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Chapter 1 

Introduction 

1.1. Bone is a dynamic and synthetic organ that is regulated by different types of 

cells and numerous interrelated factors 

1.1.1. Bone cells 

Bone cells originate from two cell lines: osteoprogenitor cells from the 

mesenchymal stem cell lineage, which differentiate into osteoblasts and osteocytes; and 

hematopoietic stem cells, which are able to differentiate into osteoclasts (Florencio-

Silva et al. 2015). Osteoprogenitor cells are “stem cells” that can undergo migration, 

proliferation, and differentiation into osteoblasts upon receiving the relevant signal 

(Clines 2010). Osteoblasts are considered bone forming cells as they synthesize and 

secrete organic bone matrix (Lee et al. 2017). Osteoblast differentiation and activation 

is modulated by several mediators, including proteins of the transforming growth factor 

(TGF) and bone morphogenic protein (BMP) families (Wu et al. 2016). 

Osteoprogenitor cells can either remain quiescent osteoblasts, continue to differentiate 

into osteocytes, or return to bone stem cells. Osteoclasts are multinucleated cells that 

reside in Howship lacunae (shallow depressions on the bone surface) (Matic et al. 2016). 

During the bone healing and remodeling processes, osteoclasts can also reside in cutting 

cones (deep resorption cavities) (Buenzli et al. 2012). As bone-resorptive cells, 

osteoclasts solubilize bone matrix via acidification after attaching to it through the 

brush border, allowing matrix phagocytosis (Yuan et al. 2016). A multitude of known 

factors and cytokines that regulate osteoclast differentiation and function are secreted 

by osteoblasts, including osteoprotegerin (OPG), the receptor activator of NF-κB ligand 

(RANKL), and macrophage colony–stimulating factor (MCS-F) (Kim and Koh 2019). 

1.1.2. Bone modeling and remodeling 

Endochondral ossification and appositional bone growth are two basic modes of 

osteogenesis, with the former occurring in long bones and the latter in radial bones. 

Modeling of facial bones occurs primarily though, but not limited to, the process of 

appositional bone growth (Xie et al. 2017). In addition, both endochondral ossification 
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and intramembranous ossification occur in the craniofacial skeleton during 

development. Cranium modeling is associated with mechanotransduction signals from 

potential brain growth (Catala et al. 2019). There is a clear relationship between 

changes in the skeleton and the stresses placed upon it. According to Wolff’s law, bones 

undergo resorption during periods when the bone does not experience stress, while it is 

reinforced in the presence of stress (Elliott et al. 2016).  

Bone modeling plays a crucial role in acquiring peak bone mass of human, 

whereas bone remodeling occurs to modulate the formation, resorption and replacement 

of bone. Bone remodeling is essential to maintain bone health, regulate calcium 

homeostasis and repair micro-damaged bones, and this process relies on the balance 

between bone formation and resorption (Zaidi 2007). Thus, the coupling of osteoclastic 

and osteoblastic function plays an indispensable role in bone remodeling. The bone 

turnover rate of an adult is approximately 2% to 3% per year through adulthood until 

the time of death (Ambroszkiewicz et al. 2018). 

Six main sequential phases are included in the remodeling cycle: quiescence, 

activation, resorption, reversal, formation, and termination. Bone remodeling starts 

upon receiving an initiating remodeling signal after osteoclastic resorption. During the 

resorption phase, osteoclast precursors are recruited to the target site by osteoblasts that 

respond to signals from osteocytes or as a result of direct endocrine activation. Almost 

all osteoclasts disappear in the subsequent reversal phase, and they are completely 

replaced by osteoblastic cells in the formation phase. Osteoblasts finish differentiation 

in the termination phase. The result of each cycle of bone remodeling is the production 

of a new osteon or trabecular packet (Arias et al. 2018; Delaisse 2016). 

1.1.3. Regulation of bone remodeling 

Bone remodeling is regulated by multiple local and systemic factors. Systemic 

hormonal regulators like Calcitonin (CT), Parathyroid hormone (PTH), vitamin D3 and 

estrogen play the most important roles in regulating osteoclastic bone resorption (Yu-

Yahiro et al. 2001). Additionally, growth factors such as insulin-like growth factors 

(IGFs), BMPs, TGF-β, fibroblast growth factors (FGFs), WNTs, and epidermal growth 
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factor (EGF) are also currently considered crucial regulators of physiological bone 

remodeling (Ohba et al. 2012). Based on this, hormonal and growth factor-based 

regulators could be potential alternatives to classical drugs to treat bone diseases such 

as osteoporosis. 

1.1.4. Osteoblast and osteoclast interaction 

Osteoblasts and osteoclast are two of the most important cells in the bone 

remodeling process, and they do not act independently. Several communication 

pathways have been previously described. Firstly, osteoblast lineage cells have an 

internal regulatory mechanism; for example, sclerostin (SOST) secreted by osteocytes 

become a negative feedback for osteoblasts, when the surrounding mineral is 

overproduced (Spatz et al. 2015; Zhu et al. 2018). Secondly, osteoblasts/osteocytes can 

communicate with osteoclasts through direct contact. Gap junctions formed when 

osteoblasts contact osteoclasts directly, allowing small water-soluble molecules to pass 

between them. The main molecules include cyclic adenosine monophosphate (cAMP), 

calcium ions (Weivoda et al. 2016), nucleotides (Singh et al. 2018), inositol 

trisphosphate receptor (InsP3R) (Kirkwood et al. 1996), amino acids, vitamins, and 

saccharides (Myneni and Mezey 2017) which are responsible for the proliferation and 

differentiation of osteoblasts and osteoclasts. Moreover, the paracrine pathway is 

considered another fundamental communication method for cell-cell communication, 

where paracrine factors secreted by neighboring cells via diffusion (Wong et al. 2019). 

For instance, osteoblasts secrete OPG and RANKL to regulate osteoclastic 

differentiation and formation via a paracrine pathway, and osteoclasts secrete 

sphingosine-1-phosphate (S1P), platelet derived growth factor (PDGF) or hepatic 

growth factor (HGF) to activate osteoblasts in return (Fouque-Aubert and Chapurlat 

2008; Graves et al. 1999; Ryu et al. 2006). In summary, both the differentiation and 

function of osteoblasts and osteoclasts are influenced by the communication and 

interaction between them, thereby regulating bone remodeling (Figure1.1). 
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1.2. Osteoporosis: the most common bone metabolic disease due to the aging 

population 

1.2.1. Etiology of osteoporosis 

The terminal result of an imbalance between osteoblasts and osteoclasts can lead 

to osteoporosis, which is typically defined by a decrease in bone density, ultimately 

leading to an increased risk of fracture among older people (Aspray and Hill 2019; Lane 

2006). The pathogenesis of osteoporosis is complex and is the result of a comprehensive 

mixture of genetic, hormonal, dietary, lifestyle and physical factors. Bone mass is 

acquired early in life, and bone density and structure are maintained during adulthood 

(Raisz 2005). Damage to bone during skeletal growth and/or an imbalance between 

factors in the adult skeleton that favor bone resorption and bone formation may be the 

cause of bone fragility (Licata 2009). Genetic factors mainly affect peak bone mass, 

whereas systemic hormones or local cytokines are the primary causes of imbalances in 

bone remodeling (Ralston and Uitterlinden 2010). Briefly, there are 3 main contributors 

for the development of osteoporosis during remodeling: a failure to reach peak bone 

mass, compromised bone formation, and excessive bone resorption (Prideaux et al. 



13 

 

2016; Sandhu and Hampson 2011). 

1.2.2. Epidemiology of osteoporosis 

The proportion of older people is increasing rapidly, and it is predicted that by 

2050, approximately a quarter of their population of all major regions of the world 

except Africa will be aged over 60 years (Cooper et al. 2011). This aging population 

will likely have a significant impact on the number of people with osteoporosis (Clynes 

et al. 2020). Due to its prevalence worldwide, osteoporosis is considered one of the 

most serious public health concerns. It is estimated that over 200 million people suffer 

from osteoporosis nowadays, and it affects one-third of all postmenopausal women in 

the Western countries. Osteoporosis patients aged over 50 years are at greater risk of 

suffering from an osteoporotic fracture, which imposes a devastating burden on patients 

and their families, and often leads to death. Approximately 15 - 40% of osteoporosis 

patients sustain osteoporotic fractures at least once in their lifetime (Sozen et al. 2017; 

van Oostwaard 2018). The cost to the health care budget of tackling osteoporosis is also 

staggering: the European Union spent a total of 37 billion euros in 2010, and the United 

States spent 20 billion dollars to treat osteoporosis in 2015 (Franic and Verdenik 2018; 

Pandey et al. 2018; Verdonck et al. 2019). 

1.2.3. Pathogenesis of osteoporosis 

Osteoporosis is considered to be a multifactorial disorder that is influenced by 

numerous factors, and its occurrence in different individuals may be the result of 

different pathogenic mechanisms (Ahmadi et al. 2020). However, there are a set of 

fundamental and common pathogenic mechanisms that underlie the development of 

osteoporosis. Firstly, genetic or other factors (anorexia nervosa, corticosteroid use, etc.) 

contribute to a failure to attain peak bone mass over a patient’s lifetime and to impaired 

bone quality during growth due to trauma or bone diseases (Kabicek et al. 2019). 

Secondly, women face a lost bone mass during menopause, while men experience a 

gradual onset of sex steroid deficiency which could affect bone cells (Ucer et al. 2017). 

Additionally, age-related metabolic changes have also been shown to be strongly 

associated with the occurrence of bone loss (Sarbacher and Halper 2019). Finally, 
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menopausal or age-related bone loss can be accentuated when individuals are exposed 

to potential causes of bone loss like alcohol consumption, cigarette smoking, 

glucocorticoid use, and thyrotoxicosis (Medrela-Kuder and Szymura 2018; Payer et al. 

2010; Siderova et al. 2018) (Figure 1.2).  

 

1.2.4. Prevention and treatment 

For the prevention of osteoporosis, weight-bearing exercise with moderate 

resistance to increase muscle mass is recommended as it can transiently increase 

bone mineral density (BMD) (Black and Rosen 2016), and shows beneficial effects on 

skeletal microarchitecture in longitudinal studies (Evans et al. 2012). Given that falls 

frequently lead to osteoporotic fractures and the number of falls increases with 

advancing age, exercise and balance programs like tai chi and yoga may help to improve 

balance, increase muscle tone and reduce the risk of falls among elderly people (Zou et 

al. 2017). In addition to exercise, withdrawal of psychotropic medication if possible, 

awareness of fracture risk assessment, smoking cessation, and limiting alcohol intake 

play important roles in preventing osteoporosis and osteoporotic fracture (Pfeifer and 

Sinaki 2019; Soto et al. 2019). 

Classical treatments that aim to prevent bone resorption include bisphosphonates, 

peptide hormones, estrogen, and selective estrogen receptor modulators (SERMs) 
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(Hauk 2018). Additionally, denosumab (a monoclonal antibody), calcium and vitamin 

D supplementation are also commonly recommended for osteoporosis patients 

(Qaseem et al. 2017). Once recognized, the potential consequences of osteoporosis can 

be mitigated by the appropriate selection of therapies. 

1.3. Cigarette smoking (CS): a major risk factor for osteoporosis 

1.3.1. Composition of cigarette smoke 

Conventional cigarette smoke consists of more than 6,000 compounds, more than 

150 of which are known to be toxic and contribute to the development of various 

diseases (Aspera-Werz et al. 2020; Sung et al. 2015). Cigarette smoke inhaled through 

the filter end of a cigarette, is rich in reactive nitrogen species (RNS) and reactive 

oxygen species (ROS), both of which can cause cell damage and death through 

oxidative stress (Comhair and Erzurum 2002; Pryor 1997). Typically, about 20-30 ml 

of carbon monoxide and 2-3 mg of nicotine can be inhaled via a single cigarette, and 

soon after smoking, nicotine concentrations in arterial blood rise to 100 ng/ml, which 

is then distributed to various tissues, including the skeletal system (Sundar 2020).  

Nicotine is considered an addictive component of cigarettes, which increases 

platelet aggregation, decreases microvascular prostacyclin levels and inhibits the 

biological functions of fibroblasts, erythrocytes and macrophages (Benowitz et al. 2016; 

Hukkanen et al. 2005). Cigarette inhalation increases the content of catecholamines in 

the blood, contributing to the formation of lysergic acid, stimulating an increase in 

cardiac output and causing adrenergic vasoconstriction, as well as inhibiting 

epithelialization and disrupting the healing process (Alvarez-Jimenez et al. 2018; 

Glatard et al. 2017). As a result of peripheral vasoconstriction, small vessel stasis and 

microvascular perfusion are widely reduced, blood viscosity and fibrinogen levels are 

increased, inducing a hypercoagulable state (Hamouda et al. 2018). It has been found 

that smoking only two cigarettes can reduce the blood flow from the heart to the hand 

by 29% (Vanadrichem et al. 1992). Hormone levels are significantly affected by 

nicotine. Vasopressin, beta-endorphin, adrenocorticotropic hormone and cortisol are 

found to increase in the circulation in smokers (Windham et al. 2005). Furthermore, 
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nicotine has a detrimental effect on osteoblasts, fibroblasts, and macrophages at the 

cellular level (Aspera-Werz et al. 2018; El-Zayadi et al. 2002). 

Carbon monoxide (CO) has a 200-fold higher affinity for hemoglobin binding than 

oxygen, which decreases the oxygen tension in tissues (Takajo et al. 2001). CO is 

produced as a result of incomplete combustion of cigarettes. Cigarettes are known to 

contain 2-6% CO, which converts up to 15% of hemoglobin into carboxyhemoglobin 

(Priest et al. 2014). The formation of carboxyhemoglobin impairs the transport and 

function of oxygen, ultimately leading to hypoxia (Barnoya and Glantz 2006). It has 

been demonstrated that 10 minutes of smoking reduces the oxygen tension in tissues, 

and smokers who smoke 20 cigarettes per day are in a state of tissue hypoxia for 20 

hours per day (Chen et al. 2020; Sorensen et al. 2009) (Figure 1.3). 

 

 

1.3.2. Effects of CS on human health 

Active cigarette smokers are exposed to thousands of tobacco toxins, a 

combination of tobacco constituents and pyrolysis products, by inhaling cigarette 
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smoke (Onor et al. 2017). CS contributes to a major proportion of the population burden 

of numerous leading diseases, such as cancer, vascular disease, hip fractures, chronic 

obstructive pulmonary disease and a diminished health status (Kaplan et al. 2017). CS 

during pregnancy is strongly related to low birth weight, fetal growth restriction, and 

pregnancy complications (Abraham et al. 2017). Moreover, passive smoking is an 

established cause of disease and death (Yang et al. 2016). 

Because of the non-negligible burden of CS on public health, it is imperative to 

develop proactive strategies to minimize the prevalence of CS (St Helen and Eaton 

2018). At the societal level, many actions can be taken to prevent cigarette use. 

Evidence supports the effectiveness of several interventions, policies and regulations in 

reducing access to and consumption of tobacco, such as imposing restrictions on 

tobacco advertising, and enacting cigarette control legislation (Alberg 2008). At the 

individual level, the primary aim is to reduce the demand for cigarettes. Strategies can 

take the form of primary prevention to prevent young people from smoking, or promote 

cessation among long-term smokers through secondary prevention (Reynales-

Shigematsu et al. 2019). 

1.3.3. CS and osteoporosis 

CS has been identified as an indispensable risk factor for osteoporosis, making it 

an important criterion included in the fracture risk assessment tool (Aspera-Werz et al. 

2019; Joehanes et al. 2016). Multiple pathways are potentially associated with CS-

induced osteoporotic changes: CS can lead to changes in hormone household, such as 

decreases in parathyroid hormone and estrogen levels, and increases in cortisol and 

adrenaline levels (Kapoor and Jones 2005); CS affects the level of vitamin D (Daniel 

et al. 1992); CS induces oxidative stress that causes osteoblastic damages (Correa et al. 

2019); CS reduces the blood supply to bone and smokers are at increased risk of 

peripheral vascular disease (Balaji 2008); and the constituents in cigarettes have direct 

toxic effects that could affect bone cells (Cyprus et al. 2018). However, the underlying 

mechanisms of CS on osteoporosis remains unclear because few studies have been 

appropriately designed and are comprehensively enough to investigate the specific 
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mechanisms (Al-Bashaireh et al. 2018). A recent study in an experimental mouse model 

demonstrated that CS decreased osteogenic differentiation and may compromise bone 

formation (Cyprus et al. 2018). Furthermore, a mouse model with knockout of RANKL 

and RANK showed an absolute absence of osteoclasts, demonstrating that RANKL is 

vital for osteoclast differentiation (Leibbrandt and Penninger 2008). Not many studies 

have investigated the relationship between CS and RANKL/ OPG ratio. A higher 

RANKL/OPG ratio was found in CS-exposed rats compared to that in untreated rats 

(Giorgetti et al. 2010). A study in humans that explored the relationship between CS 

and the RANKL/ OPG ratio found that smokers with periodontitis have lower levels of 

OPG in their blood than non-smokers, which also leads to higher levels of 

RANKL/OPG ratio (Lappin et al. 2007). In addition, a recent human study found 

significantly lower OPG levels and higher RANKL/ OPG ratio in smokers compared 

to nonsmokers (Kargin et al. 2016). It is of great value to further explore the relationship 

between CS and the RANKL/ OPG ratio and screen potential treatments that target the 

RANKL-RANK-OPG pathway in smokers. 

1.4. Bisphosphonates (BPs): a classical class of antiosteoporosis drugs  

1.4.1. Mechanism of BPs for osteoporosis 

Nitrogen-containing BPs are used to treat osteoporosis and other bone disorders 

associated with excessive bone turnover (Reszka and Rodan 2003). BPs inhibit the 

synthase of geranylgeranyl pyrophosphate (GGPP) and the formation of farnesyl 

pyrophosphate (FPP) in the mevalonate pathway (Drake et al. 2008; Roelofs et al. 2006). 

Therefore, the main effect of BPs is to promote apoptosis in mature osteoclasts. 

Additionally, BPs have been suggested to inhibit osteoclast formation possibly by 

suppressing osteoclast formation and the prenylation of small GTPases in vitro (Dunford 

et al. 2006). Recently, BPs were demonstrated to inhibit RANKL-induced osteoclast 

formation (Tsubaki et al. 2014) and enhance RANKL/OPG gene expression (Koch et al. 

2012) (Figure 1.4). 
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1.4.2. Adverse events associated with BPs 

BPs are generally well tolerated, but the potential adverse events of BPs could 

limit their use in some patients (Kennel and Drake 2009). BPs are related to upper 

gastrointestinal adverse events such as vomiting, nausea, epigastric pain and dyspepsia. 

Other adverse events like acute phase reactions, musculoskeletal pain, hypocalcemia 

and secondary hyperparathyroidism, and osteonecrosis of the jaw have been reported 

to be related to BPs (Papapetrou 2009). Intravenous BPs have also been associated with 

all of the mentioned adverse events, except for upper gastrointestinal symptoms 

(Pittman 2014; Wang et al. 2016). It is still unclear that the relationship between BPs 

and atrial fibrillation and atypical fractures of the femoral diaphysis (Lu et al. 2020). 

The onset of oral ulcers, skin reactions, hepatitis, and esophageal cancer have been 

reported to be associated with BPs (Lu et al. 2020). Overall, the appropriate 

management of BPs confers a clear clinical benefit in osteoporosis patients that 

outweigh the adverse effects related to their use of BPs. 
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1.4.3. Novel applications of BPs 

BPs are initially used in the treatment of bone-related diseases, but have also 

shown other potential therapeutic options. Studies in vitro and in vivo have shown that 

BPs exhibit anticancer activity which can hinder tumor growth and metastasis (Stresing 

et al. 2007). Thus, BPs are commonly used for the prevention and/or management of 

skeletal-related complications related to advanced cancers or as a result of anticancer 

treatments (Beuzeboc and Scholl 2014). For example, BPs can be used for multiple 

myeloma (MM) because skeletal complications occur in almost all MM patients.(Sousa 

and Clezardin 2018). BPs are also applied in palliative care for patients suffering from 

bone metastases in order to reduce or offset hypercalcemia (Porta-Sales et al. 2017). 

BPs have been shown to effectively inhibit the proliferation of cancer cells and induce 

apoptosis. However, studies have found that higher than recommended doses BPs are 

often required to achieve the anticancer effect, leading to BP-related adverse events 

(Ouyang et al. 2018). Therefore, BPs are often used in combination with other drugs 

when used as anticancer agents (Modi and Lentzsch 2012). Currently, BPs are 

frequently used in the drug treatment of breast cancer, lung cancer, renal cancer, and 

myeloma (Dlamini et al. 2019; Hodgins et al. 2017). In addition, BPs are used as a 

contrast agent (CA) in magnetic resonance imaging (MRI) for specific bone-related 

diagnoses and for visualization of the bone-soft tissue barrier. BPs have also been used 

as radionuclides to achieve specific bone-sensing features in single-photon emission 

computed tomography (SPECT/CT) (Kuznik et al. 2020). 

1.5. Co-culture of osteoblast and osteoclast: an elite in vitro model for studying 

osteoporosis 

1.5.1. In vivo models vs. in vitro models 

Most bone-related in vivo models are performed in rodent. Compared to mammals, 

the widespread use of mice is due to relatively minimal public opposition to their use, 

their low cost and ease of habitation, and their size, which is appropriate for bone-

related measurements, such as micro-CT and bone mechanical tests (Bonucci and 

Ballanti 2014). However, due to species differences, rodent models are not able to 
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mimic real physiological conditions in humans (Dall'Ara et al. 2016). This is 

demonstrated by the failed translation of many achievements from animal studies to 

clinical trials (Malfait and Little 2015). Therefore, if preliminary results can be obtained 

in effective in vitro models of human cell lines prior to in vivo tests, this could 

potentially reduce the use of animals and contribute to the eventual successful clinical 

application (Yildirimer et al. 2019).  

1.5.2. Types of co-culture models in vitro 

Mono-culture models of bone cells has been extensively performed over the past 

two decades (Roeder et al. 2011). However, as described above, the physiological 

metabolism of the skeletal system relies on the interaction of multiple types of bone 

cells, particularly the communication between osteoblasts and osteoclasts (Pirraco et al. 

2012). Therefore, even the basic models that try to reflect the real in vivo bone 

environment require co-culture of osteoblasts sand osteoclasts. Direct or indirect co-

culture models can be performed. Direct co-cultures involve the cultivation of two types 

of cells on the same surface, allowing a direct cell-cell contact. This approach includes 

the possible effects of membrane-bound signaling and soluble factors between cells in 

co-cultures (Ehnert et al. 2018); Indirect co-cultures mainly use transwell devices 

(Zhang et al. 2016), permeable dividers (Bogdanowicz and Lu 2014), and conditioned 

medium methods (Malekshah et al. 2006). These models allow the communication of 

soluble factors between each cell type and the ability to distinguish different cell types 

(Figure 1.5). The described co-culture methods are mainly two-dimensional (2D) 

models, which still have limitations in mimicking the environment in the living 

organism (Hess et al. 2010; Zhu et al. 2018). Three-dimensional (3D) co-culture models, 

which have been recently established and tested in order to better replicate the 

conditions in vivo. However, 3D models need to be optimized and evaluated before they 

can be widely used to mimic the bone system (Zhu et al. 2018). 
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Figure 1.5. The overview of co-culture models (Zhu et al. 2018) (The figure is published 

under an open access Creative Common CC BY license for reuse). 

 

1.5.3. Co-culture models of osteoblasts and osteoclasts. 

Osteoporosis is becoming the most common metabolic bone disease due to the 

global aging population currently. It is of great demand to address osteoporosis-related 

paradoxes and screen for novel anti-osteoporosis drugs (Zhu et al. 2018). As 

biotechnology continues to evolve, co-culture techniques are constantly being 

developed and optimized for evaluate new treatments that interact with osteoblast and 

osteoclasts. Menaquinone-4, melatonin, strontium, vitamin D3 and vitamin K2 were 

recently recognized as potential substances to reduce osteoporotic alterations by co-

culture models of osteoblasts and osteoclasts (Maria et al. 2018; Maria et al. 2017). 

Moreover, through different osteoblasts and osteoclasts co-culture models, Janus 

kinases were shown to suppress RANKL expression to hinder osteoclastic 
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differentiation (Murakami et al. 2017), the anti-osteoporotic value of IL-18BP was 

discovered (Mansoori et al. 2016), and traditional Chinese herbs such as Epimedium 

were found to promote osteogenesis (Ma et al. 2011). The future challenges for co-

culture models are mainly to complete the translation from 2D to 3D models, such as 

the optimization of 3D scaffolds, the application of 3D printing technology, and the 

selection of appropriate measurements. 

1.6. Aim of the study 

The objective of this thesis is to establish a direct co-culture model of osteoblasts 

and osteoclasts using human cell lines, mimicking the in vivo bone environment and 

allowing testing of possible mechanism/s of osteoporosis as well as the screening of 

potential anti-osteoporotic drugs. The following points were addressed: 

1. The establishment of co-culture model of osteoblasts and osteoclasts. 

2. The optimization of co-culture model of osteoblasts and osteoclasts. 

3. The comparison between mono-cultures and co-culture of osteoblasts and 

osteoclasts. 

4. Test the effects of various CSE concentrations on co-cultures of osteoblasts 

and osteoclasts. 

5. Test the effect of BPs (zoledronate and alendronate) on CSE-affected cells in 

co-cultures of osteoblasts and osteoclasts. 
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Chapter 2 

2. Materials and Methods 

2.1. Materials  

2.1.1. Chemicals and reagents (Table 2.1) 

Table 2.1: List of used chemicals and reagents. 
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2.1.2. Buffers, medium and solutions (Table 2.2) 

Table 2.2: List of buffers, medium and solutions. 
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2.1.3. Consumables 

Table 2.3: List of consumables 
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2.1.4. Equipment 
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Table 2.4: List of equipment. 
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2.2. Methods 

2.2.1. Cell culture 

2.2.1.1 Cell lines 

To achieve a replicable co-culture model of osteoblast-like and osteoclast-like 

cells and the best mimicry of the in vivo environment, selected cell lines of human 

tumor origin were selected. SaOS-2 is a commonly used pre-osteoblastic cell line with 

a potent differentiation capacity. THP-1 cells derive from a female leukemia patient, 

which can differentiate from neutrophils to osteoclast-like cells with the supplement of 

RANKL and MCS-F (Villagran et al. 2015). 

2.2.1.2. Cultivation of SaOS-2 and THP-1 cells 

RPMI 1640 medium (supplements are shown above in Materials section) was used 

for SaOS-2 and THP-1 cells cultivation, medium change was performed every 3-4 days 

and cell subculture of cells was carried out when cells reached on the confluence of 

80%. For cell seeding, SaOS-2 cells were detached with Trypsin/ EDTA while THP-1 

is a suspended cell line. Trypan blue solution was used to stain cells for cell counting. 

Cells were then centrifuged and re-suspended with SaOS-2/ THP-1 culture medium. 

Re-suspended SaOS-2 and THP-1 cells were seeded in the ratio of 1: 2 (for 96-well 

plate, 1 × 104 SaOS-2 and 2 × 104 THP-1 cells per well). In particular, supplement of 

phorbol-12-myristate 13-acetate (PMA) is required when seeding THP-1 cells due to 

their suspension characteristic. 

2.2.1.3. Cell differentiation 

For SaOS-2 mono-culture, SaOS-2 osteogenetic medium (components are shown 
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in metiral section) was used to replace culture medium on the secound day of cell 

seeding. Differentiated SaOS-2 cells can secrete RANKL and MCS-F in the supernatant, 

so cell culture medium was repleced by SaOS-2-comditioned supernatant of 

differentiaed SaOS-2 cells in 6-well-plates (30 × 104 cells per well ) for THP-1 mono-

culture. For SaO-2 and THP-1 co-cultures, as highly differentiated pre-osteoblasts, 

SaOS-2 started to secrete factors in the shared medium for THP-1 cells differentiation 

after culture medium was changed by SaOS-2 osteogenetic medium (Weng et al. 2020). 

2.2.2. CSE preparation 

Cigarettes used in the thesis are commercial Marlboro products from Philip Morris 

company. Plain SaOS-2/ THP-1 cell culture medium (RPMI 1640 medium without any 

supplement) was used to dissove cigarette smoke. One cigarette was bubbled by using 

a gas wash bottle and a peristaltic pump (100 bubbles per minute) (Figure 2.1). The 

optical density of CSE-dissoved medium was determined by the plate reader at 320nm, 

and an optical desity of 0.7 is considered a CSE concentration of 100% (10% of CSE 

is assumed to be equivalent to smoke 20 cigarettes a day for human). CSE was sterilized 

by 0.22 μm filter and diluted by SaOS-2 osteogenic medium to reach different 

concentrations. 

 

Figure 2.1. CSE preparation. 

 

2.2.3. Sulforhodamine B (SRB) staining 
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Total protein of cells can be determined by SRB staining (Aydinlik et al. 2020). 

Cells need to be fixed in ethanol (99%) at -20 ℃ for at least 24 h. After fixation, cells 

were washed three times by PBS and incubated with SRB solution (0.4 %, can be 

recycled and resued) for 30 minutes under light-avoiding conditions at room temprature 

(RT). Acetic acid (1%) was used to remove unbound SRB solution and TRIS solution 

(10mM, PH = 10.5) was used to resolve bound SRB. Resolved SRB quantification was 

measured photometrically (λ = 565 nm). 

2.2.4. Alkaline phosphatase (AP) activity 

AP activity is a marker of early osteoblast differentiation and can be an indicator 

for osteoblastic function (Kyyak et al. 2020). After washing celss with PBS, AP reaction 

solution was added and then measured with absorbance by a plate reader (λ = 405 nm) 

for 30 min. AP activity results were eventually normalized to SaOS-2 cell number. 

2.2.5. Tartrate-resistant acid phosphatase (TRAP) 5b activity 

Macrophages secrete TRAP 5a and TRAP 5b, while mature osteoblasts secrete 

only TRAP5b. Therefore, TRAP 5b was measured to represent diffrentiated osteoclats 

and osteoclatic activity for THP-1 cells (Rossler et al. 2018). 30 μL of cell supernatant 

was incubated with 90 μL TRAP 5b reaction solution for 6h, and 90 μL NaOH was used 

to stop reaction. The supernatant was then directly measured photometrically 

(λ = 405 nm). TRAP 5b results were eventually normalized to relative THP-1 cell 

number. 

2.2.6. Actin ring/ Nuclei staining 

The formation of actin ring and the presence of multinucleated cells are both 

typical morphological characteristics of osteoclasts (Boyce et al. 2012; Wilson et al. 

2009). After washing with PBS twice, cells were incubated with Triton X-100 (0.2%) 

for 20 min to penetrate cell membrane and then fixed with formaldehyde (2%). Cells 

were washed with PBS and incubated with BSA (5%) for 1 h to block non-specific 

bingdings. After washing with PBS, cells were incubated with staing soluntion 

(Phalloidin-TRITC and Hoechst 33342, 1: 1000 in PBS) for 30 min. A fluorescence 

microscope was used to identify osteoblasts (actin filament structures and one nucleus) 

and osteoclasts (actin ring formation and/ or two nuclei or more in single cell). 
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2.2.7. Matrix determination 

Alizarin-red staining was measured to determine mineralized matrix (Kannan et 

al. 2020). Cells were fixed with ethanol (99%) at -20 ℃ for at least 24 h after washing 

with PBS twice. After fixation, cells were washed by tap water three times and then 

incubated with alizarin-red staining solution for 30 min at RT. Stained matrix can be 

detected by microscope after washing with tap water in this stage. After resolving with 

cetylpyridinium chloride, alizarin-red quantification can be determined 

photometrically (λ = 565 nm). 

2.2.8. PCR measurement 

Self-made Trifast reagent (coponents are shown in Material section) was used to 

isolate total RNA of cells, and first strand cDNA synthesis kit from thermofisher 

company were used to achieve complementary DNA synthesis. cDNA samples were 

normalized with DEPC water to 10 ng per μL. A mixture of 7.5 μL Red HS Taq Master 

Mix, 20 μL cDNA sample, 20 μL DEPC water, and 7,5 ul former/ revers primer was 

used for RNA reaction for each sample (Target primers are shown in Table 2.5). Agrose 

gels (1.5 – 1.8%) with Etbr were used to load samples, and gel electrophoresis (80 - 90 

V for 40 - 50 min) was performed for gel seperation. The intesity of detecable bands of 

PCR was measured by ImageJ software. 

 

Table 2.5. Primer sequences and PCR conditions for the investigated genes. 

 

2.2.9. Dot blot measurement 

Secreted proteins are present in the supernatant of the cells, so extracting the 

supernatant of cells can be used to determine protein levels of OPG, RANKL and TRAP 

5b which secreted by either osteoblasts or osteoclasts. Supernatant of cells was 



35 

 

transferred to a nitrocellulose membrane by a Dot blotter, the total protein of 

supernatant was confirmed by Poceau staining. After removing poceau by washing with 

tap water, membranes were blocked by BSA (5%) for 1 h. After washing with TBS-T 

buffer three times, membranes were incubated with primary antibodies agianst OPG, 

RANKL and TRAP 5b overnight in a ice box (The informaton of used antibodies are 

shown in Table 2.6). Membranes were washed with TBS-T buffer and then incubated 

with secoundary antibodies for 2 h at RT. ECL solution was used to develop 

chemiluminescent signals which can be detected by a CCD camera. The intensity of 

Dot blot signals were measured by using imageJ software. 

 

Table 2.6. Antibodies used in Dot blot measurements. 

 

2.2.10. Total DNA measurement 

Cells were incubated with pre-warmed NaOH (50mM) for 5 min after washing 

with PBS twice to penetrate cell membranes. Supernatant with cell lysates was 

incubated in a thermoshaker at 98 ℃ for 30 min, and then mixed with 50 μL ddH2O 

and 5 μL TRIS solution (1M, pH = 8). The mixture was centrifuged for 10 min (14,000 

x g) at 4 ℃ and supernatant was transffered to a new tube. 2 μL of supernatant samples 

were measured with a plate reader for DNA quantification. 

2.2.11. Cell-type-specific normalization 

For co-cultures, the DNA samples contain both SaOS-2 and THP-1 cells, so 

identification of both cell types is required. As mentioned, THP-1 cell line is of male 

origin while SaOS-2 cell line dirives from a female patients. Therefore, the sex-

determining region Y (SRY), a gender-determined gene for males, was selected to 

determine the DNA amount of THP-1 cells. The SaOS-2 DNA amount was obtained by 

substracting THP-1 DNA amount determined by SRY from total DNA. In brief, using 
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the PCR measurement described above, a standard curve was first measured using a 

gradient DNA amount of THP-1 cells and their SRY gene expression. The SRY 

expression in co-cultures was then measured by PCR measurements, the THP-1 DNA 

amount in co-cultures was calculated by SRY expression and the standard curve (Figure 

2.2). 

 

Figure 2.2. The cell-type-specific normalization method in the co-culture of SaOS-2 

and THP-1 cells. 

 

2.2.12. Statistics 

Results are presented in the form of line/bar chart (mean ± SEM), and each 

experiment repeated at least three times.Graphpad prism software was used for data 

analysis, and non-parametric one-way ANOVA (Kruskal-Wallis test) followed by 

Dunn’s multiple comparison test was used to compare data sets. The minimum level of 

significance is P ＜ 0.05. 
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Chapter 3 

3. Results 

3.1 THP-1 cells can be induced to differentiate into osteoclast-like cells by SaOS-2 

conditioned medium and can maintain cell survival for 7 days. 

One of the main aims of the thesis is to develop a supplement-free co-culture 

model of osteoblasts and osteoclasts. SaOS-2 cells are pre-osteoblasts which can be 

induced to differentiate by SaOS-2 osteogenic medium, so the first challenge in our 

study was to induce the differentiation of osteoclasts from THP-1 cells and maintain 

the survival of osteoclast-like cells. Previous studies mainly used additional M-CSF 

and RANKL for induction of osteoclast differentiation of THP-1 cells (Zhang et al. 

2020). However, SaOS-2 are well-differentiated pre-osteoblasts that can secrete M-CSF 

and RANKL after differentiation induction. Therefore, THP-1 cells mono-cultures with 

diffenretiated SaOS-2 cells conditioned medium was first preformed to verify whether 

THP-1 cells can be induced to differentiate by secretions from SaOS-2 cells. According 

to the results of SRB staining indicating the cell viability, cells decreased significantly 

over time points (Figure 3.1A). Calcein-AM staining representing living cells showed 

the same tendency as SRB staining that cells can remain viable for at least 7 days, but 

not after 10 days (Figure 3.1B). TRAP-5b is a specific indicator of osteoclasts reflecting 

the osteoclastic function (Song 2017), and an actin ring structure under fluorescent 

staining is characteristic of mature osteoclasts (Matsubara et al. 2017). TRAP 5b 

activity was detected in THP-1 mono-cultures on day 4, and decreased over time points 

(Figure 3.1C). Clear actin ring structures with multiple nuclei were observed  by the 

fluorescent-actin staining (Figure 3.1 D). These results indicate that THP-1 cells can be 

successfully induced to differentiate into osteoclast-like cells by SaOS-2 secretions, and 

the optimal time frame to investigate osteoclasts for THP-1 mono-cultures is from day 

4 and day 7.  
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3.2 Comparison of SaOS-2 and THP-1 cells mono-culture and co-culture. 

As THP-1 cells can be induced to differentiate by SaOS-2 conditioned medium, 

THP-1 cells is expected to be induced to differentiate in co-culture because of their 

direct exposure to SaOS-2 secretions in the shared supernatant. SRB staining results 

showed cells in the co-culture system had significantly higher cell viability compared 

to cells in mono-cultures. Co-culure of SaOS-2 and THP-1 cells maintained cell 

survival up to 14 days, while almost all cells died on day 10 in mono-cultures (Figure 

3.2A). TRAP 5b activity in co-cultures was significantly higher than mono-cultures 

(Figure 3.2B), indicating that THP-1 cells were better differentiated into osteoclast-like 

cells in co-cultures than cells in mono-culture did. The actin staining on day 10 

confirmed SRB results, and clear actin ring structures with multiple nuclei were 

observed (Figure 3.2C). 
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3.3. CSE decreased cell viability in a dose dependent manner in the co-culture of 

SaOS-2 and THP-1 cells 

    CSE with the concenrations ranged from 0% to 10% was tested in the co-culture 

system up to 14 days. Cells decreased with increasing CSE concentrations, and 10% of 

CSE was too toxic for cells to maintain their survival after 7 days (Figure 3.3A). Actin 

staining showed typical osteoclastic structures in the co-cultures and confirmed SRB 

results (Figure 3.3B).  
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3.4. CSE enhanced osteoclastic function in the co-culture of SaOS-2 and THP-1 cells 

in a dose dependent manner. 

CA II and TRAP 5b are markers of early and late stages of osteoclast 

differentiation, respectively (Jeong et al. 2019; Lehenkari et al. 1998). CA II and TRAP 

5b activity in the co-cultures were up-regulated by CSE in a dose dependent manner 

(Figure 3.4A and 3.4 B). 

 

 

3.5. CSE decreased matrix remodeling in the co-culture of SaOS-2 and THP-1 cells in 

a dose dependent manner. 

    Alizarin-red staining representing bone matrix remodeling results from the 

interaction between osteoblasts and osteoclasts. Alizarin-red staining was decreased by 

CSE in a dose dependent manner in the co-cultures of SaOS-2 and THP-1 cells, and 5% 

of CSE significantly decreased matrix remodeling compared to control group (Figure 

3.5).  
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3.6. BPs reduced the effects of CSE on the co-culture of SaOS-2 and THP-1 cells. 

CSE at the concentration of 5% was shown to improve osteoclast function and 

reduce bone remodeling in the co-cultures, therefore 5% of CSE was used in the 

subsequent experiments. BPs (zoledronate and alendronate) as a classical anti-

osteoporotic drug were tested in CSE-affected cells in the co-culture model. 

Zoledronate and alendronate both decrased TRAP 5b activity elevated by CSE, and 
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alendronate group showed significant difference compared to CSE group (Figure 3.6A). 

Zoledronate and alendronate showed a positive effect on matrix remodeling decresed 

by CSE in the co-culture of SaOS-2 and THP-1 cells (Figure 3.6B), and the microscopy 

images confirmed the alizarin-red results (Figure 3.6C). 
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3.7. CSE up-regulated the RANKL/ OPG ratio and osteoclastic markers at the gene 

level, BPs can reverse the effects of CSE on co-cultures. 

OPG and RANKL which expressed by osteoblasts, and NFATC1 which exressed 

by osteclasts were tested by PCR measrements in the co-cultures. Osteoclast 

differentiation relies on the RANKL/ OPG ratio and NFATC1 is considered an crucial 

regulator for osteoclast differentiaon. The results showed 5% of CSE siginificantly 

down-regulated the OPG expression, but up-regulated the NFATC1 expression. 

Although no obvious difference was found in the RANKL gene expression, the 

calculated RANKL/ OPG ratio was significantly enhanced by CSE in the co-cultures. 

Zoledronate and alendronate were shown to reduce the enhanced effect of CSE on 

OPG gene expression, resulting in a decreased RANKL/ OPG ratio elevated by CSE. 

The BPs also decreased the NFATC1 gene expression enhanced by CSE (Figure 3.7). 
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3.8. CSE decreased OPG protein levels but increased TRAP 5b protein levels in the co-

cultures. BPs counteracted the effects of CSE on TRAP 5b protein levels and the 

RANKL/ OPG ratio 

OPG and RANKL are osteoblast-secreted proteins and co-regulate osteoclast 

differentiation. CSE showed a significantly negative effect on OPG levels, but slight 

effect on RANKL levels in the co-cultures. Therefore a increased RANKL/ OPG ratio 

was shown in the CSE group, indicating an enhancement of osteoclastic differentiation. 

Consistantly, TRAP 5b protein levls representing osteoclastic function was increased in 

the CSE group. BPs was able to reverse the effects of CSE on protein levels in the co-

cultures, resulting in a lower RANKL/ OPG ratio and TRAP 5b levels compared to the 

CSE group (Figure 3.8). 
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Chapter 4 

4. Discussion 

Bone, as a dynamic tissue, is continually formed and absorbed throughout a human 

life. (Grabowski 2009). The balance between bone formation and resorption is 

inextricably linked to bone strength, and any disturbance in this balance can lead to 

bone metabolic diseases (Myneni and Mezey 2017). Osteoporosis has currently become 

the most prevalent bone metabolism disease, resulting in significant economic burden, 

compromised life quality and considerable morbidity of patients (Kanis et al. 2019). 

Therefore, it becomes increasingly demanded to establish a cell culture model that can 

effectively mimic various osteoporotic alterations in vivo to investigate its pathological 

mechanisms and potential therapeutic agents. The basic pathogenesis of osteoporosis is 

osteoblast inhibition and osteoclast activation, leading to a loss of bone mass (Liu et al. 

2019). The communication and interaction between osteoblasts and osteoclasts have 

been extensively demonstrated to be related to the development of osteoporosis 

(Kendler 2011; Rachner et al. 2011). Cell cultures allowing cell-cell communications 

are better models to reflect osteoporosis than mono-cell cultures. Thus, to establish a 

feasible and replicable co-culture model of osteoblasts and osteoclasts is becoming 

imperative. Although some exiting co-culture models have been used for osteoporosis 

research, limitations are still evident. For example, Maria et al. used an indirect co-

culture model of osteoblast and osteoclast based on transwell technics in vitro, but direct 

cell-cell contacts could not be approached in this set-up (Maria et al. 2017). 

Additionally, Schulze et al. included a direct co-culture allowing cell-cell contact in 

their pre-clinical cell culture models, but an effective method for distinguishing the two 

cell types had still not been solved (Schulze et al. 2018). In the present study, a 

supplement-free co-culture model of SaOS-2 and THP-1 cells mimicking the in vivo 

cell-cell contact and allowing to distinguish two cell types by the gender-specific DNA 

quantification method was established. Based on our previous study, SaOS-2 cells 

showed advantages of maturity, protein expression and matrix formation among human 

osteoblastic cell lines, and THP-1 cells had a better compatibility and stability in co-
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cultures compared to other human osteoclastic cell lines (Ehnert et al. 2020). Most 

osteoclast-related studies require additional M-CSF and RANKL to induce 

differentiation of osteoclast precursors, however SaOS-2 was expected to directly 

induce THP-1 cells differentiation in this study due to its strong capacity to secrete 

proteins. In this regard, THP-1 mono-culture was first performed with conditioned 

medium of SaOS-2 cells, and cells could maintain survival and osteoclastic function till 

7 days. Clear actin-ring structures with multi nuclei indication mature osteoclasts were 

found, and TRAP 5b activity representing osteoclastic function was also detected on 

day 4 and day 7 proving the successful differentiation of THP-1 cells. These results 

provided solid bases for the next step in the development of the co-culture model of 

SaOS-2 and THP-1 cells. In the co-cultures, whether SaOS-2 cells can coexist with 

THP-1 cells in a shared medium is the primary question to be investigated. According 

to the SRB staining results, cells in co-cultures not only remained viable until 14 days, 

but also had significantly higher cell viability than that in mono-cultures. The results 

demonstrated that co-cultures of SaOS-2 and THP-1 cells were more stable than mono-

cultures. Moreover, significantly higher TRAP 5b activity was detected in co-cultures 

than in mono-cultures, demonstrating that THP-1 cells were better differentiated in co-

cultures than in mono-cultures. Overall, the co-cultures of SaOS-2 and THP1 cells 

emphasized the importance of cell-cell contact and communication for cell survival and 

cell function. 

CS is a recognized risk factor for osteoporosis, and smoking cessation is 

considered an effective strategy for maintaining bone mass (Farrah and Jawad 2020). 

Unfortunately, it is not always a feasible alternative for long-term smokers to quit 

smoking (Murphy-Hoefer et al. 2020). Substitutes of traditional cigarettes such as E-

cigarettes, tobacco heating system have been proposed and studied recently, which have 

been demonstrated to cause less damage to the skeletal system than traditional 

cigarettes (Aspera-Werz et al. 2020). However, these alternatives have not been widely 

accepted by smokers, and their health benefits are still controversial (Sutanto et al. 

2020). Therefore, it remains essential to understand the specific mechanisms by which 
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traditional cigarettes cause skeletal disorders such as osteoporosis and to screen 

possible treatments for traditional cigarette users. Our previous studies have 

demonstrated a significantly detrimental effect of CSE on bone mesenchymal stem cells 

(Aspera-Werz et al. 2019), osteoblasts (Holzer et al. 2012), and another study have 

shown the potential activation of osteoclast-like cells by CSE (Igari et al. 2019). In the 

present study, CSE was novely evaluated in the described co-culture model of SaOS-2 

and THP-1 cells. SRB staining results showed that cell viability in co-cultures was 

decreased by CSE in a dose dependent manner. CA II and TRAP 5b can be used as 

markers of osteoclast differentiation and maturation, respectively. CA II and TRAP 5b 

activity were both elevated by CSE in co-cultures, demonstrating the positive effect of 

CSE on osteoclasts. CSE also showed a significantly negative effect on matrix 

remodeling according to the alizarin-red results, confirming the detrimental effect of 

CSE on bone mass. These results showed that CSE could cause osteoporosis-like 

alterations of cells in the co-culture model. 

As CSE has effectively stimulated osteoporosis-like alterations in the co-culture 

of SaOS-2 and THP-1 cells, it is of great value to screen potential treatments to reverse 

these alterations by the co-culture model. BPs are the most commonly used anti-

osteoporosis drugs, and their anti- resorptive properties have been widely recognized 

(Martiniakova et al. 2020). Zoledronate and alendronate, the most frequently prescribed 

BPs by clinicians, were tested on CSE-affected cells in the co-cultures. Alizarin-red 

staining results showed that zoledronate and alendronate both significantly increase 

matrix remodeling reduced by CSE in co-culturs on day 14. The tested BPs also 

decreased TRAP 5b activity elevated by CSE confirming the anti-osteoclastic effect of 

BPs. Overall, CSE induced osteoporotic-like changes, while BPs reversed these 

changes and displayed their anti-osteoclastic effects in the co-culture system. This 

demonstrated that the co-culture system was able to mimic the real in vivo environment 

and respond to stimuli sensitively. 

Although it is currently recognized that BPs inhibit osteoclasts via the mevalonate 

pathway (Drake et al. 2008), the mechanisms of actions of BPs on bone cells remains 
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to be clarified (Bellido and Plotkin 2011). For example, BPs was shown to reduce 

matrix mineralization by affecting osteoblasts (Huang et al. 2015), while another study 

suggested BPs to promote osteoblast proliferation and maturation (Im et al. 2004). 

Moreover, in addition to the mevalonate pathway, recent evidence indicated that BPs 

could also affect osteoclast differentiation via the RANKL/ OPG pathway. (Dobnig et 

al. 2006; Pan et al. 2004). However, the relationship between BPs and the RANKL/ 

OPG ratio is still being debated. Some studies showed no significant effects from BPs 

on the RANKL/OPG ratio (Kim et al. 2002; Verde et al. 2015), while BPs was shown 

to affect all three stages of bone remodeling, including regulating RANKL and OPG 

levels and osteoclastogenesis (Mulcahy et al. 2015). BPs were shown to enhance the 

RANKL/OPG expression of osteoblasts in vitro, suggesting that BPs may promote 

osteoclast differentiation under physiological conditions (Koch et al. 2012). On the 

contrary, several clinical studies demonstrated that BPs could reduce RANKL 

expression and promote OPG expression in patients with osteoporosis (D'Amelio et al. 

2010; Dobnig et al. 2006). Other in vitro studies also suggested that BPs enhanced OPG 

expression but inhibit RANKL expression (Tsubaki et al. 2012; Viereck et al. 2002). In 

the present study, RANKL and OPG of cells in co-cultures were evaluated at the gene 

and protein levels. CSE significantly down-regulated OPG levels, but had no obvious 

effect on RANKL levels, resulting a significantly increased RANKL/ OPG ratio. The 

results are consistent with an in vivo study showing smokers have a significantly 

suppressed OPG production and an increased RANKL/ OPG ratio (Tang et al. 2009). 

Zoledronate and alendronate could reduce the effect of CSE on OPG gene expression 

and protein levels in co-cultures, leading to a lower RANKL/ OPG ratio compared to 

that in CSE group. The RANKL/ OPG ratio can be used as an important indicator of 

osteoclast differentiation and survival, and subsequently, bone mass and skeletal 

integrity (Yang et al. 2020). In theory, RANKL is required for osteoclast differentiation, 

while OPG competes with RANKL for RANK receptors thereby hindering osteoclast 

differentiation. Thus, the increased RANKL/ OPG ratio is considered an important 

indicator of activated osteoclastic differentiation and function in vivo (Lenneras et al. 
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2015). As osteoclastic markers, such as NFATC1 gene expression and TRAP 5b protein 

levels are consistent with the RANK/OPG ratio in the present study. Both osteoclastic 

makers were up-regulated by CSE, and zoledronate and alendronate could counteract 

the effect of CSE in co-cultures. In summary, BPs could inhibit CSE-induced 

osteoclastic differentiation by down-regulating the RANKL/ OPG ratio (Figure 4.1). 

 

 

Figure 4.1. Summary of the results in the thesis. OPG levels in the co-culture of 

osteoblasts and osteoclasts were reduced by CSE, resulting in the increased RANKL/ 

OPG ratio and osteoclastic function and decreased cell viablity, matrix remodeling. BPs 

reversed the effect of CSE on the co-cultures by modulating the RANKL/ OPG ratio. 

 

In the clinic, there is no treatment for osteoporosis in smokers specifically. BPs 

could be potentially used for osteoporotic smokers based on our results. However, it is 

still needed to validate the effects of BPs on smoking patients by in vivo studies and 

clinical trials, and BPs-related administration (e.g. dosage and duration) (Ko et al. 2017) 

and adverse events (musculoskeletal pain, atrial fibrillation, and hypocalcemia) need 

be carefully monitored (Reyes et al. 2016). Osteonecrosis of the jaw is an important 
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potential side event of bisphosphonate therapy, and smoking patients treated with BPs 

have a higher risk of osteonecrosis of the jaw than non-smokers (Adler et al. 2016). CS 

has also been indicated to be associated with poor meication adherence among 

bisphosphonate-treated patients (Yeam et al. 2018). These aspects are worthy of 

attention and further research when applying bisphosphonates to smokers. Furthermore, 

the co-culture model presented in this thesis could be applied to explore other risk 

factors or comorbidities of bone metabolic diseases. For example, alcohol use or 

diabetic conditions could be simulated in this model and specific treatments could be 

tested. In the future, this 2D model is expected to transform into a 3D model to better 

mimic the in vivo physiological environment. The fabrication of 3D scaffolds, 

maintenance of cell survival, and selection of appropriate readouts will be the main 

challenges. 
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Chapter 5 

5.1. Summary 

Osteoporosis has become a bone metabolism disease that currently afflicts elderly 

patients, leading to a huge financial burden and impairment of life quality. CS has been 

shown to be associated with osteoporosis by in vivo studies, however treatments for 

osteoporosis in smokers have yet to be investigated. To design a cell culture model of 

osteoporosis, the combined effects of osteoblasts and osteoclasts must be taken into 

account due to the importance of the communication between these two types of cells. 

BPs are used for osteoporosis treatment mainly due to their anti-osteoporotic function, 

but other potential mechanisms of BPs and their effects on osteoporotic smokers are 

unclear. 

SaOS-2 and THP-1 cells were selected to establish a supplement-free direct co-

culture in the present thesis. THP-1 cells were successfully induced by SaOS-2 

secretions to differentiate into osteoclast-like cells in the co-culture model. CSE had a 

negative effect on cell viability and matrix remodeling in the co-cultures. A possible 

possible mechanism was to increase the RANKL/ OPG ratio by significantly inhibiting 

OPG levels. BPs demonstrated a property to counteract the effects of CSE on cells in 

the co-culture model, resulting in a decreased RANKL/ OPG ratio (Figure 5.1). 

Based on these results, BPs could be potentially used for osteoporotic smokers 

with the cautious monitoring of adverse reactions. Clinical trials are needed to validate 

the effects of BPs on smoking patients. Furthermore, the described co-culture model of 

osteoblasts and osteoclasts could be applied to explore other risk factors or 

comorbidities of bone metabolic diseases, and transformed into a 3D cell culture system 

in the future. 
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5.2. Zusammenfassung 

Osteoporose ist zu einer Erkrankung des Knochenstoffwechsels geworden, von der 

zunehmend ältere Patienten betroffen sind und die zu einer enormen finanziellen 

Belastung und Beeinträchtigung der Lebensqualität führen. In vivo Studien haben 

gezeigt, dass Zigarettenrauch mit Osteoporose in Verbindung gebracht werden kann, 

doch die Behandlung von Osteoporose bei Rauchern muss noch untersucht werden.  

Da die Kommunikation zwischen Osteoblasten und Osteoklasten eine wichtige Rolle 

spielt, müssen die Wirkungsweisen beider Zelltypen bei der Entwicklung eines 

Zellkulturmodells für Osteoporose berücksichtigt werden. 

Bisphosphonate werden hauptsächlich wegen ihrer antiosteoporotischen Funktion zur 

Osteoporosebehandlung eingesetzt, wobei andere potenzielle Mechanismen der 

Bisphosphonate und ihre Auswirkungen auf osteoporotische Raucher unklar sind. 

In der vorliegenden Arbeit wurden SaOS-2- und THP-1-Zellen ausgewählt, um eine 

direkte Kokultur zu etablieren, ohne weitere Zusätze hinzuzufügen. Aufgrund der 

Produktion von bestimmten Stoffen durch SaOS-2-Zellen, wurden die THP-1 Zellen 

dazu gebracht, sich im Kokulturmodell zu osteoklastenähnlichen Zellen zu 

differenzieren. Zigarettenrauchextrakt hatte einen negativen Effekt auf die 

Zelllebensfähigkeit und den Matrixumbau in den Kokulturen. Ein möglicher Grund war 

der Anstieg des RANKL/OPG-Verhältnisses durch eine signifikante Hemmung der 

OPG-Konzentration. Bisphosphonate wirkten dem Einfluss des 

Zigarettenrauchextrakts auf die Zellen im Kokulturmodell entgegen, was zu einem 

verringerten RANKL/OPG-Verhältnis führte. 

Auf der Grundlage dieser Ergebnisse könnten die Bisphosphonate bei osteoporotischen 

Rauchern eingesetzt werden, wobei potenzielle Nebenwirkungen umsichtig überwacht 

werden müssen. . Klinische Studien sind erforderlich, um die Auswirkungen von 

Bisphosphonaten bei rauchenden Patienten zu validieren. Darüber hinaus könnte das 

beschriebene Kokulturmodell von Osteoblasten und Osteoklasten zur Erforschung 

anderer Risikofaktoren oder Komorbiditäten von Knochenstoffwechselerkrankungen 

angewandt und in Zukunft in ein 3D-Zellkultursystem umgewandelt werden. 



56 

 

Chapter 6 

6. Bibliography 

Abraham M et al. (2017) A systematic review of maternal smoking during pregnancy 

and fetal measurements with meta-analysis Plos One 12 doi:ARTN e0170946 

doi: 10.1371/journal.pone.0170946 

Adler RA et al. (2016) Managing Osteoporosis in Patients on Long-Term 

Bisphosphonate Treatment: Report of a Task Force of the American Society for 

Bone and Mineral Research J Bone Miner Res 31:16-35 doi:10.1002/jbmr.2708 

Ahmadi H, Khorramdelazad H, Hassanshahi G, Fard MA, Ahmadi Z, Karimabad MN, 

Mollahosseini M (2020) Involvement of Eotaxins (CCL11, CCL24, CCL26) in 

Pathogenesis of Osteopenia and Osteoporosis Iran J Public Health 49:1769-

1775 

Al-Bashaireh AM, Haddad LG, Weaver M, Chengguo X, Kelly DL, Yoon S (2018) The 

Effect of Tobacco Smoking on Bone Mass: An Overview of Pathophysiologic 

Mechanisms J Osteoporos 2018:1206235 doi:10.1155/2018/1206235 

Alberg AJ (2008) Cigarette Smoking: Health Effects and Control Strategies Drug Today 

44:895-904 doi:10.1358/dot.2008.44.12.1308898 

Alvarez-Jimenez R, Hart EP, Prins S, de Kam M, van Gerven JMA, Cohen AF, 

Groeneveld GJ (2018) Reversal of mecamylamine-induced effects in healthy 

subjects by nicotine receptor agonists: Cognitive and (electro) physiological 

responses Brit J Clin Pharmaco 84:888-899 doi:10.1111/bcp.13507 

Ambroszkiewicz J, Chelchowska M, Szamotulska K, Rowicka G, Klemarczyk W, 

Strucinska M, Gajewska J (2018) The Assessment of Bone Regulatory 

Pathways, Bone Turnover, and Bone Mineral Density in Vegetarian and 

Omnivorous Children Nutrients 10 doi:ARTN 183 doi:10.3390/nu10020183 

Arias CF, Herrero MA, Echeverri LF, Oleaga GE, Lopez JM (2018) Bone remodeling: 

A tissue-level process emerging from cell-level molecular algorithms Plos One 

13 doi:ARTN e0204171 doi:10.1371/journal.pone.0204171 

Aspera-Werz RH, Chen T, Ehnert S, Zhu S, Frohlich T, Nussler AK (2019) Cigarette 



57 

 

Smoke Induces the Risk of Metabolic Bone Diseases: Transforming Growth 

Factor Beta Signaling Impairment via Dysfunctional Primary Cilia Affects 

Migration, Proliferation, and Differentiation of Human Mesenchymal Stem 

Cells Int J Mol Sci 20 doi:10.3390/ijms20122915 

Aspera-Werz RH et al. (2018) Nicotine and Cotinine Inhibit Catalase and Glutathione 

Reductase Activity Contributing to the Impaired Osteogenesis of SCP-1 Cells 

Exposed to Cigarette Smoke Oxid Med Cell Longev 2018:3172480 

doi:10.1155/2018/3172480 

Aspera-Werz RH et al. (2020) Assessment of tobacco heating system 2.4 on osteogenic 

differentiation of mesenchymal stem cells and primary human osteoblasts 

compared to conventional cigarettes World J Stem Cells 12:841-856 

doi:10.4252/wjsc.v12.i8.841 

Aspray TJ, Hill TR (2019) Osteoporosis and the Ageing Skeleton Subcell Biochem 

91:453-476 doi:10.1007/978-981-13-3681-2_16 

Aydinlik S, Erkisa M, Ari F, Celikler S, Ulukaya E (2020) Palladium (II) Complex 

Enhances ROS-Dependent Apoptotic Effects via Autophagy Inhibition and 

Disruption of Multiple Signaling Pathways in Colorectal Cancer Cells 

Anticancer Agents Med Chem doi:10.2174/1871520620666200929153804 

Balaji SM (2008) Tobacco smoking and surgical healing of oral tissues: a review Indian 

J Dent Res 19:344-348 doi:10.4103/0970-9290.44540 

Barnoya J, Glantz SA (2006) Cardiovascular effects of secondhand smoke nearly as 

large as those of smoking - and how about renal effects? - Cardiovascular effects 

of secondhand smoke: Nearly as large as smoking. Am Heart J 111 : 2684-2698, 

2005 J Am Soc Nephrol 17:7-11 

Bellido T, Plotkin LI (2011) Novel actions of bisphosphonates in bone: preservation of 

osteoblast and osteocyte viability Bone 49:50-55 

doi:10.1016/j.bone.2010.08.008 

Benowitz NL, Helen GS, Dempsey DA, Jacob P, Tyndale RF (2016) Disposition 

kinetics and metabolism of nicotine and cotinine in African American smokers: 



58 

 

impact of CYP2A6 genetic variation and enzymatic activity Pharmacogenet 

Genom 26:340-350 doi:10.1097/Fpc.0000000000000222 

Beuzeboc P, Scholl S (2014) Prevention of Bone Metastases in Breast Cancer Patients. 

Therapeutic Perspectives J Clin Med 3:521-536 doi:10.3390/jcm3020521 

Black DM, Rosen CJ (2016) Clinical Practice. Postmenopausal Osteoporosis N Engl J 

Med 374:254-262 doi:10.1056/NEJMcp1513724 

Bogdanowicz DR, Lu HH (2014) Multifunction co-culture model for evaluating cell-

cell interactions Methods Mol Biol 1202:29-36 doi:10.1007/7651_2013_62 

Bonucci E, Ballanti P (2014) Osteoporosis-Bone Remodeling and Animal Models 

Toxicol Pathol 42:957-969 doi:10.1177/0192623313512428 

Boyce BF, Rosenberg E, de Papp AE, Duong LT (2012) The osteoclast, bone 

remodelling and treatment of metabolic bone disease Eur J Clin Invest 42:1332-

1341 doi:10.1111/j.1365-2362.2012.02717.x 

Buenzli PR, Jeon J, Pivonka P, Smith DW, Cummings PT (2012) Investigation of bone 

resorption within a cortical basic multicellular unit using a lattice-based 

computational model Bone 50:378-389 doi:10.1016/j.bone.2011.10.021 

Catala M, Khonsari RH, Paternoster G, Arnaud E (2019) Development and growth of 

the vault of the skull Neurochirurgie 65:210-215 

doi:10.1016/j.neuchi.2019.09.017 

Chen T, Ehnert S, Tendulkar G, Zhu S, Arnscheidt C, Aspera-Werz RH, Nussler AK 

(2020) Primary Human Chondrocytes Affected by Cigarette Smoke-

Therapeutic Challenges Int J Mol Sci 21 doi:10.3390/ijms21051901 

Clines GA (2010) Prospects for osteoprogenitor stem cells in fracture repair and 

osteoporosis Curr Opin Organ Transplant 15:73-78 

doi:10.1097/MOT.0b013e328333d52c 

Clynes MA, Harvey NC, Curtis EM, Fuggle NR, Dennison EM, Cooper C (2020) The 

epidemiology of osteoporosis Br Med Bull 133:105-117 

doi:10.1093/bmb/ldaa005 

Comhair SAA, Erzurum SC (2002) Antioxidant responses to oxidant-mediated lung 



59 

 

diseases Am J Physiol-Lung C 283:L246-L255 

doi:10.1152/ajplung.00491.2001 

Cooper C et al. (2011) Secular trends in the incidence of hip and other osteoporotic 

fractures Osteoporos Int 22:1277-1288 doi:10.1007/s00198-011-1601-6 

Correa MG, Absy S, Tenenbaum H, Ribeiro FV, Cirano FR, Casati MZ, Pimentel SP 

(2019) Resveratrol attenuates oxidative stress during experimental periodontitis 

in rats exposed to cigarette smoke inhalation J Periodontal Res 54:225-232 

doi:10.1111/jre.12622 

Cyprus GN, Overlin JW, Hotchkiss KM, Kandalam S, Olivares-Navarrete R (2018) 

Cigarette smoke increases pro-inflammatory markers and inhibits osteogenic 

differentiation in experimental exposure model Acta Biomater 76:308-318 

doi:10.1016/j.actbio.2018.06.018 

D'Amelio P, Grimaldi A, Cristofaro MA, Ravazzoli M, Molinatti PA, Pescarmona GP, 

Isaia GC (2010) Alendronate reduces osteoclast precursors in osteoporosis 

Osteoporos Int 21:1741-1750 doi:10.1007/s00198-009-1129-1 

Dall'Ara E et al. (2016) Longitudinal imaging of the ageing mouse Mech Ageing Dev 

160:93-116 doi:10.1016/j.mad.2016.08.001 

Daniel M, Martin AD, Drinkwater DT (1992) Cigarette smoking, steroid hormones, and 

bone mineral density in young women Calcif Tissue Int 50:300-305 

doi:10.1007/BF00301626 

Delaisse JM (2016) The reversal phase of the bone-remodeling cycle: cellular 

prerequisites for coupling resorption and formation (vol 3, 561, 2016) Bonekey 

Rep 5 doi:ARTN 856 doi:10.1038/bonekey.2016.88 

Dlamini N, Mukaya HE, Van Zyl RL, Chen CT, Zeevaart RJ, Mbianda XY (2019) 

Synthesis, characterization, kinetic drug release and anticancer activity of 

bisphosphonates multi-walled carbon nanotube conjugates Mat Sci Eng C-

Mater 104 doi:ARTN 109967 doi:10.1016/j.msec.2019.109967 

Dobnig H, Hofbauer LC, Viereck V, Obermayer-Pietsch B, Fahrleitner-Pammer A 

(2006) Changes in the RANK ligand/osteoprotegerin system are correlated to 



60 

 

changes in bone mineral density in bisphosphonate-treated osteoporotic patients 

Osteoporos Int 17:693-703 doi:10.1007/s00198-005-0035-4 

Drake MT, Clarke BL, Khosla S (2008) Bisphosphonates: mechanism of action and 

role in clinical practice Mayo Clin Proc 83:1032-1045 doi:10.4065/83.9.1032 

Dunford JE, Rogers MJ, Ebetino FH, Phipps RJ, Coxon FP (2006) Inhibition of protein 

prenylation by bisphosphonates causes sustained activation of Rac, Cdc42, and 

Rho GTPases J Bone Miner Res 21:684-694 doi:10.1359/jbmr.060118 

Ehnert S et al. (2020) Feasibility of Cell Lines for In vitro Co-Cultures Models for Bone 

Metabolism SciMedicine Journal 2:157-181 %@ 2704-9833 

Ehnert S et al. (2018) Co-Culture with Human Osteoblasts and Exposure to Extremely 

Low Frequency Pulsed Electromagnetic Fields Improve Osteogenic 

Differentiation of Human Adipose-Derived Mesenchymal Stem Cells Int J Mol 

Sci 19 doi:10.3390/ijms19040994 

El-Zayadi AR, Selim O, Hamdy H, El-Tawil A, Moustafa H (2002) Heavy cigarette 

smoking induces hypoxic polycythemia (erythrocytosis) and hyperuricemia in 

chronic hepatitis C patients with reversal of clinical symptoms and laboratory 

parameters with therapeutic phlebotomy Am J Gastroenterol 97:1264-1265 

Elliott DS et al. (2016) A unified theory of bone healing and nonunion Bone Joint J 

98b:884-891 doi:10.1302/0301-620x.98b7.36061 

Evans RK, Negus CH, Centi AJ, Spiering BA, Kraemer WJ, Nindl BC (2012) 

Peripheral QCT sector analysis reveals early exercise-induced increases in tibial 

bone mineral density J Musculoskelet Neuronal Interact 12:155-164 

Farrah Z, Jawad AS (2020) Optimising the management of osteoporosis Clin Med 

(Lond) 20:e196-e201 doi:10.7861/clinmed.2020-0131 

Florencio-Silva R, Sasso GR, Sasso-Cerri E, Simoes MJ, Cerri PS (2015) Biology of 

Bone Tissue: Structure, Function, and Factors That Influence Bone Cells 

Biomed Res Int 2015:421746 doi:10.1155/2015/421746 

Fouque-Aubert A, Chapurlat R (2008) Influence of RANKL inhibition on immune 

system in the treatment of bone diseases Joint Bone Spine 75:5-10 



61 

 

doi:10.1016/j.jbspin.2007.05.004 

Franic D, Verdenik I (2018) Risk Factors for Osteoporosis in Postmenopausal Women 

- from the Point of View of Primary Care Gynecologist Zdrav Varst 57:33-38 

doi:10.2478/sjph-2018-0005 

Giorgetti AP, Cesar Neto JB, Ruiz KG, Casati MZ, Sallum EA, Nociti FH, Jr. (2010) 

Cigarette smoke inhalation modulates gene expression in sites of bone healing: 

a study in rats Oral Surg Oral Med Oral Pathol Oral Radiol Endod 110:447-452 

doi:10.1016/j.tripleo.2010.02.029 

Glatard A, Dobrinas M, Gholamrezaee M, Lubomirov R, Cornuz J, Csajka C, Eap CB 

(2017) Association of Nicotine Metabolism and Sex With Relapse Following 

Varenicline and Nicotine Replacement Therapy Exp Clin Psychopharm 25:353-

362 doi:10.1037/pha0000141 

Grabowski P (2009) Physiology of bone Endocr Dev 16:32-48 doi:10.1159/000223687 

Graves DT, Jiang Y, Valente AJ (1999) The expression of monocyte chemoattractant 

protein-1 and other chemokines by osteoblasts Front Biosci 4:D571-580 

doi:10.2741/graves 

Hamouda AK, Jackson A, Bagdas D, Damaj MI (2018) Reversal of Nicotine 

Withdrawal Signs Through Positive Allosteric Modulation of alpha 4 ss 2 

Nicotinic Acetylcholine Receptors in Male Mice Nicotine Tob Res 20:903-907 

doi:10.1093/ntr/ntx183 

Hauk L (2018) Treatment of Low BMD and Osteoporosis to Prevent Fractures: Updated 

Guideline from the ACP Am Fam Physician 97:352-353 

Hess MW, Pfaller K, Ebner HL, Beer B, Hekl D, Seppi T (2010) 3D versus 2D cell 

culture implications for electron microscopy Methods Cell Biol 96:649-670 

doi:10.1016/S0091-679X(10)96027-5 

Hodgins NO, Wang JTW, Al-Jamal KT (2017) Nano-technology based carriers for 

nitrogen-containing bisphosphonates delivery as sensitisers of gamma delta T 

cells for anticancer immunotherapy Adv Drug Deliver Rev 114:143-160 

doi:10.1016/j.addr.2017.07.003 



62 

 

Holzer N et al. (2012) Green tea protects human osteoblasts from cigarette smoke-

induced injury: possible clinical implication Langenbecks Arch Surg 397:467-

474 doi:10.1007/s00423-011-0882-8 

Huang KC, Cheng CC, Chuang PY, Yang TY (2015) The effects of zoledronate on the 

survival and function of human osteoblast-like cells BMC Musculoskelet 

Disord 16:355 doi:10.1186/s12891-015-0818-5 

Hukkanen J, Jacob P, Benowitz NL (2005) Metabolism and disposition kinetics of 

nicotine Pharmacol Rev 57:79-115 doi:10.1124/pr.57.1.3 

Igari K, Kelly MJ, Yamanouchi D (2019) Cigarette Smoke Extract Activates Tartrate-

Resistant Acid Phosphatase-Positive Macrophage J Vasc Res 56:139-151 

doi:10.1159/000498893 

Im GI, Qureshi SA, Kenney J, Rubash HE, Shanbhag AS (2004) Osteoblast 

proliferation and maturation by bisphosphonates Biomaterials 25:4105-4115 

doi:10.1016/j.biomaterials.2003.11.024 

Jeong JW et al. (2019) Protective Effects of Fermented Oyster Extract against RANKL-

Induced Osteoclastogenesis through Scavenging ROS Generation in RAW 

264.7 Cells Int J Mol Sci 20 doi:10.3390/ijms20061439 

Joehanes R et al. (2016) Epigenetic Signatures of Cigarette Smoking Circ Cardiovasc 

Genet 9:436-447 doi:10.1161/CIRCGENETICS.116.001506 

Kabicek P, Kabicek P, Behounek J, Borecka K, Jassova K, Bayer M (2019) Bone Health 

in Adolescents with Anorexia Nervosa: Comparison of Z score Bone 

Densitometry with Antropometry and Serum Leves of Osteocalcin and P1NP 

Eur J Pediatr 178:1677-1677 

Kanis JA et al. (2019) European guidance for the diagnosis and management of 

osteoporosis in postmenopausal women Osteoporos Int 30:3-44 

doi:10.1007/s00198-018-4704-5 

Kannan S, Ghosh J, Dhara SK (2020) Osteogenic differentiation potential of porcine 

bone marrow mesenchymal stem cell subpopulations selected in different basal 

media Biol Open doi:10.1242/bio.053280 



63 

 

Kaplan A, Abidi E, Ghali R, Booz GW, Kobeissy F, Zouein FA (2017) Functional, 

Cellular, and Molecular Remodeling of the Heart under Influence of Oxidative 

Cigarette Tobacco Smoke Oxidative Medicine and Cellular Longevity 2017 

doi:Artn 3759186 doi:10.1155/2017/3759186 

Kapoor D, Jones TH (2005) Smoking and hormones in health and endocrine disorders 

Eur J Endocrinol 152:491-499 doi:10.1530/eje.1.01867 

Kargin NC, Marakoglu K, Unlu A, Kebapcilar L, Korucu EN (2016) Comparison of 

bone turnover markers between male smoker and non-smoker Acta Medica 

Mediterranea 32:317-323 

Kendler D (2011) Osteoporosis: therapies now and in the future Climacteric 14:604-

605 

Kennel KA, Drake MT (2009) Adverse effects of bisphosphonates: implications for 

osteoporosis management Mayo Clin Proc 84:632-637; quiz 638 

doi:10.1016/S0025-6196(11)60752-0 

Kim BJ, Koh JM (2019) Coupling factors involved in preserving bone balance Cell Mol 

Life Sci 76:1243-1253 doi:10.1007/s00018-018-2981-y 

Kim YH, Kim GS, Jeong-Hwa B (2002) Inhibitory action of bisphosphonates on bone 

resorption does not involve the regulation of RANKL and OPG expression Exp 

Mol Med 34:145-151 doi:10.1038/emm.2002.21 

Kirkwood KL, Dziak R, Bradford PG (1996) Inositol trisphosphate receptor gene 

expression and hormonal regulation in osteoblast-like cell lines and primary 

osteoblastic cell cultures J Bone Miner Res 11:1889-1896 

doi:10.1002/jbmr.5650111209 

Ko FC, Karim L, Brooks DJ, Bouxsein ML, Demay MB (2017) Bisphosphonate 

Withdrawal: Effects on Bone Formation and Bone Resorption in Maturing Male 

Mice J Bone Miner Res 32:814-820 doi:10.1002/jbmr.3052 

Koch FP, Merkel C, Ziebart T, Smeets R, Walter C, Al-Nawas B (2012) Influence of 

bisphosphonates on the osteoblast RANKL and OPG gene expression in vitro 

Clin Oral Investig 16:79-86 doi:10.1007/s00784-010-0477-8 



64 

 

Kuznik A, Pazdzierniok-Holewa A, Jewula P, Kuznik N (2020) Bisphosphonates-much 

more than only drugs for bone diseases Eur J Pharmacol 866:172773 

doi:10.1016/j.ejphar.2019.172773 

Kyyak S, Blatt S, Pabst A, Thiem D, Al-Nawas B, Kammerer PW (2020) Combination 

of an allogenic and a xenogenic bone substitute material with injectable platelet-

rich fibrin - A comparative in vitro study J Biomater Appl 35:83-96 

doi:10.1177/0885328220914407 

Lane NE (2006) Epidemiology, etiology, and diagnosis of osteoporosis Am J Obstet 

Gynecol 194:S3-11 doi:10.1016/j.ajog.2005.08.047 

Lappin DF, Sherrabeh S, Jenkins WM, Macpherson LM (2007) Effect of smoking on 

serum RANKL and OPG in sex, age and clinically matched supportive-therapy 

periodontitis patients J Clin Periodontol 34:271-277 doi:10.1111/j.1600-

051X.2007.01048.x 

Lee WC, Guntur AR, Long F, Rosen CJ (2017) Energy Metabolism of the Osteoblast: 

Implications for Osteoporosis Endocr Rev 38:255-266 doi:10.1210/er.2017-

00064 

Lehenkari P, Hentunen TA, Laitala-Leinonen T, Tuukkanen J, Vaananen HK (1998) 

Carbonic anhydrase II plays a major role in osteoclast differentiation and bone 

resorption by effecting the steady state intracellular pH and Ca2+ Exp Cell Res 

242:128-137 doi:10.1006/excr.1998.4071 

Leibbrandt A, Penninger JM (2008) RANK/RANKL: regulators of immune responses 

and bone physiology Ann N Y Acad Sci 1143:123-150 

doi:10.1196/annals.1443.016 

Lenneras M, Palmquist A, Norlindh B, Emanuelsson L, Thomsen P, Omar O (2015) 

Oxidized Titanium Implants Enhance Osseointegration via Mechanisms 

Involving RANK/RANKL/OPG Regulation Clin Implant Dent Relat Res 17 

Suppl 2:e486-500 doi:10.1111/cid.12276 

Licata A (2009) Bone density vs bone quality: what's a clinician to do? Cleve Clin J 

Med 76:331-336 doi:10.3949/ccjm.76a.08041 



65 

 

Liu J, Curtis EM, Cooper C, Harvey NC (2019) State of the art in osteoporosis risk 

assessment and treatment J Endocrinol Invest 42:1149-1164 

doi:10.1007/s40618-019-01041-6 

Lu LQ, Lu LF, Zhang JP, Li J (2020) Potential risks of rare serious adverse effects 

related to long-term use of bisphosphonates: An overview of systematic reviews 

J Clin Pharm Ther 45:45-51 doi:10.1111/jcpt.13056 

Ma H, He X, Yang Y, Li M, Hao D, Jia Z (2011) The genus Epimedium: an 

ethnopharmacological and phytochemical review J Ethnopharmacol 134:519-

541 doi:10.1016/j.jep.2011.01.001 

Malekshah AK, Moghaddam AE, Daraka SM (2006) Comparison of conditioned 

medium and direct co-culture of human granulosa cells on mouse embryo 

development Indian J Exp Biol 44:189-192 

Malfait AM, Little CB (2015) On the predictive utility of animal models of 

osteoarthritis Arthritis Res Ther 17:225 doi:10.1186/s13075-015-0747-6 

Mansoori MN et al. (2016) IL-18BP is decreased in osteoporotic women: Prevents 

Inflammasome mediated IL-18 activation and reduces Th17 differentiation Sci 

Rep 6:33680 doi:10.1038/srep33680 

Maria S et al. (2018) Biological effects of melatonin on osteoblast/osteoclast cocultures, 

bone, and quality of life: Implications of a role for MT2 melatonin receptors, 

MEK1/2, and MEK5 in melatonin-mediated osteoblastogenesis J Pineal Res 64 

doi:10.1111/jpi.12465 

Maria S et al. (2017) Melatonin-micronutrients Osteopenia Treatment Study (MOTS): 

a translational study assessing melatonin, strontium (citrate), vitamin D3 and 

vitamin K2 (MK7) on bone density, bone marker turnover and health related 

quality of life in postmenopausal osteopenic women following a one-year 

double-blind RCT and on osteoblast-osteoclast co-cultures Aging (Albany NY) 

9:256-285 doi:10.18632/aging.101158 

Martiniakova M, Babikova M, Omelka R (2020) Pharmacological agents and natural 

compounds: available treatments for osteoporosis J Physiol Pharmacol 71 



66 

 

doi:10.26402/jpp.2020.3.01 

Matic I et al. (2016) Quiescent Bone Lining Cells Are a Major Source of Osteoblasts 

During Adulthood Stem Cells 34:2930-2942 doi:10.1002/stem.2474 

Matsubara T, Kinbara M, Maeda T, Yoshizawa M, Kokabu S, Takano Yamamoto T 

(2017) Regulation of osteoclast differentiation and actin ring formation by the 

cytolinker protein plectin Biochem Biophys Res Commun 489:472-476 

doi:10.1016/j.bbrc.2017.05.174 

Medrela-Kuder E, Szymura K (2018) Selected anti-health behaviours among women 

with osteoporosis Rocz Panstw Zakl Hig 69`:397-403 

doi:10.32394/rpzh.2018.0046 

Modi ND, Lentzsch S (2012) Bisphosphonates as antimyeloma drugs Leukemia 

26:589-594 doi:10.1038/leu.2011.282 

Mulcahy LE, Curtin CM, McCoy RJ, O'Brien FJ, Taylor D, Lee TC, Duffy GP (2015) 

The effect of bisphosphonate treatment on the biochemical and cellular events 

during bone remodelling in response to microinjury stimulation Eur Cell Mater 

30:271-281 doi:10.22203/ecm.v030a19 

Murakami K et al. (2017) A Jak1/2 inhibitor, baricitinib, inhibits osteoclastogenesis by 

suppressing RANKL expression in osteoblasts in vitro PLoS One 12:e0181126 

doi:10.1371/journal.pone.0181126 

Murphy-Hoefer R, Davis KC, King BA, Beistle D, Rodes R, Graffunder C (2020) 

Association Between the Tips From Former Smokers Campaign and Smoking 

Cessation Among Adults, United States, 2012-2018 Prev Chronic Dis 17:E97 

doi:10.5888/pcd17.200052 

Myneni VD, Mezey E (2017) Regulation of bone remodeling by vitamin K2 Oral Dis 

23:1021-1028 doi:10.1111/odi.12624 

Ohba S, Hojo H, Chung UI (2012) Bioactive factors for tissue regeneration: state of the 

art Muscles Ligaments Tendons J 2:193-203 

Onor IO et al. (2017) Clinical Effects of Cigarette Smoking: Epidemiologic Impact and 

Review of Pharmacotherapy Options Int J Env Res Pub He 14 doi:ARTN 1147 



67 

 

doi:10.3390/ijerph14101147 

Ouyang Z, Li H, Zhai Z, Xu J, Dass CR, Qin A, Dai K (2018) Zoledronic Acid: 

Pleiotropic Anti-Tumor Mechanism and Therapeutic Outlook for Osteosarcoma 

Curr Drug Targets 19:409-421 doi:10.2174/1573399811666150615145409 

Pan B, Farrugia AN, To LB, Findlay DM, Green J, Lynch K, Zannettino AC (2004) The 

nitrogen-containing bisphosphonate, zoledronic acid, influences RANKL 

expression in human osteoblast-like cells by activating TNF-alpha converting 

enzyme (TACE) J Bone Miner Res 19:147-154 doi:10.1359/jbmr.2004.19.1.147 

Pandey A, Khan YA, Kushwaha SS, Mohammed F, Verma A (2018) Role of Serum 

Osteoprotegerin as a Diagnostic Indicator of Primary Osteoporosis in 

Perimenopausal and Postmenopausal Women: An Indian Perspective Malays 

Orthop J 12:31-35 doi:10.5704/Moj.1803.006 

Papapetrou PD (2009) Bisphosphonate-associated adverse events Hormones (Athens) 

8:96-110 doi:10.14310/horm.2002.1226 

Payer J, Brazdilova K, Jackuliak P (2010) Management of glucocorticoid-induced 

osteoporosis: prevalence, and emerging treatment options Drug Healthc Patient 

Saf 2:49-59 doi:10.2147/dhps.s7197 

Pfeifer M, Sinaki M (2019) Exercise for Prevention and Rehabilitation of Vertebral 

Fractures due to Osteoporosis Osteologie 28:177-182 doi:10.1055/a-0957-5203 

Pirraco RP, Cerqueira MT, Reis RL, Marques AP (2012) Fibroblasts regulate 

osteoblasts through gap junctional communication Cytotherapy 14:1276-1287 

doi:10.3109/14653249.2012.701006 

Pittman CB (2014) In reply-Adverse Cardiac Effects of Bisphosphonates Mayo Clinic 

Proceedings 89:1026-1026 doi:10.1016/j.mayocp.2014.04.014 

Porta-Sales J, Garzon-Rodriguez C, Llorens-Torrome S, Brunelli C, Pigni A, Caraceni 

A (2017) Evidence on the analgesic role of bisphosphonates and denosumab in 

the treatment of pain due to bone metastases: A systematic review within the 

European Association for Palliative Care guidelines project Palliat Med 31:5-

25 doi:10.1177/0269216316639793 



68 

 

Prideaux M, Findlay DM, Atkins GJ (2016) Osteocytes: The master cells in bone 

remodelling Curr Opin Pharmacol 28:24-30 doi:10.1016/j.coph.2016.02.003 

Priest JR, Nead KT, Wehner MR, Cooke JP, Leeper NJ (2014) Self-Reported History 

of Childhood Smoking Is Associated with an Increased Risk for Peripheral 

Arterial Disease Independent of Lifetime Smoking Burden Plos One 9 

doi:ARTN e88972 doi:10.1371/journal.pone.0088972 

Pryor WA (1997) Cigarette smoke radicals and the role of free radicals in chemical 

carcinogenicity Environ Health Persp 105:875-882 doi:DOI 

10.1289/ehp.97105s4875 

Qaseem A, Forciea MA, McLean RM, Denberg TD, Clinical Guidelines Committee of 

the American College of P (2017) Treatment of Low Bone Density or 

Osteoporosis to Prevent Fractures in Men and Women: A Clinical Practice 

Guideline Update From the American College of Physicians Ann Intern Med 

166:818-839 doi:10.7326/M15-1361 

Rachner TD, Khosla S, Hofbauer LC (2011) Osteoporosis: now and the future Lancet 

377:1276-1287 doi:10.1016/S0140-6736(10)62349-5 

Raisz LG (2005) Pathogenesis of osteoporosis: concepts, conflicts, and prospects J Clin 

Invest 115:3318-3325 doi:10.1172/JCI27071 

Ralston SH, Uitterlinden AG (2010) Genetics of osteoporosis Endocr Rev 31:629-662 

doi:10.1210/er.2009-0044 

Reszka AA, Rodan GA (2003) Bisphosphonate mechanism of action Curr Rheumatol 

Rep 5:65-74 doi:10.1007/s11926-003-0085-6 

Reyes C, Hitz M, Prieto-Alhambra D, Abrahamsen B (2016) Risks and Benefits of 

Bisphosphonate Therapies J Cell Biochem 117:20-28 doi:10.1002/jcb.25266 

Reynales-Shigematsu LM, Roa-Rodriguez R, Barrington-Trimis JL, Blanco-Marquizo 

A (2019) Current and emerging issues in tobacco prevention and control Salud 

Publica Mexico 61:436-447 doi:Doi 10.21149/9259 

Roeder I, Loeffler M, Glauche I, other p (2011) Towards a quantitative understanding 

of stem cell-niche interaction: experiments, models, and technologies Blood 



69 

 

Cells Mol Dis 46:308-317 doi:10.1016/j.bcmd.2011.03.001 

Roelofs AJ, Thompson K, Gordon S, Rogers MJ (2006) Molecular mechanisms of 

action of bisphosphonates: current status Clin Cancer Res 12:6222s-6230s 

doi:10.1158/1078-0432.CCR-06-0843 

Rossler S, Heinemann C, Kruppke B, Wagner AS, Wenisch S, Wiesmann HP, Hanke T 

(2018) Manipulation of osteoclastogenesis: Bioactive multiphasic 

silica/collagen composites and their effects of surface and degradation products 

Mater Sci Eng C Mater Biol Appl 93:265-276 doi:10.1016/j.msec.2018.07.049 

Ryu J, Kim HJ, Chang EJ, Huang H, Banno Y, Kim HH (2006) Sphingosine 1-

phosphate as a regulator of osteoclast differentiation and osteoclast-osteoblast 

coupling EMBO J 25:5840-5851 doi:10.1038/sj.emboj.7601430 

Sandhu SK, Hampson G (2011) The pathogenesis, diagnosis, investigation and 

management of osteoporosis J Clin Pathol 64:1042-1050 

doi:10.1136/jcp.2010.077842 

Sarbacher CA, Halper JT (2019) Connective Tissue and Age-Related Diseases Subcell 

Biochem 91:281-310 doi:10.1007/978-981-13-3681-2_11 

Schulze S, Wehrum D, Dieter P, Hempel U (2018) A supplement-free osteoclast-

osteoblast co-culture for pre-clinical application J Cell Physiol 233:4391-4400 

doi:10.1002/jcp.26076 

Siderova M, Hristozov K, Tsukeva A (2018) TSH-receptor antibodies may prevent bone 

loss in pre- and postmenopausal women with Graves' disease and Graves' 

orbitopathy Arch Endocrinol Metab 62:221-226 doi:10.20945/2359-

3997000000027 

Singh A, Gill G, Kaur H, Amhmed M, Jakhu H (2018) Role of osteopontin in bone 

remodeling and orthodontic tooth movement: a review Prog Orthod 19:18 

doi:10.1186/s40510-018-0216-2 

Song L (2017) Calcium and Bone Metabolism Indices Adv Clin Chem 82:1-46 

doi:10.1016/bs.acc.2017.06.005 

Sorensen LT, Jorgensen S, Petersen LJ, Hemmingsen U, Bulow J, Loft S, Gottrup F 



70 

 

(2009) Acute Effects of Nicotine and Smoking on Blood Flow, Tissue Oxygen, 

and Aerobe Metabolism of the Skin and Subcutis J Surg Res 152:224-230 

doi:10.1016/j.jss.2008.02.066 

Soto CP, Alvarez EG, Rueda JA, Zaragoza RE, Navarro EG, Garibotti CGK, Cuko G 

(2019) Persistence Regarding Osteoporosis Treatment in Secondary Prevention 

of Osteoporotic Fractures in Rehabilitation Consultation Osteoporosis Int 

30:S662-S663 

Sousa S, Clezardin P (2018) Bone-Targeted Therapies in Cancer-Induced Bone Disease 

Calcif Tissue Int 102:227-250 doi:10.1007/s00223-017-0353-5 

Sozen T, Ozisik L, Basaran NC (2017) An overview and management of osteoporosis 

Eur J Rheumatol 4:46-56 doi:10.5152/eurjrheum.2016.048 

Spatz JM et al. (2015) The Wnt Inhibitor Sclerostin Is Up-regulated by Mechanical 

Unloading in Osteocytes in vitro J Biol Chem 290:16744-16758 

doi:10.1074/jbc.M114.628313 

St Helen G, Eaton DL (2018) Public Health Consequences of e-Cigarette Use Jama 

Intern Med 178:984-986 doi:10.1001/jamainternmed.2018.1600 

Stresing V, Daubine F, Benzaid I, Monkkonen H, Clezardin P (2007) Bisphosphonates 

in cancer therapy Cancer Lett 257:16-35 doi:10.1016/j.canlet.2007.07.007 

Sundar IK (2020) Commentaries on Viewpoint: Pod-Mod Vs. Conventional E-

Cigarettes: Nicotine Chemistry, Ph, and Health Effects J Appl Physiol 

128:1059-1059 

Sung IY et al. (2015) FOXO1 Is Involved in the Effects of Cigarette Smoke Extract on 

Osteoblastic Differentiation of Cultured Human Periosteum-derived Cells Int J 

Med Sci 12:881-890 doi:10.7150/ijms.13172 

Sutanto E et al. (2020) Perceived relative harm of heated tobacco products (IQOS), e-

cigarettes, and cigarettes among adults in Canada: Findings from the ITC 

Project Tob Induc Dis 18:81 doi:10.18332/tid/127233 

Takajo Y, Ikeda H, Haramaki N, Murohara T, Imaizumi T (2001) Augmented oxidative 

stress of platelets in chronic smokers - Mechanisms of impaired platelet-derived 



71 

 

nitric oxide bioactivity and augmented platelet aggregability J Am Coll Cardiol 

38:1320-1327 doi:Doi 10.1016/S0735-1097(01)01583-2 

Tang TH, Fitzsimmons TR, Bartold PM (2009) Effect of smoking on concentrations of 

receptor activator of nuclear factor kappa B ligand and osteoprotegerin in 

human gingival crevicular fluid J Clin Periodontol 36:713-718 

doi:10.1111/j.1600-051X.2009.01444.x 

Tsubaki M et al. (2014) Nitrogen-containing bisphosphonates inhibit RANKL- and M-

CSF-induced osteoclast formation through the inhibition of ERK1/2 and Akt 

activation J Biomed Sci 21 doi:Artn 10 doi:10.1186/1423-0127-21-10 

Tsubaki M et al. (2012) Bisphosphonate- and statin-induced enhancement of OPG 

expression and inhibition of CD9, M-CSF, and RANKL expressions via 

inhibition of the Ras/MEK/ERK pathway and activation of p38MAPK in mouse 

bone marrow stromal cell line ST2 Mol Cell Endocrinol 361:219-231 

doi:10.1016/j.mce.2012.05.002 

Ucer S et al. (2017) The Effects of Aging and Sex Steroid Deficiency on the Murine 

Skeleton Are Independent and Mechanistically Distinct J Bone Miner Res 

32:560-574 doi:10.1002/jbmr.3014 

van Oostwaard M (2018) Osteoporosis and the Nature of Fragility Fracture: An 

Overview. In: Hertz K, Santy-Tomlinson J (eds) Fragility Fracture Nursing: 

Holistic Care and Management of the Orthogeriatric Patient. Cham (CH), pp 1-

13. doi:10.1007/978-3-319-76681-2_1 

Vanadrichem LNA, Hovius SER, Vanstrik R, Vandermeulen JC (1992) Acute Effects 

of Cigarette-Smoking on Microcirculation of the Thumb Brit J Plast Surg 45:9-

11 doi:Doi 10.1016/0007-1226(92)90106-8 

Verde ME, Bermejo D, Gruppi A, Grenon M (2015) Effect of Bisphosphonates on the 

Levels of Rankl and Opg in Gingival Crevicular Fluid of Patients With 

Periodontal Disease and Post-menopausal Osteoporosis Acta Odontol Latinoam 

28:215-221 

Verdonck C et al. (2019) Clinical Guideline Development for the Management of 



72 

 

Osteoporosis in Postmenopausal Women in Primary Care Value Health 

22:S703-S703 

Viereck V, Emons G, Lauck V, Frosch KH, Blaschke S, Grundker C, Hofbauer LC 

(2002) Bisphosphonates pamidronate and zoledronic acid stimulate 

osteoprotegerin production by primary human osteoblasts Biochem Biophys 

Res Commun 291:680-686 doi:10.1006/bbrc.2002.6510 

Villagran MA et al. (2015) Bone stroma-derived cells change coregulators recruitment 

to androgen receptor and decrease cell proliferation in androgen-sensitive and 

castration-resistant prostate cancer cells Biochem Biophys Res Commun 

467:1039-1045 doi:10.1016/j.bbrc.2015.10.009 

Wang JC, Chien WC, Chung CH, Liao WI, Tsai SH (2016) Adverse cardiovascular 

effects of nitrogen-containing bisphosphonates in patients with osteoporosis: A 

nationwide population-based retrospective study Int J Cardiol 215:232-237 

doi:10.1016/j.ijcard.2016.04.088 

Weivoda MM et al. (2016) Wnt Signaling Inhibits Osteoclast Differentiation by 

Activating Canonical and Noncanonical cAMP/PKA Pathways J Bone Miner 

Res 31:65-75 doi:10.1002/jbmr.2599 

Weng W et al. (2020) Material-Dependent Formation and Degradation of Bone Matrix-

Comparison of Two Cryogels Bioengineering (Basel) 7 

doi:10.3390/bioengineering7020052 

Wilson SR, Peters C, Saftig P, Bromme D (2009) Cathepsin K Activity-dependent 

Regulation of Osteoclast Actin Ring Formation and Bone Resorption Journal of 

Biological Chemistry 284:2584-2592 doi:10.1074/jbc.M805280200 

Windham GC, Mitchell P, Anderson M, Lasley BL (2005) Cigarette smoking and 

effects on hormone function in premenopausal women Environ Health Perspect 

113:1285-1290 doi:10.1289/ehp.7899 

Wong SK, Mohamad NV, Ibrahim N, Chin KY, Shuid AN, Ima-Nirwana S (2019) The 

Molecular Mechanism of Vitamin E as a Bone-Protecting Agent: A Review on 

Current Evidence Int J Mol Sci 20 doi:10.3390/ijms20061453 



73 

 

Wu MR, Chen GQ, Li YP (2016) TGF-beta and BMP signaling in osteoblast, skeletal 

development, and bone formation, homeostasis and disease Bone Res 4 

doi:ARTN 16009 doi:10.1038/boneres.2016.9 

Xie Y, Chen YY, Zhang LC, Ge W, Tang PF (2017) The roles of bone-derived exosomes 

and exosomal microRNAs in regulating bone remodelling J Cell Mol Med 

21:1033-1041 doi:10.1111/jcmm.13039 

Yang C, Wang X, Huang CH, Yuan WJ, Chen ZH (2016) Passive Smoking and Risk of 

Colorectal Cancer: A Meta-analysis of Observational Studies Asia-Pac J Public 

He 28:394-403 doi:10.1177/1010539516650724 

Yang Y et al. (2020) Ganoderma lucidum Immune Modulator Protein rLZ-8 Could 

Prevent and Reverse Bone Loss in Glucocorticoids-Induced Osteoporosis Rat 

Model Front Pharmacol 11:731 doi:10.3389/fphar.2020.00731 

Yeam CT, Chia S, Tan HCC, Kwan YH, Fong W, Seng JJB (2018) A systematic review 

of factors affecting medication adherence among patients with osteoporosis 

Osteoporos Int 29:2623-2637 doi:10.1007/s00198-018-4759-3 

Yildirimer L et al. (2019) Engineering three-dimensional microenvironments towards 

in vitro disease models of the central nervous system Biofabrication 11 

doi:ARTN 32003 doi:10.1088/1758-5090/ab17aa 

Yu-Yahiro JA et al. (2001) Serum and urine markers of bone metabolism during the 

year after hip fracture J Am Geriatr Soc 49:877-883 doi:DOI 10.1046/j.1532-

5415.2001.49177.x 

Yuan FL, Xu MH, Li X, Xinlong H, Fang W, Dong J (2016) The Roles of Acidosis in 

Osteoclast Biology Front Physiol 7:222 doi:10.3389/fphys.2016.00222 

Zaidi M (2007) Skeletal remodeling in health and disease Nat Med 13:791-801 

doi:10.1038/nm1593 

Zhang C, Barrios MP, Alani RM, Cabodi M, Wong JY (2016) A microfluidic Transwell 

to study chemotaxis Exp Cell Res 342:159-165 

doi:10.1016/j.yexcr.2016.03.010 

Zhang Y, Ma C, Liu C, Wu W (2020) NF-kappaB promotes osteoclast differentiation 



74 

 

by overexpressing MITF via down regulating microRNA-1276 expression Life 

Sci 258:118093 doi:10.1016/j.lfs.2020.118093 

Zhu S, Ehnert S, Rouss M, Haussling V, Aspera-Werz RH, Chen T, Nussler AK (2018) 

From the Clinical Problem to the Basic Research-Co-Culture Models of 

Osteoblasts and Osteoclasts Int J Mol Sci 19 doi:10.3390/ijms19082284 

Zou LY, Wang CY, Chen K, Shu Y, Chen XA, Luo L, Zhao XT (2017) The Effect of 

Taichi Practice on Attenuating Bone Mineral Density Loss: A Systematic 

Review and Meta-Analysis of Randomized Controlled Trials Int J Env Res Pub 

He 14 doi:ARTN 1000 doi:10.3390/ijerph14091000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 

 

Chapter 7 

7. Declaration 

All work included in the thesis was performed in Siegfried Weller Institute for 

Trauma Research, Eberhard Karls Universität Tübingen, Tübingen. 

The thesis and related work were supervised by Prof. Dr. A.K. Nüssler. 

Prof. Dr. A.K. Nüssler, Dr. Sabrina Ehnert and me conceptualized the thesis. Dr. 

Romina H. Aspera-Werz and me designed the experiments. All experiments were 

performed and analyzed by myself. Prof. Dr. A.K. Nüssler, Dr. Sabrina Ehnert, Dr. 

Romina H. Aspera-Werz, Dr. Tao Chen, Victor Häussling, Bianca Braun, Weidong 

Weng reviewed and discussed results and conclusions of the thesis. 

I declare that all the results are from my own research data, except for the quoted 

references and figures. Also, all the figures from the website or other papers have 

permission licenses. 

I hereby declare that the submitted thesis entitled: “Establishment of a co-culture model 

of osteoblasts and osteoclasts to study osteoporotic alterations caused by cigarette 

smoking: Role of Bisphosphonates” has been composed by myself and that the work 

has not be submitted for any other degree or professional qualification. 

 

 

 

 

 

 

_____________________________________________________ 

Place/date/signature of doctoral candidate 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ehnert%20S%5BAuthor%5D&cauthor=true&cauthor_uid=32164359
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ehnert%20S%5BAuthor%5D&cauthor=true&cauthor_uid=32164359
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Braun+B&cauthor_id=32517006


76 

 

Chapter 8 

8. Acknowledgements 

I would like to express my sincere gratitude to all those who helped, cared and 

accompanied me during my thesis. 

First, I want to show my deepest respect and gratitude to my supervisor, Prof. Dr. 

A.K. Nüssler, an erudite, responsible, and open-minded scholar. Without his 

appreciation, I couldn't have come to this beautiful country and this outstanding 

university. Without his enlightening instruction, impressive kindness and patience, I 

couldn’t have accomplished my thesis and learnt valuable knowledge. Without his trust 

and understanding, I would not have been able to complete my studies in a foreign 

country and develop so much cooperation between China and Germany. I hope to keep 

communicating with you in the future and continue to create more collaborations and 

exchanges. 

Special thanks to Dr. Romina H. Aspera-Werz, who unreservedly taught me the 

expertise I needed and provided me a lot of crucial advice to support me through my 

thesis. Her optimism, professionalism, and hard work have strongly inspired me. 

I want to thank Dr. Sabrina Ehnert for her valuable advice and selfless help in 

completing my thesis. I learnt a lot from her investigative spirit and pioneering thinking 

in the research work. 

As a foreigner, I deeply felt the kindness from all my lab mates: Bianca, Svetlana, 

Marie, Victor, Caren, Helen, Marc, and all colleagues during these years. Not only did 

they give me many pertinent suggestions on my thesis, but they also helped me with 

my life and language difficulties. 

Many thanks to my Chinese colleagues: Tao Chen, Weidong Weng, Zi Li, 

Yangmengfan Chen, and Chao Liu. You were like family to me in Germany, and I will 

always cherish the incredible memories with you. 

My roommates Junjun, Hong, Xin and Lingjun have helped me a lot in daily life 

and we have shared many happy moments. Besides, I must shout out to my buddies 

Duo, Yi and Yidi for the good time on the basketball court. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ehnert%20S%5BAuthor%5D&cauthor=true&cauthor_uid=32164359


77 

 

The expenses of my studies during my thesis are supported by China Scholarship 

Council. I am so grateful and proud for my motherland. 

My family is always my strength. I am deeply grateful to my parents for their 

unreserved love, trust and understanding. My wife, Rou Li, who is always there makes 

me feel secure and comforted. It is the luckiest to be in love with my best friend. Thanks 

to my daughter Youli Zhu, her birth is the best gift to me which make my life colorful. 

A thousand thanks to Siegfried Weller Institute, BG Klinik Tübingen, and 

Eberhard Karls Universität Tübingen for giving me such a great opportunity and 

platform to improve myself. Moreover, I had a great time in the beautiful and historic 

university town of Tübingen, which will be remembered as my “hometown” outside of 

China. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



78 

 

Chapter 9 

9. Curriculum vitae  

Name: Sheng Zhu 

Date of Birth：08 July. 1991 

Nationality：Chinese 

Email: zhusheng8686@gmail.com 

Languages：Chinese (mother tongue) 

English（fluent） 

Education: 

2009 - 2014 Bachelor of Medicine 

University: Central South University-Xiangya School of Medicine, Hunan, China 

2014 - 2017 Master of Medicine 

University: Peking Union Medical College, Beijing, China 

Since 03/2018 Doctor medicine 

University: Siegfried Weller Institute (SWI) for trauma research, Eberhard Karls 

University Tuebingen, Germany 

Professional experience: 

2013.07 - 2013.09 Communication and visiting 

New York state Institute for Basic Research in Developmental Disabilities, 

New York City, The USA 

2014.09 - 2017.06 Resident of surgery 

Peking Union Medical College Hospital, Beijing, China  

2019.04 – 2019.04 Global Initiative of Academic Networks (GIAN) 

Indian Institute of Technology Kanpur (IIT Kanpur), India 

 

https://en.wikipedia.org/wiki/Indian_Institute_of_Technology_Kanpur


79 

 

Publication: 

• Zhu S, Ehnert S, Rouß M, Chen T, Nüssler AK, et al. From the Clinical Problem 

to the Basic Research- Co-Culture Models of Osteoblasts and Osteoclasts. Int J 

Mol Sci, 2018, 19 (8). IF 4.556 

• Chen T, Ehnert S, Zhu S, Nüssler AK, et al. Primary Human Chondrocytes 

Affected by Cigarette Smoke- Therapeutic Challenges. Int J Mol Sci. IF 4.556 

• Aspera-Werz RH, Ehnert S, Zhu S, Chen T, et al. Nicotine and Cotinine Inhibit 

Catalase and Glutathione Reductase Activity Contributing to the Impaired 

Osteogenesis of SCP-1 Cells Exposed to Cigarette Smoke. Oxid Med Cell 

Longev. 2018, Nov 6. IF 5.076 

• Aspera-Werz RH, Chen T, Zhu S, et al. Cigarette Smoke Induces the Risk of 

Metabolic Bone Diseases: Transforming Growth Factor Beta Signaling 

Impairment via Dysfunctional Primary Cilia Affects Migration, Proliferation, 

and Differentiation of Human Mesenchymal Stem Cells. Int J Mol Sci, 2019, 20 

(12). IF 4.556  

• Zhu S, Huang Y, Tang W, et al. Increasing age, the existence of comorbidities, 

and corticosteroid treatment in combination with antiviral therapy prolongs the 

recovery of SARS-COV-2 infected patients, measured as the conversion from 

positive to negative rtPCR: A 239 patients' retrospective study. Frontiers in 

Medicine, 2020, 7: 789. IF 3.9 

• Ehnert S, Zhu S, Linnemann C, Aspera-Werz R H, et al. Feasibility of Cell 

Lines for In vitro Co-Cultures Models for Bone Metabolism(Aspera-Werz et al.). 

SciMedicine Journal, 2020, 2(3): 157-181. 

• Aspera-Werz R H, Ehnert S, Zhu S, et al. Assessment of tobacco heating system 

2.4 on osteogenic differentiation of mesenchymal stem cells and primary human 

osteoblasts compared to conventional cigarettes(Aspera-Werz et al.). World 

Journal of Stem Cells, 2020, 12(8): 841. IF 3.231 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Rou%C3%9F%20M%5BAuthor%5D&cauthor=true&cauthor_uid=30081523
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20T%5BAuthor%5D&cauthor=true&cauthor_uid=31207955
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aspera-Werz%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=31207955
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20T%5BAuthor%5D&cauthor=true&cauthor_uid=31207955
https://www.ncbi.nlm.nih.gov/pubmed/30533170
https://www.ncbi.nlm.nih.gov/pubmed/30533170
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aspera-Werz%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=31207955
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20T%5BAuthor%5D&cauthor=true&cauthor_uid=31207955

