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1 INTRODUCTION 

 

1.1 Osteoporosis 

Osteoporosis is a pathological decrease of bone mineral density that is classified 

according to aetiological aspects into primary and secondary osteoporosis. Primary 

osteoporosis, including postmenopausal and senile osteoporosis, makes up about 95% of 

all patients. The remaining 5% of secondary osteoporosis are caused by underlying 

diseases, alimentation, drugs or genetic syndromes (Bohndorf et al. 2014). Hence, 

osteoporosis is mostly a disease of ageing that affects millions of elderly around the world 

(Wade et al. 2014). 

Even if data is lacking, regarding the accurate number of osteoporosis patients in 

Germany, a retrospective analysis of health insurance data estimated 6.3 million patients in 

2009. This corresponded to a prevalence of 24% in women and 6% in men aged 50 years 

or older (Hadji et al. 2013). 

The disorder’s perfidy is its asymptomatic course until the first pathological fracture 

occurs. Fractures, mainly in vertebral bodies and proximal femur, result in diminished 

quality of life, need of care, and increased mortality (Bliuc et al. 2013, Center et al. 1999, 

Tajeu et al. 2014). Beside its severe impact on individual fates, osteoporosis poses a major 

financial burden for healthcare systems (Berghaus et al. 2015, Bleibler et al. 2013, 

Häussler et al. 2007, Leslie et al. 2013). For the year 2003 the direct costs for the treatment 

of osteoporosis in Germany were estimated to be around 5.4 billion euros (Häussler et al. 

2007); and an ageing population is expected to boost future treatment costs significantly 

(Bleibler et al. 2013, Harvey et al. 2010). 

 

1.1.1 The Osteoporotic bone – Marrow adiposity 

Bone homeostasis is a dynamic process, reflecting a complex interaction between bone 

forming osteoblasts and osteocytes on the one hand, and bone resorbing osteoclast on the 

other hand. Osteoporosis represents a disruption in this fine interplay with a shift towards 

bone resorption as common final path (Jakob et al. 2008, Manolagas 2014). Consequently 

the World Health Organization defines osteoporosis as a bone mineral density more or 
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equal to 2.5 standard deviations below a young healthy reference group, measured by dual-

energy x-ray absorptiometry (World Health Organization 1994). This clinical definition 

reflects the biological findings, as a decreased bone mineral density and a disturbed 

microarchitecture characterises osteoporotic bone (Figure 1, Armas and Recker 2012). 

 

A B 

 

Figure 1. Healthy vs. osteoporotic bone. 

(A) Healthy bone. (B) Osteoporotic bone. The osteoporotic bone displays severe trabeculae 

thinning and an abnormal microarchitecture. By Gtirouflet (https://commons.wikimedia.org/wiki/ 

File:Bone_normal_and_degraded_micro_structure.jpg), “Bone normal and degraded micro 

structure“, https://creativecommons.org/licenses/by-sa/3.0/legalcode. 

 

The bone marrow of osteoporotic bone differs from healthy bone by an increased fat level 

(Griffith et al. 2005, Justesen et al. 2001, Meunier et al. 1971, Verma 2002). In 1971 

Meunier et al. first reported an elevated number of adipocytes in the iliac crest of 

osteoporotic woman compared to healthy subjects (Meunier et al. 1971). Subsequent 

biopsy studies confirmed those findings (Justesen et al. 2001, Verma 2002) and studies, 

using MRI techniques, generated similar results (Griffith et al. 2005, Schellinger et al. 

2001). In addition, some authors identified elevated marrow adiposity as additional risk 

factor for osteoporotic fractures (Blake et al. 2009, Wehrli et al. 2000). 

Fat infiltration of bone marrow is widely accepted as part of a normal ageing process. 

But, the role of increased bone marrow adiposity in the pathogenesis of osteoporosis 
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remains part of current research efforts. Furthermore, keeping in mind that osteoblasts and 

adipocytes share the same precursor cells (Caplan 2007, Chamberlain et al. 2007), 

mesenchymal stem cells (MSCs) come more and more in the focus of osteoporosis 

research (Armas and Recker 2012). 

 

1.2 Mesenchymal stem cells 

In the 1970s, Friedenstein et al. isolated a new cell type from bone marrow, simply by 

excluding nonadherent cells from culture (Friedenstein et al. 1970, Friedenstein et al. 1974, 

Friedenstein et al. 1976). It turned out that those fibroblast-like cells were multipotent, able 

to differentiate into several mesenchymal cells, like: osteoblast, adipocytes, chondrocytes 

or myocytes (Pittenger et al. 1999). 

Today those cells are known as mesenchymal stromal/stem cells (MSCs). But there is 

still much inconsistency, since isolated MSCs are a heterogeneous mixture of cells with 

different immunophenotypes, and a unique specific marker for MSCs is still lacking. In 

addition, extracted cells differ in self-renewal and differentiation potential, and thus several 

isolation protocols are existing (Baksh et al. 2004, Barba et al. 2013, Chamberlain et al. 

2007, Cordeiro-Spinetti et al. 2014, Dominici et al. 2006). Not every isolated cell 

population meets all stem cell criteria, nor is every in vitro proven multipotency of cells 

transferable into in vivo conditions (Bianco et al. 2013). Therefore, it is a widespread 

consensus to use the term “mesenchymal stromal cell” instead of the old term 

“mesenchymal stem cell”, following the recommendation of the International Society for 

Cellular Therapy (Horwitz et al. 2005). However, in this work both terms are used 

synonymously, and specified in more detail, where needed. 

First isolated from bone marrow, MSCs have been extracted from a wide variety of 

tissues, such as: blood vessels (Chen et al. 2014), adipose tissue, muscle, skin, tendon, or 

dental pulp (Bernardo and Fibbe 2013). MSCs regulate tissue homeostasis and moreover 

seem to play a critical role in immune modulation (Bernardo and Fibbe 2013). Thus, MSCs 

are highly bioactive and represent far more than simple supplying cells (Caplan 2007). 

Different cultivation conditions induce in vitro differentiation of MSCs into fat, bone or 

cartilage (Pittenger et al. 1999). This possibility and the specific characteristics of MSCs, 

paired with an easy extraction and cultivation, aroused great interest in the field of tissue 
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engineering and regenerative medicine. Hence, big efforts are made for a clinical 

application of MSCs in the context of various diseases (Sharma et al. 2014, Wang et al. 

2012). An application in the treatment of osteoporosis is also investigated (Cao et al. 2012, 

Liao et al. 2013, Ocarino, Natalia de Melo et al. 2010). But, in parallel another question 

raises: How do MSCs contribute to the pathomechanism of osteoporosis? 

 

1.2.1 Mesenchymal stem cells in osteoporosis 

Osteocytes, former osteoblasts, and their bone-resorbing counterpart osteoclasts are 

widely recognised as the main actors in the process of bone homeostasis. However, the 

idea of additional players in this fine orchestra spotlights MSCs; not least in respect to their 

proven regulatory potential (Bernardo and Fibbe 2013). The observed marrow adiposity 

(see 1.1.1) provides further evidence for an involvement of MSCs in the pathophysiology 

of osteoporosis. 

Only a few studies highlight the role of MSCs during the pathogenesis of osteoporosis, 

when compared to the total number of available literature dealing with MSCs. But, 

recently more and more studies present differences between healthy and pathologic MSCs, 

isolated from osteoporotic donors (Benisch et al. 2012, Haasters et al. 2014, Pino et al. 

2012, Prall et al. 2013, Rodriguez et al. 1999, Rodriguez et al. 2000). 

Microarray gene expression analysis revealed significant differences in MSCs of 

osteoporosis patients when compared to an age-matched healthy control group. Amongst 

others, differently expressed genes were part of insulin like growth factor (IGF, 1.3.2) and 

wingless-related integration site (Wnt, 1.3.1) signalling (Benisch et al. 2012). Those results 

are in agreement with earlier findings of Rodríguez and colleagues, who additionally 

reported a reduced proliferation and a disturbed type I collagen synthesis of osteoporotic 

MSCs (Pino et al. 2012, Rodriguez et al. 1999, Rodriguez et al. 2000). 

More evidence concerning a functional impairment of osteoporotic MSCs has been 

highlighted by Haasters et al. The authors demonstrated a reduced migration of 

osteoporotic versus healthy MSCs upon stimulation with BMPs or fetal bovine serum 

(FBS, Haasters et al. 2014). Moreover, the same work group reported a reduced osteogenic 

differentiation capacity of osteoporotic MSCs, together with a decreased basal expression 

of osteogenic markers (Prall et al. 2013). These results are in line with Rodriguez et al., 
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who observed an increased adipogenic and a decreased osteogenic differentiation potential 

of MSCs isolated from osteoporosis patients (Rodriguez et al. 1999, Rodriguez et al. 

2000). 

 

1.3 Pathways in MSCs differentiation 

The self-renewal and differentiation of MSCs underlies a plethora of signalling pathways 

with multiple crosslinks on various levels. Two important pathways of MSCs’ osteogenesis 

are wingless-related integration site (Wnt) and insulin-like growth factor (IGF) signalling 

with some remarkable crosslinks (Chen et al. 2016, Garg et al. 2017, Majidinia et al. 2018, 

Valenti et al. 2016). 

 

1.3.1 Wnt signalling 

Wnt proteins are secreted, cysteine-rich proteins that act in a mainly paracrine and 

autocrine way (Clevers et al. 2014, Clevers and Nusse 2012). Wnt proteins are modified 

via glycosylation and acylation before they are secreted (Willert and Nusse 2012). During 

development, Wnt signalling is essential for multiple processes, like axis formation, 

segmentation or cell polarity, and in the grown-up body Wnt proteins regulate tissue 

homeostasis. Hence, Wnt proteins are highly conserved across all multicellular animals. 

The human genome itself encodes for 19 different Wnt proteins (Niehrs 2012, Willert and 

Nusse 2012).  

For historical reasons Wnt signalling is divided into canonical (-catenin-dependent) and 

noncanonical (-catenin-independent) pathways, whereas the former one is much better 

characterised. Today, this classification is presumed to be quite imprecise, as crosslinks 

between those pathways exist and they do not work autonomously (Kestler and Kühl 2008, 

Niehrs 2012, Okamoto et al. 2014, Thrasivoulou et al. 2013). Instead, even if some Wnt 

proteins are preferentially associated with one or another pathway, there are numerous 

overlaps and the impact of Wnt proteins seems dependent on cellular receptor equipment 

(Willert and Nusse 2012). More than 15 different Wnt receptors and co-receptors plus 

multiple combination possibilities further increase complexity. Nonetheless, to some 

degree it is for simplifying reasons beneficial to divide Wnt proteins as predominantly 

canonical or noncanonical associated (Niehrs 2012). 
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1.3.1.1 Canonical Wnt signalling  

The central mechanism of an activated canonical Wnt pathway includes the accumulation 

of unphosphorylated -catenin in the cytoplasm. Subsequently, -catenin is able to 

translocate into the cell nucleus in order to activate target gene transcription in association 

with transcription factors of the T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) 

family. In contrast, canonical Wnt signalling is turned off via phosphorylation of cytosolic 

-catenin by the so called ‘destruction complex’ consisting of several proteins including 

glycogen synthase kinase 3 (GSK-3), adenomatous polyposis coli (APC), casein kinase 1 

(CK1) and Axin, which hence leads to proteasomal degradation of -catenin. During 

canonical Wnt pathway activation the Wnt ligand binds to frizzled receptors (FZ) and low-

density lipoprotein receptor-related proteins 5/6 (LRP5/6) as co-receptors and 

intracellularly activates dishevelled (DVL) protein. Activated DVL now inhibits the 

‘destruction complex’ and allows -catenin to accumulate (Jin et al. 2008, Lerner and 

Ohlsson 2015, Niehrs 2012, Figure 2). 
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A B 

  

Figure 2. Canonical Wnt pathway. 

A | Inactive canonical Wnt pathway. Wnt protein has not bound to receptor. -catenin is 

phosphorylated by a destruction complex, consisting of glycogen synthase kinase 3 (GSK-3), 

adenomatous polyposis coli (APC), casein kinase 1 (CK1) and Axin, and subsequently proteasomal 
degraded. B | Activated canonical Wnt pathway. Wnt proteins have bound to frizzled receptors 

(FZ) and lipoprotein receptor-related protein 5/6 (LRP5/6) co-receptor. Dishevelled protein (DVL) 

is activated. The destruction complex is inhibited and -catenin accumulates in cell cytoplasm. 

-catenin migrates into the nucleus and in association with transcription factors of the T-cell 

factor/lymphoid enhancer-binding factor family (TCF/LEF) transcription of target genes follows 

(Based on Lerner and Ohlsson 2015, Niehrs 2012). 

 

1.3.1.2 Noncanonical Wnt-Signalling 

Noncanonical signalling encompasses all Wnt pathways that run without the use of the 

-catenin/TCF/LEF axis. Therefore, a number of different pathways is summarised under 

the term ‘noncanonical’ (Niehrs 2012). Two of the best characterised noncanonical 

pathways are the planar cell polarity (PCP) pathway and the Wnt/Ca2+ pathway (Xiao et al. 

2017). As described above, grouping of Wnt proteins into either canonical or noncanonical 

associated is complex. But for reasons of simplification Wnt5a can be identified as a 

‘prototype’ of a noncanonical ligand, as it has shown in multiple studies to trigger 

noncanonical pathways (Ho et al. 2012, Martineau et al. 2017, Oishi et al. 2003). 

In the PCP pathway that is involved in cell polarity and movement, Wnt binds to a FZ 

receptor and receptor tyrosine kinase-like orphan receptor (ROR2) or related to receptor 

tyrosine kinase (Ryk) as co-receptors which intracellular recruit DVL to FZ. An activation 

of small G-proteins Ras homolog gene family member A (RhoA) and Ras-related C3 
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botulinum toxin substrate 1 (Rac1) follows. The signal cascade continues with activation 

of Rho-associated protein kinase (ROCK) and c-Jun N-terminal kinases (JNK), and finally, 

leads to modification in the cytoskeleton and transcription of JNK dependent target genes 

(Lerner and Ohlsson 2015, Niehrs 2012, Xiao et al. 2017, Figure 3). 

 

 

Figure 3. The noncanonical Wnt-planar cell polarity (PCP) pathway. 

Wnt5a, exemplarily as a noncanonical ligand, has bound to frizzled receptor (FZ) and receptor 

tyrosine kinase-like orphan receptor (ROR2) or related to receptor tyrosine kinase (Ryk) as co-

receptors. Intracellular dishevelled (DVL) is recruited and in association with dishevelled-
associated activator of morphogenesis 1 (DAMM1) activation of ras homolog gene family member 

A (RhoA) and Ras-related C3 botulinum toxin substrate 1 (Rac1) follows. Subsequently, rho-

associated protein kinase (ROCK) and c-Jun N-terminal kinases (JNK) are activated, leading to 

changes in the cytoskeleton and activation of transcription factors like c-Jun (Based on Lerner and 

Ohlsson 2015, Niehrs 2012, Xiao et al. 2017). 

 

In the Wnt/Ca2+ pathway, binding of the Wnt ligand activates intracellular Ca2+ signalling 

and Ca2+ dependent enzymes like Ca2+/calmodulin-dependent protein kinase II (CamKII), 

protein kinase C (PKC) and calcineurin. This process is triggered after binding of Wnt 

ligand to FZ, followed by recruitment of DVL and heterotrimeric G-proteins, which leads 

to stimulation of phospholipase C (PLC). PLC, in turn, catalyses the formation of 

diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3), that triggers a calcium ion 

release from endoplasmic reticulum (De 2011, Lerner and Ohlsson 2015, Xiao et al. 2017). 
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An activation of Ca2+ signalling finally leads to an activation of multiple transcription 

factors like nuclear factor associated with T cells (NFAT), nuclear factor kappa-light-

chain-enhancer of activated B cells (NFκB) or cAMP response element-binding protein 

(CREB, De 2011, Houschyar et al. 2019, Niehrs 2012, Figure 4). 

 

 

Figure 4. The noncanonical Wnt/Ca2+ pathway. 

Wnt5a, exemplarily as a noncanonical ligand, has bound to frizzled receptor (FZ) and possibly 

receptor tyrosine kinase-like orphan receptor (ROR2) as coreceptor. Intracellular dishevelled 

(DVL) and a heterotrimeric G-protein (G) are recruited. Phospholipase C (PLC) is activated 

G and catalyses the formation of diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). 

IP3 stimulates the release of Calcium ions (Ca2+) from the endoplasmic reticulum. Subsequently, 

Ca2+ dependent enzymes protein kinase C (PKC), calcineurin and Ca2+/calmodulin-dependent 
protein kinase II (CamKII) are activated. Finally, gene transcription is triggered by multiple 

transcription factors like cAMP response element-binding protein (CREB), nuclear factor 

associated with T cells (NFAT) and nuclear factor kappa-light-chain-enhancer of activated B 

cells (NFκB, based on De 2011, Houschyar et al. 2019, Niehrs 2012). 

 

1.3.1.3 Wnt signalling in MSC differentiation 

The central role of Wnt signalling in bone homeostasis becomes apparent when 

highlighting disorders connected to this pathway. Patients of the rare diseases sclerosteosis 

and van Buchem disease suffer from a striking increased mass of physiological bone 

(Balemans et al. 2001, Balemans et al. 2002). Those disorders are caused by mutation or 
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impaired expression of the SOST gene that codes for sclerostin, an inhibitor of the 

canonical Wnt signalling pathway. Hence, these patients suffer from an overactive Wnt 

pathway. An antibody targeting sclerostin is already in a phase 3 clinical trial program in 

patients with postmenopausal osteoporosis (Clarke 2014). In contrast mutations in low-

density lipoprotein receptor-related protein 5 (LRP5) cause the osteoporosis-pseudoglioma 

syndrome, a hereditary disease characterised by severe osteoporosis (Narumi et al. 2010). 

Also, noncanonical pathways are associated with pathological bone phenotypes, as for 

example a mutation of ROR2 causes the Robinow syndrome characterised by severe 

skeletal malformation (Afzal et al. 2000). 

A plethora of studies highlight an essential regulatory role of Wnt signalling in 

differentiation of MSCs. But there is still some controversy regarding the role of Wnt 

signalling in osteogenic differentiation, as stimulatory and inhibitory effects have been 

described (Bennett et al. 2005, Boland et al. 2004, Cawthorn et al. 2012, Liu et al. 2009). It 

was shown that -catenin dependent Wnt signalling stimulates osteogenesis and inhibits 

adipogenesis in MSCs by supressing adipogenic markers like CCAAT/enhancer-binding 

protein alpha (C/EBP) and peroxisome proliferator-activated receptor gamma (PPAR 

Cawthorn et al. 2012, Kang et al. 2007). Additionally, canonical Wnt signalling has 

demonstrated to upregulate osteogenic markers, like runt-related transcription factor 2 

(RUNX2), in marrow stroma cells (Bennett et al. 2005, Gaur et al. 2005). The impact of 

noncanonical Wnt signalling on MSC differentiation has shown to be not less relevant. 

Takada et al. demonstrated that a non-canonical Wnt5a/CamKII axis inhibited PPAR gene 

expression and stimulated RUNX2 expression, which triggered osteogenesis in bone 

marrow mesenchymal progenitors (Takada et al. 2007).  

In contrast, some studies reported an inhibitory effect of canonical Wnt signalling on 

osteogenesis of MSCs (Baksh et al. 2007, Boland et al. 2004, Liu et al. 2009). Boland et al. 

demonstrated that canonical Wnt activation increased the proliferation rate of human 

MSCs while preventing osteogenesis. The authors hypothesised that the role of canonical 

Wnt signalling is to keep MSCs in a proliferating, undifferentiated steady state. 

Interestingly, in the same study noncanonical Wnt5a boosted osteogenesis of human MSCs 

(Boland et al. 2004). Additionally, observed effects indicated to be dose and cell stage 

dependent (Boer et al. 2004, Morsczeck et al. 2017). These divergent results may indicate 
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an intensive, coordinated crosstalk between canonical and noncanonical Wnt signalling as 

well as other pathways, such as IGF-1 signalling, during MSC differentiation. 

 

1.3.2 IGF-1 signalling 

Insulin-like growth factor 1 (IGF-1) is a small polypeptide and associated with cell 

survival, regeneration and differentiation of various cell types. Under the control of growth 

hormones IGF-1 is produced and released to the bloodstream predominately by the liver 

(Youssef et al. 2017). Despite this, almost all tissues produce IGF-1 and, like Wnt proteins, 

IGFs act in a mainly autocrine and paracrine way (Sell 2015, Yakar et al. 1999). Here, the 

local synthesis is adjusted to specific physiological needs and contributes to the cellular 

microenvironment (Youssef et al. 2017). 

IGF-1 mediates its effects via the IGF-1 receptor, which has the highest affinity to IGF-1 

compared to other ligands, like IGF-2 or insulin. The tetrameric IGF-1 receptor consists of 

two extracellular -subunits and two transmembrane -subunits and belongs to the family 

of tyrosine kinase receptors. Upon extracellular IGF-1 binding to -subunits intracellular 

autophosphorylation of the -subunits follows. The phosphorylation of multiple tyrosine 

residues allows several docking molecules, like insulin receptor substrate (IRS) proteins 

and Src-homology collagen (SHC) protein, to attach. Here, these proteins get 

phosphorylated and recruit further signalling proteins owning a Src homology 2 (SH2) 

domain. This leads to an activation of several downstream pathways like 

phosphatidylinositol-3 kinase (PI3K)/AKT and mitogen-activated protein kinases (MAPK) 

signalling (Hakuno and Takahashi 2018, Youssef et al. 2017). 
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Figure 5. Insulin-like growth factor 1 (IGF-1) signalling. 

IGF-1 binds to tetrameric IGF-1 receptor (IGF-1 R) consisting of two -subunits () and two -

subunits (). Autophosphorylation of -subunits follows. Docking proteins like insulin receptor 
substrate (IRS) and Src-homology collagen (SHC) bind to IGF-1 receptor and get phosphorylated. 

Additional signalling molecules attach. Growth factor receptor-bound protein 2 (GRB2) and son of 

sevenless (SOS) are consecutively recruited. SOS activates the small G-protein rat sarcoma (RAS) 

and subsequently, mitogen-activated protein kinases (MAPK) pathway cascade starts. 
Alternatively, interaction with IRS and IGF-1 receptor activates phosphatidylinositol-3 kinase 

(PI3K) and subsequently, AKT. AKT interacts with multiple substrates and triggers multiple 

processes. Exemplarily, inhibition of Forkhead box O (FOXO) proteins and glycogen synthase 
kinase 3 (GSK-3) as well as activation of mammalian target of rapamycin complex 1 (mTORC1) 

are illustrated (Based on Hakuno and Takahashi 2018, Vitale et al. 2019). 

 

IGF-1 is secreted by MSCs of different origins and has shown to increase cell 

proliferation and survival of MSCs (Feng et al. 2014, Hu et al. 2008, Sadat et al. 2007, 

Youssef and Han 2016). Treatment with IGF-1 induced osteogenic differentiation of MSCs 

and increased, amongst others, expression of RUNX2 by activation of mammalian target of 

rapamycin (mTOR) signalling (Figure 5, Feng et al. 2014, Koch et al. 2005, Xian et al. 

2012). Interestingly, Xian et al. reported that IGF-1 levels in bone marrow of osteoporotic 

patients were reduced compared to a healthy probands. In the course of an animal 
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experiment the authors showed that increased IGF-1 levels diminished bone loss in 

matured rats (Xian et al. 2012). Additionally, Crane et al. demonstrated with an inducible 

knockout mouse model that IGF-1 signalling in MSCs is mandatory for reaching postnatal 

peak bone mass (Crane et al. 2013). 

As described above, IGF-1 participates in a wide array of cellular events and is a 

common additive of multiple MSC differentiation media (Youssef et al. 2017). Some 

authors even describe its exclusive effect as relative weak, since additional growth factors 

are needed to reach its full biological impact (Hakuno and Takahashi 2018, James 2013). 

Therefore, IGF-1 signalling seems to be more a modulating pathway and investigations on 

the interaction of IGF-1 signalling with other pathways, like Wnt signalling, are essential 

for generating new evidence. 

 

1.3.3 Crosslinks of Wnt and IGF-1 signalling – Role of FOXOs 

Wnt and IGF-1 signalling interact on several levels of their signalling cascades with 

-catenin as the central crosslinking molecule (Jin et al. 2008). Exemplarily, IGF-1 

promotes canonical Wnt signalling by inhibition of GSK-3 and thus stabilisation of 

-catenin via PI3K/AKT axis, as GSK-3 is a substrate of AKT (Jin et al. 2008, Vivanco 

and Sawyers 2002, Figure 5). 

In the context of ageing a crosslink of high interest is the connection to transcription 

factors of the Forkhead box O (FOXO) family. FOXO transcription factors are highly 

conserved among different species and act as stress sensor and mediators. In this function 

FOXOs regulate a wide array of genes responsible for cell cycle arrest, stress resistance 

and apoptosis (Greer and Brunet 2005). In the cell nucleus FOXOs directly interact with -

catenin, the key protein of canonical Wnt signalling, which enhances its activity (Essers et 

al. 2005). It was demonstrated that Wnt transcription factors TCF/LEF and FOXOs 

compete for a limited amount of nuclear -catenin (Almeida et al. 2007a, Iyer et al. 2013). 

In addition, FOXOs are a substrate of the protein kinase AKT (Jin et al. 2008). Upon 

growth factor activation, like IGF-1 signalling, FOXOs are inactivated by phosphorylation 

via PI3K/AKT cascade and subsequently excluded from the nucleus (Figure 5, Biggs et al. 

1999, Greer and Brunet 2005). Here, a final proteasomal degradation via ubiquitination 

under the control of AKT is possible (Huang et al. 2005, Plas and Thompson 2003). 
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Oxidative stress with an increased production of reactive oxygen species (ROS) has 

shown to be a potent activator of FOXO transcription factors (Kousteni 2011, Storz 2011) 

that regulate the transcription of antioxidant enzymes, like superoxide dismutase 2 (SOD2, 

Kops et al. 2002). In parallel, it is generally accepted that ageing is associated with 

increased oxidative stress levels and, in turn, ROS have demonstrated to be capable of 

biasing the fate of MSCs (Atashi et al. 2015, Higuchi et al. 2013). 

 

1.4 Ageing – Reactive oxygen species (ROS) and MSC differentiation 

Ageing is a complex physiological phenomenon and multiple theories on different ageing 

mechanisms coexist, like e.g. telomere shortening, accumulation of DNA damage and 

mitochondrial dysfunction (Fukada et al. 2014, Ganguly et al. 2017, Wang et al. 2016). 

Like others also MSCs are subjected to alterations of an ageing body (Kim et al. 2012). 

Exemplarily, Stolzing et al. compared bone marrow derived MSCs from young and old 

human donors and demonstrated that aged MSCs showed an increase of several “senescent 

markers”. Aged MSCs highlighted significantly elevated ROS levels and in parallel 

reduced levels of superoxide dismutase (SOD) activity (Stolzing et al. 2008). Additionally, 

Jeong and Cho showed that long term cultivation increased intracellular ROS levels and 

decreased levels of antioxidant enzymes in human MSCs (Jeong and Cho 2015). 

Oxidative stress is defined as mismatch between the production of ROS and their 

elimination by antioxidants (Reuter et al. 2010). According to the free radical theory, 

ageing and degenerative diseases are caused by increased oxidative stress levels that 

overwhelms the cellular antioxidant system and causes progressively cell damage (Atashi 

et al. 2015, Harman 1956). In the living cell ROS are generated as a by-product of a 

normal cellular metabolism and have shown to stimulate several signalling pathways 

(Fukada et al. 2014, Manolagas and Almeida 2007, Reuter et al. 2010). 

In MSCs oxidative stress demonstrated to inhibit osteogenic and promote adipogenic 

differentiation (Almeida et al. 2007a, Chen et al. 2008, Higuchi et al. 2013, Mody 2001). 

Almeida et al. showed that oxidative stress favoured adipogenic over osteogenic 

differentiation in MSCs by suppressing Wnt signalling via shifting -catenin to FOXO 

transcription factors (Almeida et al. 2007a). Higuchi et al. also demonstrated that ROS 

promoted adipogenesis in human MSCs, whereas in parallel radical scavenger enzymes 
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were upregulated under the control of FOXO1 (Higuchi et al. 2013). Another study from 

Chen et al. reported a significant decrease of intracellular ROS during osteogenic 

differentiation of human MSCs, while the scavenger enzymes SOD2 and catalase were 

upregulated (Chen et al. 2008). In a comprehensive work of Iyer et al. FOXO deficient 

mice exhibited an increased bone mass and decreased bone marrow adiposity during 

senescence. Furthermore, osteogenic progenitor cells of FOXO depleted mice showed a 

reduced proliferation combined with an elevated association of -catenin with TCF-4 (Iyer 

et al. 2013). In summary, this may suggest that oxidative stress and ROS could also play a 

role in the pathogenesis of osteoporosis. 

 

1.5 Mechanotransduction 

Since in the 19th century Wolff postulated the law of bone transformation, it is widely 

accepted that bone is a highly mechanosensitive tissue that responds to mechanical 

stimulation, e.g. physical exercise, by extensive remodelling (Wolff 1892). Conditions of 

loading and unloading result in bone formation and bone degradation, respectively (Gross 

and Rubin 1995, Jones et al. 1977, Lang et al. 2004). In the context of ageing, osteoporotic 

bone also has proven to stay adaptive regarding mechanical stimuli (Benedetti et al. 2018, 

Harding and Beck 2017). 

Mechanotransduction in general describes the transformation of mechanical stimuli into 

intracellular biochemical signals. A variety of mechanoreceptors participate in this process, 

such as: integrins, cadherins, mechanoresponsive ion-channels, g-protein coupled receptors 

or the cell glycocalix itself. Subsequently, multiple pathways channel mechanical signals 

to the cell nucleus to regulate gene transcription. On top of that a plethora of hormones, 

cytokines, and growth factors manage tissue homeostasis, and tissue adaption in response 

to mechanical load (Delaine-Smith and Reilly 2012, Liedert et al. 2006, Papachristou et al. 

2009). Consequently, bone remodelling is a highly complex and dynamic process. 

Osteocytes form a dense communication network inside bone, composed of cell 

processes and fluid-filled canaliculi (Komori 2013). Osteocytes and their connections are 

presumed to function as the main mechanosensors of bones (Bonewald 2011, Bonewald 

and Johnson 2008, Ozcivici et al. 2010). But, in the recent years many in vitro studies 

demonstrated MSCs as responsive to mechanical load of various entities, and there is 
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strong evidence that mechanical signals may determine stem cell’s fate in vivo as well 

(Castillo and Jacobs 2010, Delaine-Smith and Reilly 2012, Li et al. 2004, Luu et al. 2009, 

Mathieu and Loboa 2012, Steward and Kelly 2014, Wang et al. 2017). 

 

1.5.1 Mechanotransduction in mesenchymal stem cells 

The mechanical environment of MSCs in vivo is the medullary cavity, where mechanical 

loads of bones is transmitted via different types of mechanical forces, like compression, 

tension or shear stress (Gurkan and Akkus 2008). A targeted mechanical manipulation of 

MSCs is a major goal of tissue engineering, in order to provide a reliable possibility for 

MSC differentiation in vitro (Castillo and Jacobs 2010, Delaine-Smith and Reilly 2012). 

By now, it is widely accepted and multiple proven that Wnt signalling is deeply involved 

in osteal mechanotransduction (Arnsdorf et al. 2009, Lara-Castillo et al. 2015, Lau et al. 

2006, Sawakami et al. 2006, Spatz et al. 2015, Tu et al. 2012). In the context of 

osteoporosis, experiments dealing with the differentiation of MSCs into either adipocytes 

or osteocytes draw main interest. Sen et al. demonstrated that episodes of daily cyclic 

mechanical strain prevented the differentiation of MSCs into adipocytes despite cultivation 

in a pro-adipogenic setting. Here, mechanical stimulation generated a -catenin signal via 

inhibition of GSK-3 and activation of AKT. Additionally, the authors observed a 

suppression of the major pro-adipogenic regulator PPAR through mechanical stimulation 

(Sen et al. 2008). A finding that could be confirmed in later studies of the same working 

group (Case et al. 2013, Case et al. 2010). In parallel, David et al. showed that cyclic 

stretching enhanced expression and nuclear protein content of major pro-osteogenic 

regulator RUNX2 in MSCs (David et al. 2007). Besides, noncanonical – -catenin 

independent – Wnt signalling also seems to participate in mechanotransduction of MSCs, 

as Arnsdorf et al. reported an upregulation of noncanonical ROR2/Wnt5a pathway in 

MSCs through oscillatory fluid flow (Arnsdorf et al. 2009).  

Several studies demonstrated IGF-1 signalling to be mechanosensitive (Kesavan et al. 

2011, Sunters et al. 2010, Tian et al. 2018, Zhang et al. 2015). But, until now studies 

investigating the interaction of IGF-1 signalling and mechanotransduction in MSCs are 

rare. Nevertheless, Song et al. reported that mechanical stress activated PI3K/Akt/GSK-

3/β-Catenin signalling in rat MSCs (Song et al. 2017). Additionally, Tahimic et al. 
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demonstrated that shear stress induced IGF-1 signalling in MSCs. Vis-à-vis a knockdown 

of IGF-1 receptor significantly reduced the observed effects of shear stress, indicated by a 

reduced activation of MAPK signalling (Tahimic et al. 2016, Figure 5). Still a lot of data is 

lacking and hence, IGF-1 signalling in MSCs’ response to mechanical stimulation is 

subject of current studies (Tian et al. 2018). 

 

1.6 Aim of this work 

Osteoporosis, as diseases of the elderly, is a big challenge for healthcare systems of an 

ageing population. There is evidence that in the course of osteoporosis an impairment of 

MSCs occurs. Wnt and IGF-1 signalling are essential pathways in differentiation and 

renewal of MSCs and crosslinked on several levels. In the context of osteoporosis, 

especially the competition of Wnt associated TCF/LEF with FOXO transcription factors 

for a limited number of nuclear -catenin is of high interest. Especially, bearing in mind 

that an activated IGF-1 pathway inhibits the translocation of FOXOs to the nucleus, 

whereas elevated oxidative stress levels, e.g. during the ageing process, activate FOXOs. 

In parallel, mechanical stimuli have shown to be able to regulate the differentiation of 

MSCs. Thereby, Wnt as well as IGF-1 signalling are demonstrated to be 

mechanoresponsive. 

According to the remarks made above, the following experiments might provide deeper 

insights into the mechanisms behind mechanotransduction and differentiation of MSCs 

with special attention to Wnt and IGF-1 signalling and their interaction. Against the 

background of MSC differentiation in an aged osteoporotic bone, this work should help to 

clarify the following questions: 

1. How do mechanical stimulation and Wnt pathways interact? 

2. How do canonical and noncanonical Wnt pathways interact? 

3. How do Wnt and IGF-1 signalling interact? 

4. How do mechanical stimulation and IGF-1 signalling interact? 

5. How are IGF-1 regulated FOXO3a and SOD2 expressed in fracture calli of young 

versus aged osteoporotic mice? 
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2 MATERIALS AND METHODS 

 

2.1 Materials 

 

2.1.1 Tools and devices 

Table 1. Tools and devices 

Device Company Model 

Biological safety cabinet Heraeus Herasafe HS 12/2 

Biological safety cabinet ThermoFisher Scientific Holten Lamin Air Hb 2460 

Camera Olympus Camedia C-5060 Wide Zoom 

Centrifuge Hermle ZK 364 

Centrifuge ThermoFisher Scientific Labofuge 400R 

Centrifuge Eppendorf Centrifuge 5417R 

Centrifuge VWR Galaxy MiniStar 

Centrifuge Herolab UniCen Fr 

Cell counting chamber Brand Neubauer improved 

CO2 incubator ThermoFisher Scientific Heracell 150i 

CO2 incubator ThermoFisher Scientific Heracell 240 

Electrophoresis device BioRad Mini-Protean RTetra Cell 

Freezer -20 °C Liebherr GN 1066 Premium NoFrost 

Freezer -80 °C ThermoFisher Scientific Herafreeze Basic 

Fridge 4 °C Liebherr CBNPes 3956 Premium 

Gel documentation system Vilbert Lourmat Fusion-SL-3500 

Ice machine Manitowoc RF-2044 

Incubator Grant Boekel HIR12 

Magnetic stirrer IKA Labortechnik RCT basic 

Microplate reader Tecan NanoQuant Infinite M200 

Microscope Olympus IX70 

Microscope Zeiss IM 47 17 03 

Microscope Leica Microsystems DMI6000 B 

Microwave TCM Quartz Grill 
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Device Company Model 

pH meter Knick Portamess 911pH 

Pipettes Eppendorf Eppendorf Research 

Pipettor Hirschmann Laborgeräte pipetus 

Pipettor Integra Biosciences Pipetboy acu 

Power supply Life Technologies PS 304 

Real-Time PCR system Applied Biosystems StepOnePlus 

Shaker IKA MS2 

Stimulation device in-house - 

Thermocycler Biometra T1 Thermocycler 

Thermomixer Eppendorf 5436 

Water bath Medingen SWB 20 

Water bath GFL 1012 

Western blotting tank BioRad Mini Protean 3 Cell 

 

2.1.2 Consumption items 

Table 2. Consumption items 

Consumption item Company Product no. 

6 well plate Sarstedt 83.3920.005 

96-well microplate Sarstedt 83.1835 

Blotting paper VWR 28298-020 

Cell culture flask 55 ml ThermoFisher Scientific 159926 

Cell scraper Techno Plastic Products 99010 

DAKO pen Agilent S2002 

Pipet filter tip 0.5-20 µl Sarstedt 70.1116.210 

Pipet filter tip 1250 µl Biozym 770600 

Pipet filter tip 2-100 µl Sarstedt 70.760.212 

Pipet filter tip 2-200 µl Sarstedt 70.760.211 

Pipet tip 100-1000 µl VWR 83007 

Serological pipette 10 ml Corning Costar Stripette 4488 

Serological pipette 25 ml Corning Costar Stripette 4489 

Serological pipette 5 ml Corning Costar Stripette 4487 
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Consumption item Company Product no. 

Serological pipette 50 ml Corning Costar Stripette 4490 

Silicone cell dish in-house - 

Transfer Membrane AppliChem A5242 

Tube 1.5 ml Sarstedt 72.706 

Tube 15 ml BD Falcon 352096 

Tube 2 ml Sarstedt 72.695.500 

Tube 50 ml BD Falcon 352070 

Vacuum filter unit Sarstedt 83.1822.101 

X-ray film for ECL detection ThermoFisher Scientific 34089 

 

2.1.3 Chemical substances 

2.1.3.1 Chemicals and stock solutions 

Table 3. Chemicals and stock solutions 

Chemical Company Product no. 

Acetic acid VWR 20104 

Acetone Sigma-Aldrich 32201- 

Agarose Sigma-Aldrich A9539 

Alpha medium Biochrom F 0925 

Ammonium persulfate (APS) Sigma-Aldrich A3678 

α Minimum Essential Media, no phenol red 

(α-MEM) 
Invitrogen 41061 

Ampuwa sterile water Fresenius 7151-5 

Aqua dest. In-house pharmacy - 

Bromophenol blue Fluka 32768 

Bovine serum albumin (BSA) Serva 11920 

Citrate acid monohydrate Merck Millipore 100244 

Dexamethasone Sigma-Aldrich D4902 

Dichlorodiphenyltrichloroethane (DDT) Sigma-Aldrich 40124 

Dimethyl sulfoxide (DMSO) Merck Millipore 102950 

DNA ladder Appli Chem A5191 

Ethanol (EtOH) In-house pharmacy - 
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Chemical Company Product no. 

Ethylenediaminetetraacetic acid (EDTA) VWR 20302 

Fetal Bovine Serum (FBS) Biochrom S0113 

Formaldehyde solution 4%, buffered, pH 6.9 Sigma-Aldrich 100496 

Glycerol Sigma-Aldrich 15523 

Glycine Sigma-Aldrich 33226 

Goat serum Jackson ImmunoResearch 005-000-121 

Protease and Phosphatase Inhibitor Cocktails ThermoFisher Scientific 78442 

Haematoxylin Waldeck 2C-306 

Hydrochloric acid (HCl) Applichem A2533 

Hydrogen peroxide (H2O2) Merck Millipore 107298 

Indometacin Sigma-Aldrich I7378 

Insulin Sigma-Aldrich I9278 

Isopropyl alcohol Sigma-Aldrich 59300 

Collagen type I Sigma-Aldrich C3867 

Lipofectamine™ RNAiMAX Invitrogen 13778 

L-glutamine PAA M11-004 

Methanol Sigma-Aldrich 32213 

Milk powder Carl Roth T145 

Nuclease-free Water Sigma-Aldrich 3098 

Oil red Sigma-Aldrich O0625 

Penicillin/Streptomycin (P/S) Life Technologies 15140122 

Phosphate-Buffered Saline (PBS) Life Technologies 14190 

Protein Marker IV peqlab 27-2110 

Rabbit IgG Sigma-Aldrich 12-370 

RIPA Buffer ThermoFisher Scientific 89901 

Rotiphorese Gel 30 Carl Roth 3029 

SB 415286 Sigma-Aldrich S3567 

Sodium chloride (NaCl) Sigma-Aldrich 31434 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich 71725 

Tetramethylethylenediamine (TEMED) Carl Roth 2367 

Tris(hydroxymethyl)aminomethane (Tris) AppliChem A2264 

Trypan blue Sigma-Aldrich T8154 
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Chemical Company Product no. 

Trypsin (1:250) / EDTA solution Biochrom L 2153 

Tween 20 Sigma-Aldrich P1379 

Vitro-Clud® R.Langenbrinck 04-0001 

Western Blot Stripping Buffer ThermoFisher Scientific 21059 

X-ray developer concentrate Adefo-Chemie 00009 

X-ray fixer concentrate Adefo-Chemie 00062 

Xylol Merck Millipore 1.086.852.500 

 

2.1.3.2 Buffers and solutions 

Table 4. Buffers and solutions. 

Buffer / Solution Preparation  

10x TBS buffer Tris 

NaCl 

HCl 

200 mM 

1.5 M 

pH 7.5 

ad aqua dest. 

 

Anode buffer, pH 8.3 Tris 

Glycine 

Methanol 

 

 

25 mM 

192 mM 

200 ml 

ad aqua dest. 

Antibody dilution buffer 10x TBS buffer 

BSA 

Tween 20 

 

 

10% (v/v) 

1% (w/v) 

0.05% (v/v) 

ad Ampuwa (H2O) 

APS stock solution APS 

 

 

1% (w/v) 

ad aqua dest. 

 

Bromophenol blue solution Bromophenol blue 

 

 

1x spatula tip 

ad 100 ml aqua dest. 
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Buffer / Solution Preparation  

Cathode buffer, pH 8.3 Tris 

Glycine 

SDS 

 

 

25 mM 

192 mM 

0.1% (w/v) 

ad aqua dest. 

Citrate buffer, pH 6.0 Citric acid 0.1 M 

Sodium citrate 0.1 M 

optional: Tween 20 

 

 

5.4 ml 

24.6 ml 

0.1% (v/v) 

ad 300 ml aqua dest. 

Membrane blocking solution 10x TBS buffer 

BSA 

Tween 20 

 

 

10% (v/v) 

3% (w/v) 

0.1% (v/v) 

ad Ampuwa (H2O) 

Oil red staining solution Oil red 

Isopropyl alcohol 

 

 

3% (w/v) 

60% (v/v) 

ad aqua dest. 

RIPA buffer, 1:10 RIPA buffer 

 

 

10% (v/v) 

ad Ampuwa (H2O) 

SDS loading buffer Bromophenol blue solution 

DDT 

 

 

10% (v/v) 

1% (v/v) 

ad SDS sample buffer 

SDS sample buffer Tris 

HCl 

Glycerol 

SDS 

 

125 mM 

pH 6.8 

8.5% (v/v) 

1% (w/v) 

 

SDS stock solution SDS 

 

 

20% (w/v) 

ad aqua dest. 

Separating gel buffer Tris 

HCl 

 

 

1.5 M 

pH 8.8 

ad aqua dest. 
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Buffer / Solution Preparation  

Stacking gel buffer Tris 

HCl 

 

 

0.5 M 

pH 6.8 

ad aqua dest. 

Washing buffer 10x TBS buffer 

Tween 20 

 

 

10% (v/v) 

0.1% (v/v) 

ad aqua dest. 

 

2.1.3.3 Media 

Table 5. Media 

Medium  Preparation 
 

Adipogenic differentiation medium 

- freshly prepared 

 

α-MEM 

FBS, heat inactivated 

P/S 

Dexamethasone 

Insulin 

Indomethacin 

 

 

10% (v/v) 

1% (v/v) 

0.1 µM 

5 µg/ml 

50 µM 

Expansion medium, sterile filtrated 

- stored at 4 °C 

 

α-MEM 

FBS, heat inactivated 

P/S 

L-glutamine 

 

 

10% (v/v) 

1% (v/v) 

1% (v/v) 

Freezing medium 

- freshly prepared 
 

Expansion medium 

DMSO 

FBS, heat inactivated 

 

 

10% (v/v) 

20% (v/v) 

Transfection medium 

- freshly prepared 

- merging of (1) and (2) 

- incubation for 15 min 

(1) 

 

(2) 

Opti-MEM I medium 

Lipofectamine reagent 

Opti-MEM I medium 

siRNA solution 2.5 µM 

 

2% (v/v) 

 

2% (v/v) 
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2.1.4 Kits 

Table 6. Kits 

Name Company Product no. 

BCA Protein Assay Kit Pierce 23225 

Leukocyte Alkaline Phosphatase Kit Sigma-Aldrich 86R 

NE-PER™ Nuclear and Cytoplasmic Extraction Kit ThermoFisher Scientific 78833 

Omniscript RT Kit Qiagen 205111 

RNeasy Mini Kit Qiagen 74104 

RT2 SYBR® Green qPCR Mastermixes Qiagen 330522 

VECTASTAIN® Elite® ABC HRP Kit VECTOR Laboratories PK-6100 

VECTOR® NovaRED™ Peroxidase (HRP) Substrate Kit VECTOR Laboratories SK-4800 

Western Bright ECL Advansta K-12045 

Western Bright Quantum Advansta K-12042 

 

2.1.5 Biological materials 

2.1.5.1 C3H10T1/2 cells 

The C3H10T1/2 cell line was established from embryonic C3H mice in 1972 (Reznikoff 

et al. 1973). C3H10T1/2 cells show a fibroblast-like morphology and are quite similar to 

mesenchymal stem cells (Ahrens et al. 1993, Pinney and Emerson 1989). The cells used in 

this work were purchased from the American Type Culture Collection (ATCC) that sells 

this cell line under the product name “CCL-226™”. If not cultured, the cells were stored in 

liquid nitrogen, using freezing medium. 

 

2.1.5.2 Tissue sections of mice femora 

Mice femora of a completed study of the Institute of Orthopaedic Research and 

Biomechanics, Ulm University, were analysed in a retrospective, explorative manner. 

Wehrle et al. investigated the impact of low-magnitude high-frequency vibration on 

fracture healing in aged and osteoporotic mice. Therefore, female C57BL/6NCrl mice, 

purchased from Charles River (Sulzfeld, Germany), had been either ovariectomised or 

sham operated. The animals were killed at the age of 52 weeks, three weeks after a femur 

osteotomy and external fixation had been performed (Wehrle et al. 2015). 



MATERIALS AND METHODS 

26 

 

The animal experiments had followed the national and international guidelines for care 

and use of laboratory animals and had been approved by the local ethic committee 

(Regierungspräsidium Tübingen, Germany, No. 1026 and 1113, Wehrle et al. 2015). The 

work presented here analysed samples of non-vibrated control groups of young (10-weeks-

old) aged (52-weeks-old) as well as ovariectomised (52-weeks-old) mice. 

 

2.1.5.3 Primers for Real-Time quantitative PCR (RT-qPCR) 

Used primers were purchased from the company Life Technologies. 

Table 7. Primers for Real-Time quantitative PCR (RT-qPCR) 

Primer Gene Sequence bp 

C/ebp Cebpa 
F 5’ - CGT CTG CCT CCC AGA GGA CCA ATTA - 3’ 

R 5’ - CAC CCT TGG ACA ACT AGG GGA GAG G - 3’ 
67 

Cyr61 Cyr61 
F 5’ - TCC TCT GTG TCC CCA AGA AC - 3’ 

R 5’ - CAA ACC CAC TCT TCA CAG CA - 3’ 
96 

Gapdh Gapdh 
F 5’ - ACC CAG AAG ACT GTG GAT GG - 3’ 

R 5’ - GGA TGC AGG GAT GAT GTT CT - 3’ 
81 

Ppar Ppar 
F 5’ - CGT GAA GCC CAT CGA GGA CAT CC - 3’ 

R 5’ - GGG TGG TTC AGC TTG AGC TGC AG - 3’ 
72 

Runx2 Cbfa1 
F 5’ - CCA CCA CTC ACT ACC ACA CG - 3’ 

R 5’ - CAC TCT GGC TTT GGG AAG AG - 3’ 
63 

Wnt5a Wnt5a 
F 5’- ACAATACTTCTGTCTTTGGCAGG - 3’ 

R 5’ - GGCGTTCACCACCCCAG - 3’ 
92 

 

2.1.5.4 Primers for cDNA synthesis 

Table 8. Primers for cDNA synthesis 

Primer Company Product no. 

Oligo-dT primer ThermoFisher Scientific SO131 

Random-Hexamer primer Merck 11034731001 
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2.1.5.5 Primary antibodies 

Table 9. Primary antibodies 

Antigen Origin Size [kDa] Dilution Company Product no. 

Active -catenin Rabbit 92 1:1000 Cell Signaling 8814 

AKT Rabbit 60 1:1000 Cell Signaling 9272 

CaMKII Rabbit 50 1:1000 Cell Signaling 3361 

C/EBP Rabbit 28 / 42 1:1000 Cell Signaling 2295 

CYR61 Sheep 42 1:500 R&D AF4055 

FOXO3a Rabbit 82-97 1:1000 

1:100 (IHC) 

Cell Signaling 12829 

GAPDH Rabbit 37 1:2000 Cell Signaling 2118 

IGF-1 receptor  Rabbit 95 1:1000 Cell Signaling 3027 

Lamin B Goat 68 1:500 Santa Cruz sc-6216 

phospho-AKT Rabbit 60 1:1000 Cell Signaling 9271 

phospho-CaMKII Rabbit 50 1:1000 Cell Signaling 3361 

p-FOXO1/FOXO3a Rabbit 78 to 82, 95 1:1000 Cell Signaling 9464 

PPAR Rabbit 58 1:400 Abcam ab19481 

RUNX2 Rabbit 55-62 1:1000 Cell Signaling 8486 

SOD2 Rabbit 22 1:100 StressMarq SPC-118 

TCF4 Rabbit 58 / 79 1:1000 Cell Signaling 2569 

β-catenin Rabbit 92 1:1000 Millipore 06-734 

 

2.1.5.6 Secondary and control antibodies 

Table 10. Secondary and control antibodies 

Description Origin Dilution Company Product no. 

Anti-goat IgG 

HRP-linked 
Rabbit 1:10000 Jackson Immuno Research 305-035-003 

Anti-rabbit IgG 

biotinylated 
Goat 1:200 Invitrogen B-2770 

Anti-rabbit IgG 

HRP-linked 
Goat 1:10000 Cell Signaling 7074S 

Anti-sheep IgG 

HRP-linked 
Rabbit 1:10000 Jackson Immuno Research 313-035-003 
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Description Origin Dilution Company Product no. 

Rabbit IgG Rabbit 1:100 BioLegend 910801 

 

2.1.5.7 Recombinant proteins 

Table 11. Recombinant proteins 

Protein Company Product no. 

Insulin-like growth factor 1 (IGF-1), recombinant Sigma-Aldrich I8779 

Wnt5a protein, recombinant Sigma-Aldrich GF146 

 

2.1.5.8 siRNA 

Table 12. siRNA 

Gene Species Type Company Product no. Assay ID 

Igf1r Mouse Silencer® Select siRNA AmbionTM 4390771 s68116 

- dissolved in nuclease-free water and stored in nuclease-free tubes [50 µM] 

 

2.1.6 Software 

Table 13. Software 

Application Software, Version Company 

BCA Protein determination Magellan, v7.2 Tecan 

Bone marrow adiposity MetaMorph® Leica 

Charts Adobe Illustrator CC, 2015.3.0 Adobe 

Charts PowerPoint, Office 365 Microsoft 

PCR amplification data StepOneTM Software, v2.3 Life Technologies 

PCR efficiency LinRegPCR, v2012.1 HFRC 

Pictures immunohistology Leica Application Suite, v3.8.0 Leica Microsystems 

RNA quantity and quality i-control, v1.10 Tecan 

Spreadsheet analysis and charts Excel, v14.0.7128.5000 Microsoft 

Statistical analysis SPSS, 25 IBM 

Western blot documentation Fusion Vilbert Lourmat 
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2.2 Methods 

 

2.2.1 Cell culture 

The cells were cultivated in expansion medium (Table 5) and maintained at 37 °C with 

5% CO2. The medium was changed twice a week. To prevent contact inhibition, cell 

passaging was done at a confluency of 80%. Therefore, following steps were performed: 

1) removal of medium 

2) washing with PBS (1x) 

3) addition of 5 ml Trypsin (1:250) / EDTA solution 

4) incubation at 37 °C for 5 min 

5) resuspension with 10 ml medium 

6) centrifugation at 1200 rpm for 5 min 

7) removal of supernatant 

8) resuspension of cell pellet with medium 

9) counting of cells 

10) seeding of 500,000 cells and 25 ml medium per culture flask. 

Prior to every seeding cells were counted, using a cell counting chamber. Here, damaged 

cells were marked by trypan blue staining and excluded from counting. 

 

2.2.2 Stimulation under adipogenic conditions – Study design 

Figure 6 illustrates the experimental set-up. During the experiment cells were cultured in 

silicone cell dishes (Figure 7). Prior to cell seeding those dishes were incubated for two 

days with 5 ml expansion medium. On the day of cell seeding silicone dishes were coated 

with 5 µg per cm2 collagen type I. 200,000 cells with 5 ml expansion medium were seeded 

per silicone dish, which corresponded roughly to 11,000 cells per cm2. In case of 3-day 

stimulation protocol, the experiment ended on day 3 immediately after a final third 

stimulation. 

 



MATERIALS AND METHODS 

30 

 

 

Figure 6. Study design 5-day stimulation protocol. 

Ahead of stimulation I, cells were cultivated two days in silicone dishes using expansion medium. 

On day 1, medium was replaced by adipogenic differentiation medium, including pharmacological 
agents in case of treatment groups and vehicle in case of non-treated groups, respectively. After 

final stimulation on day 5, cells were immediately harvested and stored on ice. 

 

 

Figure 7. Monolayer silicone cell dish. 

During experiment cells were cultured in silicone dishes with a surface area of 18 cm2. Those 

dishes are an in-house product of the Institute of Orthopaedic Research and Biomechanics, Ulm 

University. Picture taken by the author. 

 

2.2.3 Pharmacological treatment 

In case of treatment, the respective agent was added to adipogenic differentiation medium 

of treatment groups. In case of untreated groups, the respective solvent was added to 

adipogenic differentiation medium in corresponding amount. 
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2.2.3.1 Treatment with SB 415286 

SB 415286 is an inhibitor of glycogen synthase kinase-3 (GSK-3) and thus activator of 

the canonical Wnt pathway. SB 415286, dissolved in DMSO, was added to adipogenic 

differentiation medium of treatment groups up to a final concentration of 20 µM. 

 

2.2.3.2 Treatment with Wnt5a 

Wnt5a is a member of the Wnt family more associated with noncanonical Wnt signalling. 

In case of a treatment with Wnt5a, recombinant protein was added to adipogenic 

differentiation medium of treatment groups up to a final concentration of 0.1 µg/ml. Wnt5a 

was dissolved in PBS and 0.1% FBS. 

 

2.2.3.3 Treatment with IGF-1 

In case of a stimulation with recombinant IGF-1 protein, the protein was added to 

adipogenic differentiation medium of treatment groups up to a concentration of 10 ng/ml. 

Pre-tests showed a similar effect of the chosen concentration compared to a higher 

concentration of 100 ng/ml (data not shown). IGF-1 was dissolved in PBS. 

 

2.2.4 Mechanical stimulation 

Cells of stimulation groups were mechanical strained with a uniaxial stimulation device – 

developed and established at the Institute of Orthopaedic Research and Biomechanics, Ulm 

University (Neidlinger-Wilke et al. 1994, Figure 8). Cultured in adipogenic differentiation 

medium, the cells were stimulated 30 minutes with a frequency of 1 Hz and a strain of 2% 

on 3 or 5 consecutive days. 
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Figure 8. Cell stimulation device. 

The stimulation device is equipped with a power supply, allowing to adjust stimulation frequency. 

Strain rate is regulated by a gear unit. After clamping silicone dishes are stretched uniaxial in their 

longitudinal axis. One stimulation device provides slots for six silicone dishes. Here, three silicone 

cell dishes are attached. Picture taken by the author. 

 

2.2.5 Gene knockdown 

Gene-knockdown was performed by siRNA transfection via lipofectamine RNAiMAX 

Transfection Reagent. Ahead of transfection the siRNA-lipid complex was freshly 

prepared, each portion included: 

1) dilution of 5 µl lipofectamine reagents in 250 µl Opti-MEM I medium 

2) dilution of 5 µl siRNA solution [2.5 µM] in 250 µl Opti-MEM I medium 

3) merging of lipofectamine solution (1) and siRNA solution (2) 

4) incubation for 15 min. 

For transfection C3H10T1/2 cells were seeded in 6-well plates with 90,000 cells and 2 ml 

expansion medium per well. After 4.5 hours cell adhesion time, transfection followed: 

1) preparation of siRNA-lipid complex 

2) removal of medium 

3) washing with PBS (1x) 

4) addition of 500 µl siRNA-lipofectamine mix (1) to each well 

5) mixing by gently swinging back and forth 

6) incubation for 24 hrs. 



MATERIALS AND METHODS 

33 

 

Cells of non-transfected groups were incubated with Opti-MEM I and lipofectamine 

reagents in corresponding amount. After 24 hours incubation, cells were seeded in silicon 

dishes. Here, cells of three wells were transferred to one silicon dish. The following 

experimental process corresponded to 3-day stimulation protocol (Figure 9). First 

stimulation started 2 hours after cell transfer. Ahead of cell seeding 6-well plates and 

silicone dishes were incubated for two days with expansion medium. On the day of cell 

seeding 6-well plates as well as silicone dishes were coated with 5 µg per cm2 collagen 

type I. 

 

 

Figure 9. Study design siRNA transfection. 

On day -1 cells were seeded in 6-well plates and after cell adhesion siRNA transfection via 

lipofectamine was performed. On day 1 after 24 hours incubation cells were transferred to silicon 

dishes. Transfection medium was replaced by adipogenic differentiation medium, including 

pharmacological agents in case of treatment groups and solvent in case of non-treated groups, 
respectively. After cell adhesion stimulation I started. Experiment ended after final stimulation on 

day 3, therefore cells were immediately harvested and stored on ice. 

 

2.2.6 Protein analysis 

2.2.6.1 Protein lysate preparation 

Immediately after end of experiment cell layer was analysed by microscope, medium was 

removed, and cells were washed once with PBS. Per cell dish 300 µl RIPA buffer with 

10 µl/ml protease and phosphatase inhibitor cocktail was added. Then, the cell lysate was: 
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1) scraped off with a cell scraper 

2) mixed by pipetting up and down 

3) transferred into tubes 

4) centrifuged at 14,000 rpm for 10 min. 

Finally, supernatant was pipetted off and transferred into new tubes. During lysate 

preparation all steps were performed on ice, and centrifuge was cooled down to 4 °C. 

Isolated protein lysates were stored at -80 °C. 

 

2.2.6.2 Separation of cytoplasmatic and nuclear fraction 

For separation of cytoplasmatic and nuclear fraction the “NE-PER Nuclear and 

Cytoplasmic Extraction Kit” from ThermoFisher Scientific was used according to 

manufacturers' instructions. In a first step Cytoplasmic Extraction Reagent (CER) I and II 

degrade the cell membranes and release cytoplasm. Secondly, the intact nuclei are 

separated by centrifugation, before the Nuclear Extraction Reagent (NER) release proteins 

out of the nucleus. 

Immediately after end of experiment cell layer was analysed by microscope, medium was 

removed, and cells were washed once with PBS. Per cell dish 500 µl trypsin (1:250) / 

EDTA solution was added and incubation at 37°C for 5 minutes followed. Next steps were: 

1) transfer of cell solution into tubes 

2) centrifugation at 1200 rpm for 5 min 

3) resuspension of cell pellet with PBS 

4) centrifugation at 1200 rpm for 3 min 

5) removal of supernatant 

6) addition of 200 µl ice-cold CER I per tube 

7) vortexing for 15 sec and incubation on ice for 10 min 

8) addition of 11 µl ice-cold CER II per tube 

9) vortexing for 5 sec and incubation for 1 min 

10) vortexing again for 5 sec and centrifugation at 14,000 rpm for 5 min 

11) transfer of supernatant (cytoplasmic extract) into a new tube 

12) resuspension of remaining pellet with 100 µl ice-cold NER per tube 

13) vortexing for 15 sec 



MATERIALS AND METHODS 

35 

 

14) storage on ice for a total of 40 min while vortexing for 15 sec every 10 min 

15) centrifugation at 14,000 rpm for 10 min 

16) transfer of supernatant (nuclear extract) into a new tube 

During lysate preparation all steps were performed on ice, and centrifuge was cooled 

down to 4 °C. CER I and NER included 10 µl/ml protease and phosphatase inhibitor 

cocktail. 

 

2.2.6.3 BCA protein determination 

For quantitative protein determination the “BCA Protein Assay Kit” from Pierce was 

used. This assay is based on a two-stage reaction mechanism: (1) reduction of Cu2+ to Cu+ 

by proteins in an alkaline environment and (2) chelate formation of Cu+ with bicinchoninic 

acid (BCA). The BCA/Cu+ complex correlates positively with increasing protein 

concentrations and strongly absorbs light at 562 nm, allowing a photometric analysis. 

Initially, a dilution series with RIPA buffer (1:10 diluted) and BSA standard solution 

(1 mg/ml) was generated, resulting in: 0, 25, 125, 250, 500, 750, and 1000 µg/ml dilutions. 

Dilutions and samples, 25 µl of each, were pipetted into a 96-well microplate. 200 µl of 

BCA working reagent was added, and the microplate incubated at 37 °C for 30 minutes. 

Finally, after cooling-down to room temperature (RT), the plate was photometrically 

analysed with a Tecan microplate reader, and protein concentrations were calculated via 

Magellan software. 

 

2.2.6.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

During SDS-PAGE proteins migrate through a polyacrylamide gel, driven by an electric 

field, and are separated according to their size. The surfactant SDS unfolds proteins and 

charges them negatively, which makes protein migration through gels possible. 

The gels were mixed according to preparation shown in Table 14 and poured in special 

SDS-PAGE casts. While polymerizing the separation gel was overlaid with isopropanol to 

avoid air bubbles and to guarantee a planar surface. After pouring and polymerisation of 

the stacking gel, the gels were attached to electrophoresis chamber, and the chamber was 

filled with anode and cathode buffer according to specifications. 



MATERIALS AND METHODS 

36 

 

Table 14. Gel preparations for SDS-polyacrylamide gel electrophoresis 

Gel Preparation  

Separation gel, 20 ml, 12% Aqua dest. 

Rotiphorese Gel 30 

Separation gel buffer 

SDS stock solution 

APS stock solution 

TEMED 

6.6 ml 

8.0 ml 

5.0 ml 

200 µl 

200 µl 

20 µl 

Stacking gel, 8 ml, 5% Aqua dest. 

Rotiphorese Gel 30 

Stacking gel buffer 

SDS stock solution 

APS stock solution 

TEMED 

5.5 ml 

1.3 ml 

1.0 ml 

80 µl 

80 µl 

8 µl 

 

Each gel slot fitted for 30 µl, which yielded the following sample preparation: 

Lysate for 20 µg protein, amount dependent on concentration x µl 

SDS loading buffer 10 µl 

Ampuwa (H2O) ad 30 µl 

Additionally, every sample was denatured prior gel loading at 95 °C for 5 minutes. 

Together with a protein ladder, electrophoresis using a voltage of 80 V for approximately 

2.5 h. 

 

2.2.6.5 Western blotting 

Before staining of target proteins with antibodies, the proteins were transferred onto a 

nitrocellulose membrane by wet electroblotting technique. Therefore, the SDS gel, a 

transfer membrane, blotting paper, and sponge pads were equilibrated in anode buffer 

(equated to transfer buffer) and placed in a blotting cassette, according to the following 

order: 

- sponge pad 

- blotting paper (3x) 

- transfer membrane 

- SDS gel 
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- blotting paper (3x) 

- sponge pad 

The blotting cassette was placed in a western blotting tank, filled with anode buffer, and 

blot was run with a voltage of 80 V for 60 minutes. 

Thereafter, the membrane was incubated in blocking solution for 1-2 h, to prevent 

unspecific binding of antibodies. Finally, the membrane was coated with diluted primary 

antibody and incubated overnight at 4 °C (Table 9). On the next day, following steps were 

performed: 

1) removal of primary antibody 

2) washing of membrane with washing buffer (3x a 10 min) 

3) incubation with HRP-linked secondary antibody dilution for 60 min 

4) removal of secondary antibody 

5) washing of membrane with washing buffer (3x a 10 min). 

All steps listed here, were performed under gentle shaking. 

The membrane was evaluated through a chemiluminescence reaction, catalysed by HRP. 

After incubation in chemiluminescent substrates, both a gel documentation system and X-

ray films for ECL detection were used to detect the luminescence signal. Exposure time 

depended on signal intensity. 

 

2.2.7 Gene expression analysis 

2.2.7.1 RNA isolation 

For RNA isolation the “RNeasy Mini Kit” from Qiagen was used. Here, RNA binds to a 

silica membrane and is washed for several times, including a DNA digestion step. Finally, 

RNA is eluted from the membrane with RNase-free water. 

Immediately after the end of the experiment cell layer was analysed by microscope, 

medium was removed, and cells were washed once with PBS. Per cell dish 600 µl RLT 

buffer was added, including 10 µl/ml -mercaptoethanol. Thereafter, the cell lysate was: 

1) scraped off with a cell scraper 

2) mixed by pipetting up and down 

3) transferred into tubes. 
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Lysates could be stored at -80 °C or further processed by: 

4) centrifuging through a QIAshredder column, for the purpose of homogenisation, at 

13,200 rpm for 3 min 

5) adding 350 µl 70% ethanol, and mixing by pipetting up and down 

6) pipetting on a RNeasy Mini spin column (silica membrane), and centrifuging at 

10,000 rpm for 30 sec, the flow through was discarded 

7) washing of column by adding 350 µl buffer RW1, and centrifuging at 10,000 rpm 

for 30 sec 

8) adding 80 µl DNase incubation mix, including 10 µl DNase stock solution and 70 µl 

buffer RDD 

9) incubating for 15 min 

10) washing of column by adding 350 µl buffer RW1, and centrifuging at 10,000 rpm 

for 30 sec 

11) 2x washing of column by adding 500 µl buffer RPE, and centrifuging at 10,000 rpm 

each for 30 sec and 2 min 

12) centrifuging at 14,000 for 2 min, for the purpose of a final drying step 

13) transferring column into a new RNase-free tube, and eluting RNA from column with 

30 µl RNase-free water 

14) incubating for 1 min 

15) centrifuging through column at 10,000 rpm for 1 min. 

The quality and quantity of extracted RNA was determined photometrically using a 

Tecan microplate reader with connected i-control software. Absorbance at 260 nm was 

used for quantification. The quality was verified by 260 nm / 280 nm absorption ratio. 

Isolated RNA samples were stored at -80 °C. 

 

2.2.7.2 cDNA synthesis 

The transcription of extracted RNA into cDNA via a reverse transcriptase was done with 

the “Omniscript RT Kit” from Qiagen. All steps were performed on ice. 

Initially, RNA samples, corresponding to 1 µg RNA, were filled up with RNase-free 

water to a volume of 12 µl. For the purpose of denaturation, the samples were incubated 
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for 5 minutes at 65 °C, before 8 µl of a reaction master mix was added (Table 15); reaching 

a final volume of 20 µl per reaction. 

Table 15. Preparation for cDNA synthesis 

Component Volume per reaction Final concentration 

10x Buffer RT 

dNTP Mix 

RNase inhibitor 

Oligo-dT primer 

Random-Hexamer primer 

Omniscript Reverse Transcriptase 

2 µl 

2 µl 

1 µl 

1 µl 

1 µl 

1 µl 

1x 

0.5 mM each dNTP 

10 units 

0.1 mM 

1 mM 

4 units 

 

cDNA synthesis was run by a thermocycler, the protocol included the following two 

steps: 

1) incubation at 37 °C for 60 min 

2) incubation at 42 °C for 60 min 

cDNA samples were stored at -20 °C. 

 

2.2.7.3 Real-Time quantitative PCR (RT-qPCR) 

For quantification of gene expression cDNA was analysed using RT-qPCR. Hereby, the 

gene of interest is amplified during multiple reaction steps via gene specific primers and a 

thermostable DNA polymerase. During every reaction cycle the added dye SYBR Green 

binds to double-stranded DNA and allows a quantification of the amplified product by 

detecting a fluorescent signal. Of interest is the cycle threshold (Ct value), where the 

fluorescence signal is exceeding the background fluorescence for the first time – marking 

the beginning of reaction’s exponential phase. Finally, the comparison of control and 

treatment samples as well as the reference to a housekeeping gene allows the relative 

quantification of a target gene. In this work Gapdh was chosen as reference gene. 

The RT-qPCR was run by the real-time PCR system “StepOnePlus” (Applied 

Biosystems). Every RT-qPCR reaction amounted to 25 µl, including the components listed 

below (Table 16). The samples were run in duplicate and RNase free water samples served 

as negative control. The RT-qPCR run included a final step for melting curve analysis and 

was performed according to protocol listed below (Table 17). 
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Table 16. Preparation for qPCR 

Component Volume per reaction 

RNase free water 

SYBR Green Master mix1 

Rox2 

Primer forward + reverse3 

cDNA sample4 

8.25 µl 

12.5 µl 

0.25 µl 

1 µl each 

2 µl 

1 containing: thermostable DNA polymerase, nucleotides, real-time PCR buffer and SYBR Green 

dye 
2 reference dye 
3 1:10 diluted with RNase free water, final concentration per reaction 0.4 pmol each 
4 1:4 diluted with RNase free water 

 

Table 17. qPCR protocol 

Step Cycles Temperature Duration 

1 

 

 

1 

1 

 

50 °C 

95 °C 

 

2 min 

2 min 

 

2 

 

 

40 

 

 

95 °C 

60 °C 

 

15 sec 

1 min 

 

3 

 

 

1 

1 

1 

95 °C 

60 °C 

60-95 °C (+0.3 °C steps) 

15 sec 

1 min 

15 sec  

 

Amplification data were exported from “StepOne Software” (Life Technologies) and 

quantification of gene expression was calculated according to the relative quantification 

model with efficiency correction (Pfaffl 2001): 

𝑟𝑎𝑡𝑖𝑜 =
(𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒)∆𝐶𝑡𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒  

(𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒)∆𝐶𝑡𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒
  

The ΔCt value resulted from the difference between measured Ct values of control and 

treatment sample. The average efficiency of every primer pair was determined separately 

for every RT-qPCR run via “LinRegPCR” (HFRC) software, as described elsewhere 

(Ramakers et al. 2003, Ruijter et al. 2009). 
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2.2.8 Histology 

 

2.2.8.1 Oil Red O staining 

The Oil Red O staining for lipid droplets was performed to indicate the degree of 

adipogenesis. Staining solution was mixed, left for 24 h, and freshly filtrated prior to 

application. Steps were as follows: 

1) removal of medium 

2) washing with PBS (2x) 

3) fixation with phosphate buffered formalin for 10 min 

4) washing with PBS (2x) 

5) incubation with Oil Red  O staining solution for 1 h 

6) washing with aqua dest. (2x). 

Documentation of staining was made digitally with a camera (Camedia C-5060 Wide 

Zoom, Olympus) attached to a microscope (Olympus IX70). 

 

2.2.8.2 Detecting bone marrow adiposity 

Based on their characteristic signet-ring like morphology, adult adipocytes can be easily 

identified in histological sections. For quantification of bone marrow adiposity, the 

microscope Leica DMI6000 B (Leica Microsystems) and the software Metamorph® 

(Leica) were used. Initially, tissue sections were scanned. Then, adipocytes inside the bone 

marrow were manually selected and the medullary cavity was defined as region of interest. 

The area filled by adipocytes and the size of the medullary cavity was calculated by the 

software. Finally, the quotient of both values yielded the area of fat. In this way femoral 

sections of 10-weeks-old (n=15), 52-weeks-old (n=8), and 52-weeks-old ovariectomised 

mice (n=7) were analysed. 

 

2.2.8.3 Immunohistochemistry 

Immunohistochemical staining allows the detection of proteins (antigens) in tissues using 

antibodies binding specifically to the protein of interest. In this work an indirect approach 

was performed. Hereby, a primary antibody binds to the target protein, followed by 

application of a biotin labelled secondary antibody against the origin species of the primary 
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antibody. In a next step an avidin-biotin-peroxidase complex (ABC) is prepared and added 

to sample. The avidin binds strongly to the biotinylated secondary antibody. A following 

chromogenic reaction – catalysed by horseradish peroxidase – allows now to visualise the 

antigen of interest. 

For the immunohistochemistry in this work fresh tissue sections of paraffin-embedded 

mice femora were used. Every sample included a negative control, treated with unspecific, 

non-binding, isotype rabbit IgG. The immune staining of SOD2 and FoxO3a was 

performed by the protocol tabulated below (Table 18).  

 

Table 18. Immunohistochemistry protocol 

Differences in SOD2 and FoxO3a protocol are listed separately. 

Step Temperature Duration 

Warming of tissue slices in heating chamber 37 °C 

60 °C  

60 min 

15 min 

Deparaffinization using alcohol washes of decreasing concentrations 

2x Xylol, 2x 100%, 90%, 70%, 50% EtOH, Aqua dest. 

 

RT 

 

5 min each 

Antigen retrieval in citrate buffer pH 6.0 

Heating in water bath 

Cool down 

Washing in aqua dest. 

FoxO3a: 0,1% Tween 20 added to buffer 

 

95 °C 

RT 

 

20 min 

20 min 

Peroxidase block 

3% H2O2 in aqua dest. 

Washing in aqua dest. 

 

RT 

 

15 min 

Washing 

SOD2: TBS, TTBS, TBS 

FoxO3a: 3x TBS 

 

 

RT 

 

 

5 min each 

Application of DAKO pen   

Serum block with 5% goat serum in TTBS (SOD2) or TBS (FoxO3a) RT 60 min 

Primary antibody (rabbit) 

1:100 in TTBS with 1% goat Serum 

Negative control rabbit IgG 

 

4 °C 

 

overnight 

Washing 

SOD2: TBS, TTBS, TBS 

FoxO3a: 3x TBS 

 

 

RT 

 

 

5 min each 

Secondary antibody 

Anti-rabbit IgG biotinylated 

 

RT 

 

60 min 

Washing 

SOD2: TBS, TTBS, TBS 

FoxO3a: 3x TBS 

 

 

RT 

 

 

5 min each 

Avidin-Biotin Complex (ABC)   
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Step Temperature Duration 

VECTASTAIN® Elite® ABC HRP Kit: 

Reagent A and B 1:50 in TBS, prepared 30 min before use 

 

RT 

 

30 min 

Washing 

SOD2: TBS, TTBS, TBS 

FoxO3a: 3x TBS 

 

 

RT 

 

 

5 min each 

Chromogen 

VECTOR® NovaRED™ Peroxidase (HRP) Substrate Kit; 

Staining solution, freshly prepared, 1 ml aqua dest. contained: 

15 µl solution 1 

10 µl solution 2 

10 µl solution 3 

10 µl hydrogen peroxide solution 

 

 

 

 

 

 

RT 

 

 

 

 

 

 

1,5 min 

Washing 

Aqua dest.  

 

RT 

 

5 min 

Nuclear counterstain 

Haematoxylin, freshly filtrated and diluted 1:5 in aqua dest. 

Blueing under running tap water 

 

RT 

RT 

 

20 sec 

5 min 

Dehydration  

RT 

 

5 min 

Dehydration using alcohol washes of increasing concentrations 

90%, 100% EtOH 

1x Xylol 

 

RT 

RT 

 

1 min 

5 min 

Covering 

Using Vitro-Clud®  

  

 

2.2.9 Statistical analysis 

The data analysis in this work was made mainly descriptive. Western blot and histology 

staining were displayed by representative examples. In case of RT-qPCR results, values 

were presented as mean ± standard deviation. The evaluation of bone marrow adiposity in 

young versus old mice allowed a statistical analysis. Here, first a Kruskal-Wallis test was 

performed as omnibus test to screen data for significant differences. As post-hoc test for a 

pairwise comparison Dunn-Bonferroni test followed. The significance level was set at 

p ≤ 0.05. Data was highlighted as mean ± standard deviation. For statistical calculations 

the software SPSS 25 (IBM) was used. 
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3 RESULTS 

 

3.1 Cell culture – Cultivation of MSCs under proadipogenic conditions 

The MSC niche of osteoporotic bone is hallmarked by a proadipogenic environment. In 

order to simulate a similar setting, pluripotent C3H10T1/2 cells were cultivated in 

adipogenic differentiation medium. Mechanical stimulation was administered to cells of 

stimulation groups via a uniaxial stimulation device. At the same time, cells of treatment 

groups were pharmacologically stimulated by adding the respective stimulating agents to 

cell culture medium (2.2.2). 

 

3.1.1 Impact of canonical Wnt pathway activation and mechanical stimulation 

To investigate the impact of mechanical stimulation and canonical Wnt pathway 

activation on MSCs, C3H10T1/2 cells were daily stimulated and / or canonical Wnt 

signalling activator SB 415286, a selective inhibitor of GSK-3, was added to medium of 

treatment groups. 

 

3.1.1.1 Formation of lipid vacuoles 

In order to describe different phenotypes, C3H10T1/2 cells were Oil Red O stained to 

detect lipid vacuole formation. After 5 days of cultivation under adipogenic conditions 

most C3H10T1/2 cells formed lipid vacuoles inside cytoplasm. Cells treated with 

canonical Wnt signalling activator SB 415286 clearly displayed less lipid droplets 

compared to untreated groups. Daily mechanical stimulation seemed to have also a 

reducing effect on adipogenic phenotype, but to a lesser extent than pharmacological 

treatment with SB 415286. Mechanical stimulation and simultaneous Wnt pathway 

activation further reduced lipid vacuoles formation (Figure 10). 
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Figure 10. Effect of mechanical stimulation and canonical Wnt pathway activation on lipid droplet 
formation. 

C3H10T1/2 cells were cultured in adipogenic differentiation medium for 5 days. SB 415286 

[20 µM], an activator of canonical Wnt signalling, was added to culture medium of treatment 

groups (B, D). Mechanical stimulation was carried out daily for 30 min [1 Hz, 2% strain] (C, D). 

Unstimulated cells (A) and mechanically stimulated cells (C) without SB 415286 treatment were 

used as controls. Oil Red O staining visualized lipid droplets inside cytoplasm (200x magnification, 

n=2). 

 

3.1.1.2 Protein levels of active -catenin, total -catenin and TCF4 

To explore canonical pathway activation, protein levels of active -catenin, total -

catenin and transcription factor 4 (TCF4) were investigated by western blotting of cell 

lysates after 5 days of cultivation and mechanical stimulation under adipogenic conditions. 

Canonical Wnt pathway activation by SB 415286 treatment upregulated protein 

expression of active (non-phospho) and total -catenin. Moreover, mechanical stimulation 

without treatment increased protein levels of active (non-phospho) as well as total 

-catenin. Protein levels of TCF-4, a transcription factor of Wnt-signalling, were increased 

by stimulation as well as by treatment with SB 415286 (Figure 11). 
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Figure 11. Effect of mechanical stimulation and canonical Wnt pathway activation on levels of 

proteins involved in canonical Wnt pathway (TCF4, active -catenin and total -catenin). 

C3H10T1/2 cells were cultured in adipogenic differentiation medium for 5 days. SB 415286 

[20 µM], an activator of canonical Wnt signalling, was added to culture medium of treatment 
groups (SB 415286 +). Mechanical stimulation was carried out daily for 30 min [1 Hz, 2% strain] 

(Stimulation +). GAPDH was chosen as control protein. Representative immunoblots of three 

independent experiments (n=3). 

 

To further characterise the effect of mechanical stimulation and canonical Wnt pathway 

activation on -catenin levels, the cell lysate of C3H10T1/2 cells was separated into a 

cytoplasmatic and a nuclear fraction. Protein expression of GAPDH was chosen as positive 

control for the cytoplasmatic compartment and protein expression of Lamin B as control 

for the nuclear compartment. Cells treated with canonical Wnt signalling activator 

SB 415286 contained more -catenin inside cytoplasm and nucleus compared to control 

group. Also, daily mechanical stimulation increased total -catenin levels compared to 

control. Especially, the antibody for total β-catenin protein highlighted a clear upregulation 

of -catenin inside the nuclear fraction of stimulated groups. Albeit, in case of active -

catenin this effect could not be verified. Interestingly, the combination of mechanical 

stimulation and SB 415286 treatment showed a further increase of -catenin protein levels 

in nucleus and cytoplasm compared to cells that were only treated or mechanically 

stimulated (Figure 12). 
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Figure 12. Effect of mechanical stimulation and canonical Wnt pathway activation on protein 

levels of active and total -catenin inside cytosol and nucleus. 

C3H10T1/2 cells were cultured in adipogenic differentiation medium for 5 days. SB 415286 

[20 µM], an activator of canonical Wnt signalling, was added to culture medium of treatment 

groups (SB 415286 +). Mechanical stimulation was carried out daily for 30 min [1 Hz, 2% strain] 

(Stimulation +). Cytosol and nuclear fraction were separated (curly brackets). GAPDH protein 
expression was chosen as reference for the cytoplasmatic compartment as well as Lamin B protein 

expression was chosen as reference for the nuclear compartment. Representative immunoblots of 

two independent experiments (n=2). 

 

3.1.1.3 Expression of osteogenic and adipogenic markers 

In order to explore the impact of mechanical stimulation and activation of the canonical 

Wnt pathway on differentiation of MSCs, osteogenic and adipogenic markers were 

investigated on RNA and protein level using RT-qPCR and western blotting, respectively. 

Thus, RUNX2 and CYR61 were chosen as osteogenic markers, while PPARγ and CEBPα 

were picked as adipogenic markers. 

Treatment with SB 415286 markedly upregulated the relative gene expression of 

osteogenic markers Runx2 and Cyr61 and downregulated the expression of adipogenic 

markers Pparγ and Cebpα. Similarly, mechanical stimulation seemed to increase the 

expression of osteogenic markers and decreased adipogenic markers. But, in both cases to 

a much lesser extent than pharmacological treatment with SB 415286. No additional effect 
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could be observed in combination groups that were pharmacologically treated and 

mechanically stimulated (Figure 13). 

Investigations on protein level mostly confirmed findings described above. Mechanical 

stimulation increased protein levels of osteogenic RUNX2 and CYR61. Treatment with 

SB 415286 showed an obvious upregulating effect on osteogenic proteins RUNX2 and 

CYR61. In addition, the combination of mechanical stimulation and SB 415286 treatment 

slightly but reproducible further increased levels of RUNX2 and CYR61. The protein level 

of PPAR was slightly reduced by mechanical stimulation, whereas treatment with 

SB 415286 diminished protein expression of PPAR to minimum. However, in case of 

CEBP mechanical stimulation increased protein levels, whereas treatment with 

SB 415286 decreased protein levels of CEBP. In combination groups, treatment with 

SB 415286 reduced the upregulating effect of mechanical stimulation on CEBP levels 

(Figure 14). 

It is known that noncanonical – -catenin independent – pathways play a role in 

differentiation of MSCs as well as canonical and noncanonical Wnt pathways do not work 

autonomously. To examine an activation of noncanonical pathways in the experimental 

setting relative gene expression of Wnt5a and protein levels of total CaMKII and activated 

phospho-CaMKII were investigated. Both are part of the noncanonical Wnt/Ca2+-signalling 

pathway. 

Mechanical stimulation had no effect on gene expression of Wnt5a, whereas an activation 

of canonical Wnt signalling by SB 415286 treatment noticeably increased mRNA levels in 

treatment groups (Figure 13). On protein level mechanical stimulation activated CaMKII, 

shown by higher levels of phospho-CaMKII, while levels of total CaMKII were 

unaffected. Interestingly, a treatment with SB 415286 reduced levels of phospho-CaMKII 

and in addition inhibited the activating effect of mechanical stimulation (Figure 15). 
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Figure 13. Effect of mechanical stimulation and canonical Wnt pathway activation on relative 
expression of genes involved in osteogenesis (Runx2, Cyr61) and adipogenesis (Pparγ, Cebpα) as 

well as noncanonical Wnt pathway associated Wnt5a. 

C3H10T1/2 cells were cultured in adipogenic differentiation medium for 5 days. Mechanical 

stimulation was carried out daily for 30 min [1 Hz, 2% strain] (dark grey bars). SB 415286 

[20 µM], an activator of canonical Wnt signalling, was added to culture medium of treatment 

groups (SB 415286). Relative gene expression of control group without SB 415286 treatment 
(Untreated) and not mechanically stimulated (light grey bars) was set to 1. Gapdh was chosen as 

reference gene. Real-time qPCR results are presented as mean ± SD (n=3-5). 
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Figure 14. Effect of mechanical stimulation and canonical Wnt pathway activation on levels of 

proteins involved in osteogenesis (RUNX2, CYR61) and adipogenesis (PPAR, C/EBP). 

C3H10T1/2 cells were cultured in adipogenic differentiation medium for 5 days. SB 415286 

[20 µM], an activator of canonical Wnt signalling, was added to culture medium of treatment 

groups (SB 415286 +). Mechanical stimulation was carried out daily for 30 min [1 Hz, 2% strain] 
(Stimulation +). GAPDH was chosen as control protein. Representative immunoblots of three 

independent experiments (n=3). 
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Figure 15. Effect of mechanical stimulation and canonical Wnt pathway activation on protein 

levels of activated phospho-CaMKII and total CaMKII. 

C3H10T1/2 cells were cultured in adipogenic differentiation medium for 5 days. SB 415286 

[20 µM], an activator of canonical Wnt signalling, was added to culture medium of treatment 
groups (SB 415286 +). Mechanical stimulation was carried out daily for 30 min [1 Hz, 2% strain] 

(Stimulation +). GAPDH was chosen as control protein. Representative immunoblots of three 

independent experiments (n=3). 

 

In preparation for a later siRNA knockdown, next, the duration of experiment was 

reduced from 5 to 3 days of cultivation in adipogenic differentiation (3-day stimulation 

protocol, 2.2.2). Treatment with SB 415286 markedly upregulated the relative gene 

expression of osteogenic markers Runx2 and Cyr61 and downregulated the expression of 

adipogenic markers Pparγ and Cebpα. Again cells, which were only mechanically 

stimulated, showed slightly increased osteogenic markers and decreased adipogenic 

markers. But, like 5-day stimulation protocol, in both cases to a much lesser extent than 

induced by pharmacological treatment with SB 415286. There was a trend towards a 

higher effect when cells were simultaneously mechanically stimulated and treated with 

SB 415286. Mechanical stimulation had no effect on expression of Wnt5a, whereas 

treatment with SB 415286 again increased mRNA levels in treatment groups (Figure 16). 

In summary, on mRNA level the 3-day stimulation protocol confirmed results of the 5-day 

stimulation protocol. Although, the difference between pharmacologically treated and 

untreated groups were not that distinct compared to the 5-day protocol (Figure 13). 

Western blotting results corresponded to 5-day protocol. Canonical pathway activation by 

SB 415286 treatment and mechanical stimulation over 3 consecutive days increased levels 

of total -catenin. SB 415286 showed an upregulating effect on osteogenic proteins 

RUNX2 and CYR61. Combination of mechanical stimulation and treatment with 
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SB 415286 further increased protein levels of RUNX2. Again, in case of adipogenic 

protein CEBP mechanical stimulation increased protein levels, while a simultaneous 

treatment with SB 415286 repressed this effect. (Figure 17). 
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Figure 16. Effect of mechanical stimulation and canonical Wnt pathway activation on relative 
expression of genes involved in osteogenesis (Runx2, Cyr61) and adipogenesis (Pparγ, Cebpα) as 

wells as noncanonical Wnt pathway associated Wnt5a after cultivation in adipogenic differentiation 

medium for 3 days. 

C3H10T1/2 cells were cultured in adipogenic differentiation medium. Mechanical stimulation was 

carried out daily for 30 min [1 Hz, 2% strain] (dark grey bars). SB 415286 [20 µM], an activator of 

canonical Wnt signalling, was added to culture medium of treatment groups (SB 415286). Relative 
gene expression of control group without SB 415286 treatment (Untreated) and not mechanically 

stimulated (light grey bars) was set to 1. Gapdh was chosen as reference gene. Real-time qPCR 

results are presented as mean ± SD (n=3). 
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Figure 17. Effect of mechanical stimulation and canonical Wnt pathway activation on levels of 

-catenin and proteins involved in osteogenesis (RUNX2, CYR61) and adipogenesis (C/EBP) 

after cultivation in adipogenic differentiation medium for 3 days. 

C3H10T1/2 cells were cultured in adipogenic differentiation medium. SB 415286 [20 µM], an 

activator of canonical Wnt signalling, was added to culture medium of treatment groups (SB 
415286 +). Mechanical stimulation was carried out daily for 30 min [1 Hz, 2% strain] (Stimulation 

+). GAPDH was chosen as control protein. Representative immunoblots of one experiment (n=1). 

 

3.1.1.4 Impact of the cell number on the expression of Runx2 and Ppar 

In order to investigate whether a cell number variation affects the differentiation of 

C3H10T1/2 cells, 50,000 or 100,000 cells were seeded per silicone dish during a control 

experiment, in contrast to 200,000 cells per dish used in the initial study design (2.2.2). 

Mechanical stimulation and treatment with SB 415286 were performed according to the 

3-day stimulation protocol. 

Mechanical stimulation showed no effect on Runx2 expression and tended to decrease 

expression of Ppar, whereas canonical Wnt pathway activation by SB 415286 treatment 

strongly upregulated gene expression of Runx2 and downregulated expression of Ppar. 
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Interestingly, the observed effects variated between both groups depending on cell number. 

In case of Runx2, the effect of SB 415286 treatment was pronounced in samples with 

100,000 seeded cells compared to samples with only 50,000 seeded cells. Vis-à-vis, 

downregulation of Ppar was pronounced in dishes with only 50,000 seeded cells 

compared to samples with 100,000 seeded cells. (Figure 18). 

 

 

Figure 18 Impact of different cell numbers on relative gene expression of osteogenic Runx2 and 

adipogenic Ppar. 

50,000 cells (light grey bars) or 100,000 cells (dark grey bars) were seeded per silicone dish and 

cultured in adipogenic differentiation medium for 3 days. Mechanical stimulation was carried out 

daily for 30 min [1 Hz, 2% strain] (stimulation). SB 415286 [20 µM], an activator of canonical 

Wnt signalling, was added to culture medium of treatment groups (SB 415286). Relative gene 
expression of control groups without SB 415286 treatment (Untreated) and not mechanically 

stimulated (no stimulation) was set to 1. Gapdh was chosen as reference gene. Real-time qPCR 

results are presented as mean ± SD (n=3). 
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3.1.2 Impact of noncanonical Wnt5a pathway activation and mechanical 

stimulation on protein expression of RUNX2, PPAR 

Preceding experiments showed an activation of CaMKII via mechanical stimulation in 

the chosen experimental set-up (Figure 15). It is known that CaMKII is a downstream 

target of noncanonical (-catenin independent) Wnt/Ca2+ signalling pathway. Hence, the 

aim of the next experiments was to further investigate the impact of mechanical 

stimulation and activation noncanonical Wnt5a signalling on differentiation of MSCs. For 

this purpose, C3H10T1/2 cells were mechanically stimulated for 5 consecutive days and 

treated with recombinant Wnt5a, a member of the Wnt family, which is mainly associated 

with noncanonical Wnt signalling, and in particular Wnt/Ca2+ signalling. 

C3H10T1/2 cells stimulated with Wnt5a protein showed increased protein levels of 

activated (phospho-) CaMKII and osteogenic RUNX2, as well as slightly reduced protein 

levels of adipogenic PPAR  Again, mechanical stimulation upregulated protein levels of 

RUNX2 and activated CaMKII by phosphorylation (Figure 19). 

 

 

Figure 19. Effect of mechanical stimulation and noncanonical Wnt5a pathway activation on 

protein levels of osteogenic marker RUNX2, adipogenic marker PPAR and active (phospho-) 

CaMKII. 

C3H10T1/2 cells were cultured in adipogenic differentiation medium for 5 days. Recombinant 

Wnt5a protein [0.1 µg/ml], an activator of noncanonical Wnt signalling, was added to culture 

medium of treatment groups (Wnt5a +). Mechanical stimulation was carried out daily for 30 min 
[1 Hz, 2% strain] (Stimulation +). GAPDH was chosen as control protein. Representative 

immunoblots of one experiment (n=1). 
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3.1.3 Impact of canonical Wnt and/or noncanonical Wnt5a pathway 

activation and mechanical stimulation on protein levels of RUNX2, 

PPAR and members of the IGF-1/PI3K/AKT pathway 

To investigate the interaction of canonical Wnt pathway and noncanonical Wnt5a 

pathway, the following experiment included a treatment of either SB 415286 or 

recombinant Wnt5a, as well as a combination of both treatments. SB 415286 treatment 

again inhibited an activation of CaMKII, whereas the levels of total CaMKII were 

unaffected. The results regarding the protein levels of osteogenic marker RUNX2 and 

adipogenic marker PPAR confirmed preceding experiments (3.1.1.3. and 3.1.2). The 

simultaneous treatment with Wnt5a resulted in a slightly antagonising effect of canonical 

Wnt pathway activation regarding protein levels of RUNX2 (Figure 20). 

 

 

Figure 20. Effect of mechanical stimulation, canonical and/or noncanonical Wnt pathway 

activation on protein levels of osteogenic marker RUNX2, adipogenic marker PPAR, phospho-

CaMKII and total CaMKII. 

C3H10T1/2 cells were cultured in adipogenic differentiation medium for 5 days. SB 415286 

[20 µM], an activator of canonical Wnt signalling (SB 415286 +) and/or recombinant Wnt5a 

protein [0.2 µg/ml], an activator of noncanonical Wnt signalling (Wnt5a curly bracket), were added 

to culture medium of treatment groups. Mechanical stimulation was carried out daily for 30 min 
[1 Hz, 2% strain] (Stimulation +). GAPDH was chosen as control protein. Representative 

immunoblots of two independent experiments (n=2). 
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Regarding the phenomenon of ageing IGF-1 signalling has shown to play a pivotal role. 

Additionally, the IGF-1 pathway has demonstrated to participate in MSC differentiation 

and to be mechanoresponsive. In order to investigate the role of IGF-1 pathway and its 

interaction with Wnt signalling, members of the IGF-1/PI3K/AKT pathway were 

examined. 

Surprisingly, canonical Wnt pathway activation by SB 415286 treatment showed an 

upregulation of IGF-1 receptor  and strongly elevated protein levels of inactivated 

phosphoFOXO1/FOXO3a. Moreover, mechanical stimulation clearly increased levels of 

phospho-FOXO1/FOXO3a, and in addition, mechanical stimulation together with a 

simultaneous SB 415286 treatment further increased phospho-FOXO1/FOX3a levels. 

FOXO transcription factors are downstream targets of IGF-1/PI3K/AKT signalling and 

inactivated through phosphorylation by AKT. Active (phospho-) AKT was increased by 

mechanical stimulation. Interestingly, treatment with SB 415286 seemed to reduce levels 

of phospho-AKT. The combination of Wnt5a and SB 415286 treatment further reduced 

levels of active AKT. In addition, the effect of mechanical stimulation in those treatment 

groups was abrogated regarding to phospho-AKT and phospho-FOXO1/FOXO3a. Levels 

of total AKT remained unaffected (Figure 21). 
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Figure 21. Effect of mechanical stimulation, canonical and/or noncanonical Wnt pathway 

activation on levels of proteins involved in IGF-1/PI3K/AKT signalling (IGF-1 receptor , 

phospho-FOXO1/FOXO3a, phospho-AKT and total AKT). 

C3H10T1/2 cells were cultured in adipogenic differentiation medium for 5 days. SB 415286 

[20 µM], an activator of canonical Wnt signalling (SB 415286 +) and/or recombinant Wnt5a 

protein [0.2 µg/ml], an activator of noncanonical Wnt signalling (Wnt5a curly bracket), were added 

to culture medium of treatment groups. Mechanical stimulation was carried out daily for 30 min 

[1 Hz, 2% strain] (Stimulation +). GAPDH was chosen as control protein. Representative 

immunoblots of two independent experiments (n=2). 

 

3.1.4 Establishment of IGF-1 receptor silencing using siRNA 

Preceding experiment highlighted a potential remarkable function of IGF-1/PI3K/AKT 

signalling regarding the response of MSCs to mechanical stimulation. To further 

characterise the role of IGF-1 signalling in MSC differentiation, the next experiment aimed 

to establish an IGF-1 receptor knockdown model embedded within the framework of the 

chosen experimental set-up. Therefore, siRNA transfection via lipofectamine reagent was 

performed. 

After 24 hours lipofectamine transfection in Opti-MEM I, C3H10T1/2 cells were 

cultivated in silicon dishes for 3-days. Negative control groups incubated with 

lipofectamine and random negative control siRNA showed no effect on protein levels of 

IGF-1 receptor and GAPDH, respectively. The positive control group treated with GAPDH 

siRNA showed clearly reduced GAPDH protein levels. IGF-1 receptor siRNA treatment 
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resulted in the absence of IGF-1 receptor  protein levels detected by western blotting 

(Figure 22). 

 

 

Figure 22. Protein levels of IGF-1 receptor  and GAPDH in a pre-experiment for IGF-1 receptor 

silencing using siRNA. 

For transfection C3H10T1/2 cells were incubated over 24 hours in Opti-MEM. Depending on 

treatment no agent (Control), lipofectamine only (Vehicle), Silencer Select siRNA (negative 

Control), pre-designed GAPDH siRNA (GAPDH siRNA) or pre-designed IGF-1 receptor siRNA 

(IGF-1 R siRNA) were added to Opti-MEM. After incubation cells were seeded in silicone dishes 
and cultured in adipogenic differentiation medium for 3 consecutive days. Representative 

immunoblots of one experiment (n=1). 

 

 Impact of IGF-1 pathway activation, IGF-1 receptor silencing and 

mechanical stimulation on expression of RUNX2, PPAR and members 

of the IGF-1/PI3K/AKT pathway 

The next step was to further elucidate the role of IGF-1 signalling in 

mechanotransduction and differentiation of MSCs via the implementation of established 

IGF-1 receptor knockdown model (3.1.4) Thus, in the next experiment C3H10T1/2 cells 

were cultivated in adipogenic differentiation medium and mechanically stimulated 

according to 3-day stimulation protocol, after siRNA transfection or incubation for 24 

hours in Opti-MEM was performed. Simultaneously, recombinant IGF-1 protein was 

added to cell medium of treatment groups. 

Again, after siRNA silencing of IGF-1 receptor no protein was detectable by western 

blotting after 3 days of cultivation. In contrast, mechanical stimulation as well as a 

treatment with recombinant IGF-1 upregulated expression of IGF-1 receptor . Mechanical 

stimulation clearly increased levels of phospho-FOXO1/FOXO3a in untreated and IGF-1 

treated groups. Interestingly, silencing of IGF-1 receptor suppressed this effect of 

mechanical stimulation. Even though, siRNA treated groups showed elevated levels of 
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phospho-FOXO1/FOXO3a compared to control group. Levels of unphosphorylated 

FOXO3a remained unaffected by mechanical stimulation and IGF-1 receptor silencing. In 

a similar manner, mechanical stimulation and IGF-1 treatment increased levels of active 

phopsho-AKT. But, a knockdown of IGF-1 receptor abrogated this effect. Like in case of 

phospho-FOXO1/FOXO3a, baseline protein levels of phospho-AKT were elevated in 

knockout groups compared to control group. The levels of total AKT remained unchanged 

(Figure 23). 

Mechanical stimulation increased protein expression of osteogenic marker RUNX2 and 

reduced expression of adipogenic marker PPAR. Treatment with recombinant IGF-1 

increased protein levels of RUNX2 compared to control group. When IGF-1 signalling was 

interrupted by IGF-1 receptor knockdown the effect of mechanical stimulation on protein 

expression of RUNX2 and PPAR was undetectable (Figure 23). 
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Figure 23. Effect of mechanical stimulation, treatment with recombinant IGF-1 and/or IGF-1 

receptor silencing on protein levels of osteogenic marker RUNX2, adipogenic marker PPAR and 

proteins of the IGF-1/PI3K/AKT signalling cascade (phospho-FOXO1/FOXO3a, total FOXO3a, 

phospho-AKT and total AKT). 

IGF-1 receptor silencing was performed by siRNA transfection via lipofectamine reagent. After 

24 hours transfection time in Opti-MEM C3H10T1/2 cells were cultured in adipogenic 

differentiation medium for 3 days. Recombinant IGF-1 protein [10 ng/ml] was added to culture 

medium of treatment groups (IGF-1 +). Mechanical stimulation was carried out daily for 30 min 
[1 Hz, 2% strain] (Stimulation +). GAPDH was chosen as control protein. Representative 

immunoblots of two independent experiments (n=2). 

 

3.2 Histological investigations on mice femora 

The objective of the in vivo part in this work was to connect findings from cell culture to 

the ageing organism. Therefore, paraffine slices of mice femora of a completed in-house 

fracture study were investigated in a retrospective, explorative manner. The samples 

included femora of young (10-weeks-old) aged (52-weeks-old) as well as ovariectomised 

(52-weeks-old) mice. In the study, the animals had been killed three weeks after a femur 

osteotomy and external fixation had been performed. 
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3.2.1 Comparison of bone marrow adiposity in young, aged and 

ovariectomised aged mice femora 

Literature describes the aged osteoporotic bone as marked by increased bone marrow 

adiposity. In order to confirm those findings for the samples used in this work, the slices of 

young, aged and aged plus ovariectomised mice were examined regarding the area filled by 

fat in bone marrow. Here, femora of ovariectomised aged mice acted as model for 

osteoporotic bone.  

As illustrated in Figure 24 aged mice exhibited increased fat levels compared to their 

younger conspecifics. Kruskal-Wallis test confirmed significant differences between the 

three groups. Post-hoc Dunn-Bonferroni testing detected a significant difference between 

femora of young and aged ovariectomised mice (p ≤ 0.05). 

 

 

Figure 24. Comparison of bone marrow adiposity in femora of young, aged and aged 

ovariectomised mice. 

Presented are areas of fat tissue per mm2 bone marrow in femora of 10-weeks-old (young mice, 

n=15), 52-weeks-old (aged mice, n=8) and 52-weeks-old ovariectomised mice (aged OVX mice, 

n=7). Values are presented as mean ± SD, * p ≤ 0.05 (Dunn-Bonferroni test). 
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3.2.2 Immunohistochemical staining of SOD2 and FOXO3a in femora of 

young, aged and ovariectomised aged mice 

Ageing is associated with increased oxidative stress and ROS production in tissues. 

FOXO transcription factors are key regulators of SOD2 transcription and therefore deeply 

involved in ROS detoxification. The results of cell culture in this work indicated a striking 

function of FOXO transcription factors in MSC’s differentiation and response to 

mechanical stimulation in the context of Wnt and IGF-1 signalling. Immunohistochemical 

staining of FOXO3a and SOD2 in femora of young, aged and ovariectomised aged mice 

was performed to investigate whether this function is reproducible in vivo. Slices of four 

different animals each were descriptively analysed. Special focus was set to the fracture 

callus as area of high bone turnover and probable habitation of pre-osteoblasts and MSCs. 

Each sample included a negative control treated with non-binding, isotype rabbit IgG. 

There was no positive staining in those controls detectable. Figure 25 shows exemplarily 

negative controls of SOD2 staining. 
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Figure 25. Representative negative controls of SOD2 immunohistochemical staining. 

(A) young (10-weeks-old), (B) aged (52-weeks-old), (C) ovariectomised (52 weeks old) mice. 

Haematoxylin counterstain. 50x magnification. Scale bars: 200 µm 

 

Three weeks after osteotomy femora of all groups showed a well-defined fracture callus. 

The cartilage tissue of the fracture callus was largely replaced by woven bone. 

Chondrocytes were still detectable near the fracture gap. SOD2 showed to be present 

almost ubiquitously and was strongly expressed along the bone trabecula of fracture calli. 

Here, osteocytes, chondrocytes and osteoclasts showed to be strongly SOD2 positive. In 

addition, SOD2 was detectable in osteoblasts and connective tissue. Overall the expression 

of SOD2 seemed to be elevated in fracture calli of aged and aged plus ovariectomised mice 

compared to calli of young mice (Figure 26). In contrast, FOXO3a was more localized and 
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mainly expressed in the osteochondral transition zone of the fracture calli. No differences 

were detectable between young and aged mice (Figure 27). 

 

 

Figure 26. Representative immunohistochemical images of SOD2 staining in femoral fracture calli 
of young, aged and ovariectomised aged mice. 

(A, B) young (10-weeks-old), (C, D) aged (52-weeks-old), (E, F) ovariectomised (52 weeks old) 

mice. A, C, E overview images with 50x magnification, scale bars: 200 µm; B, D, F detailed 
images of periosteal fracture calli with 200x magnification, scale bars: 100 µm. Mice were killed 

three weeks after a femur osteotomy was performed. Corticalis (Cort), Skeletal muscle (SM), 

Medullary cavity (MC), Trabecula (Trab), Osteoblast (Ob), Osteocyte (Oc), Osteoclast (Oclast); 

n=4. 
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Figure 27. Representative immunohistochemical images of FOXO3a staining in femoral fracture 

calli of young, aged and ovariectomised aged mice. 

(A, B) young (10-weeks-old), (C, D) aged (52-weeks-old), (E, F) ovariectomised (52 weeks old) 

mice. A, C, E overview images with 50x magnification, scale bars: 200 µm; B, D, F detailed 
images of periosteal fracture calli with 200x magnification, scale bars: 100 µm. Mice were killed 

three weeks after a femur osteotomy was performed. Corticalis (Cort), Skeletal muscle (SM), 

Medullary cavity (MC), Trabecula (Trab), Erythrocyte (Er), Osteocyte (Oc), Chondrocyte (Ch); 

n=4. 
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4 DISCUSSION 

 

4.1 In vitro – Cultivation of MSCs under adipogenic conditions 

The increase of marrow adiposity and decrease of bone mass is a key finding of 

osteoporotic bone (Justesen et al. 2001, Meunier et al. 1973). Hence, shifting of pluripotent 

MSCs from adipogenic to osteogenic cell fate may be a promising therapy approach in 

osteoporosis. A detailed knowledge of mechanisms in MSC differentiation is therefore 

indispensable. 

Presented work continued former experiments of our institute with an equal experimental 

set-up (Nemitz 2014). In the presented experiments pluripotent, murine MSC-like 

progenitor C3H10T1/2 cells were cultivated under adipogenic conditions to mimic the 

conditions of an osteoporotic bone. Mechanical stimulation was applied via uniaxial cell 

stimulation device that was developed at the Institute of Orthopaedic Research and 

Biomechanics, Ulm University (Neidlinger-Wilke et al. 1994). At the end of the 

experiment the cell lysates were examined using Western blotting and real-time qPCR. 

 

4.1.1 Canonical Wnt pathway activation 

Canonical – -catenin dependent – Wnt pathway was stimulated pharmacologically via 

adding SB 415286 to adipogenic differentiation medium of treatment groups. SB 415286 is 

a selective inhibitor of GSK-3 and induces -catenin/LEF/TCF signalling (Coghlan et al. 

2000). 

 

4.1.1.1 Mechanical stimulation and canonical Wnt activation reduce lipid vacuole 

formation 

After 5 days of cultivation in adipogenic differentiation medium most MSCs showed an 

adipocyte-like phenotype with lipid vacuole formation inside cytoplasm. Daily mechanical 

stimulation and canonical Wnt pathway activation reduced lipid droplet formation and size. 

These findings are in concordance with Sen et al. who demonstrated mechanical strain and 

canonical Wnt activation to be inhibitive on MSC adipogenesis even under cultivation in 

adipogenic differentiation medium (Sen et al. 2008, Figure 10). However, Sen et al. did not 
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examine the interaction of mechanical stimulation and simultaneous canonical Wnt 

activation. Presented results indicate an additive effect of mechanical stimulation and 

canonical Wnt pathway activation and support results of former experiments made in our 

laboratory. Nemitz even demonstrated an almost complete suppression of lipid vacuole 

formation in MSCs after simultaneous mechanical stimulation and SB 415286 treatment 

(Nemitz 2014). However, a complete abolishment of adipogenic differentiation could not 

be verified in this work. In summary, observed results may indicate that apart from Wnt 

signalling further signalling pathways mediate the effects of mechanical stimulation. 

 

4.1.1.2 Mechanical stimulation and canonical Wnt activation induce a -catenin 

signal 

As expected, canonical Wnt activation via SB 415286 treatment activated -catenin by 

dephosphorylation and generated elevated levels of total catenin. In addition, levels of 

TCF-4 were elevated in cell lysates of treatment groups compared to control, suggesting a 

possible positive feedback loop of an activated Wnt pathway. This is supported by findings 

from Kim et al. who reported different levels of TCF-1 in MSCs expressing either high or 

low levels of -catenin. The authors speculated that -catenin ‘finetunes its transcriptional 

milieu’ in a dose-dependent manner (Kim et al. 2015). Mechanical stimulation increased 

levels of active and total -catenin as wells as TCF-4. Hence, observed effects of 

mechanical stimulation were similar to those of an activated canonical Wnt pathway 

(Figure 11). Presented results of mechanical stimulation and pharmacological GSK-3 

inhibition are in accordance with findings from Sen et al. who also demonstrated elevated 

levels of active and total -catenin in C3H10T1/2 cells after culture in adipogenic 

differentiation medium and daily application of mechanical strain, respectively (Sen et al. 

2008). 

Interestingly, after separation of the cell lysate into a nuclear and a cytosolic fraction, the 

nuclear fraction showed notable increased levels of -catenin in mechanically stimulated 

groups. It is therefore hypothesized that mechanical stimulation creates conditions that 

promote the migration of -catenin into the nucleus. However, western blots with active 

-catenin specific antibody failed to verify this effect (Figure 12). Again, the combination 

of SB 415286 treatment and stimulation showed to additionally increase levels of activated 
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and total -catenin in cytoplasm and nucleus compared to cells that were only stimulated 

or treated with SB 415286. Those findings are in accordance to Robinson et al., who 

described a synergistical effect of mechanical stimulation and canonical Wnt pathway 

activation. In their study with precursor osteoblast cells of the MC3T3-E1 cell line, 

transcription of Wnt target genes was strikingly upregulated if cells were additionally 

treated with a GSK-3 inhibitor or recombinant Wnt3a, compared to cells who underwent 

mechanical stimulation only (Robinson et al. 2006). 

Presented data show that in the course of the chosen experimental set-up mechanical 

stimulation as well as treatment with GSK-3 inhibitor SB 415286 initiated an intracellular 

-catenin signal. 

 

4.1.1.3 Mechanical stimulation and canonical Wnt activation favour osteogenesis 

over adipogenesis and interact 

Influenced and controlled by numerous stimuli and growth factors MSCs can differentiate 

into either adipocytes or osteocytes. To examine the effect of mechanical stimulation and 

canonical Wnt pathway activation on differentiation of MSCs in the chosen experimental 

setting gene and protein expression of different adipogenic and osteogenic markers were 

investigated. 

The transcription factors C/EBP and PPAR play both a key role in adipogenic 

differentiation of MSCs. PPAR is a member of the nuclear receptor super family and 

called the ‘master regulator’ of adipogenesis as no adipogenic differentiation occurs 

without an involvement of PPAR. C/EBP belongs to the family of C/EBP transcription 

factors and regulates many adipogenic genes. During adipogenesis C/EBPs are activated in 

a sequential manner (Moseti et al. 2016, Rosen and MacDougald 2006). 

As expected, activation of canonical Wnt pathway via SB 415286 treatment strongly 

diminished expression of C/EBP and PPAR on RNA as well as on protein level (Figure 

13 Figure 14) Ross et al. already demonstrated that an activated canonical Wnt pathway 

inhibited differentiation of preadipocytes by suppressing the expression of C/EBP and 

PPAR (Ross et al. 2000). Also, Kang et al. reported that activation of canonical Wnt 

signalling shifted MSCs toward the osteoblast lineage by supressing C/EBP and PPAR 

and promoting osteogenic markers (Kang et al. 2007). 
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As already mentioned above, Sen et al. proved mechanical strain to be capable of 

supressing PPAR in MSCs even under cultivation in adipogenic conditions. In presented 

experiments mechanical stimulation has shown to slightly reduce protein expression of 

PPAR, but to a much lesser extent than a pharmacological canonical Wnt pathway 

activation. Surprisingly and contrary to expectations, mechanical stimulation elevated 

protein levels of C/EBP. Interestingly, Song et al. recently demonstrated that mechanical 

stress with ‘low magnitude’ supressed expression of C/EBP and PPAR in rat MSCs 

cultivated in adipogenic differentiation medium compared to control. However, when 

mechanical stress was intensified to ‘large magnitude’ levels the impact of mechanical 

stimulation was reversed, resulting in increased protein levels of C/EBP and PPAR and 

decreased levels of osteogenic markers (Song et al. 2017). Thus, characteristics of the 

applied mechanical stimuli might have caused this unexpected result. Another possibility is 

the temporal expression pattern of C/EBPs (Cao et al. 1991, Yeh et al. 1995). Exemplarily, 

Nakamura et al. reported an undulating expression of C/EBPs during adipogenesis 

(Nakamura et al. 2003). Simultaneous treatment with SB 415286 diminished the 

stimulating effect of mechanical stimulation on C/EBP protein expression. For 

clarification further experiments are needed to examine the impact of different mechanical 

stimulation regimes and possible diverging expression rates over time. 

RUNX2 and CYR61 were selected as markers for osteogenesis. RUNX2 is a member of 

the Runt domain family of transcription factors and is expressed from the start of 

osteogenic differentiation in MSCs throughout osteoblastic differentiation (Komori 2018, 

Marie 2008). CYR61 is a member of the CCN family of matricellular proteins. Those 

extracellular matrix proteins are involved in an wide array of cell events like proliferation, 

differentiation, senescence, apoptosis or adhesion and widely expressed in bone (Lau 2011, 

Zhao et al. 2018). CYR61 takes part in skeletal formation and differentiation and has 

shown to be highly expressed by MSCs (Estrada et al. 2009, Holbourn et al. 2008, Zhao et 

al. 2018). 

Gaur et al. demonstrated that canonical Wnt signalling is able to control RUNX2 

expression via a β-catenin/TCF1 axis (Gaur et al. 2005). Additionally, Si et al. reported 

that an activated canonical Wnt pathway strongly stimulated expression of CYR61 and 

vis-à-vis a knockdown of CYR61 disturbed osteogenic differentiation in MSCs (Si et al. 
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2006). Both findings were confirmed as an activation of canonical Wnt pathway via 

SB 415286 treatment strongly upregulated expression of osteogenic RUNX2 and CYR61 

(Figure 13, Figure 14). 

Even under strong adipogenic conditions mechanical strain increased protein expression 

of RUNX2 and CYR61 compared to control (Figure 14, Figure 17). In accordance, several 

studies highlighted an upregulation of RUNX2 as response of MSCs to mechanical stimuli 

(David et al. 2007, Ouyang et al. 2018). In contrast, Sen et al, who stimulated MSCs under 

adipogenic conditions, failed to prove an increase of RUNX2 in response to mechanical 

stimulation on mRNA level, but did not mention RUNX2 protein levels (Sen et al. 2008). 

Albeit of pro-osteogenic and anti-adipogenic tendencies, the effect of mechanical 

stimulation especially on mRNA level was quite weak (Figure 13, Figure 16). Conversely, 

a pharmacological activation of canonical Wnt signalling had a strong – maybe too 

strong – effect and thus overrode the subtle effects of mechanical stimulation. Therefore, 

presented results failed to confirm former experiments that demonstrated a significant 

impact of mechanical stimulation as well as a synergistical effect of canonical Wnt 

activation and mechanical stimulation on mRNA expression of osteogenic RUNX2 and 

CYR61 as well as adipogenic PPAR and C/EBP (Nemitz 2014). To examine whether a 

different cell number possibly affected the impact of mechanical stimulation a single 

control experiment was performed. Here, 50,000 or 100,000 cells were seeded per silicone 

dish, in contrast to 200,000 cells per dish used in the initial experiment design. Variation in 

cell number had no influence on the effect of mechanical stimulation (Figure 18). Notably, 

as an additional finding, high cell density enhanced the expression of RUNX2 as well as 

PPAR in SB 415286 treated groups compared to samples with low cell density. It is 

therefore hypothesised that cell-cell contact is needed to promote differentiation of MSCs 

in any direction. 

Nonetheless, despite of cultivation under adipogenic conditions mechanical stimulation 

demonstrated to generate pro-osteogenic and anti-adipogenic signals on protein levels. As 

cited, mechanical stimulation as well as canonical Wnt pathway have shown to stimulate 

MSC differentiation, but – to the best knowledge of the author – studies illuminating the 

interaction of mechanical stimulation and a simultaneous canonical Wnt activation are 

lacking. Presented results indicate that mechanical stimulation and canonical Wnt pathway 

mutually influence each other positively by favouring osteogenesis over adipogenesis. 
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4.1.2 Noncanonical Wnt pathway activation 

4.1.2.1 Canonical Wnt activation antagonises mechanical stimulation and Wnt5 

treatment induced activation of CaMKII 

Interaction of noncanonical and canonical Wnt pathways is very complex and still 

involved mechanisms are not completely understood. Hence, available evidence is partly 

inconsistent, as reciprocal antagonism as well as stimulation is described. It is hypothesised 

by several authors that the interaction of noncanonical and canonical Wnt pathways is 

some kind dose dependent as well as cell stage dependent, so that the pendulum swings 

one way or the other. Exemplarily, Quarto et al. demonstrated that high levels of Wnt/β-

catenin signalling suppressed the osteogenic differentiation of embryonic mesenchymal 

cells on the one hand, whereas enhanced mineralisation of differentiated osteoblasts in a 

dose-dependent manner on the other (Quarto et al. 2010). For more complexity van 

Amerongen et al. generated an inducible transgenic mice, that allowed an aimed induction 

of Wnt5a expression in vivo. The authors showed that Wnt5a played several roles and was 

capable of stimulating and diminishing β-catenin signalling during embryonic development 

of bone (van Amerongen et al. 2012). 

Guo et al., like others, demonstrated that Wnt5a is highly expressed during differentiation 

of osteoblasts as well as calvarial cells of Wnt5a knockout mice showed significant 

reduced levels of RUNX2 (Guo et al. 2008). Baksh et al. reported that Wnt5a treatment 

stimulated RUNX2 expression in human MSCs, whereas treatment with canonical Wnt3a 

enhanced cell proliferation but prevented Wnt5a triggered osteogenesis. The authors 

hypothesized that canonical Wnt signalling keeps MSCs in an undifferentiated, 

proliferative state and during osteogenesis canonical switches to noncanonical Wnt 

pathways (Baksh et al. 2007). In contrast, Okamoto et al. demonstrated that Wnt5a 

signalling promoted Wnt/β-catenin signalling during differentiation of osteoblasts via 

upregulation of canonical Wnt co-receptors LRP5 and LRP6 (Okamoto et al. 2014). 

To examine the role of noncanonical Wnt signalling in the context of our experimental 

set-up MSCs were treated with recombinant Wnt5. Presented results revealed Wnt5a 

treatment to activate CaMKII – a downstream target of Wnt/Ca2+ pathway (Figure 4) – 

and enhance protein expression of RUNX2. Vis-à-vis, levels of PPAR were slightly 

reduced in Wnt5a treated groups compared to control (Figure 19, Figure 20). Those results 
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are consistent with Takada et al., who showed that Wnt5a suppressed PPAR 

transactivation with inclusion of CaMKII signalling and induced the expression of Runx2 

in MSCs, leading to promotion of osteoblastogenesis (Takada et al. 2007). 

In parallel, several studies reported an involvement of Wnt5a/ROR2 axis in mechanically 

induced osteogenesis (Arnsdorf et al. 2009, Shi et al. 2012). Arnsdorf et al. demonstrated 

that a siRNA knockdown of Wnt5a diminished RUNX2 expression in C3H10T1/2 cells 

after application of fluid flow, but had no influence on -catenin signal initiation (Arnsdorf 

et al. 2009). Former in-house experiments of Nemitz revealed that mechanical stimulation 

and canonical Wnt pathway activation upregulated the expression of Wnt5a and 

noncanonical Ror2 receptor (Nemitz 2014). In presented work, again SB 415286 proved to 

stimulate the mRNA expression of Wnt5a. But, as discussed above, the effect of 

mechanical stimulation was faintly, and in case of Wnt5a expression unverifiably (Figure 

13, Figure 16). However, elevated expression of Wnt5a in SB 415286 treated groups may 

indicate that canonical Wnt pathway activation implies a simultaneous activation of 

noncanonical Wnt pathways. 

Similar to Wnt5a treatment, mechanical stimulation activated CaMKII. Interestingly, an 

activated Wnt/-catenin pathway nullified the effect of mechanical stimulation and even 

reduced levels of activated phospho-CaMKII compared to control (Figure 15). 

A combination of canonical Wnt activation and noncanonical Wnt5a pathway activation 

showed no amplifying effect in case of RUNX2 and PPAR levels. In case of RUNX2 

Wnt5a treatment seemed almost to slightly antagonise the effects of a canonical Wnt 

pathway activation. Moreover, Wnt5a treatment was incapable to activate CaMKII in 

presence of a pharmacological activated canonical Wnt pathway (Figure 20). Therefore, it 

is hypothesised that a strong stimulated canonical Wnt pathway counteracts an activation 

of CaMKII, triggered by noncanonical pathway activation and mechanical stimulation. 

Conversely, Ishitani et al. demonstrated that an activation of CaMKII via Wnt5a/Ca2++ 

pathway inhibited canonical Wnt signalling in HEK293 cells (Ishitani et al. 2003). As 

described in the preceding section, treatment with SB 415286 had a very strong effect. 

Thus, it remains an open question, if elevated doses of Wnt5a or a reduced concentration 

of SB 415286 would overcome the observed inhibition of CaMKII activation. 
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In summary, mechanical stimulation and treatment with recombinant Wnt5a activated 

CaMKII, whereas canonical Wnt pathway activation antagonised phosphorylation of 

CaMKII. Future experiments should further examine the role of CaMKII in transmission of 

noncanonical Wnt signals and mechanotransduction. As Keller et al. recently reported that 

inhibition of CaMKII reduced mineralisation of extracellular matrix during in vitro 

osteogenesis of  mouse embryonic stem cells (Keller et al. 2016). 

Beyond that, it remains unclear, if observed activation of CaMKII through mechanical 

stimulation is mediated via noncanonical Wnt5a signalling or if different pathways activate 

CaMKII in response to mechanical stimulation. Further experiments could therefore go 

along with a ROR2 receptor knockdown. Once again, presented results indicated that 

canonical and noncanonical Wnt pathways interact during MSC differentiation in a very 

complex manner. Crosslinks exist on multiple levels, including reciprocal stimulatory as 

wells as repressing signals. 

 

4.1.3 IGF-1 signalling 

As outlined, IGF-1 signalling and its crosslink to ROS and FOXOs arouses great interest 

in the research into ageing (Martins et al. 2016, Pan and Finkel 2017) and meanwhile, 

several studies demonstrated an involvement of IGF-signalling in the response of MSCs to 

mechanical stimuli (Tian et al. 2018). Interestingly, the results presented in this work also 

revealed an upregulation of IGF-1 receptor  in MSCs after 5 days cultivation under 

adipogenic conditions in response to canonical Wnt pathway activation. Even the effect 

was more faintly, mechanical stimulation also stimulated the expression of IGF-1 

receptor . Additionally, canonical Wnt pathway and mechanical stimulation worked 

synergistically (Figure 21). Those findings are quite interesting, as several studies reported 

an activation of IGF-1 receptor via phosphorylation through mechanical stimulation but 

did not demonstrate an upregulation of receptor expression (Sunters et al. 2010, Tahimic et 

al. 2016, Triplett et al. 2007). It is speculated that these observations are probably caused 

by different stimulation regimes as in cited studies cells were only stimulated once and not 

repetitively over several days as in presented experiments. Subsequently, the role of IGF-1 

signalling in our experimental set-up was further examined by treatment with recombinant 

IGF-1 and IGF-receptor silencing via siRNA transfection. 
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4.1.3.1 Mechanical stimulation and canonical Wnt activation stimulate FOXO 

phosphorylation 

Mechanical stimulation and canonical Wnt pathway activation induced a strong 

phosphorylation of FOXO1 and FOXO3a, and worked synergistically if combined. 

Mechanically stimulated MSCs clearly showed elevated levels of activated AKT compared 

to unstimulated groups (Figure 21). Surprisingly and unexpected in respect to a known 

IGF-1/AKT/FOXO signalling cascade (Figure 5), no elevation of activated phospho-AKT 

was observed in SB 415286 treated groups. On the contrary, canonical Wnt pathway 

activation seemed to even reduce levels of phospho AKT compared to control (Figure 21). 

Correspondingly, Ouyang et al. applied mechanical strain to rat MSCs and demonstrated 

that AKT was significant activated by phosphorylation 15 and 30 min after stimulation 

compared to control. However, after 1 h loading phospho-AKT levels returned to baseline 

or were even lower compared to non-loaded groups (Ouyang et al. 2018). Sunters et al. 

also reported that mechanical strain increased phosphorylation of AKT in murine 

osteoblasts. Additionally, in their study LiCl – like SB 415286 an inhibitor of GSK-3 – 

induced a -catenin signal but did not increase phospho-AKT levels (Sunters et al. 2010). 

Thus, activation of AKT seems to be an acute response of cells to a stimulus. It is therefore 

hypothesised that some habituation effect caused reduced levels of phospho-Akt in 

canonical Wnt activated cells, as pharmacological treatment with SB 415286 was a strong 

durable stimulus to the cells. Vis-à-vis, phosphorylation of FOXOs seems to be a longer 

lasting effect. Furthermore, it can be speculated that canonical Wnt pathway activation by 

SB415286 treatment triggered an AKT independent phosphorylation of FOXO1 and 

FOXO3a via an unknown alternative pathway. 

Interestingly, noncanonical Wnt pathway activation, like canonical Wnt activation, 

reduced levels of phospho-AKT compared to untreated controls. Remarkable, combined 

activation of noncanonical and canonical Wnt pathway disturbed mechanical stimulation 

induced phosphorylation of AKT and FOXO1/3a. Moreover, levels of phospho-AKT were 

noticeably reduced, if canonical and noncanonical pathway were stimulated simultaneously 

(Figure 21). Again, this observation might result from a habituation effect through Wnt 

overstimulation. But, to the authors knowledge, no study exists explicitly examining the 

interaction of noncanonical Wnt and IGF-signalling in MSCs. Robubi et al. stimulated 

cultured human osteoblasts with IGF-1 and reported an increased gene expression of 
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WNT5A (Robubi et al. 2014). This finding may be a subtle hint indicating an interaction of 

IGF-1 and Wnt5a signalling but does not allow any conclusion about the type of 

interaction in bone cells. Thus, further experiments a needed to illuminate possible 

interactions of Wnt5a and IGF signalling. 

 

4.1.3.2 Disturbed IGF-1 signalling interrupts the effect of mechanical stimulation 

and promotes adipogenesis 

In presented experiments mechanical stimulation upregulated expression of 

IGF-1 receptor  and activated AKT by phosphorylation. Additionally, mechanical 

stimulation strongly stimulated phosphorylation of FOXO1/FOXO3a. It was therefore 

supposed that mechanical stimulation acted over an IGF-1/AKT/FOXO signalling cascade. 

As expected, the effect of IGF-1 treatment was similar to the impact of mechanical 

stimulation but not that pronounced. IGF-1 treatment elevated RUNX2 levels slightly, but 

in contrast to mechanical stimulation had no repressing effect on PPAR levels compared 

to control. Silencing of IGF-1 receptor via siRNA knockdown inhibited mechanical 

stimulation mediated phosphorylation of AKT and FOXO1/FOXO3a. Even though, 

baseline levels of phospho-FOXO1/3a were elevated compared to control (Figure 23). 

Those findings are in accordance to Sunters et al. who demonstrated that inhibition of 

IGF-1 receptor disturbed mechanical strain induced activation of AKT in murine 

osteoblasts. In their study IGF-1 treatment mimicked the effect of mechanical stimulation. 

Moreover, the authors showed that AKT signalling induced a nuclear -catenin signal via 

an IGF-1/AKT/GSK-3 cascade. 

After disruption of IGF-1 signalling via IGF-1 receptor knockdown the observed effects 

of mechanical stimulation on protein expression of RUNX2 and PPAR were undetectable 

(Figure 23). Hence, presented experiments indicate a striking indispensable position of IGF 

signalling in mediating mechanical induced pro-osteogenic and anti-adipogenic signals to 

MSCs. Several studies have already provided similar conclusions (Kesavan et al. 2011, 

Song et al. 2017, Sunters et al. 2010). Exemplarily, Kesavan et al. showed that inhibition 

of IGF-1 signalling diminished fluid flow induced cell proliferation of osteoblast precursor 

cells (Kesavan et al. 2011). Song et al. cultivated rat MSCs in adipogenic differentiation 

medium and demonstrated that cyclic mechanical stress activated AKT and generated a 



DISCUSSION 

78 

 

-catenin signal. The authors showed that pharmacological inhibition of AKT damped the 

mechanical induced -catenin signal. Song et al. concluded that the effects of mechanical 

stimulation are in part mediated by a PI3K/AKT/GSK-3 pathway (Song et al. 2017, Figure 

5). The results presented in this work confirm those findings and suggest that IGF-1 

probably needs to be added to this signalling cascade. 

 

4.2 In vivo – Detection of FOXO3a and SOD2 in fracture calli 

For the second part of this work mice femora of a former fracture study with young, aged 

and aged plus ovariectomised mice were histologically examined. In conformity with 

literature aged and osteoporotic bone showed elevated bone marrow adiposity compared to 

young controls (Justesen et al. 2001, Meunier et al. 1973, Figure 24). Due to the small 

number of samples statistical analysis with Kruskal-Wallis test and post-hoc Dunn-

Bonferroni testing only revealed significant differences between young and ovariectomised 

aged mice. 

Mice models with connective tissue-specific SOD2 deficiency display premature ageing 

and onset of degenerative diseases in different organ systems. In bone those mutant mice 

show an osteoporotic phenotype (Richters et al. 2011, Treiber et al. 2011). Currently, there 

is ongoing research in our institute into bone homeostasis of a mice model with osteoblast-

specific SOD2 deficiency. Expression of SOD2 is, among other antioxidant enzymes, 

controlled by FOXO3a (Kops et al. 2002). Presented cell culture experiments highlighted a 

striking role of FOXO3a in response of MSCs to mechanical stimulation as well as an 

interaction with Wnt and IGF-1 signalling. As already outlined ROS favour adipogenesis 

over osteogenesis in MSCs (Almeida et al. 2007b, Chen et al. 2008, Higuchi et al. 2013, 

Mody 2001). Consequently, it may be essential to decipher the role of ROS in MSCs 

differentiation to achieve a better understanding of the pathogenesis in osteoporotic bone.  

Fracture healing includes mobilisation of MSCs from the periosteum, the surrounding 

soft tissues and the medullary cavity to the fracture site (Gerstenfeld et al. 2003). In 

preparation of future experiments SOD2 and FOXO3a were detected in femoral fracture 

calli of young, aged and aged plus ovariectomised mice via immunohistochemical staining. 

Fracture calli of aged and aged plus ovariectomised tended to increased SOD2 levels 

compared to young mice. It can be speculated that the oxidative stress in aged fracture calli 
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is elevated (Figure 26). FOXO3a was mainly expressed in the osteochondral transition 

zone and no obvious differences between young and aged mice were detectable. The 

informative value of these findings in respect to MSCs is limited, as the applied method 

made it not possible to identify MSCs. But, shown data indicated that SOD2 and FOXOs 

are highly expressed in fracture calli as an area of bone formation and probable MSC 

residence (Wang et al. 2013). 

 

4.3 Conclusion 

Presented results offer several interesting and new evidence as basis for further 

experiments. It was proven that even under strong adipogenic conditions mechanical 

stimulation and canonical Wnt signalling generated pro-osteogenic and anti-adipogenic 

signals in MSCs. Mechanical stimulation induced a canonical -catenin as well as a 

noncanonical CaMKII Wnt signal. Both branches of Wnt signalling interact thereby in a 

complex manner. Additionally, presented findings demonstrated that mechanical 

stimulation as well as canonical pathway activation stimulate expression of IGF-1 

receptor . 

Embedded in the experimental set-up, this work demonstrated a successful establishment 

of a siRNA knockdown model that will make it possible in future experiments to examine 

molecular functions and interactions. IGF-1 receptor, as a first target, was reliable silenced 

via siRNA lipofectamine transfection. It revealed that IGF-1 signalling is essential for 

induction of pro-osteogenic and anti-adipogenic signals through mechanical stimulation. 

Thus, it can be postulated that activation of canonical Wnt pathway and mechanical 

stimulation ‘sensitize’ MSCs to subsequent mechanical loads via upregulation of IGF-1 

receptors. 

Histological analysis of mice femora verified bone marrow adiposity in osteoporotic bone 

compared to healthy bone. Immunohistochemical staining detected FOXO3a and SOD2 in 

fracture callus of mice femora and implied expression differences between young, aged 

and osteoporotic bones. 
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5 SUMMARY 

Osteoporosis is an almost epidemic disease of the elderly. It causes great suffering for 

patients and excessive cost for healthcare systems around the world. Increased fat levels in 

bone marrow of osteoporotic compared to healthy bone are a common finding of 

osteoporosis. As osteocytes and adipocytes share a common progenitor, there is rising 

evidence that during osteoporosis a functional impairment of mesenchymal stromal/stem 

cells (MSCs) occurs. Since postulation of Wolff’s law, it is known that bone is a highly 

mechanoresponsive tissue. Like bone, MSCs have shown to be mechanoresponsive. 

Therefore, investigations on the molecular machinery behind MSC differentiation in 

response to mechanical stimuli and participating signalling pathways may provide a basis 

for new treatment strategies in osteoporosis. 

A striking role in differentiation of MSCs is attributed to wingless-related integration site 

(Wnt) signalling – including -catenin-dependent (canonical) as well as -catenin-

independent (noncanonical) Wnt pathways. Simultaneously, insulin-like growth factor 1 

(IGF-1) signalling takes part in a wide array of cellular events and has shown to share 

several molecular crosslinks with Wnt signalling. 

Elevated oxidative stress levels and accumulation of reactive oxygen species are a 

common finding of ageing and lead to activation of forkhead box O transcription factors 

(FOXOs). FOXOs regulate the transcription of a variety of genes – like the antioxidant 

enzyme superoxide dismutase 2 (SOD-2) – responsible for cell cycle arrest, stress resistance 

and apoptosis. FOXOs link Wnt and IGF-1 signalling, as FOXOs compete in the nucleus 

with Wnt associated transcription factors for a limited level of nuclear -catenin, whereas 

an activated IGF-1 pathway inhibits FOXOs via phosphorylation and subsequent exclusion 

from the cell nucleus. 

Presented cell culture experiments focused on the impact and interaction of mechanical 

stimulation, Wnt signalling and IGF-1 signalling on the differentiation of MSCs. 

Therefore, murine MSC-like progenitor C3H10T1/2 cells were cultured under adipogenic 

conditions and mechanically stimulated by a uniaxial cell stimulation device. Wnt and IGF 

pathways were pharmacologically activated by addition of several stimulating agents to 

cell medium. Additionally, a siRNA knockdown of IGF-1 receptor was established. The 

cell lysates were evaluated using western blotting and real-time quantitative PCR. 
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Despite cultivation under adipogenic conditions, mechanical stimulation and an activated 

canonical Wnt pathway generated pro-osteogenic and anti-adipogenic signals in MSCs. 

Canonical Wnt pathway activation and mechanical stimulation increased protein levels of 

IGF-1 receptor β and induced a phosphorylation of FOXOs. A disruption of IGF-1 

signalling by IGF-1 receptor knockdown nullified observed effects of mechanical 

stimulation, indicating an indispensable role of IGF-1 signalling in mediating mechanical 

induced pro-osteogenic and anti-adipogenic signals to MSCs. 

In the second part of this work mice femora of a former fracture study were investigated by 

microscopy and immunohistochemical staining of paraffine slices. Osteoporotic bone of 

ovariectomised mice showed significant elevated bone marrow adiposity compared to 

femora of young mice. It was shown that FOXO3a as wells as SOD-2 are expressed in 

fracture calli, as residence of osteoblastic progenitor cells and MSCs. 

Differentiation of MSCs is an exceptional complex phenomenon. To generate new 

findings, future experiments have to investigate the interactions of different pathways and 

differentiation stimuli. Against the background of osteoporosis as a disease of ageing, the 

crosslink of Wnt and IGF-1 signalling via FOXOs provides fertile ground for new 

evidence. 
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