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Chapter 1 

1. Introduction 

1.1. Bone 

Bone is a complex multifunctional organ and exerts a crucial role in not only offering 

mechanical and structural support to protect the vital organs but also regulating 

endocrine metabolism (Filippi et al., 2020). This organ is generally structured with two 

major aspects: extracellular matrix and cells (Figure 1.1) (Nijweide et al., 1986, Xu et 

al., 2019). Bone components, structure, and function are influenced by multiple factors, 

including age, concomitant diseases, and an unhealthy lifestyle (e.g., smoking) (Murray 

et al., 2013, Bahney et al., 2015). Alterations in bone components have the potential to 

affect the development and growth of bone-related cells, which may further influence 

the quality and integrity of bone tissue (Murray et al., 2013, Bahney et al., 2015). 

Understanding and characterizing bone cells interactions in detail is believed to be 

critical to guiding suitable further treatments (Ghiasi et al., 2017). 

 

1.1.1. Extracellular matrix 

Bone extracellular matrix, a complex three-dimensional (3D) structure (Hynes, 2009), 

exerts a crucial role in mechanical and structural support to modulate complex cellular 

activities such as cell migration, proliferation, and differentiation (Gentili and 

Cancedda, 2009, Alford et al., 2015, Weng et al., 2021). The matrix is structured with 

organic and inorganic phases (Weng et al., 2021). Type I collagen, the most abundant 

organic substance in bone tissue, has been shown to induce osteoclastic differentiation 

of monocytes and osteoblastic differentiation of MSCs (Elango et al., 2019, Weng et 

al., 2021). Calcium phosphate and hydroxyapatite, the major inorganic components in 

bone tissue, also possess the ability to regulate the differentiation of bone-forming cells 

(Liu et al., 2007) and bone-resorbing cells (Maria et al., 2014). When both organic and 

inorganic components are present simultaneously, the progression and development of 

bone-related cells are well regulated (Weng et al., 2021). For example, the expression 

of annexin A8 on bone precursor cells required for osteoclastic differentiation is 
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observed only when both organic and inorganic components co-exist (Crotti et al., 

2011). Thus, an effective and valid study in vitro platform has to incorporate organic 

and inorganic components from bone tissue, like collagen and hydroxyapatite, to 

generate a bone cell culture system with features comparable to those seen in vivo. 

 

1.1.2. Cells 

Bone tissue consists of several cell types, which are mainly divided into bone-forming 

cells (Karsenty and Wagner, 2002) and bone-resorbing cells (Hadjidakis and 

Androulakis, 2006). These two categories of cells are engaged in osteogenic and 

osteoclastic differentiation and exert a crucial role in the maintenance of bone 

metabolism (Kular et al., 2012). 

Osteoblasts represent a species of bone-forming cells, comprising approximately 5% of 

all bone-related cells from bone tissue (Ohgushi et al., 2003). This kind of cell 

originates from bone marrow mesenchymal stem cells (MSCs). Throughout 

osteogenesis, MSCs undergo into pre-osteoblasts that give rise to osteoblasts and 

eventually turn into osteocytes (Infante and Rodriguez, 2018). Osteogenic 

differentiation and bone forming cells function are controlled via numerous factors and 

molecules, like Notch ligands (Regan and Long, 2013, Fei et al., 2015), Wnt ligands 

(Westendorf et al., 2004, Krishnan et al., 2006), bone morphogenetic proteins (Rosen, 

2006, Toprak et al., 2021), transforming growth factors (Esposito et al., 2021, Berglund 

et al., 2021), and so on. 

Osteoclasts are multinuclear cells with bone resorption activity derived from 

hematopoietic stem cells (Clézardin et al., 2021). Osteoclastogenesis is a complicated 

process through which monocytes give rise to mononuclear pre-osteoclasts and fuse 

with each other to form multinuclear giant cells with bone resorption properties 

(Teitelbaum, 2000). Osteoclastic differentiation and function are mainly controlled via 

two molecules, macrophage colony-stimulating factor (M-CSF) (Zaidi, 2007) and 

receptor activator of nuclear kappa-Β ligand (RANKL) (Hodge et al., 2011). 
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Figure 1.1 Types and development of bone-related cells. The image was generated 

with the assistance of Servier Medical Art (https://smart.servier.com/). 

 

1.2. Bone fracture healing 

Bone fractures are frequently encountered in orthopedic departments (Bian et al., 2018). 

Despite appropriate treatment methods, 10% of fractures result in impaired fracture 

healing (Buza and Einhorn, 2016). The treatment of delayed union or nonunion fracture 

healing is a complex process, associated with an extended recovery period and length 

of hospital stay and increased medical expenses (Gomez-Barrena et al., 2015). In 

Europe, it is estimated that the cost for treating patients suffering from orthopedic 

diseases is appropriately 10% of total medical expense, of which most expenditure is 

incurred by multiple surgical interventions after delayed union or nonunion fracture 

healing (Ehnert et al., 2020). Understanding and characterizing the role of bone cells in 

Osteoclast
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bone fracture healing in detail is believed to be critical to guiding suitable further 

treatments (Ghiasi et al., 2017). 

Bone fracture healing is a developmental process of overlapping, consecutive phases in 

which fractured bones are restored to their pre-fracture state after an injury. This 

process consists of three phases, beginning with an inflammatory phase, followed by a 

reparative phase, and ending with a remodeling phase (Figure 1.2) (Schindeler et al., 

2008, Mehta et al., 2012). 

 

1.2.1. Bone fracture healing – inflammatory phase 

Following bone trauma or fracture, the bone tissue integrity and vascular system are 

drastically altered (Kon et al., 2001). Several cell types (monocytes, macrophages, B 

cells, T cells, MSCs, etc.) from the vascular system and bone marrow aggregate in the 

injured region, contributing to the formation of a fracture hematoma (Sheen and Garla, 

2021). The hematoma represents a fibrin network for the attachment and migration of 

cells, and exerts critical functions in the initiation and development of molecular and 

cellular events required for successful fracture healing (Kolar et al., 2011). The 

inflammatory phase of bone fracture healing shows a remarkable elevation in the pro-

inflammatory cytokines interleukin 1 (IL-1) (Wang et al., 2016) and IL-6 (Cho et al., 

2007), attracting massive inflammatory cells into the fracture hematoma (Claes et al., 

2012). Additionally, the hematoma microenvironment has a low pH and low oxygen 

content, enhancing the ability of macrophages to clear apoptotic and necrotic cells and 

subsequently triggering the regeneration phase via the release of pro-angiogenic factors 

(vascular endothelial growth factor, platelet-derived growth factor, IL-8, etc.) (Andrew 

et al., 1995, Bouletreau et al., 2002, Nanko et al., 2009) and osteogenic factors (bone 

morphogenic protein [BMP]-2, BMP-4, BMP-7) (Bostrom et al., 1995, Lissenberg-

Thunnissen et al., 2011). These secreted factors are potentially conducive to the 

migration, proliferation, differentiation, and metabolism of multipotent stem cells from 

the bone marrow (Granero-Molto et al., 2009). Moreover, these cells are capable of 

differentiating into numerous cell lineages including osteoblasts, fibroblasts, 

angioblasts, and chondrocytes, facilitating the development and progression of 
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osteogenesis and angiogenesis in the injured region (Pittenger et al., 1999). The 

inflammatory process is commonly rapid, taking from several days to 14 days (Wang 

and Yeung, 2017). 

 

1.2.2. Bone fracture healing – reparative phase 

In the reparative phase, endochondral and intramembranous ossification are the two 

main processes, contributing to bone regeneration at the fracture site (Ortega et al., 

2004). Endochondral ossification is a complex, multi-stage process. MSCs differentiate 

into chondrocytes that are able to secrete the cartilage extracellular matrix, facilitating 

the formation of cartilaginous callus (Zhou et al., 2014). This soft tissue may increase 

in size and content over time, resulting in the disruption of blood flow to newly 

generated tissue and increased tissue tension (Fang et al., 2005). The resulting hypoxic 

microenvironment constrains osteoblastogenesis and bone formation, while 

chondrocytes can proliferate and differentiate in environment. Afterwards, 

chondrocytes turn into hypertrophic chondrocytes, secrete cartilage extracellular matrix, 

and ultimately undergo apoptosis (Provot and Schipani, 2005). With the decrease in 

tissue tension at the fracture site, blood vessels invade the cartilage extracellular matrix, 

bringing osteoclasts and MSCs to initiate the resorption of cartilage extracellular matrix 

and the formation of bone extracellular matrix (Yang et al., 2014). As osteogenesis and 

mineralization of MSCs progress, the soft bone tissue turns firm and hard at the fracture 

site. Intramembranous ossification generally takes place in woven bone tissue through 

the direct differentiation of MSCs into bone-forming cells in the absence of cartilage 

formation as an intermediate stage (Xian et al., 2004). These two processes of 

ossification are involved in the reparative phase, taking from 2 to 6 weeks (Wang and 

Yeung, 2017).  

 

1.2.3. Bone fracture healing – remodeling phase 

The last step in bone fracture healing is the remodeling phase in which woven bone 

callus is turned into lamellar bone (Szczesny, 2002, Schindeler et al., 2008). Bone-

resorbing cells adhere to the fracture site and release acid and osteoclast-related factors 
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like cathepsin K (Fujita et al., 2013, Walia et al., 2018) and matrix metalloproteinase-

9 (MMP-9) (Engsig et al., 2000, Christensen and Shastri, 2015), forming small pits or 

resorption cavities to resorb woven bone tissue. Simultaneously, bone-forming cells 

adhere to these pits and deposit minerals and organic compounds (Sims and Gooi, 2008). 

These two processes maintain a dynamic balance of production and removal of the 

fractured bone tissue, preserving the bone’s mechanical strength and mass. The bone 

remodeling phase also takes place in healthy bone tissue, keeping a suitable degree of 

bone metabolism, which is comparable to bone fracture healing in patients following 

trauma (Karsenty, 2000). This final phase takes from 8 weeks to 2 years (Wang and 

Yeung, 2017). 

 

 

Figure 1.2 The phases of bone fracture healing. Bone fracture healing is a 

developmental process involving three phases: inflammatory, reparative, and 

remodeling. The image was generated with the assistance of Servier Medical Art 

(https://smart.servier.com/). 
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1.2.4. Bone fracture healing – in vitro models 

Currently, animal models are predominantly used to study bone fracture healing (Ehnert 

et al., 2020). It is worth noting that animal models have several shortcomings. Bones 

in the animal models undergoing stress are not the same as human bone tissue because 

of the quadruped posture (Ehnert et al., 2020). Descriptions of impaired fracture healing 

seem to be not well-defined in animal models. Furthermore, the ethical implications of 

animal experiments should be taken into account. Hence, there has become a pressing 

need for a stable and effective in vitro model, simulating the bone fracture healing.  

For this, we chose SCP-1 cells (MSCs) and THP-1 cells (osteoclast precursor cells) as 

our experimental cells. It has been shown that osteogenic differentiation of SCP-1 cells 

and osteoclastic differentiation of THP-1 cells are implicated as osteogenesis or 

osteoclastogenesis in the reparative phase, respectively (Ehnert et al., 2020, Weng et 

al., 2021). SCP-1 cells are capable of releasing crucial cytokines required for 

osteoclastic differentiation of THP-1 cells, like RANKL and M-CSF (Ehnert et al., 

2020, Weng et al., 2021). Aside from cell–cell interactions, cell–matrix interactions 

have to be taken into account to guarantee a cell culture model which can accurately 

reflect the complex cellular events during fracture healing (Ehnert et al., 2020, Weng 

et al., 2021). Scaffolds have been used as promising materials for the differentiation of 

osteoblast- and osteoclast-like cells, like MSCs and osteoclast precursor cells (Nair et 

al., 2015, Panzavolta et al., 2018). It has been reported that the scaffold comprises 

organic (gelatin) and inorganic phases (hydroxyapatite), realistically mimicking the in 

vivo bone microenvironment (Weng et al., 2020). However, the key to achieving a 

reliable, reproducible, and valid cell culture model lies in preserving the cell function 

and viability of these two cell lines directly cultured on the scaffolds. There are two 

major cultivation conditions that need to be optimized: the medium and the appropriate 

seeding proportion of SCP-1 and THP-1 cells. 

 

1.3. Consumption of tobacco cigarettes 

Tobacco consumption represents one of the most common risk factors affecting 

progression of diseases across the world (Yaragani et al., 2020, Aspera-Werz et al., 
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2020). As reported by the World Health Organization, tobacco consumption is 

responsible for nearly 6.5 million deaths per year throughout the world (Soares do 

Amaral et al., 2016). Moreover, it estimates that there will be approximately 8 million 

deaths per year attributed to tobacco consumption throughout the world by 2050 

(Soares do Amaral et al., 2016). The most commonly accepted approach to consuming 

tobacco is cigarette smoking (CS) (Nemmar et al., 2020). CS has obvious detrimental 

effects on health outcomes, which correlate with long-lasting diseases such as 

osteoporosis (Aspera-Werz et al., 2018, Ratajczak et al., 2021), delayed or nonunion 

fracture healing (Nishino et al., 2021, Ryan et al., 2021), diabetes (Lecka-Czernik, 2017, 

Marin et al., 2018), lung diseases (Rahal et al., 2017, O'Keeffe et al., 2018). Cigarette 

smoke contains a minimum of 6500 molecular species, with approximately 2.3% of 

these compounds recognized as harmful or poisonous to human health (Velilla et al., 

2013). Nicotine is known to be the primary addictive ingredient in a conventional 

tobacco cigarette. When a cigarette is smoked, nicotine initially enters the pulmonary 

system, then the cardiovascular system, and in a very short time (approximately 17 s) 

the central system (brain) (Benowitz, 2008), where it exerts crucial roles in the 

addiction process. Fast distribution to the brain is regarded to exert a crucial role in the 

high abuse/dependence liability of nicotine inhalation in comparison to the other 

approaches to nicotine administration such as nicotine nasal sprays, patches, and gums. 

(Prochaska and Benowitz, 2019). Additionally, it has been demonstrated that other 

compounds in the cigarette smoke favor the high abuse/dependence liability of nicotine, 

including several ingredients that directly or indirectly inhibit monoamine oxidase 

(Lewis et al., 2007, van der Toorn et al., 2019), as well as some enzymes that directly 

or indirectly degrade neurotransmitters (Prochaska and Benowitz, 2019, Li et al., 2020). 

 

1.4. Cigarette smoking and bone 

Numerous studies have revealed the adverse impacts of CS on the musculoskeletal 

system in vitro and in vivo (Figure 1.3) (Aspera-Werz et al., 2018, Ehnert et al., 2019, 

Reumann et al., 2020). In a clinical trial, researchers showed that heavy smokers had a 

substantially greater risk of prolonged hospitalization and complications after total joint 
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replacement, compared to nonsmokers (Tischler et al., 2017, Sahota et al., 2018, Ehnert 

et al., 2019). Several animal experiments have revealed that long-term exposure to 

cigarette smoke contributes to the reduction of bone mass and bone strength (Akhter et 

al., 2003, Reumann et al., 2020). Furthermore, a recent in vitro experiment revealed 

that chronic exposure to cigarette smoke extract (CSE) upregulated osteoclastic 

function and downregulated osteoblastic function in a bone cell culture model, 

contributing to an osteoporotic microenvironment (Zhu et al., 2020). 

 

 
Figure 1.3 The role of CS in bone metabolism. Chronic exposure to cigarette smoke 

upregulates osteoclastic function and downregulates osteoblastic function in bone cells, 

contributing to an osteoporotic microenvironment. The image was generated with the 

assistance of Servier Medical Art (https://smart.servier.com/). 

 

1.5. Magnesium: a cofactor in low serum levels on smokers  

Magnesium (Mg), a crucial cofactor, is engaged in approximately 350 metabolic 

activities like energy metabolism and nucleic acid synthesis (Vernon, 1988, Paolisso et 

al., 1990, Mieczkowski et al., 2013). Healthy adults possess approximately 24 g of Mg, 

of which about 50–60% is presented in the bone (Ni et al., 2020). The serum Mg 

concentration is strictly regulated and maintained within the physiological range of 0.7 

Osteoblastogensis
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Bone resorption  Bone formation  
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to 1 mM (Alhosaini and Leehey, 2015). When the serum Mg concentration is lower 

than 0.7 mM, the patient is diagnosed with Mg deficiency. 

Mg deficiency has been linked to a deterioration in bone micro-architecture and low 

bone mass and strength (Saito et al., 2004, Mahdavi-Roshan et al., 2015). Several 

clinical studies have revealed that insufficient Mg intake can decrease blood supply to 

bones (Warburton et al., 2007) and stimulate the production of inflammatory factors 

(Mazur et al., 2007), negatively affecting bone quality and quantity (Rude and Gruber, 

2004). The absence of Mg intake may trigger osteoporotic-like changes in animal 

models via upregulation of osteoclast activity and downregulation of osteoblast activity 

(Rude et al., 2003). Interestingly, a clinical study compared serum Mg levels in heavy 

smokers and nonsmokers and found that heavy smokers had a remarkably lower serum 

Mg level (0.4 ± 0.1 mM) compared to nonsmokers (1 ± 0.1 mM) (Ata et al., 2015). 

Therefore, Mg deficiency may be one of the potential reasons why CS can contribute 

to delayed fracture healing or nonunion fracture healing. Additionally, Mg, a crucial 

component of human bone mineral, stimulates osteoblast-like cells’ survival, 

proliferation, and osteogenic differentiation, supporting bone growth and formation 

(Wu et al., 2015, Wang et al., 2017, Lin et al., 2019). Some researchers have revealed 

that biomaterials rich in Mg can facilitate osteoblast-like cell differentiation and 

suppress osteoclast-like cell differentiation in in vitro cellular experiments and in vivo 

animal studies (Figure 1.4) (Kim et al., 2018, Pinho et al., 2021). In view of this, our 

subsequent hypothesis is that Mg supplementation may be a possible effective strategy 

for smokers with osteoporotic bones to improve bone quality. 
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Figure 1.4 The effect of Mg on bone metabolism. Mg possesses the ability to 

upregulate osteoblastic function and downregulate osteoclastic function in bone cells, 

contributing to an increase in bone mass. The image was generated with the assistance 

of Servier Medical Art (https://smart.servier.com/). 
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1.6. Aim of the research 

The intention of this research was to investigate the role of Mg supplementation in a 

3D bone co-culture system exposed to CS. To achieve this aim, the following points 

were addressed: 

• Establishment of a 3D bone co-culture model: 

▪ Physically characterization of the scaffold; 

▪ Select the appropriate medium to maintain the viability and functionality of 

SCP-1 and THP-1 cells; 

▪ Assess the attachment of SCP-1 and THP-1 cells to the scaffold; 

▪ Optimize the cell ratio to maintain the viability and functionality of SCP-1 

and THP-1 cells; 

• Evaluate the effects of Mg supplementation on a 3D co-culture system 

impaired by CS. 

• Elucidate the molecular mechanism(s) behind the positive role of Mg 

supplementation on a 3D co-culture under CS condition.  

  



13 

 

Chapter 2 

2. Materials and Methods 

2.1. Materials  

2.1.1. Chemicals 
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2.1.2. Solutions 
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2.1.3. Consumables 
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2.1.4. Equipment 
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2.2 Methods  

2.2.1. Preparation of gelatin (GEL) scaffolds  

In this study, we used the GEL scaffold because it comprises organic (gelatin) and 

inorganic phases (hydroxyapatite), realistically mimicking the in vivo bone 

microenvironment (Weng et al., 2020). The scaffolds were prepared according to a 

method recently published (Figure 2.1) (Ruoss et al., 2020). Briefly, a water-based 

solution comprising 4.8% gelation, 10% hydroxyapatite was combined with 1% 

glutaraldehyde and chilled on ice. After fully mixing, the solutions were poured into 
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casting molds (3 mm radius, 4 cm height) and incubated for overnight at −17 °C (Figure 

2.1.A). The following day, the formed matrix was stored at −80°C for 2 hours, which 

was used to facilitate manual slicing. Afterwards, the deep-frozen matrix was sliced 

into equal size (3 mm radius, 3 mm height) with the aid of a sharp blade (Figure 2.1.B). 

Before cell culture, GEL scaffolds were sterilized with 70% ethanol, then washed with 

phosphate buffered saline (PBS) and incubated with cell culture medium for 

stabilization and sterile control.  

 

 

Figure 2.1 Preparation of the gelatin scaffolds. The procedure includes two steps: (A) 

scaffold manufacturing and (B) cutting the scaffolds and sterilization of the scaffolds 

before cell seeding. (Reproduced with permission from (Ruoss et al., 2020).  

 

2.2.2. Pore structure of GEL scaffolds  

Sulforhodamine B (SRB) was used to stain organic ingredients of scaffolds and to 

observe the pore structure of GEL scaffolds, as described in Weng et al. 2020. In short, 

scaffolds were incubated with 0.1% SRB in the dark room for half an hour. Excessive 

SRB in the scaffolds was washed off using 1% acetic acid before observation and record 

with a microscope. ImageJ software and “BoneJ” plugins were utilized to analyze the 

pore structure.  
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2.2.3. Porosity of GEL scaffolds 

The porosity was calculated based on the wet-dry weight method, as reported (Weng et 

al., 2020). In short, scaffolds were immersed in the PBS and incubated for 60 minutes 

to obtain the wet weight of scaffolds. After being dried overnight in a glass desiccator, 

the scaffolds were weighted again to obtain the dry weight of scaffolds. The porosity 

of GEL scaffolds was calculated:  

 

 

2.2.4. Stiffness of GEL scaffolds 

The stiffness of GEL scaffolds was measured using Young’s modulus as recently 

published (Weng et al., 2020). A ZwickiLine Z 2.5TN machine vertically squeezed the 

surface scaffolds with the speed of 0.08 mm per seconds. A force sensor recorded the 

applied force in real time. The stiffness of GEL scaffolds was calculated: 

 

 

2.2.5. Cell line  

Immortalized human mesenchymal stem cells (SCP-1 cell line) and human monocytic 

cell line THP-1 were considered as osteoprogenitor cells (Bocker et al., 2008) and 

osteoclast precursor cells (Häussling et al., 2021), respectively. SCP-1 cells were 

cultured in the Minimum Essential Medium Eagle alpha (MEM α) supplemented with 

5% v/v fetal bovine serum (FBS). THP-1 cells were cultured in the RPMI1640 medium 

with 5% FBS (growing medium). All cells were maintained in a CO2 incubator. The 

medium was changed twice a week.  

 

2.2.6. 2D cell culture  

SCP-1 cells and THP-1 cells were cultured in monoculture or co-culture in the 96-well 

plates, as recently published (Weng et al., 2021). For SCP-1 monoculture, cells were 

plated at 3 × 103 cells/100 µL per well in osteogenic differentiation medium 
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(components shown in 2.1.2). For THP-1 monoculture, cells were plated at 2.4 × 104 

THP-1 cells/ per well adding 100 µL of RPMI1640 medium containing 200 nM phorbol 

12-myristate 13-acetate (PMA) to adhere overnight. The following day, SCP-1 cells 

were plated at 3 × 103 cells/ per well in the same well in 50 µL of fresh osteogenic 

differentiation medium and 50 µL of conditioned medium from differentiated SCP-1 

cells. 

For generation of bone co-culture, a THP-1 cell suspension (2.4 × 104 cells/ 100 µL per 

well) was plated in RPMI1640 medium containing 200 nM PMA. The following day, 

the growing medium was removed and washed with PBS before seeding. SCP-1 cells 

(3 × 103 cells/100 µL per well) were plated into the same well in the osteogenic 

differentiation medium (components shown in 2.1.2). In mono- and co-culture, medium 

was changed twice a week.  

 

2.2.7. 3D cell culture   

SCP-1 cells and THP-1 cells were cultured in monoculture or co-culture on GEL 

scaffolds, as recently published (Weng et al., 2020). For SCP-1 monoculture, 1 × 104 

cells/15 µL per scaffold were dripped on the top of GEL scaffolds. After 4 hours of 

incubation at 37℃, 500µL of osteogenic differentiation medium (components shown 

in 2.1.2) was gently added. For THP-1 monoculture, 8 × 104 cells/15 µL per scaffold 

were seeded into the top of GEL scaffolds. After 4 hours, 500 µL of bone growing 

medium supplemented 200 nM PMA to induce THP-1 cells into adherent macrophages. 

The following day, the growing medium was changed by 250 µL of fresh osteogenic 

differentiation medium and 250 µL of conditioned medium from differentiated SCP-1 

cells.  

For generation of bone co-culture, a THP-1 cell suspension (8 × 104 cells/ 15 µL per 

scaffold) was seeded on the top of GEL scaffolds. After 4 hours of incubation at 37℃, 

500 μL of the growing medium with 200 nM PMA was gently added. The following 

day, the growing medium was removed and washed with PBS before seeding. SCP-1 

cells (1 × 104 cells/15 µL per scaffold) were seeded into the same scaffold. After 4 

hours, 500 μL of the osteogenic differentiation medium was gently added. In mono- 
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and co-culture, medium was changed twice a week.  

 

2.2.8. Preparation of cigarette smoke extract (CSE) 

CSE was prepared based on the previously reported method (Sreekumar et al., 2018). 

Commercial cigarettes (Marlboro Red Label) used in this study were bought in 

cigarettes shops. In short, one cigarette was constantly burned with the aid of a pump. 

The smoke was delivered into the 25 ml of 50:50 mix of MEM α: RPMI plain medium 

in a typical gas bottle. The absorbance of CSE was measured at 320 nm by an Omega 

Plate Reader and an absorbance of 0.7 was regarded as 100% CSE. CSE was sterile 

filtered before experimentation and the filtered solution was further adjusted to different 

concentrations (1%, 5%, and 10%) with osteogenic differentiation medium.  

 

2.2.9. Resazurin Conversion Assay  

For detection of mitochondrial activity in bone cells cultured on the GEL scaffolds, 

cells were gently washed with PBS before 500 µL of 0.0025% w/v resazurin working 

solution was added. Following incubation for 2 h, the fluorescence intensity of formed 

resorufin was evaluated by an Omega Plate Reader (Weng et al., 2020).  

 

2.2.10. Live staining with Calcein AM-Hoechst 

For visualization of viable cells and nuclei, cells were incubated in a staining dye 

(components shown in 2.1.2, 100 µL for 2D and 500 µL for 3D) for 20 min. After 

washing off excessive dye solution with PBS, stained cells were observed and captured 

with the aid of a fluorescence microscope (Aspera-Werz et al., 2020, Häussling et al., 

2021).  

 

2.2.11. Sulforhodamine B (SRB) Staining 

For detection of total protein content in bone cells in 96-well plates, cells were fixed 

100% ethanol overnight at -20°C. Following washing off excessive ethanol with PBS, 

fixed cells were stained with a dye (components shown in 2.1.2) for 30 min. Excessive 

SRB was washed off by 1% acetic acid. After adding 1% acetic acid to dissolve SRB 
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bounded to cells, the absorbance intensity was determined by an Omega Plate Reader 

(Aspera-Werz et al., 2020).  

 

2.2.12. DNA quantification 

For detection of total DNA content in bone cells cultured on the GEL scaffolds, cells 

were wadded 250 µL of 50 mM 98°C NaOH for 5 min. Afterwards, these scaffolds 

were stored at −20°C overnight to improve DNA yield. The following day, frozen 

samples were thawed at 60°C for 15 min before adding 250 µL of a 100 mM Tris buffer. 

The impurities from these DNA samples were removed by centrifugation at 2000× g for 

10 min. For total DNA quantitative analysis, 2 µL of DNA samples were dripped on 

the LVIS Micro Drop Plate and measured by the Omega Plate Reader (Weng et al., 

2020).  

 

2.2.13. Carbonic anhydrase II (CA II) activity 

For detection of early stage of osteoclast differentiation in bone cells cultured on the 

GEL scaffolds or 96-well plates, cells were gently washed with PBS before adding 

CAII standard assay (components shown in 2.1.2, 100 µL for 2D and 500 µL for 3D) 

for 15 min. The absorbance intensity was determined using a Omega Plate Reader 

(Weng et al., 2021, Häussling et al., 2021).  

 

2.2.14. Tartrate-resistant acid phosphatase (TRAP) activity assay 

For detection of osteoclast function in bone cells cultured on the GEL scaffolds or 96-

well plates, the cell culture supernatant (30 µL for 2D and 30 µL for 3D) was combined 

with 90 µL of TRAP standard assay (components shown in 2.1.2) into a fresh 96-well 

plate and cultured for 6 hours at 37°C. To stop the reaction, 90 µL of 1 M NaOH was 

added into the well. The absorbance was determined using a Omega Plate Reader 

(Weng et al., 2021, Häussling et al., 2021).  

 

2.2.15. Alkaline phosphatase (AP) activity 

For detection of osteoblast function in bone cells cultured on the 96-well plates, cells 
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were gently washed with PBS once before adding 100 µL of AP standard assay 

(components shown in 2.1.2). After incubation for 30 min at 37°C, absorbance intensity 

was measured using a Omega Plate Reader (Weng et al., 2021).  

 

2.2.16. Immunofluorescence staining 

Cells were fixed as shown above (Section 2.2.11). Fixed cells were permeabilized with 

0.2% v/v Triton-X-100 for 15 min and then blocked with BSA blocking buffer 

(components shown in 2.1.2) for 1 h to band unspecific sites. Cells were stained by 

TRITC-phalloidin (1:2000) and Hoechst 33342 (1:1000) for 2 h. After washing twice 

with PBS, cells were visualized by fluorescence microscopy. For counting the number 

of SCP-1 as well as THP-1 cells in co-culture, total number of cells were counted, 

followed by the number of THP-1 cells based on the morphology of the osteoclast-like 

cells. Multinuclear cells (more than two nucleus) with actin-ring formation were 

regarded as the osteoclast-like cells. The number of osteoclast-like cells were subtracted 

from total number of cells to achieve the number of osteoblast-like cells.  

 

2.2.17. Dot Blot analysis 

To assess changes in bone resorption and formation markers secreted by bone-resorbing 

and bone-forming cells, fifty microliters of supernatants were transferred to membrane 

using a vacuum-assisted dot blot. Ponceau S staining was used for visualization of 

protein dots. After extensive washing with TBS-T, the membrane was blocked with 

BSA blocking buffer (components shown in 2.1.2) for 2 h to band unspecific sites and 

then incubated with primary antibody overnight (Table 2.5). After extensive washing 

with TBS-T, the membrane was incubated with secondary antibodies for 2 h. The signal 

was visualized by a CCD camera and measured with ImageJ software (Weng et al., 

2021).  
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2.2.18. Zymography 

To evaluate changes in matrix degradation marker (MMP-9) secreted by bone-

resorbing cells, five microliters of supernatants were combined with fifteen microliters 

of loading buffer (components shown in 2.1.2) and transferred to zymography gels. 

After electrophoresis at 120 V, the zymography gels first washed three times with 2.5% 

Triton X-100 and further washed five times with ddH2O. Following incubation with 

zymography developing buffer (components shown in 2.1.2) for 24 hours at 37℃, the 

gels were dyed with Coomasie blue. The signals were detected with ImageJ software 

(Ehnert et al., 2011).  

 

2.2.19. Statistics  

Data were represented as bar diagrams. At least three independent experiments were 

performed, each at least in triplicate. Comparisons were executed using 1-way or 2-way 

ANOVA when one or more independent variables were compared between groups. 

GraphPad Prism software was used for analysis. The statistical methods of this thesis 

were discussed with Johann Jacoby from the Institute of Clinical Epidemiology 

and Applied Biometry at the University of Tübingen. 
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Chapter 3 

3. Results 

3.1. Physical characterization of the GEL scaffold 

The pore area of GEL scaffolds was visualized by SRB staining (12,615  620 µm2; 

Figure 3.1.A). GEL scaffolds possessed appropriate stiffness (25  1.3 KPa; 

Figure 3.1.B). The porosity of the GEL scaffolds was determined via their wet and dry 

weight (Figure 3.1.C). GEL scaffolds exhibited excellent porosity (85  0.3%), 

comparable to that of Osbone® (80%), a commercial bone graft material (Bernhardt et 

al., 2011). 

 

Figure 3.1 Physical characterization of the GEL scaffold. (A) Pore area and 

(B) stiffness were analyzed by ImageJ. (C) Scaffold porosity expressed as %. Data are 

shown as violin plots showing median and quartiles (N = 3, n ≥ 4). 

 

3.2. Analysis of average area of bone cells 

To determine whether SCP-1 and THP-1 cells are capable of migrating inside of 

scaffolds, we calculated the average circularity area of these two types of cells from the 

bone co-culture system and then compared them with the pore area of the GEL scaffolds. 

We found that the mean area was 253.1 ± 8.9 µm2 for SCP-1 cells (Figure 3.2.A and B) 

and 182 ± 6.4 µm2 for THP-1 cells (Figure 3.2.A and C). The area was remarkably small 

in SCP-1 and THP-1 cells compared with the pore area of the GEL scaffolds. Therefore, 

these bone cells are capable of migrating inside of GEL scaffolds. 
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Figure 3.2 Average area of SCP-1 and THP-1 cells. (A) The areas of these two types 

of bone cells were analyzed by ImageJ. Data are expressed as violin plots showing 

median and quartiles (N = 3, n ≥ 20). Representative microscopic pictures of (B) SCP-

1 and (C) THP-1 cells used to calculate circularity area. 

 

3.3. Assessment of appropriate co-culture medium mixtures for SCP-1 and THP-

1 cells 

SCP-1 and THP-1 monocultures in 96-well plates were treated by mixing different 

proportions of MEM α and RPMI (75%: 25%; 50%: 50%; 25%: 75%) to develop an 

appropriate co-culture medium for sustaining the survival and differentiation of both 

cell types. 

 

3.3.1. SCP-1 cells 

For SCP-1 cells, cells cultivated with100% MEM α was utilized as a control group. 

Measurement of SRB staining exhibited a remarkable decrease of total protein content 

in cells treated with 25% MEM α or 0% MEM α at both time points (days 7 and 14; 

Figure 3.3.1.A), compared to the control group. The osteoblast function (AP activity) 

was not greatly altered in SCP-1 cells treated with 75% MEM α or 50% MEM α on 

days 7 and 14 (Figure 3.3.1.B), compared to the control group. Microscope images of 

actin staining confirmed the previous findings (Figure 3.3.1.C): SCP-1 cells, stretched 

cells with a mononuclear phenotype, were rarely observed in 0% MEM α after 14 days.  
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Figure 3.3.1 Analysis of the effects of mixing different proportions of MEM α and 

RPMI on SCP-1 cell survival and differentiation. SCP-1 cells (N = 3, n = 4) were 

treated by mixing different proportions of MEM α and RPMI. (A) Total protein content 

and (B) AP activity/total protein content were determined in SCP-1 cells after 7 and 14 

days. (C) Representative images of actin staining with Phalloidin-TRITC (in red) and 

Hoechst 33342 (in blue) was used to visualize stretched cells with a mononuclear 

phenotype (SCP-1 cells) after 14 days. Data were represented as bar diagrams. 

Statistical analysis: 2-way ANOVA test.  

 

3.3.2. THP-1 cells 

For THP-1 cells, cells cultivated with 100% RPMI was utilized as a control group. Cells 

exposed to 25% RPMI or 0% RPMI had a significantly lower total protein content at 

both time points (days 7 and 14; Figure 3.3.2.A), compared to the control group. The 

osteoclast function (CAII activity) was not largely affected in THP-1 cells treated with 

75% RPMI α or 50% RPMI on days 7 and 14 (Figure 3.3.2.B), compared to the control 

group. Microscope images of actin staining illustrated that the number of multinuclear 

cells with acting ring structure representing THP-1 cells derived osteoclast, was 

dramatically declined in the absence of RPMI after 14 days (Figure 3.3.2.C).  

Taken together, these results showed that the medium containing 50% MEM α and 50% 

RPMI sustained SCP-1 and THP-1 cell survival and differentiation; therefore, this 

medium ratio was identified being appropriate for our bone co-culture system. 
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Figure 3.3.2 Analysis of the effects of mixing different proportions of MEM α and 

RPMI on THP-1 cell survival and differentiation. THP-1 cells (N = 3, n = 4) were 

treated by mixing different proportions of MEM α and RPMI. (A) Total protein content 

and (B) CAII activity/total protein content were determined in the THP-1 cells after 7 

and 14 days. (C) Representative images of actin staining with Phalloidin-TRITC (in red) 

and Hoechst 33342 (in blue) was used to visualize roundish cells with a multinucleated 

phenotype and actin rings (THP-1 cells) after 14 days. Data were represented as bar 

diagrams. Statistical analysis: 2-way ANOVA test.  

 

3.4. Analysis of SCP-1 and THP-1 cell attachment on the scaffolds 

SCP-1 and THP-1 cells were seeded as monocultures onto the scaffolds. On days 1, 4, 

7, and 14, cell attachment was analyzed using mitochondrial activity and Calcein AM–

Hoechst staining. Our results demonstrated that there was a positive correlation 

between DNA content and mitochondrial activity with the cultivation time of SCP-1 

cell on the scaffolds (Figure 3.4.A and B). THP-1 cells had a slow increase in total 

DNA content and mitochondrial activity when cultured on the scaffolds over the time 

(Figure 3.4.A and B). Microscopic assessment of live staining displayed viable SCP-1 

and THP-1 cells on the GEL scaffolds (Figure 3.4.C), indicating appropriate SCP-1 and 

THP-1 attachment onto GEL scaffolds. 
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Figure 3.4 Analysis of SCP-1 and THP-1 cell attachment onto the GEL scaffolds. 

SCP-1 and THP-1 cells (N = 3, n = 3) were seeded onto the GEL scaffolds. (A) Total 

DNA content and (B) mitochondrial activity were determined in SCP-1 and THP-1 

monocultures by day 1, 4, 7, and 14. (C) Representative images of live staining with 

Calcein AM (in green) and Hoechst 33342 (in blue) was used to visualize SCP-1 and 

THP-1 cells after 14 days. Data are represented as the mean ± SEM. 

 

3.5. Evaluation of appropriate co-culture proportions of SCP-1 and THP-1 cells 

To find a suitable proportion of SCP-1 and THP-1 cells that represent the function of 

bone forming and resorbing cells in our system, two cell proportions (1 : 4 and 1 : 8) were 

evaluated. SCP-1 and THP-1 monocultures were used as the control group. The SCP-1 

monoculture displayed an increase in total protein content over time. On days 7 and 14, 

no protein was detectable in the THP-1 monoculture (4) and expression was very low 

in the THP-1 monoculture (8). The co-culture with 1 : 8 seeding ratio of SCP-1: THP-1 

cells had a lower total protein content than the 1 : 4 co-culture after 14 days (p > 0.05; 

Figure 3.5.A). The count of SCP-1 cells was remarkably higher in the cell model with 

a cell proportion of 1 : 4, while the count of THP-1 cells was remarkably lower in the 

cell model with a cell proportion of 1 : 8. No THP-1 cells were detectable in the 1 : 4 co-

culture, indicating that this co-culture model could not sustain the morphology (Figure 
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3.5.B and C). The osteoblast function was not affected with the number of osteoblast 

seeded in the scaffolds (Figure 3.5.D).  

TRAP and CAII activity were used to represent osteoclast function (Figure 3.5.E and 

F). The variation of osteoclast function was smaller and more stable in the co-cultures 

than in THP-1 monoculture (Figure 3.5.E and F). CAII activity was almost doubled in 

the 1 : 8 co-culture compared to the 1 : 4 co-culture by 14 days (Figure 3.5.E). Therefore,  

the 1 : 8 co-culture was chose for further experiments, due to that better maintained the 

number of functional THP-1 cells. 

 

Figure 3.5 Evaluation of appropriate co-culture proportions of SCP-1 and THP-1 

cells. SCP-1 and THP-1 cells (N = 3, n = 3) were cultured alone (monoculture) or 

together (co-culture) at two seeding proportions (1: 4 & 1: 8). (A) Total protein content 

was determined in SCP-1 and THP-1 monocultures and co-cultures at different time 

4 8 1:4 1:8 1 4 8 1:4 1:8 1
0

1

2

3

T
o
ta

l 
p
ro

te
in

 (
R

A
U

)

THP-1
cells

Co-culture SCP-1
cells

THP-1
cells

Co-culture SCP-1
cells

Day 7 Day 14

200 µm

A B

C
D

E F

1:4 1:8 1:4 1:8
0

50

100

150

C
e
ll 

n
u
m

b
e
r

Day 14

p = 0.0448

p = 0.0002

SCP-1 cells

THP-1 cells

1:4 1:8 1 1:4 1:8 1
0.0

0.1

0.2

0.3

A
P

 a
ct

iv
it

y
/ 

to
ta

l 
p

ro
te

in

Co-culture SCP-1
cells

Co-culture SCP-1
cells

4 8 1:4 1:8 4 8 1:4 1:8
0.0

0.2

0.4

0.6

0.8

C
A

II
 a

c
ti
v
it
y
/ 
to

ta
l 
p
ro

te
in

THP-1
cells

Co-culture THP-1
cells

Co-culture

4 8 1:4 1:8 4 8 1:4 1:8
0

2

4

6

T
R

A
P

 a
c
ti
v
it
y
/ 
to

ta
l 
p
ro

te
in

THP-1
cells

Co-culture THP-1
cells

Co-culture



33 

 

points (7 and 14 days). (B) The count of SCP-1 and THP-1 cells in the co-cultures was 

calculated after 14 days. (C) Representative images show stretched cells with a 

mononuclear phenotype (SCP-1 cells) and roundish cells with a multinucleated 

phenotype and actin rings (THP-1 cells, represented in white arrows) by 14 days. 

Osteoblast function: (D) AP activity was evaluated in SCP-1 monocultures and co-

cultures with THP-1 cells at two proportions after 14 days. (E) CAII and (F) TRAP 

actives were evaluated in THP-1 monocultures and co-cultures with SCP-1 cells at two 

proportions after 14 days. Data were represented as bar diagrams. Statistical analysis: 

2-way ANOVA test.  

 

3.6. Assessment of the effects of CSE on viability in SCP-1 and THP-1 

monocultures and co-culture systems 

SCP-1 and THP-1 monocultures and co-culture systems were exposed to various 

concentrations of CSE (1%, 5%, and 10%) for 14 days. As shown in Figure 3.6, the 

mitochondrial activity of the SCP-1 monoculture and co-culture systems increased over 

time. The mitochondrial activity of the THP-1 monoculture was elevated from day 3 to 

day 7, then reduced from day 7 to day 14. The CSE exposure remarkably suppressed 

mitochondrial activity in SCP-1 and THP-1 monocultures and co-culture systems in a 

dose- and time-dependent manner (Figure 3.6.A–C). On day 3, the mitochondrial 

activity was not greatly altered in any of conditions tested when compared to untreated 

cells for all culture models evaluated (Figure 3.6.A). On day 7, the mitochondrial 

activity was remarkably decreased in THP-1 monoculture (p < 0.05; Figure 3.6.A), 

SCP-1/THP-1 co-culture (p < 0.01; Figure 3.6.B), and SCP-1 monoculture (p < 0.001; 

Figure 3.6.C) following exposure to 10% CSE compared with untreated cells. On day 

14, all tested cell culture models exhibited a significant decrease in mitochondrial 

activity following exposure to 5% or 10% CSE compared with untreated cells. 

Exposure to 10% CSE decreased mitochondrial activity in the co-culture system by 

more than 50% after 7 days (p < 0.05; Figure 3.6.B) and 14 days (p < 0.01; Figure 3.6.B) 

compared to untreated cells, indicating that 10% CSE strongly affected bone cell 

viability. In view of these results, 5% CSE was chosen to be used in the subsequent 

experiments. 
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Figure 3.6 Assessment of the effects of CSE on viability in SCP-1 and THP-1 

monocultures and co-culture systems. SCP-1 and THP-1 cells (N = 3, n = 3) cultured 

alone (monoculture) or together (co-culture) were exposed to increasing concentrations 
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of CSE (1%, 5%, and 10%) for 3, 7, and 14 days. Mitochondrial activity was determined 

in (A) THP-1 monoculture, (B) co-culture, and (C) SCP-1 monoculture after 3, 7, and 

14 days. Data were represented as bar diagrams. Statistical analysis: 2-way ANOVA 

test.  

 

3.7. Evaluation of the effects of magnesium chloride supplementation on viability 

in SCP-1 and THP-1 monocultures and co-culture systems 

3.7.1. Acute exposure 

In order to screen the nontoxic concentration of magnesium chloride supplementation 

for bone cells, SCP-1 and THP-1 monocultures and co-culture systems were 

supplemented with various concentrations of magnesium chloride (0.1, 1, 10, and 

100 mM) for 24 h. We found that all tested models acutely exposed to 100 mM 

magnesium chloride revealed a remarkable reduction in total DNA content, compared 

to untreated cells. Acute exposure to 10 mM magnesium chloride decreased the total 

DNA content in the THP-1 monoculture (p > 0.05; Figure 3.7.1.A), SCP-1 monoculture 

(p ˂ 0.05; Figure 3.7.1.B), and co-culture (p > 0.05; Figure 3.7.1.C). These results 

indicate that the nontoxic concentration of magnesium chloride supplementation for 

SCP-1 and THP-1 cells is below 10 mM. 
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Figure 3.7.1 Evaluation of the acute effects of magnesium chloride 

supplementation on viability in SCP-1 and THP-1 monocultures and co-culture 

systems. SCP-1 and THP-1 cells (N = 3, n = 3) cultured alone (monoculture) or together 

(co-culture) were acutely exposed to increasing concentrations of magnesium chloride 

for 24 h. The total DNA content was determined in (A) SCP-1 monoculture, (B) THP-

1 monoculture, and (C) co-culture. Data were represented as bar diagrams. Statistical 

analysis: one-way ANOVA test.  

 

3.7.2. Chronic exposure 

In order to assess the long-term effects of magnesium chloride supplementation on the 

viability of SCP-1 and THP-1 cells, cultures were chronically exposed to increasing 

concentrations of magnesium chloride (1, 2, 4, 6, and 8 mM) for 14 days. The total 

DNA content decreased in the THP-1 monoculture in a dose-dependent manner 

(Figure 3.7.2.A). In the SCP-1 monoculture, the total DNA content remained 

unchanged in cells supplemented with increasing concentrations of magnesium 

chloride (Figure 3.7.2.B). In the co-culture system, the total DNA content decreased 

significantly in cells exposed to 6 mM (p ˂ 0.001; Figure 3.7.2.C) or 8 mM magnesium 

chloride (p ˂ 0.0001; Figure 3.7.2.C) compared with untreated cells. Based on these 
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results, we can conclude that the nontoxic concentration of magnesium chloride 

supplementation for SCP-1 and THP-1 cells is up to 4 mM. 

 

 

Figure 3.7.2 Analysis of the long-term effects of magnesium chloride 

supplementation on viability in SCP-1 and THP-1 monocultures and co-culture 

systems. SCP-1 and THP-1 cells (N = 3, n = 3) cultured alone (monoculture) or together 

(co-culture) were chronically exposed to increasing concentrations of magnesium 

chloride for 14 days. The total DNA content was determined in (A) SCP-1 monoculture, 

(B) THP-1 monoculture, and (C) co-culture. Data were represented as bar diagrams. 

Statistical analysis: one-way ANOVA test.  

 

3.8. Evaluation of the impact of magnesium chloride supplementation on viability 

and functionality in 3D co-culture systems impaired by CSE 

Magnesium chloride supplementation is known to exert an essential role in bone 

metabolism and has been shown to prevent bone resorption and promote bone 
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were treated with 5% CSE in combination with 1 or 4 mM magnesium chloride 

supplementation. 

 

3.8.1. Viability 

Bone cells exposed to 5% CSE displayed a remarkable decrease in mitochondrial 

activity (p ˂ 0.001; Figure 3.8.1.A) and total DNA content (p ˂ 0.0001; Figure 3.8.1.B) 

on day 14 compared with untreated cells. Mitochondrial activity was comparable in the 

co-cultures exposed to 5% CSE alone and the co-culture exposed to 5% CSE in 

combination with 4 mM magnesium chloride supplementation (Figure 3.8.1.A). 

Additional supplementation of the 3D bone co-cultures with 4 mM magnesium chloride 

for 14 days increased the mitochondrial activity by 24% (p > 0.05; Figure 3.8.1.A) and 

the total DNA content by 31% (p ˂ 0.001; Figure 3.8.1.B). 

 

 

Figure 3.8.1 Analysis of the influence of magnesium chloride supplementation on 

viability in 3D bone co-cultures impaired by CSE. SCP-1 and THP-1 cells (N = 3, 

n = 3) cultured together (co-culture) on the GEL scaffolds were treated with 5% CSE 

in combination with 1 or 4 mM magnesium chloride supplementation. (A) 

Mitochondrial activity and (B) total DNA content were assessed in the co-cultures after 

14 days. Data were represented as bar diagrams. Statistical analysis: one-way ANOVA 

test.  

 

3.8.2. Functionality 

Co-cultures exposed to 5% CSE presented a remarkable elevation in TRAP activity 

(p ˂ 0.01; Figure 3.8.2.A) and CAII activity (p ˂ 0.05; Figure 3.8.2.B) on day 14 
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compared with untreated cells. Supplementation with magnesium chloride at either 1 

or 4 mM reduced TRAP activity in bone cells exposed to 5% CSE (p > 0.05 for 1 or 4 

mM magnesium chloride supplementation; Figure 3.8.2.A). Additional 

supplementation with 4 mM magnesium chloride for 14 days remarkably reduced CAII 

activity (p ˂ 0.01; Figure 3.8.2.B) in the 3D bone co-cultures exposed to 5% CSE. 

 

 
Figure 3.8.2 Analysis of the influence of magnesium chloride supplementation on 

functionality in 3D bone co-cultures impaired by CSE. SCP-1 and THP-1 cells 

(N = 3, n = 3) cultured together (co-culture) on the GEL scaffolds were treated with 5% 

CSE in combination with 1 or 4 mM magnesium chloride. (A) TRAP activity and (B) 

CAII activity were assessed in the co-cultures after 14 days. Data were represented as 

bar diagrams. Statistical analysis: one-way ANOVA test.  

 

3.9. Evaluation of the impact of magnesium chloride supplementation on matrix 

formation and resorption in 3D co-culture systems impaired by CSE 

To evaluate the changes in matrix formation and resorption in bone cells exposed to 5% 

CSE in combination with magnesium chloride supplementation, the supernatants of co-

cultures were measured for three matrix remodeling markers: procollagen type I N-

terminal propeptide (PINP), a collagen formation marker (Weng et al., 2021); MMP-9, 

an extracellular matrix degradation marker (Duellman et al., 2012); and osteocalcin 

(OCN), a late osteogenic marker (Häussling et al., 2021). We found that bone cells 

exposed to 5% CSE showed a remarkable reduction in PINP levels (p ˂ 0.0001; 

Figure 3.9.A) and OCN levels (p ˂ 0.0001; Figure 3.9.B) and elevation in MMP-9 

activity (p > 0.05; Figure 3.9.C). This implies that exposure to CSE can facilitate the 
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formation of an osteoporotic environment in the 3D bone co-culture system. The 

presence of 4 mM magnesium chloride remarkably increased PINP levels (p ˂ 0.05; 

Figure 3.9.A) and OCN levels (p ˂ 0.05; Figure 3.9.B) and reduced MMP-9 activity 

(p ˂ 0.05; Figure 3.9.C) in bone cells exposed to 5% CSE. 

 

 

Figure 3.9 Analysis of the influence of magnesium chloride supplementation on 

matrix formation and resorption in 3D bone co-cultures impaired by CSE. SCP-1 

and THP-1 cells (N = 3, n = 3) cultured together (co-culture) on the GEL scaffolds were 

treated with 5% CSE in combination with 1 or 4 mM magnesium chloride 

supplementation. (A) PINP levels, (B) OCN levels, and (C) MMP-9 activity were 

evaluated in the supernatants of co-cultures after 14 days. Data were represented as bar 

diagrams. Statistical analysis: one-way ANOVA test.  

 

3.10. Evaluation of the impact of magnesium chloride supplementation on 

RANKL/OPG balance in 3D co-culture systems impaired by CSE 

RANKL is a crucial bone turnover marker required for inducing osteoclast 

differentiation (Weng et al., 2021, Udagawa et al., 2021). We found that RANKL levels 
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were comparable in bone cells exposed to 5% CSE and untreated cells after 14 days 

(p > 0.05; Figure 3.10.A). At the same time, levels of its antagonist OPG were markedly 

decreased in the 3D bone co-culture system treated with 5% CSE compared to untreated 

cells (p < 0.01; Figure 3.10.B). The RANKL/OPG ratio was remarkably higher in bone 

cells after exposure to 5% CSE than in the untreated control (p < 0.05; Figure 3.10.C). 

Additional supplementation with 4 mM magnesium chloride for 14 days remarkably 

reduced the RANKL/OPG ratio (p ˂ 0.0001; Figure 3.10.C) in the 3D bone co-cultures 

exposed to 5% CSE. The anti-osteoclastic effect of magnesium chloride 

supplementation was more pronounced at 4 mM than at 1 mM. 

 

 

Figure 3.10 Analysis of the influence of magnesium chloride supplementation on 

RANKL/OPG balance in 3D bone co-cultures impaired by CSE. SCP-1 and THP-

1 cells (N = 3, n = 3) cultured together (co-culture) on the GEL scaffolds were treated 

with 5% CSE in combination with 1 or 4 mM magnesium chloride supplementation. 

(A) RANKL levels, (B) OPG levels, and (C) RANKL: OPG ratio were evaluated in the 

supernatants of co-cultures after 14 days. Data were represented as bar diagrams.  

Statistical analysis: one-way ANOVA test.  
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Chapter 4 

4. Discussion 

Delayed or nonunion fracture healing is one of the medical complications following 

severe injuries or surgical intervention (Lynch et al., 2008, Mills et al., 2017). Currently, 

surgical revisions are required to treat these postoperative complications, resulting in 

extended hospitalization and increased medical costs (Schlickewei et al., 2019, Cheng 

and Shoback, 2019). 

It is well known that long-term exposure to CS contributes to a high risk of delayed or 

nonunion fracture healing (Sloan et al., 2010, Moghaddam et al., 2010). During the 

period of bone fracture healing, CS has the potential to interfere with bone metabolism 

through suppressing the osteogenic differentiation of osteoblast precursor cells and 

promoting the osteoclastic differentiation of osteoclast precursor cells, contributing to 

an osteoporotic bone environment in bone cells (Yoon et al., 2012, Ko et al., 2015). 

However, the mechanism by which CS induces an osteoporotic bone environment is 

not yet fully understood. Understanding the regulatory mechanism(s) in bone cells 

impaired by CS will enable us to obtain insights into the development of CS-induced 

osteoporotic bones and screen relevant preventive treatment strategies for smokers with 

osteoporotic bones. Hence, this research seeks to construct a reliable and effective in 

vitro model of bone cells exposed to CSE that simulates the osteoporotic changes 

observed in smokers, which may facilitate understanding of the potential mechanisms 

and may identify new therapeutic approaches for smokers with ‘osteoporotic’ bones. 

Currently, no standard in vitro models exist to simulate the processes of fracture healing, 

involving the osteogenesis and osteoclastogenesis of precursor cells (Ehnert et al., 

2020). Most of the bone in vitro studies were performed in 2D co-culture models, 

however, 2D bone co-culture models do not possess a strong capacity to represent the 

microenvironment, geometry chemistry, and interactions of the bone cells observed in 

vivo (Ehnert et al., 2020). Several studies have revealed that 3D cell cultures enhance 

bone cell survival, proliferation, and differentiation, since cells are subjected to 

physiological conditions analogous to those in the body (Thein-Han and Misra, 2009, 
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Di Maggio et al., 2011). In view of this, 3D bone culture systems exhibit several 

improvements for osteogenic differentiation of osteoblast-like cells and osteoclastic 

differentiation of osteoclast-like cells, compared to 2D culture systems (Häussling et 

al., 2021). In the present study, we developed a valid and reliable 3D bone co-culture 

system including osteogenesis and osteoclastogenesis cultured on a GEL-based cryogel, 

realistically mimicking the in vivo bone microenvironment. The first step in developing 

such a model was to develop the bone-like material (GEL-based cryogel) and 

characterize its physical properties (Weng et al., 2020). We observed a GEL scaffold 

stiffness of 25 ± 1.3 kPa (Weng et al., 2020). It has been reported that scaffolds with 

stiffness of 11–40 kPa enhance the osteogenic differentiation of osteoblast-like cells 

(Engler et al., 2006, Huebsch et al., 2010). In addition, the porosity of the GEL scaffold 

(85%) was comparable with that of the synthetic hydroxyapatite bone graft substitute 

used in dental surgery (Osbone® Curasan with 80% porosity that resembles human 

cancellous bone) (Bernhardt et al., 2011). Based on these results, we concluded that the 

GEL scaffold possessed a high degree of interconnectivity and optimal stiffness, and 

formed an appropriate 3D platform for the survival and differentiation of bone cells in 

vitro (Weng et al., 2020). 

Next, we proceeded to optimize the medium and the seeding ratio between SCP-1 and 

THP-1 cells to maintain their viability and functionality. For the medium optimization, 

both cell types were vulnerable to variations in the composition of the culture medium, 

particularly when over half of the original medium was replaced with the medium 

applied to cultivate the other cell type. Since the viability and functionality of SCP-1 

and THP-1 cells were maintained within a 50 : 50 mix of RPMI and MEM α medium, 

this appropriate medium was used in the later experiments. To optimize the seeding 

ratio, we initially seeded a higher number of THP-1 cells than SCP-1 cells, since the 

osteoclastic differentiation from THP-1 cells into multinucleated osteoclastic cells is 

achieved by cell fusion (Jansen et al., 2012). We found that a co-culture system with a 

1 : 4 seeding ratio (SCP-1/THP-1) displayed only osteoblast-like cells; osteoclast-like 

cells were barely detectable by 14 days. Interestingly, the system with a 1  : 8 seeding 

ratio differentiated into approximately 70% osteoblasts and 30% osteoclasts by day 14 
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and better represented the proportion of bone forming/resorbing observed in bone tissue 

(Florencio-Silva et al., 2015). Moreover, the co-culture system with a 1 : 8 seeding ratio 

had higher osteoclast function than that with a 1 : 4 seeding ratio by 14 days. Therefore, 

the co-culture system with a cell ratio of 1 : 8 (SCP-1/THP-1) cultured on the GEL 

scaffold maintained the viability and functionality of bone cells. 

It is known that CS exhibits highly adverse effects on 2D bone culture systems (Aspera-

Werz et al., 2018, Aspera-Werz et al., 2020, Zhu et al., 2020). However, the effects of 

CS on 3D bone culture systems have remained elusive. In this study, the 3D bone cell 

culture system was exposed to three different concentrations of CSE. We observed that 

chronic exposure to 1% CSE for 14 days was not able to cause negative consequences 

in 3D SCP-1 or THP-1 monocultures or the 3D co-culture system, whereas the negative 

effects of 10% CSE on this 3D bone culture systems viability were lethal. Interestingly, 

5% CSE negatively affected the mitochondrial activity of 3D SCP-1 and THP-1 

monocultures, and the 3D co-culture system. Additionally, 5% CSE was capable of 

suppressing osteoblast differentiation of SCP-1 cells (PINP and OCN levels) and 

inducing osteoclast differentiation of THP-1 cells (TRAP and CAII activity) in the 3D 

bone co-culture system, which eventually contributed to a reduction in bone mineral 

content of the GEL scaffold. These results are in agreement with recent research 

indicating that CS is associated with osteoporotic-like changes in bone cells (Ko et al., 

2015, Zhu et al., 2020). Therefore, 5% CSE was used for the further experiments, since 

it induces osteoporotic-like changes in our 3D bone co-culture system, as observed in 

smokers with osteoporotic bones. Additionally, 5% CSE is associated with smoking 

about 10 cigarettes per day (Aspera-Werz et al., 2019).  

Mg, an essential cofactor, is involved in various biological activities regulating energy 

metabolism, DNA transcription, and protein synthesis (Vernon, 1988, Paolisso et al., 

1990, Mieczkowski et al., 2013). Moreover, Mg, a crucial component of human bone 

mineral, is widely applicable in orthopedic applications due to its ability to promote 

osteogenesis and inhibit osteoclastogenesis (Wu et al., 2017, Zhao et al., 2017). In line 

of these findings, it is not surprising, that Mg deficiency is thought to be one cause of 

delayed or nonunion fracture healing (Rude and Olerich, 1996, Rude et al., 1999). 
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Furthermore, based on clinical observations, Mg deficiency is positively related to 

damaged bone microstructure and bone loss (Freudenheim et al., 1986, Tranquilli et al., 

1994, Tucker et al., 1999). Another study revealed that insufficient Mg intake also 

resulted in reduced bone mass by enhancing bone resorption and suppressing bone 

formation in an animal model (Rude et al., 2003).  

Interestingly, several clinical studies have reported that heavy smokers have a 

remarkably lower serum Mg concentration compared to nonsmokers (Khand et al., 

2015, Ata et al., 2015). Based on these findings, we hypothesized that Mg deficiency 

may be one of the potential reasons why long-term exposure to smoke elevates the risk 

of impaired bone fracture healing. Subsequently, we assumed that Mg supplementation 

may be a reliable and valid strategy for smokers with Mg deficiency and osteoporotic-

like bones. In this study, we observed that the nontoxic concentration of Mg 

supplementation for the 3D SCP-1/THP-1 co-culture system was up to 4 mM. It is 

worth noting that the physiological concentration of Mg is 1 mM (Zocchi et al., 2021). 

Subsequently, we compared the influence of two Mg supplementation concentrations 

(1 and 4 mM) on bone cells exposed to 5% CSE. 

Our results revealed that additional supplementation with 4 mM Mg for 14 days 

significantly increased the total DNA content and mitochondrial activity in the 3D bone 

co-culture system exposed to CSE. This protective effect of Mg supplementation was 

more pronounced at 4 mM than at 1 mM. Additionally, co-incubation of the CSE-

exposed 3D bone co-culture with 4 mM Mg reduced TRAP and CAII activity when 

compared to those exposed to CSE alone. These results are in agreement with previous 

research which showed the anti-osteoclastic effects of Mg supplementation on 

osteoclastic differentiation and bone resorption (Wu et al., 2014, Wang et al., 2018, 

Miao et al., 2019, Mammoli et al., 2019). Wang et al. (Wang et al., 2018) reported that 

Mg supplementation inhibited osteoclastic differentiation of RAW264.7 cells induced 

by lipopolysaccharide and Mammoli et al. (Mammoli et al., 2019) revealed that Mg 

supplementation suppressed osteoclastic differentiation of U937 cells. 

In addition to its anti-osteoclastic capacity, Mg is also capable of facilitating the 

mineralization of bone-forming cells (Zhang et al., 2019, Hung et al., 2019, Kong et 
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al., 2019, Qi et al., 2021). Matrix mineralization occurs in the late phases of osteogenic 

differentiation, in which several osteogenic factors are involved (Aspera-Werz et al., 

2018, Sreekumar et al., 2018). For instance, PINP, a collagen formation marker, is 

synthesized by osteoblasts (Salam et al., 2018). OCN, synthesized by osteoblasts, is 

engaged in binding hydroxyapatite to the bone matrix (Ducy et al., 1996, Wei and 

Karsenty, 2015). In this work, supplementation with 4 mM Mg obviously elevated 

matrix deposition in CSE-induced cells by upregulating PINP and OCN levels. Apart 

from matrix deposition of bone-forming cells, matrix remodeling is also regulated by 

matrix degradation of bone-resorbing cells (Hadjidakis and Androulakis, 2006, Alford 

et al., 2015). MMP-9 is a proteolytic enzyme which has been related to matrix 

degradation (Delaisse et al., 2003, He et al., 2013). We observed that co-incubation of 

the CSE-exposed 3D bone co-culture with 4 mM Mg reduced matrix degradation 

(MMP-9 activity) when compared to that exposed to CSE alone. Based on these results, 

we concluded that 4 mM Mg supplementation is able to reverse the CSE-induced 

impaired matrix mineralization by upregulating matrix formation and downregulating 

matrix degradation. 

It has been reported that the interaction between RANKL and RANK stimulates 

osteoclastogenesis. RANKL, a membrane protein, is synthesized and released by 

osteoblast-like cells. This protein is capable of binding to RANK receptor located on 

osteoclast-like cells, activating osteoclastogenesis (Wada et al., 2006). As a decoy 

receptor for RANKL, OPG suppresses osteoclastogenesis by binding to RANKL 

(Udagawa et al., 2021). Therefore, the balance between RANKL and OPG exerts a vital 

role in regulating bone metabolism (Boyce and Xing, 2008). In our model, consistent 

with an elevated RANKL: OPG ratio, osteoclast differentiation markers (CAII and 

TRAP activity) also increased in the presence of CSE. Supplementation with 4 mM Mg 

effectively inhibited osteoclast activity in CSE-induced bone cells by switching to 

upregulation of OPG. These results are in accord with previous studies indicating that 

Mg has a potential capacity to reduce bone resorption by reducing the RANKL : OPG 

ratio (Rude et al., 2005, Bae and Kim, 2010, Sahin et al., 2021).  
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4.1 Schematic diagram representing the protective effects of Mg supplementation 

on the 3D bone co-cultures impaired by CSE. Supplementation with Mg obviously 

elevated matrix deposition in CSE-induced cells by upregulating PINP and OCN levels. 

Supplementation with Mg effectively inhibited osteoclastogenesis in CSE-induced 

bone cells by switching to upregulation of OPG. The image was generated with the 

assistance of Servier Medical Art (https://smart.servier.com/). 

 

Wnt/β-catenin canonical signaling pathway may be one potential mechanism, which is 

involved in the regulation of RANKL/OPG balance. According to reports, Wnt/β-

catenin canonical pathway in osteoblast/pre-osteoblast can reduce RANKL/OPG ratio, 

inhibiting osteoclast differentiation and bone resorption. (Glass et al., 2005, Spencer et 

al., 2006). In addition to suppressing osteoclastogenesis, it also enhances osteogenic 

differentiation of MSCs (Imamura et al., 2020, Thomas and Jaganathan, 2022), bone 

formation (Zhang et al., 2020, Carrillo-López et al., 2021), and mineralization (Yang 

et al., 2018, Ruan et al., 2021) by elevating the expression of osteogenic markers, like 

osterix, OPG, and OCN. Therefore, Wnt/β-catenin canonical pathway appears to exert 

CAII TRAP PINP OCN

Mg2+

https://smart.servier.com/
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a dual role in bone metabolism, improving osteoblastogenesis on the one hand and 

suppressing osteoclastogenesis on the other. Understanding and characterizing the 

Wnt/β-catenin canonical pathway in detail is believed to be critical to guiding the 

interaction between osteoblast and osteoclast (Spencer et al., 2006, Choi et al., 2019, 

Wu et al., 2020).  

Wnt ligands, secreted glycoproteins, are engaged in multiple biological processes like 

cell migration (Liu et al., 2021, Li et al., 2022), proliferation (Wang et al., 2022), 

differentiation (Ji and Sun, 2022). These soluble proteins are capable of activating 

Wnt/β-catenin canonical pathway (Liu et al., 2022, Zhang et al., 2022). In this pathway, 

β-catenin, a crucial signal molecule, exerts a vital role in the development and growth 

of bone-related cells, which may further influence the quality and integrity of bone 

tissue (Chen et al., 2021, Liu et al., 2021). Upregulation of β-catenin has been shown 

to enhance osteoblastic differentiation of osteoblast precursor cells by activating the 

canonical Wnt pathway (Zhang et al., 2013). Downregulation of β-catenin has been 

reported to suppress osteoblastic bone formation of osteoblast-like cells by inhibiting 

the canonical Wnt pathway (Qiang et al., 2008). Nevertheless, the detailed mechanism 

of this pathway in bone metabolism is not fully understood and being investigated (Xu 

et al., 2013). To our knowledge, Wnt ligands (Wnt 3a & 5a) are capable of enhancing 

the accumulation of β-catenin in the cytoplasm of osteoblast-like cells by integrating 

with receptor complex including Frizzled and LRP5/6 (Liu et al., 2022, Wagner et al., 

2022). Afterward, the accumulated β-catenin transfers into the nucleus to modulate the 

transcription of osteogenic-related genes, like Osterix and OPG (Cui et al., 2021, Xu et 

al., 2022). Finally, the accumulated OPG integrates with RANKL and prevents it from 

integrating with RANKL located on osteoclast-like cells, suppressing 

osteoclastogenesis (Chu et al., 2021, Guo et al., 2022). In this study, supplementation 

with Mg effectively inhibited osteoclastogenesis in CSE-induced bone cells by 

switching to upregulation of OPG. Although we did not explore Wnt/β-catenin 

signaling by which supplementation with Mg inhibited osteoclast activity in the 3D 

bone co-cultures impaired by CSE, oral supplementation with Mg has been shown to 

enhance the quality and integrity of bone tissue in an animal model by activating Wnt/β-
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catenin signaling (Chu et al., 2021). Similarly, nanofibers rich in Mg have been reported 

to stimulate MSCs’ survival, proliferation, and osteogenic differentiation through 

activating Wnt/β-catenin signaling (Guler et al., 2021). Further investigations are 

required to clarify whether Mg supplementation is capable of suppressing CSE-induced 

osteoporotic changes in 3D bone co-cultures through Wnt/β-catenin signaling.  

In summary, we established an in vitro bone co-culture system containing osteoblast 

precursor cells (SCP-1 cells) and osteoblast precursor cells (THP-1 cells) co-cultured 

on a scaffold, mimicking the bone metabolism in vivo as closely as possible. Our data 

suggested that 5% CSE was capable of inhibiting osteoblast differentiation of SCP-1 

cells and inducing osteoclast differentiation of THP-1 cells in the 3D bone co-culture 

system, which eventually contributed to osteoporotic-like changes in 3D bone fracture 

healing system. Supplementation of Mg enhanced osteoblast activity and suppressed 

osteoclast activity in bone cells impaired by CSE through the downregulation of 

RANKL: OPG ratio. The protective effects of Mg supplementation were more 

pronounced at 4 mM than at 1 mM.  

This work has made many advances to reduce osteoporotic-like changes in bone cells 

related to CS. However, serval critical issues remain to be resolved with the goal of 

developing therapeutic interventions to prevent or treat osteoporotic bones in smokers. 

Several clinical studies compared serum Mg levels in heavy smokers and nonsmokers 

and found that heavy smokers had a remarkably lower serum Mg level compared to 

nonsmokers (Ata et al., 2015, Khand et al., 2015). Currently, the reason for the Mg 

deficiency in smokers is unclear. It is reported that Mg deficiency may be attributed to 

insufficient dietary intake (Meng et al., 2021, Kebir and Zahzeh, 2022) or inadequate 

absorption of Mg (Barbagallo et al., 2021, Fiorentini et al., 2021). Despite unclear 

mechanisms, these findings have crucial implications for clinical practice research. 

Heavy smokers are more likely to have Mg deficiency and may even have osteoporotic 

bones. Currently, serum Mg concentration is not routinely assessed in German hospitals 

for heavy smokers who need orthopedic surgery. Therefore, we recommend that 

surgeons monitor serum Mg concentration pre- and postoperatively as routine, 

especially for heavy smokers. When patients are diagnosed with Mg deficiency, 
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surgeons may recommend Mg supplementation either orally or via intravenous infusion 

to prevent or treat osteoporotic bones caused by smoking. 

We demonstrated that Mg supplementation reduced cigarette smoke–associated cell 

damage in the 3D bone fracture healing model, indicating Mg supplementation may be 

a promising strategy for smokers with osteoporotic bones to improve bone quality. 

Generally, Mg could be administrated as Mg chloride or Mg sulfate (Harris et al., 1952). 

Relative to Mg chloride, Mg sulfate is more widely applied in clinical practice since it 

has the characteristics of long residence time (Silva Filho et al., 2021, Zhang et al., 

2022, Soleimanpour et al., 2022). However, Mg sulfate has been reported to have a 

higher toxic potential than Mg chloride (Durlach et al., 2005). For this reason, we 

selected Mg chloride instead of Mg sulfate for the study.  

We observed that the protective effects of Mg supplementation were more pronounced 

at 4 mM than at 1 mM. It means that supplementation with 4 mM Mg is a possible dose 

of treating CSE-induced cell damage in the 3D bone co-culture model. It is worth noting 

that this effective concentration of Mg in this study is above the physiological 

concertation. Supplementation with 4 mM Mg may contribute to negative undesired 

effects on other organ systems, like heart, liver, and kidney. Further clinical 

investigations are required to clarify the Mg administration patterns, such as dose, and 

duration.  

Our bone co-culture model only comprised osteoblast precursor cells (SCP-1 cells) and 

osteoblast precursor cells (THP-1 cells), representing a part of bone metabolism in vivo. 

This is a relatively complex repair process comprising a variety of cells, like vessel 

forming endothelial cells (Yin et al., 2021), participating immune cells (Ehnert et al., 

2021), chondrocytes (Wong et al., 2021), bone forming and resorbing cells (Zhu et al., 

2021). To mimic bone fracture healing in vivo as closely as possible, not only extra 

immune cells and chondrocytes but also endothelial cells need to be considered. 

Therefore, this multicellular system is capable of representing bone metabolism as 

closely as possible to what occurs in vivo.  

In this study, we used glutaraldehyde to crosslink gelatin (organic component) and 

hydroxyapatite (inorganic component). However, glutaraldehyde has been reported to 
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exert toxic effects on cells (Rideout et al., 2005, Zeiger et al., 2005). Several researchers 

have used a non-toxic method, UV irradiation, for crosslinking bone-like materials 

(Krishnakumar et al., 2019, Rico-Llanos et al., 2021). Using UV irradiation to crosslink 

organic and inorganic bone components instead of glutaraldehyde would be attractive. 

Additionally, the scaffold lacks crucial growth factors that exert a pivotal role in the 

development and growth of bone-related cells (Hynes, 2009, Bourgine et al., 2014). 

Cell-derived extracellular matrix scaffold may be a promising alternative to possess not 

only physical characterization of 3D materials but also growth factors, realistically 

mimicking the in vivo bone microenvironment. Currently, we have shown that a simple 

method (heat treatment) allows us to construct an osteoblast-like cell-derived matrix, 

providing a non-toxic and stable platform for the development and growth of bone-

related cells (Weng et al., 2021). Thus, it would be interesting to integrate the 

osteoblast-like cell-derived matrix into our model. An appropriate co-culture model 

contains multiple cells related to bone fracture healing and ideal bone-like material, 

which will be beneficial for exploring in-depth the influence of CS on bone metabolism 

and corresponding coping strategies for smokers with osteoporotic-like bones.  
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Chapter 5 

5. Summary 

It is well established that CS has an adverse impact on bone homeostasis, contributing 

to increased risk of fragility fractures and impaired fracture healing. CS is capable of 

suppressing osteoblast function and improving osteoclast function. 

Mg is engaged in promoting osteogenic differentiation of osteoblast progenitor cells 

and suppressing osteoclastic differentiation of osteoclast progenitor cells. Not 

surprisingly, Mg deficiency has been associated with bone loss. Interestingly, a clinical 

study reported that heavy smokers had a remarkably lower serum Mg level compared 

to nonsmokers. Based on this finding, we hypothesized that Mg supplementation is 

capable of reversing the adverse impacts of CS on bone metabolism. 

In this study, we constructed an in vitro bone co-culture system containing SCP-1 cells 

and THP-1 cells co-cultured on a scaffold, mimicking the reparative phase of bone 

fracture healing in vivo as closely as possible. Then, we investigated the impact of Mg 

supplementation on the 3D bone co-culture system impaired by CSE. We observed that 

5% CSE is capable of enhancing osteoclastic differentiation and inhibiting osteogenic 

differentiation in the 3D bone co-culture system, creating an osteoporotic 

microenvironment as observed in the smokers with osteoporotic bones. 

Supplementation with 4 mM Mg effectively inhibited osteoclast function (TRAP and 

CAII activity) and enhanced matrix mineralization (PINP and OCN levels) in CSE-

induced bone cells by switching to upregulation of OPG. Furthermore, the protective 

effects of Mg supplementation were more pronounced at 4 mM than at 1 mM. 

Based on these findings, Mg supplementation may be an effective strategy to prevent 

or treat osteoporotic bones in smokers. When patients are found to have Mg deficiency, 

Mg supplementation can be administered orally or intravenously to prevent or treat 

osteoporotic bones, especially for smokers. Further clinical studies are required to 

clarify the Mg administration patterns, such as dose and duration. 
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6. Zusammenfassung  

Es ist allgemein bekannt, dass CS einen negativen Einfluss auf die Knochenhomöostase 

hat und damit zu einem erhöhten Risiko für Fragilitätsfrakturen und einer 

beeinträchtigten Frakturheilung beiträgt. In vorrausgehenden Studien konnte gezeigt 

werden, dass CS sowohl die Osteoblastenaktivität unterdrückt als auch die 

Osteoklastenaktivität erhöht. 

Mg fördert die osteogenen Differenzierung osteoblastärer Vorläuferzellen und 

unterdrückt die Differenzierung osteoklastärer Vorläuferzellen, weshalb es nicht 

überraschen ist, dass ein Mg-Mangel mit Knochenschwund in Verbindung gebracht 

werden kann. Eine klinische Studies konnte zeigen, dass, im Vergleich zu 

Nichtrauchern, starke Raucher einen bemerkenswert niedrigeren Mg-Serumspiegel 

aufwiesen. Darauf basierend, stellen wir die Hypothese auf, dass durch eine 

Supplementierung mit Mg, die negativen Auswirkungen von CS auf den 

Knochenstoffwechsel aufgehoben werden können.  

Um die reparative Phase der Knochenheilung in vitro so authentisch wie möglich 

nachzustellen, wurde in dieser Studie ein In-vitro Knochen-Kokulturmodell, bestehend 

aus SCP-1-Zellen (Osteoprogenitorzellen) und THP-1-Zellen (osteoklastären 

Vorläuferzellen) kokultiviert auf einem GEL-Scaffold, etabliert. Wir untersuchten dann, 

die Auswirkungen einer Mg-Supplementierung auf das durch CSE beeinträchtigte 3D-

Knochen-Kokultursystem. Wir konnten beobachteten, dass 5 % CSE die 

Differenzierung von Osteoklasten aus THP-1-Zellen verstärkte und die osteogene 

Differenzierung von SCP-1-Zellen hemmte, wodurch eine osteoporotische 

Mikroumgebung entstand, sowie sie auch bei Rauchern beobachtet werden kann. Die 

Zugabe von 4 mM Mg hemmte effektiv die Funktionalität der Osteoklasen (TRAP- und 

CAII-Aktivitäten) und verbesserte die Matrixmineralisierung (PINP- und OCN-Protein 

Levels) in CSE stimulierten Knochenzellen. Als Grund dafür konnten höherer OPG 

Level identifiziert werden. Desweitern ware die schützende Wirkung von Mg durch die 

höhrern Konzentrationen von 4 mM ausgeprägter als wenn nur 1 mM verwendet wurde. 
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Die Supplementatierung mit Mg kann, basierend auf unseren Ergebnissen, eine 

wirksame Strategie zur Vorbeugung oder Behandlung osteoporotischer Knochen bei 

Rauchern sein. Sollte eine Mg Mangel bei Patienten festgestelle werden, kann eine Mg-

Supplementierung kann sowohl oral oder intravenös verabreicht werden. Weitere 

klinische Studien sind jedoch nötig um Mg-Verabreichungsmuster, wie Dosis oder 

Dauer, zu präzisieren.  
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