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1. Introduction 

 

1.1 Bone Structure and Function 

 

The skeletal system is responsible for providing shape, mechanical structure, 

physical support, and protection to the organs of the body (Boskey, 2013, Cech 

and Martin, 2012). Together with cartilage, ligaments, tendons, bones are the principal 

component of the skeletal system. The skeletal system play a crucial role in 

maintaining endocrine energy metabolism balance by controlling the equilibrium of 

calcium and other essential ions (Marolt et al., 2010, Bronner, 2001, Christov and 

Jüppner, 2018). Bone composition may be affected by several factors like ageing, 

diseases, and unhealthy habits (e.g. cigarette smoking). Changes in bone 

composition may directly disturb bone properties and strength due to altered cell 

function via dysregulated protein concentrations and activities (Boskey and Coleman, 

2010, Boskey and Robey, 2013, Bailey et al., 1999). 

 

1.2 Bone Cells 

 

Osteoblasts are a type of mononuclear bone cells desendent from mesenchymal 

stem cells (MSCs); they are in charge for the creation of “new” bone. This cell type 

comprises 4–6% of all cells found in bone (Figure 1) (Johannesdottir and Bouxsein, 

2018). MSCs can also give race into other cell types, like chondrocytes, adipocytes, 

myocytes, and endothelial cells (Aubin and Triffitt, 2002). 

Bone morphogenic proteins (BMPs) are principally liable for controlling the 

osteogenic differentiation of MSCs. BMPs belongs to the transforming growth factor-β 

(TGF-β) superfamily of proteins. They act as morphogens by influencing fundamental 

mechanisms, for instance, bone formation during embryonic development and bone 

cells functions during postnatal bone remodeling (Bassi et al., 2011). Osteoprogenitor 

cells under osteogenic differentiation secrete collagen I to form osteoids. Mature 

osteoblasts precipitate calcium salts and phosphate from the blood, which binds to 

osteoids (forming hydroxyapatite crystals) in order to form the mineralized bone tissue 

(Orimo, 2010). Osteoblasts also synthesize alkaline phosphatase (AP), which 

hydrolyzes pyrophosphate and provides inorganic phosphate to promote bone 
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mineralization (Orimo, 2010). Moreover, increased AP expression is related with 

improved differentiation of pre-osteoblasts and is frequently used to identify early 

osteoblastogenic differentiation (Huang et al., 2007). 

 Osteoblasts that are entirely surrounded by mineralized bone matrix are called 

osteocytes, the most mature cells in bone (Figure 1) (Dallas and Bonewald, 2010). 

These cells extend appendages (called filopodia) into the canaliculi (approximately 

0.03–0.2 µm canals between the lacunae of the ossified bone) to maintain 

communication and direct contact between them (Palumbo et al., 1990). Osteocytes 

are the furthermost cell type in bone, about 90–95% of the total cell count 

(Johannesdottir and Bouxsein, 2018). These cells can regulate the bone remodeling 

process via the production of factors that impact the homeostasis of neighboring bone 

due to regulating osteoblast/osteoclast function (Nakashima et al., 2011, Poole et al., 

2005, Standal et al., 2014). Additionally, active osteoblasts that become quiescent are 

found lining the surface of bone (Figure 1). It has been shown that bone lining cells 

favor osteoclast attachment to the bone surface and remove excess collagen from 

resorption sites (Howship’s lacunae) to facilitate bone remodeling (Everts et al., 

2002). If necessary, these cells have the capacity to be activated as functional 

osteoblasts. Furthermore, they communicate with osteocytes through gap junctions 

and promote the differentiation of hematopoietic stem cells (Matic et al., 2016, Reitsma 

et al., 2017, Brown et al., 2013). 

 Osteoclasts, multinucleated cells derived from the fusion of 

hematopoietic stem cells, have the ability to resorb bone (Figure 1) (Teitelbaum, 

2007). Osteoclasts represent about 1–2% of bone cells (Johannesdottir and Bouxsein, 

2018). The osteoclast membrane is associated with the surface of bone; they use a 

ruffled border to bind and secrete enzymes that dissolve the matrix, an action that 

produces resorption pits (Howship’s lacunae) (Filgueira, 2010, Parvizi and Kim, 2010, 

Feher, 2017). 

 It is known that cigarette smoke directly affects the appropriate balance between 

bone-forming and bone-resorbing cells (Al-Bashaireh et al., 2018). Interestingly, in the 

oral cavity, where cigarette smoke directly contacts bone tissue, there is a reported 

increase in bone resorption under enhancing osteoclast activity (Behfarnia et al., 2016, 

Buduneli et al., 2008, Buduneli et al., 2009, Ozcaka et al., 2010). In long bones where 

the compounds present in cigarette smoke should arrive through the bloodstream, 
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there is an apparent decrease in osteoblast activity (Al-Bashaireh et al., 2018, Holzer 

et al., 2012). 

 

Figure 1: Bone cell types and origin. Mesenchymal stem cells may differentiate into pre-osteoblasts, which further 
differentiate into bone-forming cells (osteoblasts) on the surface of the bone. Osteocytes are integrated osteoblasts 
encased in the bone matrix; they coordinate bone remodeling. Bone lining cells are inactive osteoblasts on the 
surface that facilitate bone remodeling. Osteoclasts are bone-resorbing cells; they originate from precursors of the 
hematopoietic lineage that become pre-osteoclasts and merge together to give generate mature multinuclear 
osteoclasts. This figure was produced using graphic components obtained from http://www.servier.com. 

 

1.3 Fracture Healing 

 

Human bone is a highly metabolically active and perfused organ that continuously 

changes. Osteoblasts and osteoclasts are the central cells involved in this process, 

defined as remodeling, which maintains the constant equilibrium of bone tissue 

(Hadjidakis and Androulakis, 2006, Tanaka et al., 2005b). A fracture occurs when the 

continuity of the bone is disrupted due to high force impact, stress, or other medical 

conditions (e.g. osteoporosis, cancer, or osteogenesis imperfecta). This condition is 

the most common reason for orthopedic procedures. 

 Fracture healing comprises the recapitulation of several ontological events that 

occur during embryogenic skeletal development (Einhorn and Gerstenfeld, 2015). 

Therefore, fracture healing is considered a regenerative process that restores the 
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disrupted organ to the pre-injury condition (cellular regeneration and the return of 

structure and mechanical properties) without the formation of a fibrous scar (Marsell 

and Einhorn, 2011). Bone healing is determined by the gap between the bone 

fragments and the stability of the fracture. It may be divided into two models: primary 

(direct, cortical) and secondary (indirect, spontaneous) healing (Marsell and Einhorn, 

2011). Direct bone healing is the faster process; it includes intramembranous bone 

formation and direct cortical bone remodeling without endochondral ossification 

(Marsell and Einhorn, 2011, Isaksson et al., 2007). This type of healing can only occur 

when the stability of fracture is anatomically ensured with a low inter-fragmentary strain 

(Epari et al., 2010, Tsiridis et al., 2007). In contrast, indirect bone healing (fracture 

gap > 0.5 mm) is a slower, spontaneous process that includes endochondral 

ossification with callus formation as well as intramembranous ossification (LaStayo et 

al., 2003). This type of bone healing is the most common form and is inhibited by rigid 

fixation and improved by mobilization (Dimitriou et al., 2005).  

 

1.3.1 Phases of Fracture Healing 

 

After a fracture occurs, there are three phases of the bone healing process: the early 

inflammatory phase, the callus formation reparative phase, and the remodeling phase 

(Marsell and Einhorn, 2011). However, it should be noted that these three phases 

overlap and thus generate a continuous healing process. During the remodeling phase, 

there are two states: degradation of the initial soft cartilage callus, followed by the 

replacement of mineralized tissue (hard callus). However, during normal bone 

development, remodeling refers to the degradation of mineralized tissue by osteoclasts 

and replacement of new mineralized tissue by osteoblasts (Figure 2) (Oryan et al., 

2015). 

 Inflammatory phase: Bone structure disruption leads to the destruction of 

several blood vessels from the medullary canal and the periosteum, with subsequent 

bleeding that causes a hematoma in the damaged area. A fracture hematoma avoids 

hemorrhage; it provides a fibrin network for appropriated cellular migration (Grundnes 

and Reikeras, 1993b, Grundnes and Reikeras, 1993a) and plays a vital role in initiating 

several cellular signaling events that are necessary for fracture healing to proceed 

(Bolander, 1992). Increased levels of proinflammatory cytokines, such as interleukin 1 

(IL-1), IL-6, IL-11, IL-18, and tumor necrosis factor α (TNF-α), are elevated after 
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trauma; their chemotactic properties attract inflammatory cells (Mountziaris and Mikos, 

2008). A hematoma represents a hypoxic and acidic environment, and osteocytes 

become necrotic due to a lack of nutrients (Geris et al., 2008). The hypoxic–acidic 

conditions stimulate the activity of macrophages that phagocytize the necrotic area 

(Hollinger and Wong, 1996) and initiate the regeneration stage by releasing growth 

factors (e.g. BMP-2, BMP-5, BMP-7, basic fibroblasts growth factor [bFGF], TGF-β, 

platelet-derived growth factor [PDGF], and insulin-like growth factor [IGF]). These 

proteins are responsible for the migration, recruitment, and proliferation of MSCs. 

Those cells then differentiate into fibroblasts, angioblasts, chondrocytes, and 

osteoblasts that promote vascularization and establish granulation tissue on the 

fracture gap (Goldhahn et al., 2012, Wang et al., 2013). A reparative granuloma (soft 

callus) that decreases the mobility at the fracture site develops during the inflammatory 

phase. This phase of fracture healing is fast and usually lasts about 1–2 weeks under 

normal conditions (Figure 2A) (Loi et al., 2016, Oryan et al., 2015).  

 Reparative phase: While the necrotic tissue is reabsorbed by osteoclasts 

(derived from the circulating monocytes in the blood) and monoblastic precursor cells 

(from the bone marrow) (Haverstock and Mandracchia, 1998), MSCs from the 

damaged tissue are recruited through the bloodstream and differentiate into 

fibroblasts, chondrocytes, and osteoblasts (Goldhahn et al., 2012, Wang et al., 2013). 

During soft callus formation, there is vascular ingrowth, collagen synthesis, and 

secretion of osteoid (Pilitsis et al., 2002), which will be replaced with mineralized tissue 

via intramembranous or endochondral ossification (Goldhahn et al., 2012). 

Intramembranous ossification occurs by the formation of woven bone tissue; this 

process is mediated by osteoblasts situated in opposition to the cortex and distal from 

the fracture site (Einhorn, 1998, LaStayo et al., 2003). Bone formation in this area 

occurs due to direct osteoblast differentiation from precursor cells, without an 

intermediate cartilage formation step. The area where this type of bone formation 

occurs is termed the hard callus. This process happens in the external callus without 

the formation of cartilage (Bolander, 1992, Sfeir et al., 2005). Endochondral 

ossification transpires while intramembranous ossification is taking place. MSCs from 

the periosteum and adjacent external soft tissues differentiate to chondrocytes 

(cartilage-forming cells) in the central, hypoxic fracture area (McKibbin, 1978, Einhorn, 

1998, Sfeir et al., 2005). Under the stimulation of several growth factors like TGF-α2, 

PDGF, IGF-1, TGF-β2, TGF-β3, and BMPs (BMP-2, BMP-4, BMP-5, and BMP-6), 



6 
 

chondrocytes begin to synthesize cartilaginous tissue (soft callus) (Mountziaris and 

Mikos, 2008, Geris et al., 2008). The cartilage callus is replaced by mineralized tissue 

via hypertrophic chondrocytes and osteoblasts that secrete vesicles with calcium 

phosphate and neutral proteases (e.g. proteoglycanases) and AP. As the reparative 

phase progresses, the acidic conditions begin to decrease, favoring the activity of AP 

– exoenzyme produced by hypertrophic chondrocytes and osteoblasts. These cells 

have a main function in the inorganic ions’ precipitation onto the collagen soft callus. 

Due to the essential role of proteoglycanases, that digest the proteoglycan-rich matrix, 

and AP, which supply phosphate ions for the mineralization of the soft callus via the 

hydrolyzes of high-energy phosphate esters (Einhorn et al., 1989, Brighton and Hunt, 

1986, Sfeir et al., 2005). Consequently, the callus becomes more rigid due to the 

mineralization, and the fracture or osteotomy site is considered to be immobilized 

(Haverstock and Mandracchia, 1998). As a result, an irregular woven bone callus 

connects the fracture gap (Bolander, 1992). The reparative phase of the fracture 

healing occurs before the inflammatory phase recedes and take place between 3 and 

6 weeks (Figure 2B).  

 Remodeling phase: This is the final step in fracture healing and involves the 

conversion of irregular woven bone callus into lamellar bone through mineralization 

(Puzas et al., 2003, Schindeler et al., 2008, Hollinger and Wong, 1996). Woven bone 

is resorbed by osteoclasts, which attach to the bone surface through podosomes, form 

a ruffle border, and secrete acid and proteinases (e.g. tartrate-resistant acid 

phosphatase [TRAP] and cathepsin K) that create resorption pits called ‘Howship’s 

lacunae’. Osteoblasts are deposited in the resorbed area and initiate mineralization by 

deposition of hydroxyapatite (a mineral rich in calcium and phosphate) (Schindeler et 

al., 2008). The result of this phase is the restoration of the bone’s mechanical strength 

and optimal stability: the bone architecture is similar to before the trauma (Puzas et al., 

2003). This phase of fracture healing usually lasts about 8 weeks to 2 years (Figure 

2C). Bone remodeling is also a continuous process in the healthy skeleton that 

maintains the appropriate level of bone homeostasis; it has major similarities with the 

fracture healing process. The remodeling phase is regulated by an orchestra of 

cytokines and hormones (Mountziaris and Mikos, 2008).  
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Figure 2: The states of fracture healing. (A) Inflammatory phase: following injury, the blood supply is disturbed, 
leading to hematoma formation. (B) Reparative phase: Ingrowth from vessels provides blood supply to the damaged 
area. During this phase, the soft callus (cartilage) is assembled by endochondral ossification, while the external 
callus is produced by intramembranous ossification. Osteoblast and hypertrophic activity mineralize the soft callus. 
(C) Remodeling phase: the irregular woven bone callus is replaced with lamellar bone by osteoclasts (resorption) 
and osteoblasts (mineralization). The figure was produced using graphic components obtained from 
http://www.servier.com and based on a previous study (Einhorn and Gerstenfeld, 2015) 

 

1.4 Cigarette Consumption – Incidence 

 

Cigarette smoking (CS) is worldwide the most popular and common way of consuming 

tobacco. Additionally, a cigarette is the most prevalent legal drug; it has a high 

addiction potential and is a leading worldwide cause of premature and preventable 

death (Pötschke-Langer et al., 2015, Aspera-Werz et al., 2018). According to the World 

Health Organization, CS will be the reason for 8 million deaths per year globally in 

2030. In 2015, nearly 1 billion people smoked worldwide, of which around 16.3 

million took place in Germany alone (Reitsma et al., 2017). Moreover, CS causes more 

than 100,000 premature dead per year in Germany (Pötschke-Langer et al., 2015). CS 

represents a significant health hazard that adversely impact the entire human body 

and is linked to several chronic, non-communicable health disorders (e.g. coronary 

heart disease, chronic obstructive pulmonary disease, cerebrovascular disease, and 
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cancer) (Burns, 2003, Sasco et al., 2004, Domagala-Kulawik, 2008, Benowitz, 2003, 

Aspera-Werz et al., 2018). 

 Smoking consists of combusting tobacco at around 800°C and then smoking it 

and inhaling the more than 6,500 molecular compounds (of which more than 150 have 

been identified as toxic) (Rothem et al., 2009, Pappas, 2011, Cooke, 2010, 2012, 

Rodgman and Perfetti, 2016, Aspera-Werz et al., 2020). The most harmful substances 

to the human body are hydrocarbons, oxygen compounds, nitrogen compounds, and 

metals that can easily pass into the bloodstream through the lung alveoli and then get 

distributed to the whole body, a phenomenon that affects the appropriate function of 

several organs (Reitsma et al., 2017, Cooke, 2010). 

 Nicotine, a major CS additive, is very pharmacologically active and directly and 

indirectly negatively impact cellular metabolism. Approximately 70–80% of nicotine is 

metabolized to cotinine in the liver (Hukkanen et al., 2005, Benowitz et al., 2009, 

Aspera-Werz et al., 2018). Nicotine and cotinine concentrations in the musculoskeletal 

system reach the same levels as arterial blood (Benowitz et al., 2009). After smoking 

one cigarette, the nicotine concentration in arterial blood is 20–60 ng/ml. However, 

cotinine reaches higher blood levels than nicotine, with concentrations of 250–

300 ng/ml, as a result of the longer half-life (16 h for cotinine vs. 2 h for nicotine) 

(Benowitz et al., 2009, Hukkanen et al., 2005, Lunell et al., 2000, Rose et al., 1999, 

Gourlay and Benowitz, 1997, Aspera-Werz et al., 2018 ). 

 

1.5 Cigarette Smoking – Bone 

 

It has been known since 1976 that there is a positive correlation between the number 

of cigarettes consumed and reduced bone mineral density (Daniell, 1976, Aspera-

Werz et al., 2018). Several studies have confirmed this association (Cusano, 2015, 

Wong et al., 2007) and have demonstrated that CS may lead to a disproportion in 

bone remodeling mechanisms, resulting in secondary osteoporosis, osteoarthritis, 

and fracture (Ward and Klesges, 2001, Kanis et al., 2005, Amin et al., 2007, 

Abrahamsen et al., 2014). Moreover, CS enhances the risk of delayed fracture healing 

(Adams et al., 2001, Aspera-Werz et al., 2020), non-union (Scolaro et al., 2014), and 

complications (Mills et al., 2011), and leads to longer hospital stays (Scolaro et al., 

2014, Sloan et al., 2010, Abate et al., 2013, Singh et al., 2015, Ehnert et al., 2019). 

Based on clinical observations, the risk of non-union after ankle arthrodesis increased 
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3.75 fold in smokers (Cobb et al., 1994). In patients with pseudoarthrosis, there was a 

reported 40% non-union rate for smokers compared with 4% for non-smokers (Brown 

et al., 1986). Additionally, smokers undergoing orthopedic surgeries experienced a 

higher risk of postoperative complications (e.g. infections, implant revisions) compared 

with non-smokers (Singh et al., 2015, Høidrup et al., 2000).  

Several factors are responsible for the detrimental effects of CS on fracture healing 

(Ward and Klesges, 2001). Nicotine induces catecholamine production by the adrenal 

gland, causing vasoconstriction and reduced tissue perfusion (Reus et al., 1984). 

Additionally, nicotine downregulates the level of prostacyclin, a prostaglandin that 

inhibits platelet activation and causes vasodilatation (Nadler et al., 1983), as well 

prostaglandin I2, which affects endothelial cell development (Effeney, 1987). Moreover, 

smokers present higher levels of carboxyhemoglobin in comparison to non-smokers 

(1–20% vs. 0.5–1%, respectively (McVeigh et al., 1996)) due to inhalation of carbon 

monoxide present in CS; this gas reduces the oxygen-carrying capacity of the blood 

and leads to hypoxia (Birnstingl et al., 1971). Therefore, the combination of these 

factors decreases the blood flow and oxygen supply to the fracture site due to 

vasoconstriction, contributing to the delay in bone healing or non-union. 

 Delays in fracture healing, non-union, an increased complication rate, and 

extended hospital stay lead to an increase in health system costs. In Germany, the 

direct and indirect health system costs caused by cigarette are estimated at around 80 

billion euros per year (Effertz and Viarisio, 2015). Therefore, the development of 

treatment strategies that improve bone healing or protect the bone structure from the 

deleterious effects of CS are strongly needed. 

 Cell therapy is a promising and continuously growing alternative to treat 

musculoskeletal diseases and improve bone healing (Pountos et al., 2006, Lin et al., 

2017). MSCs have been one of the primary researches focuses for cell therapy 

because 

e they can contribute to the regeneration of mesenchymal tissues (e.g. bone, cartilage, 

vasculature, fat, tendon, and muscle) (Jiang et al., 2002, Pittenger et al., 1999), as well 

as activate tissue regeneration through paracrine stimulation (Wang et al., 2014a). In 

the bloodstream, MSCs come into direct contact with the inhaled cigarette smoke 

components and can be damaged by them (Tura-Ceide et al., 2017). 
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 Several studies have shown, directly and indirectly, the negative effects of CS 

on osteoblasts and MSCs in vitro (Ehnert et al., 2012a, Ehnert et al., 2012b, Holzer et 

al., 2012, Braun et al., 2011, Greenberg et al., 2017, Cyprus et al., 2018, Liu et al., 

2001). In the same line, additional studies have revealed the detrimental impact of 

nicotine on MSC proliferation and differentiation (Tanaka et al., 2005a, Marinucci et al., 

2018). However, other studies have shown that lower nicotine concentrations have 

stimulatory effects on MSCs and bone-forming cells (Daffner et al., 2012, Kim et al., 

2012). Furthermore, benzo[a]pyrene, a polycyclic aromatic hydrocarbon present in 

cigarette smoke unfavorably influences osteoblast function and MSC differentiation. 

(Monnouchi et al., 2016, Zhou et al., 2017). Thus, understanding the molecular 

mechanisms and associated harmful compounds by which CS exerts its effects on 

MSCs and bone cells is crucial for designing therapeutic treatments that abate CS-

mediated damage to bone tissue. 

 

1.6 TGF-β: A Mediator of Bone Healing 

 

As discussed in section 1.3, fracture repair is a complex biological process that 

commits several phases: inflammation, migration and recruitment of MSCs, generation 

of cartilaginous soft callus, vascularization, resorption of soft callus and subsequent 

mineralization, and remodeling. The systemic migration and recruitment of MSCs to 

the fracture site is most important for the healing outcome; it is mainly mediated by 

TGF-β. This multifactorial regulatory protein belongs to TGF-β superfamily, which 

is a large and expanded group of over 30 structurally related cell regulatory peptides 

like BMPs, activins, inhibins, growth and differentiation factors, glial-derived 

neurotrophic factors, Müllerian inhibiting substance, left-right determination factor, and 

nodal growth differentiation factor (Javelaud and Mauviel, 2004). 

 The TGF-β family contains three related mammalian isoforms (TGF-β1, TGF-

β2, and TGF-β3) that are derived from a common ancestor. All three isoforms can be 

found in human bone (Cho et al., 2002): there are high TGF-β1 and TGF-β3 levels in 

soft callus, while TGF-β2 is mainly expressed in cartilage during endochondral 

ossification. TGF-β1 and TGF-β2 are detected in mineralized areas and TGF-β3 is 

extensively distributed during intramembranous ossification (Horner et al., 1998). 

However, TGF-β1 is the most abundant isoform present in bone matrix (200 µg/kg 

(Bonewald and Dallas, 1994, Janssens et al., 2005)) and one of the main factors in 

https://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbon
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/osteoblast
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skeletal tissue because it maintains the homeostasis of cartilage and bone metabolism 

as a result of recapitulation of embryonic endochondral ossification (Vortkamp et al., 

1998, Ferguson et al., 1999). 

 TGF-β1 is secreted by bone cells and stored in the extracellular matrix (ECM) 

in its inactive form by non-covalent associations with the latency-associated protein 

(which avoids the interaction of the epitope(s) with TGF-β receptor). Functional 

osteoclasts secrete proteases, generate an acidic microenvironment, and release 

active TGF-β1 (Oreffo et al., 1989, Oursler, 1994). Therefore, TGF-β significantly 

influences bone cell function and plays a main role in maintenance of bone 

homeostasis (Erlebacher et al., 1998, Poniatowski et al., 2015, Robey et al., 1987, 

Bonewald and Mundy, 1990). This molecule activates the expression of ECM 

compounds, such as collagen type I, fibronectin, osteopontin (OPN), osteonectin, 

thrombospondin, and proteoglycans, all of which support to fracture repair 

(Poniatowski et al., 2015, Moghaddam et al., 2010, Harris et al., 1994). Blumenfeld et 

al. demonstrated that lower TGF-β levels in rats weaken bone strength and 

microarchitecture. However, facture healing may be improved in this model by local 

application of TGF-β and IGF-1 (Blumenfeld et al., 2002). 

 

1.7 TGF-β1 Signaling  

 

Once active, TGF-β1 binds to type II transmembrane serine/threonine kinase receptor 

(five types in human), followed by recruitment of type I activin receptor-like kinases 

(ALKs; seven types in human, ALK5 is the only one involved in bone cells) into a 

hetero-tetrameric receptor complex with two type I receptors (signal propagators) and 

two type II receptors (activators) (Massagué, 2012). This activity induces the 

transphosphorylation and activation of ALK by a type II receptor, resulting in the 

intracellular transmission of the signal (Figure 3) (Massagué, 2012, Massague, 1998). 

 Receptor-regulated Smad2 and Smad3 transcription factors can bind to the 

activated receptor complex, with the assistance of adaptor proteins (e.g. Smad anchor 

for receptor activation [SARA]) (Tsukazaki et al., 1998, Wu et al., 2000). ALK 

phosphorylates Smad2/3, an action that induces a conformational change that 

dissociates phospho-Smad2/3 from the receptor complex. Phospho-Smad2/3 interacts 

with a common-partner Smad (Smad4) and assembles the active complex phospho-

Smad2/3/4, which translocates to the nucleus (Wu et al., 2001, Chacko et al., 2004). 
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Once in the nucleus, the active phospho-Smad2/3/4 complex may directly bind to 

Smad-responsive motifs, such as Smad-binding element or CAGA (Itoh et al., 2019) 

in DNA, or recruit other cofactors to promote the expression of TGF-β target genes 

(Figure 3) (Shi and Massague, 2003, Poniatowski et al., 2015). The nuclear pore 

importin complex may translocate the Smad3/4 active complex (mediated by importin-

β1) (Kurisaki et al., 2001, Xiao et al., 2000) or through nuclear pore proteins 

(NUP214/NUP153) (Xu et al., 2003). In contrast, nuclear translocation of active 

Smad2/4 only involves nuclear pore proteins (Xu et al., 2002). Therefore, Smad3/4 is 

a tentative target to consider due to its multiple nuclear translocation mechanisms. 

 Interesting, Smad4 is essential to maintain appropriate bone homeostasis (Tan 

et al., 2007). In vitro studies have revealed an enhanced hypertrophic phenotype in 

conditional Smad4 knockout chondrocytes (Zhang et al., 2005). Moreover, in vitro 

studies have demonstrated that MSC osteogenesis could be improved via Smad4 

interaction with transcriptional factors like Runx2 and AP-1 (c-Fos/JunD) (Lai and 

Cheng, 2002). Additionally, Smad2-deficient mice present early embryonic lethality; 

however, Smad3 knockout mice are viable and fertile. Hence, Smad2 function may 

rescue Smad3 deficiency, but Smad3 cannot compensate for the lack of Smad2 

(Brown et al., 2007). 

 Smad-independent pathway could also be triggered by TGF-β. Non-canonical 

signaling comprises numerous branches of mitogen-activated protein kinase (MAPK) 

pathways, Rho-like guanosine triphosphate hydrolase enzyme signaling pathways, or 

phosphatidylinositol-3-kinase/protein kinase B signaling. This action leads to 

extracellular-signal-regulated kinases (ERK1/2), c-Jun-N terminal kinase (JNK), and 

p38 activation (Johnson and Lapadat, 2002, Mulder, 2000, Zhang, 2008 Aspera-Werz 

et al., 2019). MSCs and osteoblasts also express type III receptors (betaglycan and 

endoglin), while osteoclasts only express endoglin. These receptors are directly 

involved in signaling through the modulation of TGF-β1, and additional ligands specify 

binding (Walsh et al., 2003, Kim et al., 2019, Janssens et al., 2005). 
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Figure 3: The canonical transforming growth factor β (TGF-β) signaling pathway. TGF-β binds to the type II 
transmembrane serine/threonine kinase receptor, which recruits a type I activin receptor-like kinase dimer, forming 
a hetero-tetrameric complex. The activated complex phosphorylates receptor-regulated Smad2/3 with the 
assistance of the adaptor protein Smad anchor for receptor activation (SARA). Activated Smad2/3 loses the affinity 
for the receptor complex and interacts with the common partner Smad4. The active Smad2/3/4 complex is 
translocated to the nucleus and modulates the expression of target genes. This figure is based on previous studies 
(Massagué, 2012, Massague, 1998).  

 

1.8 TGF-β1 in Smokers 

 

A dual role of TGF-β1 has been described during bone healing: TGF-β1 is involved 

in bone resorption and bone formation. On the one hand, functional osteoclasts 

may activate TGF-β1, which via negative feedback impairs osteoclastogenesis 

(suppresses hematopoietic precursor cell proliferation) and downregulates bone 

resorption. On the other hand, TGF-β1, through its chemoattractant properties, may 

recruit MSCs to the fracture site and promote their proliferation (Lucas, 1989, 

Pfeilschifter et al., 1990, Hughes et al., 1992). Additionally, this cytokine regulates 

osteoblast function (induces early and inhibits late differentiation (Alliston et al., 2001, 

Maeda et al., 2004)), appropriate chondrogenic differentiation (Xia et al., 2017, Tuli et 

al., 2003, James et al., 2009), and, consequently, influences endochondral ossification. 

Additionally, TGF-β1 shows anti-apoptotic properties on osteoblast, supporting their 

transition to osteocytes (Chua et al., 2002, Karsdal et al., 2002, Bodine et al., 2005, 

Dufour et al., 2008, Jilka et al., 1998). Besides the direct effects on bone cells, TGF-β 
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can enhance the impact of other factors that positively regulate later osteogenic 

differentiation and mineralization and, thus, improve bone healing (e.g. BMPs and 

IGFs) (Zimmermann et al., 2005, Li et al., 2012, Li et al., 2015).  

 It should be highlighted that active TGF-β1 levels increase after a fracture 

(during the inflammatory phase), and high levels of active TGF-β1 positively correlate 

with differentiated and functional osteoblasts and chondrocytes during endochondral 

ossification (Si et al., 1997). Nevertheless, it was demonstrated that cigarette 

smoking is associated with reduce blood serum TGF-β levels (Poniatowski et al., 

2015, Moghaddam et al., 2010). Therefore, there is a clear association between 

delayed fracture repair and a decrease in systemic TGF-β1 levels in smokers 

(Zimmermann et al., 2005). Several in vivo and in vitro studies have proved that 

recombinant human TGF-β1 improves fracture healing (Poniatowski et al., 2015, 

Robey et al., 1987, Noda and Camilliere, 1989, Tang et al., 2009). Hence, it may be 

possible to utilise recombinant human TGF-β1, as well as therapies that boost or 

restore the impair TGF-β signaling pathway, as a treatment approach to enhance the 

delay fracture repair that smokers undergo (Aspera-Werz et al., 2019). 

 

1.9 Oxidative Stress – Bone 

 

The intracellular redox state of cells is regulated by the appropriate balance the 

levels of pro-oxidants, oxidizing agents, and antioxidants (Kurutas, 2016, Valko 

et al., 2007). Reactive oxygen species (ROS) are highly reactive radical and non-

radical oxygen molecules, such as superoxide anion (O2
−), hydroxyl radical (OH), 

hypochlorite (HOCl), peroxyl radicals (ROO), nitrogen monoxide (NO), and hydrogen 

peroxide (H2O2) (Jaimes et al., 2001). ROS are derived from normal cellular metabolic 

processes (e.g. immune cell signaling via nicotinamide adenine dinucleotide 

phosphate oxidase [NOX], mitochondrial oxidases, cytochrome P450, endoplasmic 

reticulum, peroxisomes, and lysosomes) as well as in response to exogenous 

exposure, such as pollutants, heavy metals, tobacco smoke, ultraviolet light, ionizing 

radiation, xenobiotics, or drugs (de Mochel et al., 2010, Milkovic et al., 2019). 

Physiological ROS levels play an essential role as second messengers in several 

cell signaling and other physiological cellular events (Bae et al., 1997, Sundaresan et 

al., 1995, Forman et al., 2004), regulating processes such as proliferation, 

differentiation, inflammation, and apoptosis (Ray et al., 2012, Ji et al., 2010, Rhee, 
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2006, Migliario et al., 2014). However, excessive ROS negatively affects cell 

homeostasis and, consequently, damages several tissues. 

 Changes in the redox state or the cellular antioxidant systems are also 

associated with the bone remodeling process by regulating the synchronized action of 

osteoclasts, osteoblasts, and osteocytes (Wauquier et al., 2009). In fact, non-

physiological levels of oxidative stress alter the bone remodeling process through 

activation of osteoclast differentiation and generate an imbalance between bone 

forming and bone resorbing cells, an eventuality that may lead to metabolic bone 

disorders such as osteoporosis (Lean et al., 2005, Baek et al., 2010). 

 Human marrow mononuclear cell exposure to H2O2 show increased levels of 

TRAP as well as a high number of active osteoclasts compared with control conditions 

(Baek et al., 2010). Several in vitro studies have demonstrated that the upregulation of 

osteoclast activity is via activation of receptor activator of nuclear factor kappa-Β ligand 

(RANKL) signaling through ROS as an intracellular signaling mediator for JNK and p38 

activation (Figure 4) (Lee et al., 2005, Ha et al., 2004, Boyle et al., 2003, Ikeda et al., 

2004). Additionally, non-physiological ROS levels induce osteoblast and osteocyte 

apoptosis through activation of MAPKs, such as ERK1/2, JNK, and p38 kinase; this 

phenomenon enhances the imbalance between bone forming and bone resorbing cells 

(Fontani et al., 2015, Plotkin et al., 2005). Interestingly, apoptotic osteocytes induce 

osteoclast recruitment and differentiation (Plotkin, 2014, Bellido et al., 2018, Kennedy 

et al., 2014, Al-Dujaili et al., 2011). Moreover, oxidative stress downregulates the 

production of OPG by osteoblasts, causing an increase in the RANKL/OPG ratio in 

favor of bone resorption (Figure 4) (Brzóska and Rogalska, 2013, Tolba et al., 2017). 

Therefore, targeting excessive ROS production via treatment with ROS scavengers, 

inductors of antioxidative cell system, or an inhibitor/activator of osteoclast/osteoblast 

function may be an exciting approach to prevent bone damage in bone metabolic 

diseases related to increased bone resorption (Song et al., 2018, Yamaguchi et al., 

2018). 
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Figure 4: The effect of oxidative stress on bone homeostasis. Changes in oxidative stress levels are associated 
with bone remodeling by regulating the function and genesis of osteoclasts, osteoblasts, and osteocytes. Non-
physiological levels of reactive oxygen species (ROS) trigger activation of c-Jun-N terminal kinase (JNK) and p38, 
resulting in the induction of the receptor activator of nuclear factor-kappa-Β ligand (RANKL) signaling, which favors 
osteoclast activity. Additionally, oxidative stress decreases osteoprotegerin (OPG) levels, causing an increase in 
the RANKL/OPG ratio, which induce osteoclast function. Moreover, ROS lead the activation of mitogen-activated 
protein kinase (MAPKs), such as extracellular signal-regulated kinases (ERK1/2) and JNK and p38 kinase, an 
eventuality that induces osteoblast and osteocyte apoptosis. Apoptotic osteocytes positively influence osteoclast 
recruitment and differentiation. Thus, osteoclast bone reabsorption is increased and osteoblast bone formation is 
reduced by ROS. This figure was produced using graphic components obtained from http://www.servier.com and 

based on a previous study (Wauquier et al., 2009). 

 

1.10 ROS – Cigarette Smoke 

 

After burning a cigarette, the smoke that directly goes into the environment between 

puffing is defined as sidestream smoke. Mainstream smoke refers to the aerosol drawn 

into the mouth and inhaled by smokers (National Research Council Committee on 

Passive, 1986). Mainstream smoke from regular cigarettes contains between 120–

150 nmol H2O2 (Zhao and Hopke, 2012). Moreover, 1 x 1015 free radical constituents 

are inhaled with each puff and distributed throughout the body via the bloodstream 

(Rahman et al., 1996). Additionally, cigarette smoke contains several pro-oxidative 

compounds, which also induce and activate endogenous ROS production by cells 
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(Figure 5) (Csiszar et al., 2009). Unfortunately, cigarette filters are not an option to 

reduce the levels of ROS and harmful compounds inhaled in mainstream smoke 

(Huang et al., 2005). Consequently, oxidative stress causes cellular damage due to 

lipid peroxidation, structural damage of the membranes, oxidation of proteins, nucleic 

acid mutations, and altered gene expression (Byon et al., 2008, Duan et al., 2005). 

These dysregulations affect various organs and systems, including the skeletal system 

by impairing bone formation and accelerating bone resorption (Abate et al., 2013, 

Barreiro et al., 2010). 

 

 

Figure 5: Cigarette combustion and associated compounds. Tobacco combustion at 800°C in a cigarette form 
generates sidestream and mainstream smoke. Mainstream smoke is inhaled, and the associated toxic compounds 
are distributed throughout the body via the bloodstream. Sidestream smoke and exhaled mainstream smoke 
contribute to environmental cigarette smoke. This figure is based on previous studies (Guerin, 1987, Centers for 
Disease et al., 2010). 

 

1.11 Antioxidant Defense System in Bone Cells 

 

With the aim of preventing oxidative stress damage, bone cells activate a major 

antioxidant defense system mechanism: nuclear factor erythroid-2-related factor-2 

(Nrf2) signaling (Ma, 2013). As a consequence of the activation of Nrf2 signaling due 

to oxidative stress, several antioxidative enzymes like superoxide dismutase (SOD), 

catalase (CAT), and others associated in the glutathione (GSH) homeostasis (e.g. 
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glutathione peroxidase [GPx]) transcription was upregulated (Osburn and Kensler, 

2008, Nguyen, 2009, Venugopal and Jaiswal, 1996, Aspera-Werz et al., 2019). In 

normal conditions, cytoplasmic Nrf2 is bound to Kelch-like ECH associating protein 1 

(Keap-1) (Guo et al., 2017), which inhibits the transcriptional activity of Nrf2 via 

ubiquitination and proteasomal degradation. Under oxidative stress conditions, Nrf2 

is dissociated from Keap-1 through changes in its structure (stabilization of its thiol 

groups), which obstruct the association to Nrf2. Once free, cytoplasmic Nrf2 is 

phosphorylated and transported into the nucleus. Once in the nucleus, 

phosphorylated Nrf2 binds to the DNA antioxidant response element (ARE) to 

promote the transcription of antioxidative enzymes and genes involved in the 

glutathione system (Figure 6) (Massague and Weis-Garcia, 1996, Aspera-Werz et al., 

2019).  

 Several studies demonstrated that Nrf2 plays an essential protective role 

against the harmful effects of cigarette smoke induced oxidative stress on cell 

metabolism. Disruption of Nrf2 signaling enhances the adverse outcome of mice 

exposured to cigarette smoke (Rangasamy et al., 2004). Furthermore, Keap-1 

knockdown augments the antioxidative defense system and reduces lung injury 

caused by smoking (Blake et al., 2010). Nevertheless, the role of the Nrf2 signaling 

pathway on bone cells is controversial. On the one hand, Nrf2 knock out upregulated 

osteoclast activity and decreased osteoblast activity in bone tissue, and consequently, 

reduces bone mineral density (BMD) (Sun et al., 2015b, Sun et al., 2015a). On the 

other hand, Nrf2 activation in MC3T3 cells treated with H2O2 impairs osteogenic 

differentiation (Lee et al., 2015). Therefore, it is essential to elucidate whether there is 

a protective role of the Nrf2 signaling pathway on bone cells oxidative stress adverse 

consequences caused by CS.  
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Figure 6: The nuclear factor erythroid-2-related factor-2 (Nrf2) signaling pathway, which is the central antioxidant 
defense system in cells. Normally, Nrf2 interact with Kelch-like ECH associating protein 1 (Keap-1), leading to the 
ubiquitination of Nrf2 and its proteasomal degradation. Reactive oxygen species can oxidize Keap-1, leading to 
increased Nrf2 stability. Upon release and activation, phospho-Nrf2 can translocate to the nucleus and bind to and 
activate the antioxidant response element (ARE) and regulate the expression of target genes. This figure is based 
on a previous study (Aspera-Werz et al., 2018). 

 

1.12 Antioxidant – Treatments 

 

In physiological conditions, the cellular antioxidant system may scavenge free radicals 

and maintain the balance between oxidation and antioxidation. However, exposure to 

cigarette smoke induces the production of non-physiological ROS levels, and the cells' 

antioxidative system cannot compensate with this change. Therefore, the intake of 

exogenous antioxidants should reduce the harm caused by oxidative stress through 

their radical scavenger properties as well as regulation of the cell antioxidative system 

The natural antioxidants found in cells are thiol compounds – the most important 

and abundant of which in humans is GSH – non-thiol compounds such as polyphenols 

– predominantly contained in various plants (e.g. resveratrol) – vitamins such as 
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ascorbic acid, as well as various antioxidant enzymes capable of eliminating ROS, 

such as SOD, CAT, and enzymes that regulate GSH homeostasis (e.g. glutathione 

reductase [GR], GPX, etc.) (Domazetovic et al., 2017). Figure 7 shows a schematic 

view of the cell defense system with the respective reactions and enzymes involved.  

 

Figure 7: The cellular antioxidant cell defense system. Superoxide dismutase (SOD) catalyzes the dismutation of 
superoxide radical (O2

-) into oxygen and hydrogen peroxide (H2O2). H2O2 is reduced by catalase to water and O2, 
completing the detoxification process initiated by SOD. Additionally, glutathione peroxidase (GPx) can catalyze the 
degradation of H2O2 to H2O via oxidation of reduced glutathione (GSH) into its oxidized, disulfide form (GSSG). 
Glutathione reductase catalyzes the reduction of GSSG to the sulfhydryl form, carrying out GSH recycling. This 
figure is based on a previous study (Aspera-Werz et al., 2018). 

 

1.12.1 N- Acetyl Cysteine (NAC): A Precursor for the Master Antioxidants in 

Human Cells 

 

GSH is the most important and abundant antioxidant in human cells; the 

concentration is between 1 and 10 mM in the cytoplasm for most cells, and 98% is 

found in the active reduced-thiol form (Forman et al., 2009). The oxidation to 

glutathione disulfide (GSSG) and downregulation of the GSH/GSSG ratio positively 

correlates with oxidative stress (Owen and Butterfield, 2010). Therefore, GSH 

biosynthesis, reduction, and exogenous intake are essential to balance the cellular 

redox status. NAC is an exogenous thiol derivative of the amino acid L-cysteine and a 

precursor for GSH. NAC intake increases GSH/GSSG (Aruoma et al., 1989). The 

molecular structure of NAC is represented in Figure 8. 
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 Additionally, NAC compensates for the harmful effect of H2O2 exposure on 

MC3T3-E1 cells during osteogenic differentiation (Lee et al., 2015). Furthermore, an 

in vitro and in vivo study demonstrated that NAC enhances AP activity, matrix formation 

in bone marrow MSCs, and accelerates bone formation in rats (Yamada et al., 2013). 

NAC inhibits adipogenesis of bone marrow stem cells and induces osteogenesis via 

activation of Wnt signaling (Ji et al., 2011). Moreover, NAC favors osteogenic 

differentiation and enhances bone formation by inhibiting apoptosis and senescence 

caused by oxidative stress (Jun et al., 2008, Watanabe et al., 2018). Accordingly, NAC 

is a potential therapy to protect bone from the deleterious effects of cigarette smoke, 

enhance bone formation in osteoporosis, or ameliorate delayed fracture healing under 

oxidative stress conditions. 

 

Figure 8: The molecular structure of N-acetyl cysteine (NAC). This figure was produced using graphic 
components obtained from http://www.wikipedia.de. 

 

1.12.2 L-ascorbate: A Free Radical Scavenger with Low Levels in Smokers 

 

L-ascorbate, also known as vitamin C, is present in many fruits and vegetables 

(e.g. broccoli, brussels sprouts, cauliflower, green and red peppers, spinach, cabbage, 

other leafy greens, sweet and white potatoes, tomatoes, citrus, and berries). L-

ascorbate is absorbed in the intestine and distributed through the bloodstream to the 

whole body, reaching concentrations of 35 mg/kg in the musculoskeletal system 

(Figueroa-Méndez and Rivas-Arancibia, 2015). Humans, unlike most animals and 

plants, are unable to synthesize L-ascorbate endogenously due to the lack of 

gulonolactone oxidase (an enzyme that catalyzes the final step in the biosynthesis), so 
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L-ascorbate has to be supplemented via nutrition (Naidu, 2003, Linster and Van 

Schaftingen, 2007, Gabbay et al., 2010). The German Nutrition Society (DGE) 

recommends an intake of 110 mg/day for healthy non-smokers (German Nutrition 

Society, 2015). Interestingly, smokers serum L-ascorbate levels are reduced 

compared with non-smokers due to higher metabolic requirement and defective L-

ascorbate recycling (Kelly, 2003, Smith and Hodges, 1987, Aspera-Werz et al., 2018). 

Therefore, the DGE recommends a daily intake of 155 mg for smokers to reach similar 

L-ascorbate blood levels as non-smokers (Schectman, 1993, Smith and Hodges, 

1987). Besides, its antioxidants properties, as a free radical scavenger, L-ascorbate 

stimulates osteoblast proliferation (Alcain and Buron, 1994, Takamizawa et al., 

2004) and supports bone and cartilage formation via contribution to collagen 

production and maturation (Ganta et al., 1997). Additionally, L-ascorbate is a precursor 

for the synthesis of bone glycosaminoglycans (Kao et al., 1990). Therefore, low L-

ascorbate intake slows bone growth and bone remodeling, causing delays in fracture 

healing and osteoporosis (Malmir et al., 2018). Interestingly, several prospective 

studies have shown a positive correlation between L-ascorbate intake and increased 

BMD in post-menopausal women as well as reduced bone mineral loss in older men 

(Morton et al., 2001, Sahni et al., 2008). Furthermore, lower L-ascorbate levels in the 

blood are associated with an increased risk of osteoporosis and fractures (Martinez-

Ramirez et al., 2007). Melhus et al. reported that insufficient L-ascorbate intake 

increases the risk of hip fracture in smokers. (Melhus et al., 1999). In vitro experiments 

have shown that L-ascorbate upregulates the expression of osteogenic genes such as 

AP, osteocalcin, OPN, and the master transcriptional factor for osteogenesis runt-

related transcription factor 2 (RUNX2); it also increases matrix formation (Franceschi 

et al., 1994, Franceschi and Iyer, 1992, Xiao et al., 1997). Furthermore, a study with 

ovariectomised rats (lack of estrogen, a model of osteoporosis (Kharode et al., 2008)) 

treatment with L-ascorbate prevents bone loss, increases BMD, and upregulates gene 

expression of osteoblast markers (RUNX2, osterix, bone sialoprotein, and BMP-2) 

(Zhu et al., 2012). A murine model deficient in L-ascorbate biosynthesis also displays 

high levels of RANKL that may be regulated with L-ascorbate supplementation (Park 

et al., 2012). Therefore, L-ascorbate seems to have a dual role in bone 

homeostasis. On the one hand, due to its free radical scavenger properties, it 

reduces the number of functional osteoclasts. On the other hand, L-ascorbate 

stimulates MSC proliferation and osteogenic differentiation (Choi et al., 2019). 
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Therefore, under smoking conditions where there is increased oxidative stress that 

disrupts normal bone homeostasis and favors bone resorption, L-ascorbate may 

represent a promising therapy to improve bone formation and support fracture healing. 

The molecular structure of L-ascorbate is shown in Figure 9. 

 

Figure 9: The molecular structure of L-ascorbate. This figure was produced using graphic components obtained 
from http://www.wikipedia.de. 

 

1.12.3 Resveratrol: An Antioxidant with Beneficial Effects on Bone 

Homeostasis 

 

Resveratrol is a natural polyphenol and stilbenoid that has potent antioxidant and 

anti-inflammatory properties (Alarcon De La Lastra and Villegas, 2005, Gülçin, 

2010). More than 70 species of plants synthesize it in response to stressful conditions 

(e.g. pathogen infection, damage, or injury). Resveratrol may be obtained by the 

ingestion of several fruits, grapes, peanuts, nuts, pistachios, cocoa, berries, giant 

knotweed, cassia seeds, passion fruit, white tea, and red wine. In addition to its 

scavenger properties, several studies have demonstrated the beneficial effects of 

resveratrol on bone homeostasis (Casarin et al., 2014, Tou, 2015). An in vivo and in 

vitro study revealed that in a murine osteoporosis model induced with excess iron, 

resveratrol intake upregulates the expression of osteogenic genes such as Runx2, 

osteocalcin, and type I collagen and as a consequence prevents bone loss. 

Additionally, resveratrol decreases the RANKL/OPG ratio by inhibiting osteoclast 

function in MC3T3-E1 cells and an osteoporotic mouse model (Zhao et al., 2015). 

 Resveratrol also promotes osteogenic differentiation of MSCs via induction of 

SIRT1/FoxO1 signaling pathway and upregulation of various BMPs, RUNX2, and OPN 

L- ascorbate
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(Shakibaei et al., 2012, Casarin et al., 2014). Furthermore, a randomized, placebo-

controlled clinical study with overweight patient showed a positive correlation between 

increased AP activity, BMD, and resveratrol concentration after 4 months of treatment 

(Ornstrup et al., 2014). Regarding smoking conditions, several studies in animal 

models have revealed that resveratrol inhibits periodontitis bone loss (Ribeiro et al., 

2017), enhances bone formation after mechanical bone damage, and promotes titan 

implant healing (Franck et al., 2018, Ribeiro et al., 2019) exposure to smoking 

conditions. These results suggest that resveratrol influences bone homeostasis by 

stimulation of osteoblast and inhibition of osteoclast function. Given these 

actions, resveratrol may be a potential treatment strategy to impair bone remodelling 

in smokers (Jiang et al., 2020). Figure 10 presents the molecular structure of 

resveratrol. 

 

Figure 10: The molecular structure of resveratrol. This figure was produced using graphic components obtained 
from http://www.wikipedia.de. 
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2. Aim 

 

This thesis aimed to evaluate the role of cigarette smoke–induced oxidative stress on 

MSCs under osteogenic differentiation, specifically with regard to primary cilia–

associated signaling pathways and its relation with delayed fracture healing and 

impaired bone homeostasis. This aim was achieved by addressing the following points: 

 

• Identify the correlation between age, gender, body mass index, complications, and 

duration of hospital stay with the number of cigarettes consumed in patients who 

underwent orthopedic surgery; 

 

• Investigate the underlying mechanism for delayed fracture healing in orthopedic 

patients who smoke, through screening blood serum levels of bone remodeling, 

osteoblast/osteoclast function, oxidative stress markers, and cytokines in smoker 

and non-smoker patients receiving an orthopedic surgery; 

 

• Evaluate the effect of cigarette smoke, nicotine, and cotinine on MSCs during 

osteogenic differentiation with regard to the primary cilia structure;  

 

• Determine which type of ROS are induced by cigarette smoke, nicotine, or cotinine, 

and their implications on the antioxidative system of MSCs during osteogenic 

differentiation;  

 

• Assess the effect of antioxidants on impaired osteogenic differentiation of MSCs 

caused by cigarette smoke and the outcome in the restoration of primary cilia 

structure and signaling efficiency; 

 

• Determine at which step TGF-β signaling is disrupted by cigarette smoke and its 

implications on migration, proliferation, and appropriate chondrogenic 

differentiation of MSCs. 

 

These aims were addressed in this thesis in the following publications: Ehnert et al., 

2019, Sreekumar et al., 2018, Aspera-Werz et al., 2018 and Aspera-Werz et al., 2019. 
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3. Results 

 

3.1 Smoking Dependent Alterations in Bone Formation and Inflammation 

Represent Major Risk Factors for Complications Following Total Joint 

Arthroplasty 

Ehnert, S.; Aspera-Werz, R.; Ihle, C.; Trost, M.; Zirn, B.; Flesch, I.; Schroter, 

S.; Relja, B.; Nussler, A. J Clin Med, 2019. 

 

3.1.1 Summary and Major Findings 

 

Since 1976, several studies have reported a direct association between conventional 

cigarette consumption and reduced amount of bone tissue in the body (Daniell, 1976, 

Benson and Shulman, 2005, Rudang et al., 2012). Moreover, smokers present a raised 

hazard of suffering delayed fracture healing (Adams et al., 2001, Sloan et al., 2010), 

non-union (Scolaro et al., 2014, Pearson et al., 2016), or complications (Mills et al., 

2011, Singh et al., 2015, Hess et al., 2018) after orthopedic trauma. Cigarette smoke 

may affect bone homeostasis either directly through harmful effects on bone-forming 

and bone-resorbing cells or indirectly by altering hormone levels, disrupting 

angiogenesis, perturbing immune responses, or inducing hypoxia (Barreiro et al., 

2010, Qiu et al., 2017, Church and Pryor, 1985, Patel et al., 2013, Staempfli and 

Anderson, 2009, Ejaz and Lim, 2005). 

 The following manuscript aimed to corroborate that cigarette consumption is a 

significant hazard for adverse outcomes in orthopedic trauma patients. From 817 

patients that received a total joint replacement, we observed that patients who received 

a revision surgery consumed more cigarettes than patients who did not need the 

surgery. Interestingly, there was a 2-fold increase in complications for patients who 

were heavy smokers (>20 packs-year). However, there were no differences between 

non-smokers and moderate smokers (1–20 packs-year) regarding complications. 

Additionally, heavy smokers stayed 0.6 or 3.1 days longer in the hospital compared 

with moderate smokers or non-smokers, respectively. Although heavy and moderate 

smokers were on average 5.4 years youngers compared with non-smokers, the 

number of comorbidities was similar in all groups (Ehnert et al., 2019).  
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 In order to investigate the cellular mechanisms responsible for complications 

and, consequently, delayed fracture healing in heavy smokers, we analyzed markers 

for bone remodeling, oxidative stress, and inflammation in serum samples before and 

after surgery. There was a positive correlation between an increasing number of pack-

years and increased cytokine levels, specifically leptin (inhibits appetite), monocyte 

chemoattractant protein 1 (MCP-1) (oxidative stress marker), OPN (supports 

osteoclast anchoring), and tissue inhibitors of metalloproteinases. Nevertheless, there 

was a dose-dependent decrease in the levels of several cytokines – IL-6, IL-1β, 

interferon γ (pro-inflammatory), TGF-β1 (immune regulatory chemoattractant), and 

OPG (inhibitor osteoclastogenesis) – as the number of cigarettes consumed increased. 

Bone-specific AP was upregulated 2.08 fold in non-smokers compared with heavy 

smokers as well as 1.65 fold compared with moderate smokers. Additionally, the bone 

formation marker type I C-terminal collagen pro-peptide (an indicator of collagen I 

synthesis) was downregulated 35.5 fold in heavy smokers and 7.8 fold in moderate 

smokers compared with non-smokers (Ehnert et al., 2019). 

 Conversely, the osteoclast marker TRAP, as well as the level of the bone 

resorption marker C-terminal telo-peptide of type I collagen (an indicator of collagen I 

degradation), showed no correlation with the number of cigarettes consumed. 

However, OPN expression was on average 5.9 fold higher in serum samples from 

heavy and moderate smokers compared with non-smokers. Interestingly, 

OPG:receptor activator of RANKL (an important determinant of bone mass and 

skeletal integrity) ratio was not disturbed in smokers because both cytokines increased 

with the number of cigarettes consumed (Ehnert et al., 2019). 

 These results demonstrated that cigarette consumption increased the risk of 

complications after orthopedic surgeries. Additionally, the rate of revision surgery for 

smokers was significantly higher. The serum findings suggest that an 

immunosuppressive status in smokers may be correlated with increased complications 

at an early age in comparison with non-smokers. Moreover, orthopedic patients who 

smoke have an osteoblast–osteoclast imbalance due to strong harmful effects on 

bone-forming cells and a mild increase in bone-resorbing cells function that might be 

correlated with increased oxidative stress (Ehnert et al., 2019). Therefore, in vitro 

studies that evaluate alternatives to increase the function of bone-forming cells as well 

as reduce oxidative stress and reverse immunosuppression are necessary to 
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determine therapies to enhance the outcome in smokers after trauma or orthopedic 

surgical procedure. 

 

3.1.2 Personal Contribution 

 

I assisted with performing the experiments and critically revised the manuscript draft.   
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3.2 Resveratrol Protects Primary Cilia Integrity of Human Mesenchymal 

Stem Cells from Cigarette Smoke to Improve Osteogenic Differentiation 

In Vitro 

Sreekumar, V.; Aspera-Werz, R.; Ehnert, S.; Strobel, J.; Tendulkar, G.; Heid, 

D.; Schreiner, A.; Arnscheidt, C.; Nussler, A. Arch Toxicol, 2018. 

 

3.2.1 Summary and Major Findings 

 

The previous study (section 3.1) provided evidence that smokers present an imbalance 

between bone-forming cells (osteoblasts) and bone-resorbing cells (osteoclasts). 

Serum levels of osteoblast activity and collagen precursors were strongly affected. As 

a consequence, smokers presented more complications and delayed fracture repair 

compared with non-smokers (Ehnert et al., 2019). Several studies have demonstrated 

MSC migration and appropriate differentiation are crucial for successful fracture 

healing (Ho et al., 2015, Devine et al., 2002, Einhorn and Gerstenfeld, 2015, Marsell 

and Einhorn, 2011).  

 The purpose of the following research was to explore the impact of CS exposure 

on the osteogenic differentiation of MSCs as well as their cellular effects. Long-term 

exposure to cigarette smoke extract (CSE) significantly, and in a dose-dependent 

manner, reduced MSC viability as well as AP activity and matrix formation as early and 

late osteogenic differentiation markers, respectively (Sreekumar et al., 2018).  

 Primary cilia are described as essential thought to function as cellular sensors. 

This organelle integrates and transduces extracellular clues into functional responses 

thought activation of several signaling pathways (Anderson et al., 2008, Malone et al., 

2007, Goetz et al., 2009, Nozawa et al., 2013). Smokers present disturbed cilia in lung 

epithelial tissue (Leopold et al., 2009, Aufderheide et al., 2015). Thus, we explored the 

primary cilia morphology in CSE-exposed MSCs. CSE-treated cells showed shorter 

and fewer primary cilia. In order to prove that primary cilia play a crucial role during 

osteogenic differentiation, we analyzed whether pharmacological removal of primary 

cilia (with chloral hydrate [CH] treatment) positively correlated with impaired osteogenic 

differentiation in MSCs. Disruption of primary cilia significantly decreased AP activity. 

Besides, sequential time-based analysis demonstrated that delayed osteogenic 

differentiation in MSCs exposed to CSE may be a consequence of primary cilia 

disruption (Sreekumar et al., 2018). 
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 Increasing evidence has suggested that elevated ROS production plays a 

central role in cigarette smoke–induced bone tissue injury (Church and Pryor, 1985, 

Kubo et al., 2019, Muinos-Lopez et al., 2016). Cigarette smoke has large amounts of 

ROS, nitric oxide, peroxynitrite, and free radicals of organic compounds (Nakayama et 

al., 1989, Pryor et al., 1983, Pryor et al., 1998, Zang et al., 1995). In addition to these 

highly reactive and short-lived molecules, cigarette smoke also contains prooxidant 

substances that have the potential to upregulate cellular ROS levels (Swain et al., 

1969, Squadrito et al., 2001). Water-soluble components of cigarette smoke may reach 

the skeletal system through the bloodstream, and thus they can directly harm 

macromolecules – e.g. nucleic acids, proteins, and lipids – by promoting oxidative 

stress in bone cells (Duan et al., 2005, Miranda et al., 2008, Barbouti et al., 2002). We 

showed that increased ROS levels from cigarette smoke or H2O2 negatively affected 

the structure of primary cilia. Furthermore, treatment with resveratrol, a phytoalexin 

with antioxidant properties, decreased the cigarette smoke–induced ROS level 2 fold, 

and attenuated the harmful effects on AP activity, matrix production, and protect 

primary cilia integrity on MSCs (Sreekumar et al., 2018). 

 Upon co-stimulation with resveratrol, we observed a 2-fold increase in the gene 

expression of polycystin 2 (PC2), a primary cilia marker, zinc finger protein (Gli2), a 

hedgehog (Hh) signaling transcription factor, RUNX2, a key transcription factor 

associated with osteoblast differentiation, BMP-2, a growth factor, OPG, an inhibitor of 

osteoclastogenesis, and RANKL, an activator of osteoclastogenesis. Gene expression 

analysis was mostly in line with the previously described enhanced osteogenic 

differentiation after resveratrol treatment (Sreekumar et al., 2018). 

 These results further substantiate the possible regulatory function of ROS-

induced primary cilia disruption for impaired bone homeostasis in smokers. In 

summary, our results showed that CS-induced ROS impaired MSC osteogenesis 

partially via reducing primary cilia length and ciliated cells. This knowledge opens up 

new treatment options for trauma patients who smoke and have chronically elevated 

ROS levels, a condition that frequently delays fracture healing. 

 

3.2.2 Personal Contribution 

 

I was involved in the conception of the experiments. I helped perform the experiments 

and analyze the data. I was responsible for the data presentation. I contributed to 

https://en.wikipedia.org/wiki/Transcription_factor
https://en.wikipedia.org/wiki/Osteoblast
https://en.wikipedia.org/wiki/Cellular_differentiation
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writing the manuscript, including its critical revision according to the reviewers’ 

suggestions.  
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3.3 Nicotine and Cotinine Inhibit Catalase and Glutathione Reductase 

Activity Contributing to the Impaired Osteogenesis of SCP-1 Cells 

Exposed to Cigarette Smoke. 

Aspera-Werz, R.; Ehnert, S.; Heid, D.; Zhu, S.; Chen, T.; Braun, B.; 

Sreekumar, V.; Arnscheidt, C.; Nussler, A.  Oxid Med Cell Longev, 2018. 

 

3.3.1 Summary and major findings  

 

The negative effect of cigarette smoke is often associated with alterations in oxidative 

stress levels (Barreiro et al., 2010, Munakata et al., 2018). The previous study (section 

3.2) showed that chronic exposure to CSE impaired MSC osteogenic differentiation 

due to enhanced oxidative stress (Sreekumar et al., 2018). Therefore, in the present 

work, we evaluated the role of nicotine and its major metabolite cotinine on MSC 

osteogenic differentiation. We also explored which types of reactive oxygen species 

were promoted by CSE, nicotine, or cotinine and their effects in the antioxidative 

defense responses (Aspera-Werz et al., 2018).  

 Nrf2 is the major antioxidative signaling pathway in human cells (Ma, 2013). 

Under a stress-free condition, Nrf2 is bound with Keap-1, an interaction that leads to 

ubiquitination follow proteasomal degradation in the cytoplasm (Guo et al., 2017). In 

an oxidative stress condition, Nrf2 is phosphorylated and free in the cytoplasm due to 

stabilization of thiol groups in Keap-1, a change that disturbs its interaction to Nrf2 

(Massague and Weis-Garcia, 1996, Aspera-Werz et al., 2018). Phosphorylated and 

activated Nrf2 translocates into the nucleus and binds to partners such as the 

antioxidant response element. This action commences the expression of several 

antioxidative enzymes and other proteins involved in GSH homeostasis (Aspera-Werz 

et al., 2018).  

 In our model, the treatment with nicotine and cotinine did not affect cell viability 

and osteogenic differentiation, assessed by AP activity (early marker) and calcium 

deposition (late marker) (Aspera-Werz et al., 2018). In contrast, CSE exposure 

associated with smoking 10 cigarettes per day reduced (2.7-fold) cell viability and 

delayed MSC differentiation, denoted by reduced (2.13-fold) AP activity after 14 days 

and diminished (2.13-fold) matrix mineralization after 21 days (Aspera-Werz et al., 

2018).  
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 Primary cilia are microtubule-based organelles that play an essential role in 

MSC osteogenic differentiation and the preservation of the cellular phenotype 

(Tummala et al., 2010). Interesting, nicotine and cotinine did not affect primary cilia 

structure, in contrast to CSE exposure (a 0.60-fold reduction in primary cilia length). 

The detrimental effects of CSE on MSC osteogenesis were mainly due to increased 

ROS levels (2-fold), a fact that was not observed with nicotine and cotinine treatment 

(Aspera-Werz et al., 2018).  

 Furthermore, we elucidated that .O2
- is the main ROS responsible for the 

oxidative stress generated by CSE exposure. Additionally, CSE decreased the main 

antioxidant present in the cells (GSH); these data demonstrated that CSE affects the 

antioxidant capacity of MSCs. Interestingly, the addition of L-ascorbate (antioxidant 

present in lower concentration in smokers (Ueta et al., 2003)) or NAC (GSH precursor) 

entirely abolished the adverse effect of CSE on MSCs ROS levels, primary cilia 

structure and osteogenic differentiation (Aspera-Werz et al., 2018).  

 On the molecular level, co-stimulation with NAC or L-ascorbate enhanced Nrf2 

phosphorylation and SOD-1 and catalase protein synthesis. These results suggest that 

the antioxidant protective effect occurs through a Nrf2-dependent pathway and not only 

as a result of their free radical scavenging activities (Aspera-Werz et al., 2018). 

Besides, SOD and catalase enzymatic activities were affected by the CSE stimulation. 

The observed changes in protein expression and activity may partly explain the 

accumulation of ⋅O2
- and H2O2 in the CSE-treated cells (Aspera-Werz et al., 2018). 

However, CSE significantly increased GPX activity (with also catalyzes the reduction 

of H2O2 to H2O via oxidation of GSH) and significantly reduced GR activity, triggering 

an unsuitable GSH recycling under smoking conditions (Aspera-Werz et al., 2018). 

Additionally, nicotine and cotinine significant reduced catalase and GR activity 

(Aspera-Werz et al., 2018). In summary, by inhibiting catalase and GR function, 

nicotine and cotinine enhance the ROS levels observed in CSE treated cells and 

partially contribute to the negative effects on MSCs impair osteogenic differentiation 

with CSE. 

 

3.3.2 Personal Contribution 
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I participated in the conception of the experiments. I performed most of the 

experiments, analyzed the data and wrote the manuscript draft. I critically revised the 

manuscript according to the reviewers’ suggestions. 
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3.4 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. 

Aspera-Werz, R.; Chen, T.; Ehnert, S.; Zhu, S.; Frohlich, T.; Nussler, A. Int J 

Mol Sci, 2019. 

 

3.4.1 Summary and Major Findings  

 

Orthopedic patients who smoke present lower TGF-β serum-levels compared with non-

smokers (Poniatowski et al., 2015, Moghaddam et al., 2010). When a fracture occurs, 

cytokine levels rise during the inflammatory courses with the aim of attract MSCs to 

the fracture gap. Beside, TGF-β positively influences MSC chondrogenic 

differentiation, a process that produces a cartilage intermediate that is replaced by 

bone during fracture healing (Bahney et al., 2015). Previous research has reported a 

direct association between retarded fracture repair and lower TGF-β levels at this stage 

in smokers (Poniatowski et al., 2015, Zimmermann et al., 2005). The following paper 

aimed to elucidate the role of cigarette smoke on TGF-β signaling as well as to identify 

at which step the pathway was disrupted (Aspera-Werz et al., 2019).  

 An adenoviral reporter assay displayed that in MSCs, CSE downregulated TGF-

β signaling via Smad2/3 dose-dependently. Additionally, chemical abrogation of 

primary cilia structure with CH decreased TGF-β signaling similarly to CSE exposure 

(Aspera-Werz et al., 2019). A rescue experiment with resveratrol reversed the CSE-

mediated detrimental effects by protecting the primary cilia integrity and, consequently, 

enhancing TGF-β signaling. Interestingly, the reduces TGF-β signaling via CSE 

correlated with decreased protein synthesis and activation of downstream effectors 

(phospho-Smad2/3) as well as associated cofactors (Smad4). Furthermore, CSE 

exposure and pharmacological abrogation of primary cilia downregulated the transport 

to the nucleus of the active phospho-Smad3/4 complex (Aspera-Werz et al., 2019). 

This outcome emphasizes that any intranuclear translocation mechanisms counteract 

for the reduced phospho-Smad2/3 and Smad4 protein levels and further distribute the 

signal to the nucleus. We confirmed that impair TGF-β signaling during CSE treatment 

was circumstantiated by the lack in the kinase activity of the receptor ALK5 and not 
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due to the unsuccessful interaction of the ligand to the receptor (Aspera-Werz et al., 

2019).  

 Additionally, CSE-modulated TGF-β signaling disruption negatively influenced 

MSC migration and proliferation. However, TGF-β treatment improved MSC migration, 

but it could not reverse the negative influence of CSE on MSC proliferation (Aspera-

Werz et al., 2019). We then investigated transcription levels of genes associated with 

chondrogenic phenotype on MSCs differentiated with CSE under TGF-β signaling 

induction or CH treatment. CSE downregulated collagen II (COL2A1), a major ECM 

protein in cartilage, and upregulated the hypertrophic marker collagen X (COLXA1), 

the transcriptional factor SOX9, and the main component of the cartilage ECM, 

aggrecan (ACAN). Deteriorated TGF-β signaling via primary cilia structure disturbance 

displayed an analogous expression pattern to CSE exposure (Aspera-Werz et al., 

2019).  

 Our results demonstrated that MSCs differentiation to chondrogenic linage was 

negatively regulated by impair TGF-β signaling with CSE (Aspera-Werz et al., 2019). 

Consequently, MSCs migration and proliferation were also affected (Aspera-Werz et 

al., 2019). Identification of treatment options that improve the canonical TGF-β 

signaling pathway or activate non-canonical Smad phosphorylation might open up new 

targets for the development of therapeutics to promote fracture repair in smokers 

compared to TGF-β supplementation. 

 

3.4.2 Personal Contribution 

 

I was responsible for the experimental setup and helped perform the experiments. I 

analyzed the data and was responsible for its visual presentation. I was responsible 

for writing the manuscript. I carried out experiments and critically revised the 

manuscript according to the reviewers’ suggestions 
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4. Discussion 

 

It has been hardy demonstrated that CS is a hazard for second osteoporosis and bone 

fractures, alters bone balance, and correlates with a raised risk of post-surgical 

complications such as delayed or impaired bone healing and infections (Rudang et al., 

2012, Sloan et al., 2010, Scolaro et al., 2014, Hess et al., 2018, Kanis et al., 2005). 

However, the mechanisms that underlie the detrimental effects of CS on bone 

homeostasis have been poorly defined. Understanding the mechanisms will allow 

developing treatment strategies to improve bone quality or treat orthopedic patients 

who smoke to enhance the surgical outcome. Thus, we aimed to characterize bone 

homeostasis in orthopedic patients who smoke and establish an in vitro model that 

represents the clinical situation of smokers with impaired bone-forming cell function to 

investigate possible underlying mechanisms and potential treatment strategies. 

 Our study confirms that CS is an accute danger for suffering an infection, 

delayed healing, and revision surgery in comparison to malnutrition and regular alcohol 

consumption in orthopedic patients (Ehnert et al., 2019). Interestingly, a recent report 

revealed a relation between smoking habits and the probability of develop 

complications (Knapik and Bedno, 2018). Unexpectedly, our orthopedic patients who 

smoke were on average 5.4 years younger compared with non-smokers, 

demonstrating the harmful effect of cigarette consume on bone quality, with an 

increasing probability of bone fracture and required joint replacement at younger ages 

(Ehnert et al., 2019). This finding supports the lower bone quality for young smokers 

reported by Rudang et al. (Rudang et al., 2012). 

 In order to better comprehend the molecular mechanisms behind the 

detrimental effect of CS on bone homeostasis, we evaluated the serum expression 

levels of cytokines associated with bone healing and bone cell function on serum 

samples from orthopedic patients classified as heavy smokers, moderate smokers, 

and non-smokers. OPG and RANKL levels were upregulated after surgery in heavy 

smokers; thus, there was no change in the RANKL/OPG ratio. Additionally, there were 

similar levels of TRAP in the blood from heavy smokers and non-smokers after surgery 

(Ehnert et al., 2019). These results demonstrated that in long bone damage, osteoclast 

function is not strongly affected by CS. This finding differs from the reports on oral 

cavity bones (where an increased RANKL/OPG ratio leads to elevated osteoclast 

activity (Behfarnia et al., 2016, Belibasakis and Bostanci, 2012, Ozcaka et al., 2010)). 
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These differences may be because cigarette smoke is in direct contact in the oral cavity 

in comparison with long bones, where the harmful components of cigarette smoke 

reach the bone through the bloodstream. Additionally, RANKL is upregulated after 

orthopedic surgery due to surgery-induced oxidative stress (Kapasa et al., 2017). We 

noted this effect in our study via the upregulation of oxidative stress marker MCP-1. 

Furthermore, the ‘bone bridge’ glycoprotein OPN was upregulated in smokers (Ehnert 

et al., 2019). This protein favors osteoclast attachment to the ECM and resorption 

activity (Bishop et al., 2012). This result is consistent with the induced levels of the 

bone turnover marker C-terminal telopeptide of type I collagen (CTX-1) observed in 

heavy smokers (Ehnert et al., 2019). Thus, we conclude that CS does not negatively 

affect bone-resorbing cell (osteoclast) in orthopedic patients with total joint 

replacement.  

 Our study showed that CS has detrimental effects on osteoblasts. Decreased 

serum levels of AP and the bone formation marker type IC-terminal collagen pro-

peptide (CICP) decidedly associated with the number of cigarettes consumed in a 

dose-related manner (Ehnert et al., 2019). The adverse effects of CS on osteoblast 

function may be due to increased oxidative stress produced by smoking (which was 

previously demonstrated via increased serum MCP-1). 

 Early diagnosis of impaired bone homeostasis is essential to reduce the risk of 

fracture and improve delayed fracture healing in orthopedic patients who smoke. The 

use of bone remodeling markers associated with collagen degradation/formation (CTX-

1 and CICP) should be carefully used and individually evaluated because smokers 

frequently suffer from lung or liver fibrosis (Morse and Rosas, 2014, Oh et al., 2012, 

Corpechot et al., 2012, Zein et al., 2011). These diseases may influence collagen 

synthesis, an outcome that may result in inaccurate diagnosis (Liu et al., 2012, Organ 

et al., 2019). Therefore, the application of bone cell function markers (e.g. AP and 

TRAP) in the blood to identify impaired bone homeostasis in the clinic would be more 

accurate for smokers Additionally, our results showed the immunosuppression status 

of smokers (reduced levels of pro-inflammatory markers IL-1β, IL-6, and TNF-α) 

(Ehnert et al., 2019). This reduction is consistent with the reported risk of infection as 

a complication in smokers compared with non-smokers (Chen et al., 2007, Goncalves 

et al., 2011). Identifying potential treatment strategies and alternatives for smokers that 

improve bone healing and protect bone-forming cells from the deleterious effects of 
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CS, it is essential to understand the role of oxidative stress induced by CS on bone-

forming cells. 

 Given the negative effect of CS on bone-forming cells in orthopedic patients who 

smoke (Ehnert et al., 2019), we employed an in vitro model with human bone marrow 

MSCs immortalized SCP-1 cell line exposure to CSE to investigate the above issue. 

This in vitro model successfully represents the clinic condition, and thus we can 

elucidate the molecular mechanisms involved and develop potential treatment 

strategies for orthopedic patients who smoke to improve bone-forming cells function. 

Our in vitro system confirmed that CSE exposure affected cell viability and delayed 

MSC osteogenic differentiation, denoted by a significant downregulation in early and 

late osteogenic markers (AP activity and matrix formation, respectively (Huang et al., 

2007)) (Sreekumar et al., 2018). In our model, there was increased oxidative stress in 

MSCs exposed to CSE (Sreekumar et al., 2018), a finding that is consistent with our 

cohort orthopedic patients who smoke (Ehnert et al., 2019) and data from other groups 

(Church and Pryor, 1985, Pappas, 2011). 

 Primary cilia are microtubule-based sensory organelles that play an essential 

role during the osteogenic differentiation of osteoprogenitor cells. Several studies have 

demonstrated the leading role of primary cilia in skeletal development – to maintain the 

phenotype of differentiated cells – and have shown a correlation between damaged 

primary cilia and skeletal abnormalities (Temiyasathit and Jacobs, 2010, Xiao et al., 

2008, Tummala et al., 2010). Interestingly, osteoblasts and osteocytes with damaged 

primary cilia present downregulation of osteogenic markers (Delaine-Smith et al., 

2014). A reduced cilia length in the epithelial airway of smokers is associated with 

reduced mucociliary clearance (Leopold et al., 2009). Our results demonstrated that 

CSE exposure reduced the number of ciliated cells as well as the primary cilia length 

on osteoprogenitor cells; these alterations correlated with an increment in free radical. 

Moreover, H2O2-treated cells showed the same primary cilia structure pattern as with 

CSE exposure. Additionally, with a sequential time point experiment and chemical 

disassembly of primary cilia structure (with CH treatment), we demonstrated that 

removed primary cilia was the cause of impaired MSC differentiation to functional 

osteoblast (Sreekumar et al., 2018). 

 At the molecular level, CSE-exposed MSCs showed a decreased gene 

expression of the Hh pathway transcriptional factor Gli2, the downstream protein BMP-

2, and osteogenic master transcriptional factor RUNX2 (Shimoyama et al., 2007, Zhao 
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et al., 2006, Sreekumar et al., 2018). This finding supports the downregulation of BMP-

2 transcript reported by Chassanidis et al. in human periosteum samples from smokers 

(Chassanidis et al., 2012) and Giorgetti et al. during alveolar bone healing in rats 

exposed to cigarette smoke (Giorgetti et al., 2010). It is known that Hh and BMP 

pathways promote MSC osteogenic differentiation and contribute to bone homeostasis 

(Zhao et al., 2006); therefore, their decreased levels in our system support the delayed 

fracture healing observed in smokers. Additionally, RANKL and OPG were 

downregulated in our model (Sreekumar et al., 2018), and thus the RANKL/OPG ratio 

did not change, as previously observed in blood from smokers (Ehnert et al., 2019). 

Consequently, bone-resorbing cell function is not negatively affected by bone-forming 

cells via RANKL pathway in smokers. Thus, we shall be considered that increased 

oxidative stress from smoking may be a leading cause for the damaged primary cilia 

structure and delayed differentiation on bone-forming cells. These dysfunctions impair 

fracture repair in smokers.  

 Resveratrol is a potent antioxidant and anti-inflammatory with protective and 

positive effects on the skeletal system (Alarcon De La Lastra and Villegas, 2005, 

Gülçin, 2010, Jiang et al., 2020, Murgia et al., 2019). We demonstrated that 1 µM 

resveratrol reduced CSE-induced oxidative stress in MSCs (Sreekumar et al., 2018). 

Accordingly, resveratrol protected the primary cilia structure, improved osteogenic 

differentiation (increases AP activity and matrix production), and re-established gene 

expression of osteogenic transcriptional factors and inducers (Gli2, RUNX2, and BMP-

2) on MSCs co-incubated with CSE (Sreekumar et al., 2018). Thus, resveratrol might 

positively affect bone homeostasis in smokers and enhance fracture healing. Our 

results are supported by several studies that have demonstrated the positive effect of 

resveratrol on in vivo and in vitro bone oral cavity models (Franck et al., 2018, Andreou 

et al., 2004, Ribeiro et al., 2017, Lameira Jr et al., 2018, Şahin et al., 2016). However, 

the use of resveratrol to improve bone formation in smokers with delayed fracture 

healing cannot be easily implemented via dietary intake. Although we used a 

physiological resveratrol concentration in our study, it is not reachable in the human 

system without causing toxicity (Zunino and Storms, 2015). Indeed, a daily intake of 

approximately 8 kg of grapes or 20 L of red vine would be required to achieve this 

concentration. However, oral supplementation with 13 mg resveratrol pill provides the 

blood plasma concentration used in the study. 
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 Our results provide evidence that protection and restoration of primary cilia 

arrange from the harmful impact of CSE improve osteogenesis (Aspera-Werz et al., 

2018). Treatment strategies that protect this essential organelle and detect and 

translate signals into an appropriate response are promising alternatives to improve 

bone cells respone to external clues (e.g. mechanical stimulation, pulsed 

electromagnetic field, etc.). These strategies should enhance osteogenic 

differentiation and function and, hence, contribute to bone homeostasis. 

 While it is known that more than 150 of the 6500 molecular compounds 

contained in cigarette smoke from tobacco combustion are toxic (Rothem et al., 2009, 

Pappas, 2011), the exact compounds that induce oxidative stress and impair 

osteogenesis of osteoprogenitor cells remain unknown. According to reports, the 

osteosarcoma cell line Saos-2 treated with nicotine enlarge oxidative stress, a 

phenomenon that leads to apoptosis (Marinucci et al., 2018). Additionally, nicotine 

exposure decreases matrix formation by this cell type (Tanaka et al., 2005a). 

Nevertheless, another study indicated that nicotine upregulates bone marrow stromal 

cell osteogenic activity (Daffner et al., 2012). In line with this result, our system – 

treated with nicotine blood concentrations its primary metabolite (cotinine) that are 

found in smokers – neither induced nor affected MSC osteogenic differentiation 

(Aspera-Werz et al., 2018). These controversial findings regarding the role of nicotine 

on osteogenic differentiation can be explained by the concentrations used in the 

studies: high nicotine concentrations show detrimental effects on bone-forming cells 

and lower concentrations (associated with blood concentrations of nicotine in smokers) 

positively affect the osteogenesis of bone-forming cells. Our study highlights the 

detrimental effect of the molecular compounds originated from tobacco combustion 

(upregulated ·O2
− and reduced total GSH) (Aspera-Werz et al., 2018) on 

osteoprogenitor cell oxidative stress levels. These data lead us to hypothesized that 

homeostasis dysregulation in the antioxidative system may underlie the negative 

compromise osteogenic differentiation of MSCs chronically treated with CSE (Bai et 

al., 2004, Lee et al., 2006, Romagnoli et al., 2013, Aspera-Werz et al., 2018).  

 Based on the above findings, we examined the effect of co-incubation with NAC 

(1 mM), as a precursor for GSH, or L-ascorbate (200 µM), due to its free radical 

scavenger properties and the lower levels present in the blood of smokers (Kelly, 2003, 

Smith and Hodges, 1987), as a treatment strategy to enhance osteogenic 

differentiation of MSCs exposed to CSE. NAC and L-ascorbate reversed the CSE-
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mediated detrimental effect on MSC osteogenic differentiation (reduced ROS, 

reestablished primary cilia structure, increased AP activity, and matrix formation) 

(Aspera-Werz et al., 2018). Interestingly, the addition of NAC and L-ascorbate neither 

induced the antioxidant signaling pathway via its transcription factor phospho-Nrf2 nor 

augmented the expression of antioxidative enzymes (SOD-1 and catalase) compared 

with CSE treatment (Aspera-Werz et al., 2018). Our findings are consistent with several 

studies that have also shown the beneficial effect of NAC and L-ascorbate on 

osteogenic differentiation and bone formation (Yamada et al., 2013, Ji et al., 2011, Jun 

et al., 2008, Ganta et al., 1997, Alcain and Buron, 1994, Aspera-Werz et al., 2018). 

Lee et al. demonstrated the protective effect of NAC on MC3T3-E1 cells treated with 

H2O2 (Lee et al., 2015) and Takamizawa et al. demonstrated that L-ascorbate 

enhances osteogenesis of MG-63 osteosarcoma cells (Takamizawa et al., 2004). 

 In contrast to resveratrol, the L-ascorbate and NAC concentrations that 

promoted beneficial effects in our system are unobtainable in the blood plasma by oral 

supplementation. The peak plasma level of 200 µM L-ascorbate occurs with oral intake 

of 3 g L-ascorbate every 4 hours (Padayatty et al., 2004). For NAC, the mean peak 

plasma concentration of 15 µM occurs after 600 mg administrated orally (Borgstrom et 

al., 1986). Nevertheless, intravenous administration of L-ascorbate or NAC may be 

considered as a possible treatment for smokers during the fracture healing process 

because this modality achieves plasma concentrations up to 800 µM for L-ascorbate 

(Padayatty et al., 2004) and 121 µM for NAC (Olsson et al., 1988). While our study 

demonstrated that co-incubation with CSE and antioxidant positively correlated with 

enhanced MSCs differentiation to bone-forming cells compared to cells treated with 

CSE alone. Therefore, the use of antioxidants in the clinic as a promising treatment for 

orthopedic patients should be limited to smokers due to prooxidative effects of 

antioxidants in non-smokers with physiological ROS levels. Additionally, our system 

reacts adequately to the oxidative stress stimuli, given that CSE induced the Nrf2 

antioxidant signaling pathway (releasing Nrf2 for phosphorylation and nuclear 

translocation) an antioxidative enzyme synthesis (SOD-1 and catalase) (Aspera-Werz 

et al., 2018). However, the trigger of the antioxidative signaling pathway may not be 

sufficient or fail to reverse the inhibitory role of CSE-induced oxidative stress on MSCs. 

 Although our data revealed that nicotine and cotinine did not directly increase 

free radical productions by osteoprogenitor cells, these substances showed inhibitory 

effects on SOD and catalase activities (Aspera-Werz et al., 2018). These results are 
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supported by the lower enzymatic activity of antioxidant enzymes found by Raddam et 

al. in smokers’ blood (Raddam et al., 2017). Furthermore, nicotine and cotinine also 

inhibited GR enzymatic activity, interfering with GSH recycling and reducing the total 

GSH level (Aspera-Werz et al., 2018). Thus, nicotine and cotinine partially contribute 

to the elevated oxidative stress and the adverse effects observed on MSC primary cilia 

structure and osteogenic differentiation following CSE treatment. 

 Quitting smoking is the most effective method to alleviate the adverse effect of 

cigarette smoke on human health (Mills et al., 2011). However, many smokers cannot, 

wish not to, or fail to quit (Malarcher et al., 2011). In the past, several smoke-less 

nicotine substitute products have been assessed as an alternative to smoking 

conventional cigarettes (e.g. nicotine mouth or nasal spray, transdermal patch, gum or 

lozenge) (Aspera-Werz et al., 2020). Unfortunately, these therapies fail in most 

smokers due to a lack of the smoking ritual. Consequently, new technologies are based 

on preserving the smoking ritual while providing less harmful constituents and 

maintaining the same nicotine levels found in conventional cigarettes. To achieve this 

goal, the new technologies have concentrated on developing electronic nicotine 

delivery systems (e.g. e-cigarette, tobacco heating systems [THS]) that avoid tobacco 

burning and consequently minimize the production of unhealthy compounds formed in 

mainstream cigarette smoke (Aspera-Werz et al., 2020). E-cigarettes are heating 

device that vaporize a liquid solution (based on propylene glycol, glycerin, flavors, and 

nicotine [optional]). The resulting aerosol is inhaled. THS are designed for 

electronically heating rolled tobacco leaves (Heat-stick) up to 350°C in place of igniting 

or burning (to prevent tobacco combustion, generation of ashes and release of toxic 

compounds) (Aspera-Werz et al., 2020). Interestingly, a current study from our group 

showed that e-cigarette aerosol does not affect bone morphology, structure, and 

strength compared with CS in a mouse model exposed to these compounds for 6 

months (Reumann et al., 2020). Additionally, we demonstrated that MSC and human 

osteoblast exposure to aqueous extract from THS showed less impact on cell viability 

and function, primary cilia structure, and oxidative stress levels compared with CSE 

(Aspera-Werz et al., 2020). 

 The fact that MSC differentiation to functional bone-forming cells was not 

directly influenced by nicotine and cotinine led us to supposition that smoke-less 

nicotine substitute products (with alternatives that administer nicotine such as sprays, 

patches, gums, e-cigarettes, or THS) may be a promising alternative to maintain 
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appropriate bone homeostasis and, consequently, reduce fracture risk and prevent or 

delay secondary osteoporosis in smokers (Aspera-Werz et al., 2020). Nonetheless, 

nicotine and cotinine inhibit the antioxidative cell system function and after trauma or 

orthopedic surgery, oxidative stress levels rice. These findings critically challenge the 

supposition that nicotine substitute products are a more propitious replacement for 

cigarette consume in orthopedic patients (Aspera-Werz et al., 2018). 

 Until now, we focused on the role of CS and the molecular compounds from 

tobacco combustion on MSC osteogenic differentiation. However, through fracture 

repair of long bone, chondrocytes play a vital role. MSCs invade the fracture 

hematoma, condense, and give rise to functional chondrocytes that synthesize the soft 

callus, which will be substituted with mineralized tissue by osteoblast via 

intramembranous or endochondral ossification (Goldhahn et al., 2012, Dangelo et al., 

2001, Einhorn and Gerstenfeld, 2015). In skeletal tissue, TGF-β1 is among the 

principal and abundant cytokines that modulates the migration, behavior, and function 

of MSCs, chondrocytes, osteoblasts. Consequently, this protein influences 

endochondral ossification during fracture healing (Dallas et al., 2005, Harris et al., 

1994, Ignotz and Massague, 1987, Robey et al., 1987, Noda and Camilliere, 1989, 

Ehnert et al., 2018, Tang et al., 2009, Xia et al., 2017, Ehnert et al., 2017b, Poniatowski 

et al., 2015). Through the inflammatory phase of the fracture healing, the TGF-β 

concentration increases; this signal acts as a chemoattractant for MSCs to migrate to 

the fracture hematoma. Interesting, Moghaddam et al. and Zimmerman et al. 

demonstrated that smokers and patients with delayed fracture healing present lower 

TGF-β concentrations in their serum (Moghaddam et al., 2010, Zimmermann et al., 

2005). 

 In addition to reducing serum TGF-β levels, our study revealed that CS inhibited 

TGF-β canonical signaling by demolishing primary cilia, the key organelle involved in 

the signaling pathway in MSCs. There was a similar outcome with chemical removal 

of primary cilia with CH. These findings support the core function of the primary cilia 

integrity on TGF-β signaling (Aspera-Werz et al., 2019). However, CSE did not 

completely abolish TGF-β signaling; thus, there are receptors localized in the cell 

membrane that can propagate the signal. Nevertheless, receptors in primary cilia are 

unable to contribute to activation of the pathway. Additionally, as previously shown, 

resveratrol-mediated protection of primary cilia integrity enhanced CSE-impair TGF-β 

signaling pathway. The analysis of canonical TGF-β signaling downstream regulators 
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and cofactors revealed reduced protein synthesis and activation of phospho-Smad2, 

phospho-Smad3, and Smad4 upon CSE influence (Aspera-Werz et al., 2019). 

Interestingly, recombinant TGF-β1 treatment had a more pronounced effect on 

phospho-Smad2 expression; thus, Smad2 is more affected by CSE compared with 

Smad3 (Aspera-Werz et al., 2019). Therefore, the detrimental effects of CS on TGF-β 

signaling are more pronounced because the function of Smad2 cannot be 

compensated or rescued by Smad3. This fact was demonstrated in vivo with Smad2 

deficient mice that result in early embryonic lethality; however, Smad3 knockout mice 

are viable and fertile (Brown et al., 2007). Additionally, as a consequence of CSE-

reduced Smad4 synthesis, less cofactor is available to form the active complex 

(binding to phosphorylated Smads), and subsequently could not translocate to the 

nucleus and activate the transcription of target genes (Aspera-Werz et al., 2019). 

Moreover, under smoking conditions, Smad4 will not be available to interact with the 

transcriptional factors Runx2 and AP-1 (c-Fos/JunD), and thus MSC osteogenic 

differentiation is delayed (Lai and Cheng, 2002). 

 Our study also demonstrated that cigarette smoke impaired nuclear import of 

phospho-Smad3/4 complex contributes to impair TGF-β signaling (Aspera-Werz et al., 

2019). The nuclear translocation system of the cells could not compensate the 

deficiency of phospho-Smads. Moreover, our results proved that the negative CSE 

effect on TGF-β signaling was not related to inhibition of the ligand-receptor interaction 

since a ligand-independent trigger of TGF-β receptor type I (ALK5) did not compensate 

the down regulation of phospho-Smad2 caused by CSE (Aspera-Werz et al., 2019). 

Thus, our results suggest that cigarette smoke may lead to inappropriate TGF-β 

signaling through nonfunctional primary cilia (Aspera-Werz et al., 2019). Therefore, 

internalization of the ligand-receptor assemblage could fail at the base of the primary 

cilia (pocket) under primary cilia ablation (Clement et al., 2013). Thus, we suggest that 

CSE negatively influences the endocytosis of the activated complex through 

dysfunctional primary cilia. Consequently, a lack of ligand–receptor endocytosis 

directly affects the interaction of ALK5 with cofactors like Smad anchor for receptor 

activation (SARA), which improves the interaction of Smad mediators and enhances 

their activation (Hill, 2009). Overall, cigarette smoke may either inhibit the kinase 

function of the ALK5 or interfere with the binding of cofactors and affect the activation 

of Smad mediators. However, further studies should be performed to evaluate the 
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direct effect of CS on clathrin-dependent endocytosis, TGF-β receptor type I 

serine/threonine kinase activity, and interaction with cofactors. 

 In our model, CSE exposure destroyed the primary cilia structure and impaired 

TGF-β signaling (Aspera-Werz et al., 2019). Given that the primary cilium is supposed 

to coordinate cell migration via TGF-β signaling, CSE reduced MSC migration (Aspera-

Werz et al., 2019), consistent with findings from Wahl and colleagues (Wahl et al., 

2016). Moreover, migration-related disorders are linked to deterioration and loss of the 

primary cilia structure and function (Veland et al., 2014). Interestingly, induction of 

TGF-β signaling with human recombinant TGF-β1 treatment enhanced MSC migration 

exposure to CSE. However, human recombinant TGF-β1 treatment did not improve 

the detrimental effect of CSE on MSC proliferation (Aspera-Werz et al., 2019). Thus, 

we suggest that direct topical application of human recombinant TGF-β1 may promote 

MSC infiltration into the area of bone injury, but the appropriate proliferation will be 

jeopardized in orthopedic patients who smoke (Aspera-Werz et al., 2019). Moreover, 

human recombinant TGF-β1 induces early and inhibits late MSC osteogenic 

differentiation (Alliston et al., 2001, Maeda et al., 2004). Therefore, to enhance fracture 

healing in smokers, the use of human recombinant TGF-β is challenged. 

 To identify the role of CS on MSC chondrogenic differentiation through TGF-β 

signaling mediated by primary cilia, we evaluated the expression of chondrogenic 

markers on MSC differentiated with TGF-β1 in combination with CSE primary cilia 

disruption. As expected, CSE downregulated COL2A1 (encodes a major ECM protein 

in cartilage) expression, which is normally induced by TGF-β signaling. This finding 

suggests that there is weak cartilage synthesis in CSE-treated chondrocytes. 

Additionally, COLXA1 (encodes a hypertrophic chondrocyte marker) as well as SOX9 

(encodes a transcription factor that activates early chondrogenic genes) were 

upregulated after CSE treatment. These changes indicate impaired MSC chondrogenic 

differentiation with CSE primary cilia disruption (Aspera-Werz et al., 2019). In line with 

these data, it was also reported that CSE induces downregulation of COL2A1 and 

upregulation of SOX9 transcript levels in human adipose-derived MSCs (Wahl et al., 

2016). Moreover, in vitro cell culture of human periodontal ligament-derived stem cells 

from smokers showed reduced glycosaminoglycan (evaluated by alcian blue staining) 

deposition in comparison to non-smokers (Ng et al., 2015). Deren and colleges also 

demonstrated the close association between primary cilia structure and chondrogenic 

profile (Deren et al., 2016). In that study, biological (small interfering RNA technology) 
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and pharmacological (CH treatment) disruption of primary cilia downregulated 

COL2A1, COLXA1, and BMP-2 transcript levels in chondrocytes. Nevertheless, only 

COLXA1 was reduced in hypertrophic chondrocytes with truncated primary cilia. 

Moreover, mechanical induction could not reestablish the gene expression due to lack 

of primary cilia structure, likely because primary cilia in chondrocytes have multiple 

functions. Indeed, primary cilia disruption affects the expression of more chondrogenic 

marker genes in comparison with hypertrophic chondrocytes (Deren et al., 2016). 

Unexpectedly, our results showed increased ACAN (encodes a major proteoglycan in 

cartilage ECM) transcript levels in MSCs under chondrogenic differentiation with CSE 

(Aspera-Werz et al., 2019). Interestingly, Mwale et al. challenged the use of ACAN as 

a chondrogenic marker due to its constitutive expression in MSCs (Mwale et al., 2006). 

Moreover, ACAN upregulation positively correlates with chondroid cells accumulation 

in response to tendon damage (Bell et al., 2013). Interestingly, there was a similar 

gene expression profile in MSCs that underwent chondrogenic differentiation with 

primary cilia disrupted by CH treatment (Aspera-Werz et al., 2019). Thus, we 

demonstrated that impaired primary cilia structure due to CSE or CH treatment 

disrupted TGF-β signaling propagation and the expression of target genes.  

 Smad4 deficiency may partly explain the impaired MSC chondrogenesis during 

CSE exposure: a lack of Smad4 in chondrocytes negatively affects proliferation, 

increases cell apoptosis, and induces a hypertrophic phenotype (Labour et al., 2016). 

Similarly, Smad4 abrogation in mouse cartilage impairs cell grow, activates 

programmed cell death, and promotes hypertrophic differentiation, all of which lead to 

a disorganized growth plate (Zhang et al., 2005). 

 The observations that harm primary cilia organization via CSE induced oxidative 

stress, negatively impacted TGF-β signaling propagation, and impaired MSC 

chondrogenic differentiation relatively explains that smokers with delayed fracture 

repair experience perturbed endochondral ossification (Aspera-Werz et al., 2019). In 

addition to the preservation of the primary cilia integrity from CSE-induced ROS, 

therapies that reestablish Smad dependent (canonical) TGF-β signaling or induce non-

canonical Smads activation, such as riluzole that induces Smad2/3 phosphorylation 

via glycogen synthase kinase-3 activation (Abushahba et al., 2012), may represent 

treatment strategies to reestablish TGF-β signaling and enhance or improve delayed 

fracture repair in smokers (Aspera-Werz et al., 2019). 
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 Given that human recombinant TGF-β1 improves MSC migration and enhanced 

early stages of endochondral ossification under CSE exposure, direct topical 

administration of TGF-β1 may improve the early stages of endochondral ossification 

during the reparative phase of fracture repair in smokers (Aspera-Werz et al., 2019). 

When using this treatment, some additional factors should be considered. Systemic 

administration of TGF-β1 is uncomplicated; however, undesired side effects will 

develop in other tissues due to its wide distribution. Therefore, direct topical application 

is strongly suggested. Moreover, the active TGF-β1 half-life is about 2–3 min 

(Wakefield et al., 1990). Thus, fusion of the cytokine with longer-lived proteins (e.g. 

albumin) or conjugation with high molecular weight polymers should be considered to 

increase stability and reduce clearance, respectively. Furthermore, TGF-β1 enhances 

MSC proliferation and early osteogenic differentiation; however, late osteogenic 

differentiation is inhibited and, consequently, appropriate bone formation is affected 

(Alliston et al., 2001, Maeda et al., 2004). Nevertheless, in smoking context the 

application of TGF-β1 will not positively influence osteoprogenitor cells grow and 

differentiation to functional chondrocytes as a consequence of inhibition in the TGF-β 

signaling demonstrated in our study. So, these factors challenge the implementation 

of human recombinant TGF-β1 as a treatment strategy to support bone healing in 

smokers orthopedic patients. (Aspera-Werz et al., 2019). 

 In summary, our study supports the hypothesis that increased oxidative stress 

due to compounds from tobacco combustion disrupt primary cilia and hence lead in 

impaired osteoprogenitor cell differentiation. Our data suggest an imbalance between 

bone-forming and bone-resorbing cells in smokers. We showed several effects of 

cigarette smoke on MSC osteogenic differentiation as well as chondrogenic 

differentiation, including alterations in cell function and oxidative stress levels, 

dysregulation of central signaling pathways, and changes in the expression of proteins 

or target genes. More precisely, in smokers a functional primary cilium in a bone cell 

seems to be essential for appropriate bone homeostasis and fracture healing. 

However, to evaluate potential treatment strategies for orthopedic patients who smoke, 

we must elucidate the role of CS on other cell types that are also involved in bone 

homeostasis and fracture healing. Thus, bone-resorbing cells (osteoclasts), 

osteocytes, immune cells, and/or endothelial cells should be added to our system to 

better represent the fracture healing phases. 
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5. Outlook 

 

Several advances have been made in this study regarding the mechanisms involved 

in delayed fracture healing in orthopedic patients who smoke. However, there are still 

several challenges that should be addressed with the aim of developing treatment 

strategies to improve fracture healing in smokers. 

 We demonstrated an immunosuppressed status in heavy smokers (Ehnert et 

al., 2019), and previous studies have indicated that the communication and interaction 

between immune cells and bone cells is crucial for appropriate bone remodeling and 

repair (Mori et al., 2013, Ponzetti and Rucci, 2019). Therefore, explore the influence of 

cigarette smoke on immune cell function and its interaction with MSCs in the frame of 

the inflammatory phase during fracture healing is mandatory to improve the initial 

phases of fracture repair in smokers. Besides, develop therapies that enhance the 

immune system response may prevent further complications (e.g. infections) that are 

frequently associated with orthopedic surgery in smokers. 

 Our system only included MSCs under osteogenic or chondrogenic 

differentiation with cigarette smoke exposure. This system represents, in part, 

endochondral ossification in the reparative and remodeling phases. During these 

phases, osteoclasts also play also an important role. Therefore, co-culture systems 

that represent the interaction between bone-forming and bone-resorbing cells might 

be useful for screening the effects of CS as well as antioxidants, TGF-β, or other 

treatment strategies. The interplay, mediated via paracrine and systemic factors, and 

function of bone cells may be analyzed with an in vitro model that better represents 

human bone metabolism.  

 There is growing evidence that bone cells interact with the bone matrix, which 

also regulates bone cell functions (Green et al., 1995, Florencio-Silva et al., 2015). 

Additionally, culture in a three-dimensional structure provides a close resemblance to 

the in vivo environment of bone cells. Therefore, evaluating the effects of potential 

treatment strategies for smokers on a three-dimensional structure co-culture could be 

performed with the use of scaffolds. Scaffolds should represent a structure and 

composition that is similar to bone matrix. Additionally, this three-dimensional system 

may be coupled to another tissue representing the function of different organs to 

closely mimic human physiology. For example, paracrine cross-talk between different 
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organs may be assayed and potential toxicity or side effects of the additional 

metabolites form CS on bone cells could be investigated. However, one should 

consider that the addition of complexity to the model increases the limitation regarding 

functional test that could be achieved. 

 Nicotine replacement therapies seem to be a promising alternative for smokers 

because they do not directly affect bone homeostasis (Reumann et al., 2020). 

Nevertheless, it is necessary to evaluate the outcome of nicotine replacement 

therapies on bone cells (co-culture osteoblast/osteoclast) under stress conditions, 

such as those generated after a trauma (e.g. increased oxidative stress by fracture or 

orthopedic surgery). Additionally, little is known regarding the role of CS on osteocytes. 

Osteocytes are the furthermost numerous cell type in bone (Johannesdottir and 

Bouxsein, 2018). They regulate the remodeling of surrounding matrix and thus 

modulate the production of factors that can recruit or suppress osteoclasts/osteoblasts 

(Nakashima et al., 2011, Poole et al., 2005, Standal et al., 2014). It would be attractive 

to analyze changes in the production pattern of osteocyte factors under smoking 

conditions and how this influences bone homeostasis.  

 It remains unknown whether enhancing MSC osteogenic differentiation through 

protection of primary cilia structure with antioxidant treatment would also improve bone 

healing in orthopedic patients who smoke. Consequently, a clinical trial to assess the 

outcome of smokers follow antioxidant treatment is needed. 

 Given that a limited blood supply to the fracture site is an additional aggravating 

condition in smokers due to harmful effects of CS on vascular tissue, vascularization 

to the fracture site must be improved. Therefore, it would be interesting to incorporate 

endothelial cells in our model in order to analyze strategies to improve vessel formation 

and, consequently, nutrient and oxygen supply to the fracture site. 
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6. Summary 

 

Since 1976, several studies have demonstrated the correlation between cigarette 

smoking, reduced bone mass, and impaired fracture healing. Cigarette smoking can 

affect bone homeostasis directly through harmful effects in bone-forming and bone-

resorbing cells or indirectly via disturbed hormonal and immune responses. Following 

orthopedic surgery, smokers frequently show an increased complication rate, which 

results in augmented health system costs. As a main risk factor for osteoporosis, the 

underlying mechanisms behind impaired bone remodeling in smokers remain unclear. 

The purpose of this dissertation was to link the delayed fracture healing observed in 

orthopedic patients who smoke with the effects of cigarette smoke–induced oxidative 

stress on primary cilia structure with regard to osteoprogenitor cells signaling and 

differentiation. 

 Our study cohort confirmed cigarette consumption as a hazard for developing 

complications compared to malnutrition and daily alcohol consume. Interestingly, 

smokers were 5.4 years younger compared with non-smokers but with comparable 

levels of comorbidities. Additionally, the complication rate positively correlated with the 

number of cigarette packs consumed per years. Subsequently, smokers' 

hospitalizations were on average 3 days longer compared with non-smokers. Analysis 

of blood plasma levels of bone formation markers showed downregulation in smokers. 

However, bone resorption markers were not affected, and oxidative stress markers 

were upregulated in comparison with non-smokers. Thus, these results support the 

impaired fracture healing observed in orthopedic patients who smoke. Regarding the 

increased complications observed in smokers, blood plasma levels of immune 

modulator cytokines demonstrated an immunosuppressive status for smokers. 

Therefore, cigarette consumption negatively affects bone-forming cell function and 

inhibits the immune response in orthopedic patients. Consequently, investigating 

treatment strategies that stimulate bone-forming cell function, decrease oxidative 

stress, or boost the immune system are mandatory to improve the outcome of smoker 

orthopedic patients. 

 We developed an in vitro system that represents the clinical condition observed 

in smokers to investigate the underlying mechanisms behind the deleterious effects of 

cigarette smoking on bone-forming cells. In addition to delayed MSC osteogenic 

differentiation, cigarette smoke exposure increased oxidative stress and affected the 

https://www.powerthesaurus.org/hospitalization/synonyms
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integrity of the cellular sensor (primary cilia). Interesting, we out results have shown 

that cigarette smoke exposure impairs MSC differentiation to bone forming cells was 

not associated with nicotine as well as its principal metabolite cotinine. As a protective 

approach, resveratrol prevented free radical production, decreased oxidative stress 

levels, preserved the primary cilia integrity, and improved osteogenic differentiation in 

response to cigarette smoke exposure. Accordingly, cigarette smoke–induced 

oxidative stress via impaired primary cilia structure negatively affected osteoprogenitor 

cell osteogenic differentiation and function. Moreover, we demonstrated that cigarette 

smoke–induced oxidative stress by an accumulation of superoxide radicals and 

reduced levels of intracellular glutathione. While nicotine and cotinine did not increase 

oxidative stress, these substances inhibited the function of antioxidative enzymes, 

contributing indirectly to the adverse outcome observed on MSCs by cigarette smoke 

exposure. Furthermore, treatment with N-acetylcysteine and L-ascorbate reversed the 

compromised osteogenic differentiation generated by cigarette smoke via upregulation 

of the cellular antioxidative system and free radical scavenging abilities.  

 TGF-β is a crucial cytokine that promotes osteoprogenitor cell motility, growth, 

and suitable differentiation to the bone injury area. There were lower levels of TGF-β 

in smokers along with orthopedic patients with disturbed fracture repair. Additionally, 

our results demonstrated that the nuclear import of downstream TGF-β signaling 

activated effector complex was negatively affected by cigarette smoke, namely due to 

abrogated primary cilia. Furthermore, the abolition of primary cilia with CH and the 

protection of primary cilia structure with resveratrol supported the link between TGF-β 

signaling and primary cilia. Besides, cigarette smoke-blocking TGF-β signaling 

perturbed osteoprogenitor cell motility, growth, and chondrogenic differentiation. TGF-

β treatment did not improve osteoprogenitor cell proliferation and chondrogenic 

differentiation due to the lack of functional TGF-β signaling. 

 For the first time, we showed the detrimental effects of cigarette smoke–induced 

oxidative stress on the primary cilium structure and associated signaling pathways. 

Antioxidant treatment provided scavenging properties, activated the cellular 

antioxidative defense system, reduced oxidative stress levels, protected primary cilia 

structure, and reestablished TGF-β signaling. Consequently, osteoprogenitor cell 

migration, proliferation, and differentiation are improved. These results suggest that 

preserving the primary cilia structure may represent a therapeutic goal to support the 

reparative and remodeling phase of fracture healing in smokers.  
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7. Zusammenfassung 

 

Seit 1976 haben mehrere Studien den Zusammenhang zwischen Zigarettenrauchen, 

reduzierter Knochenmasse und beeinträchtigter Frakturheilung gezeigt. 

Zigarettenrauchen kann die Knochenhomöostase direkt durch schädliche Wirkungen 

auf knochenbildenden und knochenresorbierenden Zellen oder indirekt durch gestörte 

hormonelle und Immunantworten beeinflussen. Nach orthopädischen Eingriffen 

weisen Raucher häufig eine erhöhte Komplikationsrate auf, was zu erhöhten Kosten 

für das Gesundheitssystem führt. Als ein Hauptrisikofaktor für Osteoporose bleiben die 

zugrundeliegenden Mechanismen eines gestörten Knochenumbaus bei Rauchern 

weiterhin unklar. Ziel dieser Dissertation war es, die beobachtete Verzögerung in der 

Frakturheilung bei orthopädischen Patienten, die rauchen, mit den Auswirkungen von 

durch Zigarettenrauch induziertem oxidativem Stress auf die primäre Zilienstruktur im 

Hinblick auf die Signalübertragung und Differenzierung von Osteoprogenitorzellen in 

Verbindung zu bringen. 

Unsere Studienkohorte bestätigte das Rauchen von Zigaretten ein größerer 

Risikofaktor für die Entwicklung von Komplikationen ist als Unterernährung und 

täglicher Alkoholkonsum. Interessanterweise waren Raucher im Vergleich zu 

Nichtrauchern 5,4 Jahre jünger, zeigten aber vergleichbare Komorbiditäten. Zusätzlich 

korrelierte die Komplikationsrate positiv mit der Anzahl der pro Jahr konsumierten 

Zigarettenschachteln. In der Folge waren die Krankenhausaufenthalte von Rauchern 

im Vergleich zu Nichtrauchern durchschnittlich 3 Tage länger. Die Analyse der 

Blutplasmaspiegel von Knochenbildungsmarkern zeigte eine Herunterregulierung bei 

Rauchern. Knochenresorptionsmarker waren jedoch nicht betroffen, und oxidative 

Stressmarker waren im Vergleich zu Nichtrauchern hochreguliert. Somit zeigen diese 

Ergebnisse die Ursachen für die beeinträchtigte Frakturheilung auf, die bei rauchenden 

orthopädischen Patienten beobachtet wird. In Bezug auf die bei Rauchern 

beobachteten erhöhten Komplikationen weisen die Blutplasmaspiegel von 

immunmodulatorisch wirksamen Zytokinen einen immunsuppressiven Status für 

Raucher auf. Daher beeinflusst der Zigarettenkonsum die knochenbildende 

Zellfunktion negativ und hemmt die Immunantwort bei orthopädischen Patienten. 

Folglich ist die Untersuchung von Behandlungsstrategien, die die knochenbildende 
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Zellfunktion stimulieren, oxidativen Stress verringern oder das Immunsystem stärken, 

obligatorisch, um die Genesung von rauchenden orthopädischen Patienten zu 

verbessern. 

Wir haben ein in vitro-System entwickelt, das den bei Rauchern beobachteten 

klinischen Zustand darstellt, um die zugrundeliegenden Mechanismen zu untersuchen, 

die hinter den schädlichen Auswirkungen des Zigarettenrauchens auf 

knochenbildende Zellen stehen. Zusätzlich zur verzögerten osteogenen 

Differenzierung von MSC erhöhte die Exposition gegenüber Zigarettenrauch den 

oxidativen Stress und beeinträchtigte die Integrität des zellulären Sensors (primäre 

Zilien). Interessanterweise haben wir gezeigt, dass Nikotin und sein primärer Metabolit 

Cotinin die osteogene Differenzierung von MSC nicht direkt beeinflussen. Als 

Behandlungsstrategie, konnten wir zeigen, dass Resveratrol die Produktion freier 

Radikale verringerte, und so die primäre Zilienstruktur schützt was zu einer verstärkten 

osteogenen Differenzierung als Reaktion auf die Exposition gegenüber 

Zigarettenrauch führt. Dementsprechend beeinflusste Zigarettenrauch-induzierter 

oxidativer Stress über eine beeinträchtigte primäre Zilienstruktur die osteogene 

Differenzierung und Funktion der Osteoprogenitorzellen negativ. Darüber hinaus 

haben wir gezeigt, dass Zigarettenrauch oxidativen Stress durch eine Anreicherung 

von Superoxidradikalen und reduzierte intrazelluläre Glutathionspiegel induziert. 

Während Nikotin und Cotinin den oxidativen Stress nicht erhöhten, hemmten diese 

Substanzen die Funktion von antioxidativen Enzymen und trugen indirekt zu den 

schädlichen Wirkungen bei, die durch Zigarettenrauchexposition auf MSCs beobachtet 

wurden. Darüber hinaus kehrte die Behandlung mit N-Acetylcystein und L-Ascorbat 

die durch Zigarettenrauch verursachte beeinträchtigte osteogene Differenzierung 

durch Aktivierung des zellulären Antioxidationssystems und 

Radikalfängereigenschaften um. 

TGF-β ist ein entscheidendes Zytokin, das die Migration, Proliferation und 

angemessene Differenzierung von Osteoprogenitorzellen zur Frakturstelle fördert. Es 

gab niedrigere TGF-β-Spiegel bei Rauchern sowie bei orthopädischen Patienten mit 

verzögerter Frakturheilung. Zusätzlich zeigten unsere Ergebnisse, dass die nukleare 

Translokation von nachgeschalteten TGF-β-Signalmodulatoren durch Zigarettenrauch 

negativ beeinflusst wurde, und zwar aufgrund einer gestörten primären Zilienstruktur. 

Darüber hinaus unterstützten die pharmakologische Störung der primären Zilien mit 

Chloralhydrat sowie der Schutz der primären Zilienstruktur mit Resveratrol die 
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Verbindung zwischen der TGF-β-Signalübertragung und den primären Zilien. 

Außerdem störte die Blockierung der TGF-β-Signalübertragung durch Zigarettenrauch 

die Migration, Proliferation und chondrogene Differenzierung von 

Osteoprogenitorzellen. Die TGF-β; -Behandlung verbesserte die Proliferation von 

Osteoprogenitorzellen und die chondrogene Differenzierung aufgrund des Fehlens 

einer funktionellen TGF-β; -Signalweges nicht. 

Zum ersten Mal zeigten wir die schädlichen Auswirkungen von durch Zigarettenrauch 

induziertem oxidativem Stress auf die primäre Zilienstruktur und die damit 

verbundenen Signalwege. Die antioxidative Behandlung lieferte abfangende 

Eigenschaften, aktivierte das zelluläre antioxidative Abwehrsystem, reduzierte den 

oxidativen Stress, schützte die primäre Zilienstruktur und stellte die TGF-β-

Signalübertragung wieder her. Folglich werden die Migration, Proliferation und 

Differenzierung von Osteoprogenitorzellen verbessert. Diese Ergebnisse legen nahe, 

dass die Erhaltung der primären Zilienstruktur ein therapeutisches Ziel darstellen kann, 

um die Reparatur- und Umbauphase der Frakturheilung bei Rauchern zu unterstützen. 
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