
Taking NO for an answer:  

An investigation on the modulatory effects of the Nitric Oxide pathway on 

Bone Morphogenetic Protein 2 signalling and osteoinductive potential 

Dissertation 
zur Erlangung des akademischen Grades 

doctor rerum naturalium 

(Dr. rer. nat.) 

 

Lebenswissenschaftlichen Fakultät 

der Humboldt-Universität zu Berlin 

von 

Christopher Differ BSc(Hons) MSc 

Präsidentin der Humboldt-Universität zu Berlin 

Prof. Dr.-Ing. Dr. Sabine Kunst 

 

Dekan der Lebenswissenschaftlichen Fakultät 

Prof. Dr. Bernhard Grimm 

 

 

Gutachter/in: 1. Prof. Dr. Britt Wildemann 

  2.  Prof. Dr. Petra Knaus 

  3.  Prof. Dr. Thomas Meyer 

Tag der mündlichen Prüfung: 26/11/2018  



Abstract 

Fracture healing is a complex process, and complications such as non-unions are problems that heavily 

impact on the quality of life of patients. Bone morphogenetic protein 2 (BMP2), belonging to the 

transforming growth factor β (TGFβ) superfamily, has been well known to play a role in bone repair 

and development. BMP2 has gained a licence for use in open tibia fractures, however the initial 

promise of BMP2 in fracture healing faded as the high amounts of BMP2 required for treatments is 

believed to be a factor in reported negative side effects such as: infections, inflammation, as well as 

cancer. It is thought that reducing amounts of BMP2 in clinics would lead to a reduction in these 

negative side effects and improve cost effectiveness; as long as BMP2s potency as a treatment is 

maintained. One approach is in supporting the function of BMP2 through the combination of factors 

that can enhance BMP2s ancillary pathways, particularly via the Smad pathway. As the nitric oxide 

(NO) pathway is shown to have a role in bone fracture healing, the identification of an association with 

the BMP2 pathway provides a promising opportunity for improving BMP2s functionality. This study 

aimed to investigate the relationship of BMP2 and NO pathways, and whether NO can enhance BMP2 

induced signalling and osteogenic abilities in vitro. To achieve this, C2C12 cells stably transfected with 

a BMP2 response reporter (C2C12breluc) were used to determine BMP signalling activity, and alkaline 

phosphatase (ALP) activity as an osteogenic marker. This study demonstrates that NO production via 

the NO synthase (NOS) enzyme, and direct NO addition is capable of enhancing BMP2 signalling and 

improves the BMP2 induced osteogenic activity. The application of inhibitors (ODQ and LY83583) and 

activators (YC-1) of soluble guanylyl cyclase (sGC), confirmed that the NO pathway supports BMP2 

signalling and osteogenic activity. Utilising inhibitors (Dorsomorphin and LDN-193189) of the BMP2 

activated Smad pathway, suggests that NO requires a functional BMP2 pathway to act as a supplement 

of the BMP2 pathway. Interestingly, it was found that BMP2 can induce NO production and 

subsequently increases cGMP production, while reducing the gene expression of members of the NO 

pathway i.e. cGKII and nNOS. Application of a protein kinase A (PKA) inhibitor, H89, demonstrated that 

BMP2 signalling is enhanced by the NO pathway via PKA. Collectively, this study proves the ability for 

the NO pathway to enhance BMP2 signalling and BMP2 induced osteogenic activity.  

  



Zusammenfassung 

Die Frakturheilung ist ein komplexer Prozess, bei dem durch einen gestörten Heilungsprozess 

beispielweise Pseudoarthrosen entstehen können, die einen schwerwiegenden Einfluss auf die 

Lebensqualität von Patienten haben. Das Bone Morphogenetic Protein 2 (BMP2), das zur Superfamilie 

des Transforming Growth Factor β (TGFβ) gehört, spielt hierbei eine wichtige Rolle in der 

Knochenheilung und -entwicklung. In der Klinik wird BMP2 daher bei der Behandlung von 

Frakturheilungsstörungen von langen Röhrenknochen angewendet. Aktuelle Studien zeigen jedoch, 

dass eine hohe Menge an BMP2, die für die Behandlung benötigt wird, zu unerwünschten 

Nebenwirkungen wie Infektionen, Entzündungen und Krebs führen kann. In diesem Zusammenhang 

wird angenommen, dass eine Reduzierung der benötigten BMP2-Menge, bei gleichbleibender 

Wirksamkeit, diese Nebenwirkungen mindern kann und gleichzeitig zu einer Steigerung der 

Kosteneffizienz führt. Ein potentieller Ansatz besteht in der Verbesserung der BMP2-vermittelten 

Signaltransduktion, insbesondere des Smad-Signalwegs, durch Kombination von BMP2 mit 

verschiedenen Faktoren. Da gezeigt wurde, dass der Stickoxid (NO)-vermittelte Signalweg die 

Knochenbruchheilung begünstigt, bietet die Identifizierung eines Zusammenspiels mit dem BMP2-

Weg eine Möglichkeit die BMP2 Wirkung für Patienten zu verbessern.  

Ziel dieser Arbeit war es, das Zusammenspiel von BMP2 und NO-Signalwegen zu untersuchen und 

aufzuzeigen, ob NO die BMP2-induzierte Signaltransduktion und osteogene Differenzierung in in vitro-

Modellen verstärken kann. Hierzu wurde die murine Myoblastenzelllinie C2C12 verwendet, die stabil 

mit einem BMP2-Reporterkonstrukt (C2C12breluc) transfiziert wurde, um die BMP-Signalaktivität zu 

analysieren. Als osteogener Marker wurde die Aktivität der alkalischen Phosphatase (ALP) gemessen. 

Es zeigte sich, dass eine NO-Synthase (NOS) vermittelte NO-Produktion sowie die direkte Applikation 

von NO-Donoren zu einer Verstärkung des BMP2 Signalwegs und einer BMP2-induzierten osteogenen 

Aktivität führt. Die Stimulation der C2C12 Zelllinie mit Inhibitoren (ODQ und LY83583) und Aktivatoren 

(YC-1) des NO-Rezeptors, der löslichen Guanylylcyclase (sGC), bestätigte, dass der NO-Signalweg die 

BMP2-vermittelte Signaltransduktion und osteogene Aktivität unterstützt. Eine gezielte Inhibition des 

BMP2-aktivierten Smad-Signalweges mittels Dorsomorphin und LDN-193189 legt nahe, dass NO einen 

funktionellen BMP2-Signalweg benötigt, um intrazelluläre Signalkaskaden zu verstärken. Des 

Weiteren induzierte BMP2 die NO-Produktion, führte zu einer Erhöhung der cGMP-Produktion und 

verringert die Expression von Genen des NO-Signalwegs (u.a. CGKII und nNOS). Die Anwendung des 

Proteinkinase-A (PKA) Inhibitors H89 zeigte, dass die BMP2-Wirkung durch den NO-Signalweg via PKA 

verstärkt wird. Zusammenfassend konnte gezeigt werde, dass der NO-Signalweg die BMP2-

Signaltransduktion und die BMP2-induzierte osteogene Aktivität verbessern kann.  
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1 Introduction 
1.1 Bone  

 Function and structure of bone  
Bone is the rigid organ of the body that comes in a diversity of shapes and sizes, and its resistance to 

compressive forces provides attributes needed to fulfil many important roles. Bone provides a 

valuable protection for soft tissues and organs, and as an attachment point for tendons and ligaments, 

and the formation of joints. The calcium and phosphate-based salts (e.g. hydroxyapatite, 

Ca10(PO4)6(OH)2) contribute to the mineral elements of the bone superstructure, but also acts as a 

reservoir for these minerals (Martini 2004; Bilezikian 2002; Song 2017). An additional reservoir in 

regions of “yellow marrow” provide stores of lipids. These reservoirs are required for the maintenance 

of body homeostasis (Martini 2004; Bilezikian 2002; Suchacki et al. 2016). The mesenchymal cells in 

this region are capable of moving towards the osteochondrogenic or adipogenic lineage, which the 

latter can increase in presence in animal with a high fat diet, and becoming detrimental to bone 

healing (Ambrosi et al. 2017). The “red marrow” core of bones is a niche in which haematopoietic cells 

develop, which are vital cellular components of blood, i.e. red and white blood cells (Balduino et al. 

2005). 

The structure of bone can be subdivided into two categories. The compact “cortical bone” that is the 

dense shell of bone, and the spongy “trabecular bone” that makes up the bone core (Figure 1) (Martini 

2004; Bilezikian 2002). The dense cortical bone provides: a protective shell, sturdy attachment points 

for soft tissues, and great mechanical strength. The functional subunit of compact bone is the osteon, 

a central canal of blood vessels surrounded by multiple layers of dense extracellular matrix of 

mineralised collagen fibres with osteocytes incorporated within (Webb and Tricker 2000). The 

resulting structure provides greater resistance against forces applied to the osteon. In compact bone, 

the osteons are aligned in the same direction in response to mechanical forces applied to bone (Figure 

1) (Martini 2004; Bilezikian 2002; Bernhard et al. 2013).   

Trabecular bone resides within the shell of cortical bone and is substantially less dense and its 

morphology relies on a network of struts and plates composed of mineralised collagen fibres (Figure 

1) (Zhang et al. 2016; Hamed et al. 2012). The cross-bracing effects of the networked bone can transfer 

and divide applied forces, which provides considerable strength (Huang et al. 2015; Hamed et al. 

2012). The cavities between the mineralised collagen are filled with bone marrow, which is the 

environment of haematopoietic stromal cells (HSC) (Balduino et al. 2005; Calvi and Link 2014) and 

mesenchymal stromal cells (MSCs) (Martini 2004; Bilezikian 2002; Balduino et al. 2005; Cox et al. 

2012).   
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Figure 1: The structure of archetypical bone. The external shell of cortical bone (e.g. the femur), is composed 

of densely packed osteons, formed of blood vessel canal that is surrounded by multiple layers of densely pack 

mineralised collagens and incorporated with osteocytes. The internal trabecular bone is comparatively less 

dense and relies on a network of mineralised collagen fibres. Gaps in the network are filled with bone marrow. 

Adapted from Martini 2004 and achieved with Servier medical art.   

The extracellular matrix is essential to the bone structure, and must be adaptable, resistant to 

significant forces, and provide rigidity. Bone matrix is composed of calcium phosphate salts and 

collagen fibres. The crystals of calcium phosphate (e.g. hydroxyapatite) are very hard and inflexible, 

but brittle. Whereas collagen fibres are very flexible, resists tension (pull), tolerant to twisting, but are 

not very resistant to compressive forces. The combination results in a composite material of calcium 

phosphate  crystals and collagen fibres, produces a matrix that is strong, with a degree of rigidity, but 

with a resistance to shattering, and low in weight (Martini 2004; Bilezikian 2002; Singhal et al. 2014). 

As with all organs, the specialised cellular components play a vital role in the development, 

maintenance, repair and functionality of the bone. There are six cell types that make up bone: MSC, 

osteoblasts, osteocytes, osteoclasts, chondrocytes, and lining cells of the periosteum (Martini 2004; 

Bilezikian 2002).  

MSCs divide to produce daughter cells that will further differentiate into osteoblasts and chondrocytes 

which are essential in the development and repair of bone (Yamaguchi et al. 2000; Knight and 

Hankenson 2013). Through trophic actions, MSCs have a prominent role in bone development and 
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repair, which allows for recruitment of cells, extracellular matrix deposition, and other roles (Prewitz 

et al. 2015; Fu et al. 2017; Kiernan et al. 2016; Seib et al. 2009). MSCs are found within the inner layer 

of the periosteum (Martini 2004; Bilezikian 2002), and intramedullary cavities of long bones (Cox et 

al. 2012).   

Osteoblasts play a role in the production of new bone matrix, also known as osteogenesis. This is a 

trophic role, relying on the release of proteins (e.g. collagen 1, alkaline phosphatase), and other 

organic compounds (e.g. proteoglycans) to form the extra cellular matrix (Bernhard et al. 2013; Kim 

et al. 2010). Once osteoblasts become surrounded by bone matrix, they mature and differentiate into 

osteocytes (Martini 2004; Bilezikian 2002; Blair et al. 2017).   

Osteocytes are the mature bone cells which occupies a pocket sandwiched between layers of the 

lamellae, known as lacunae (Martini 2004; Liu et al. 2017). Osteocytes are connected via canaliculi 

that are channels through the lamellae, thus supplying nutrients and information between cells 

(Nishikawa et al. 2015; Martini 2004). Osteocytes have two key roles: Firstly, osteocytes maintain and 

monitor the protein and mineral content of the surrounding environment and matrix (Divieti Pajevic 

and Krause 2018). This includes the process of degrading (osteolysis) the bony matrix and depositing 

the materials that comprise the bony structures (Wysolmerski 2013; Chen et al. 2015; Alford et al. 

2015). Secondly, It was recently shown that osteocytes released from their lacunae can regress to 

osteoblasts or osteoprogenitor cells, and actively participate in the repair process (Torreggiani et al. 

2013).   

Osteoclasts have unique cellular morphology, being very large, and multi-nucleated and are vital to 

the maintenance and repair of healthy bone. Developing from the same lineage as macrophages and 

monocytes (Katagiri and Takahashi 2002), they secrete proteolytic enzymes (e.g. cathepsin K, (Troen 

2004) and acidify the surrounding environment to dissolve the extracellular matrix (Henriksen et al. 

2006; Rousselle and Heymann 2002). The breakdown and release of materials from the extracellular 

matrix is vital to bone repair and remodelling (e.g. in response to alteration of force applications). The 

release of calcium and phosphate through this process is also utilised to balance their content in body 

fluids (Shaker, Deftos 2000; Martini 2004; Bilezikian 2002).   

The bone lining membrane known as the periosteum is comprised of an outer fibrous layer, and an 

inner osteogenic (cambial) layer (Allen et al. 2004; Roberts et al. 2015). Collectively, the periosteum is 

comprised of a broad range of cell types such as the MSCs, fibroblasts, and various cells of the 

osteogenic lineage (Allen et al. 2004; Roberts et al. 2015; Chang and Knothe Tate 2012). The 

osteogenic layer contains a highly osteogenic collection of cells, however the MSCs within can 

differentiate into chondroblasts which aid in the fracture healing process (Allen et al. 2004; Roberts 

et al. 2015). The highly vascularised nature of the tissue allows for osteoclast to migrate from the 



 

 
4 

 

mesenchymal tissue into bone when required for bone repair and homeostasis (Allen et al. 2004; 

Roberts et al. 2015).  

 Bone remodelling and fracture healing 
Bone continually responds to mechanical forces, neural stimuli, paracrine and endocrine signals which 

define the demands of bone remodelling. Bone remodelling is essentially a balance between bone 

resorption executed by osteoclasts (Teitelbaum 2000; Henriksen et al. 2006); and bone formation 

executed by the activities of osteoblasts, osteocytes and the heterogeneous population of cells 

invading from the periosteum (Bilezikian 2002; Blair et al. 2017; Chen et al. 2015).   

The formation of bone is known as ossification and follows two processes: intramembranous 

ossification or endochondral ossification (Berendsen and Olsen 2015). Intramembranous ossification 

develops from a scaffold of mesenchyme or fibrous connective tissues. This is the mechanism 

employed to form flat dermal bones for example skull and mandible, and trabecular bone, and the 

formation of heterotrophic/ectopic bone (i.e. formation of bone in muscles) (Martini 2004; Percival 

and Richtsmeier 2013). In bone fracture healing, intramembranous ossification occurs when the bone 

fracture ends are aligned and when gaps are less than 500 µM in size (Martini 2004; Bilezikian 2002; 

Lauzon et al. 2012).   

During endochondral ossification bone develops from a cartilaginous scaffold (Martini 2004; 

Berendsen and Olsen 2015). This is the typical mode of ossification in the development of bones, 

starting during natal development and ending with the full development of the adult skeleton. 

Endochondral ossification is employed in fracture healing when there is a lack of rigid fixation (Witt et 

al. 2011; Mackie et al. 2008). Progenitor cells differentiate into chondrocytes and proliferate and go 

onto secrete biological factors (e.g. collagen II and proteoglycans) with which a soft callus is built, fills 

the fracture gap(s), and the chondrocytes enlarge and cease proliferation. As the chondrocytes calcify 

the surrounding matrix they become starved of nutrients which induces apoptosis. This is followed by 

vascularisation, leading to the invasion of osteoblasts and osteoclasts, that in turn remodel the 

calcified collagenous matrix, into new bone (Martini 2004; Mackie et al. 2008). Endochondral 

ossification occurs in the more complex fractures, or larger defects, which are typically lacking 

mechanical stability. The repair process of complex fractures occurs over several stages: 1) 

haematoma, 2) inflammation, 3) callus 4) ossification and 5) remodelling, and is described in Figure 2 

(Lauzon et al. 2012; Ai-Aql et al. 2008).  
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Stages of bone healing  Description 

1) Haematoma 

 

Formation of haematoma in and around 
the fracture gap. Secretion of cytokines, 

recruitment of immune cells and 
differentiation of MSCs in fracture gap. 

2) Inflammation 

 

3) Callus 

 

The formation of fibrovascular tissue 
composed of cartilage and vascularised 

tissue. 

4) Ossification 

 

Invasion of osteoblasts, the resorption of 
cartilage, and formation of woven bone. 

5) Remodelling 

 

Osteoclasts and osteoblasts resorb the 
woven bone and develop lamellar bone 

and trabecular bone. 
Figure 2: Stages of bone fracture healing . Haematoma from blood fills the fracture site, which is necessary to 

form a capsule, and provides signals for immune cells and MSCs to invade the fracture sites as part of the 

inflammation process. MSC differentiate into chondrocytes, which provides the cartilaginous soft callus, while 

vascularisation takes place. From the soft callus, differentiated osteoblasts lead to the formation of woven 

bone, that provides a platform for osteoclasts, and osteoblasts to remodel into lamellar and trabecular bone. 

The figure is adapted from Lauzon et al. 2012 and Ai-Aql et al. 2008. 

1.2 Clinical aspects 
The mechanism of bone repair is complex and requires a concert of cells, protein, minerals and 

mechanical forces to be successful (Giannoudis et al. 2007). When these variables are compromised 

during the healing process, bone non-union (pseudoarthrosis), or delayed bone healing can occur. The 

implications for the patient being persistent pain, diminished motility, and decrease in quality of life. 

It is known that severity of the fracture, age and health status (e.g. post-menopause, or diabetes) can 

be risk factors for increases of non-union and delayed healing (Hofbauer et al. 2014; Hernandez et al. 

2012).  

Thus, the clinical approach to prevent and treat delayed bone healing / non-union is a multifaceted 

one (Giannoudis et al. 2015; Einhorn and Gerstenfeld 2015). Consequent clinical approaches follow a 

structure known as the diamond concept, which considers patient status, and treatment approaches 

(Giannoudis et al. 2008) (Figure 3).  
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Figure 3: The diamond concept of fracture 

healing. The diamond concept acts as a guide for 

fracture treatment. It defines the areas of 

consideration of patients’ status, and treatment 

approaches to best prevent and treat 

delayed/non-union fractures. The figure is 

adapted from Giannoudis et al. 2008; 

Moghaddam et al. 2015. Scaffold image modified 

from Witte et al. 2007. BMP2 structure taken 

from RCSB Portein Data (Bank) based on work 

from Scheufler et al. 1999.  Vascularity image 

taken Minkwitz et al. 2015 Mechanical 

environment image adapted from Schmidt-Bleek 

et al. 2015. 

1.3 Bone morphogenetic protein (BMP) 
While Marshall Urist (1965) is typically accredited to the discovery of BMPs, his work in fact 

demonstrated the ability of demineralised bone to induce the formation of novel ectopic bone (in 

muscles) (Urist 1965). While this work provided a valuable and novel insight into the ability of bone 

originated materials (ion, diluted mineral, and protein) to induce ectopic bone formation. Further 

investigations where required to indentify some of these bone originated materials were proteins 

(Sampath and Reddi 1981), and it was even later before the first expression and cloning of BMPs 

(Wozney et al. 1988). BMPs are archetypal growth factors capable of inducing diverse cellular 

responses: proliferation, survival, apoptosis, differentiation, and migration. BMPs have an important 

role in the development of bone and homeostasis (Wu et al. 2016). BMPs are not specifically 

associated with bones, and have roles in other tissue types for example: in tendons (Klatte-Schulz et 

al. 2016), in nerve synapses (Le Xiao et al. 2013) and endothelium cells (Dyer et al. 2014). The 

expression of BMPs across so many tissue and cell types should lead to their referral as “body 

morphogenetic proteins” rather than just “bone morphogenetic proteins” (Wagner et al. 2010). BMPs 

have become clinically relevant (Ali and Brazil 2014), particularly in the orthopaedic discipline, where 

BMP2s become licenced in the treatment of delayed non-union fractures of the long bone (Barcak and 

Beebe 2017).  

 Structure and function 
BMPs are members of the transforming growth factor beta (TGFβ) superfamily. BMPs provide 

approximately 20 members of the more than 60-member TGFβ superfamily. Like all other members 

of the TGFβ family, BMPs share a conserved cysteine knot motif, which is formed from six cysteine 
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residues. This motif also forms several disulphide bridges including an internal disulphide bridge that 

stabilises the protein superstructure (Scheufler et al. 1999). As well this, BMPs share similarities in 

signalling processes, and functionalities that has been fundamental in helping to build the 

understanding of BMP structure and functions (Israel et al. 1996; Carreira et al. 2014b; Knaus and 

Sebald 2001).  

BMPs are produced with the extraneous N-terminal signal pre-peptide to guide protein folding 

(Carreira et al. 2014a; 2014b; Horbelt et al. 2012) and a large pro-domain used to regulate activity 

(Constam and Robertson 1999; Cui et al. 2001). Focusing on BMP2, which has been shown to operate 

as homodimer (Scheufler et al. 1999), however studies utilising heterodimeric BMP2s composed of a 

wild-type BMP2 monomer, in combination with various mutated BMP2 monomers provided valuable 

insights into subststrate residues required for receptor interactions (Knaus and Sebald 2001). Of 

particular importance was highlighting the residues are required for initiation of signalling, and 

demonstrating that both dimers are essential to achieve the maximum signal intensity (Knaus and 

Sebald 2001)(Knaus and Sebald 2001).  

 BMP Receptors and BMP Receptor Function  
BMP2 is one of the best studied member of the BMP family and has garnered significant attention in 

respects to bone fracture healing. Cells respond to BMP2 through binding and activating 

serine/threonine kinase receptors. BMP2 targets a heterogeneous combination of dimeric type-I and 

dimeric type-II BMP receptors, forming hetero-tetrameric receptors. There are seven type-I receptors 

in humans, known as activin-like receptors kinase (ALK) 1-7, which pairs with any of the five type-II 

receptors known as TGFβ-RII, activin receptor type-IIa (ActR-IIa), ActR-IIb, anti-Mullerian hormone 

receptor type-II (AMHR-II), and BMP receptor type-II (BMPRII) (Heldin et al. 1997; Derynck and Zhang 

2003). The relationship between BMP2 and its receptors are very promiscuous, allowing BMP2 to bind 

any combination of type-I and type-II receptors. Furthermore, the affinities BMP2 has for the various 

receptors differ, meaning BMP2 has a greater preference for one receptor over another (Mueller and 

Nickel 2012). This generates a great deal of complexity and redundancy in BMP signalling. BMP2 has 

been shown to bind the type-I receptors: ALK3 (a.k.a BMPRIa) (Koenig et al. 1994; Dijke et al. 1994), 

ALK6 (a.k.a. BMPRIb), and ALK2 (a.k.a ActRI) (Dijke et al. 1994); and the type-II receptors: BMPRII, 

ActRIIa and ActRIIb (Liu et al. 1995). BMP2 tends to bind type-I receptors with greater affinity 

compared to the type-II receptor (Kirsch et al. 2000a).  

Crystal structures studies of homodimeric BMP2 in complex with the high affinity ALK3 receptor, and 

BMPRII illuminated that BMP2 ligands require regions from both monomers to bind the ALK3 (type-I) 

receptor (Kirsch et al. 2000b), whereas only one epitope from one monomer is needed to bind the 

BMPRII receptor (type-II) (Kirsch et al. 2000a).   



 

 
8 

 

The type-I receptor structure contains a glycine and serine rich region (GS-box) that is located between 

the transmembrane and kinase domains. An eight-amino acid loop (L45) is essential to specifying 

interactions with the intracellular signalling components (Feng and Derynck 1997). Valuable insights 

into the structure and function of the type-II receptors came from comparisons between the BMPRII 

naturally occurring long form (BMPRII-LF) and short form (BMPRII-SF) splice variants. The longer C-

terminal cytoplasmic tail of the long form receptor contains valuable binding sites for adapter proteins 

(Liu et al. 1995; Nohno et al. 1995; Rosenzweig et al. 1995). The extra binding allows for interactions 

with additional proteins that lead to an enhancement of signalling processes: CD117, tribbles 3 (Trb-

3), protein kinase A (PKA), cGMP dependent kinase I (cGKI), and protein phosphatase 2 (PP2) 

associations enhance SMAD signalling (Bengtsson et al. 2009; Chan et al. 2007; Hassel et al. 2006; 

Schwappacher et al. 2009; Gangopahyay et al. 2011). This association includes the signalling molecules 

T-complex testis specific protein 1 (Tctex-1), LIM kinase 1 (LIMK1) and c-Jun n-terminal kinase (JNK) 

which modulate the signalling cascades through MAKPH/p38 (Wang et al. 2007; Machado et al. 2003; 

Foletta et al. 2003; Foletta et al. 2004; Lee-Hoeflich et al. 2004). For the majority of cells that have 

been examined to this date, the expression and presence of BMPRII-LF is greater than the BMPRII-SF 

(Foletta et al. 2003).    

The model of BMP receptor activation is somewhat unique, in that it is a heterotetrametric complex 

of two type-I and two type-II receptors (Shi and Massagué 2003). The kinase domain of the type-I 

receptor of BMP is essential to receptor oligomerisation (Nohe et al. 2003). Once BMP2 is bound to 

the receptor complex, the type-II receptor phosphorylates the GS-box of the type-I receptor (Attisano 

et al. 1996; Wieser et al. 1993; Wrana et al. 1994), allowing for the interaction with the signal 

transducer receptor-regulated SMAD (R-Smad, specifically Smad1/5/8 or Smad2/3) (Shi and Massagué 

2003).   

All type-I and type-II receptors can initiate signalling via “BMP-induced signalling complexes” (BISC) or 

“preformed complexes” (PFC). BISCs receptor complexes form when the BMP ligand binds to the type-

I receptor, which go onto recruiting the type-II receptor subsequentily leading to the initiation of 

signalling through the non-SMAD pathway (Sieber et al. 2009; Derynck and Zhang 2003; Allendorph et 

al. 2006; Gilboa et al. 2000). PFCs are pre-assembled receptor complexes, of type-I and type-II 

receptors, which the ligand can bind, and are primarily associated with the activation of SMAD 

pathway (Gilboa et al. 2000).  
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 BMP and SMAD 
The canonical signalling pathway associated with BMPs is the SMAD pathway. The Smad name 

originated from the orthologues found in C. elegans (small - Sma) and Drosophila (mothers against 

Dpp - MAD). The Smad proteins can be divided into three categories depending on their function: (1) 

Receptor-regulated Smad (R-Smad); (2) common mediator Smads (Co-Smad) and (3) Inhibitory Smads 

(I-Smad) (Figure 4) (Murakami et al. 2003; Dai et al. 2010; Hata et al. 1997; Wrana 2000).    

The structure of receptor-regulatory Smads (R-Smads) takes the form of three domains: MH1 and MH2 

separated by a linker domain (Shi and Massagué 2003). The MH1 domain is required for nuclear 

translocation and subsequent DNA binding through its β-hairpin structure (Lo et al. 1998; Kretzschmar 

et al. 1997). Inactive R-Smads are auto-inhibited through MH1 interacting with MH2 (Hata et al. 1997). 

The MH2 domain contains the (17 amino acid) L3 loop that is required for receptor specificity, and 

contains a “basic” pocket required for binding to type-I receptors and N-terminal of R-Smads 

(Massagué et al. 2005; Feng and Derynck 1997; Lo et al. 1998). Activated type-I receptors 

phosphorylate R-Smads “SSXS” motif at the C-terminal of the MH2 domain. In turn, R-Smads will 

heterotrimerise (sometimes homotrimerise), which includes the incorporation of co-Smad4 into the 

complex (Kawabata et al. 1998; Qin et al. 2001; Chacko et al. 2001; Chacko et al. 2004). Co-Smad4 

shares a similar MH1-linker-MH2 structure as the R-Smads, but lacks the C-terminal phosphorylation 

target, and the L3 loop, and is thus unable to bind and respond to receptor activation (Derynck and 

Zhang 2003).  

The linker region between both MH domains is the most divergent region amongst the Smad proteins. 

The linker region is essential to the regulation of Smad activity, including targeting for degradation 

(Zhu et al. 1999; Sangadala et al. 2007; Ying et al. 2003). Smad1 provides a good overview of regulation 

through modification where GSK-3 mediated phosphorylation can target Smad1 for poly-

ubiquitination (Sapkota et al. 2007), and the E3 ligase CHIP can mono- and poly-ubiquitylate the linker 

(Li et al. 2004).  

Further regulation of the R-/Co-Smad mediated signalling is instigated through the I-Smads (Smad-

6/7). Their structure differs from the R-/Co-Smads as the MH1 domain is replaced by an “N-domain”, 

which lacks the features of the M1 domain. However, the MH2 domain maintains a high homology 

with the R-/Co-Smads (Wang et al. 2007). This leads to a competitive mechanism of inhibition, where 

the I-Smads can bind both type-1 receptors and R-Smads, thus precenting activation of R-Smads or 

binding of co-Smad4 respectively (Hata et al. 1997). The I-Smads contain a “PY motif” that allow 

targeting for ubiquitination by Smurf-1/-2, either when binding R-Smads or the type-I receptors 

(Ebisawa et al. 2001; Kavsak et al. 2000). 

 



 

 
10 

 

 BMP2 in the clinic 
The treatment of open fractures is challenging as complications and poor functional outcomes are 

common, and even after treatment 5 to 10% of fractures have non-unions which extends recuperation 

times (Gautschi et al. 2007). The clinical need around fracture treatment is centred on the reduction 

of recovery times, number of complications and instances of infections. All these can be improved by 

reducing recovery time and increasing success rate of the initial surgery. For this reason, the pre-

clinical trials demonstrating the abilities of BMPs to stimulate bone formation provided great promise 

for further clinical trials (Einhorn et al. 2003; Seeherman et al. 2006; Faßbender et al. 2014; Huber et 

 

Figure 4: The BMP mediated SMAD pathway. BMPs bind to the preformed heterotetramer of two type-I and 

type-II receptors, which initiates signal transduction via the Smad pathway. This is mediated through 

phosphorylation of R-Smads(1/5/8), which forms a heterotetramer with co-Smad(4). Following translocation 

to the nucleus, the Smad complex binds to associated promotor region, recruits’ transcription factors (TF) and 

induces gene transcription (e.g. inhibitor of differentiation - ID1). Furthermore, the pathway can be self-

regulated by inhibition through the I-Smad. Abbreviation: BMPRI/II = bone morphogenetic protein receptor 

I/II. Adapted from (Sieber et al. 2009) and (Shore and Kaplan 2010) achieved with Servier medical art.   

Nuclear Membrane 

Cellular Membrane 
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al. 2017).   

The clinical use of BMP2 was approved by the Federal Drug Admistration (FDA) in 2004, allowing 

recombinant human (rh)BMP2 (INFUSE, Medtronic) treating open tibia shaft (Koenig et al. 1994) 

fractures (Gautschi et al. 2007), and licensed in Europe for combination with unreamed nails to treat 

open fractures of the tibia (Alt et al. 2015; McKay et al. 2007). Furthermore, there is substantial off 

label use of BMP2 in orthopaedic surgical interventions (Courvoisier et al. 2014).   

The clinical trial literature has many points to highlight BMP2s ability to improve health outcomes of 

patients with open tibia shaft fracture. Particularly important is the BMP2 Evaluation in Surgery for 

Tibial Trauma (BESTT) trial investigated addition of rhBMP2 to open tibia shaft fractures. In this trial, 

the 450 patients were divided into three groups, a standard care group, and standard care with 0.75 

mg/mL rhBMP2 or with 1.50 mg/mL rhBMP2 (Govender et al. 2002). The treatment of 1.50 mg/mL 

rhBMP2 had significantly reduce healing times, complications, infections, further operations, and 

hardware failures compared to the standard care group, while the lower concentration of 0.75 mg/mL 

rhBMP2 had not significantly improved the treatment of fractures in comparison to the standard care 

group. From this study many clinicians’ point to the high dosage of BMP2 required to induce the 

positive effects in the clinical situation. Follow up studies go onto support the postive effects of 

rhBMP2 on open tibial fractures (Swiontkowski et al. 2006). Additionally, in one small trial where a 

rhBMP2 adjuvant to bone allograft treatments demonstrated beneficial effects, and improved safety 

(Jones et al. 2006) In further studies have also go on to show positive aspects of BMP2 application in 

the clinical treatment of fractures, such as a comparison of BMP2 against BMP7 in treating long bong 

fracture non-unions, demonstrated that BMP2 showed significant improvements of rates of healing, 

time to weight bearing and improved bone growth (radiological imaging) (Conway et al. 2014). While 

another clinical trial of rhBMP2 in the treatment of open tibial fractures did not find a clear 

improvement of patient fractures to control, but did demonstrate rhBMP2 leads to a reduction of 

failure rate in surgical interventions, and thus reduced the need for further clinical interventions (Wei 

et al. 2012).   

It cannot be said that all trials of BMP2 in fracture healing has led to purely positive outcomes for 

patients. A large 369-patient cohort with a closed tibia shaft fractures was terminated six months 

early, and no difference in healing outcomes were noted between the groups, similarly for the 

functional outcomes. However, the treatment groups reported a higher rate of severe complications, 

edema, and deep venous thrombosis compared to the standard treatment. This was a investigation 

of the effects that BMP2 in combination with the standard treatment (fixation by nail) on healing 

outcomes was investigated (Lyon et al. 2013). In another trial consisting of 277 open tibial fracture 

patients receiving rhBMP2 coated or uncoated nails, found no significant differences in the fracture 
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healing rates (Aro et al. 2011). In this trial, it was further noted an (non-significant) increase rate of 

infection in the rhBMP2 group, although the underlining cause of this was not determined (Aro et al. 

2011). While a trial of rhBMP2 treatment of acute open fractures, noted that rhBMP2 had a 

significantly prolonged inflammatory response (wound drainage) compared to the standard treatment 

control, the underlining cause of this extensive inflammatory response was not discovered. The 

authors ventured that the culprit is thought to be a component of the immune system (Chan et al. 

2014).  

Through the clinically licenced and off-label use of BMP2 in fracture treatment a number of negative 

complications have become apparent. This includes the high dose use of BMP2 being linked with 

increased inflammation, and the formation of abnormal bone (Zara et al. 2011). The noted negatives 

in the use of BMP are the increased wound drainage, ectopic bone growth and carcinogenesis (Boraiah 

et al. 2009; Ritting et al. 2012; Chan et al. 2014). The doses of BMP2 needed to treat fractures are high 

and this can lead to excessive bone formation, and in some cases excessive bone resorption as a result 

of activated osteoclasts (Termaat et al. 2005). With current clinical applications of BMP2 being 1000 

times greater than physiological levels, it is not surprising that negative effects such as poor bone 

structure, and excess inflammation became apparent (Termaat et al. 2005; Zara et al. 2011; Stanton 

2012). Especially the Orthopaedic Research Society Forum (Stanton 2012) discussed that the massive 

clinical doses of rhBMP2 compared to normal physiological amounts may prove the underlining issue. 

The circumstances in which BMP2 is being applied clinically, i.e. non-union, open fractures and spinal 

repair, are the notoriously challenging and have a serious complication.   

The greatest concern around the use of rhBMP2 in the clinic, is a possible role in inducing 

carcinogenesis. In a device exemption study of spinal fusion for lumbar degenerative disease, spinal 

fusion with a scaffold containing 40 mg rhBMP2 was compared against iliac crest autologous graft. 

This study found a significant increase in the instances of cancer for the rhBMP2 group (2 years follow 

up found eight instances of cancer, and 5 years found 13 instances) compared to the standard 

treatment group (2 years follow up found two instances of cancer, and 5 years found four instances) 

(Carragee et al. 2013). An evaluation of multiple studies investigating rhBMP2 and rhBMP7 (5 peer-

review studies, and 2 FDA safety investigations) concluded that rhBMP2 is a cancer risk, and the higher 

dosages of rhBMP2 is a likely risk factor (Devine et al. 2012). A meta-analysis of 99 human and animal 

studies directly investigated the relationship of rhBMP2 treatments and instances of cancer. It was 

found that none of the studies within the meta-analysis clearly demonstrated instances of de novo 

cancer formation as a result of rhBMP2 application. However, 43 of the 99 studies did show an 

enhanced formation and activity of tumours in rhBMP2 treatment groups. In contradiction to this, 18 

studies found rhBMP2 led to the suppression of tumour activities (Skovrlj et al. 2015).   
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While there is clear clinical benefit in the orthopaedic application of BMP2 across many clinical and 

preclinical studies there are several issues that have become apparent, and a regularly suggested issue 

is that the high concentration of BMP2 required to aid in bone healing, may also induce negative 

effect. The solution to this issue is the reduction of BMP2 doses applied, but maintenance of healing 

function, which would be achieved by using BMP2 in combination with supporting additional factors 

e.g. NO.   

 BMP and C2C12 cells 
C2C12 are an immortalised murine precursor myoblast cell line, which originated from a sub-clone of 

C2 myoblast cell line (YAFFE and SAXEL 1977; Blau et al. 1985). These adherent cells rapidly proliferate 

and form a flat branching morphology with long protruding fibres. Culturing these cells to a high 

density will differentiate them into myoblast (muscle) cells, through a process known as myogenesis 

(Blau et al. 1985). In a high serum content media, the myoblasts can fuse, which will lead to formation 

of multinucleated myotubes that have been used in the investigation of contractile skeletal muscle 

and cardiac muscle cells (McMahon et al. 1994; Burattini et al. 2004). C2C12 cells have been found to 

be somewhat pluripotent, and can be induced to change from the myogenic lineage to the osteogenic 

lineage (Chalaux et al. 1998; Lee et al. 1999; Katagiri et al. 1994; Sondag et al. 2014; Tanaka et al. 2012; 

Tabisz et al. 2017). This was initially demonstrated by the addition of BMP2, which resulted in a 

reduction of myogenic properties and an increase in osteogenic properties, e.g. alkaline phosphatase 

(Katagiri 1994). However, several other factors have been shown to induce osteogenesis in C2C12 

cells, such as induced expression of the transmembrane glycoprotein osteoactivin led to a 

downregulation of myogenic and increase in osteogenic properties, which were quantified by a 

reduction of MyoD expression and myotube formation, and an increase in alkaline phosphatase 

activity and RunX2 expression increased (Sondag et al. 2014). The seeding of C2C12 cells into a 3D 

culture of bone extracellular matrix enhances osteogenic differentiation (Alom et al. 2018), and the 

osteoinduction of C2C12 cells can also be induced through the application of mechanical stimulation  

(Kim et al. 2009). 

The initial demonstration that BMP2 is able to induce the switch from myogenesis to osteogenesis in 

C2C12 cells (Katagiri 1994), make C2C12 cells a valuable cellular model for the investigation of BMP 

signalling. Follow up investigations underlines this, though demonstrating that the overexpression of 

BMP2 changes C2C12 differentiation from the myogenic into a more osteogenic direction (Nishimura 

et al. 1998; Partridge et al. 2002; Okubo et al. 1999). Several studies have demonstrated that many 

members of the BMP family are capable of inducing osteogenic activity in C2C12 cells. The induced 

expression of BMP3b and the direct application of BMP4, 9, 10, 11 and 14 led to the increase of 

osteogenic activities in C2C12 cells (Kaihara et al. 2003). A investigation which applied “14 members” 
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of the BMP family was able to demonstrate that BMP2, 4, 6, 7, and 9 are best capable of driving 

osteogenesis in C2C12 cells (Cheng et al. 2003), and also highlighted the diverse intensities in the 

response that different BMPs can induce in these cells (Cheng et al. 2003). In a more detailed 

investigation, the application of BMP6 to C2C12 cells was also shown to result in the increase of 

osteogenic features (e.g. alkaline phosphatase), and that BMP6 binds to the ALK2 receptor and other 

BMP type-I receptors leading to phosphorylation and nuclear translocation of Smad1 and Smad5 

(Ebisawa et al. 2001; Fujii et al. 1999). This is in accordance with other results where BMP2 increased 

the activity of Smad1 and Smad5, which then leads to the decrease of myogenesis and the promotion 

of osteogenesis in C2C12 cells (Nishimura et al. 1998; Yamamoto et al. 1997). Many investigations 

have highlighted that the induction of BMP signalling in C2C12 cells leads to a decrease of the 

myogenic marker expression such as, Osteoglycin, MyoD, Msx2; and/or increase the osteogenic 

marker expression, such as, RunX2, Alx5, osterix and osteopontin (Lee et al. 2000; Lee et al. 1999; 

Tanaka et al. 2012; Kim et al. 2004); (Lee et al. 2000; Banerjee et al. 2001; Matsumoto et al. 2013; 

Heining et al. 2011).  

The ability of C2C12 cells to respond to the diversity of BMPs is dependent on their shown expression 

of BMP target receptors (Chan et al. 2007; Wu et al. 1996; Chaikuad et al. 2012; Dijke et al. 1994) and 

Smad signalling components (Bessa et al. 2009; Ebisawa et al. 2001; Fujii et al. 1999). This has made 

C2C12 cells an interesting experimental model for research in BMPs and have been utilised to provide 

insights into the structure and function of BMP receptors. It was shown that the transfection of C2C12 

cells with the constitutively active type-I receptors increased the ALP activity (Fujii et al. 1999), 

whereas transfection with the truncated BMPRI (lacking kinase domain) failed to initiate an osteogenic 

response in BMP2 stimulated C2C12 cells (Namiki et al. 1997). Studies on C2C12 cells demonstrated 

the necessary direct interactions with the Smad proteins and the Runx2 protein to induce osteogenesis 

(Zhang et al 2000). Furthermore, C2C12 cells have been used to demonstrate the ability of BMP2 to 

further enhance the osteoinduction in 3D culture (Tabisz et al. 2017) and that mechanical forces and 

BMP2 act synergistically to increase osteogenic differentiation in C2C12 cells (Kim et al. 2009).   

The application of BMP2 was shown to inhibit myogenesis in C2C12 cells, which was found to parallel 

the results of C2C12 cells which overexpress “inhibitor of differentiation 1” (ID1) (Jen et al. 1992). The 

immediate increase in expression of ID1 and its isoforms ID2 and ID3 after BMP2 application was later 

shown to be a direct relationship (Korchynskyi and Dijke 2002)(Bustos-Valenzuela et al. 2011). The 

later discovery of Smad binding domains within the promotor region of the ID1 gene (Korchynskyi and 

Dijke 2002; Nakahiro et al. 2010) led to the development of a valuable reporter system based on the 

Smad binding domains known as BMP response elements (Bre) which was fused with a Firefly 

luciferase gene (Luc) (Zilberberg et al. 2007; Logeart-Avramoglou et al. 2006). This easy quantification 
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of BMP activity was further improved by the stable transfection of this reporter into C2C12 cells, 

becoming C2C12breluc cells, which enhances the value of this reporter allowing the rapid and easy 

quantification of BMP activities (Herrera and Inman 2009). 

1.4 Nitric oxide  
The contemporaneous identification of Nitric Oxide (NO) as a signalling factor in the cardiovascular 

system led to the elucidation of one of the most interesting pathways in biology (Martin et al. 1986; 

Ignarro et al. 1986). NO is a unique signalling compound, as it is gaseous, hydrophobic, two atoms 

large, and can readily diffuse across membranes. It is an important signalling factor in vertebrates 

(Donald et al. 2015), plants (Parankusam et al. 2017), fungi (Astuti et al. 2016) and bacteria (Spiro 

2006).  

 NO/cGMP Signalling  
NO is produced within cells, and as it can cross membranes readily, it can initiate and support signalling 

in surrounding cells, although it’s short half-life of three to five seconds limits NO induction of 

signalling to the local environment. Unutilised NO will react with oxygen and water to form nitrite and 

nitrate end products. NO can directly affect the activity of proteins by post-translational modification 

of cysteines, where a NO moiety is covalently bound to the thiol group a process known as s-

Nitrosylation (Wolhuter and Eaton 2017; Murphy et al. 2014).    

NO production within the cell is mediated through the NO synthase (NOS) enzyme, of which three 

isoforms exist: endothelial (eNOS), neuronal (nNOS), and induced (iNOS) (Förstermann and Sessa 

2012). The isoforms are typically associated, but not exclusively, with different cell types. eNOS is 

associated with endothelial cells, nNOS with muscle and nerve tissues, and iNOS is favoured by 

macrophages. NOS enzymes produce NO through the conversion of the amino acid L-Arginine to L-

Citrulline by the process of deamination which liberates NO (Figure 5B).     

The NOS enzymes function in the form of a homodimer. Each monomer is composed of three distinct 

domains: a regulatory calmodulin binding domain is flanked by a N-terminal iron containing heme 

domain, and a C-terminal reductase domain which utilises flavin adenine dinucleotide (FAD), Flavin 

mononucleotide (FMN) and Nicotinamide adenine dinucleotide phosphate (NADPH) as co-factors. All 

NOS isoforms cannot function when lacking either of the heme, FMN, FAD, and NADPH cofactors. The 

iNOS isoform can interact with Ras-related C3 botulinum toxin substrate 1 and 2 (Rac1/2) proteins due 

to additional sequence motifs, which allows regulation of subcellular location of the protein 

(Kuncewicz et al. 2001). The nNOS isoform possess an additional “PDZ” domain, required for anchoring 

the nNOS to cell-to-cell junctions of muscles and nerve cells (Figure 5B) (Kone et al. 2003). eNOS and 

nNOS are somewhat constitutively expressed by their favoured cell types, and their NO production is 

regulated by Ca2+ influx and calmodulin, and eNOS activity can also be altered by phosphorylation 
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(Gangopahyay et al. 2011). The expression of iNOS must be induced, typically by cytokines or 

endotoxins (Williams et al. 1994).     

 
Figure 5: The Nitric Oxide (NO) signalling system. (A) The NO/cGMP pathway can commence with conversion 

of L-Arginine to L-Citrulline by the Nitric Oxide Synthase (NOS) enzyme to the activated cGMP-dependent 

kinases (cGK). (B) The schematic diagram of monomeric and dimeric NOS enzyme, including the PDZ domain 

(grey) of the nNOS. The heme containing domain (blue), calmodulin binding region (purple) and the reductase 

domain containing (FNM, FAD, NADPH) co-factors (pink). The chemical conversion of L-Arginine to L-Citrulline 

with the release of NO is given (Stuehr et al. 2005). (C) The schematic diagram of soluble guanylyl cyclase 

(sGC) in its heterodimeric form, with GTP (yellow) bound. The iron (Fe+) containing heme domain, PAS domain 

dimerization domain, and catalyst. The chemical conversion of GTP to cGMP is also provided (Denninger and 

Marletta 1999). (D) The schematic structure of the monomeric and homodimeric forms of cGKI and cGKII. 

Showing dimerisation domain with a leucine zipper and inhibitory region; a cGMP binding domain; and 

ATP/Substrate domain in the C-terminal. The cGKII isoform contains a myristylation domain. Binding of (up 

to) 4 cGMP’s (yellow), resulting auto-phosphorylation (orange), allowing access of the substrate (light yellow) 

to the ATP/substrate domain (Vallur et al. 2014). Achieved with Servier medical art.  

Soluble guanylyl cyclase (sGC), is the NO receptor, which is typically dissolved within the cellular 

cytoplasm. sGC is present within all mammalian cell types, and has various biological associations (e.g. 

platelet aggregation, vasodilation, and neuronal signal transduction).   

sGC functions as a heterodimer of the larger alpha subunit and the smaller beta subunit, α1/β1 is the 

most common combination followed by α1/β2 or α2/β1 (Lucas et al. 2000; Pyriochou and 

Papapetropoulos 2005). Homodimers of sGC α1/α1 and β1/β1 have also been found, however a 

biological function or role has not yet been attributed to them (Zabel et al. 1999). The sGC subunit is 
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composed of three distinct domains. The N-terminal regulatory domain and the C-terminal 

substrate/catalytic domain flank a middle dimerisation domain. The N-terminal domain comprises a 

nitrogen and iron containing heme group, which in the absence of NO, leads to the N-terminal spatially 

interfering with the substrate/catalytic domain. The NO binds to the iron of the heme group, and the 

resulting structural changes free the substrate and catalytic domain from its auto inhibitory binding 

position. This allows the binding of substrate and subsequent catalysis. Dimerisation is essential to the 

catalytic function of sGC, as both subunits are needed to form the catalytic core (Stone and Marletta 

1994; Lucas et al. 2000; Zhou et al. 2004). Once activated, the catalytic domain instigates the 

conversion of guanosine 5’-triphosphate (GTP) to guanosine 3’, 5’-monophosphate (cGMP) and 

pyrophosphate (Figure 5C) (Friebe and Koesling 2003; Koesling et al. 2004; Krumenacker et al. 2004). 

sGC activity can be interrogated by the application of various compounds such as the inhibitors ODQ 

and LY83583 (Garthwaite 1995; Garthwaite and Boulton 1995; Tsuda et al. 2011), or the NO 

independent activator YC-1 (Friebe and Koesling 1998).  

The production and degradation of cGMP is expedient: increasing and degrading within seconds. The 

enzymes that are responsible for the degradation of cGMP are known as phosphodiesterase (PDE). 

PDE is a large family of enzymes, however PDE 1, 2, 5, 6, 9, and 11 are selective for cGMP degradation. 

These isoforms differ in tissue specificities. Interestingly PDEs themselves can become activated by 

cGMP (Omori and Kotera 2007; Kass et al. 2007). The inhibition of cGMP degradation by PDE can be 

achieved by the use of 3-isobutyl-1-methylxanthine (IBMX) which broadly inhibit PDEs (Bergstrand 

1980), or Sildenafil which more specifically targets PDE5 (Wallis 1999).    

cGMP targets are the cyclic nucleotide gated (CNG) cation channels, and cGMP-dependent kinases 

(cGKI/II), the latter is also known as Protein Kinase G (PKGI/II) (Krumenacker et al. 2004). The cGKI/II 

have biological roles with vascular homeostasis, cell permeability, cell survival, proliferation, and 

maintenance of the vascular smooth muscle phenotype. cGKI is the soluble kinase and found within 

the cytoplasm, whereas cGKII is connected with the cell membrane. The tissue specificity of the 

kinases also differs while cGKI is associated with smooth muscle, platelets, neural tissues, 

neuromuscular junction end plates, and kidneys; cGKII is associated with epithelial cells of intestines, 

brain and lung (Krumenacker and Murad 2006; Kuo and Kuo 1976; Butt et al. 1993; Vaandrager et al. 

2005). 

cGKI has two isoforms, cGKIα or cGKIβ, which are splice variants encoded by the same gene. cGKI 

functions as a homodimer, with each monomer composed of three distinct regions: The first region, 

N-terminal auto inhibition/dimerization domain, in which a single residue (Gln63) is auto-inhibitory 

(Yuasa et al. 2000; Osborne et al. 2011), and the isoleucine /leucine zipper mediates the dimerization 

(Casteel et al. 2010; Gonzalez et al. 1996). The second region is the cGMP binding/regulatory domains, 
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where two binding pockets for cGMP are separated by a long α-helix. These binding pockets differ in 

binding efficiencies, but only a single filled pocket is required to become activated (Reed et al. 1996; 

Di Chen et al. 2004). Finally, the C-terminal ATP binding & kinase domain, consists of a phosphate 

binding cassette (PBC) for binding ATP, additional peptide binding sites, motifs that are required for 

nuclear translocation, and the catalytic kinase domain (Figure 5D) (Gudi et al. 1997; Orstavik et al. 

1997; Feil et al. 2005b; Feil et al. 2005a). Once the cGMP can fill either one or both cGMP binding 

pockets, a conformational change in the structure allows for auto-phosphorylation by the kinase, 

which moves the N-terminus away from the catalytic domain (Figure 5D). This allows the kinase 

domain to bind and phosphorylate target peptides (Chu et al. 1998; Wall et al. 2003; Wang and 

Robinson 1997).   

cGKII possess the similar three domain structure as cGKI. Although an additional (myristoylated) motif 

on the N-terminus results in membrane binding (Vaandrager et al. 1996). The order of the two cGMP 

binding pockets is swapped, and in this case, requires both cGMP pockets to be filled to activate the 

kinase (Vaandrager et al. 2005; Vaandrager et al. 1997a; Vaandrager et al. 2005; Gamm et al. 1995). 

The myristoylation of the enzyme has no effect on the enzyme activity. However, it does play a vital 

role in the association with receptors, for example the cystic fibrosis transmembrane receptor (CFTR) 

in water secretion (Vaandrager et al. 2005; Vaandrager et al. 1997b).  

cGKII is associated with chondrocytes in growth plates of bones, and epithelial cells of renal tissues. In 

respects to osteogenic-like activities, cGKII is connected with ossification of endochondral tissues 

(Vaandrager et al. 2005). In mice studies, knock-out of cGKII was shown to result in a “patchy” 

combinations of hypertrophic and non-hypertrophic regions of the growth plate in long bones, and 

subsequent dwarfism (Tsuchida et al. 2008). cGKII is present during the late proliferation and early 

hypertrophic stages of chondrocytes, and is significant in the deposition of cartilage and calcium 

(Chikuda et al. 2005). From these studies it was suggested that cGKII aids chondrocyte maturation 

from MSCs via the MAPK pathway and SOX9 transcription factor (Chikuda et al. 2004; Pfeifer et al. 

1996). In the more osteogenic context of primary (mouse and human) osteoblasts and MC3T3 cells, it 

has been shown that the application of mechanical forces via fluid shear stress led to an increase in 

the activation of cGKII activation which subsequently induced osteoinduction (Rangaswami et al. 

2012). Further work in primary osteoblasts and MSCs demonstrated that insulins  positive effects on 

the proliferation and survival can be prevented as a direct impact of knockdown and inhibition of cGKII 

(Kalyanaraman et al. 2018).   

1.5 NO/cGMP and Bone 
NO and the cGMP/cGK pathway have been associated with bone remodelling. Which is particularly 

important to osteoporosis, defined as a clinically significant bone loss, and is typically associated with 
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aged persons and post-menopausal women. Model organisms where osteoporosis is induced through 

ovariectomy (osteopenia), provide valuable insights into the biology and treatment of osteoporosis. 

In rat osteopenia models, treatment with a NO donor (nitroglycerin) was able to reduce the 

osteopenia phenotype (Wimalawansa et al. 1996; Wimalawansa 2000b). This is underlined by a study 

of corticosteroid induced bone loss male rat model, where nitroglycerin was able to prevent loss of 

bone (Wimalawansa et al. 1997). In a small trial of women undergoing ovariectomy, the application 

of a topical nitroglycerin ointment prevented bone loss, to a similar extent of oestrogen replacement 

therapy (Wimalawansa 2000a). The standard treatments of osteoporosis have some connection with 

the NO pathway, where oestrogen application has been shown to increase the activity of the NOS 

enzyme (Hernández et al. 2000; Thompson et al. 2000; Guetta et al. 1997). In a small-scale trial, 

women taking a NO donor (nitrates) had a greater bone mass at the hip compared with the control. 

Furthermore, nitroglycerin therapy led to an increase of osteoinductive markers, such as osteocalcin 

and alkaline phosphatase levels (Jamal et al. 1998). In converse, the application of a NOS inhibitor 

(LNAME) to male rats, demonstrate a role of the NO pathway in maintaining bone balance (Broulik et 

al. 2003).  

On the other hand, NO may exacerbate osteoporosis, through inflammation which relies on iNOS 

(Guzik et al. 2003; Kruger et al. 2010). During instances of osteo-malignancies where immune 

dysfunction plays a role (e.g. rheumatoid arthritis) the level of cytokines (e.g. IL-1, TNF, and INF) 

increase, in turn increasing expression of iNOS. iNOS produces NO at high concentrations, which 

results in the inhibition of osteoblast proliferation (Evans and Ralston 1996). In models of 

inflammation induced osteoporosis, iNOS expression is increased in bone marrow, and bone density 

is reduced in comparison to controls. The impact of NOS in inflammation induced osteoporosis is 

demonstrable, as the application of a NOS inhibitor (L-NMMA) reduces the osteoporosis phenotype 

(Armour et al. 1999). In these scenarios, the malignancies are a result of reduced osteoblasts, and 

increased osteoclasts that is mediated through increased NO concentration. Furthermore, NO was 

shown to be linked with oestrogen which plays a role in some forms of osteoporosis. In osteoclasts, 

oestrogen receptor activation (modulated by Raloxifene) results in the release of NO (Simoncini and 

Genazzani 2000). This is underlined when NO production is negated by the application of an inhibitor 

of the oestrogen receptor activity (Simoncini and Genazzani 2000).  

It may seem as the role of NO/NOS is contradictory, inducing both positive and negative effects in 

bone health. This may be explained as a function of the amounts of NO present in cells and tissues, 

where a lower concentration of NO (eNOS/nNOS) is associated with positive outcomes of increased 

bone through osteoblasts. Although, higher concentrations of NO (iNOS) is linked with negative 
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outcomes of reduced osteoblast number, and increased bone resorption by osteoclasts. Healthy bone 

requires a balance of resorption and deposition of bone.  

 Nitric Oxide and BMP2 
While BMP2 has a licence for clinical use in fracture healing, there is open questions to whether BMP2 

is effective enough to remain a treatment option in orthopaedics or not (Garrison et al. 2010). The 

role NO pathways plays as a second messenger as well as in osteogenic roles, has sparked interest in 

any associations with BMP2. cGKI has a role at many levels of BMP signalling. In vitro studies have 

shown that cGKI associates with the tail domain of the BMP type-II receptor (Hassel et al. 2004). A 

further investigation showed that the inactive form of cGKI binds the BMPRII receptor, and once 

activated cGKI phosphorylates BMPRII, which goes onto enhancing Smad signal induction 

(Schwappacher et al. 2009; Rangaswami et al. 2010). Phosphorylated BMPRII receptor leads to 

disassociation of the cGKI from the receptor, to associate with the R-/Co-Smad complex. The 

cGKI/Smad complex translocates to the nucleus, and association with transcription factors (e.g. TFII-I) 

allowing for the induction of gene transcription (e.g. ID1) (Schwappacher et al. 2009; Rangaswami et 

al. 2010). Additionally, it was demonstrated in pulmonary arterial endothelial cells, that protein kinase 

A (PKA) links the activation of the BMP pathway with the NO pathway (Gangopahyay et al. 2011). In 

cells treated with BMP2/4, the BMPRII receptor initiates the activation of PKA, which in turn mediates 

phosphorylation of the eNOS protein (Gangopahyay et al. 2011). A key open question is whether the 

association between the NO and BMP2 pathways, plays a role in BMP2 mediated osteoinductive 

activity, and the context of bone.  

1.6 Aim of this study 
There is a clinical need to improve the ability of BMP2 to aid in orthopaedic treatments, as the high 

amount of bone morphogenetic protein 2 (BMP2) needed to be clinically effective plays a role in the 

instances of negative side effects (e.g. inflammation and cancer) and reduced cost effectiveness. To 

prevent negative side effects requires a reduction in the amount of BMP2 applied, whilst maintaining 

the potency of BMP2 so to induce healing processes. Therefore, a BMP2 in combination with 

supportive factors, which can reduce the overall amount of BMP2 but maintain potency, are required 

for the clinic. One such supportive factor may be within the Nitric Oxide (NO) pathway, which has 

previously partially been shown to be associated with the BMP signalling, and a proposed mechanism 

is given in Figure 6. It is the aim of this project to demonstrate that BMP2 signalling and osteogenic 

activities can be enhanced by the activities of the NO pathway. Furthermore, a secondary aim is to 

show that both pathways are connected via Protein Kinase A (PKA), and that BMP2 is also capable of 

enhancing the activity of the NO pathway. Which by extension should further illuminate the existence 

of a hypothesised, BMPRII-PKA-NO-cGKI-BMPRII (Figure 6) positive feedback loop. In order to 
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determine whether this hypothesis holds true, this work will assay the response of a murine myoblast 

cell line (C2C12) to the combined activation of BMP2 and modulation of the NO pathways using the 

standard osteogenic marker (alkaline phosphatase activity), reporter assay for (ID1) BMP signalling as 

experimental outcomes. This may lead onto development of therapeutic combinations of lower 

amounts of BMP2 and with additional NO donors, which leads to more cost and clinically effective 

treatment of bone fractures.   

 
Figure 6: The outline of proposed BMP and NO signalling pathways association. BMP2 can activate NO 

signalling through PKA phosphorylating NOS. This raises levels of NO production and subsequently leads to 

raise of cGMP levels, which leads to activation of cGKI that associates and accentuates the SMAD mediated 

signalling, as noted by increase of ID1 transcription. Parts are adapted from (Gangopahyay et al. 2011; 

Schwappacher et al. 2009) achieved with Servier medical art. 
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2 Material and Methods 
2.1 Methods 

 Cell culture 
2.1.1.1 Cell maintenance 
All cell lines were cultivated as standard in full growth medium in a humidified CO2-incubator at 37°C, 

5% CO2 and 20% O2. The full growth medium consisted of DMEM: HAMs medium for primary cells, or 

DMEM High Glucose medium for C2C12/C2C12breluc cells, supplemented with 10% FBS and 1% 

Pen/Strep (Table 15). For seeding, starvation and experimental procedures, cells were cultured in full 

growth medium which consists of medium (either DMEM/HAMs, DMEM High Glucose, or DMEM 

without L-Arginine) supplemented with 0.1%, 1%, 5% or 10% FBS. The media and serum content are 

given in Table 5. The very low concentration of 0.1% FCS was employed, as it has been previously 

shown that serum starved C2C12 cells are capable of responding to BMP2 faster (Banerjee et al. 2001). 

Furthermore, the impact of possible growth factor content in the serum will be reduced by the 

decrease of serum within media.  

For the strain maintenance, the cells were cultivated as recommended by the supplier. The cell lines 

were hence passaged twice per week in a T175 or T225 (175/225 cm2) cell culture flask. Passage 

procedure entailed complete removal of growth medium and brief wash with 1xPBS. Trypsin solution 

was added to the cells and incubated for four to five minutes in the CO2-incubator. The separation of 

the cells was observed under an inverted light microscope. The trypsinisation was stopped by addition 

of full growth medium. The cells were aspirated by gently pipetting and diluted cell suspension was 

then centrifuged at 800rpm for four minutes at room temperature and followed with supernatant 

being aspirated. The remaining cell pellet was suspended in full growth medium and passed through 

a cell strained. Cells were counted using a Cell Counter and transferred in a sub-cultivation ratio of 

2.5-5x104 cells per mL of culture medium into a new cell culture flask and cultivated as mentioned 

above. On intermittent occasions remaining cells were cryo-frozen for future use (section 2.1.1.3).  

2.1.1.2 Cell counting 
Casy Cell Counter, which determines cell number by cell size was employed. To this end, the cells were 

washed, trypsinised and aspired as described previously. Of the cell suspension 50 or 100 µL was 

removed for dilution in Casy-Ton fluid, and cell number and percentage viability were measured.  

2.1.1.3 Freezing and thawing of cells 
All cell line stocks were stored in 1.5 mL freezing medium (DMEM, 20% FCS, 1% Pen/Strep, 10% DMSO) 

in liquid nitrogen. In order to thaw cells, cell stocks were taken from liquid nitrogen storage and quickly 

thawed at 37°C. The cell suspension was then diluted in 15 mL full growth medium and centrifuged at 
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800 rpm for four minutes at room temperature. The medium was removed; cells were re-suspended 

in 10 mL fresh full growth medium and seeded into T75-cell culture dish.   

In order to freeze cells, confluent grown cells were washed, trypsinised and counted as described 

previously. The cells in suspension were then centrifuged at 800 rpm for four minutes at room 

temperature. After centrifugation, the medium was aspirated and cells were re-suspended in freezing 

medium (DMEM supplemented with 20%FCS and 10% DMSO). A minimum of 5x105 cells in 1.5 mL 

freezing medium per cryo-vials were prepared, stored overnight at -80°C and finally transferred to 

liquid nitrogen for long term storage. 

2.1.1.4 Primary cells 
Primary human osteoblast like cells, hPOBs, were previously isolated from the femur of a 67 male 

patient, ethics commission IRB approval number EA4/035/14 (Berlin, Germany), using the procedures 

described in (Kadow-Romacker et al. 2009). These cells were previously characterised for osteogenic 

potential (data not shown), therefore were proven suitable for this study. Cells were taken from cryo-

storage, thawed and diluted in appropriate culture media and added into flask of appropriate size for 

cell density (T75/T175). Following day, the media was changed for fresh culture media and every three 

to four days, or until cells were confluent. Cells were passaged and/or seeded onto cell culture plates 

as required, and cells of passage three and four were used for this experiment. An experimental 

outline is given in Table 5.  

 Cell viability assay  
To ensure the viability of cells during experiments and to calculate cell number, the metabolic activity 

of cells was calculated through Presto Blue®, which functions through the NADPH in mitochondria 

mediating the reduction of Resazurin (blue) to Resorufin (red), which increases fluorescent 

detectability. A standard curve of known cell number per well, against the fluorescent output of the 

Presto Blue® reagent, allows for the determination of cell numbers of samples. An experimental 

outline is given in Table 5 and follows the instructor’s manual. 

 Protein quantification 
To carry out protein normalisation, the protein content of lysates was determined utilising the 

PierceTM Coomassie (Bradford) assay with a Bovine Serum Album (BSA) standard. The assay was 

carried out following manufactures instruction, samples and standards were prepared in 1xPBS (or 

appropriate experimental buffer) and measured in triplicate; and samples were diluted 1:2 in 1xPBS. 
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 Reporter gene assay in stably transfected C2C12breluc cells 
For quantification of SMAD activity, the C2C12BreLuc cell line created by (Herrera and Inman 2009), 

was utilised. Cells were seeded at a density of 2.5x104 cells per well in culture media, into 48-well cell 

culture dishes and incubated overnight in a CO2-incubator. The medium was exchanged for L-Arginine 

Free DMEM (unless otherwise stated), supplemented with 0.1% FCS and 1% Pen/Strep, for three hours 

starvation. Subsequently, media was changed to the appropriate stimulation media for the stated 

period of time. An experimental outline is given in Table 5.  

The media was removed after stimulation period and the cells were lysed in 100 μL lysis buffer (1:5 

Cell Lysis Reagent diluted in ddH2O), frozen and subsequently thawed at room temperature on a 

shaker. The cell lysates (20 µL) were then transferred to a 96-well plate and subsequent luciferase 

activities were quantified. To this end, 50 µL of Luciferase buffer (Table 16) was added by automatic 

injection using a luminometer (Mithras LB-940, Berthold). Quantification was determined as relative 

light units (RLU). Normalisation of the luciferase measurement was determined by quantification of 

protein within the lysate using Coomassie assay (2.1.1).   

 

 Gene expression analysis 
For analysis of gene expression, medium was removed, and cells were washed with 1xPBS. RNA 

isolation was subsequently performed using the NucleoSpin® RNA kit Table 9, and following the 

manufacturer’s instructions. The RNA lysis was carried out on ice, and cells scrapped from surface 

using the end of a pipette tip.   

The dried cell pellet was then dissolved in 30 µL RNAase Free H2O Table 9 and RNA concentration was 

measured using a spectrophotometer.   

RNA (500 ng) was reverse transcribed into cDNA using iScript cDNA Synthesis Kit Table 9. According 

to the manufacturer’s protocol, the following reaction mixture was used for one reaction:  

 

Table 1: Composition for cDNA synthesis 
Volume Reagent Manufacturer 
4.0 µL QScript cDNA Super-Mix Quanta Bio, Beverly, United 

States 
- RNAase Free H2O Qiagen, Leipzig, Germany 
X 500 ng RNA template - 

20 µL final volume - 
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Table 2: Cycle conditions for cDNA synthesis 

Cycle Temperature [°C] Duration [min:sec] Step 

1 25 5:00 annealing 

2 42 30:00 elongation 

3 85 5:00 reaction inactivation 

4 4 - storage 

 

The mRNA expression of a given gene was quantified using qRT-PCR. For one qRT-PCR reaction, the 

following reaction mixture was utilised:  

Table 3: Composition of qRT-PCR reaction mixture 

Volume Reagent Manufacturer 

6.25 µL PerfeCT® SYBR® Green SuperMix  Quanta Bio, Beverly, United States 

2.75 µL RNAase Free H2O Qiagen, Leipzig, Germany 

0.5 µL 10 µM Reverse Primer  TIB-MolBiol, Berlin, Germany 
0.5 µL 10 µM Forward Primer TIB-MolBiol, Berlin, Germany 
5 µL (1:10 or 1:20) cDNA template - 

15 µL final volume - 

 

The reaction mixture was transferred to a white 96-well qRT-PCR plate and qRT-PCR was performed 

under the cycle conditions given in Table 4. Primers are given in Table 14. 

Table 4: Cycle conditions for qRT-PCR 

No. 
Temperature 

[°C] 
Duration 
[min:sec] 

Step 
No. of 
Cycles 

1 95 3:00 initial denaturation 1 

2 95 0:10 denaturation 

40 3 60 0:30 
Annealing 
quantification/acquisition 

4 72 0:30 elongation 

5 
Gradient 60-

95 
0:15 Denaturation (melting curve)  1 

 

The most suitable housekeeping gene was determined by a comparison of the different candidate 

gene CT values across several cDNA samples. Subsequently the following housekeeping genes selected 

were, hypoxanthine-guanine phosphoribosyl-transferase (HPRT) for mouse samples and ribosomal 

unit 18S for human samples. The mRNA expression was then analysed via mean normalised efficiency 

(MNE) method. To utilize MNE, efficiency of primers was quantified by quantifying the CT values of a 
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dilution series of pooled-cDNA samples. Only primers with efficiency values between 1.8 and 2 were 

used. 

 cGMP ELISA 
C2C12 cells were seeded and grown to confluence on 6-well plates in full cell culture media. 

Stimulation was carried out in either DMEM without L-Arginine with 1% FCS (an experimental outline 

is given in Table 5). The inhibitor of cGMP degradation IBMX (500 µM) was added additionally to all 

samples. Post-stimulation cells were washed with cold 1xPBS, aspirated and 500 µL 0.1 M HCL was 

added. After ten minutes incubation at room temperature, the plate was stored at  

-20°C, subsequent thawing was followed by scrapping of cells, using cell scrapper. The lysates were 

then aliquoted into protein LoBind Eppendorf Tubes and centrifuge at 600 x g for ten minutes at 4°C. 

All reagents were brought to room temperature 30 minutes prior to the experiment. cGMP standards 

were prepared from the supplied 5000 pmoL/mL cGMP-stock diluted in 0.1 M HCl to create the 

standard series: 250, 20, 10, 2, 0.4, 0.08, 0.016 pmol/mL.    

The cGMP assay was carried out following the standard protocol from the manufacturer and optical 

density was measured at 450 nm for HRP and 570 nm reference using a spectrophotometer. The 

normalisation of samples was carried out using Coomassie assay (section 2.1.1). 

 Alkaline phosphatase 
ALP is important for the quantification of osteogenic activity, through a presumed involvement in the 

calcification of extracellular matrices, it is needed for the formation of bone. The enzyme removes a 

phosphate (PO4
3-) group from proteins, therefore uses 4-nitrophenyl phosphate (pNPP) as a substrate, 

changing from a colourless, to a yellow solution with a prominent absorbance at 405nm. 

C2C12breluc cells or human primary osteoblast like cells (hPOB) were seeded at a density of 2x104 per 

well in a 24-well plate and incubated in DMEM High Glucose (C2C12BreLuc) or DMEM/HAMs (hPOB) 

supplemented with 10% FCS and 1% Pen/Strep (experimental outline is given in Table 5).  

While the media varies, starvation is akin to the base media used during the stimulation (i.e. 

untreated/unstimulated group). Prior to starvation, the cell number was quantified using Presto 

Blue®. Following starvation for three hours, cells were stimulated accordingly, with media being 

changed every two to three days. Following stimulation, the culture media was aspirated, and the cells 

were then washed with pre-warmed 1xPBS. ALP activity was calculated by the addition of 1 mL of ALP 

buffer containing 1.3 mg pNPP per well of a 24-well plate. After incubation for one hour at 37oC, 180 

µL media was transferred to a clear 96-well plate in triplicates and the absorbance was quantified at 

405nm using the Tecan spectrophotometer. The blank was subtracted from all samples, and 

normalisation to cell number was carried out as described in the cell viability (section 2.1.2).  
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 Nitric oxide production quantification 
2.1.8.1 Griess reaction 
NO produced by the cell or dissolved in cell culture medium will inevitably form nitrite (NO2

-) or nitrate 

(NO3
-). The Griess reagent method utilises sulphanilamide and N-1napthylenediamine dihydrochloride 

(NED). These reagents detect and allow the quantification of NO2- (Campos-Neto et al. 1998). The 

incorporation of nitrite into the sulphanilamide allows for combination with NED, this forms the 

quantifiable azo dye product, which is detectable between 520nm to 550nm optical density. 

The nitrite content of cell supernatants of C2C12breluc and human primary osteoblast like cells (hPOB) 

was investigated. To this end, stocks of 1% w/v sulphanilamide and 0.1% w/v NED were diluted in 

phosphoric acid (2.5% w/v). Supernatants were not diluted prior to the experiment. A standard curve 

from 1.5 to 1000 µM NaNO2 was created by diluting 10 mM NaNO2 in 1xPBS. Sulphanilamide and NED 

was brought to RT. 50 µL of standards, samples and blank (1xPBS alone) were added to a 96-well plate 

followed by 50 µL sulphanilamide. After incubation at room temperature for five minutes 50 µL of NED 

was added and incubated for 10 minutes at room temperature. Using a microplate reader, the plate 

was mixed for 5 seconds at 432 rpm prior quantification at 540nm. Following blank subtraction of all 

values, the standard line was set to linear of known NaNO2 concentration against absorbance. 

2.1.8.2 DAF-2 fluorometric quantification  
DAF-2 diacetate is a fluorescent indicator that can be applied for the detection, quantification, and 

imaging of nitric oxide (NO). The chemistry of the compound requires chemical alteration by 

intracellular esterases for NO detection. Once DAF-2 interacts with NO, the reaction forms the highly 

fluorescent trazolofluorescein (DAF-2T). The key advantage to such a compound is the lower detection 

limit of 2 to 5 nM NO.   

The protocol was modified from (Hinchee-Rodriguez et al. 2013), which utilised differentiated C2C12 

cells. C2C12BreLuc cells were seeded at a density of 6x104 cells per well of a 24-well plate in DMEM 

High Glucose, supplemented with 10% FCS and 1% Pen/Strep and incubated overnight. Following 

starvation, cells were loaded for one hour with 5 µM DAF-2 in serum free 1xPBS. Subsequently, cells 

were stimulated for two hours as described in Table 5 in DMEM High Glucose supplemented with 1% 

FCS and 1% Pen/Strep (Hinchee-Rodriguez et al. 2013). Following stimulation, cells were washed twice 

with warm 1xPBS, and fluorescence (485 nm excitation and 538 nm emission) was quantified using a 

spectrophotometer. For the comparison of results, the blank values were subtracted from all sample 

values. The direct NO donor DetaNONOate was employed as a positive NO control. 
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2.1.8.3 Statistics 
The statistical analyses were performed using IBM® SPSS® Statistics version 22. All graphs were 

visualised as Box-Plots, with number of samples or replicates given within the figure.  The non-

parametric Kruskal-Wallis test was used to determine if there are statistically significant differences 

between groups. In cases of significances during Kruskal-Wallis tests, a comparison between two 

groups was made by Mann-Whitney U test. The Holm-Bonferroni correction was employed for 

multiple comparison correction. The significances are given in the figures and are assigned if P < 0.05 

(*), P<0.01 (**) or P<0.001 (***). 

2.2.2.1 Experimental outline 

The experimental outline is given in Table 5, which summarises some key details of the stimulation of 

cells in this study.  
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Table 5: The experimental outlines 

Research 

Question 
Method Figure 

Well 

Plate 

Cells Pre-Stimulation Stimulation 

Type 
Seeding 

Density 

Media 

& FCS 

Additional 

Information 

Media & 

FCS 

Added 

Compound 

Time 

(hrs) 

Does NO enhance 

BMP mediated 

signalling? 

Reporter 

activity 

7, 9, 11, 

14, 16 
48 

C2C12 

breluc 

2.5x104 

/well 
DMEM without 

Arginine. 0.1% 

FCS 

Inhibitors (LNAME, 

ODQ, LY83583) added 

for final hour  

DMEM without 

Arginine 0.1% 

FCS. 

Arginine, Deta, 

SNAP, and 

BMP2 

24  

Reporter 

activity 
10, 13 48 

C2C12 

breluc 

2.5x104 

/well 

Inhibitors 

(Dorsomorphin, LDN, 

H89) added for final 

hour 

DMEM without 

Arginine. 0.1% 

FCS 

Arginine, Deta, 

SNAP, and 

BMP2 

6  

Gene 

Expression* 
8,18 6 

C2C12 

breluc 

5x105 

/well 

DMEM without 

Arginine. 0.1% 

FCS 

- 

DMEM without 

Arginine. 0.1% 

FCS 

Arginine, and 

BMP2 
6  

Does Nitric Oxide 

enhance BMP 

mediated 

osteoinduction? 

ALP activity 
12, 15, 

17 
24 

C2C12 

breluc 

2x104 

/well 

DMEM/HAMs. 

1% FCS 

Inhibitors (LNAME, 

ODQ, LY83583) added 

for final hour 

DMEM/HAMs.  

1% FCS 

Arginine, Deta, 

and BMP2 
3  

ALP activity 
19, 

Table 17 
24 hPOBs 

2x104 

/well 
DMEM/HAMs. 

1, 5, 10% FCS 
- 

DMEM/HAMs, 

5% FCS 

Arginine, and 

BMP2 
6  

Does BMP impact on 

the NO pathway? 

(also*) 

DAF-2 18 6 
C2C12 

breluc 

6x104 

/well 

DMEM High 

Glucose, 1%FCS 

DAF-2 in PBS, 1 hour. 

2 hours starvation 

DMEM High 

Glucose, 1% FCS 
Deta, and BMP2 2  

cGMP ELISA 18 6 
C2C12 

breluc 

4x105 

/well 

DMEM without 

L-Arginine. 1% 

FCS 

IBMX is added for 

final 30 minutes  

DMEM without 

L-Arginine. 1% 

FCS 

Deta, and BMP2 1  
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2.2 Materials 
 Laboratory equipment 

Table 6: List of laboratory equipment 
Equipment Manufacturer 

-80OC Freezer, Dometic UF756 Dometic WAECO International GmbH, 
Emsdetten, Germany 

ABT 120-5DM Scale Kern & Sohn GmbH, Balingen, Germany 
Autoclave Webeco Senc EC Webeco GmbH, Selmsforf, Germany 

Cell Incubator, Hera Cell 150i, Heraeus Thermo Fisher Scientific, Hennigsdorf, 
Germany 

Cell Incubator, Hera Cell 240i, Heraeus Thermo Fisher Scientific, Hennigsdorf, 
Germany 

Centrifuge 5417R Eppendorf, Hamburg, Germany 
Centrifuge 5810R Eppendorf, Hamburg, Germany 
Centrifuge MiniSpin Plus Eppendorf, Hamburg, Germany 
CP153 Scale Satorius AG, Goettingen, Germany 

Cryotherm BioSafe® MDB- Cryostorage Linde Kryotechnik AG, Pfungen, 
Switzerland 

Eppendorf Multipipette® Plus Eppendorf, Hamburg, Germany 
GLF Water Bath GLF, Hannover; Germany 

       HeraSafe KSP18, Biological Safety Cabinet Thermo Fisher Scientific, Hennigsdorf, 
Germany 

Hettich Universal Centrifuge 32 R Andreas Hettich GmbH & Co.KG, 
Tuttlingen, Germany 

IKA Vortex Genuis 3 IKA Werke GmbH & Co. KG, Staufen, 
Germany 

Infinite m200-PRO (Fluorescence and 
Absorbance) Plate Reader 

Tecan Group Ltd, Männedorf, 
Switzerland 

Innovatis, Casy Cell Counter with Analysis OLS OMNI Life Science, Bremen, 
Germany 

Integra Pipetboy Integra Biosciences, Biebertal, Germany 
Integra Vacusafe, vacum pump Integra Biosciences, Biebertal, Germany 
Li-COR-Odyssey Infrared Imaging System LI-COR, Bad-Homburg, Germany 
Liebherr Premium Fridge/Freezer Liebherr, Baden-Württemberg, Germany 
Light Cycler® 48011 Roche, Berlin, Germany 
Mastercycler®, PCR, epgradient S Eppendorf, Hamburg, Germany 
Mithras LB-940 (Luminescence) Plate reader, 
with injectors 

Berthold Technologies GmbH & Co. KG, 
Bad-Wildbad, Germany 

Multi-Channel Pipette 0.5-10 µL, 20-300 µL, 50-
1200 µL Eppendorf, Hamburg, Germany 

Multi-Step Xplorer-Plus 10-100 µL Eppendorf, Hamburg, Germany 
Pipette 0.5-10 µL, 10-100 µL, 100-1000 µL Eppendorf, Hamburg, Germany 
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Spectrafuge Mini Centrifuge neoLab Migge GmbH, Heidelberg, 

Germany 
Spectrophotometer NanoDrop 1000 PEQLAB Biotechnologie GMBH, 

Erlangen, Germany 
Titramax100 Plate Shaker Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 
Vortex-Genie 2 Scientific Industries Inc., New York, USA, 
VV3-Vortex VWR International Ltd. Dublin, Germany 

Yellow MAG HS7 Magnetic Stirrer IKA®-Werke GmbH % Co. KG, Staufen, 
Germany 

Zeiss Axiovert200 microscope – with Nikon 
E950 Camera and Acer AL732 Monitor 

Carl Zeiss Microscopy GmbH, Jena, 
Germany 

 
 Software and databases 

Table 7: Overview of software and databases 
Software/database Publisher 

Adobe Photoshop Version V12.0 Adobe System Incorporated, San Jose, 
USA  

BLAST http://www.ncbi.nlm.nih.gov/BLAST/ 
BLAT Genome Search http://genome.ucsc.edu/cgi-bin/hgBlat 
EndNote X8 Thomson Reuters, New York, USA 
Genevestigator https://www.genevestigator.com/gv/ 

IBM® SPSS® Statistics version 22 IBM Deutschland GmbH, Ehningen, 
Germany 

LightCycler® 480 SW, LightCycler480 Software Roche, Berlin; Germany 

Microsoft Office 2013, 2016 Microsoft Deutschland, Unterschleißheim, 
Germany 

National Center for Biotechnology (NCBI) http://www.ncbi.nlm.nih.gov/ 

Odyssey CLx 
Li-COR Biotechnology GmbH, Bad 
Homburg, Germany. 
 

Primer 3 Version 4.0 http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi 

UCSC http://genome.ucsc.edu/ 
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 Consumables 
Table 8: Consumables 

Consumables Manufacturer 
48-Well Plate for Cell Culture BD BioSciences, Erembodegem, Belgium 

6-Well Plate for Cell Culture BD BioSciences, Erembodegem, Belgium 

Biosphere Filter Tips 10 µL, 200 µL, 1000 µL Sarstedt AG & Co, Nuembrecht, 
Germany 

Canonical Tubes, 15/50 mL BD BioSciences, Erembodegem, Belgium 

Cell Scrapper Corning incorporated, Kaiserlautern, 
Germany 

Clear Flat Bottom, 96-well microtest plate Sarstedt AG & Co, Nuembrecht, 
Germany 

Combi-Tips Advanced 2.5/10/25/50 mL Eppendorf, Hamburg, Germany 

CryoTube Vials, 2 mL Thermo Fisher Scientific, Hennigsdorf, 
Germany 

Disposable Filter, sterile, Hydrophilic 0.2 µM 

Sartorius Stedium, Biotech GmbH, 

Goettingen, Germany 

Eppendorf® DNA LoBind Tubes 0.5/1.5/2 mL Eppendorf, Hamburg, Germany 

Eppendorf® Protein LoBind Tubes 0.5/1.5/2 mL Eppendorf, Hamburg, Germany 

Eppendorf® Tubes 0.5/1.5/2/5 mL Eppendorf, Hamburg, Germany 

Light Cycler® 480 96-well plate white Roche, Berlin, Germany 

NUNC, White Flat Bottom, 96-well plate Thermo Fisher Scientific, Hennigsdorf, 
Germany 

Nylon, 40 µM Cell Strainer BD BioSciences, Erembodegem, Belgium 

Parafilm “M” Laboratory Film Bemis Company, Inc. Oshkosh, USA 

Physio-Concept pipette tips Eppendorf, Hamburg, Germany 

Safe-Seal-Tips professional 10/100/300 µL Biozym, Wien, Austria 

Space-Saver Serological Pipette BD BioSciences, Erembodegem, Belgium 

Sterican Needle, 0.9-70 mM B. Braun Betriebssaette Pharma Berlin, 
Germany 

Syringe 2/10/20 mL BD BioSciences, Erembodegem, Belgium 
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 Commercially available systems  
Table 9: List of ready-to-use kits 

Ready-to-use kit Manufacturer 

Luciferase Assay System Promega, Mannheim, Germany 

Monoclonal Anti-cGMP Antibody Based Direct ELISA 
kit 

NewEast Biosciences, 
Pennsylvania, USA. 

cGMP complete Direct ELISA kit Enzo Life Science, Inc., Loerrach, 
Germany. 

PierceTM Coomassie (Bradford) Protein Assay kit Thermo Fisher Scientific, 
Darmstadt,  Germany 

NucleoSpin® RNA Macherey-Nagel, Dueren, 
Germany 

Presto Blue® Cell Viability Assay Thermo Fisher Scientific, 
Darmstadt,  Germany 

 
 Buffer and Solutions 

All solutions are dissolved in ddH2O, unless otherwise stated. 

Table 10: Lysis solution  
Name Concentration Component Manufacturer 

 
Lysis buffer for cGMP 
ELISA 0.1 M 2N Hydrochloric 

(HCL) acid 
Roth, Karlsruhe, 
Germany 

    

Luciferase Cell Culture 
Lysis (x5) Reagent  1:5 dilution sterile PBS 

Promega, 
Mannheim, 
Germany 

    
Table 11: Alkaline phosphatase activity solutions  

Name Concentration Components Manufacturer 

ALP Activity 
Buffer (1x) 

50 mM Glycine Sigma-Aldrich, Hamburg, 
Germany 

100 mM TRIZMA-Base Sigma-Aldrich, Hamburg, 
Germany 

1 mM MgCL2 Roth, Karlsruhe, 
Germany 

Diluted in ddH2O, and pH10.5 maintained through NaOH additions. 
 

ALP Activity 
Solution (1x) 

1.3 mg added fresh, 
per 1 mL ALP 

Activity Buffer (1x) 
pNPP Sigma-Aldrich, Hamburg, 

Germany 
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 Growth factors, donors and inhibitors  
Table 12: List of growth factors and cytokines 

Cytokine and Growth 
Factor Source Manufacturer 

 
TNFα, human recombinant 

 
E.coli 

 
PeproTech, Hamburg, Germany 

 
INFγ, human recombinant 

 
E.coli 

 
PeproTech, Hamburg, Germany 

 
Lipopolysaccharide, E. coli 

 
E.coli 

 
Sigma-Aldrich, Gifted from J. Martitz  

 
BMP-2, human 
recombinant 

 
E.coli 

 
Osteogenetics, Weurzburg, Germany 

 
BMP-2, human 
recombinant 
 

 
CHO 

 

 
Wyeth, New Jersey, U.S.A. 
 

 
Table 13: List of donors and inhibitors 

Donor / Inhibitor Function Manufacturer 

 
L-Arginine 

 
NOS enzyme substrate in NO 
production 

 
Sigma-Aldrich Chemie 
GmbH, 
Munich, Germany 

LNAME (N5-
[imino(nitroamino)methyl]-L-
ornithine, methyl ester, 
monohydrochloride) 
 

NOS enzyme inhibitor 
(Cayman) Biomol 
GmbH, Hamburg, 
Germany 

Deta NONOate ((Z)-1-[N-(2-
aminoethyl)-N-(2-
ammonioethyl)amino]diazen-1-
ium-1,2-diolate) 
 

Direct NO Donor 
(Cayman) Biomol 
GmbH, Hamburg, 
Germany 

SNAP (N-(acetyloxy)-3-
nitrosothiovaline) 
 

Direct NO Donor 
(Cayman) Biomol 
GmbH, Hamburg, 
Germany 

ODQ  (1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one) 
 

Inhibitor of NO receptor sGC 
(Cayman) Biomol 
GmbH, Hamburg, 
Germany 

LY83583 (6-(phenylamino)-5,8-
quinolinedione) 
 

Inhibitor of NO receptor sGC 
(Cayman) Biomol 
GmbH, Hamburg, 
Germany 

YC-1 (5-[1-(phenylmethyl)-1H-
indazol-3-yl]-2-furanmethanol) 
 

NO independent activator of NO 
receptor sGC 

(Cayman) Biomol 
GmbH, Hamburg, 
Germany 

H89 (N-[2-[[3-(4-bromophenyl)-
2-propen-1-yl]amino]ethyl]5-

PKA inhibitor 
 

AbCam, Cambridge, UK 
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isoquinolinesulfonamide, 
dihydrochloride) 
 

IBMX (Isobutyl Methylxanthine) 
 

Inhibitor to cGMP degrading 
enzymes, PDE. 
 

(Cayman) Biomol 
GmbH, Hamburg, 
Germany 
 

LDN-193189 (4-[6-[4-(1-
Piperazinyl)phenyl]pyrazolo[1,5-
a]pyrimidin-3-yl]-quinoline) 
 

Inhibitor of BMP type-I receptors 
(ALK2/ALK3/ALK6) 

(Cayman) Biomol 
GmbH, Hamburg, 
Germany 
 

Dorsomorphin (Compound C) 
(6-[4-(2-Piperidin-1-
ylethoxy)phenyl]-3-pyridin-4-
ylpyrazolo[1,5-a]pyrimidine)  

Inhibitor of 
(AMPK/ALK2/ALK3/ALK6) 

(Cayman) Biomol 
GmbH, Hamburg, 
Germany 

   

 Primers 
All primers were supplied through TIB-MOLBOL Syntheselabor GmbH (Berlin, German), diluted in 

ultra-pure water (Macherey-Nagel, Deuren, Germany) and stored at -20°C.  

Table 14: Mouse primers used for qRT-PCR 
Gene Forward (5’ → 3’) Reverse (5’ → 3’) 

Hypoxanthine-
guanine 
phosphoribosylt
ransferase 
 

HPRT TTGCTGACCTGCTGGATTAC AACTTTTATGTCCCCCGTTG 

Inhibitor of 
differentiation 1 
 

ID1 ACGACATGAACGGCTGCTACT 
 

GCTCACTTTGCGGTTCTGG 
 

Inhibitor of 
differentiation 2 
 

ID2 TATCAGCCATTTCACCAGGAG TGTGAAAAGGCAAAGTCTGCT 

Inhibitor of 
differentiation 3 
 

ID3 AAGGACAAGAGGAGCTTTTGC GCGTTGAGTTCAGGGTAAGTG 

cGMP-
Dependent 
Kinase-I 
 

cGKI TGTCCTCGAAGAGACCCACT GCAACGCTTTCTCTCCAAAC 

cGMP-
Dependent 
Kinase-II 
 

cGKII TGAACCGTGACGATGAAAAA GCCCAGTGTTGCGATAATCT 

Inducible-NOS 
 iNOS CTCACTGGGACAGCACAGAA GGTCAAACTCTTGGGGTTCA 

Neuronal-NOS 
 nNOS ACTGACACCCTGCACCTGAAGA GTGCGGACATCTTCTGACTTCC 

Endothelial-NOS eNOS AGGACAACCTCATCCCTGTG GCCTTCTGCTCATTTTCCAG 



 

 
36 

 

 Cell culture 
2.2.8.1 Cells 
Table 15: List of cells used in cell culture 

Name Origin Reference Full growth media 

 

C2C12Breluc 

 

Mus musculus, 

muscle 

 

Herrera and 

Inman 2009 

 

DMEM – Low Glucose 

DMEM –  High Glucose. 

10% FCS, 1% Pen/Step 

C2C12 Mus musculus, 

muscle 

ATCC® CRL-1772 DMEM – High Glucose. 

10% FCS, 1% Pen/Step 

hPOB Homo sapiens, 

bone 

Kadow-Romacker 

et al., 2008 

DMEM/HAMs 

10% FCS, 1% Pen/Step 

 

2.2.8.2 Cell culture reagents 
Table 16: List of all solutions used for cell culture 

Cell culture reagent Manufacturer 

Beta-Glycerol Phosphate Sigma Aldrich, Hamburg, 
Germany 

Calcium Chloride Sigma Aldrich, Hamburg, 
Germany 

DAF-2 diacetate (Cayman) Biomol GmbH, 
Hamburg, Germany 

DMEM - High Glucose Biochrom AG, Berlin, Germany 
DMEM - Low Glucose Biochrom AG, Berlin, Germany 
DMEM/HAMs F-12 Biochrom AG, Berlin, Germany 

Fetal Calf Serum (FCS) GIBCO® -Life Technologies 
GmbH, Darmstadt, Germany 

G418 disulfate/geneticin Biochrom AG, Berlin, Germany 

GlutaMAX® GIBCO® -Life Technologies 
GmbH, Darmstadt, Germany 

L-Arginine Free DMEM GIBCO® -Life Technologies 
GmbH, Darmstadt, Germany 

L-Ascorbate-2-Phosphate Sigma Aldrich, Hamburg, 
Germany 

L-Lysine Sigma Aldrich, Hamburg, 
Germany 

Naphthylethylendiamine (NED) 
Sigma Aldrich, Hamburg, 
Germany 

Penicillin-Streptomycin (10,000 U/mL) Biochrom AG, Berlin, Germany 

Phosphate Buffered Saline (PBS) (1x) (-CaCl/MgCl2) 
GIBCO® -Life Technologies 
GmbH, Darmstadt, Germany 
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Phosphoric Acid (H3PO4) 
Sigma Aldrich, Hamburg, 
Germany 

Sodium nitrite (NaNO2) 
Sigma Aldrich, Hamburg, 
Germany 

Sodium-Pyruvate 
GIBCO® -Life Technologies 
GmbH, Darmstadt, Germany 

Sulphanilamide 
Sigma Aldrich, Hamburg, 
Germany 

Trypsin (10x)  
Biochrom AG, Berlin, Germany 
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3 Results 
To better understand the possible effects of crosstalk between BMP2 signalling and the NO pathway, 

the myoblast precursor cell line C2C12 was utilised for its osteogenic features (Sondag et al. 2014; 

Tanaka et al. 2012; Lee et al. 1999) and responsiveness to BMPs (Boergermann et al. 2010). Thus, 

allowing for a suitable proof of concept model in this study (see Figure 6Figure 1). The use of human 

primary osteoblast like cells was intended to further investigate the NO pathway modulation of BMP2 

mediated osteogenic activity, in a cell type more relevant to clinical application.   

3.1 NO modulates the activity of BMP2 in C2C12 cells 
The C2C12breluc reporter cell line used in this work is a stably transfected version of the myoblast cell 

line C2C12. The reporter is based on the promotor region of the “inhibitor of differentiation 1” (ID1) 

gene, as it contains BMP response elements (bre) that allow Smad binding. Multiple bre are used to 

make the promoter, which is fused to a firefly luciferase (luc) gene. This is a valuable system for the 

quantification of BMP activities, including BMP2 (Herrera and Inman 2009). The reporters’ 

responsiveness to BMP lends itself for exploitation as an easy measure of how BMP2 signalling can be 

manipulated by modulation of the NO pathway. As L-Arginine acts as a substrate for the NOS enzymes 

and to ensure a greater control of the NO pathway, experiments were performed using L-Arginine 

free-DMEM cell culture medium.  

 NOS substrate supplements BMP2 activity in a NO dependent manner 
L-Arginine provides NO to cells, acting as a substrate for the NOS enzymes, which converts L-Arginine 

to L-Citrulline and releases NO. This is considered as first step of the NO pathway, and thus acts as a 

reasonable first examination of NO modulation of the BMP2 pathway in C2C12 cells. C2C12breluc cells 

were stimulated for 24 hour with 0.1 to 7.5 mM L-Arginine (Figure 7A) in combination with 0.1 nM 

BMP2 (Figure 7B), 1 nM BMP2 (Figure 7C), and 5 nM BMP2 (Figure 7D). The addition of L-Arginine 

alone did not induce BMP reporter activity in C2C12breluc cells (Figure 7A). The addition of L-Arginine 

had also no supplementary effect on BMP reporter activity when combined with 0.1 nM BMP2 (Figure 

7B). However, increasing the concentrations of BMP2 to 1 nM and 5 nM allowed L-Arginine 

supplementation to induce significant increases in BMP2 induced BMP reporter activity (Figure 7C&D 

respectively).  
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24 Hours – DMEM without L-Arginine 

 
Figure 7: BMP reporter activity after stimulation with the NOS substrate L-Arginine: C2C12breluc cells 

stimulated for 24 hours in L-Arginine free DMEM with (A) 0.1 to 7.5 mM L-Arginine alone or in combination 

with (B) 0.1 nM BMP2, (C) 1 nM BMP2 or (D) 5 nM BMP2. Kruskal–Wallis test followed by Mann-Whitney U 

test, and Bonferroni Holm correction. Mann-Whitney U test significances between samples were assigned if: 

p<0.05 (*) or p<0.01 (**). Statistical results of figures A and B were not significant following Kruskal-Wallis 

test. Stars and circles are outlying values. 

To underline the supplementary activity of the NOS substrate L-Arginine on BMP2 induced reporter 

activity, C2C12breluc cells were stimulated for six hours with 1 nM BMP2 with or without 1mM L-

Arginine. The expression of BMP target genes ID1, ID2, and ID3 was quantified by qRT-PCR. The 

addition of 1 nM BMP2 significantly increased the expression of all ID genes, which was further 

increased by the combination of 1nM BMP2 and 1 mM L-Arginine (Figure 8). This underlines the results 

observed with the BMP reporter, which utilises the elements of the promotor from the ID1 gene and 

shows consistency between the other target genes of BMP2. 
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6 Hours – DMEM without L-Arginine Figure 8: BMP2 induction of the ID genes is 

enhanced by the NO substrate L-Arginine. 

C2C12breluc cells were stimulated for six hours 

in L-Arginine free DMEM, with 1 nM BMP2, with 

or without 1 mM L-Arginine. The gene 

expression of ID1, ID2 and ID3 was investigated. 

Kruskal–Wallis test followed by Mann-Whitney 

U test, and Bonferroni Holm correction. Mann-

Whitney U test significances between samples 

were assigned if: p<0.05 (*). Significances of all 

genes do not fit Bonferroni Correction.  
 

It is important to confirm that the supplementary effects of L-Arginine are a result of its role as an NOS 

substrate. To this end, the application of LNAME, an inhibitor of the NOS enzyme, was used to 

delineate whether the supplementary activities of L-Arginine to BMP2 signalling were mediated 

through the NO pathway, by preventing NO production. The addition of 250 µM to 10000 µM LNAME 

alone had no effect on BMP reporter activity compared to the unstimulated group (Figure 9A). 

However, the addition of 5000 to 10000 µM LNAME in combination with 5 nM BMP2 and 1 mM L-

Arginine was able to decrease the BMP reporter activity compared to 5 nM BMP2 and 1 mM L-Arginine 

stimulation without LNAME (Figure 9B). The reduction of BMP reporter activity by the application of 

the NOS enzyme inhibitor LNAME suggests that L-Arginine supplementation operates through the L-

Arginine mediated NO production.    
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24 Hours – DMEM without L-Arginine 

 
Figure 9: BMP reporter activity following inhibition of the NOS enzymes using LNAME: C2C12breluc cells were 

stimulated for 24 hours with (A) 250-10000 µM LNAME or (B) 5 nM BMP2 and 1 mM L-Arginine in combination 

with 1-10000 µM LNAME. Kruskal–Wallis test followed by Mann-Whitney U test, and Bonferroni Holm 

correction. Mann-Whitney U test significances between samples were assigned if: p<0.05 (*) or p<0.01 

(**).  Circles and stars are outlying values. 

 Direct NO donation is capable of enhancing BMP2 activity   
Deta NONOate and SNAP are commonly used NO donors that release NO at different rates and were 

tested regarding their stimulatory effect on BMP2 activity. C2C12breluc cells were stimulated for six 

hours in L-Arginine Free DMEM in the presence of 10-1000 µM Deta NONOate, or 10-1000 µM Deta 

NONOate with 1 nM BMP2, or 1-100 µM SNAP alone or in combination with 1 nM BMP2. The addition 

of Deta NONOate alone did not induce a significant increase in BMP reporter activity compared to 

untreated control (Figure 10A). Similarly, the addition of Deta NONOate to 1 nM BMP2 did not 

significantly increase BMP reporter activity compared to 1 nM BMP2 alone (Figure 10B). C2C12breluc 

cells treated with SNAP alone induced a significant but marginal increase in BMP reporter activity 

(Figure 10C). When BMP2 is combined with SNAP does not significantly change the BMP reporter 

activity compared to 1 nM BMP2 treated cell (Figure 10D).    
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6 Hours – DMEM without L-Arginine 

 
Figure 10: BMP reporter activity after stimulation with the NO donors Deta NONOate and SNAP for six 

hours: C2C12breluc cell were stimulated in L-Arginine Free DMEM with (A) 10-1000 µM Deta NONOate or (B) 

in combination with 1 nM BMP2, with (C) 1-100 µM SNAP or (D) SNAP in combination with 1 nM BMP2. 

Kruskal–Wallis test followed by Mann-Whitney U test, and Bonferroni Holm correction. Mann-Whitney U test 

significances between samples were assigned if: p<0.05 (*) or p<0.01 (**). Abbrevation: Deta = Deta 

NONOate. Stars and circles are outlying values.   
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As treating C2C12breluc for six hours with Deta NONOate and SNAP in combination with BMP2 did 

not lead to a significant increase of BMP reporter activity, C2C12breluc cells were stimulated for 24 

hours in L-Arginine Free DMEM. Additionally, higher concentrations of Deta NONOate and BMP2 were 

tested. The addition of 375-1500 µM Deta NONOate significantly increased BMP reporter activity 

compared to unstimulated samples, whereas the highest concentration of 3000 µM Deta NONOate 

significantly decreased BMP reporter activity (Figure 11A). The combination of Deta NONOate with 5 

nM BMP2 led to a significant decrease of BMP reporter activity in comparison to 5 nM BMP2 alone 

(Figure 11B). The decrease of BMP reporter activity after the stimulation of cells with 375-3000 µM 

Deta NONOate in combination with BMP2 required further examination with a reduced concentration 

series of 1-100 µM Deta NONOate. Reducing the concentrations of Deta NONOate maintained the 

significant increase of BMP reporter activity compared to the untreated control (Figure 11C). These 

lower concentrations of Deta NONOate in combination with 1 nM BMP2 significantly increased BMP 

reporter activity compared to 1 nM BMP2 alone (Figure 11D). Furthermore, using L-Arginine 

containing DMEM, the combination of lower concentrations of Deta NONOate (1 or 10 µM) with 1 nM 

BMP2 significantly increased BMP reporter activity compared to 1 nM BMP2 alone, whereas 100 µM 

Deta NONOate combined with 1 nM BMP2 reduced BMP reporter activity compared to 1 nM BMP2 

alone (Figure 11E). Taking these results together demonstrates that Deta NONOate is able to 

supplement BMP2 signalling at a 24 hours’ time point but not after six hours.  

The 24-hour stimulation of C2C12breluc cells in L-Arginine Free DMEM with 5-50 µM SNAP in 

combination with 5 nM BMP2 tended to increase the BMP reporter activity without significant 

differences compared to 5 nM BMP2 alone (Figure 11F). Comparing the response of Deta NONOate 

and SNAP over 24 hours suggests that the half-life of NO formation plays an important role.     
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24 Hours – DMEM without L-Arginine 

 
Figure 11: BMP reporter activity after stimulation with the NO donors Deta NONOate and SNAP for 24 
hours: C2C12breluc cells stimulated in L-Arginine Free DMEM with (A) 375-3000 µM Deta NONOate, (B) in 
combination with 5 nM BMP2, (C) 1-100 µM Deta NONOate, (D) in combination 1nM BMP2. (E) C2C12breluc 
cells stimulated in normal DMEM with L-Arginine with 1 to 100 µM Deta NONOate and 1 nM BMP2. (F) 
Stimulation in L-Arginine-free DMEM with 5-50 µM SNAP in combination with 5 nM BMP2. Kruskal–Wallis test 
followed by Mann-Whitney U test, and Bonferroni Holm correction. Mann-Whitney U test significances 
between samples were assigned if: p<0.05 (*) or p<0.01 (**). Abbreviation: Deta = Deta NONOate. Circles are 
outlying values.    
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Alkaline phosphatase (ALP) is an enzyme that is necessary to the formation of extracellular matrix, 

particularly in the osteogenic context, and is often used as a marker for osteogenic activity in C2C12 

cells (Katagiri et al. 1994; Kim et al. 2009; Sondag et al. 2014). An initial trial of ALP activity in C2C12 

cells cultuted in L-Arginine Free DMEM and treated treated with osteoinductive supplements and 

BMP2, failed to show induction of ALP activity (Data not shown). Therefore, DMEM/HAMs as an 

alternative medium was utilised, this media contains L-Arginine. As stimulation of C2C12breluc cells 

with BMP2 in DMEM/HAMs for three days lead to an increase of ALP activity compared to 

unstimulated cells (Figure 12B-D), this media and time-point were chosen for further studies. Deta 

NONOate alone had no supplementary effect on ALP activity of C2C12breluc cells. However, the 

addition of 25 µM Deta NONOate to C2C12breluc cells was significantly inhibitory compared to 

untreated cells (Figure 12A). The addition of Deta NONOate with 4 nM BMP2 (same starting 

concentration as (Katagiri et al. 1994)) also did not enhance ALP activity compared to BMP2 alone 

(Figure 12B). Although cells stimulated with the higher concentrations of BMP2 (10 nM or 20 nM) 

responded to 10 µM Deta NONOate with a significantly increased ALP activity compared to BMP2 

alone (Figure 12C,D), higher concentrations of Deta NONOate did not have a supplementary effect. 

This is a similar supplementary effect as noted previously with the BMP reporter activity assay, and 

may be explained, that direct NO addition by DetaNONOate only acts supplementary through a 

narrow concentration range, below which DetaNONOate has no effect, and above which NO addition 

becomes inhibitory (Figure 11). 
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72 Hours – DMEM/HAMs 

 
Figure 12: ALP activity after NO supplemented BMP2 stimulation: ALP activity normalised to cell number of 

C2C12breluc cells stimulated with direct NO donor Deta NONOate (10-100 µM) (A) without BMP-2 or (B) with 

4 nM BMP2 (C) 10 nM BMP2 (D) 20 nM BMP2. Kruskal–Wallis test followed by Mann-Whitney U test, and 

Bonferroni Holm correction. Mann-Whitney U test significances between samples were assigned if: p<0.05 

(*) or p<0.01 (**). Circles are outlying values.   

 NO supplementation cannot overcome inhibition of BMP2 pathway  
To determine if BMP2 mediated BMP reporter activity requires a functional BMP pathway to be 

enhanced by the NO pathway, the inhibitors of the SMAD pathway Dorsomorphin (DSM) and LDN-

193189 (LDN) were utilised. C2C12breluc reporter cells in L-Arginine Free DMEM were stimulated with 

1 nM BMP2 and either 10 µM Deta NONOate or 1 mM L-Arginine in combination with DSM  

(1 and 5 µM) or LDN (0.1 and 0.5 µM). The addition of the inhibitors LDN and DSM led to a decrease 

of BMP reporter activity, irrespective of the presence of the NOS substrate L-Arginine, when compared 

to BMP2 plus L-Arginine (Figure 13A). The inhibitors LDN and DSM also reduced BMP reporter activity, 

which could not be prevented by the application of the NO donor, Deta NONOate, when compared to 

BMP2 with 10µM Deta NONOate (Figure 13B). Through application of inhibitors to disrupt the 
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BMP2/Smad pathway, and the failure of NO donors and substrates to recover or prevent the effects 

of the inhibitors demonstrates NO supplementation requires a functional BMP pathway.  

6 Hours – DMEM without L-Arginine 

 
Figure 13: BMP reporter activity after inhibition of the SMAD pathway: C2C12breluc cells were stimulated 

for six hours with 1 nM BMP2 in combination with (A) 1 mM L-Arginine or (B) 10 µM Deta NONOate, and 

further addition of 1 or 5 µM DSM or 0.1 µM or 0.5 µM LDN-193189. Kruskal–Wallis test followed by Mann-

Whitney U test, and Bonferroni Holm correction. Mann-Whitney U test significances between samples were 

assigned if: p<0.05 (*) or p<0.01 (**). Abbreviations: DSM: Dorsomorphin, LDN: LDN-193189, Deta: Deta 

NONOate 

 NO supplementation of BMP2 activity operates through the NO pathway 
Soluble guanylyl cyclase (sGC) is an important component of the canonical NO pathway, acting as NO 

receptor and cGMP producing enzyme. To confirm the role of sGC in enhancing BMP2 activity, the sGC 

inhibitors ODQ, and LY83583 were utilised with aims of reducing BMP reporter activity. While the NO 

independent activator of sGC YC-1 was applied to determine whether it could enhance BMP2-

mediated induction of BMP reporter activity. 

C2C12breluc cells were treated in L-Arginine Free DMEM with 1-200 µM ODQ in combination with 1 

nM BMP2 and 1 nM BMP2 with 100 µM Deta NONOate for 24 hours. The direct NO donor, Deta 

NONOate was used rather than the NO substrate L-Arginine, as L-Arginine requires an additional 

conversion step prior to acting upon sGC. While the addition of the lowest concentration of ODQ (1 

µM) had an inhibitory effect on BMP reporter activity, what at higher concentrations of ODQ (50-200 

µM) acted in a supplementary manner on BMP reporter activity (Figure 14A). The ODQ concentration 

required to enhance BMP reporter activity was greater for cells treated with a combination of BMP2 

and Deta NONOate (Figure 14B) than cells stimulated with BMP2 alone (Figure 14A).  

Due to the dose effect of ODQ, an alternative sGC inhibitor, LY83583 was utilised. The alternative sGC 

inhibitor LY83583 (10 and 100 µM) was applied in combination with 1 nM BMP2, or, 1 nM BMP2 and 
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100 µM Deta NONOate. The application of LY83583 resulted in inhibition of BMP reporter activity 

compared to the 1 nM BMP2 and 1nM BMP2 plus 100µM Deta NONOate groups (Figure 14C). 

Collectively the effect of both inhibitors indicates that the NO receptor, sGC, plays a role in supporting 

BMP2 induced BMP signalling.  

24 Hours – DMEM without L-Arginine 

 
Figure 14: BMP reporter activity after inhibition of sGC: C2C12breluc reporter cell line was stimulated for 24 

hours in DMEM without L-Arginine treated with 1-200 µM ODQ in the presence of (A) 1 nM BMP2 or (B) 1 nM 

BMP2 with 10 µM Deta NONOate. (C) 10 and 100 µM LY83583 in the presence of 1 nM BMP2 or 1 nM BMP2 

and 100 µM Deta NONOate. Kruskal–Wallis test followed by Mann-Whitney U test, and Bonferroni Holm 

correction. Mann-Whitney U test significances between samples were assigned if: p<0.05 (*) or p<0.01 (**) 

or p<0.001 (***). Significances only fit Bonferroni Holm correction for results of figure A. 

To best examine the role of the NOS enzyme, which produces NO via the substrate L-Arginine, in BMP2 

mediated ALP activity the inhibitor LNAME was used. L-Arginine supplememtation was not possible as 

DMEM/HAMs media contains an exess of L-Arginine. The treatment of the C2C12breluc cells with the 

NOS enzyme inhibitor LNAME and the NO-receptor sGC inhibitor LY83583 was tested. Both inhibitors 

were added for 1 hour prior to stimulation, following 24 hours of stimulation at concentrations of 0.1 
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– 100 µM LNAME and, 0.1-0.5 µM or, 10 and 100 µM LY83583, furthermore 10 µM Deta NONOate 

was combined with LY83583. Inhibition of BMP2 induced ALP activity was caused by the application 

of 10 and 100 µM LNAME (Figure 15A). Inhibition of sGC by LY83583 (0.01-0.5 µM) also resulted in a 

decrease of BMP2 induced ALP activity (Figure 15B). The inhibitory effects of LY83583 on BMP2 

induced ALP activities mirror previously described results in Figure 14. Together these data 

demonstrate that the inhibition of the NO receptor, sGC, reduces the effectiveness by which BMP2 

induces ALP activity, and highlights a role for the NO pathway in BMP2 mediated activities.  

As LNAME inhibition of NOS activity (NO production) lead to a reduction of BMP2 induced ALP activity, 

it was wise to attempt recovery of the NO pathway activity by addition of the direct NO donor, Deta 

NONOate (Figure 15C). The addition of 10 µM Deta NONOate (best supplementary concentration 

Figure 11) was able to partially reverse the inhibition of BMP2 induced ALP activity by 10 and 100 µM 

LNAME. Although it must be mentioned that the addition of Deta NONOate in combination with 

LNAME, did not fully restore ALP induction compared to BMP2 alone. In totality, this confirms that 

LNAME inhibits BMP2 induced ALP activity by prevention of NO production which is alleviated by the 

addition of a NO donor. Therefore, by extension demonstrates that the NO pathway plays a role in 

BMP2 mediated ALP induction.  
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72 hours – DMEM/HAMs 

 
Figure 15: ALP activity after NOS and sGC inhibition: ALP activity normalised to cell number of C2C12breluc 

cells stimulated for 72 hours with 10nM BMP2 with (A) NOS inhibitor LNAME (0.01 to 100 µM) and (B) sGC 

inhibitor LY83583 (0.01 to 0.5 µM). (C) Recovery of 10 µM or 100 µM LNAME  inhibition of 10 nM BMP2 

stimulation with the direct NO donor (10 µM) Deta NONOate. Kruskal–Wallis test followed by Mann-Whitney 

U test, and Bonferroni Holm correction. Mann-Whitney U test significances between samples were assigned 

if: p<0.05 (*) or p<0.01 (**) or p<0.001 (***). Stars and circles are outlying values. 

To determine if the activation of sGC, independent of NO activity, supplements BMP, YC-1 was utilised. 

C2C12breluc cells were treated with the NO-independent activator YC-1 (0.5-30 µM), in combination 

with 1 nM BMP2 for 24 hours. BMP reporter activity was enhanced by the application of 10 and 30 

µM YC-1 compared to untreated control (Figure 16A). YC-1 at concentrations of 10 and 30 µM in 

combination with 1nM BMP2 significantly increased BMP reporter activity in comparison to 1 nM 

BMP2 alone (Figure 16B). This demonstrates, that the activation of the NO receptor is capable of 

supplementing BMP reporter activity. YC-1s supplementary effect seems additive as it is capable of 

inducing its BMP reporter activity at 10 and 30 µM, and enhance reporter activity induced by 1 nM 

BMP2 at the same concentrations of YC-1 (Figure 16A,B). The ability of YC-1 to initiate an increase of 
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BMP reporter activity without BMP2, is also a feature seen with SNAP at 6-hours (Figure 10C) and Deta 

NONOate at 24-hours (Figure 11A,C). 

24 Hours - DMEM without L-Arginine 

 
Figure 16: BMP reporter activity after stimulation with the NO independent sGC activator YC-1: C2C12breluc 

reporter cell line stimulated for 24 hours in L-Arginine Free DMEM with (A) 0.5-30 µM YC-1 and (B) in 

combination with 1 nM BMP2. Kruskal–Wallis test followed by Mann-Whitney U test, and Bonferroni Holm 

correction. Mann-Whitney U test significances between samples were assigned if: p<0.05 (*) or p<0.01 (**) 

or p<0.001 (***). Circles are outlying values. 

 Investigation of the BMP2 pathway connection to NO via PKA 
As PKA has previously been suggested as a connector between BMP2 and NO pathways (Gangopahyay 

et al. 2011), it is important to investigate this connection in the context of BMP reporter activity and 

ALP activity. The standard inhibitor of PKA, H89, was utilised to disrupt this connection while 

examining NO enhancement of BMP2 activity and BMP2 induced ALP activity in C2C12breluc cells. 

C2C12breluc cells were therefore incubated for 24 hours with 1 or 2 µM H89 and resulting inhibition 

was attempted to be recovered by the application of 10 and 100 µM DetaNONOate. The addition of 1 

µM or 2 µM H89 to cells treated with 1 nM BMP2 led to a significant decrease of BMP reporter activity 

compared to 1 nM BMP2 alone (Figure 17A,B). The addition of 100 µM Deta NONOate led to a 

significant recovery of 1 µM H89 mediated inhibition of BMP2 induced reporter activity (Figure 17A). 

Whereas the addition of 10 µM Deta NONOate in combination with 1 nM BMP2 and 1 µM H89 led to 

further inhibition of BMP reporter activity compared to 1 nM BMP2 and 1 µM H89 (Figure 17A). 

Whereas 10 µM Deta NONOate was capable of recovering 2 µM inhibition of 1 nM BMP2 induced BMP 

reporter activity (Figure 17B), and 100µM Deta NONOate was also able to non-significantly recover 

BMP2 function after inhibition with 2µM H89 (Figure 17B).  

When investigating ALP activity, the addition of 0.01-1 µM H89 with 10 nM BMP2 treated cells resulted 

in the inhibition of ALP activity when compared to C2C12 cells treated with 10 nM BMP2 alone (Figure 
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17C). For ALP activity assays a maximum concentration of 1 µM H89 was used as at higher 

concentrations the negative metabolic effects on cells were severe (data not shown). This difference 

compared with the BMP reporter activity was a function of the difference in experimental time.  The 

addition of 10 µM Deta NONOate in combination with 1 nM BMP2 and 0.1 or 0.5 µM H89 did not lead 

to a significant recovery in comparisons to cells treated with 1 nM BMP2 and 0.1 or 0.5 µM H89 (Figure 

17D). Taking together it remains unclear whether PKA is the connector between BMP2 and NO 

pathways, despite H89 being capable of inhibiting BMP reporter activity and ALP activity (Figure 17A-

D). There is a suggestion that NO addition can recover the effects of PKA inhibition of BMP reporter 

activity (Figure 17A). However, the limited effectiveness of NO recovery of PKA mediated inhibition of 

BMP reporter and ALP activity could indicate a wider role of PKA in mediating BMP activities than 

merely linking the BMP and NO pathways. 
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24 hours - DMEM without L-Arginine – BMP Reporter  
72 hours – DMEM/HAMs – Alkaline Phosphatase 

 
Figure 17: BMP reporter activity and ALP activity after inhibition of PKA with H89: (A-B) BMP reporter 

activity of C2C12breluc cells stimulated for 24 hours with 1 nM BMP2, 10 and 100 µM Deta NONOate and (A) 

1 µM H89 or (B) 2 µM H89.  (C-D) ALP activity induced by 10 nM BMP2 combined with (C) 0.01 to 1 µM H89 

and attempted recovery by (D) 10 µM NO donor Deta NONOate. Kruskal–Wallis test followed by Mann-

Whitney U test, and Bonferroni Holm correction. Mann-Whitney U test significances between samples were 

assigned if: p<0.05 (*) or p<0.01 (**). Significances of figure A and C fits Bonferroni Correction, although 

figures B and D do not.  

3.2 BMP2 can modulate NO signalling components in C2C12 cells  
To understand if BMP2 is capable of regulating NO signalling, C2C12 cells were treated with BMP2 in 

combination with examination of key features of the NO pathway: NO production was quantified by 

the fluorometric DAF-2 assay; cGMP production by ELISA based quantification; and qRT-PCR of the NO 

pathway components cGKII and nNOS.   

Attempts at quantification of NO production through the classical Griess method (relying on the 

production of the nitrite/nitrate end products, see Griess reaction) were below the detection limit 
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(data not shown). For this reason, NO detection was carried out using DAF-2 diacetate, a compound 

which diffuses across the cellular membrane and is subsequently converted by cellular esterases to 

the less permeable DAF-2 reacting with NO to form the fluorescent triazolofluorescein (DAF-2T). 

Utilizing this DAF-2 agent, C2C12breluc cells cultured in normal DMEM and stimulated for two hours 

with 10, 20, and 50 nM BMP2, the assay indicates a clear dose-dependent increase in NO production, 

where only 50 nM BMP2 led to significant difference in NO production compared to untreated control 

(Figure 18A). The NO produced by BMP2 stimulated C2C12 cells was akin to the NO released by the 

750µM Deta NONOate. Compared with other experiments higher concentrations of Deta NONOate 

were used in the DAF-2 assay. This was due to Deta NONOate role as a positive control for NO 

production, and to best ensure detection of NO produced in the short experimental time.  

To further determine if BMP2 initiation of NO production leads to the activation of the NO pathway, 

the quantification of cGMP, the product of the NO receptor sGC, was necessary. Quantification of 

cGMP was carried out using a direct cGMP ELISA of lysates from C2C12 cells stimulated for one hour 

with 10, 50, and 100 µM Deta NONOate and 5 nM BMP2 in L-Arginine free DMEM. The production of 

cGMP through NO donation was dose-dependent and significant with the highest concentration of 

Deta NONOate (100µM) (Figure 18B). 5 nM BMP2 induced a significant increase of cGMP production 

in C2C12 cells. This increase is equivalent to 100 µM Deta NONOate (Figure 18B), demonstrating the 

ability of BMP2 to activate the NO pathway.  

Through the NO and cGMP production assays of BMP2 stimulated C2C12 cells, this study was able to 

show BMP2 is capable of activating the NO pathway. This builds on a previous study which showed 

that BMP2 can activate the eNOS enzyme (Gangopahyay et al. 2011).  

To understand whether BMP2 can impact the gene expression of the NO pathway components iNOS, 

eNOS, nNOS as well as cGKI and cGKII, transcript levels were determined by qRT-PCR in C2C12breluc 

cells. The expression levels of iNOS, eNOS and cGKI were below detection levels, thus focussing on 

cGKII and nNOS expression in further studies. In comparison to the untreated samples, the expression 

of cGKII significantly decreased in the presence of 5 nM BMP2 (Figure 18C) or when cells were treated 

with 1 nM BMP2 with 1 mM L-Arginine (Figure 18D). The nNOS expression was significantly and dose-

dependently down-regulated after stimulation with 1 nM and 5 nM BMP2 and in combination with L-

Arginine (Figure 18C&D). These results demonstrate that BMP2 modulates the expression of the NO 

components which can be enhanced by NO substrate addition.    
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Figure 18: Treating cells with BMP2 stimulates NO signalling at various levels. (A) NO production quantified 

by DAF-2 mediated fluorescence and fold comparison to untreated groups in C2C12breluc cells stimulated for 

two hours with 750 µM Deta NONOate or 10, 20 or 50 nM BMP2. (B) cGMP production in C2C12 cells after 

one-hour stimulation with 10, 50 or 100 µM Deta NONOate or 5 nM BMP2 given as fold comparison to 

untreated groups. (C&D) Expression of cGKII and nNOS in C2C12breluc cells stimulated for six hours in DMEM 

without L-Arginine with (C) 1 nM or 5 nM BMP2 or (D) 1 nM BMP2 with or without 1 mM L-Arginine. Gene 

expression was adjusted to primer efficiencies and normalised to the expression of housekeeping gene HPRT. 

Significances are assigned with a spanning line if p<0.05 (*) or p<0.01 (**) as calculated by Mann-Whitney U 

test. Statistical results of NO and cGMP production remained significant after Bonferroni Holm correction, 

whereas significances of gene expression did not follow Kruskal-Wallis, and Bonferroni Holm correction. 

Abbreviation: Deta: Deta NONOate.  Stars and circles indicate outlying values. 
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3.3 Human primary osteoblast like cells  
hPOBs were employed to investigate whether BMP2 induced osteogenic activity can be modified by 

activities of the NO pathway. Therefore, ALP activity was utilised as a marker of osteogenic activity in 

a similar experimental setup as shown for C2C12 cells.   

Osteogenic activity of hPOBs was analysed by stimulation for six days with media containing 4-38 nM 

BMP2 from Wyeth (CHO source) or from Osteogenetics (E-coli source) (Figure 19). It could be 

demonstrated that a positive control of osteoinductive media induced an increase of ALP activity 

compared to the untreated group; whereas stimulation of cells with BMP2 from CHO and E-coli 

sources did not increase ALP activity compared to untreated samples. The addition of BMP2 resulted 

in a reduction of ALP activity in comparison to untreated cells, which was significantly different for 

stimulation of hPOBs with 8 and 38 nM BMP2 (Figure 19). This is a consistent response to BMP2 

(osteogenics) which is summarised in (Table 17). Several conditions of different cell culture media, 

supplements and serum concentration were tested, but revealed all the same non-responsiveness on 

ALP activity in hPOBs as described in Table 17. The one exception was Exp.# 1 were an increase of ALP 

was detected, but the data were inconsistent.  

6 days – DMEM/HAMs 

 
Figure 19: ALP activity in hPOBs stimulated with BMP2 from different sources: Cells where stimulated for 6 days 

with osteoinductive media and (4-38 nM) BMP2 from Wyeth or Osteogenics in DMEM/HAMs with 5% FCS. 

Kruskal–Wallis Test followed by Mann-Whitney U test, and Bonferroni Holm correction. Mann-Whitney U test 

significances between samples were assigned if: p<0.05 (*). 

n = 3 
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Table 17: Summary of ALP activity studies of hPOBs.  

Exp.# 
Stimulation 

(Days) 
Media 

Osteoinductive media - 
Average fold 

comparison to 
untreated 

[BMP2] 
W - Wyeth 

O- 
Osteogenics 

BMP2 - Average 
fold comparison 

to untreated 
[L-Arginine] 

BMP2 + L-Arginine - 
Average fold 

comparison to 
untreated 

AA: [Ascorbic Acid] 
β-gly: [β-Glycerol 

Phosphate] 

BMP2 + AA/β-gly 
- Average fold 
comparison to 

untreated 
(ALP Activity/ Cell 

Number) 
(ALP Activity / 
Cell Number) 

(ALP Activity/ Cell 
Number) 

(ALP Activity/ Cell 
Number) 

1 

3 
L-Arginine Free 
DMEM 1%FCS  

N/A 

0 - 1 nM 1.49 

1 mM 

1.31 

N/A N/A 0 - 5 nM 1.65 1.43 

0 - 20 nM 1.71 1.47 

3 
DMEM/HAMs 

1%FCS 
2.1 0 - 5 nM 0.87 N/A N/A N/A N/A 

2 

6 
L-Arginine Free 
DMEM 1%FCS 

4.2 0 - 5 nM 1.00 1 mM 0.49 N/A N/A 

6 
DMEM/HAMs 

1%FCS 
2.4 0 - 5 nM 0.46 N/A N/A N/A N/A 

3 
(given 

in 
Figure 

19) 

6 
DMEM/HAMs 

1%FCS 
N/A 

0 - 4 nM 0.23 

N/A N/A N/A N/A 
0 - 8 nM 0.25 

0 - 19 nM 0.29 

0 - 39 nM 0.42 

6 
DMEM/HAMs 

5%FCS 
2.45 

0 - 4 nM  0.46 

N/A N/A N/A N/A 
0 - 8 nM   0.30 

0 - 19 nM 0.39 

0 - 39 nM 0.41 

6 
DMEM/HAMs 

5%FCS 
N/A 

W - 4 nM 0.19 

N/A N/A N/A N/A 
W - 8 nM 0.25 

W - 19 nM 0.21 

W - 39 nM 0.14 

4 

7 
DMEM/HAMs 

10%FCS 
0.97 

0 - 8 nM 0.32 
N/A N/A 

AA: 500 µM 
β-gly: 10 mM 

0.55 

0 - 20 nM 0.29 0.31 

12 
DMEM/HAMs 

10%FCS 
2.68 

0 - 8 nM 0.24 
N/A N/A 

AA: 500 µM 
β-gly: 10 mM 

0.53  
0 - 20 nM 0.28 0.89 

ALP activity (absorbance) is normalised to cell number. Cells where stimulated with the positive control of oteoinductive media (500 µM Ascorbic acid, 10 mM β-Glycerol 

Phosphate, 1.5 mM Calcium Chloride, 100 nM Dexamethasone), or samples with BMP2, BMP2 supplemented with L-Arginine, or BMP2 supplemented Ascorbic acid and β-

Glycerol Phosphate. N/A = Not Applied. 
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4 Discussion 
BMP2 is a known osteoinductive agent, and its clinical effectiveness in the orthopaedic context 

requires a high concentration of BMP2. The use of high amounts of BMP2 has resulted in reports of 

low-cost efficiency and unwanted side effects, such as increased wound drainage, ectopic bone growth 

and carcinogenesis (Boraiah et al. 2009; Ritting et al. 2012; Chan et al. 2014)(Boraiah et al. 2009; Ritting 

et al. 2012; Chan et al. 2014). Therefore, long term clinical improvement is predicated on a reduction 

of the amount of BMP2 utilised whilst maintaining effectiveness. To achieve this, BMP2 requires 

combinations with supplementary factors which support and improve BMP2 activity. It was the aim of 

this study to investigate whether BMP2 signalling and mediated osteoinduction can be modulated by 

the NO pathway, thus demonstrating NO pathway can act as a supplementary factor for BMP2. This 

study has laid ground work for further studies in this direction, as it has demonstrated the application 

of chemical activators and inhibitors of the NO pathway can modulate BMP2 activity. Furthermore, 

this study was able to demonstrate that BMP2 can activate the NO pathway, underlining possibilities 

by which BMP2 may enhance its own signalling through the NO pathway.  

4.1 NO can regulate the activities of BMP2 in cells  
This study has employed the use of chemical compounds that can stimulate or inhibit the NO pathway. 

It is important to note the use of chemical compounds in investigating signalling pathways as there is 

the added benefit to the long term translationof research into the clinic, as clinical interventions 

typically rely on analogous’ chemical compounds, such as recombinant human (rh)BMP2 (Jones et al. 

2006), L-Arginine (Napoli et al. 2008) and NO donors (Jamal et al. 2011).   

Typically, endogenous NO production is key to the activation of the NO pathway and relies on the nitric 

oxide synthase (NOS) isozymes, this NO can diffuse across the membrane, and initiate signalling in 

neighbouring cells. This study could show that NO production via the NOS enzymes can play a role in 

enhancing BMP2 mediated signalling and BMP2 mediated osteogenic activity. This is demonstrated by 

the action of the NOS substrate, L-Arginine, acting as an enhancer of BMP2 mediated signalling as 

determined by the BMP responsive reporter (Figure 7) and expression of the early BMP response genes 

ID1, ID2, and ID3 (Figure 8). It must be noted that the ID class of genes are well known target genes of 

BMP mediated signalling (Ho et al. 2011; Yang et al. 2013). The ID proteins play a role in the 

maintenance of cell proliferation and prevention of differentiation (Zebedee and Hara 2001). However, 

IDs strong and immediate response to BMPs make them an excellent measure for BMP signalling 

(Korchynskyi and Dijke 2002; Peng et al. 2004).  

L-Arginine mediated supplementation of BMP2 signalling was confirmed to be dependent on the 

function of NO production by NOS, as the application of the inhibitor of all NOS isozymes (LNAME) 
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reduced the L-Arginine enhancement of BMP2 signalling (Figure 9). It must be noted, that investigation 

of BMP2 mediated osteogenic activity was carried out in media containing L-Arginine. Therefore, the 

role of L-Arginine’s conversion to NO was investigated only by the use of the NOS inhibitor (LNAME). 

The application of the NOS inhibitor (LNAME) reduced the BMP2 mediated induction of osteogenic 

function (ALP activity) (Figure 15A). Together these findings demonstrate that NOS mediated NO 

production leads to an increase in BMP2 induced BMP signalling (Figure 7; Figure 9) and osteogenic 

(ALP) activity (Figure 15). As L-Arginine alone had no effect on the induction of BMP reporter activity, 

but L-Arginine was capable of supplementing BMP2-mediated induction of reporter activity, suggests 

a possible synergistic effect of L-Arginine on BMP2 signalling (Figure 7, Figure 8, Figure 9). This helps 

to build on a previous investigation in primary sourced pulmonary arterial endothelial cells, which were 

shown to have increased phosphorylation of the NO producing (via L-Arginine conversion) eNOS 

enzyme in response to treatment with BMP2 and BMP4 (Gangopahyay et al. 2011). This increase in 

phosphorylation of the eNOS enzyme, will lead to increased conversion of L-Arginine and thus 

production of NO. However, the longest time point examined by Gangopahyay et al., 2011 was one 

hour which only partially covers the 24 hours time point of L-Arginine mediated supplementation of 

BMP signalling used in this study.    

The role of NO in the enhancement of BMP signalling was underlined through the application of the 

direct NO donor Deta NONOate (with 20-hour half-life). Cells stimulated for 24 hours with Deta 

NONOate provided an additive effect on BMP2 mediated signalling, although at higher concentrations, 

Deta NONOate had an inhibitory effect (Figure 11). The inhibitory effect of increasing NO donor 

concentration may align with previous observations that high concentrations of NO  have a negative 

impact on cellular metabolism (Babich et al. 1999; Pervin et al. 2001; Dubey et al. 2016; Makeeva et 

al. 2006). Particularly in C2C12 cells, the addition of direct NO donor, SNP, led to reduction of cell 

number and increase of apoptotic markers p53 and caspase-3 in proportion to concentration and time 

(Lee et al. 2005). The supplementary effects of Deta NONOate in combination with BMP2 were 

maintained in L-Arginine containing media (Figure 11), helping to further show the ability of NO 

donation to support BMP2 signalling even in an L-Arginine rich environment. This work had found that 

C2C12 cells incubated in DMEM medium with L-Arginine, responded negatively to 100 µM Deta 

NONOate in combination with BMP2, which was not found in DMEM medium without L-Arginine 

(Figure 11D&E). This could indicate that NO produced via NOS (L-Arginine) can complement direct NO 

donation, which had allowed the inhibitory effects of Deta NONOate to appear at lower concentrations 

when using DMEM medium with L-Arginine compared L-Arginine free media (Figure 11D&E). This may 

point to the possibility of endogenous (NOS) NO production working in combination with direct NO 

addition through chemical donor, both affecting BMP2 signalling.  
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In regards to osteoinduction, the addition of Deta NONOate alone seems unable to induce osteogenic 

function, however in the presence of BMP2, Deta NONOate can enhance BMP2’s induction of 

osteogenic activity (Figure 12). This underlines the importance of NO in enhancing BMP2 mediated 

signalling and osteogenic activity, and that it operates in a synergistic manner.  

It must be mentioned that at a shorter time point of six hours, Deta NONOate and the application of 

another NO donor, SNAP (six hours half-life) had no significant supplementary effect on BMP2 induced 

signalling (Figure 10). Following 24 hours stimulation with SNAP, there was also no significant 

enhancement of BMP2 mediated BMP signalling (Figure 11). These findings suggest that the time and 

kinetics of NO release (thus amount of NO available) is very important to whether supplementing 

BMP2 activity is possible (Figure 10, Figure 11). The kinetics of NO being delivered to cells can have an 

impact upon the response of cells, the kinetics of NO release can be typically compared through the 

application of different donors, which vary in NO half-life. Literature has shown that Deta NONOate 

has a half-life of 20 hours, can maintain NO levels over an extended period of times, and is unaffected 

by the presence of light, metals, thiols or cells (Wang et al. 2002; Yamamoto and Bing 2000). Whereas 

SNAP has a reduced half-life of six hours which can be accelerated further by the presence of metal 

ions (Singh et al. 1996). The different kinetics of NO release of various donors have been shown to 

have different impacts on the NO/cGMP pathway (Ferrero et al. 1999). It was for example shown, that 

the addition of the NO donors SNAP, SNP, SPER NONOate and DEA NONOate have led to cGMP 

production in bovine chromaffin cells in a time dependent manner. As well as highlighting that the EC50 

for donor mediated induction of cGMP production varied between the compounds: SPER 1.12 µM, 

DEA 0.38 µM, SNAP 36.3 µM; and also leads to a difference by which concentration required to induce 

maximum activation of cGMP production (Ferrero et al. 1999)(Ferrero et al. 1999).The Ferrero et al., 

1999 study had found that DEA and SPER had a correlation between NO production and increase in 

cGMP production, which clearly demonstartes the ability of NO donors to directly initiate the 

NO/cGMP pathway. Ferrero et al., and this study highlights the need to take steps to investigate 

concentrations and varitety of NO donors against the outcomes of the investigation.             

As far as the literature goes, there is no direct comparison between the application of various NO 

donors to investigate osteoinduction, or effects upon osteoblast. However, a good example of cellular 

effects different NO donors can have on cell regulation is an investigation of the stem cell master 

regulatory gene Oct-4 in murine bone marrow multipotent progenitor cells (MAPC) (Chu et al. 2008). 

In these endothelial cells, the application of Deta NONOate and SNAP induced increases in OCT4 

expression, however the profile of this response differed. Where increasing Deta NONOate 

concentration will increase Oct4 expression in a clearly dose dependent manner, SNAP shows a more 

binary scenario where low concentrations had no effect on Oct4 expression, but higher concentrations 
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of SNAP increased the Oct4 expression to a similar extent. Furthermore, a direct comparison of the 

donors, showed that even a 10-fold higher application of SNAP was unable to enhance Oct4 expression 

to the same extent as Deta NONOate. This demonstrates that NO donors with different kinetics can 

have different responses to an outcome (Chu et al. 2008).  

In the C2C12breluc cells, stimulation with Deta NONOate for 24 hours was able to induce BMP reporter 

activity without the presence of BMP2 (Figure 11), however, comparing these findings to the BMP2 

induced reporter activity, the observed induction by Deta NONOate alone is only of minor extent. 

Whereas L-Arginine alone had produced no increase in reporter activity makes for an interesting 

comparison (Figure 7), as the difference between the Deta NONOate and L-Arginine alone 

responsescould be an extension of L-Arginine acting as substrate for the NOS enzyme to produce NO, 

whereas Deta NONOate spontaneously degrades and releases NO to the surrounding environment 

without the need of metabolism or catalytic conversion. It could be assumed that the Deta NONOate 

induced BMP activity is a function of spontaneous NO production, whereas L-Arginine cannot induce 

this response as catalytic conversion via NOS required to produce NO, which is seemingly less efficient 

in NO production than direct NO donation. This somewhat fits to the current understanding of the 

negligible and marginal baseline activity of the NOS enzymes in C2C12 cells (Williams et al. 1994; 

Godfrey and Schwarte 2010; Püttmann et al. 2005), as the NO end product nitrite/nitrate was not 

detectable unless C2C12 cells were treated with a combination of TNFα, INFɣ, and LPS (Williams et al. 

1994(Williams et al. 1994). The direct flourescnce imaging and quantificication of NO production (DAF-

2) in C2C12 cells required treatment with Agrin (Godfrey and Schwarte 2010), or co-culture with 

chicken motor-neurons or allowing C2C12 cells to differentiate into myotubes (Püttmann et al. 2005). 

This collectively shows that the basal level of NO production is very low, and that the addition of L-

Arginine may not lead to an efficient increase of NO production, thus accounting for the variation 

between Deta NONOate and L-Arginine. However, this study has not investigated an underlying 

mechanism which allows NO donation to increase the BMP reporter activity independent of BMP2. 

However, current literature does provide some understanding, albeit limited to the pancreatic 

endothelial (MS1) cell line, where Deta NONOate stimulation for 24 hours led to an increase of ID1. 

This observation may also be an indirect outcome, resulting from a NO pathway mediated lengthening 

of tube formation (Tsai et al. 2016). Such outcomes were avoided in this study by preventing the 

density dependent C2C12 myotubes being formed by ensuring that the confluency of the well plates 

was not reached during the experiment, and thus preventing the induction of endogenous NO 

production. 

This study found that the ability of the NO pathway to act as a supplement of BMP2 activity is 

dependent on the concentration of BMP2 applied to C2C12 cells. With BMP reporter activity, the 
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lowest concentration of BMP2 tested was not affected by the addition of L-Arginine, however 

increasing BMP2 concentration, the addition of L-Arginine can function as an enhancer (Figure 7). It 

could be hypothesised that BMP2 signalling does not activate enough NOS to suitably convert L-

Arginine to NO endogenously, which in turn does not provide enough NO to supplement the BMP2 

pathway. However, this requires further investigation, for example where NO production and 

phosphorylation of NOS enzymes is quantified in response to increasing BMP2 concentrations. While 

it was shown that BMP2 and BMP4 can enhance eNOS phosphorylation in pulmonary arterial 

endothelial cells, an investigation of dose dependence was not carried out (Gangopahyay et al. 2011). 

However, for other non-NO pathway components, the increases of BMP concentration being able to 

alter the phosphorylation of pathway targetshas been clearly demonstrated. For example, it has been 

shown that the increasing concentration of BMP7 increases SMAD1/5/8 phosphorylation, and non-

Smad Akt phosphorylation decreases in renal collecting duct and tubular epithelial (HK-2) cells (Higgins 

et al. 2017). In human endothelial cells, stimulation with BMP2 was shown to increase Akt and Erk 

phosphorylation dose dependently, while MEK phosphorylation required higher BMP2 concentrations 

(Chen et al. 2018). The previous studies have demonstrated that BMP2 concentration impacts the 

intensity of subsequent signalling outcome, which may have a connection with the results found in this 

study.        

In the context of BMP2 mediated osteoinduction, this previously mentioned hypothesis that a minimal 

BMP2 concentration is required to activate the NOS enzyme, becomes somewhat complicated when 

considering the relationship between BMP2 concentration and the effect of direct NO donation via 

Deta NONOate (Figure 12). As NO donation via Deta NONOate occurs independently from NOS 

enzymes, it was unexpected when C2C12 cells treated with the lowest concentration of BMP2 did not 

benefit from Deta NONOate supplementation, in the context of osteogenic activity (Figure 12). It may 

remain the case that at lower concentrations, BMP2 may not be activating the NOS enzyme, or parts 

of the NO pathway (e.g. cGKI) to provide enough endogenous NO to support BMP2 signalling even with 

direct NO donation, as at higher concentrations of BMP2 Deta NONOate can induce osteogenic activity. 

However, it would be interesting to identify if a more elaborate system is in play, where very low 

concentrations of BMP2 cannot be subjected to signalling cross talk unlike at higher concentrations of 

BMP2.   

The interrogation of the NO receptor, sGC, demonstrated its valuable role in the NO mediated 

supplementation of BMP2 activity. The application of the NO independent activator of sGC, YC-1, 

increased the BMP reporter activity even in the absence of BMP2 (Figure 14), although this is not 

substantial in comparison to activation when BMP2 is supplemented. The activation of sGC has an 

additive effect on BMP2 induced signalling and therefore underlines the ability that the activated NO 
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pathway has an enhancing effect on BMP2 activity (Figure 14). The cause of the direct additive effect 

that YC-1 may have on the Smad targeted reporter was not further investigated in this study, while 

currently there is also no literature that may highlight the mechanism. However, taken the direct 

effects Deta NONOate has on reporter activity, points towards a NO pathway dependent mechanism 

of action.   

Ostensibly both YC-1 and direct NO donors (Deta NONOate and SNAP) target the sGC enzyme, which 

in turn increases cGMP production. However, YC-1 is a NO-independent activator of the sGC enzyme 

(Friebe and Koesling 1998; Friebe et al. 1999; Ko et al. 1994), which can also increase the sensitivity of 

sGC to NO (Friebe et al. 1996). The reason behind the ability of YC-1 to increase the sensitivity to NO 

and CO is that YC-1 allosterically binds sGC (Pal and Kitagawa 2010; Purohit et al. 2014), allowing the 

NO binding heme domain to remain free. This study has found that YC-1 induces a more pronounced 

increase in BMP reporter activity than seen by the application of direct NO donors alone (Figure 11 

and Figure 16). As NO and YC-1 has been shown to operate synergistically on sGC in endothelial cells 

(Schmidt et al. 2001), it could be possible that low levels of endogenous NO production act 

synergistically with YC-1 addition to have this pronounced effect on BMP reporter activity, although 

this was not investigated. Furthermore, off target effects of YC-1 led to the reduction of Na+ Channel 

activity via the binding of an ancillary binding domain (Garthwaite et al. 2002; Riddall et al. 2006), 

however the relationship of sodium was not investigated during this study. It must also be noted that 

the application of YC-1 in C2C12 cells leads to the activation of the Akt protein (Drenning et al. 2009), 

which is a known downstream target of BMP signalling. While BMP activates Akt, this protein is not 

directly connected with the Smad pathway (Mukherjee and Rotwein 2009), which was quantified by 

the reporter system used in this study. However, further investigations may benefit from examining 

the combination of BMP2 and YC-1 on the Akt activity and possible positive osteogenic outcomes. It is 

known that Akt is a target of BMPs, as shown by the increase of Akt phosphorylation in PAEC cells in 

response to BMP2 and BMP4  (Gangopahyay et al. 2011), and through inhibition of Akt activity. 

Furthermore, it has been shown that Akt can instigate BMP2 osteogenesis in MSC cells (Mukherjee 

and Rotwein 2009) and in 2T3 and C2C12 cells (Ghosh-Choudhury 2002). 

This study was able to highlight the role of the NO receptor sGC, in the support of BMP2 mediated 

activity by the application of sGC inhibitors (ODQ and LY83583) and activator (YC-1). The inhibition of 

sGC by the application of ODQ or LY83583 resulted in a decrease of BMP2 mediated signalling (Figure 

14) and decrease in BMP2 induced osteogenic activity (Figure 15). The inhibition of the NO receptor 

reduced BMP2 mediated signalling and could not be recovered by the addition of the NO donor, Deta 

NONOate. This demonstrates that the NO receptor plays a role in supporting the BMP2 mediated 

signalling. Taking together these results indicate that the NO receptor (sGC) plays a role in supporting 
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BMP2 mediated signalling (ODQ and LY83583, Figure 14) and osteoinduction (LY83583, Figure 15). 

The inhibitor of sGC, LY83583 was applied to BMP2 stimulated C2C12breluc cells, with and without 

Deta NONOate. In both instances LY83583 had an inhibitory effect on BMP2 induced reporter activity 

(Figure 14C), further demonstrating the role the NO pathway via sGC has in supporting BM2 mediated 

signalling. Even in the presence of Deta NONOate, the inhibition of sGC led to an inhibition of BMP2 

mediated signalling. This maybe a function of BMP2 endogenous induction of the NO pathway, which 

was shown in this study by BMP2 induced increases of NO and cGMP production (Figure 18). It should 

also be noted there was a minor (non-significant) increase in BMP reporter activity when inhibitors 

were applied in combination with Deta NONOate (Figure 14C).This observation fits with the response 

of the reversible action of LY83583 mediated inhibition (Mülsch et al. 1988). The only NO pathway 

independent off target effects of LY83583 that has been described in C2C12 cells is an induction of 

glucose transporter-1 activity (Prasad et al. 1999).  This which to the best of my knowledge of the 

literature has no direct connection with the induction of Smad mediated BMP signalling. Collectively, 

this study found that modulating the activity of sGC will impact BMP2 mediated activity. This goes 

some way to demonstrate that the canonical NO pathway can play a role supporting and 

supplementing BMP2 mediated activity.  

It must be mentioned that one of the inhibitors of sGC applied, ODQ, invoked at higher concentrations 

a supplementary effect on BMP2 induced signalling, whereas an alternative inhibitor for sGC, LY83583, 

did not, but interestingly inhibited BMP2 induced signalling. This cause of ODQ mediated increases of 

BMP2 mediated signalling was unaccounted for in this study, although it has been shown that 

analogous concentrations of ODQ increased expression and presence of secreted modular calcium-

binding 1 (SMOC-1) protein in quiescent mesangial cells (Dreieicher et al. 2009). In this context, 

Dreiecher et al. have shown that the application 10 and 30 µM of YC-1 leads to a decrease of the SMOC-

1 protein, indicating that the effects is through a connection to the NO receptor sGC (Dreieicher et al. 

2009). SMOC-1 is described as an antagonist of BMP signalling, by preventing Smad transduction. 

Although, a single region of SMOC-1 being capable of enhancing BMP signalling when expressed in an 

artificially truncated construct (Thomas et al. 2017). It is likely that the increase of SMOC-1 will not 

result in supplementing the activity of BMP2 directly due to SMOC-1’s antagonistic effects on BMP 

signalling. However, SMOC-1 does have a direct positive role in osteodifferentiation, as knock down 

studies of SMOC-1 have shown to reduce to mineralisation and expression of osteogenic markers, and 

overexpression leads to an increase in mineralisation and osteogenic marker expression (Choi et al. 

2010). The mechanism of the supplementary effects of higher concentrations of ODQ requires further 

investigation, and whether this is an action of SMOC-1 expression, leading to C2C12 cells moving 

towards to the osteogenic lineage should also be considered. When using inhibitors of BMP signalling, 
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the application of direct NO donors or L-Arginine was unable to recover or prevent the inhibition of 

BMP2 signalling (Figure 13). This suggests that the ability for the NO pathway to supplement BMP2 

mediated signalling, is predicated on a functional BMP2 pathway. This may imply a limited ability for 

NO to support BMP2 signalling in scenarios where the BMP mediated signalling is malfunctioning. As 

an example, mutations of the BMPRII have been found in patients suffering from pulmonary arterial 

hypertension. In these studies, pulmonary arterial endothelial cells (PAEC) isolated from these patients 

were found to be unable to induce phosphorylation of the eNOS enzyme in response to BMP2 

(Gangopahyay et al. 2011).  

4.2 BMP2 regulates the activity of the NO pathway 
It is important to define whether BMP2 can activate the NO pathway, and thus opening the possibility 

for a positive feedback loop. To determine if BMP2 activates the NO pathway, the production and 

expression of NO pathway components was investigated. The addition of BMP2 to C2C12 cells 

increased NO and cGMP production to an extent analogous to direct NO donation (Figure 18), thus 

demonstrates that BMP2 can induce the activation of the NO pathway.  

A previous study has utilised lysates from pulmonary arterial endothelial cells (PAEC) to demonstrate 

that BMP2s operating through the BMPRII receptor induces eNOS activity, and subsequently increases 

the conversion of L-Arginine to L-Citrulline (Gangopahyay et al. 2011). Therefore, showing BMP2 can 

increase NO production by the activity of eNOS (Gangopahyay et al. 2011). This study has gone some 

way to support this, as BMP2 stimulation of C2C12 cells increases cellular production of NO (Figure 

18), and further demonstrated an increase of cellular cGMP production (Figure 18). In line with 

previous findings, the results of this study demonstrate BMP2s capabilities of innervating the NO 

pathway, which is also shared between myoblast precursor cells as used in this study and endothelial 

cell types (Gangopahyay et al. 2011).   

A more complicated regulatory process appears in how BMP2 regulates the expression of the NO 

components, nNOS and cGKII. The addition of BMP2 induces a dose dependent decrease in the 

expression of the nNOS and cGKII genes (Figure 18), which may indicate a negative feedback effect, 

where the expression of NO pathway components decreases over the long-term in response to BMP2 

stimulation. As NO production via nNOS, and cGKII effector kinase activity is reduced over time, this 

could lead to the loss of NO pathway supplementation of BMP2 activity over time. While currently 

there is a lack of literature demonstrating the effects of BMP on the regulation of NO pathway 

components, it is interesting to note the evidence of BMPs regulating gene expression of BMP 

signalling components. For example, tenocytes stimulated with BMP7 increased the expression of the 

BMP receptors and Smad proteins which further aid in the signalling of BMP7, thus indicating a 

feedback signalling mechanism in response to BMP (Klatte-Schulz et al. 2016). In studies of BMP2 
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induced ectopic bone, an initial increase in the expression of the BMPRIa and BMPR2 goes onto 

declining over time, whereas BMPRIb expression remains unchanged in response to BMP2 (Nakamura 

et al. 2003). This underline BMP2s ability to control the expression of its related pathway components’. 

The expression of the other NOS isoforms, eNOS and iNOS, as well as cGKI was not detectable in this 

investigation, despite detection in other cell types (data not shown). The lack of presence of the eNOS 

and iNOS may be a result of the cell type, C2C12, where the expression of nNOS is favoured, while 

inducing iNOS activity requires the treatment of cells with a cytokine cocktail (Williams et al. 1994; 

Frost et al. 2009). It is known that myoblasts express nNOS preferentially over other NOS isoforms 

(Nakane et al. 1993; Lück et al. 1998; Förstermann and Sessa 2012), which is also true for C2C12 cells, 

where nNOS was shown to be phosphorylated in response to treatment with insulin (Hinchee-

Rodriguez et al. 2013). In another study it was shown that C2C12 cells cultured in HEPES buffered saline 

was able to express all forms of NOS (Ham et al. 2015). However, in another study involving C2C12 

cells, nNOS was expressed in the control group, which was then increased by the application of 

mechanical forces (Chen et al. 2013). It is interesting to note a variation, where primary nitrergic 

enteric neurons treated with BMP2 increased the expression of nNOS compared to untreated control 

(Liu et al. 2015), whether this is a tissue specific response would require further investigation.    

This study found that the expression of cGKI in C2C12 cells to be negligible, which was similar to results 

described in literature, where cGKI expression was observed to be negligible before increasing upon 

differentiation into myotubes (Bois et al. 2005). As this study employed undifferentiated C2C12 cells, 

and kept at low density to ensure prevention of myotubes forming, the negligible cGKI expression fits 

with this previous study (Bois et al. 2005). The endogenous cGKI protein has been previously been 

found in C2C12 cells, although the proteins levels had a low presence (Schwappacher et al. 2009; 

Hassel et al. 2004). Therefore, it could be possible that the transcript level is very low, which would 

likely mean that expression of cGKI might be undetectable in the cell lysates used in this study and by 

Bois et al., 2005. 

It should also be highlighted that nNOS and cGKII are membrane associated protein unlike the other 

isoforms, iNOS, eNOS or cGKI (Vaandrager et al. 1996; Vaandrager et al. 1997a; Aquilano et al. 2014; 

Ignarro and Jacobs 2000). Whether there is a comparative difference between the membrane and the 

soluble forms in the relationship with BMP signalling remains to be investigated, as studies in this area 

of BMP signalling are very limited. One approach should investigate BMP receptors and cGKII on 

endocytosis and its effect on cellular activity. This stems from previous research of BMP2 induced 

endocytosis of BMP receptors which has a influence of signalling and subsequent cellular activity, such 

as neuronal growth (Hartung et al. 2006; Hegarty et al. 2017). Also in the connection of neuronal cells 

and neuronal tissues, cGKII was also found to direct endocytosis at the cell membrane, where a cGKII 
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knockdown prevented synaptic vesicle recycling (Collado-Alsina et al. 2014). This was further 

demonstrated in cGKII knockout mice (Collado-Alsina et al. 2017). In further studies of primary cells 

from hippocampal neuronal cells, the direct interaction of cGKII with the AMPA receptors was 

important to endocytosis of the activated receptor (Serulle et al. 2007). Previous investigations in the 

area of the BMP-pathway had demonstrated an association with cGKI, but had not discussed any 

implications for cGKII (Schwappacher et al. 2009; Hassel et al. 2004). Latterly, Schwappacher et al. 2009 

utilised over-expression of cGKI to demonstrate the association of cGKI in supporting BMPRII signalling 

activities (Schwappacher et al. 2009), and thus may have masked the role that cGKII may play in 

supporting BMP signalling. Furthermore, the demonstration of BMP2s ability to induce 

phosphorylation of eNOS was in the context of pulmonary arterial endothelial cells (PAEC) 

(Gangopahyay et al. 2011), and had overlooked any association with nNOS. In C2C12 cells, the 

association with nNOS and receptors have been reported, such as nNOS binding with the acetylcholine 

receptor and its partner channels (i.e. NMDAR, sodium, and potassium channels) prior to stimulation 

(Lück et al. 2000). As cGKI and eNOS are soluble, and cGKII and nNOS are membrane associated, this 

may make for an interesting investigation into whether membrane association have an impact on the 

particular association with the BMP induced receptor complexes (BISC), the preformed complexes 

(PFC), or specific BMP receptors (see 1.3.2).   

Comparing the results of our study with Makris et al., whom showed that C2C12 cells were unable to 

produce NO in response to cytokine treatment (IL-6), and cGMP in response to direct NO treatment 

(Makris et al. 2010), the variation between the findings can be readily explained by two points: (1) IL-

6 is known as a NO target rather than inducer (Demirel et al. 2012; Broderick et al. 2007); and (2) this 

study utilised a different ELISA system that has a greater sensitivity (nM) than employed by Makris et 

al. 2010 (µM). Thus, would be capable of detecting the low concentrations of cGMP that is present in 

C2C12 cells. Although, in support of Makris et al. 2010 this study was also unable to detect the NO end 

products, nitrite and nitrate, by C2C12 cells using the Griess reaction. However, an alternative method 

was employed in this study, the DAF-2 based method. This DAF-2 method detects NO production over 

a shorter time period, and with greater sensitivity than the Griess method. In this study it was then 

possible to quantify NO produced within C2C12 cells, which was similar to  Hinchee-Rodriguez et al. 

2013 who were able to show that C2C12 cells stimulated with insulin increase endogenous NO 

production. It has been shown that C2C12 cells can respond to a cocktail of cytokines (INFɣ in 

combination with TNFα or IL-1) which may indicate that the combination of factors are important to 

induction of NO production, through iNOS (Williams et al. 1994). Which may suggest that NO 

production via iNOS requires more than BMP2 alone.  
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4.3 PKA plays a role in BMP2 signalling, that also mediates NO interactions 
Protein kinase A (PKA) was previously identified as a molecular connector between BMP and its 

phosphorylation of the NOS enzyme in endothelial cells (Gangopahyay et al. 2011). However, these 

findings primarily focused on the implications on cellular signalling and are limited in determining the 

effects of this relationship on cellular morphology and phenotype. This study was capable of 

demonstrating that the inhibition of PKA leads to a depression of BMP2 induced signalling and 

osteoinductive capabilities (Figure 17). PKAs inhibition of BMP2 induced signalling was recovered by 

the application of direct NO donation, however, recovery of osteoinduction (ALP activity) by direct NO 

donation was only partially achievable. This is indicative to the point that PKA is the bridge acting as a 

connection between BMP2 and NO pathways, which aids in supporting BMP signalling and 

osteoinduction. However, the partial recovery of the osteoinductive activity may suggest that the PKA 

also supports BMP2s osteogenic activities through additional pathways such as: cAMP response 

element-binding, CREB  (Zhang et al. 2015a); and FBJ murine osteosarcoma viral oncogene homolog B, 

FosB -(Siddappa et al. 2008); or β-Catenin (Viale-Bouroncle et al. 2015). This demonstrate the 

complexity of the BMP2 signal transduction network, and also makes for interesting future questions 

about other targets of NO mediated support of BMP2 signalling.  

4.4 Osteoblast like cells do not respond to BMP2 
As a second cellular system, this study employed osteoblast like cells isolated from human bone which 

were previously characterised for osteogenic capabilities prior to use. In this study, alkaline 

phosphatase (ALP) activity was utilised as a marker for osteoinduction, and a media was supplemented 

with ascorbic acid, β-glycophosphate and calcium chloride was used for a positive osteoinductive 

control (Strobel et al. 2011). This study has found the application of BMP2 to human osteoblast like 

cells failed to increase ALP activity (Figure 19 & Table 17), which deviated from the expected induction 

of ALP activity. Despite the application of different concentrations of BMP2, and various alteration to 

serum content, and applications of supplementary factors (ascorbic acid and β-glycophosphate), and 

even comparisons of different sources of BMP2, the ALP activity was reduced or unaltered by the 

addition of BMP2 compared to untreated controls. It should be highlighted that the addition of L-

Arginine further reduced ALP activity in the presence of BMP2 (Table 17), suggesting that the NO 

pathway may be able to enhance this possible negative effect of BMP2. Further studies should be 

attempted to elucidate this issue of BMP2s relationship with osteoinduction within primary sourced 

human osteoblast like cells, for e.g.: including expansion of osteoblasts with ascorbic acid and β-

glycophosphate (Langenbach and Handschel 2013); larger number of donors; and application of other 

BMP isoforms. The BMP2 used in this study was shown to be a potent activator of the BMP reporter 

system (Section 3.1.1), and inducer of ALP activity in C2C12 cells (Section 3.1.2), therefore it can be 
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said the functionality of BMP may not be a key issue in the results in primary osteoblast like cells. 

However, C2C12 cells are myogenic precursor lineage and murine origin and therefore may differ from 

the human mature osteoblasts.   

It may be said that the outcomes of BMP2 treated primary osteoblasts in this study currently oppose 

the current perception of BMP2s abilities to induce ALP activity (Osyczka et al. 2009; Knippenberg et 

al. 2009; Pountos et al. 2010; Hosogane et al. 2010; Wegman et al. 2011; Kisiel et al. 2012; 

Marupanthorn et al. 2017). However, many key variables affecting BMP2 activities on primary 

osteoblast like cells have been investigated such as, length of stimulation time, cellular source of BMP2, 

and the addition of osteosupportive factors (ascorbic acid and β-glycophosphate), and each have 

shown no effect on the induction of ALP in comparison to the relevant control (Table 17).  

From the currently available literature, the role of BMP2 in the induction of ALP activity in cells from 

primary sources become less clear. A comparison of the osteoinductive effects of commercial BMP2 

(R&D) against clinical BMP2 (InductOs®), and from the same source (Chinese hamster ovary cells) 

demonstrated in vitro that clinical grade BMP2 was capable of inducing ALP activity, whereas the 

commercial equivalent did not induce ALP induction (Kisiel et al. 2012). It was further shown in vivo, 

that ectopic bone formation by the commercial BMP2 was lower compared to the clinical grade BMP2 

(Kisiel et al. 2012). Using Western blot analysis, it was shown that commercial BMP2 may degrade at a 

faster rate than that of the clinical grade BMP2, which prompted the authors suggest that handling by 

the manufacturer and/or the product instructions is a significant variable in BMP2s functionality. This 

may indicate why both forms of BMP2 from CHO cells (Wyeth) or E-coli cells (Osteogenics) which were 

employed in this study may have issues in the induction of ALP activity in osteoblasts as a result of 

manufacturer processing irrespective of cellular source (Kisiel et al. 2012). An in vitro study utilised 

immortalised osteoblast cells from rats (Osteo-1) in order to investigate the combination of titanium 

disks coated with BMP2 (Cirano et al. 2014). In that study, BMP2 failed to increase ALP activity over 14 

or 21 days, compared to the uncoated control, however this may be a result of any positive effects 

mediated by BMP2 on ALP induction is being masked by osteoinductive activities allowed by the 3 

dimensional titanium disks (Cirano et al. 2014). However, the addition of BMP2 had induced a marginal 

increase of the osteo-marker calcified nodes, compared to the uncoated controls, suggesting BMP2 

was capable of mediating an increase in osteoinductive activity (Cirano et al. 2014). In another study 

of BMP2 (E-coli) incorporated into scaffold of different materials and seeded with primary human 

osteoblast like cells, where the outcomes was found to be: a reduction, no change, or a marginal 

increase of ALP expression in comparison to the relevant control of the scaffold material (Draenert et 

al. 2013). Direct comparison between the responses of human and rat MSCs further demonstrates that 

a species-specific ALP response to BMP2 treatment is apparent, where the addition of BMP2 led to an 
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increase of ALP activity in rat MSCs but not human MSCs (Osyczka et al. 2004). The demonstration that 

the rat MSCs express ALK6 unlike human MSCs, and subsequent expression of constitutively active 

ALK6 receptors induced ALP activity in rat MSCs but had no similar effect on Human MSCs, therefore 

suggesting that ALK6 expression is the key element to this species specific variation (Osyczka et al. 

2004)(Osyczka et al. 2004). These results are underlined by further studies, where the treatment of 

MSC isolated from human bone marrow with BMP2 did not increase the expression of the ALP, but 

increased the expression of the osteogene osteopontin as well as BMP2 and noggin (Diefenderfer et 

al. 2003a). Subsequent studies of gene expression in human MSC cultures demonstrated that ALP 

expression remained low following BMP2 stimulation for as long as two weeks. Whereas several other 

BMP responsive genes, noggin, BMP2, osteopontin, and bone sialoprotein increased in response to 

BMP2, 4, or 7 (Diefenderfer et al. 2003b). Although a minor but significant increase in ALP induction in 

human MSCs was achieved when cells were expanded in media containing low amounts of pro-

osteogenic factor Dexamethasone (Diefenderfer et al. 2003a). In these investigations the authors 

proffered the existence of alternate signalling cascades which divide the positive responses of 

osteogenes (i.e. osteopontin) from the lack of response for ALP in human cells, however details as to 

what the mechanism is yet to be clearly described.  

The BMP2 induced expression and activity of ALP in human sourced cells has been demonstrated 

appreciably in a number of studies. In human MSCs, BMP2 increases ALP protein presence as 

determined by the use of FACS (Wegman et al. 2011), and additional work showed that BMP2 can 

increase ALP activity in human (bone) bMSC (Osyczka et al. 2009). Furthermore, an investigation of 

BMP2 stimulated MSCs from murine and human bone marrow, lead to increases ALP activity, after five 

and seven days respectively (Hosogane et al. 2010). Similarly, (Pountos et al. 2010) used human MSCs 

from trabecular bone to show that ALP is increased by BMP addition, and ALP activity increased in 

response to BMP2 in human MSCs from bone marrow and umbilical cords (Marupanthorn et al. 2017). 

Taking these studies together, these findings demonstrate that BMP2 induction of ALP activity in MSCs 

is inconsistent across species, particularly in cells taken from human sources (Osyczka et al. 2004). It 

must be stated that these studies utilised commercial graded BMP2, therefore the increases of ALP in 

human cells suggests the conclusion of (Kisiel et al. 2012) is not universal.    
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4.5 Implications, limitations and future directions  
This is the first study to investigate the NO pathway interaction and supplementary effects on BMP2 

signalling and osteogenic activity. It provides evidence that the activation and supplemenation of the 

NO pathway can support BMP2 medaited signalling and ostoegenic activity, where inhibition of the 

NO pathway leads to a depression of BMP2 mediated sigalling and osteogenic activity. 

In this study, the NO pathway was capable of supplementing BMP2 signalling and osteoinduction in 

C2C12 cells. However, this study found that there are difficulties in selecting the optimum time-point, 

concentration, and NO donor or NO pathway activator which is best able to supplement BMP2 activity. 

Therefore, further in vitro investigations should be carried out to further refine the appropriate agents 

for stimulating the NO pathway in combination with BMP2 such as, cGMP inhibitors (e.g. Sildenafil), 

NO donor (e.g. nitro-glycerine). It is an important focus of these investigations that the combination of 

NO inductive factors with BMP2 is directed in such a way as to best support and enhance BMP2 

mediated osteoinduction. Through this approach the addition of NO can lead to a reduction in BMP2 

concentrations required to be clinically supportive of bone repair.  

As this study has also shown that BMP2 can induce the production of cGMP, a further investigation 

should include the application of PDE inhibitors, i.e. sildenafil (PDE5 inhibitor). These PDE inhibitors 

prevent the degradation of cGMP, thus potentiating the activity of the NO pathway (Butt et al. 1993; 

Horiuchi et al. 2002). This study has observed that the highest concentrations of BMP2 applied to 

C2C12 cells will lead to NO donation losing effectiveness’ in support of BMP induced signalling. This 

effect will not have a negative baring on the long-term goal of this project, which requires a reduction 

of the amounts of the BMP2 needed in the clinic, however the mechanism behind the loss of NO 

supplementary effect was not clarified in this study.  

In this investigation, the application of the sGC inhibitor ODQ at higher concentrations led to a 

supplementary effect on BMP reporter activity, this opposed the effects at low concentrations as well 

as the expected effects of an inhibitor of the NO pathway. The mechanism of this effects was not 

eluded upon in this study, although the alternative sGC inhibitor (LY83583) and the sGC activator (YC-

1) had effects consistent with the hypothesis. Further studies should aim to attempt to determine the 

connection between the positive effects of high concentrations of ODQ has upon BMP2 mediated 

signalling.   

It is possible to take advantage of the fact that both BMP2 and NO donors have been separately 

investigated in animal studies as agents of osteoinduction, so to directly pursue an investigation of 

combining BMP2 and NO in an animal model. In these investigations, comparisons of BMP2 combined 

with clinically available NO pathway activators such as: the NO donor nitro-glycerine, or a PDE inhibitor 

which prevents degradation of cGMP e.g. sildenafil. Nitro-glycerine is already clinically licenced as a 
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medication for cardiovascular aliments, and has previous application in clinical trials in bone health 

(Wimalawansa 2000a) and in preclinical animal studies (Wimalawansa 2000b; Wimalawansa et al. 

1997). While sildenafil is licenced as a medication for erectile dysfunction, and is in broad use, the 

application as a bone treatment has been limited to animal models (Çakir-Özkan et al. 2016; Histing et 

al. 2011). Therefore, these may prove suitable candidates for combination in animal studies of a 

fracture (Faßbender et al. 2014; Minkwitz et al. 2015) and bone healing (Huber et al. 2017).   

This study had utilised an L-Arginine free environment by culturing cells in L-Arginine free media. The 

advantage of this methodology is that it provided greater control over the activation of the NO 

pathway, by reducing the presence of the NO substrate, L-Arginine, which is present in most standard 

culture media. The use of this media should be applied in further investigations of the NO pathway as 

there is currently a lack of literature that utilise this approach. Further investigations should be 

directed towards the application of this, or similar L-Arginine free media in the studies of the NO 

pathway. This could prove useful in determining issues of investigatiing osteogenic activity in cells 

cultured in L-Arginine free media, because this study could not find induction of ALP activity in C2C12 

cells cultuted L-Arginine free media (Data not shown).  

This study has highlighted some concerning lack of effects of BMP2s ability to induce ALP in the 

osteoblasts used in this study. Variating factors such as length of stimulation times, changes to the 

amount of serum available, and addition of agents to support osteoinductive activity, had no effect in 

supporting the induction of ALP activity by BMP2. Furthermore, the use of rhBMP2 from Chinese 

hamster ovary (CHO) cells, also found no effect on ALP induction, suggesting the lack of glycosylation 

from the E-Coli sourced BMP2 is not the mitigating factor. While the current weight of evidence 

supports BMP2 being an ALP inductive agent in human osteoblast like cells, an improvement to this 

study should broaden the use of human osteoblast like cells from a broader donor pool. Further 

improvements to this study should include markers for osteoinduction, such as gene expression and 

protein activity (e.g.) osteocalcin (Kim et al. 2012; Chen et al. 2001), or employ alternative assays for 

mineralisation (e.g. Alizarin Red) (Windhausen et al. 2015; Zhang et al. 2015b). Further work should 

compare the osteoinductive response of human sourced MSCs and osteoblast like cells from the same 

donor in response to BMP2, in which BMP2 induced responses of ALP, alizarin red assays, combined 

with expression of osteogenic markers (e.g. RunX2 and Osterix) should be utilised. This could answer 

whether the maturity of cell lineage is of any issue or whether other cell specific factors bare any issues. 

To answer the diversity of responses to BMP2 as noted in this study and literature, a comparison of 

BMP2, of clinically and commercial grading, from various manufacturers, and differing cellular sources 

should also be applied in a study investigating osteogenic induction.  
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4.6 Graphical summary and conclusion 
This thesis was investigating the capacity of NO to support BMP2 mediated signalling and 

osteoinduction. This investigation was able to show that chemically modulating the activity of the NO 

pathway, can correspondingly affect the ability of BMP2 to transduce its signalling, and its mediated 

osteogenic activity Figure 20. It was further demonstrated that BMP2 is capable of inducing the 

activation of the NO pathway Figure 20. The role of PKA in connecting BMP2 and the NO pathway in 

relation to supporting BMP2 signalling was also demonstrated, but PKA may have a wider role in 

supporting BMP2 mediated osteoinduction Figure 20.  

 

Figure 20: The graphical summary of this thesis. A highlight of the key concluding points of this investigation, 

where modulation of the NO pathway activity can have an effect on the ability of BMP2 to transduce signalling 

and regulate osteogenic activity. Where BMP2 is capable of activating components of the NO pathway. 

Achieved with Servier medical art.  
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