteocytes. The mature osteoblasts are trapped in the mineralized matrix and 

highly polarized to become osteocytes[42, 43]. In bone tissue, each osteocyte 

occupies one single small cavity named lacuna, which is enveloped in the layer 

structure called lamellae. There are small channels named canaliculi within the 

lamellae, which allow the exchange of nutrients and wastes. Osteocytes are 

able to extend their cytoplasm through the canaliculi to connect and 

communicate with other osteocytes via gap junctions. Osteocytes maintain the 

protein and mineral components of the surrounding matrix environment. Under 

specific conditions, osteocytes might be released from the lacuna to convert to 

osteoblasts or precursors to help to repair the damaged bone tissue.   

 

Bone lining cells  

The osteoblasts that neither go apoptosis nor differentiate into osteocytes refer 

to bone lining cells, the bone lining cells line the surface of the bone matrix 

just as suggested by their name. Compared with osteoblasts, bone lining cells 

have a more stretched and flatter morphology[44]. For their differences in 

proteins expression, both osteoblasts and bone lining cells express alkaline 

phosphatase and collagen type I. Bone lining cells secret intercellular adhesion 

molecule 1 (ICAM-1) but not osteocalcin, however, osteoblasts have a high 
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expression of osteocalcin but not ICAM-1[45]. Bone lining cells can be 

considered as an inactive phage of osteoblasts, while they still have the 

potential to convert to osteoblasts. Bone lining cells are also believed to be 

involved in the initiation of bone remodeling and participated in the regulation 

of osteoclastogenesis[46]. 

 

Osteoclasts 

Osteoclasts are giant cells with multiple nuclear (up to 100 or more nuclear) 

responsible for digesting bone matrix and removing bone. These bone-

resorbing cells are fused from the monocyte/macrophage precursor cells which 

belong to the hematopoietic lineage[47]. Apart from multinuclear, to support 

their resorbing function, osteoclasts have plenty of mitochondria, many layers 

of Golgi membranes to package functional proteins, and a large number of 

vacuoles and lysosomes. The mature osteoclasts are extremely heterogeneous 

cells with ruffled borders and sealing zones. The ruffled border is a structure 

with highly folded plasm membranes covering the damaged, old, or unwanted 

bone surface. Circling the ruffled border, there is a relatively smoother area of 

plasma membrane tightly attached to the bone matrix surface called the sealing 

zone. The sealing zones help osteoclast adhere to the targeting bone surface 

and isolation for the resorbing-needed area from the unresorbed bone area[48]. 

Active osteoclasts secret ATP6i complex related hydrogen ions to dissolve 

mineral hydroxyapatite, and proteolytic enzymes such as matrix 
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metalloproteinases 9 (MMP-9) and cathepsin K (CtsK) to degrade organic 

phage of bone matrix[49]. 

 

Origin of osteoclasts 

The granulocyte-macrophage colony-forming unit (CFU-GM) is identified as 

the earliest hematopoietic progenitors that have the capability to differentiate to 

osteoclasts. Under the regulation of macrophage colony stimulating factor (M-

CSF), the hematopoietic lineage myeloblasts show an upregulated expression 

of transcription factor PU.1 and turn to be CFU-GM. PU.1 belongs to the ETS 

family of transcription factors, the deficiency of PU.1 in mice hindered the 

differentiation of both macrophages and osteoclasts[50]. 

 

Proliferation of monocytic precursors 

With the continuous stimulation of M-CSF, the monocytic precursors express 

higher levels of transcription factors PU.1and MITF (microphthalmia-

associated transcription factor) and develop into pre-osteoclasts. The receptor 

of M-CSF is encoded by c-FMS, while its transcription is dependent on PU.1. 

Therefore, an autocrine loop forms and amplifies the M-CSF signaling 

pathway. M-CSF stimulating c-FMS are essential for the proliferation and 

survival of monocyte/osteoclasts precursors. Both gene mutation in M-CSF 

and blockage of CSF-1 receptor lead to a dramatical decrease in the number of 

macrophages and osteoclasts[51], indicating the significance of M-CSF and its 
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receptor in the development of osteoclastogenesis. 

 

Differentiation of pre-osteoclasts 

In this stage, under the stimulation of M-CSF, the pre-osteoclasts proliferate to 

a certain amount. The RANK on the membrane of the pre-osteoclasts is 

activated by RANKL, which induces pre-OCs to differentiate to TRAP 

(Tartrate resistance acid phosphatase) positive mononuclear osteoclasts[52]. 

RANK is a transmembrane protein expressed by the osteoclastic cells. RANK 

belongs to the tumor necrosis factor receptor (TNFR) molecular sub-family 

and is the receptor of RANKL. RANKL is generally expressed by bone 

marrow stromal cells and osteoblastic cells, however, under the inflammatory 

condition, it can also be expressed by T-lymphocytes[53] in a soluble form 

(sRANKL). RANKL or sRANKL binds to the extracellular domain of RANK 

and therefore triggers the cytoplasmatic domain of RANK to interact with an 

adaptor molecule TNF receptor-associated factor 6 (TRAF6). The activation of 

TRAF6 induces the translocation of downstream transcriptional factors of NF-

κB, JNK (janus like kinase), AP-1, and NFATc1 (nuclear factor of activated T 

cells, calcineurin-dependent 1), which provokes the expression of osteoclastic 

genes such as TRAP. 

 

Cell enlargement, recruitment, and cell-cell fusion of mononuclear osteoclasts 

The mononuclear osteoclasts are not efficient enough to resorb larger areas of 
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bone tissues, so the strategy for osteoclasts to solve this problem is cell 

fusion[54].  As mentioned before, osteoclasts degrade bone matrix by entirely 

covering the surface and creating a closed chamber, and large cells with 

multinuclear enable them to cover a large component at once, thereby 

increasing the resorption efficiency. One of the most critical points of cell-cell 

fusion is the density of cells (to ensure cell contact). To increase the cell 

density on the bone surface, cytoplasm growth, proliferation, and recruitment 

are essential. The growth and proliferation of pre-osteoclasts are guaranteed by 

the unceasing signaling of M-CSF. For the recruitment, pre-osteoclasts and 

osteoclasts are able to secret sphingosine 1-phosphate (S1P) protein to attract 

the migration of other precursors via binding to SIP receptor 1[55]. 

RANKL/RANK signaling initiates the expressions of some chemokines like 

monocyte chemotactic protein 1 (MCP-1) and RANTES as chemotactic signals 

to recruit monocytic TRAP+ osteoclast to the bone-resorbing site. After cell 

recruitment, the activation of transcription factor NFATc1 via the RANK 

pathway induces the expression of Atp6v0d2 (d2 isoform of vacuolar ATPase 

Vo domain) and DC-STAMP (dendritic cell-specific transmembrane protein) 

to mediate cell-cell fusion of osteoclasts[56]. Atp6v0d2−/− mice showed a 

significant increase in bone mass and reduced number of osteoclasts, 

Atp6v0d2−/− bone marrow cells suggested an impaired osteoclasts fusion ex 

vivo[57]. DC-STAMP is a putative seven-transmembrane protein highly 

expressed by osteoclasts; reduction of cell fusion was also observed in DC-
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STAMP deficient mice[58]. One DC-STAMP positive monocytic osteoclast 

acting as the leader contacts with a DC-STAMP negative cell as the follower to 

fuse together, the fused binucleated osteoclast will fuse with the next DC-

STAMP negative follower and finally forms a giant polykaryon[59]. Another 

protein named osteoclast-stimulatory transmembrane protein (OC-STAMP) is 

also critical for monocytes fusion. Silence of mRNA expression of OC-

STAMP in monocyte cell line RAW264.7 cell and mouse bone marrow cells 

blocked the cell-cell fusion and osteoclastogenesis in vitro[60]. 

 

Activation of fused polykaryon to resorbing multinucleated osteoclasts 

The fused polykaryon needs to undergo polarization to adapt to the functional 

requirement of resorption. To form the resorption specific structures ruffled 

border and sealing zone, the αvβ3 integrin anchored to the fused polykaryon 

membrane recognizes the RGD (arginine-glycine-aspartic acid) peptide motif 

in osteopontin and bone sialoprotein[61, 62]. This recognition triggers the 

cytoplasmic domain of αvβ3 integrin linking to intracellular cytoskeletal 

complexes and bundles of actin filaments, activates the Rho GTPases to induce 

cytoskeletal reorganization[63]. Therefore, the mature multinuclear osteoclasts 

with resorbing ability form on the targeting bone surface. 
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1.1.5 Bone development 

Intramembranous ossification and endochondral ossification are the two major 

processes being responsible for bone formation during skeleton development. 

In intramembranous ossification, bones are formed from the direct 

differentiation of mesenchymal stem cells. While in endochondral ossification, 

templates of chondrocytes first form and are replaced by osteoblasts 

differentiated from mesenchymal stem cells. 

 

Intramembranous ossification 

During intramembranous ossification, the embryo mesenchyme tissues directly 

undergo osteogenesis to form osteoblasts. In the human body, cranial bones, 

parts of the mandible, and the clavicle are developed from intramembranous 

ossification. In short, embryonic mesenchymal progenitor cells are attracted 

and gathered, so the ossification center is formed at the programmed site, and 

these stem cells in the ossification center begin to release the organic 

components of the bone matrix. With the interference of the enzyme alkaline 

phosphatase, the matrix is mineralized via the crystallization of calcium salts, 

the mesenchymal stem cells differentiate into osteoblasts during this process. 

In the initiation stage, the ossification centers are scattered in the bone-forming 

area, growing bone tissues develop outwards from these centers and form 

organized structures called spicules. Blood vessels develop along the spicules 

to supply nutrients and take away the wastes. As the bone grows and spicules 
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fuse together, some of these blood vessels are trapped in the bone. The early 

differentiated osteoblasts buried in the bone matrix become osteocytes, and 

following mesenchymal cells keep developing into new osteoblasts. In the 

early stage, the intramembranous bones are all spongy bones, with vascular 

penetration, the monocytic precursors come and differentiate into osteoclasts 

that couple with existing osteoblasts to undergo bone remodeling to form 

compact bone. 

 

Endochondral ossification 

Most of the bones, long bones, for instance, are developed from endochondral 

ossification. Generally, in endochondral ossification, the calcified bone 

structures are formed by replacing previously formed cartilage. To start, the 

mesenchymal stem cells are recruited and clustered to undergo chondrogenesis. 

The differentiated chondrocytes developed a cartilage template composed of 

hyaluronic acid, chondroitin sulfate, and collagen proteins for the formation of 

the future bone. Under the regulation of a series of bone developmental factors, 

the cartilage grows and the chondrocytes in the center of the shaft become 

hypertrophic, meanwhile, the matrix comes to be a series of struts and starts to 

calcify. As there is no blood vessel inside the calcified cartilage, and diffusion 

is blocked, without nutrients supply and with the accumulation of metabolic 

wastes, the chondrocytes gradually die and disintegrate. The outer surface of 

hyaline cartilage is covered by a bi-layer structure named perichondrium. In 
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the next stage, blood vessels grow into the perichondrium, and the cellular 

layer of the perichondrium converts to osteoblasts starting secreting proteins 

and minerals to form a thin layer of bone tissue. Therefore, the perichondrium 

is replaced by the periosteum. As the inner chondrocytes die and leave some 

cavities, these cavities allow blood vessels to penetrate and bring osteoblasts 

in, releasing minerals to create spongy bone at a primary ossification center. 

The bone grows from the primary ossification center to the two ends. Further 

vascular penetration also lets osteoclasts in to create bone marrow and remodel 

the bone structure to generate a medullary cavity. Osteoblasts and osteoclasts 

communicate persistently to increase the length and size of the bone. At a 

certain time point, the hyaline cartilage in the center of epiphyses also begins 

to calcify, with the same process, blood vessels, osteoblasts, and osteoclasts 

come into these areas to form secondary ossification centers. Spongy bones fill 

in the secondary ossification centers and thin layers of cartilage at the edges of 

the end are still left which prevent abrasion between bones.  In between the 

diaphysis and epiphysis, the thin plates of hyaline cartilage are remained, 

which will exist throughout childhood and adolescence, known as the growth 

or epiphyseal plate [64].  

 

 

1.1.6 Bone homeostasis 

Even after the skeleton is mature, bone is constantly resorbed and replaced 
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with new bone in a process known as bone remodeling. Bone undergoes the 

remodeling process in response to mechanical stimuli in daily life. This 

requires the orchestration of the bone formation and the bone resorption 

process, which is tightly controlled by bone-forming cells-osteoblasts and 

bone-resorbing cells-osteoclasts. Physiological bone remodeling is necessary to 

repair damaged bone and to maintain mineral homeostasis. However, once the 

activity of osteoblasts-mediated bone formation is stronger than that of 

osteoclasts-mediated bone resorption, or the bone resorptive activity 

overwhelms bone formation, an imbalance, or says uncoupling occurs. This 

imbalance between bone formation and bone resorption leads to the appearance 

of bone diseases like osteoporosis [65]. 

 

Bone remodeling occurs in “basic multicellular units” (BMUs), which couples 

several types of cells with multiple factors and cytokines [66, 67]. BMUs are 

covered by a canopy of cells believed to be bone-lining cells or osteomacs 

[68]. The bone remodeling process that occurs in a BMU is highly 

collaborative and orderly. Most of the time, these canopy cells are in a dormant 

status, and the mature osteoblasts, T cells and B cells derived from bone 

marrow continuously inhibit osteoclastogenesis by releasing osteoprotegerin 

[69]. However, after receiving bone remodeling initiation signals, e.g., 

structural damages caused by mechanical strain or hormone changes as a result 

of the systemic calcium homeostasis regulation, the BMU becomes active. 
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Structural damage will attribute to osteocytes apoptosis, which leads to a 

decreased local level of transforming growth factor beta which will reduce the 

control of osteoclastogenesis. Moreover, reduced serum calcium levels lead to 

the release of humoral factor parathyroid hormone, therefore stimulating the 

parathyroid hormone receptor on preosteoblasts. Consequently, the osteoblasts 

start to secret monocyte chemoattractant protein-1 and assemble osteoclasts 

precursors from the capillary blood vessels or nearby macrophage progenitors 

to the bone surface[70]. Additionally, a reduced osteoprotegerin expression and 

increased level of macrophage colony-stimulating factor and receptor activator 

of NF-kB ligand (RANKL) [71] in osteoblasts promote osteoclast proliferation 

and differentiation. Mature osteoclasts land in the damaged site and form the 

Howship’s lacunae. In this sealed space, osteoclasts release hydrogen ions and 

proteolytic enzymes, like cathepsin K, to degrade the mineralized bone matrix. 

Later, the exposed demineralized collagen is removed by unknown phenotype 

reversal cells, which activate the bone formation signal. Osteocytes, receiving 

humoral and mechanical signals, decrease sclerostin expression resulting in 

Wnt-induced bone formation. When a sclerostin expression returns to the 

original level, bone formation stops, and minerals deposit [72]. The whole 

BMU goes back to the resting phase. This process occurs throughout the bone 

and maintains bone homeostasis. Apart from these well-known bone-regulating 

factors, evidence indicates that cholinergic components also play a role in the 

regulation of bone homeostasis. 
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1.2 Bone degeneration and osteoporosis (OP) 

1.2.1 Aging and the prevalence of osteoporosis 

Currently, Hong Kong and mainland China are facing the challenge of a 

rapidly aging population. In 2014, about 14.7% of people in Hong Kong were 

over 65 years old, and this ratio was said to increase to 31.5% in 2015 [73]. 

This situation may cause a huge economic and social burden to society. A huge 

budget for medical and care services will be spent on age-related diseases, such 

as osteoporosis. 

 

Osteoporosis is a condition that the systemic skeletal strength weakness 

increases to a critical level that bone fractures occur under a minimum loading 

or trauma, sometimes bone breaks even in routine daily life activities[74]. This 

skeletal disorder is associated with lower bone mass and abnormal bone 

microstructures, which is considered caused by the imbalance between bone 

formation and bone resorption, more specifically the imbalance between the 

osteoblasts and osteoclasts. It occurs more in females than in males [75]. 

Osteoporosis affected more than 69.44 million people over 50 years old in 

China [76]; About 15% of white people in their 50s and 70% of those over 80 

years of age had osteoporosis[77]. Osteoporosis greatly threatens the elderly, it 

carries an enormous and ongoing pain on patients and greatly impairs their 
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daily life function, providing unmeasurable mental and physical damage. 

 

 

1.2.2 Current preventions or treatments of osteoporosis 

Current preventions/treatments of bone loss mainly include anabolic 

approaches and anti-resorption approaches[78]. As we mentioned, studies 

show that bone loss is due to declined bone formation and enhanced bone 

resorption. The anabolic agents aim to enhance the activity of osteocytes and 

osteoblasts, upregulate the number of osteoblasts precursors and promote the 

maturation of osteoblasts. In contrast, the antiresorptive agents target to induce 

apoptosis in the osteoclast precursors. Calcium and vitamin D supplement are 

commonly used for the prevention and treatment of primary osteoporosis in the 

past few decades[79]. However, the outcomes of these supplements are 

controversial. Some observational studies claimed that calcium and vitamin D 

supplements may provide a little improvement in hip bone density and no 

obvious benefits to bone fracture[79]. However, other studies even suggested 

that calcium and vitamin D supplements may increase the risks of myocardial 

infarctions, kidney stones, and stomach problems[78]. Bisphosphonates are 

commonly used FDA-approved antiresorptive drugs in the long-term treatment 

of osteoporosis. Studies have shown that bisphosphonates are beneficial in 

reducing the risk of another fracture followed by previous bone broken due to 

bone loss[80]. Evidence indicates that this strategy is not able to lower the risk 
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of the first fracture caused by osteoporosis[81]. Also, as the duration of taking 

bisphosphonates generally lasts for 3 to 4 years, it may lead to serious side 

effects such as severe bone joint or muscle pain and even the occurrence of 

atypical femoral fractures[82]. Parathyroid hormone, a hormone secreted by 

the parathyroid gland, has been reported to have an anabolic effect on bone 

formation in the animal model and humans [83]. In 2002, a Recombinant DNA 

form of parathyroid hormone (1-34) was approved by FDA for the treatment of 

osteoporosis. PTH can improve the microarchitecture and strength of bone by 

modulating the cAMP concentrations and cAMP-dependent protein kinase A to 

stimulate the PTH receptors on the surface of osteoblasts, bone lining cells, and 

bone marrow stromal cells. Meanwhile, PTH can activate the calcium protein 

kinase C pathway to promote the proliferation of cells in the osteoblast 

lineage[84]. However, PTH is highly expensive and may increase the risk of 

osteosarcoma[85]. Although several FDA-approved drugs are available, 

osteoporotic fractures remain an unresolved problem[86].  

 

 

1.3 The cholinergic system 

The cholinergic family, including neurotransmitter acetylcholine as well as 

enzymes for its synthesis, hydrolysis, transportation, and its receptors, is found 

in the brain and peripheral nervous system[87, 88], especially in the 

parasympathetic nervous system. The parasympathetic division of the 
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autonomic nervous system is activated during rest and can be seen as the brake 

and play important roles in regulating visceral functions[89] of learning, 

memory, sleeping, and stress regulation.  

 

 

1.3.1 The neuronal cholinergic system   

Acetylcholine (ACh), mainly known for its neurotransmission function in the 

nervous system, was first discovered in 1921 by Otto Loewi [90]. The 

acetylcholine is formed from acetyl coenzyme A and choline under the 

catalysis of choline acetyltransferase (ChAT) [91]. After synthesized in the 

neurons, ACh is transferred via cytoplasm to the synaptic vesicles of neurons 

by VAChT (vesicular acetylcholine transporter) [92, 93]. During 

neurotransmission, the action potential reaches the end of the presynaptic axon, 

which causes depolarization and fusion of the vesicles with the cell membrane. 

This will cause the release of acetylcholine into the synaptic cleft, which 

subsequently activates the postsynaptic acetylcholine receptors. Two types of 

acetylcholine receptors are identified: the nicotinic and muscarinic receptors. 

Nicotinic acetylcholine receptors are pentameric ligand-gated ion channels 

[94]. So far ten subtypes have been identified. These subtypes can be 

assembled homomerically (e.g., the pentameric α7 receptor) or heteromerically 

(e.g., the pentameric α4β2 receptor) using the following five subunits: 

𝛼, 𝛽, 𝛾, 𝛿, 𝜀.	They are present on the post-junctional membrane and are instantly 
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activated by acetylcholine for signal transmission. The signal mediates the fast 

depolarization and excitation of the target cell by allowing the entry of Ca2+ 

[95, 96]. The muscarinic acetylcholine receptors can be activated by muscarine 

or acetylcholine. They are G-coupled protein receptor complexes that are 

generally responsible for the slow recovery of target cells after stimulation. 

Five subtypes (M1-5)  of the muscarinic acetylcholine receptor are identified, 

each of them with a slightly different function [97]. Acetylcholinesterase 

(AChE) is a well-known enzyme that catalyzes the hydrolysis of choline esters, 

such as acetylcholine. After hydrolysis of acetylcholine, choline and acetic acid 

are formed [93, 98]. AChE functions rapidly and efficiently in the 

neuromuscular synapses: 50% of acetylcholine molecules are hydrolyzed by 

AChE before they reach the postsynaptic receptor sites, and the other 

acetylcholine molecules are broken down by AChE after they activate the 

acetylcholine receptors [93]. AChE has thus an important suppressive role in 

cholinergic regulation by terminating the action of acetylcholine.  

 

Next to AChE, another cholinesterase can also degrade acetylcholine and other 

esters. This enzyme is called butyrylcholinesterase (BChE) as it can quickly 

hydrolyze butyrylcholine. The tissues expressing AChE also always express 

BChE[99-101]. Although BChE is the dominant cholinesterase in plasma and 

liver, the expression and/or the activity of AChE is higher than that of BChE in 

the skeleton, muscle, brain, heart, and placenta[102]. Moreover, human 
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individuals with the hereditary complete absence of BChE activity are healthy 

and fertile[103]. Additionally, BChE knock-out mice are fertile and have a 

normal phenotype unless challenged with drugs [104].In contrast, total 

inhibition of AChE leads to death due to respiratory failure. AChE nullizygous 

mice are only able to live up to 21 days after birth with delayed physical 

development[105].  

 

 

1.3.2 The non-neuronal cholinergic system  

The cholinergic components not only exist in neural tissues but are also widely 

distributed in many non-neural tissues[106-109]. The non-neuronal expressed 

cholinergic components are denominated as the non-neuronal cholinergic 

system (NNCS). The presence of the non-neuronal cholinergic system is 

implied when acetylcholine is present or thus when cells have the capability of 

synthesizing acetylcholine and releasing it. The expression of acetylcholine 

receptors or acetylcholinesterase alone does not represent the NNCS. The 

NNCS is for example reported in human epithelial cells[110] and immune cells 

[111] as acetylcholine, its synthesizing enzyme ChAT, and its receptors are 

reported to be expressed in these cell types.   
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1.3.3 Non-neuronal cholinergic components expression in bone system 

The NNCS in bone health and disease has gained increasing interest as 

mounting evidence indicates its presence. This is summarized in Table 1-1. 

The mRNA of ChAT and VAChT is reported to be expressed in differentiated 

murine primary osteoblasts and MC3T3-E1 cells[112]. The non-classical 

acetylcholine synthesizing enzyme carnitine acetyltransferase (CarAT) is 

identified in human SAOS-2 cells and mouse MC3T3-E1 cells[113]. 

Osteoclasts differentiated from murine bone marrow-derived macrophages also 

express ChAT [114]. At the tissue level, ChAT has been identified in chicken 

embryo limbs[115] and the mRNA expression of CarAT and VAChT has been 

confirmed in rat maxilla[116]. The expression of ChAT or CarAT by 

osteoblastic and osteoclastic cells strongly suggests the local production of 

acetylcholine and thus the presence of the NNCS. Moreover, also the nicotinic 

and muscarinic acetylcholine receptors are expressed in osteoblasts, 

osteoclasts, and bone tissues [112, 113, 117-121]. The acetylcholine-

hydrolyzing enzyme AChE is identified in mouse, rat, and human primary 

osteoblasts[112, 122], and both murine and human osteoblastic cell lines [122, 

123]. AChE is also detected in osteoclasts differentiated from murine bone 

marrow macrophages[124]. Next to the expression in cells, a protein level of 

AChE is also expressed in rat maxilla, calvaria, femur, ulnae, and chicken 

embryo limbs.  
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Expression of cholinergic components in 
bone cells or tissues Study Model Expression 

level References 

Osteoblastic lineage 

Carnitine acetyltransferase (CarAT) 
human SAOS-2 cell 

line; mouse MC3T3-E1 
cell line 

mRNA [113] 

AChE, vesicular acetylcholine transporter 
(VAChT), choline acetyltransferase (ChAT) 

Differentiated Murine 
primary osteoblasts and 

MC3T3-E1 cells 
mRNA [112] 

AChE mouse MC3T3-E1 cell 
line mRNA [113] 

AChE 

Human and rat primary 
osteoblasts, mouse 

MC3T3-E1 cell line, 
human MG63 cell line; 
human TE85 cell line 

Protein [122] 

AChE 

SAOS-2, MC3T3-E1, 
MG63, and TE85 cell 

line; Primary rat 
osteoblasts 

mRNA [123] 

AChE Primary cultured rat 
osteoblasts Protein [125] 

Muscarinic acetylcholine receptors subtypes 
M1-5 

Human osteosarcoma 
HOS cells mRNA [117] 

Muscarinic acetylcholine receptors subtypes 
M4, M5 

Human Reaming debris 
derived mesenchymal 
stem cells (RDMSC) 

and osteoblasts 
differentiated from 

RDMSC 

mRNA [118] 

Muscarinic acetylcholine receptors subtypes 
M3, M5 human SAOS-2 cell line mRNA [113] 

Muscarinic acetylcholine receptors subtypes 
M1, M2, M4 

mouse MC3T3-E1 cell 
line mRNA [113] 

Muscarinic acetylcholine receptors subtypes 
M1, M2, M4 

Differentiated Murine 
primary osteoblasts and 

MC3T3-E1 cells 
mRNA [112] 

Nicotinic acetylcholine receptors 
𝛼1, 𝛼6, 𝛼7, 𝛽4, 𝛿, 𝜀 

Differentiated Murine 
primary osteoblasts and 

MC3T3-E1 cell 
mRNA [112] 
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Nicotinic acetylcholine receptors 𝛼5, 𝛼7, 𝛼9 

Human Reaming debris 
derived mesenchymal 
stem cells (RDMSC) 

and osteoblasts 
differentiated from 

RDMSC 

mRNA [118] 

Nicotinic acetylcholine receptor subunit 𝛼4 

human primary 
osteoblasts, MG63 

osteoblastic cell line, 
human bone cores 

mRNA [126] 

Nicotinic acetylcholine receptors 
𝛼3, 𝛼5, 𝛼7, 𝛼9, 𝛼10, 𝛽2 human SAOS-2 cell line mRNA [113] 

Nicotinic acetylcholine receptors 
𝛼2, 𝛼5, 𝛼9, 𝛼10, 𝛽2 

mouse MC3T3-E1 cell 
line mRNA [113] 

Osteoclastic lineage 

ChAT 

Osteoclast differentiated 
from murine bone 
marrow-derived 

macrophages 

Protein [114] 

AChE 

murine bone marrow 
macrophages derived 

from tibia and 
osteoclasts 

differentiated from 
murine bone marrow 

macrophages 

Protein [124] 

Muscarinic acetylcholine receptors subtypes 
M3 

Osteoclast differentiated 
from human peripheral 

blood mononuclear cells 
mRNA [120] 

Nicotinic acetylcholine receptors 𝛼2, 𝛼7 
Osteoclast differentiated 
from human peripheral 

blood mononuclear cells 
mRNA [120] 

Bone tissues 

ChAT Chicken embryo limbs mRNA [115] 

CarAT Rat maxilla mRNA [116] 

AChE Rat calvarias and femurs mRNA and 
Protein [125] 

VAChT and AChE Rat maxilla mRNA and 
Protein [116] 
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AChE Chicken embryo limbs Protein [115] 

AChE Rat ulnae Protein [122] 

Muscarinic acetylcholine receptors subtypes 
M1-5 expressed in rat femur; M1, M4, M5 

expressed in mouse femur 
Rodents femur bone mRNA [117] 

Muscarinic acetylcholine receptor subtypes 
M2, M3, and M4 were detected in bovine 

blade bone; subtypes M2 and M3 were 
detected in spongy bone; subtypes M2 and 

M4 were identified in periosteum 

Bovine bone mRNA [117] 

Muscarinic acetylcholine receptors subtypes 
M1-5 Human rib mRNA [117] 

Muscarinic acetylcholine receptors subtypes 
M3, M5 Rat thoracic vertebra mRNA [119] 

Muscarinic acetylcholine receptors subtypes 
M1, M2, M4, M5 Mouse tibia tissue mRNA [121] 

Muscarinic acetylcholine receptors subtypes 
M1, M2, M3, M4, M5 Rat maxilla mRNA [116] 

Nicotinic acetylcholine receptorsα1, α2, α3, 
α5, α7, α10, β1, β2, β4, γ Rat maxilla mRNA [116] 

Table 1-1 Expression of cholinergic components in bone cells or tissues.  
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1.4 Acetylcholinesterase 

As mentioned, the principal function of AChE is to catalyze the breakdown of 

choline esters, such as acetylcholine. AChE is believed to be the fastest, most 

sensitive, and most efficient enzyme known so far[127]. It is abundantly 

expressed in the nervous system and peripheral organs, playing an 

indispensable role in many aspects. So, it is important to discuss the structure 

and functions of AChE as well as their underlying relationship. 

 

 

1.4.1 Structure-function relationships of AChE 

The first crystal structure of AChE, Torpedo californica acetylcholinesterase, 

was identified in 1991[128]. Since then, researchers have gradually understood 

the structure of AChE monomers and oligomers from different species. The 

AChE monomer consists of 537 amino acids. It belongs to the α/β hydrolase 

family with 12-stranded β sheets and 14 α helices. This enzyme is ellipsoid 

with dimensions of 45 × 60 × 65 Å[127]. A narrow and deep gorge is hidden in 

the bottom of this protein, where located its active sites are to enable the 

interactions with ACh and other molecules like AChE inhibitors[129]. AChE is 

a multi-tasking protein with diverse active sites: the peripheral anionic site 

(PAS) and the catalytic site. The catalytic site in the gorge bottom includes two 

subsites: the esteratic subsite and the anionic subsite. And the peripheral 

anionic site is located at the opening of the gorge. The catalytic site is critical 
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for the principal function of AChE, breaking down acetylcholine. The PAS, 

however, is associated with many non-enzymatic functions[130]. 

 

The molecule forms of AChE vary from monomer, dimer, tetramer, to large 

collagen-tailed forms. In the physiological environment, AChE exists as a 

tetramer associated with either collagen-like Q subunit (ColQ) or proline-rich 

membrane-anchoring protein (PRiMA). Amphiphilic monomers and dimers of 

acetylcholinesterase (AChE) were also identified in human tissue[127, 131, 

132]. 

 

1.4.2 Acetylcholinesterase inhibitors 

Acetylcholinesterase inhibitors are chemical compounds that inhibit the 

enzyme AChE from hydrolyzing acetylcholine, therefore increasing the 

cholinergic activity. Generally, AChE inhibitors can be divided into reversible 

inhibitors and irreversible inhibitors[133]. The reversible inhibitors are always 

used for the treatment of cholinergic disorders, such as Alzheimer’s 

disease[134]. The irreversible inhibitors, however, are also applied to many 

situations based on their toxicity.  

 

The reversible AChE inhibitors 

Commonly used reversible AChE inhibitors include donepezil, galantamine, 

rivastigmine, Huperzine A, tacrine, etc. Reversible AChE inhibitors are 
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important drugs in clinics to treat mild to severe Alzheimer’s disease (AD) 

[135]. They are also involved in the therapy of other diseases, for example, 

myasthenia gravis. 

 

Donepezil, one of the second-generation AChE inhibitors approved to treat 

Alzheimer’s disease, is a selective piperidine-type cholinesterase inhibitor to 

AChE. Donepezil can bind to both the catalytic site (CAS) and the peripheral 

site (PAS) of AChE[136]. Donepezil is a potent and blood-brain barrier 

permeable inhibitor[137], its IC50 to AChE is 5.7 nM[138]. As the half-life 

time of donepezil is around 70 hours, it can be orally taken once a day at the 

dose of 5 and 10 mg/day with significant improvement of cognitive function in 

AD patients[139]. 

 

Galantamine is a tertiary alkaloid isolated from plants, it is also a selective 

inhibitor to AChE. Galantamine direct binds to the bottom of the active 

gorge[140]. In addition to its inhibition to AChE, galantamine is also an 

allosteric modulator interacting with the nicotinic receptor of 

acetylcholine[141]. Galantamine is a central-acting BBB permeable AChE 

inhibitor with good biosafety[142] with 7 hours half-life time. The IC50 of 

galantamine to AChE is 800 nM[143]. With the dosage of 16 or 24 mg/day, 

significant improvement in cognition can be reached. 

 



 

 59 

Rivastigmine is a carbamate inhibitor that non-selectively inhibits both AChE 

and BChE. Rivastigmine covalently links to the catalytic site of AChE[144]. 

Rivastigmine is BBB permeable AChE inhibitor with selective inhibition in the 

hippocampus and cortex[145]. The IC50 of Rivastigmine to AChE is 4150 

nM[146]. The therapy suggestion of rivastigmine is 6 to 12 mg/day. 

 

Huperzine A is a nootropic alkaloid extracted from the Chinese herb Huperzia 

serrata. Huperzine A interacts with AChE in its catalytic triad through 

hydrogen bonds [147]. Huperzine A is also a selective BBB permeable AChE 

inhibitor. The IC50 of Huperzine A to AChE is 44.5 nM [148]. In China, 

Huperzine A has been approved for the treatment of age-related dementia[149].  

 

Tacrine is one of the first-generation AChE inhibitors approved for the 

treatment of Alzheimer’s disease. Due to its liver toxicity to the liver, however, 

tacrine was canceled for the clinic use of anti-dementia. Tacrine is derived 

from tetrahydroacridine and has an inhibitory effect on both AChE and 

BChE[150]. The IC50 of tacrine to AChE is 167 nM[151]. Tacrine also binds 

to the catalytic site of AChE[152]. 

 

Apart from their therapeutic applications in human diseases, reversible AChE 

inhibitors such as Aldicarb, Mancozeb, and Pebulate are also applied in 

agriculture, they are widely used as insecticides, herbicides, and 
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fungicides[133]. 
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Compounds Chemical 
structure 

IC50 to 
AChE 

BBB 
permeable? 

Binding 
affinity Application Reference 

Donepezil Piperidine 
derivative 5.7nM Yes PAS 

CAS Autism, AD [137] 
[138] 

Galantamine Alkaloid 800nM Yes CAS 

myasthenia gravis, 
myopathy, 
residual 
poliomyelitis 
paralysis 
syndromes, AD 

[140] 
[141] 
[142] 

Rivastigmine Carbamate 4150 nM Yes CAS AD, Parkinson’s 
disease 

[144] 
[145] 
[146] 

Huperzine A Alkaloid 44.5nM Yes CAS AD 
[147] 
[148] 
[149] 

Tacrine Acridine 
derivative 167 nM Yes CAS AD 

[150] 
[151] 
[152] 

Ambenonium 
Quaternary 
amines 
derivative 

0.698nM No PAS 
CAS myasthenia gravis 

[153] 
[154] 
[155] 

Physostigmine Carbamate 27.9nM Yes CAS 

myasthenia gravis, 
glaucoma, and 
delayed gastric 
emptying 

[156] 
[153] 
[157] 

Table 1-2 Typical reversible AChE inhibitors applied in human diseases and their basic 
information.  
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The irreversible AChE inhibitors 

The irreversible AChE inhibitors refer to organophosphorus compounds. Due 

to their irreversible phosphorylation to esterases, they have acute toxic effects 

on the central nervous system. The toxic organophosphorus compounds such as 

malathion, diazinon, and dichlorvos are commonly used as nonspecific 

insecticides[133]. However, some organophosphorus compounds, for example, 

diisopropyl fluorophosphate and echothiophate, are used in ophthalmology to 

treat a chronic eye disease, glaucoma. 

 

1.4.3 Classic enzymatic function of acetylcholinesterase in bone tissue 

The functions of AChE were also observed outside the nervous system, for 

example, the bone tissue[158]. The classical functions of AChE in regulation 

bone systems were summarized in Table 1-2, which reflects the non-neural 

roles of AChE in embryo bone development and postnatal bone homeostasis.  

 

Non-neuronal cholinergic role of AChE in bone development  

Expression of AChE has been investigated in various animal models, including 

rat maxilla, which supported its formation is mainly through intramembranous 

ossification. For example, in rat calvaria, AChE activity and protein amount 

increase during the embryonic period to the 6th day after birth then decreases 

during postnatal bone development, i.e. till two months after birth [159]. 
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However, among the currently available studies on non-neuronal cholinergic 

regulation of bone development, the role of AChE during intramembranous 

ossification has not been fully understood [116]. All the findings now propose 

a prospective regulative role of AChE in the process of intramembranous 

ossification.  

 

ChAT, being a protein responsible for the production of AChE, is equally 

important as AChE during endochondral ossification, the expression of the two 

proteins has been well acknowledged, especially during the early stages of 

embryonic bone development in chicken and rodent models [115, 159, 160]. 

Hyaline cartilage is generally considered as the main expression site of AChE 

at the onset of early limb development, while it increases in apoptotic regions 

in the later stage. The study targeted chicken embryos indicated a reduction of 

AChE expression when it comes to bone mineralization. The temporal 

difference in expression between AChE and ChAT – with AChE expression 

being the preceding event in bone development in limbs, shows the leading 

role of AChE in endochondral ossification. Nonetheless, the presence of ChAT 

also implies local acetylcholine production during embryonic bone 

development. By implanting acetylcholine- and ChAT-soaked beads in chicken 

embryonic limbs, a beneficial effect on bone mineralization was observed 

[115]. In murine fetuses which AChE, BChE, or both were deleted (called here 

A-B+, A+B-, A-B-, respectively), accelerated bone growth and remodeling were 
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observed. The source of acetylcholine was not directly studied; however, the 

researchers suggested a possibility of ACh expression by mesenchymal stem 

cells in the early endochondral ossification stage [160]. Pharmaceutical 

inhibition of AChE by BW284c51 in vitro using micromass culture of 

mesenchymal cells extracted from embryonic chick wing buds further 

confirmed the role of AChE in cartilage degeneration and accelerated 

mineralization. Taken together, AChE plays an important role by maintaining 

ACh concentration at an optimal level to decelerate bone growth, as well as 

favoring cartilage apoptosis and hampering bone mineralization. 

 

Non-neuronal cholinergic role of AChE in postnatal bone 

homeostasis 

AChE regulates postnatal bone homeostasis via its classic enzymatic role. 

Reduction of the relative number of osteoclasts was observed in sixteen-week-

old Ache+/- mice with 50% lower brain AChE activity compared to their 

wildtype littermates [161]. Genetic knock-out of AChE affects the systemic 

chondrogenic system, yet the possible non-neuronal function cannot be 

overlooked. An animal study in which mice were treated with pharmaceutical 

inhibitors of AChE showed a higher BV/TV ratio compared to phosphate-

buffered saline control further confirms the beneficial effect of AChE 

suppression on bone formation. In addition, AChE inhibitor donepezil could 

rescue RANKL-induced bone loss.  
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The roles of AChE on bone formation and resorption have also been proven in 

various in vitro studies. Upregulation of AChE expression was observed in 

osteoclastogenesis of bone marrow macrophages, while genetic knockdown of 

AChE using siRNA suppressed RANKL-induced osteoclast differentiation. 

Osteoclast formation could be promoted by treatment of recombinant AChE in 

bone marrow macrophages through the upregulation of RANK, the receptor of 

RANKL. Oppositely, donepezil, an AChE inhibitor, could mitigate 

osteoclastogenesis in vitro. Overall, the reduction of AChE, which in turn leads 

to increased acetylcholine activity [124], drives an increase in bone formation 

and a decrease in bone resorption.  
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Stage Discovery Study 
Model 

Enzymatic/Non
-enzymatic 

Source of 
Acetylcholin

e 

Reference
s 

Intramembranou
s ossification 

mRNA 
expression of 
acetylcholine, 
VAChT, AChE, 
nicotinic 
receptors and 
muscarinic 
receptors is 
identified in rat 
maxilla. 

Rat Enzymatic 

Mesenchyma
l stem cells, 
bone matrix 
and bone 
marrow cells 

[116] 

the AChE activity 
and protein 
amount first 
increases during 
embryonic period 
to the 6th days 
after birth and 
then decreases to 
a stale level in 2 
months after birth 
in rat calvarias. 

Rat Enzymatic N/A [125] 

Endochondral 
ossification 

the AChE activity 
and protein 
amount first 
increases during 
embryonic period 
to the 6th days 
after birth and 
then decreases to 
a stale level in 2 
months after birth 
in rat femurs. 

Rat Enzymatic N/A [125] 

the AChE activity 
first increases 
when hyaline 
cartilage forming 
and peaks at 
cartilage 
apoptosis stage, 
AChE activity 
decreases when 
the development 
direction shifts to 
bone 
mineralization. 
Implantation of 
acetylcholine- 
and ChAT-
soaked beads 
benefits bone 

Chicken 
embryo Enzymatic 

Expression 
of ChAT 
indicates 
possible local 
production of 
acetylcholine 

[115] 
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mineralization. 

Genetic knockout 
of AChE, or 
BChE, or both of 
them accelerates 
cartilage 
remodeling into 
mineralizing 
bone. 

Mouse Enzymatic N/A [160] 

Postnatal bone 
homeostasis 

16-week-old 
Ache+/- mice 
exhibited a 
reduction of the 
relative number 
of osteoclasts. 

Mouse Enzymatic N/A [161] 

Pharmaceutical 
suppression of 
AChE suggests a 
higher BV/TV 
ratio compare to 
control treatment 
of phosphate-
buffered saline. 
AChE expression 
upregulates 
during 
osteoclastogenesi
s. 

Mouse Enzymatic N/A [124] 

Matrix coating 
with AChE 
promote 
osteoblastic cells 
attachment. 

Rat; 
MC3T3-
E1, 
MG63, 
and TE85 
cell lines 

Non-enzymatic N/A [123] 

Pharmaceutical 
suppression of 
AChE decreases 
the adhesion 
ability of 
osteoblastic cells 
without 
interfering their 
cell viability. 

Human 
and rat 
primary 
osteoblasts
, mouse 
MC3T3-
E1 cell 
line, 
human 
MG63 cell 
line; 
human 
TE85 cell 
line 

Non-enzymatic N/A [122] 

Table 1-3 Function of AChE during bone development and homeostasis. 
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1.4.4 An emerging non-neuronal and non-enzymatic role of AChE in 

bone homeostasis  

AChE is a multi-tasking protein with two different binding sites for 

acetylcholine: a catalytic site and a peripheral anionic site. The latter is recently 

studied for its non-enzymatic function. More specifically, it is hypothesized 

that the peripheral anionic site can make heterologous protein associations that 

play a role in cell recognition and adhesion [162]. This function was already 

demonstrated in neurogenesis and hematopoiesis. Studies exploring the role of 

AChE in neurite growth demonstrated that purified AChE could promote 

neurite growth from cultured chick nerve cells, while no influence was 

observed after adding inhibitors targeting the catalytic site. This suggests a 

non-enzymatic role of AChE [163, 164]. Moreover, AChE expressed in blood 

cell progenitors, can regulate lymphocyte activation via its enzymatic and non-

enzymatic function [111, 165, 166]. 

 

Non-enzymatic function of AChE in postnatal bone homeostasis 

The non-enzymatic function of AChE in postnatal bone growth was first 

assumed after the discovery of a new class of proteins i.e., the cholinesterase-

like adhesion proteins, for example, neurotactin, neuroligin, and thyroglobulin. 

Although these proteins lack catalytic activity, their cholinesterase-like part 

can act as a protein-protein interaction domain. This domain, located 

extracellularly, can form cellular junctions through binding with other 
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extracellular elements. The existence and function of these proteins form the 

foundation of the assumption that AChE itself can also act in protein-protein 

interactions [167, 168]. 

 

To validate this hypothesis, it is essential to determine possible interaction 

partners for AChE. Laminin-1 or more specifically the globular domain IV of 

the beta-1 chain of laminin-1 was the first interaction partner identified, 

followed by collagen IV. This protein-protein interaction is possible through 

the binding of the extracellular matrix components to the peripheral anionic 

site. This theory is justified as inhibitors of the peripheral anionic site 

(fasciculin, propidium, and gallamine) interrupt this binding. The binding is 

characterized as electrostatic, as it is influenced by ionic strength and pH [169-

171]. 

 

The protein-protein interaction between the extracellular matrix components 

and AChE facilitates cell-cell recognition and cell signaling via membrane 

receptors. This suggests that AChE and its non-enzymatic function can 

influence bone homeostasis [169-171]. Moreover, the transcription of AChE 

mRNA variant 3’ terminated with exon 6 that encodes for the catalytically and 

morphologically E6-AChE expression, can be modulated by the osteogenic 

markers Wnt-3a and RunX-2 [159, 172].   
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Literature on the non-enzymatic function of AChE in bone mainly focusses on 

its role in the osteoblastic lineage. Evidence indicates that AChE presents in 

osteoblasts as membrane protein and bone matrix protein[123]. As bone matrix 

protein, AChE needs to be excreted in its glycosylated form via the ER/Golgi 

apparatus pathway. The major detection sites of AChE include the sites of bone 

formation, along cement lines, and in osteoid seams. The formation of AChE-

rich cement lines can be explained by the secretion of AChE at newly resorbed 

surfaces by differentiated osteoblasts. The interaction between osteoblasts and 

AChE will help them attach.  This is confirmed by the reduction of cell 

adhesion after addition of AChE inhibitors. As the bone formation advances, it 

will trap AChE into the osteoid. Later in the bone development process, the 

differentiated osteoblast will no longer secrete AChE and more non-secreted 

glycosylated AChE was formed. This will assist in bone matrix mineralization 

[122, 123, 173]. 

 

Few studies investigate the non-enzymatic function of AChE in the osteoclastic 

lineage. One study treated bone marrow macrophages with heat-inactivated 

recombinant AChE. The researchers identified a larger number of TRAP-

positive cells in the treatment group, although the difference was not 

statistically significant [124]. Therefore, the emphasis of future studies should 

be on the non-enzymatic role of AChE in osteoclastic lineage.  
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1.5 Research gap 

AChE and other cholinergic components have been reported to be identified in 

the bone system and involved in the process of bone development. Its roles in 

bone degeneration, especially in osteoblast senescence and osteoclastogenesis, 

however, remain unknown. Also, whether the pharmaceutical inhibition of 

AChE can rescue bone loss is still poorly investigated. 

 

 

1.6 Objectives of the study 

This study aims to determine the role of AChE and its inhibitors in bone 

homeostasis and disease, i.e., in the context of OP. 

 

1. To investigate the role of AChE in regulating osteoblast senescence  

2. To investigate the non-neuronal functions of AChE during 

osteoclastogenesis (non-cholinergic and non-enzymatic) 

3. To investigate the role of AChE on OB-OC crosstalk via a microfluidic co-

culture system. 

4. To investigate the role of AChE during osteoporosis development and the 

effects of AChE inhibitors on the rescue of OVX-induced bone loss (central 

acting or peripheral acting). 
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Chapter 2 Osteoblast senescence induces upregulated expression 

level of non-neuronal acetylcholinesterase in vitro: a vicious circle 

2.1 Introduction 

Aging and cell senescence 

Aging is a common risk factor for many chronic diseases such as Alzheimer’s disease, 

cardiovascular diseases, cancers, osteoarthritis, osteoporosis, etc.[174]. These age-related 

diseases bring a huge healthy and economic burden to the global society. It is urgent for 

researchers to understand the processes of aging. 

 

The age-related diseases are generally associated with functional aging, which have the 

following features: i) low-grade inflammation[175], ii) DNA damage[176], shorten of 

telomere length[177], mitochondrial dysfunction[178], misfolded proteins[179], etc., iii) 

declined differentiation ability of stem cells[180], iv) cell senescence[181]. By targeting 

these features, researchers are trying to solve the problem of age-related diseases and 

therefore extend the health span of human beings[182]. 

 

Cell senescence is when cells enter a state in which they permanently stop cell division but 

are still alive. Cell senescence is thought to be a protective mechanism that prevents 

damaged or unwanted cells from developing into malignant tumors. Senescent cells could be 

found in anytime, however, their accumulation is the major contributor to aging and age-

related diseases[183].  
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Cellular senescence is triggered by DNA damage responses induced by stress such as ROS 

and telomere shortening[184, 185]. The characteristics of senescent cells include cell 

hypertrophy, increased expression of p21 and p16Ink4a, and elevated activity of Senescence-

Associated Beta-Galactosidase (SA-β-GAL)[183]. Both p21 and p16Ink4a are cyclin-

dependent kinase inhibitors, the upregulation of p21 is earlier than the expression of p16Ink4a, 

p21 is considered the early marker of cell senescence, while the increase of p16Ink4a reflects 

the full stage of cell senescence[181]. 

 

Osteoblast senescence and osteoporosis 

As mentioned, the overall aging process is in the majority part the result of senescent cell 

accumulation. In the bone system, age-related bone loss is associated with senescence-

resulted osteoblast dysfunction. Similar to the cellular senescence of other cell types, the 

senescence of osteoblasts is induced by several intrinsic factors such as shortening of 

telomere, excessive oxidative stress, and DNA damage [186]. Senescent osteoblastic cells 

reflected attenuated cell proliferation ability, shorter functional lifespan, impaired 

differentiation capability of progenitor cells, and weaker responses to growth factors[187]. In 

a previous study, the osteoblast progenitors, osteoblasts, and osteocytes were isolated 

through a magnetic-activated cell sorting (MACS) method in both 6-month-old (young) and 

24-month-old mice (old). Compared to the young mice, the older mice showed a 

significantly higher expression of senescence marker p16INK4a and telomere dysfunction-

induced foci in isolated osteoblastic cells[188]. Clearance of senescent cells, especially of 
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osteocytes in aged mice (a relative reduction of 46%) resulted in a high ratio of BV/TV in 

spine, femur, and tibia trabecular bone[189]. An accelerated senescent mice model was 

established by a double mutation in genome repair molecules TERC (Telomerase RNA 

component) and WRN (Werner syndrome helicase). In these Wrn–/– Terc–/– mutant mice, the 

researchers found that the differentiation potential of osteoblast progenitors was inhibited, 

while the osteoclastogenesis was not affected. The bone loss phenotype was also observed in 

the mutant mice. These studies pointed out a critical role of senescent osteoblastic cells in 

osteoporosis. 

 

 

2.2 Rationale 

AChE is a multifunctional protein with multiple active sites which can combine enzymatic 

and non-enzymatic functions within one molecule[190]. Acting enzymatically, AChE 

hydrolyses acetylcholine to hinder osteoblast lineage activity. Acetylcholine would activate 

both nicotinic and muscarinic receptors on osteoblasts. By binding to nicotinic receptors, 

acetylcholine increases the expression level of Cyclin D1, promoting the cell proliferation of 

osteoblasts[112]. Via stimulating muscarinic receptors, calcium signaling in osteoblasts was 

activated, accelerating osteoblasts proliferation[117]. The involvement of AChE in 

skeletogenesis has been reported in both mouse and chick embryos[160, 191]. Endochondral 

ossification is accelerated in the embryo of Ache-/- mice[160]. AChE inhibitors like donepezil 

favor postnatal bone growth in mice[192, 193]. Acting non-enzymatically, osteoblasts-

derived AChE was shown to modulate their interaction with bone extracellular matrix[122, 
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123]. All the evidence points to an emerging role of AChE in osteogenesis and osteoblasts in 

the bone development stage. Yet, the role of AChE in osteoblastic lineage at the 

degeneration stage was poorly investigated. 

 

2.3 Materials and methods 

Reagents 

Fetal bovine serum, Minimum Essential Medium α, trypsin–EDTA reagent, Penicillin-

Streptomycin, RevertAid First Strand cDNA Synthesis Kit, NucBlue reagent (Thermo Fisher 

Scientific, Waltham, USA, #10270-106  & #12561-056 & #25300-062 & #15140-122 & 

#K1622 & #R37605); Donepezil HCl (Aladdin, Shanghai, China, # 120011-70-3); 

Galantamine Hydrobromide (Sigma-Aldrich, St. Louis, USA, PHR1623-500MG); Cell 

Proliferation Kit 1 (MTT) (Roche, Penzberg, German, #11465007001); E.Z.N.A.® Total 

RNA Kit I (Omega Bio-tek, Norcross, USA, #R6834-02); QuantiNova SYBR Green PCR 

Kit (Qiagen, Hilden, German, #208056); Recombinant Mouse Acetylcholinesterase (AChE) 

Protein, (USA, # 5518-CE-010); Anti-Acetylcholinesterase antibody, Anti- 

CDKN2A/p16INK4a antibody, secondary Goat Anti-Mouse IgG (H&L) antibody (Alexa 

Fluor® 647), Donkey anti-Rabbit IgG H&L (DyLight® 488) secondary antibody (Abcam, 

UK, #ab2803 & #ab189034 & #ab150115 & #ab98488); Senescence β-Galactosidase 

Staining Kit (Cell signaling technology, Danvers, USA, #9860), Hydrogen Peroxide 30% 

(Merck, Kenilworth, USA, # 1.07298.0250). 
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Animals 

For the natural aged mice, 3-month-old, 6-month-old, 9-month-old, 16-month-old and 18-

month-old mice (every time point 3 mice) were obtained from PolyU CAF under a license 

(20-129) in DH/HT&A/8/2/4/ Pt.2 issued by the Department of Health, Hong Kong. The 

bone samples of all mice were collected and fixed. The samples were then decalcified, 

dehydrated, embedded, and sectioned to slides. Slides were deparaffinized and rehydrated 

for routine H&E staining, TRAP staining, and immune-histochemical staining. 

 

Histochemistry 

Spine tissues were dissected from mice and fixed immediately in 4% PFA solution 

overnight, then decalcified in 10% EDTA for 2 weeks. After decalcification, the samples 

were dehydrated in an alcohol gradient ranging from 70% to 100% and were embedded in 

paraffin following the standard protocols. Samples will be cut into 5um sections using the 

microtome. Slides were deparaffinized and rehydrated for routine H&E staining, tartrate 

resistance acid phosphatase (TRAP) staining (Sigma-Aldrich) and AChE 

immunofluorescence (Anti-Acetylcholinesterase antibody (Abcam, ab2803)). 

 

Cell culture of osteoblastic MC3T3-E1 cells 

The murine osteoblastic MC3T3-E1 Subclone 4 cell line was obtained from the American 

Type Culture Collection (ATCC CRL-2593, Manassas, VA, USA) and was cultured in 

αMEM medium supplemented with 10% Fetal Bovine Serum and 1% 

penicillin/streptomycin (Growth medium). When reaching the 50–60 % confluency, MC3T3-
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E1 cells were treated with 100μM or 200μM H2O2 for senescence induction. For treatment 

of AChE inhibitors, the cells were treated with 1μM donepezil or galantamine in senescence 

induction medium after reaching the 50–60 % confluency. The concentration and treatment 

time of donepezil and galantamine were determined by a Cell Proliferation Kit I with MTT 

(Roche, Switzerland). In some experiments, mouse recombinant AChE protein or heat-

inactivated AChE protein was added to medium with cultured MC3T3-E1 cells for 3 days in 

the concentration of 200ng/ml. "Heat-inactivated" AChE was prepared by heating the protein 

for 3 min at 100°C. All cells were incubated in a humidified atmosphere with 5% CO2 at 

37 °C and medium was replaced every two days. 

 

MTT assay 

The cell proliferation assay will be performed using the Cell Counting Kit-8 (CCK- 8, 

Dojindo, Kumamoto, Japan). MC3T3-E1 cell suspension (100 μL, 1 × 104 per well) will be 

dispensed into 96-well plates and incubated for 24 h, then changed for the fresh media 

containing different concentrations of donepezil and galantamine (0.01 /0.05 /0.1 /0.5 /1 /5 

/10 /50 /100μM) and incubated for another day. Finally, 10 μL of CCK-8 solution will be 

added into each well and incubated for 4 h, after the absorbance will be measured at 570 nm 

using a BioTek microplate reader (Winooski, VT, USA). 

 

SA-βgal Staining 

SA-βgal was conducted to verify whether the cell was in the status of senescence. The 

sample cells were stained with beta-galactosidase in the procedure adapted from a well- 
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established protocol (Dimri et al., 1995). In brief, cells were first washed with PBS once and 

submerged in fixative solution for 10 minutes at room temperature. Afterward, the fixed cells 

were then washed twice with PBS and exposed to the staining solution. During the process 

of staining, cells submerging under staining solution was incubated at 37℃ without the 

supply of CO2 overnight. Stained cells were observed under the bright field of a microscope. 

 

qRT-PCR 

MC3T3-E1 cell samples were lysed with a TRK Lysis to extract Total RNA (with proteins 

and other organic matters). Total RNA was further extracted and purified by using E.Z.N.A.® 

Total RNA Kit I (Omega, R6834-01) according to the manufacturer’s protocol. RNA 

concentrations were measured by Nano-drop (ND-1000 spectrophotometer). Extracted RNA 

of each sample (1𝜇𝑔) was reverse transcribed into cDNA with Revert Aid First Strand 

cDNA Synthesis Kit (Thermo fisher). qRT-PCR then was carried out on BIO- RAD CFX96 

Touch™ Real-Time PCR Detection System with primers of specific genes (Table 4-1 for 

Ache targeting senescence related genes) and Quanti Nova SYBR Green PCR Kit (Qiagen). 

 

Gene Forward Primer Reverse Primer 

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

AChE AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

P16INK4a GCTTCTCACCTCGCTTGTCA GTGACCAAGAACCTGCGAC 

P21 GAGAGGAGAGGCCACCATTT CACTATCCTGGGCATTTCGGT 

Table 2-1 Primer sequence of Ache targeting senescence related genes used in qPCR. 
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Cell immunofluorescence 

MC3T3-E1 cells were seeded with a density of 1000 cells/well in 12-well plates on circle 

cover slips. Subsequently the cells were fixed in 4% paraformaldehyde for 10 min, 

permeabilized in 0.1% Triton-X 100 for 30 min, blocked with 5% BSA for 30 min. AChE 

was visualized using the Anti-Acetylcholinesterase antibody (Abcam, ab2803) as well as 

Anti- CDKN2A/p16INK4a antibody (1:200; Abcam, ab189034) in combination with the 

secondary Goat Anti-Mouse IgG (H&L) antibody (Alexa Fluor® 647), Donkey anti-Rabbit 

IgG H&L (DyLight® 488) secondary antibody (Abcam, ab150115 & ab98488) for detection. 

Nuclei were visualized by NucBlue reagent (Life Technologies, R37605). Cells were imaged 

on an Olympus BX61 inverted microscope system. 

 

Statistical Analysis 

All statistical results were presented as mean + standard error of the mean (SEM). The 

comparison between multiple groups was quantitatively analyzed using one-way ANOVA. 

Post-hoc tests were performed following statistically significant results. A significant 

difference was indicated when P<0.05. 

 

2.4 Results 

AChE protein accumulated in aged mice bone in vivo and senescent osteoblasts in vitro 

To investigate the expression pattern of AChE during the aging process, we checked the 

AChE expression and the number of osteoclasts in bone sections of 3-month-old, 6-month-
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old, 9-month-old, 16-month-old, and 18-month-old mice via IHC staining. As shown in Fig 

2.1A, obvious bone loss was indicated in the bone sections of 18-month-old mice. In 

Fig.2.1C, we observed a darker brown signal in the bone surface of 18-month-old mice 

femur section. Meanwhile, more TRAP+ signals were found in bone sections of both 16-

month-old and 18-month-old mice. These results suggested that increased AChE expression 

was associated with age-related bone loss. To investigate the relationship between AChE and 

osteoblast senescence, we identified the AChE expression in an H2O2 induced senescent 

model in vitro. Much more SA-βgal positive cells were found in the H2O2 treated group 

(Figure 2.1E), which confirmed the validation of the cell senescent model. After treatment of 

H2O2, both the mRNA and protein level of senescent marker p16INK4a increased (Fig 2.1F, G), 

the mRNA level of early senescent marker p21 also increased, associated with the elevated 

expression of AChE, the results showed a dose-dependent effect.   
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Fig 2.1 AChE expression and bone loss observed with natural aging process in mice. AChE 
expression increased during senescence induction via H2O2 treatment in MC3T3 cells in vitro. 
(A, B, C) Representative images quantitative results of H&E staining, TRAP staining, and DAB 
staining for AChE (brown) from 3-month-old mice (n=3), 6-month-old mice (n=3), 9-month-old 
mice (n=3), 16-month-old mice (n=3), and 18-month-old mice (n=3) bone samples. Scale bar, 100 
µm, 100 µm, 50 µm, respectively. Positive signals were indicated with red arrows. (D) In vitro 
Experiment design and (E)representative images of SA-βgal staining when cells were treated with 
100 µM or 200 µM of H2O2. Scale bar, 50 µm. (F) Representative immunofluorescence staining 
images of p16INK4a (red) and AChE(green) with different concentrations of H2O2 induction. Scale bar, 
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25 µm. Cells were counter-stained with DAPI (blue). (G) Relative mRNA expression of AChE, 
senescent markers (p16INK4a and p21) under the treatments of (D)(n=9). Cells were pretreated with 
blockers for 30 minutes before H2O2 stimulation. All data are expressed as means ± SEM. One-way 
ANOVA with Post-hoc tests were performed following statistically significant results. * p<0.05; ** 
p<0.005; *** p<0.001. 

 

Both recombinant AChE protein and heat-inactivated AChE initiated the senescence of 

osteoblasts in vitro 

To distinguish the enzymatic function and non-enzymatic function of AChE on 

osteoclastogenesis, we incubated cells with AChE and Heat-inactivated AChE. Heat 

treatment will irreversibly inactivate the catalytic function of AChE [194]. As shown in Fig 

2.2, we used both intact AChE protein and heat-inactivated AChE protein to treat the 

osteoblastic MC3T3-E1 cells. We found that the incubation of AChE/HAChE resulted in a 

higher percentage of SA-βgal positive cells with a statistically significant difference. While 

in the mRNA level, both the AChE and HAChE treatment groups indicated a higher 

expression of senescent markers P21 with a statistically significant difference. 
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Fig 2.2 Treatments of both mouse recombinant AChE and heat-inactivated AChE initiate 
osteoblast senescence in MC3T3 cells. (A)experiment design. (B) Representative images of SA-
βgal staining (blue) when cells were treated with were treated with recombinant AChE (200ng/mL) 
and heat inactivated AChE (200ng/mL) (24h). Scale bar, 100 µm. (C)Quantification results of 
percentages of SA-βgal positive cells under conditions of (B) (n=20). (D) expression of AChE, 
senescent markers (p16INK4a and p21) under the treatments of (B) (n=6). All data are expressed as 
means ± SEM. One-way ANOVA with Post-hoc tests were performed following statistically 
significant results. * p<0.05; ** p<0.005; *** p<0.001. 
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Fig 2.3 Cell viability of MC3T3 with increasing concentrations of one day treatments of 
donepezil and galantamine, respectively. Both donepezil and galantamine treatment for 24h 
showed a concentration-dependent reduction of cell viability. Set 75% viability as a threshold, 1µM 
was the maximum tested safe concentration for both donepezil and galantamine. All data are 
expressed as means ± SEM. All data are expressed as means ± SEM. One-way ANOVA with Post-
hoc tests were performed following statistically significant results. * p<0.05; ** p<0.005; *** 
p<0.001.  
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Dual-binding AChE inhibitor donepezil but not galantamine could rescue the effect of H2O2 

induced senescence in vitro. 

To further identify the non-enzymatic function of AChE, AChE inhibitors with different 

binding affinities were used to treat senescent osteoblasts. We used two ACHE inhibitors to 

treat the cells, donepezil, and galantamine. As mentioned before, donepezil and galantamine 

show controversial results in preventing bone loss. As shown in Figure 2E-H, after treatment 

of AChE inhibitors, the H2O2 induced senescence was hindered in the donepezil treated 

group but there was no significant difference. Our results showed that treatment of donepezil 

could suppress the level of p16 and p21in both mRNA levels and protein levels.  
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Fig 2.4 Treatment of donepezil to senescent osteoblastic MC3T3 reduced the expression of 
AChE and p16INK4a in vitro. (A) Experiment design. (B) Representative images of SA-βgal staining 
when cells were treated with of H2O2 and post-treatments of donepezil and galantamine. Scale bar, 
50 µm. (C) Representative immunofluorescence staining images of p16INK4a (red) and AChE(green) 
with different concentrations of H2O2 induction. Scale bar, 10 µm. Cells were counter-stained with 
DAPI (blue). Cells were pretreated with blockers for 30 minutes before H2O2 stimulation. (D) 
Relative mRNA expression of AChE, senescent markers (p16INK4a and p21) under the treatments of 
(B)(n=6). All data are expressed as means ± SEM. One-way ANOVA with Post-hoc tests were 
performed following statistically significant results. * p<0.05; ** p<0.005; *** p<0.001. 
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2.5 Discussion 

Previously studies on AChE and osteoblasts all focused on the role of AChE in cell 

proliferation and osteogenesis in the bone development period [112, 117, 122, 123, 160, 

191]. Our study was the first time that demonstrated the regulative effect of AChE in 

osteoblast senescence. We first found that AChE expression increased during the natural 

aging process in the mice model. Moreover, H2O2 induced senescence of osteoblastic cells 

was associated with upregulated expression of AChE. Our results also supported that both 

AChE and heat-inactivated AChE led to the early senescence of osteoblastic cells. In 

addition, the AChE inhibitor, donepezil but not galantamine could attenuate the senescence 

of osteoblastic cells. We concluded that the senescent osteoblasts secreted AChE to the bone 

matrix, the secreted AChE triggered active osteoblasts to undergo senescence, and a vicious 

cycle formed.  

 

However, further studies should be performed to explore the underlying mechanism. As 

mentioned, osteoblast senescence was caused by the shortening of telomere, excessive 

oxidative stress, and DNA damage. The association between AChE and these factors should 

be further investigated. We should notice two interesting results: First, a higher percentage of 

SA-β gal positive cells was observed in heat-inactivated AChE treated MC3T3-E1 cells, 

both recombinant AChE and heat-inactivated AChE treatment groups show higher 

expression of early senescent marker P21; Second, the AChE inhibitor donepezil is a dual-

binding inhibitor, which binds to both the catalytic site and the peripheral anionic site of 

acetylcholine, while galantamine only binds to the catalytic site, our results suggested that 
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only the donepezil treatment showed the inhibition of senescence in osteoblastic cells. So, 

the presenting data indicated the possible non-enzymatic regulation function of AChE in 

osteoblast senescence.  

 

Several studies illustrated that the increased intrinsic cell stiffness was associated with 

cellular senescence[195, 196]. MSCs isolated from Hutchinson–Gilford Progeria Syndrome 

phenotype showed increased cell stiffness compared to the cells in the WT phenotype[195]. 

The senescent human trabecular meshwork cells in the eyes reflected a 1.88±0.14 or 

2.57±0.14 folds (with/without serum) increase in stiffness compared to the control 

cells[196]. AChE was reported to perform structural functions on adherent chicken retinal 

cells non-enzymatically[197]. Basically, the researchers transfected rabbit AChE cDNA 

vector to chicken retinal cells, these transfected cells expressed more heterologous AChE 

protein but no more activity. A high level of cytoskeleton protein vimentin was expressed in 

the transfected cells, for which the authors claimed that the AChE could affect the 

cytoskeleton of retinal cells independent of its enzymatic function. So, AChE might also 

interfere with the cytoskeleton structure of osteoblastic cells and consequently affect the 

process of osteoblastic senescence, further studies which investigate the cell stiffness and 

cytoskeleton proteins of AChE and HAChE treated osteoblastic cells should be conducted. 
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Chapter 3 Acetylcholinesterase promote osteoclastogenesis via 

acetylcholine-independent pathway in vitro 

3.1 Introduction  

Role of integrins in osteoclast adhesion and migration 

The adhesion and migration processes are essential for the differentiation of osteoclasts. 

Integrins are a group of heterodimeric transmembrane receptors expressed by all 

multicellular animals[198]. Different subunits 𝛼 and 𝛽, both are class-I transmembrane 

proteins, assemble by non-covalent interactions to form an integrin, among different species, 

there are 25 different receptors[198, 199]. It was reported that 𝛼!𝛽", 𝛼#𝛽$, 𝛼!𝛽$ integrins 

were expressed in human osteoclasts, among them, 𝛼!𝛽" integrin was the dominant one[200-

202]. The integrins are vital for the adhesion and migration of osteoclasts precursors. The 

extracellular domain of 𝛼!𝛽" integrin on osteoclasts was suggested to bind to many ECM 

proteins containing RGD-motif, such as osteopontin, bone sialoprotein, and vitronectin, 

therefore sustaining the adhesion of osteoclast precursors and osteoclasts[203]. Moreover, 

researchers found that treatment of echistatin, an RGD-containing integrin antagonist, could 

inhibit the migration and cell distribution of osteoclast precursors. Additionally, they noticed 

that 𝛼!𝛽" integrins were identified in podosomes at the migrative edges of osteoclasts in 

normal OC culture, however, with the treatment of echistatin, the integrins were randomly 

spreading on the adhesion surfaces. These results indicated that 𝛼!𝛽" integrins also played 

an important role in osteoclasts migration[204]. 
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RANKL/RANK/OPG signaling pathway in bone remodeling 

The RANKL/RANK/OPG signaling pathway is a classic and critical pathway for the 

crosstalk of bone cells, more specifically, the crosstalk between osteoblastic cells and 

osteoclastic cells. RANK, receptor activator of nuclear factor kappa B, is a receptor 

expressed on the membrane of osteoclast precursors that triggers the process of 

osteoclastogenesis. RANKL is the membrane ligand to RANK which is expressed by 

osteoblastic cells, and some of RANKL can be released to the bone microenvironment as a 

soluble form. OPG, osteoprotegerin, a decoy receptor for RANKL, is also released by 

osteoblastic cells and binds to RANKL to prevent excessive bone resorption. The 

RANKL/OPG ratio is a critical regulator for bone remodeling[205, 206]. 

 

 

Overview of microfluidics 

Microfluidics refers to the precise observation, control, and manipulation of working fluids 

in channels with dimensions of tens to hundreds of micrometers[207]. Due to their low cost, 

small size, versatility, operating flexibility, high resolution, and sensitivity in a minute 

quantity of samples, as well as a short time in analysis, microfluidic devices quickly prevail 

in the biological fields of genome sequencing, proteomics, cell biology, and medical 

diagnostics[208]. The first batch of researchers in the 1990s [209, 210] used 

photolithography techniques to fabricate microfluidic devices, which gained high resolution 

but were expensive and inconvenient. After a new flexible method, soft lithography was 
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invented in 2001[211], microfluidics has been prosperous in bioengineering labs all over the 

world. 

 

As mentioned above, in the beginning, the method to fabricate microfluidic devices was 

photolithography and etching, which was adapted from the microelectronics industry, was 

precise but costly, laborious, and inflexible. Later in 2001, soft lithography techniques were 

applied to microfluidics. This method needs only one mask being fabricated in 

photolithography, and the following finished devices can be made in open lab environments, 

which greatly increased the efficiency of processing progress and bring it out of a clean 

room[211]. The material used in soft lithography, elastomer poly(dimethylsiloxane) (PDMS) 

is inexpensive and easy to mold. More importantly, this material is optically clear, bio-inert, 

non-toxic, and non-flammable.  

 

 

3.2 Rationale 

The enzymatic function of AChE may play a dominant role in bone formation[192, 193]. Yet 

the role of AChE, either its enzymatic or non-enzymatic function, in bone resorption is 

relatively less understood.  

 

Although is also evidence that indicates a potential effect of AChE in the process of 

osteoclastic lineage, the mechanism still needs to be explored. A remarkable decrease in the 

number of osteoclasts was reported in lumbar vertebrae of the heterozygous 
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acetylcholinesterase-knockout mice[212]. Meanwhile, AChE could also directly stimulate 

the respiratory burst in peritoneal macrophages[213], and enhance osteoclast differentiation 

of bone marrow monocytes, which is independent of its enzymatic function[214]. Another 

study showed that AChE inhibitor donepezil could suppress osteoclastogenesis in cell 

cultures of murine bone marrow-derived macrophages [124]. However, a recent study 

claimed that other AChE inhibitors, Galantamine and Pyridostigmine had no direct effects in 

vitro on the survival and differentiation of osteoclast progenitors[215]. These controversial 

results need to be further confirmed with mechanism detection.  

 

Under the regulation of many cytokines, the osteoclasts precursors are recruited to proliferate 

and become preosteoclasts and attach to the bone resorption site. With continuous signaling 

of M-CSF and RANKL, the pre-osteoclasts differentiate from mononuclear osteoclasts and 

at the same time migrate and adhere to fuse together. And finally became activated 

multinuclear osteoclasts. So, we investigate the role of AChE in osteoclast precursors 

adhesion, migration, and fusion. 

 

 

3.3 Materials and methods 

Reagents 

Fetal bovine serum (FBS), Dulbecco's Modified Eagle Medium(high-glucose) (DMEM), 

Minimum Essential Medium α (αMEM), trypsin–EDTA reagent, Penicillin-Streptomycin 

(P/S), RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, 
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USA, #10270-106 & #11965-092 & #12561-056 & #25300-062 & #15140-122 & #K1622); 

Soluble RANKL (Sigma-Aldrich, St. Louis, USA, #R0525-10UG); Donepezil HCl (Aladdin, 

Shanghai, China, # 120011-70-3); Galantamine Hydrobromide (Sigma-Aldrich, St. Louis, 

USA, PHR1623-500MG); Cell Proliferation Kit 1 (MTT) (Roche, Penzberg, German, 

#11465007001); E.Z.N.A.® Total RNA Kit I (Omega Bio-tek, Norcross, USA, #R6834-02); 

QuantiNova SYBR Green PCR Kit (Qiagen, Hilden, German, #208056); Recombinant 

Mouse Acetylcholinesterase (AChE) Protein, Recombinant Mouse M-CSF Protein (R&D 

Systems, Inc, Minneapolis, USA, # 5518-CE-010 & # 416-ML-500). 

 

Cell culture and osteoclast in vitro differentiation of RAW 264.7 cells 

The murine macrophage RAW 264.7 cell line was obtained from the American Type Culture 

Collection (ATCC TIB-71, Manassas, VA, USA) and was cultured in DMEM medium 

supplemented with 10% Fetal Bovine Serum and 1% penicillin/streptomycin (Growth 

medium). When reaching the 50–60 % confluency, RAW 264.7 cells were cultured with 

growth medium containing 15ng/mL soluble RANKL (RANK Ligand from mouse, R0525, 

sigma) for 3-7 days to differentiate to osteoclasts. For treatment of AChE inhibitors, the 

RAW 264.7 cells were treated with 1μM donepezil or galantamine in differentiation 

induction medium after reaching the 50–60 % confluency. The concentration and treatment 

time of donepezil and galantamine were determined by a Cell Proliferation Kit I with MTT 

(Roche, Switzerland). In some experiments, mouse recombinant AChE protein or heat-

inactivated AChE protein was added to the differentiation medium with cultured RAW 264.7 

cells for 3 days in the concentration of 200ng/mL. "Heat-inactivated" AChE was prepared by 
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heating the protein for 3 min at 100°C. All cells were incubated in a humidified atmosphere 

with 5% CO2 at 37 °C and medium was replaced every day. 

 

Fabrication of microfluidic device 

The microfluidic chip was fabricated by the soft lithography method. In brief, the silicon 

wafer was firstly washed under a standard wash process and blown dry the wafer with 

nitrogen. After baking on the hot plate at 180°C for 30min, the wafer was placed on the 

ultra-clean wiper to cool down the wafer. Then, the wafer was coated with SU-8 3010 at 

3000rpm for the 30s to get a 10 μm photoresist layer. After 3min soft baking at 95°C, the 

coated wafer was put in the UV aligner and covered with the designed photomask for 

exposure with the exposure energy at 210 mJ/cm2. It should be noted that the practical 

exposure parameters were fixed according to the equipment condition duly to avoid the 

prism effect and standing wave effect. Then, the SU-8 mold was obtained after a 3min post-

baking process (1min at 65°C and 2min at 95°C), and a 3min development process. The 

wafer was cleaned by the nitrogen flow after every operation. 

 

Before processing the demolding process, the fabricated silicon wafer was coated with 

1H,1H,2H,2H-perfluorodecyltriethoxysilane (FDTS) for a hydrophobic layer. Then, the 

mixture of PDMS (10:1) was poured onto the mold after a thoroughly stirring process. The 

mold with PDMS was put in the vacuum for 30min to bleed the air in the mixture. After that, 

put the mold in the oven overnight at 70°C to get the PDMS mold. Then, tearing off the 

PDMS mold and cut it to get the single mold. The ports of medium and cell were punched by 
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a sharp puncher. Tapes were used to clean the surface of the PDMS and glass coverslip. 

Then, the chip was obtained by bonding PDMS and coverslip after oxygen plasma treatment. 

After washing with deionized water and 70% ethanol, the chip was ready for use. Chips were 

cleaned with sterile PBS solution and exposed to UV light to be sterilized for 30 minutes. 

Then the channels of the chip were coated with 50𝜇g/ml of collagen I solution for 1 hour and 

then washed with PBS. 

 

Live cell imaging  

To investigate how AChE and HAChE proteins affect the cell adhesion of osteoclasts 

precursors, we observed the cell adhesion behaviors under the AChE/ HAChE coating 

conditions via the live cell imaging microscope (Nikon Eclipse Ti2). Basically, the petri dish 

was coated with a layer of collagen I (50𝜇g/ml) or collagen I (50𝜇g/ml) with ACHE 

(200ng/ml) or HAChE (200ng/ml). Osteoclast precursors were seeded at the density of 0.3 X 

106 per well in each petri dish. And then they were stable incubated for 2 hours (in a 

humidified atmosphere with 5% CO2 at 37 °C). The petri dishes were shaken every 3 

minutes for 40 hours. Live cell imaging microscope to monitor the adhesion behaviors of 

cells in each petri dish. Adhesion index (A) was introduced to quantify the degree of cell 

adhesion (0-20%: A=1; 21-40%: A=2; 41-60%: A=3; 61-80%: A=4; 81-100%: A=5). 

 

To characterize osteoblastic cells and osteoclasts cells in the microfluidic device, the cells 

were alive and stained by different fluorescent cell membrane labeling dyes. The osteoblastic 

cells were stained with a green-fluorescent dye (Sigma-Aldrich, St. Louis, USA, 
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#PKH67GL) and the osteoclasts were stained with red-fluorescent dye (Sigma-Aldrich, St. 

Louis, USA, #PKH26GL). Senescence of osteoblastic cells was induced by 200μM H2O2 

for 24 hours. Live cell imaging microscope to monitor the migration behaviors of cells in the 

microfluidic device. 

 

Isolation of primary cultured osteoclasts form mice long bones in vitro and differentiation 

induction 

The mouse primary cultured bone marrow cells and osteoclast precursors were isolated 

based on an established protocol[216]. Briefly, four balb/c mice were sacrificed with an 

overdosed anesthetic cocktail [ketamine (100mg/mL): Xylazine (20mg/mL): saline = 

5:2.5:2.5], and the limb bones were collected and rinsed with ice PBS. After all samples 

were dissected, the bones with PBS were transferred to a biosafety cabinet. The bones were 

then placed in ice PBS with 1% P/S. The end of the 200 μL pipette tips were cut so that they 

could be put in the 1.5mL centrifuge tubes. Small incisions (approximately 1 to 2 mm) at 

both ends of the bones were made and the cut bone were transferred to the cut tips in the 

centrifuge tubes. 100μL of αMEM supplemented with 10% FBS and 1% P/S were added to 

each centrifuge tubes with inserts. The tubes with bone were centrifuged at 10,000 x g for 15 

s at room temperature to flush and pellet the bone marrow. The inserts of hollow bones were 

removed and the medium with bone marrow were collected. For every 500 μL of samples, 

10ml of growth medium was added. The mix cells were allowed to attach for 48h. After 48 

hours, the non-adherent cells were collected, these were the targeted osteoclastic progenitors. 
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For the osteoclastogenetic induction of primary cultured osteoclastic progenitors, 25ng/mL 

RANKL and 15ng/mL M-CSF were added to the culture medium (differentiation medium). 

The differentiation medium was replaced every other day for 4 days. Multinucleated cells 

were observed to form from the third day of induction.  For treatment of AChE inhibitors, 

the primary cultured osteoclastic progenitors were treated with 1μM donepezil or 

galantamine in differentiation induction medium after reaching the 50–60 % confluency. The 

concentration and treatment time of donepezil and galantamine were determined by a Cell 

Proliferation Kit I with MTT (Roche, Switzerland). In some experiments, mouse 

recombinant AChE protein or heat-inactivated AChE protein was added to the differentiation 

medium with cultured cells for 3 days in the concentration of 200ng/mL. "Heat-inactivated" 

AChE was prepared by heating the protein for 3 min at 100°C. All cells were incubated in a 

humidified atmosphere with 5% CO2 at 37 °C and medium was replaced every two days. 

 

MTT assay 

The cell proliferation assay will be performed using the Cell Counting Kit-8 (CCK- 8, 

Dojindo, Kumamoto, Japan). RAW 264.7 cell suspension (100 μL, 1 × 104 per well) will be 

dispensed into 96-well plates and incubated for 24 h, then changed for the fresh media 

containing different concentrations of donepezil and galantamine (0.01 /0.05 /0.1 /0.5 /1 /5 

/10 /50 /100μM) and incubated for another day. Finally, 10 μL of CCK-8 solution will be 

added into each well and incubated for 4 h, after the absorbance will be measured at 570 nm 

using a BioTek microplate reader (Winooski, VT, USA). 
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TRAP staining 

Cultured osteoclast-like cells were fixed in 4% paraformaldehyde solution for 15min at room 

temperature and stained with the leukocyte acid phosphatase kit (387A, Sigma-Aldrich) 

according to the protocol of the manufacturer. Briefly, deionized fast garnet GBC solution, 

naphthol AS-BI phosphate solution, acetate solution, tartrate solution and deionized warm 

water were mixed together according to the manufacturer instructions at 37 °C, cells were 

stained with the mixed solution for 1h at 37 °C in dark environment. After staining the cells 

were rinsed with deionized water 3 times. Images of cells were collected with a Nikon 

microscope. TRAP positive multinucleated cells (nuclear numbers > 3) were counted using 

the image J software. 

 

Cell immunofluorescence 

RAW 264.7 cells or primary cultured osteoclasts were seeded with a density of 1000 

cells/well in 12-well plates on circle cover slips. Subsequently the cells were fixed in 4% 

paraformaldehyde for 15 min, permeabilized in 0.1% Triton-X 100 for 30 min, blocked with 

5% BSA for 30 min. AChE was visualized using an Anti-Acetylcholinesterase antibody 

(Abcam, ab2803) in combination with the secondary Goat Anti-Mouse IgG (H&L) antibody 

(Alexa Fluor® 647) (Abcam, ab150115) for detection. Nuclei were visualized by NucBlue 

reagent (Life Technologies, R37605). Cells were imaged on an Olympus BX61 inverted 

microscope system. 
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Total RNA Extraction 

Total RNA from cells was collected using E.Z.N.A.® Total RNA Kit I (Omega Bio-tek) 

according to the manufacturer’s instructions. Briefly, cells were lysed directly on a culture 

plate with lysis buffer. 1 volume of 70% ethanol was added and mixed with the lysate, 

followed by centrifugation at 10000 for 1min in a spin column. The supernatants were 

removed, and the samples trapped in the column filter were washed with wash buffer I and 

wash buffer II for several times. 20 μL of RNase/DNase-free water was added to the filter 

membrane to dissolved RNA. The concentration of total RNA was measured by NanoDrop 

One (Nanodrop Technologies). Only samples with A260/280 > 1.7 were used for reverse 

transcription. Isolated total RNA was stored at -80 °C 

 

Reverse transcription of total RNA to cDNA  

The extracted total RNA was reverse transcribed to cDNA via a RevertAid First Strand 

cDNA Synthesis Kit (Thermofisher) according to manufacturer’s protocol. Briefly, 1000ng 

of total RNA was mixed with appropriate amount of water, making up total volume of 11 

µL, and added with 1 µL of Oligo(dT)18 primer. The 12µL of mixture was incubated at 65 °C 

for 5 minutes and chill on ice immediately for 1 minute. Later, for every sample, 1µL of 

RiboLock RNase Inhibitor, 1µL of RevertAid RT, 2µL of 10 mM dNTP Mix and 4µL of 5X 

Reaction Buffer were added to the sample to make a final volume of 20µL mixture. The 

20µL of mixture was incubated at 42 °C for 60 minutes and followed by an incubation at 

25 °C for 5 minutes. 
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Quantitative Polymerase Chain Reaction (qPCR) 

Quantitative real-time polymerase chain reaction was then performed by BIO- RAD CFX96 

Touch™ Real-Time PCR Detection System using primers of specific genes (See Table 1) 

and QuantiNova SYBR Green PCR Kit (Qiagen). 25 µg of cDNA was used in each reaction. 

All the mRNA expression levels were normalized using the endogenous control, Gapdh. 

Melt curve analysis was conducted. 

Gene Forward Primer Reverse Primer 

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

Integrin 𝜷𝟏 GGAAACTCTAGTAATGTGATCCAGC CACTTGGGACTGGCTGGGATGCCATG 

Integrin 𝜶𝒗 CTGGCCTTGAAGTGTACCCTAGCAT TGCTTGAGTTTATCCAGTAGAAGCT 

Integrin 𝜷𝟑 TGACTCGGACTGGACTGGCTA CACTCAGGCTCTTCCACCACA 

Table 3-1 Primer sequence of targeted integrin genes used in qPCR.  

 

Gene Forward Primer Reverse Primer 

TRAP CTGCTGGGCCTACAAATCAT GGTAGTAAGGGCTGGGGAAG 

RANK AAACCTTGGACCAACTGCAC ACCATCTTCTCCTCCCGAGT 

CtsK AGCACCCTTAGTCTTCCGCT TTTCCTCCGGAGACAGAGCA 

MMP9 CGTCGTGATCCCCACTTACT AGAGTACTGCTTGCCCAGGA 

DC-Stamp GTGCTTTGTGCTTGTGGAGG ACAGAAGAGAGCAGGGCAAC 

OC-Stamp CATCCGCTGCCTATTTGTGC CACGCACATTGCCTAAGACG 

Table 3-2 Primer sequence of targeted osteoclastogenic genes used in qPCR.  

 

Gene Forward Primer Reverse Primer 
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AChE AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

ChAT TTGGGTCTCTGAATACTGGCT CTGCAAACCTTAGCTGGTCAT 

Table 3-3 Table 2 Primer sequence of targeted cholinergic genes used in qPCR. 

 

siRNA transfection 

The target sequence for mouse AChE siRNA was 5′-CGACUUAUGAAAUACUGGA -3′ 

(Genebank accession number NM_009599.4 and NM_001290010.1). The target siRNA and 

control siRNA (no silencing) were synthesized by Thermo Fisher. One day before 

transfection, RAW264.7 cells or primary cultured OCs were plated onto six-well plates with 

growth medium without antibiotics at a density of 1 × 106 cells/well. When cells grew to a 

confluency of 40 on the second day, transfection was performed by using Opti-MEM media, 

lipofectamine2000 and AChE siRNA according to manufacturer's recommendations. The 

final concentration of AChE siRNA was 100 nM. After 24 hours, the media was replaced 

with growth media without antibiotics and cells were treated with 15 ng/ml RANKL for 3-7 

days (RAW264.7 cell) or 25ng/ml RANKL and 15ng/ml M-CSF (primary cultured OCs) for 

1-4days. The control cells were transfected with lipofectamine2000. 

 

Protein extraction and Western blotting 

For protein extraction, cells were suspended in SDS lysis buffer and boiled. Then, the lysate 

was centrifuged at 12,000 × g for 2 min and the supernatant was collected. For Western 

blotting, protein samples were separated on SDS-polyacrylamide gels, transferred to PVDF 

membranes (Millipore, USA), blocked with 5% non-fat milk and incubated with the primary 
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antibody of AChE (A-11) (Santa Cruz, sc-373901) in combination with the secondary Goat 

Anti-Mouse IgG H&L (HRP) antibody (Abcam, ab97040).  Images were acquired on a Bio-

Rad system. 

 

Statistical Analysis 

All statistical results were presented as mean + standard error of the mean (SEM). The 

comparison between multiple groups was quantitatively analyzed using one-way ANOVA. 

Post-hoc tests were performed following statistically significant results. A significant 

difference was indicated when P<0.05. 

 

 

3.4 Results 

Coating of AChE and HAChE promotes the cell adhesion of RAW264.7 cells associated with 

increased expression of beta 3 integrin 

The AChE TRAP co-staining results suggested that the TRAP-positive cells adhered to the 

AChE protein. We further investigated this phenomenon in vitro. So, basically, the petri dish 

was coated with a layer of collagen 1 or collagen 1 with ACHE or HAChE. Osteoclast 

precursors were seeded in each petri dish. And stable incubated for 2 hours. The petri dishes 

were shaken every 3 minutes for 40 hours. The results indicated that (Fig.3.1), in the Ctrl 

group, Cells were floating from the start to the finish. However, in both AChE and HAChE 

coated groups. The cells were attached to the petri dish tightly. These results suggested that 

Both AChE and HAChE coating could promote the adhesion of osteoclast precursors. To 
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further confirm the adhesion function of AChE protein, we checked the expression of 

integrin subunit proteins in the treatment of AChE and HAChE groups. Integrins are 

transmembrane receptors that facilitate cell-cell and cell-extracellular matrix (ECM) 

adhesion. We found that, after treatment of AChE and HAChE, the 𝛽3 integrin subunit 

expression in both groups was strongly increased. These results further suggested the link 

between AChE and osteoclast precursor adhesion. 
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Fig 3.1 Both coating of AChE/HAChE proteins promoted the adhesion of RAW 264.7 cells in 
vitro. (A) Representative images of DAB AChE/ TRAP co-staining of bone sections of Ctrl and 
OVX-induced osteoporosis mice. (B) Experiment design. (C) Quantification results of Adhesion 
Index for different coating groups. (D) Representative images of live cell imaging coated with a layer 
of collagen I (50𝜇g/ml) or collagen I (50𝜇g/ml) with ACHE (200ng/ml) or HAChE (200ng/ml). (E) 
Relative mRNA expression of different integrin subunits (Integrin 𝛽1, Integrin 𝛼𝑣, Integrin 𝛽3) 
under the treatments of (B) (n=3). All data are expressed as means ± SEM. One-way ANOVA with 
Post-hoc tests were performed following statistically significant results. * p<0.05; ** p<0.005; *** 
p<0.001. 
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Osteoclast precursors showed the tendency of migrating to the side of senescent osteoblastic 

cells which secreted AChE 

H2O2 treated osteoblasts secret AChE. However, the OPG/RANKL signaling pathway could 

also affect the migration of osteoclast precursors. In order to exclude the influence of 

donepezil on OPG/RANKL. We checked OPG/RANKL mRNA levels before and after 

donepezil treatment. The results showed no difference, which means the different result in 

the donepezil treatment group was caused by inhibition of AChE. The MC3T3-el cells were 

stained with a green-fluorescent dye (green cells in Fig.3.2F) and the RAW264.7 cells were 

stained with red-fluorescent dye (orange cells in Fig.3.2F). From the image and quantitative 

results, we found that compared to the Ctrl group, the osteoclasts co-cultured with senescent 

osteoblasts tended to migrate to the osteoblast chamber. However, after treatment of 

donepezil, this migration tendency disappeared. 
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Fig 3.2 RAW 264.7 cells showed the tendency of migrating to the side of senescent osteoblastic 
cells which secreted AChE in vitro. (A) Schematic and real images of the microfluidic device. (B) 
Experiment design. (C)Relative mRNA expression of AChE, OPG, RANKL under the treatments of 
(B) (n=6). (D) Relative mRNA expression ratio of RANKL/OPG (n=6). (E) Representative images of 
migration of cells under the treatments of (B) (RAW264.7 cells: orange, MC3T3-e1 cells: green). All 
data are expressed as means ± SEM. One-way ANOVA with Post-hoc tests were performed 
following statistically significant results. * p<0.05; ** p<0.005; *** p<0.001. 
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Treatments of both mouse recombinant AChE and heat-inactivated AChE promoted 

osteoclastogenesis by regulating cell-cell fusion 

To explore whether AChE and HAChE protein could promote cell fusion of osteoclasts 

precursors. We incubated both RAW264.7 cells and primary cultured osteoclastic cells with 

AChE protein or HAChE protein. After incubation, osteoclasts ((Fig.3.3, RAW264.7 cells; 

Fig.3.4, Primary cultured osteoclastic cells) with larger size and more nuclei were observed 

in 200ng/ml AChE-treated group compared to RANKL induction group in both RAW264.7 

cell and primary cultured osteoclasts. Surprisingly, heat-inactivated AChE treatment was 

also able to promote osteoclastogenesis. As cell-cell fusion is a key step for osteoclast to 

enlarge their size and gather more nuclei, the mRNA expression level of two osteoclastic 

fusion markers, DC-STAMP and OC-STAMP was investigated. qRT-PCR analysis showed 

that both AChE and heat-inactivated AChE treatments were associated with upregulated DC-

STAMP and OC-STAMP in a dose-dependent manner. 
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Fig 3.3 Treatments of both mouse recombinant AChE and heat-inactivated AChE promoted 
osteoclastogenesis by regulating cell-cell fusion in RAW264.7 cells. (A)Representative images of 
TRAP staining when cells were treated with RANKL, RANKL + recombinant AChE (200ng/mL), 
RANKL + heat inactivated AChE (200ng/mL). (48h) TRAP+ multinuclear cells were indicated by 
green arrows. Scale bar, 50 µm. (B)Quantification results of average nuclear numbers of single cell 
when cells under conditions of (A) (n=6). (C) Relative mRNA expression of cell-cell fusion markers 
(DC-STAMP and PC-STAMP) before and after treatments of different concentration of AChE and 
heat-inactivated AChE (n=6). All data are expressed as means ± SEM. One-way ANOVA with Post-
hoc tests were performed following statistically significant results. * p<0.05; ** p<0.005; *** 
p<0.001. 
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Fig 3.4 Treatments of both mouse recombinant AChE and heat-inactivated AChE promoted 
osteoclastogenesis by regulating cell-cell fusion in primary cultured OCs.(A) Experiment design. 
(B) Representative images of TRAP staining when cells were treated with R/M (25ng/ml RANKL 
and 15ng/ml M-CSF), R/M + recombinant AChE (200ng/mL), R/M + heat inactivated AChE 
(200ng/mL). Scale bar, 50 µm. (C) Quantification results of NO. of TARP+ multinuclear cells per 
area (0.314mm2) and average nuclear numbers of single cell when cells under conditions of (B) 
(n=10). (D) Relative mRNA expression of cell-cell fusion markers (DC-STAMP and PC-STAMP) 
under the treatments of R/M (25ng/ml RANKL and 15ng/ml M-CSF), R/M + recombinant AChE 
(200ng/mL), R/M + heat inactivated AChE (200ng/mL) (n=6). (E) Relative mRNA expression of 
AChE and osteoclastic markers (TRAP, CtsK, MMP9 and RANK) under the treatments of (B) (n=6). 
All data are expressed as means ± SEM. One-way ANOVA with Post-hoc tests were performed 
following statistically significant results. * p<0.05; ** p<0.005; *** p<0.001. 
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AChE expression increased during osteoclastogenesis in vitro in both RAW 264.7 cells and 

primary culture of OCs 

To explore the role of AChE during osteoclastogenesis, the AChE expression pattern in vitro 

was investigated. First, the establishment of an in vitro osteoclastogenesis model based on 

the differentiation of the RAW 264.7 cell line and primary cultured osteoclasts were 

confirmed visually as TRAP-positive large multinuclear osteoclasts via RANKL induction 

(Fig 3.5A, Fig 3.6A). Next, the expression of AChE was investigated during differentiation. 

The mRNA expression level of AChE increased after osteoclastogenetic induction in both 

RAW 264.7 cell lines and primary cultured osteoclasts. The same increasing trends were 

observed in the protein expression level of AChE by immunofluorescence staining (Fig 3.5C, 

Fig.3.6C) and western blot (Fig.3.5D). The mRNA expression of osteoclastogenic markers 

TRAP, MMP9, and CtsK was upregulated after osteoclastogenetic induction in both RAW 

264.7 cell line and primary cultured osteoclasts, which was positively associated with the 

AChE mRNA expression. 
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Fig 3.5 AChE expression increased during osteoclastogenesis in RAW 264.7 cells in vitro. (A) 
Validation of osteoclastogenesis induction of RAW264.7 cells, multinuclear TRAP positive cells 
were observed after 15ng/ml RANKL induction for 4 days (NO. of TRAP+ multinuclear cells were 
quantified and present as means ± SEM. Unpaired T test was used for statistical analysis. * p<0.05; 
** p<0.005; *** p<0.001. (B) qPCR results showed the expression pattern of AChE, ChAT and 
osteoclastic markers (TRAP, CtsK, MMP9 and RANK) during osteoclastogenesis, from blue to red, 
the relatively expressed fold of mRNA increased from low to high. (C) Representative 
immunofluorescence staining images of AChE(red) at different time-points with osteoclastogenesis 
induction. Scale bar, 25 µm. Cells were counter-stained with DAPI (blue). Cells were pre-treated with 
blockers for 30 minutes before H2O2 stimulation. (D) Examples of actual Western blot analyses of 
AChE protein during osteoclastogenesis in RAW 264.7 cells. 
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Fig 3.6 AChE expression increased during osteoclastogenesis in primary cultured osteoclasts in 
vitro. Osteoclastogenesis of primary cultured OCs was induced via 25ng/ml RANKL and 15ng/ml 
M-CSF for 4 days. (A) Representative images of TRAP staining at different time points during 
osteoclast differentiation. (purple). (C) Relative mRNA expression of AChE and osteoclastic markers 
(TRAP, CtsK, MMP9 and RANK) before and after osteoclastogenesis induction (n=6). All data are 
expressed as means ± SEM. Unpaired T test was used for statistical analysis. * p<0.05; ** p<0.005; 
*** p<0.001. (D) Representative immunofluorescence staining images of AChE(red) at different 
time-points with osteoclastogenesis induction. Scale bar, 50 µm. Cells were counter-stained with 
DAPI (blue). Cells were pretreated with blockers for 30 minutes before H2O2 stimulation.  
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Fig 3.7 Cell viability of RAW 264.7 with increasing concentration of one day treatments of 
donepezil and galantamine, respectively. Both donepezil and galantamine treatment for 24h 
showed a concentration-dependent reduction of cell viability. Set 70% viability as a threshold, 10µM 
was the maximum tested safe concentration for both donepezil and galantamine. All data are 
expressed as means ± SEM. One-way ANOVA with Post-hoc tests were performed following 
statistically significant results. * p<0.05; ** p<0.005; *** p<0.001. 
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Silencing of AChE Gene by siRNA suppressed osteoclastogenesis in vitro 

To further confirm the role of AChE during osteoclast differentiation, AChE siRNA was 

used to inhibit AChE expression in a genetic manner. First, AChE siRNA was validated by 

using qRT-PCR (Fig 3.8B, Fig 3.9). After 24 h transfection of siRNA, the mRNA expression 

levels of AChE were suppressed in both RAW 264.7 cell line and primary cultured 

osteoclasts. As shown in Fig.3.8C, RAW 264.7 cells with inhibited expression of AChE 

hardly differentiated to osteoclasts compared to the normal RANKL-induced group as barely 

TRAP+ cells were detected in the siRNA treated group. Results from qRT-PCR also 

supported this conclusion as the expression of osteoclastogenic markers decreased in siRNA 

treated cells. A similar phenomenon was observed in primary cultured osteoclastic cells. 
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Fig 3.8 Transfection of AChE siRNA suppressed osteoclastogenesis in RAW264.7 cells.(A) 
Experiment design. (B) Validation of AChE siRNA by qPCR tests. (n=3). (C) Representative images 
of TRAP staining when cells were treated with 15ng/ml RANKL and siAChE and the quantification 
results of TARP+ multinuclear cells per area (2.512mm2). Scale bar, 100 µm. (D) Relative mRNA 
expression of AChE and osteoclastic markers (TRAP, CtsK, MMP9 and RANK) under the treatments 
of (C) (n=6). All data are expressed as means ± SEM. All data are expressed as means ± SEM. One-
way ANOVA with Post-hoc tests were performed following statistically significant results. * p<0.05; 
** p<0.005; *** p<0.001. 
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Fig 3.9 Silencing of AChE gene via siRNA suppressed osteoclastogenesis in primary culture 
OCs.(A) Experiment design. (B) Representative images of TRAP staining when cells were treated 
with 15ng/ml RANKL and siAChE; the quantification results of number of TARP+ multinuclear 
cells per area (2.512mm2) and average nuclear numbers of single cell (n=10). Scale bar, 50 µm. (D) 
Relative mRNA expression of AChE, osteoclastic markers (TRAP, CtsK, MMP9 and RANK) and cell-
cell fusion markers (DC-STAMP and PC-STAMP) under the treatments of (C) (n=6). All data are 
expressed as means ± SEM. One-way ANOVA with Post-hoc tests were performed following 
statistically significant results. * p<0.05; ** p<0.005; *** p<0.001. 
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Dual-binding AChE inhibitor Donepezil suppressed osteoclastogenesis and cell-cell fusion, but 

Galantamine had no effect on osteoclastogenesis in vitro 

To identify the non-enzymatic function of AChE, AChE inhibitors with different binding 

affinities were used to treat RAW 264.7 cells during osteoclastogenesis. Donepezil and 

galantamine are anti-dementia treatments that limit the AChE activity in the brain. Donepezil 

was reported to bind both the peripheral and catalytic site of AChE, whereas galantamine 

only binds the catalytic site as it is too short to bind the peripheral site (Fig3.10B). The RAW 

264.7 cells were treated with the AChE inhibitors by adding them to the differentiation 

medium at a concentration of 1μM for 4 days to evaluate their effects on osteoclastogenesis. 

After treatment, a large reduction in multinuclear TRAP+ cells were detected in the 

donepezil treatment group (Fig 3.8C), whereas no difference was observed in the 

Galantamine group. Subsequently, Donepezil was administered for 2 days to RAW 264.7 

cells 2-days before RANKL induction (pre-treatment) or 2-days after the 3-days RANKL 

induction (post-treatment). We found that both the donepezil pre- and post- treatment groups 

showed fewer multinuclear cells. The fluorescent intensity of the AChE signal (red) was not 

decreased in the donepezil pre- and post- treatment group, however, the microstructure of the 

cytoskeleton (F-actin, green) changed compared to the RANKL induced group.   
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Fig 3.10 Dual-binding AChE inhibitor Donepezil suppressed osteoclastogenesis and cell-cell 
fusion, but Galantamine had no effect on osteoclastogenesis in vitro.(A) Experiment design. (B) 
the schematic diagram showing the binding affinities of donepezil and galantamine to AChE. 
Representative images of TRAP staining when cells were treated with 15ng/ml RANKL, 1µM of 
donepezil and galantamine, respectively; the quantification results of number of TARP+ multinuclear 
cells per area (2.512mm2) under different concentration of donepezil and galantamine (n=10). Scale 
bar, 50 µm. (D) Representative immunofluorescence staining images of AChE (red), F-actin (green) 
under treatment or post-treatment of 1µM donepezil with osteoclastogenesis induction. Scale bar, 25 
µm. Cells were counter-stained with DAPI (blue). Cells were pre-treated with blockers for 30 minutes 
before H2O2 stimulation. All data are expressed as means ± SEM. One-way ANOVA with Post-hoc 
tests were performed following statistically significant results. * p<0.05; ** p<0.005; *** p<0.001. 

  



 

 119 

3.5 Discussion 

In this chapter, by using microfluidic technics and live cell imaging, we confirmed that 

H2O2 induced senescence of osteoblastic cells expressed a higher level of AChE, which 

triggered the migration of osteoclast precursors. We also reported that the coating of Both 

AChE and HAChE promoted the adhesion of osteoclast precursors with increased expression 

of adhesion-associated integrins. Moreover, our results indicated that both AChE and 

HAChE treatments accelerated the process of osteoclast precursors fusion. Reversely, we 

found that genetic silence of AChE led to a lower differentiation ratio of osteoclasts, 

donepezil but not galantamine could inhibit the osteoclastic differentiation. These results 

suggested that the non-enzymatic function and peripheral anionic site of AChE got involved 

in the regulation of osteoclasts. 

 

Our results first illustrated that both AChE and HAChE proteins promoted the adhesion and 

migration of osteoclast precursors, however, the underlying mechanism was not clear. Our 

data only suggested the association between mRNA levels of integrin subunits and AChE 

protein. To further investigate how AChE protein, especially its non-enzymatic peripheral 

site, affects the adhesion of osteoclasts, we may explore the mechanical interaction between 

integrins and AChE/HAChE proteins directly. The atomic force microscope (AFM), a super-

high resolution scanning probe microscope probing the samples by sensing micro- to 

nanoscales of mechanical interactions, is widely used in studying cell mechanics such as cell 

adhesion[217-221]. In the future study, the AFM technology could be used to analyze the 

cell adhesive interactions between osteoclasts precursors and AChE proteins. 
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In our study, it was demonstrated that the AChE expression level increased during 

osteoclastogenesis in both RAW 264.7 cell and primary culture osteoclasts. This result is 

consistent with a prior study of the osteoclastogenetic process of bone marrow-derived 

macrophages [124]. In their study, they indicated that RANKL treatment upregulated AChE 

expression in both mRNA and protein levels. To further investigate if AChE is essential for 

the regulation of osteoclast differentiation, the AChE gene expression in osteoclast precursor 

cells was knocked down by siRNA. A lower expression of AChE hindered the following 

differentiation of osteoclasts. This is supported by an in vivo study using AChE knock-out 

mice [212], in which a strikingly decrease in the number of osteoclasts per perimeter was 

detected in the lumbar vertebra. The researchers attributed this phenotype to acetylcholine 

accumulation resulted from the inhibition of AChE catalytic function. It can be suspected 

based on these data that AChE plays an important role in osteoclast differentiation, no matter 

by its enzymatic function or non-enzymatic function. 

 

To determine whether AChE regulates osteoclastogenesis by enzymatic or non-enzymatic 

effect, both recombinant AChE protein and heat-inactivated AChE were added to the 

osteoclast precursors culture system. Our results demonstrated that both AChE and heat-

inactivated AChE promoted osteoclastogenesis. In contrast, the Sato et al study claimed that 

heat-inactivated AChE did not promote RANKL-induced osteoclast differentiation. 

However, their results showed a promotive trend of heat-inactivated AChE in 

osteoclastogenesis although no significant differences could be observed. The precursor cells 

of osteoclasts are monocytes or macrophages, given that a previous study indicated that 
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AChE could activate a "respiratory burst" in macrophages, moreover, heat inactivation of 

enzymatic activity or application of BW284C51 at a concentration that totally blocks the 

catalytic activity of AChE did not eliminate the effect [213], we conclude that non-

enzymatic function of AChE played an role in osteoclastogenesis. 

  

 

Our results demonstrated that pharmaceutical inhibition of AChE by donepezil also hindered 

the process of osteoclastogenesis. This is a noticeable difference from prior studies [215] in 

pharmaceutical inhibition, which claimed that AChE inhibitors had no direct effect on the 

survival and differentiation of osteoclast progenitors in vitro. It is important to point out that 

the inhibition drugs used were galantamine and pyridostigmine. Based on the molecular 

structure of AChE, there are two active sites presented in AChE: the catalytic site and a 

peripheral anionic site. Galantamine is a single binding AChE inhibitor that only binds to the 

catalytic site of AChE due to its short length[140, 142]. Our results also suggested that 

galantamine did not affect osteoclastogenesis by both TRAP stain and qPCR analysis. 

However, our data indicated that the dual binding AChE inhibitor, donepezil [222], did have 

significant inhibition effects on the differentiation of osteoclasts in vitro. The binding affinity 

of pyridostigmine to the AChE peripheral binding site has not been clearly investigated. 

Therefore, further determination of this binding should be performed to completely explain 

the difference in results. The osteoclastogenic inhibition effect of donepezil was also 

confirmed in an OVX mice model.  
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Combined together, these result points to the involvement of the non-enzymatic function of 

AChE in osteoclastogenesis. It was shown here that the AChE proteins can act as a bridge, 

binding to specific proteins on the cell membrane or extracellular matrix. This was proven by 

the up-regulation at mRNA level of cell-cell fusion markers DC-STAMP and OC-STAMP 

after stimulation with both AChE and heat-inactivated AChE. The adhesion function of 

AChE was previously reported in osteoblasts [122, 123] and neurite growth[169, 170]. The 

specific molecular pathway of how AChE promotes cell-cell fusion still needs to be 

explored. 

 

This chapter showed that (1) heat-inactivated AChE can promote osteoclastogenesis, (2) 

dual-binding AChE inhibitor Donepezil suppresses osteoclastogenesis and cell-cell fusion, 

and (3) the catalytic inhibitor Galantamine had no effect on osteoclastogenesis. Our findings 

confirm the non-enzymatic function of AChE in regulating osteoclasts via cell-cell fusion. 

Therefore, it warrants further investigation into the PAS site of AChE in the pathogenesis 

and management of osteoporosis.  

 

In the bone system, osteoblasts and osteoclasts couple together and cooperate in harmony to 

maintain bone homeostasis[66]. As mentioned before, in osteoblast lineage, AChE was 

identified as a bone matrix protein to promote osteoblast-ECM adhesion[122, 123]. Studies 

showed that AChE was dominated expressed by osteoblasts[122, 159], our data in chapter 2 

showed that AChE expression in osteoblasts strikingly increased after senescent induction. 

When we added exogenous AChE to RAW 264.7 cells during osteoclastogenesis, their 
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differentiation process was accelerated, and the increased expression of AChE by osteoblasts 

due to aging might be the possible cause of age-related osteoporosis. The specific interaction 

between osteoblasts and osteoclasts needs to be further explored. 

 

In summary, it was demonstrated that during osteoclastogenesis, AChE expression showed a 

similar tendency to the osteoclast’s differentiation markers on both mRNA and protein levels 

in vitro. Moreover, genetic inhibition of AChE suppressed osteoclastogenesis in vitro while 

AChE and non-enzymatic aspects of AChE could promote this process. Dual-binding AChE 

inhibitor donepezil hindered osteoclastogenesis while single catalytic-binding inhibitor 

Galantamine have no effect on it. All this evidence supports that AChE plays a vital role in 

osteoclastogenesis and that this role is at least partly mediated via its non-enzymatic 

function.  
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Chapter 4 Acetylcholinesterase expression increased in age-related 

and postmenopausal osteoporosis, peripheral acting AChE 

inhibitor rescues bone loss in mouse OVX animal models 

4.1 Introduction 

Alzheimer’s disease, aging and osteoporosis 

Osteoporosis is a common bone disorder in which bone mass is reduced and bone 

microarchitecture changes, which makes bone fragile and is associated with an increased risk 

of fractures. The risk of osteoporotic fracture is exponentially correlated with the increase in 

age[223]. Research focusing on the mechanical properties of bone indicated that the fracture 

toughness of cortical bone decreased 7-12% every 10 years during aging[224]. For the 

organic matrix of bone, studies[225, 226] showed that the denaturation degree and 

nonenzymatic glycation of the collagen network were highly correlated with age. And the 

bone minerals were believed to form larger and denser crystals in the bone matrix with 

increasing age, which was associated with reduced fracture toughness[227, 228]. All this 

evidence points to the close relationship between osteoporosis and aging from a macro 

perspective. 

 

Alzheimer’s disease (AD) is the most common form of the chronic neurodegenerative 

disease characterized by plaques and tangles in the brain as well as cognitive function 

declining, which contributes to 60% - 70% of cases of dementia worldwide. According to 

World Health Organization, the global population of people with dementia in 2010 is 
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estimated at 35.6 million and this number will double in 20 years[229]. Dementia, or more 

specifically, Alzheimer’s disease is highly associated with aging, 3% - 6% of people aged 60 

and over worldwide are estimated affected by Alzheimer’s disease[229]. Its negative 

consequences strikingly impact the health, life quality, and independence of old people and 

it’s also devastating the caregivers.  

 

The co-occurrence of osteoporosis and Alzheimer’s disease was documented a lot 

previously. It was reported that osteoporosis patients had a 2-fold increased risk of 

Alzheimer’s disease conversion compared with the controls in both men and sexes in the 

Chinese cohort [230]. A community-based prospective cohort study was performed on 987 

subjects, finding that subjects with low bone mineral density were related to a higher 

incidence of AD and all-cause dementia in women but not in men[231]. Consistently, 

Alzheimer's disease also increases the risk of bone loss. Investigation results indicated that 

older Australians (≥60 years) with dementia had a 6.3-fold (95% CI 5.1–7.1) risk of hip 

fracture[232]. 

 

Central cholinergic activity and acetylcholinesterase during aging process 

The cholinergic activity in the brain system is closely related to Alzheimer’s disease 

development and aging[233-235]. The activity of choline acetyltransferase, the enzyme 

catalyzing the synthesis of ACh, is significantly reduced in the brain of Alzheimer’s disease 

patients [236, 237]. Moreover, the decrease in ChAT was correlated with the severity of 

dementia[238]. In a rat animal model, it was reported that acetylcholine release in the 
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cortical brain increased first after birth and reached the peak in the 30-day-old rats, this 

evoked release of ACh declined during the later brain development. The level of ACh was 

reduced to the same level of newborn rats in 24-month-old aged rats[239].  For the activity 

of AChE in the brain, it was demonstrated that the AChE activity in the brain was decreased 

in aged rats[240]. While in the human brain, the AChE activity was reported to remain 

unchanged[241, 242]. Therefore, as the synthesis of ACh declined, however, the AChE 

activity remains unchanged, and the relative cholinergic activity significantly reduced during 

aging.  

 

 

 Postmenopausal osteoporosis and acetylcholinesterase 

Osteoporosis occurs more in elderly women than in men [75], especially the postmenopausal 

women. The bone loss of postmenopausal osteoporosis involves two stages: The first is the 

initial stage lasting for 3-5 years with rapid bone loss in trabecular bone, this stage is 

menopause related. The followed stage is a slower age-related bone loss lasting for 10-20 

years affecting both trabecular bone and cortical bone[243]. The reduced ovarian production 

of estrogen led to a higher expression of IL-1(interleukin-6), IL-6 (interleukin-6), TNF-α, M-

CSF, and GM-CSF by monocytes in the bone microenvironment. These cytokines, on the 

one hand, promoted the osteoclastogenesis of monocytes, on the other hand, they also 

triggered pre-osteoblasts to secret more IL-6, and finally contributed to the imbalance 

between bone resorption and bone formation[244].  
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Estrogen-cholinergic interaction has been widely studied in cognitive decline with 

aging[245]. As reported, brain AChE increased after ovariectomy[246], and donepezil could 

improve memory performance in ovariectomized rats[247]. The anabolic effect of donepezil 

has been reported in an ovine ovariectomy-induced osteoporosis model[248]. 

 

Ovariectomy models (OVX) of Osteoporosis 

The initial reason for postmenopausal osteoporosis is the deficiency of estrogen. To establish 

an animal model to mimic this pathologic progress, ovariectomy is performed on rodents. 

Although there is no menopause in rodents, it is clear that the sex hormone estrogen 

decreases with increased age-related bone loss, deficiency of estrogen could accelerate the 

bone loss process in rodents[249]. The ovariectomy refers to removing ovaries surgically, 

ovariectomized rodents share many similar features to postmenopausal humans: The OVX 

rodents also show a rapid short bone loss phase followed by a longer phase with slower bone 

mass reduction; the bone loss is also much stronger in trabecular bone compared to that in 

cortical bone; the OVX model indicates a similar physiological response to current 

osteoporosis treatments such as estrogen, bisphosphates and parathyroid hormone[250]. 

 

 

4.2 Rationale 

Osteoporosis and associated fragility fractures are actually not simply a problem of bone, but 

also involve a complex neuromusculoskeletal multisystem dysfunction. It is not uncommon 

that osteoporosis is closely associated with a plethora of other age-related disorders such as 
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Alzheimer’s disease[251, 252]. However, current osteoporosis treatment is limited to 

balancing bone resorption with the formation in one single system. Although several FDA-

approved drugs are available, osteoporotic fractures remain an unresolved problem[86].  

 

Both Alzheimer’s disease and osteoporosis are the most prevalent chronic disorders, they 

affect enormous older people worldwide and give huge societal burdens. Many researchers 

noticed the co-occurrence of Alzheimer’s disease and osteoporosis as well as their sharing 

risk factors like aging, hypertension, alcohol, and smoking[253]. Interestingly, recent clinical 

reports showed that the use of donepezil, has been associated with decreased risk of hip 

fracture, enhanced osteoporotic fracture healing, and reduced overall mortality in older 

adults[254-258]. This observation has been recapitulated in a RANKL-induced bone loss 

rodent model, in which donepezil not only can mitigate RANKL-induced osteoclastogenesis 

and subsequent bone loss but also favor bone mass accrual[124]. These findings suggested a 

possible role of AChE in age-related bone disorders. As documented in Chapter 1, AChE got 

involved in the regulation of bone development. Yet bone AChE remains poorly understood 

in bone degeneration, both age-related and postmenopausal.  

 

In chapter 2, we demonstrated that AChE accumulated during the aging process in the mice 

model. In this chapter, we aim to investigate the AChE expression pattern in OVX-induced 

bone loss mice model in vivo. After that, we will discuss the bone loss rescue effects by 

pharmaceutical inhibition of AChE with both the treatments of BBB-permeable AChE 

inhibitor donepezil and BBB-impermeable inhibitor ambenonium. 
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4.3 Materials and methods 

Reagents 

Donepezil HCl (Aladdin, Shanghai, China, #120011-70-3); Ambenonium dichloride 

(Toronto Research Chemicals, North York, Canada, #A575875); Harris Hematoxylin 

solution, Eosin Y (yellowish), leukocyte acid phosphatase kit (Sigma-Aldrich, 

Massachusetts, United States, #HHS32 & #1159350100 & #387A); Anti-

Acetylcholinesterase antibody [HR2], Anti-Acetylcholinesterase antibody, Anti-

CDKN2A/p16INK4a antibody - N-terminal (Abcam, Cambridge, UK, #ab2803 & #ab97299 

& #ab189034). 

 

Animals grouping 

For OVX-induced animal model, a total of 30 3-month-old female balb/C mice were 

obtained from PolyU CAF under a license (20-69) in DH/HT&A/8/2/4/ Pt.2 issued by the 

Department of Health, Hong Kong. The mice were randomly divided into 5 groups (n=6 for 

each group). They were kept on a normal laboratory diet in an environmentally controlled 

clean room. Four groups of mice received OVX surgery and on the last group of mice a 

SHAM operation (only performed skin and muscle incisions) was performed at week 0. Four 

weeks post-surgery, one OVX group and the SHAM group received placebo treatment 

(Saline), the other three OVX group received a low dose donepezil treatment (0.2mg/kg 

bodyweight per day) or a high dose donepezil treatment (2mg/kg bodyweight per day) or 
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ambenonium treatment (0.2mg/kg bodyweight per day) respectively for another 4 weeks. All 

treatments were administered I.P. and on mice of all groups micro-CT analysis was 

conducted at Week 0, Week 4, and Week 8. The experimental design was shown in Fig 2.1 

below. 

 

 

Fig 4.1 Schematic diagram of animal experiment. Before OVX surgery, all mice received the first 
microCT scanning to collect their bone mass baseline; After 4-weeks induction, the second microCT 
scanning was performed to confirm the OP model establishment; The third microCT scanning was 
conducted after 4 weeks of AChEIs treatment to evaluate their bone loss rescue effects. 

 

Osteoporotic model establishment via OVX surgery 

Mice were performed OVX surgery to establish osteoporosis[249]. Basically, all mice were 

anaesthetized by intraperitoneal injection of an anesthetic cocktail [ketamine (100mg/mL): 

Xylazine (20mg/ml): saline = 1:0.5:8.5]. The fur on the lower back of the mouse was gently 

removed, and the exposed skin was disinfected with iodine solution. the mice were placed 

back up, and a 1 cm skin incision as made on the dorsolateral surfaces of both sides to 

expose the dorsolateral abdominal muscles. The underlying muscles on both sides were cut 

to expose the ovaries with fat pad. The ovaries and associated ovarian fat pad were 

identified, separated, and ligated from the oviduct and part of the uterus. Sterile scissors were 
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used to remove the ovaries, the rest tissues were returned to the abdomen. The subcutaneous 

muscle layer and the skin were closed with suture. Normal food and drink supply was 

provided after surgery. The osteoporotic model establishment was last for 4 weeks and 

checked with microCT scanning.  

 

In vivo intraperitoneal injection 

After 4 weeks osteoporotic model establishment, Donepezil HCl (0.2mg/kg or 2mg/kg) or 

Ambenonium Dichloride (0.2 mg/kg), was injected intraperitoneally on a daily basis for 

another 4 weeks. Same amount of vehicle (Saline) was administered to control groups. The 

bodyweight of all mice was recorded every day to monitor their health conditions. Mice were 

sacrificed after 8 weeks of surgery, with bones of their lower limbs and other organs 

harvested for histological analysis. 

 

Micro-computed tomography and analysis 

Longitudinal monitoring of bone mass and microarchitecture was conducted in femurs of 

mice by a micro-CT system (Viva CT40, Scanco, Switzerland) at time zero, 1- and 2- month 

post-surgery. The resolution of images was 18 μm for femur. Isotropic voxel size for the 

scans was 10.5𝜇m. X-ray voltage of 70kV and 1.0 filter were applied. After standardized 

reconstruction by a modified Feldkamp algorithm via SkyScan recon software, the data sets 

for each group were analyzed using SkyScan CT-analyzer software. The trabecular bone 

region undergrowth plate of the femur was chosen for micro-architectural analysis of 

trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular spacing (Tb.Sp), bone 
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volume fraction (BV/TV). 301 slices covering the target region were used for analysis.  

 

H&E staining  

Femur tissues were dissected from mice and fixed immediately in 4% PFA solution 

overnight, then decalcified in 10% EDTA for 2 weeks. After decalcification, the samples 

were dehydrated in an alcohol gradient ranging from 70% to 100% and were embedded in 

paraffin following the standard protocols. Samples will be cut into 5um sections using the 

microtome. Slides were deparaffinized and rehydrated for routine H&E staining. Generally, 

the slides were stained with Harris hematoxylin for 3 mins, then differentiated with acid 

alcohol, and rinsed with Scott’s tap water. The samples were stained with eosin for 2 mins 

and dehydrated and mounted. Images of slides were captured with the Olympus BX51W1 

microscope.  

 

Tartrate resistance acid phosphatase (TRAP) staining 

Spine tissues were dissected from mice and fixed immediately in 4% PFA solution 

overnight, then decalcified in 10% EDTA for 2 weeks. After decalcification, the samples 

were dehydrated in an alcohol gradient ranging from 70% to 100% and were embedded in 

paraffin following the standard protocols. Samples will be cut into 5um sections using the 

microtome.  Slides were deparaffinized and rehydrated and stained with the leukocyte acid 

phosphatase kit according to the protocol of the manufacturer. Briefly, deionized fast garnet 

GBC solution, naphthol AS-BI phosphate solution, acetate solution, tartrate solution and 

deionized warm water were mixed in a certain ratio at 37 °C, slides were stained with the 
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mixed solution for 1h at 37 °C in dark environment. After staining the slides were rinsed 

with deionized water 3 times.  Nuclear in sections were stained with hematoxylin. Samples 

were dehydrated and mounted. Images of slides were captured with the Olympus BX51W1 

microscope.  TRAP positive multinucleated cells were counted with image J software. 

 

Immunohistochemistry 

Immunohistochemical staining was performed on tissue sections. Antigen retrieval was 

performed according to the manufacturer’s instructions. Endogenous peroxidase activity was 

quenched using 3% (v/v) hydrogen peroxide in PBS for 10 minutes. Sections were blocked 

with 10% (v/v) normal horse serum for 1 hour. The sections were incubated with primary 

antibodies at 4°C overnight. Primary antibodies used: AChE (reacted with mouse samples) 

(1:1000; Abcam, ab2803), AChE (reacted with rat samples) (1:1000; Abcam, ab97299), 

CDKN2A/p16INK4a (1:200; Abcam, ab189034). For DAB staining, Vectastain ABC kit and 

DAB substrate kit for peroxidase (Vector Labs, USA) were used to stain targeted antigens 

followed by counterstaining using Harris Hematoxylin. The negative immune controls 

underwent the same procedure without adding primary antibody. All images were taken 

using a Olympus BX51W1 microscope. 

 

Statistical analysis 

All statistical results were presented as mean + standard error of the mean (SEM). The 

comparison between multiple groups was quantitatively analyzed using one-way ANOVA. 

Post-hoc tests were performed following statistically significant results. A significant 
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difference was indicated when P<0.05. 

 

4.4 Results 

 AChE expression and number of OCs increased after OVX osteoporotic induction and 

decreased with peripheral acting AChE inhibitor treatments in vivo 

A previous study demonstrated a reduction in bone loss after treatment with donepezil using 

a RANKL-induced osteoporotic mouse model [124]. This model is not considered a well-

established animal model to investigate the bone loss. Therefore, the well-established OVX 

mouse model was used here to investigate the effects of AChE on bone degeneration in vivo. 

Bone loss was confirmed by three-dimensional micro-computed tomography (μCT) analyses 

(Fig 4.2) after OVX induction. The increases in OC number and AChE expression were also 

identified in the mice OVX model (Fig 4.4). For the bone loss rescue effects of AChE 

inhibitors, both the BBB (blood-brain barrier)-impermeable AChE inhibitor ambenonium 

and BBB-permeable inhibitor donepezil were used to treat the OVX mice. As shown in Fig 

4.3, there was no obvious bodyweight difference before or after both donepezil and 

ambenonium treatment, indicating that the two drugs were safe for animals. A significant 

increasing trend of BV/TV was observed in both the low and high-dose donepezil treatment 

groups as well as the ambenonium treatment group (Fig 4.2C). The rescue effect of 

ambenonium was comparable to that of donepezil under the same concentration. Meanwhile, 

after quantification, significant reductions in osteoclast number were observed in both low 

and high-dose donepezil treatment group and ambenonium via bone section TRAP staining 

(Fig 4.4). These results suggested the osteoprotective effect of AChE inhibitor via peripheral 
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acting manner. 

 

Fig 4.2 Both BBB permeable AChEI donepezil and BBB impermeable AChEI ambenonium 
were able to rescue OVX-induced osteoporosis in mice. (A) Representative microCT images of the 
femur from Control (Sham) group (n=6), OVX osteoporotic group (n=6), low dose donepezil 
treatment (0.2mg/kg bodyweight per day) group (n=6), high dose donepezil treatment (2mg/kg 
bodyweight per day) group (n=6), and ambenonium treatment (0.2mg/kg bodyweight per day) group 
(n=6) of Balb/c mice. (B) Schematic diagram of the region of interest where the microCT data was 
analyzed (red box). (C) End-point quantification results of BV/TV% of different groups. (D) 
Longitudinal quantification results of BV/TV% of different groups. All data are expressed as means 
± SEM, and each data point represents an individual mouse. One-way ANOVA with Tukey’s 
multiple-comparisons test was used for statistical analysis. * p<0.05; ** p<0.005; *** p<0.001. 
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Fig 4.3 The body weight of mice before and after drug treatment did not change.  Body weight 
data of all mice before and after 4-weeks treatment from Control (Sham) group (n=6), OVX 
osteoporotic group (n=6), low dose donepezil treatment (0.2mg/kg bodyweight per day) group (n=6), 
high dose donepezil treatment (2mg/kg bodyweight per day) group (n=6), and ambenonium treatment 
(0.2mg/kg bodyweight per day) group (n=6) of Balb/c mice. All data are expressed as means ± SEM, 
and each data point represents an individual mouse. 
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Fig 4.4 AChE expression and number of OCs increased after OVX osteoporotic induction and 
decreased with AChE inhibitors treatments in vivo. (A, B) Representative images of H&E 
staining, TRAP staining, and DAB staining for AChE(C) and (D) p16INK4a (brown) from Control 
(Sham) group (n=6), OVX osteoporotic group (n=6), low dose donepezil treatment (0.2mg/kg 
bodyweight per day) group (n=6), high dose donepezil treatment (2mg/kg bodyweight per day) group 
(n=6), and ambenonium treatment (0.2mg/kg bodyweight per day) group (n=6) of balb/c mice. Scale 
bar, 50 µm.  
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4.5 Discussion 

AChE, the enzyme catalyzing the hydrolysis of acetylcholine, was associated with 

osteoporosis development. In chapter 2, we demonstrated that the expression of AChE in 

bone increased in aged osteoporotic mice, along with the increased number of osteoclasts in 

the femur. In this chapter, we observed the same phenomenon in the OVX bone loss model, 

after OVX surgery, both the number of osteoclasts and the AChE expression level in mice 

femur increased. Thirdly, we find that the peripheral acting AChE inhibitor ambenonium 

could rescue the OVX induced bone loss, which has a comparable protective effect to central 

acting inhibitor donepezil.  

 

Previously, the expression pattern of AChE in the brain was well established [240-242]. For 

its expression in bone tissue, four studies identified AChE in embryo limbs[115], calvarias 

and femurs[125], maxilla[116] and ulnae[122]. All these studies pointed out that AChE 

expression increased during early embryo bone growth and then decreased during later 

embryo development and continuously declined during postnatal bone growth.  This study 

was the first time to examine the expression of AChE in both age-related and 

postmenopausal bone degeneration. 

 

For the osteoprotective effect of the AChE inhibitor, we used two AChEIs, donepezil and 

ambenonium. The binding ability to the AChE protein of these two inhibitors is similar[136, 

153, 154].  The donepezil itself could cross the BBB barrier, whereas ambenonium was 
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BBB-impermeable. Our results indicated that donepezil treatment could inhibit bone loss in 

vivo. This is consistent with a previous study by Sato et al[124]. However, the RANKL-

induced bone loss model used in that study was not a classical animal model to investigate 

osteoporosis. We confirmed this beneficial effect of donepezil in an OVX animal model. 

Furthermore, our data proved that under the same concentration, treatment of ambenonium 

reflected a comparable rescue effect to donepezil, suggesting the peripheral regulation effect 

of AChE in bone degeneration. However, a recent study claimed that the central acting 

AChE inhibitor galantamine did not alter the bone mass quantity in aged mice. We noticed 

that the galantamine only binds to the catalytic site of the AChE protein. We further 

investigated these controversial results in Chapter 2 and Chapter 3, our results showed that 

galantamine neither rescued osteoblastic senescence nor inhibited osteoclast differentiation. 

Pharmaceutical inhibition of AChE could attenuate bone loss in the mice model, indicating 

the potential therapeutic direction of osteoporosis. 

 

As documented and illustrated in Fig 4.5, in the bone system, the AChE expression firstly 

elevated to promote osteogenesis in the early embryo development period, and later 

decreases and maintains a relatively low level for a long time after postnatal development. 

Here, we find that the expression of AChE increases after menopause or with aging. The 

increase of AChE level in bone leads to the process of bone degeneration and disorder. 
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Fig 4.5 AChE expression during bone development and degeneration.In bone system, the AChE 
expression firstly elevated to promote osteogenesis in the early embryo development period, and later 
decreases and maintain a relative low level for a long time after postnatal development. Here, we find 
that the expression of AChE increases after menopause or with ageing. The increase of AChE level in 
bone leads to the process of bone degeneration and disorder. 
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Chapter 5 Conclusion and Future Perspectives 

5.1  Conclusion 

So, in this study, we explored the role of AChE on bone degeneration from three levels. At 

the tissue level, by using two inhibitors. We proved that peripheral acting inhibition of AChE 

could also rescue bone loss. At the cell level, by cell culture and microfluidic technics, we 

identified the non-neuronal role of AChE in both osteoblastic lineage and osteoclastic 

lineage. At the protein level, we used the dual binding or single binding AChE inhibitor as 

well as heat-inactivated AChE to confirm the effect of the ACHE peripheral anionic site. 
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Fig 5.1 Overall framework of this research.we explored the role of AChE on bone degeneration 
from three levels. At the tissue level, by using two inhibitors. We proved that peripheral acting 
inhibition of AChE could also rescue bone loss. At the cell level, by cell culture and microfluidic 
technics, we identified the non-neuronal role of AChE in both osteoblastic lineage and osteoclastic 
lineage. At the protein level, we used the dual binding or single binding AChE inhibitor as well as 
heat-inactivated AChE to confirm the effect of the ACHE peripheral anionic site. 
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As mentioned in the introduction part of Chapter 4, cholinergic activity decreases and AChE 

level remains unchanged[259] with aging in brain tissue[260]. For the AChE level in the 

bone system, as documented in Chapter 1, AChE played an important role in regulating bone 

development. Briefly, the AChE level increased during chondrocyte remodeling and 

apoptosis in the early embryo bone development to favor osteoblast differentiation in 

endochondral ossification. Its expression level dramatically decreases in the later embryo 

development phase to support bone mineralization. AChE expression continues to reduce 

until the skeleton mature and maintains at a lower but stable level. In our study, we first time 

demonstrated that the expression of AChE increased after menopause or with aging, which 

contributes to pathological remodeling and osteoporosis development. 

 

In Chapter 2, we illustrated that AChE expression was elevated during oxidative stress-

induced osteoblast senescence. Reversely, the addition of AChE protein also triggered the 

pre-senescence of osteoblasts. We claimed that the osteoblast cells could form an autocrine 

loop of AChE, therefore constantly accelerating the process of their cellular senescence (Fig 

5.1 A). We also confirmed that treatment of AChE inhibitor donepezil could suppress the 

AChE deposition and cellular senescence in osteoblast. 

 

In Chapter 3, we proved that AChE protein, both intact and heat-inactivated, could promote 

the adhesion, migration, and cell-cell fusion of osteoclast precursors, therefore contributing 

to stronger osteoclastogenesis. The promotive effect of heat-inactivated AChE in osteoclastic 

differentiation suggested the non-enzymatic regulative function of AChE in bone resorption. 
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Both pharmaceutical inhibition and genetic inhibition of AChE hindered the process of 

osteoclastogenesis. In particular, we found that only the dual-binding (binding to both 

catalytic site and peripheral anionic site) inhibitor donepezil could attenuate the 

osteoclastogenesis but not the single binding inhibitor galantamine (only binding to the 

catalytic site). As the peripheral anionic site of AChE was associated with the non-enzymatic 

function of AChE in many studies, these results further suggested that AChE regulates 

osteoclastogenesis in a non-enzymatic manner.  
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Fig 5.2 Proposed mechanisms of how AChE regulate osteoblasts, osteoclasts, and OB-OC 
crosstalk at cellular level.Osteoblast cells form an autocrine loop of AChE, therefore constantly 
accelerate the process of their cellular senescence. Evoked osteoclast resorption digested the bone 
matrix and released the osteoblast-deposited AChE to bone microenvironment. These released AChE 
promoted the fusion of osteoclast precursors, therefore resulted in stronger osteoclastogenesis.  
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5.2 Future Perspectives 

Bone is an organ that is renewed constantly.  It is critical for bone health that osteoblast-

mediated bone formation and osteoclast-mediated bone resorption are coupled harmoniously. 

In case of an imbalance of bone formation or degradation, diseases occur associated with 

bone loss, i.e., osteoporosis, or excessive formation of new bone as is occurring in 

osteopetrosis. Osteoporosis is a degenerative disorder marked by low bone density and 

microarchitectural deterioration of bone tissue [261], which is caused by the uncoupling of 

bone formation and bone resorption, leading to huge medical and economic burdens to 

society [77, 262]. Although a primary understanding of this pathological process has been 

achieved, the underlying molecular mechanism remains unknown. Additionally, current 

prevention and treatment strategies (e.g., calcium and vitamin D supplement, 

bisphosphonates, parathyroid hormone) have limited effects, or unavoidable side effects [79, 

82, 83, 85]. Therefore, new approaches to control or treat this disease need to be found.  

 

As mentioned before, AChE regulates bone development and degeneration in both 

acetylcholine-dependent and acetylcholine-independent manners. In the bone development 

stage, the AChE expression firstly increased to promote osteogenesis in the early embryo 

development period, and later decreases and maintains a relatively low level for a long time 

after postnatal development.  In the bone degeneration stage, osteoblast cells form an 

autocrine loop of AChE, therefore constantly accelerating the process of their cellular 

senescence. Evoked osteoclast resorption digested the bone matrix and released the 

osteoblast-deposited AChE to the bone microenvironment. This released AChE promoted the 
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fusion of osteoclast precursors, therefore resulting in stronger osteoclastogenesis. By 

targeting AChE, we may find a new approach to the treatment of the age-related bone 

disorder. 

 

The pharmaceutical inhibition of AChE in both osteoblasts and osteoclasts indicates the 

emerging necessity of dual blockade of AChE (the non-enzymatic as well as the enzymatic 

functional sites) in order to achieve stronger anti-catabolic effects on bone. For dual 

blockade of AChE, the dimerization of available drugs can be an effective strategy as this is 

a good approach to developing novel multifunctional drugs [263-265].  Huperzine A is a 

potent AChE inhibitor originally isolated from the Chinese medicinal herb Huperzia Serrata 

[265]. Huperzine A has been approved as Alzheimer’s therapy in China due to its specific 

anti-AChE activity. This component was reported to combine with itself to form bis(n)-

hupyridone, or with previously FDA-approved anti-Alzheimer’s drug tacrine to form 

hupyridone(n)-tacrine. Finally, the homodimer bis(n)-cognitin has been developed and 

synthesized as resulting of a computer model-based optimization strategy [266]. 

Pharmacokinetic studies demonstrate that these dimers could be well absorbed and readily 

cross the blood-brain barrier, suggesting that they might become applicable as drugs for both 

peripheral and central disorders [267], and could also represent emerging drug candidates for 

the treatment of osteoporosis.  

 

For the non-enzymatic function of AChE in bone degeneration, we may pay our attention to 

the peripheral anionic site of AChE. The gene and protein sequence of the AChE PAS site 
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was clearly identified.  Another area that needs investigation is the mechanism by which 

AChE affects the interactions of osteoblasts and osteoclasts[130]. Further mechanism 

analysis could focus the PAS site on both osteoblast and osteoclast. Moreover, although we 

know that AChE regulates proliferation and differentiation of both osteoblasts and 

osteoclasts, respectively, its effects on interactions of osteoblasts and osteoclasts leave 

relevant questions wide open.  
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