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ABSTRACT 

MOLECULAR AND CELLULAR LEVEL ADAPTATIONS OF BONE  
MARROW MESENCHYMAL PROGENITOR CELLS TO 

CHEMICAL AND PHYSICAL SIGNALS 

Mechanical forces are the integral determinants in cell and tissue homeostasis and 

regeneration, and they can affect numerous biological process from proliferation to fate 

determination. Mechanical forces that possess low magnitude and high frequency 

characteristics are also known as low intensity vibrations (LIVs). These signals were 

studied widely on many cell types for regenerative purposes, however most of these 

studies select components of LIV signals (e.g. magnitude, frequency, duration, etc.) 

arbitrarily. Here, we addressed the effect of LIV applied frequency, LIV daily exposure 

time and fate induction on the viability of preadipocyte 3T3-L1 cells. For this, we 

performed a frequency sweep that was ranging from 30 to 120 Hz with 15 Hz increments 

applied for 5, 10 or 20 minutes during quiescent growth or adipogenesis for up to 10 days. 

Results suggest that the applied frequency and fate induction was an important 

determinant of cell viability, lipid droplet physiology, triglyceride concentration, cell 

density and adipogenic-specific gene expression while daily exposure time had no effect. 

These findings contribute to the effort of optimizing a relevant mechanical stimulus that 

can inhibit adipogenesis. 

On the other hand, random and aligned PAN/PPy nanofibers were investigated as 

a scaffold material for osteogenic differentiation of D1 ORL UVA mouse bone marrow 

mesenchymal stem cells. Cells were able to attach and grow on nanofibers confirmed by 

cell viability results. Stem cells that were cultured with osteogenic induction were able to 

mineralize on electrospun nanofibers based on alizarin red and Von Kossa dye staining. 

For aligned PPy nanofibers, mineralization occurred in the fiber alignment direction. 

Consequently, PAN/PPy nanofibrous mats in both random and aligned forms would be 

potential candidates for bone tissue engineering. 
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ÖZET 

KEMİK İLİĞİ ÖNCÜL MEZENKİMAL HÜCRELERİNİN  KİMYASAL 
VE FİZİKSEL UYARILARA KARŞI GÖSTERDİĞİ MOLEKÜLER VE 

HÜCRESEL ADAPTASYONLAR 

Mekanik kuvvetler, hücre ve doku homeostazında ve rejenerasyonunda ayrılmaz 

belirleyicilerdir ve proliferasyondan farklılaşma sonucunun belirlenmesine kadar birçok 

biyolojik süreci etkileyebilir. Düşük yoğunluk ve yüksek frekans özelliklerine sahip 

mekanik kuvvetler, düşük yoğunluklu titreşimler (DYT'ler) olarak da bilinir. Bu sinyaller, 

rejeneratif amaçlar için birçok hücre türü üzerinde geniş çapta incelenmiştir, ancak bu 

çalışmaların çoğu, DYT sinyallerinin bileşenlerini (örneğin; yoğunluk, frekans, süre, vb.) 

keyfi olarak seçmektedir. Bu tezde, uygulanan frekansın, günlük DYT maruziyet 

süresinin ve farklılaşma indüksiyonunun preadiposit 3T3-L1 hücrelerinin canlılığı ve 

farklılaşması üzerindeki etkisine değindik. Bunun için, 10 güne kadar normal büyüme 

veya adipogenez sırasında 5, 10 veya 20 dakika süreyle uygulanan 15 Hz'lik artışlarla 30 

ila 120 Hz arasında değişen bir frekans taraması gerçekleştirdik. Sonuçlar, uygulanan 

frekansın ve adipojenik indüksiyonunun hücre canlılığı, lipid damlacık fizyolojisi, 

trigliserit konsantrasyonu, hücre yoğunluğu ve adipojenik spesifik gen ekspresyonunun 

önemli bir belirleyicisi olduğunu ancak günlük maruz kalma süresinin hiçbir etkisi 

olmadığını göstermektedir. Bu bulgular, adipogenezi inhibe edebilecek mekanik bir 

uyaranı optimize etme çabasına katkıda bulunur. 

Öte yandan, D1 ORL UVA fare kemik iliği mezenkimal kök hücrelerinin 

osteojenik farklılaşması için bir iskele malzemesi olarak rastgele ve hizalanmış PAN / 

PPy nanofiberleri araştırıldı. Hücreler, hücre canlılığı sonuçlarıyla onaylandığı üzere 

nanoliflere bağlanıp büyüyebildiler. Osteojenik indüksiyonla kültürlenen kök hücreler, 

alizarin kırmızısı ve Von Kossa boyamasıyla elektrospun nanofiberler üzerinde 

mineralizasyon oluşturabildiği gösterildi. Hizalanmış PPy nanolifler için, fiber hizalama 

yönünde mineralleşme meydana geldi. Sonuç olarak, hem rasgele hem de hizalı formlarda 

PAN / PPy nanofibroz matlar, kemik dokusu mühendisliği için potansiyel adaylar 

olacaktır. 

 

 

 



  v 
 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my mom and dad… 

 

 

 

 

 

 

 

 

 

 

 



  vi 
 

 

TABLE OF CONTENTS 

ABSTRACT .................................................................................................................... iii 

ÖZET ............................................................................................................................... iv 
LIST OF TABLES ........................................................................................................... ix 

LIST OF FIGURES .......................................................................................................... x 

CHAPTER 1 ..................................................................................................................... 1 

BACKGROUND AND SIGNIFICANCE .................................................................... 1 

1.1. Bone Tissue, Structure and Function ...................................................... 1 

1.2. Mechanical Signals and Bone Tissue ..................................................... 2 

1.3. Cellular Response to LIV Signals ........................................................... 3 

1.4. Description of Mechanical Signals in Biomedical Applications ............ 4 

1.5. Stem and Progenitor Cells ...................................................................... 5 

1.6. Application of Low-Intensity Vibrations on Stem Cells ........................ 5 

1.6.1. Bone Marrow-derived Stem Cells .................................................... 5 

1.6.2. Adipose-derived Stem Cells (ADSCs/ASCs) .................................. 7 

1.6.3. Embryonic Stem Cells ...................................................................... 8 

1.6.4. Progenitor cells ................................................................................. 8 

1.6.5. Human Periodontal Ligament Cells (HPDLC) and Vibration ......... 9 

1.7. Molecular Level Acting Mechanism of Vibrations .............................. 10 

CHAPTER 2 ................................................................................................................... 11 

APPLIED FREQUENCY BUT NOT THE EXPOSURE TIME OF LOW 
INTENSITY VIBRATIONS INFLUENCE CELL VIABILITY 3T3-L1 CELL 
DURING ADIPOGENESIS ........................................................................................ 11 

2.1 Mechanical Signals and Effect on Cell Viability ................................... 11 

2.2 Methods ................................................................................................. 13 

2.2.1 Cell Culture and Adipogenic Induction .......................................... 13 

2.2.2 Application of Low Intensity Vibration (LIV) Signals ................... 13 

2.2.3 Determination of Adipogenic Differentiation of 3T3-L1 Cells ...... 14 



  vii 
 

2.2.4 Determination of Cell Viability ...................................................... 14 

2.2.5 Statistical Analyses ......................................................................... 14 

2.3 Results .................................................................................................... 15 

2.4 Discussion .............................................................................................. 22 

CHAPTER 3 ................................................................................................................... 25 

30, 45, 75 AND 90 Hz VIBRATIONS REDUCED THE GENE EXPRESSION, 

LIPID DROPLET PHYSIOLOGY AND CONCENTRATION ON 3T3-L1 CELLS 

DURING ADIPOGENESIS ........................................................................................ 25 

3.1 Mechanical Signals and Adipogenesis .................................................. 25 

3.2 Materials and Methods ........................................................................... 26 

3.2.1 Cell Culture and Adipogenic Induction .......................................... 26 

3.2.2 Application of Low Intensity Vibration (LIV) Signals ................... 27 

3.2.3 Determination of Adipogenic Differentiation of 3T3-L1 Cells ...... 27 

3.2.3.1 Oil-Red-O Staining ................................................................ 27 

3.2.3.2 Lipid Accumulation Measurements ...................................... 27 

3.2.3.2.1 Bodipy and DAPI Staining ....................................... 27 

3.2.3.2.2 Image J Analysis ....................................................... 28 

3.2.3.2.3 Triglyceride Content Measurements ......................... 28 

3.2.3.2.3.1 Triglyceride Content Calculations ............. 28 
3.2.3.3 Molecular expression of Adipogenic Genes .......................... 29 

3.2.4 Cell Density Measurements by Magnetic Levitation ...................... 30 

3.2.5 Statistical Analyses ......................................................................... 30 

3.3 Results .................................................................................................... 30 

3.3.1 Single Cell Density ......................................................................... 30 

3.3.2 Lipid droplets .................................................................................. 32 

3.3.3 Triglyceride content ........................................................................ 33 

3.3.4 Adipogenic mRNA markers ............................................................ 34 

3.4 Discussion .............................................................................................. 35 



  viii 
 

CHAPTER 4 ................................................................................................................... 38 

OSTEOGENIC DIFFERENTIATION OF MESENCHYMAL STEM CELLS ON 
RANDOM AND ALIGNED PAN/PPy NANOFIBROUS SCAFFOLDS ................. 38 

4.1. Tissue Engineering and Nanofibrous Scaffolds .................................... 38 

4.2. Materials and Methods .......................................................................... 39 

4.2.1. Osteogenic Differentiation of Mesenchymal Stem Cells on 

PAN/PPy Nanofibrous Scaffold ............................................................... 39 

4.2.2. Characterization of cells ................................................................. 39 

4.2.3. Statistics ......................................................................................... 40 

4.3.Results and Discussion .......................................................................... 40 

CHAPTER 5 ................................................................................................................... 47 

CONCLUSION ........................................................................................................... 47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



  ix 
 

LIST OF TABLES 

Table                                                                                                                      Page 

Table 2. 1 Generalized linear model output (type III sum of squares) of normalized 

viability results modeled with; LIV exposure duration…………………16 

Table 3. 1 Forward and reverse primer sequences of genes used for qRT-PCR 

expreiments. ………………………………………………………….…29 

Table 3. 2 Protocol for qRT-PCR…………………………………………………..29 

Table 4. 1 Average fiber diameter for random and aligned nanofibers after keeping in 

OM and GM for 21 days (without cell seeding)………………………...43 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  x 
 

LIST OF FIGURES 

Figure                                                                                                                         Page 

Figure 1. 1. Structure of a long bone (Copyright © 2004 Pearson Education, Inc., 

publishing as Benjamin Cummings) .............................................................. 1 

Figure 2. 1. Oil-red-o staining of the lipid structures of 3T3-L1 cells at day 10 with the                

growth control (a) and adipogenic control (b) groups at 20× 

magnification…………………………………………………………….15 

Figure 2. 2. Heatmaps demonstrating the normalized change in cell viability average 

(blue-white-red) and standard deviation (greyscale) values on (a) at            

3 days; (b) at 5 days; (c) at 8 days and (d) at 10 days. Rows represent daily 

exposure duration and induction, while columns represent the applied 

frequency. ................................................................................................... 16 

Figure 2. 3. Viability change of 3T3-L1 cells from day 1 to day 3 that is normalized to          

controls grouped based on (a) only induction media they received or (b) 

only applied frequency they received. Furthermore results were also 

represented for cells that (c) received growth induction grouped for applied 

frequency and (d) received growth induction grouped for applied 

frequency.. .................................................................................................. 18 

Figure 2. 4. Viability change of 3T3-L1 cells from day 1 to day 5 that is normalize to 

controls grouped based on (a) only induction media they received or (b) 

only applied frequency they received. Furthermore results were also 

represented for cells that (c) received growth induction grouped for applied 

frequency and (d) received growth induction grouped for applied 

frequency.. .................................................................................................. 19 

Figure 2. 5. Viability change of 3T3-L1 cells from day 1 to day 8 that is normalize to 

controls grouped based on (a) only induction media they received or (b) 

only applied frequency they received. Furthermore results were also 

represented for cells that (c) received growth induction grouped for applied 

frequency and (d) received growth induction grouped for applied 

frequency. ................................................................................................... 20 

 
 



  xi 
 

Figure                                                                                                                         Page 

Figure 2. 6. Viability change of 3T3-L1 cells from day 1 to day 10 that is normalize to 

controls grouped based on (a) only induction media they received or (b) 

only applied frequency they received. Furthermore results were also 

represented for cells that (c) received growth induction grouped for applied 

frequency and (d) received growth induction grouped for applied 

frequency. ................................................................................................... 22 

Figure 3. 1. Oil-red-o (top) and Bodipy (bottom) staining images of 3T3-L1 cells at day 

10 under growt (left) and adipogenic (right) 

conditions…………………………………………………………...….....31 

Figure 3. 2. Density of levitated adipogenic and quiescent cells a. levitation system. b. 

representing the levitated cells. c. Cell density of adipogenicly induced and 

quiescent cells at the end of 10 day-culture d. quiescent group and e. 

adipogenic group cell densities at day 10 after vibration. f. quiescent group 

and  ............................................................................................................. 32 

Figure 3. 3. Average area (a), perimeter (b), mean (c) and integrated density (d) values 

of lipid droplets after Image J analysis of bodipy stained 

images…………………………………………………………………….33 

Figure 3. 4. Real-Time PCR a. CEBPa and b. PPARg gene expression normalized 

values at day 10 after vibration application at defined frequencies………34 

Figure 3. 5. Real-Time PCR a. CEBPa and b. PPARg gene expression normalized 

values at day 10 after vibration application at defined 

frequencies……………………………..………………………………..35 

Figure 3. 6. Image J analysis steps of bodipy-stained-images………………………….35 

Figure 4. 1. SEM images of MSCs after culturing in growth medium (GM) and in 

osteogenic medium (OM) for 7, 14 and 21 days on glass control 

coverslips………………………………………………………………...41 

Figure 4. 2. SEM images of MSCs after culturing in growth medium and osteogenic 

medium for 7, 14 and 21 days on the random PAN/PPy nanofibers (250 

rpm). ........................................................................................................... 42 

Figure 4. 3. SEM images of MSCs  after culturing in growth medium and osteogenic 

medium for 7, 14 and 21 days on the aligned PAN/PPy nanofibers (1000 

rpm). ........................................................................................................... 42 



  xii 
 

Figure 4. 4. SEM images of random nanofibers kept in (a) GM (b) OM , and aligned 

nanofibers kept in (c) GM, (d) OM after 21 days. ..................................... 42 

Figure 4. 5. MTT assay of D1 ORL UVA mesenchymal stem cells on 2D glass surface 

or in PPy nanofiber scaffolds after 1, 7, 14 and 21 days of culture. r: 

randomly oriented; a: aligned; GM: growth media; OM: Osteogenic media

 .................................................................................................................... 44 

Figure 4. 6. Alizarin red staining on random NFs, aligned NFs and glass control for 

growth and (50% and 100%) osteogenic conditions after 21 days. Scale bar 

is 200 µm. ................................................................................................... 44 

Figure 4. 7. Von Kossa staining after on random NFs, aligned NFs and glass control for 

growth and (50% and 100%) osteogenic conditions 21 days. Scale bar is 

100 µm. ...................................................................................................... 45 

                                                                                                           



  1 
 

CHAPTER 1 

BACKGROUND AND SIGNIFICANCE 

1.1.  Bone Tissue, Structure and Function 

Bone is a composite tissue as involving different organic and inorganic 

compounds in its structure like collagen, calcium phosphate, water, magnesium, sodium 

and bicarbonate 1. The protein content of bone includes sialoprotein, osteonectin, 

osteocalcin and osteopontin providing arrangement and size of the crystal structure of 

minerals 2. Moreover, there are small amounts of hydrogen phosphate, sodium, 

magnesium, citrate, potassium and carbonate ions in bone mineral 1, 3. 

Bone is composed of two structure that are cortical (compact) and trabecular 

(spongy/cancellous) bone. Cortical bone is more dense and ordered compared to 

trabecular bone.  The diaphyseal ends of the bone contain compact bone whereas 

epiphysial ends have spongy bone. Inner side of the compact bone contains the bone 

marrow (Fig. 1.1). Spongy bone is biologically more active than cortical bone. Bone 

remodeling occurs in the trabecular bone more often 4, 5.  

 

Figure 1. 1 Structure of a long bone (Copyright © 2004 Pearson Education, Inc., 

publishing as Benjamin Cummings) 
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Bone serves several functions in the body: (i) provides mechanical and structural 

support as a framework, (ii) helps the movement of the body together with tendons, 

muscles, joints and ligaments, (iii) acts as a buffer against to change in pH by storing 

calcium and phosphate needed for the maintenance of serum homeostasis, (iv) takes role 

in production of blood cells through the marrow, (v) protects internal organs such as brain, 

heart and lungs 6, 7. 

Bone is composed of two cell types that are osteoblasts and osteoclasts carrying 

out bone formation and bone resorption events respectively leading to bone remodeling 

concept. Osteoblasts are uninuclear cells that generate non-calcified structure, osteoid 

that is mainly composed of matrix proteins and proteoglycans such as osteocalcin, 

osteopontin and bone sialoprotein, and polysaccharides as chondroitin sulphate, and 

water, by secreting collagen I protein content. Some of the osteoblasts become flat shaped 

and form lining cells that cover the outer surface of the bone. These lining cells are highly 

interconnected with the osteocytes in the bone matrix through a network of canaliculi 4, 5. 

Osteocytes are mature bone cells having extensions that maintain the 

communication with each other and with lining cells. They also secrete growth factors, 

prostaglandins and nitric oxide that activate the lining cells and the osteoblasts 4, 5, 8.  

Osteoclast cells are large multinucleated cells formed by fusion of mononucleated 

precursor cells like macrophages 9. They attach to the bone tissue matrix; acidifies the 

microenvironment and dissolves the organic and inorganic matrices of the bone resulting 

in the bone resorption, osteolysis 8.  

1.2.  Mechanical Signals and Bone Tissue  

Bone is actively dynamic organ and its function depends on mechanical forces 

such as gravity, blood pressure and muscle strains 10-19. As a result of this, bone 

remodeling can also be regulated locally or systematically by external mechanical forces. 

A tennis player having a stronger bone on his actively playing arm is an example of local 

regulation while astronauts suffering from bone loss due to lack of gravity is a model for 

systemic regulation 20-22. Thus, bone cells sense and respond to different forms of 

mechanical loads, including cyclic stretch 23, static pressure 24, shear stress 25, 26 and 

nanoscale mechanotransduction 27, 28. 

Increasing bone mass through mechanical loads is an important biomedical aim, 

as these loads are natural and omnipresent for biological structures and they are 
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nonpharmaceutical in nature. For this aim to be achieved, however, individuals need to 

integrate planned physical activity into their daily routine. Unfortunately, that integration 

may not always be viable as individual compliance becomes an important hindrance 29, 

30. Furthermore, skeletal fragility in the elderly is another limiting factor for exercise to 

be employed for skeletal health. In order to trigger an adaptive response, mechanical loads 

should induce a level of strain (deformation normalized to geometry) on the bone 

structure. Magnitude of the strain is known to be a very important modulator for bone 

tissue 31, 32, but these high magnitude loads may cause fractures in the already frail 

skeletons of the elderly. Overall, utilization of mechanical loads to improve bone mass 

and morphology should overcome the problem of compliance and be safe to be applied 

to individuals. 

Other than the peak strain magnitude of mechanical loads, several studies have 

concentrated on the frequency (number of loading events in a second) dependence of the 

anabolic response, based on the natural occurrence of high frequency yet low magnitude 

mechanical signals in the adult skeleton 33. Indeed high frequency loads can trigger 

adaptive response in the skeleton even though their magnitude is far below mechanical 

loads that are experienced by the skeleton during daily activities 11. In longitudinal 

studies, application of high frequency and low magnitude mechanical signals (referred to 

as low intensity vibrations (LIVs) hereafter) was found to be anabolic to bone tissue. LIVs 

provided significant benefits in bone mass by either increasing bone accrual or 

attenuating the bone loss in postmenopausal women 16, adolescent women 34, children 

with cerebral palsy 35, 36, adolescents with Down syndrome 37, and individuals with 

adolescent idiopathic sclerosis related osteopenia 38. In contrast to strenuous physical 

activity or systemic pharmaceutical applications, application of LIVs is safe and natural 

for skeletal segments and triggering bone remodeling. On the other hand, application of 

LIVs may need to be optimized as its effectiveness may be limited as evidenced by other 

studies 39-41. Therefore, the biological mechanisms on how LIV signals are perceived by 

bone and marrow cells is still a subject of biomedical research studies. 

1.3.  Cellular Response to LIV Signals 

All tissue types in the human body are exposed to mechanical forces that differ 

and vary in applied mode, magnitude, duration and repetition. Taken broadly,  physical 

modes of acting forces on tissues vary, for example cartilage tissue is mainly exposed to 
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compressive forces 42; muscle 43 and tendons 44 work with tension; bone tissue is adapted 

to carry loads both in tension and compression 45, while blood vessels 46 and heart valves 
47 mainly interact with fluid flow and experience hydrodynamic and shear forces 48. 

Physiological and morphological effects of mechanical forces on organs and tissues were 

found to be related to all aspects of acting forces, including magnitude 49, rate and cycle 

number 50, frequency 11, 14, 51-54, duration 55, and load distribution 56. However, cellular 

level determinants of sensation and response to mechanical signals remain largely 

unknown.  

The effect of mechanical stimulation of biological components at different 

organizational levels has been studied for a long time by the application of pseudo 

physiological stimulation with various techniques such as micropipette aspiration 57, 

hydrostatic pressure 58 and fluid shear 59. A specific subgroup of mechanical loading 

regimens can be categorized as Low-Intensity Vibrations (LIV), which implies vibratory 

(repetitive) loading with low magnitudes and high frequencies. Studies suggest that LIV 

not only offer insight on how cells can sense and respond to physical loads but also can 

be used as an alternative to biochemical and scaffold induced signals or in combination 

with them to regulate cellular behavior and differentiation.  

1.4.  Description of Mechanical Signals in Biomedical Applications 

Low-intensity vibrations are mechanical signals that have small magnitude and 

high frequencies. This loading strategy is also named as Low Magnitude Mechanical 

Stimulation 11, 60,  Low Magnitude Mechanical Signals 61, High-Frequency Oscillatory 

Motions 62, Low Magnitude Vibrations 12, Low Level Vibrations  15 and Mechanical 

Vibrations 63 in the literature. The magnitude (or amplitude) is considered as small (low-

intensity) when it is lower than the earth’s gravitational field (g=9.81m/s2). The frequency 

of the signal corresponds to the number of repeats, generally reported as per second (Hz) 

for a given duration 64. There are also examples of applied mechanical signals to be 

reported as: sub-sonic vibrations, with frequency values lower than 20 Hz 65, micro-

vibrations, which are generally applied in 5 sec/60 min cycles 66-68, and nano-vibrations 

with nanoscale displacement values such as 1 to 4 nm 69. 
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1.5.  Stem and Progenitor Cells  

Stem cells are unique cell types that have the ability of self-renewal and capacity 

for differentiation into somatic cells 70. Totipotent stem cells (for example zygote) are 

able to differentiate into whole organism while their differentiation potency is reduced as 

they specialize. On the other hand, pluripotent stem cells, such as embryonic stem cells, 

can differentiate into three germ layers but not the whole organism 71. Adult stem cells 

are multipotent stem cells that can differentiate into one germ layer such as mesenchymal 

stem cells which can differentiate into mesoderm-type cells, osteocytes, adipocytes and 

chondrocytes 72. Stem cell research is utilized extensively in biomedical science and 

engineering for microfluidic studies 73, 74, regenerative medicine 75, biomaterial design 76 

and biomechanics 77. 

1.6.  Application of Low-Intensity Vibrations on Stem Cells 

Stem cells can be collected from various tissue-specific sources depending on the 

performed study and the aim.  

1.6.1.  Bone Marrow-derived Stem Cells 

Mesenchymal stem cells are commonly isolated from bone marrow based on their 

adherence to the substrate and subsequent proliferation 78. Bone marrow-derived stem 

cells became important sources for their usage for the treatment of many diseases 79 and 

tissue engineering to heal damaged tissue and organs 80. Application of LIV on bone 

marrow-derived MSCs mainly focused on proliferation and stem cell lineage selection 

behavior. 

D1-ORL-UVA cells (ATCC-CRL-12424) are mouse multipotent adult 

mesenchymal stem cells that are able to differentiate into osteocytes, chondrocytes and 

adipocytes in the presence of the appropriate stimulus and environment. Daily application 

of LIV (0.1g, 90 Hz, 15 min/day) for 7 days regressed the adipogenesis of D1-ORL-UVA 

cells induced by chemical factors by decreasing the expression of adipogenic genes 81. In 

addition, it resulted in alterations on cell morphology through regulation of actin 

cytoskeleton leading suppression of rounded cells that are hallmark characteristics of 

adipogenic commitment 82. Furthermore, application of LIV during adipogenic induction 
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reduced the plasticity of stem cells for commitment to osteogenesis once the adipogenic 

induction was changed to osteogenic induction. The induction of osteogenesis in LIV 

applied D1-ORL-UVA cells was explained in another study that applied the same loading 

regimen, resulting in the increased actin content, actin fiber thickness and the cell height 

in all LIV applied cells and upregulation of Runx2 and focal adhesion kinase (FAK) 

expression, for cells that were cultured in osteogenic environment 83.  

In another study with a higher magnitude (0.3g) and lower frequency (40 Hz) and 

longer duration (30 min) LIV signals, bone-marrow derived mesenchymal stem cells 

(BMSCs) harvested from Sprague-Dawley rats and grown on hydroxyapatite-coated 

surfaces had an increase in fibronectin levels and remodeling of actin cytoskeleton with 

upregulation of β1 integrin, vinculin and paxillin mRNA levels after 14 days 84. In 

contrast to the previous example of the anti-adipogenic effect of LIV,  the same loading 

regimen increased the expression of adipogenic mRNA markers and lipid droplet 

accumulation on BMSCs under adipogenic conditions 85. When cell viability is 

considered, the same loading protocol (0.3g and 40 Hz) applied on BMSCs, increased 

proliferation of cells that are in growth medium but decreased proliferation of cells in the 

osteogenic medium 86. However, when human BMSCs isolated from healthy donors were 

exposed to 0.3g, 30 to 40 Hz for 10 min/day for 5 days, they showed increased 

proliferation with increased mineralization and alkaline phosphatase (ALPase) activity 87. 

In a similar magnitude (0.3g) but varying frequency (30, 400 and 800 Hz) LIV application 

for 30min/day, human BMSCs showed increased cell proliferation at day 7 and 

expressions of osteogenic specific genes at day 14 with 800 Hz while the expression of 

adipogenic genes was decreased at day 21 with 800 Hz 88. However, 30 Hz vibrations 

decreased osteogenesis evidenced by decreased mineralization at day 14 under 

adipogenic conditions, revealing that the same signal magnitude resulted in the different 

fate selection outcomes based on the frequency.   

In studies that used higher magnitude LIV signals, human BMSCs showed 

decreased proliferation rate but increased ALP and Runx2 gene expressions when 

exposed to 0.6g, 30 Hz vibrations for 45 min/day during 3-6 weeks 89. Another high 

magnitude vibrations study applied on human MSCs with 25 Hz and 14g mechanical 

signals, resulted in increased CD29 and CD44 expression of cells, which are considered 

as mesenchymal cell markers, and decreased cell number and viability 90, establishing the 

anti-proliferative effect of higher acceleration (g) values.  
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1.6.2.  Adipose-derived Stem Cells (ADSCs/ASCs) 

Adult mesenchymal stem cells can also be isolated from subcutaneous adipose 

tissue depots, which can clinically be obtained through liposuction applications. A large 

amount of tissue is obtained through these surgeries and this material is generally 

discarded if not used 91. ADSCs also show the stem cell-specific combination of surface 

markers similar to MSCs isolated from bone marrow, such as CD90, CD105, CD73, 

CD44 and CD166 92.  

In a LIV application on human ASCs for 21 days for 10 min/day with 0.3g and 

25, 35 and 45Hz signals, increased osteogenic differentiation capability and cell 

proliferation activity was observed with 25 Hz signal being optimal for osteogenic 

induction with the highest expression of osteocalcin (OCN) and osteopontin (OPN) 

mRNA 93. In a similar study with matching signals applied for 15min/day, LIV signals 

were found to suppress the adipogenic capacity and increase the chondrogenic capacity 

of ADSCs with 35 Hz signal being the optimal frequency for cartilage tissue formation 

with increased BMP-2 and Collagen Type 2 secretion 94. 

On the other hand, when the magnitude of the prescribed acceleration was 

significantly higher as 3g, 50 and 100 Hz frequency-vibrations for 3h/day for 14 days 

induced the osteogenic differentiation of human ASCs with increased ALPase activity, 

collagen production and mineralization without any significant change at cell number and 

viability at both frequencies 95. Inhibited adipogenesis was also observed in this study 

with decreased lipid accumulation within the cells. In another experiment, human ASCs 

cultured for 28 days at daily 30 Hz vibrations (acceleration not reported) applied for 40 

min/day, showed increased mineralization in both osteogenic and growth conditions 96. 

Also, mRNA expression level of osteogenic genes such as Collagen Type 1, OPN and 

ALP was increased by vibrational signals. 

Aside from implications of LIV in bone regeneration, sub-sonic vibrations applied 

with 1.0V at 10, 20, 30 and 40 Hz frequencies on adipose tissue-derived MSCs for 4 days 

led to induced neurogenesis by increased expression of MBP, GFAP, NF-L, NeuroD1 

and Nkx22 genes in addition to the increased neural antibodies 97. This study concluded 

that 30 Hz is the most effective frequency value not only for inducing neural 

differentiation but also inhibiting adipogenesis in ADSCs. 
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1.6.3.  Embryonic Stem Cells 

Even though ethical concerns and accessibility largely restrict studies with 

embryonic stem cells (ESCs), it is still possible to encounter studies with the application 

of vibrational loads on cells derived from ESCs. Stem cells collected from the umbilical 

cord of infants born through Cesarean section responds to subsonic vibrations of 1.0V 

and 10, 20, 30 or 40 Hz frequency for 5 days by increased expression of MAP2, NF-L 

and NeuroD1, indicating the neurogenic effect of mechanical stimulation similar to 

ADSCs 98. Researchers concluded that neurogenesis was sustained through a time-

dependent increase in levels of ERK molecule in response to vibrations. In another study, 

embryonic derived MSCs were subjected to 15, 30, 45 and 60 Hz of 0.2m/s2 (0.02g) 

vibrations for 10 or 45 min for 1-2 days to test if their osteogenic potential is augmented 

and results suggested that 60 Hz signals induced highest ALP activity if the osteogenic 

culture was supplemented with dexamethasone 99. 

1.6.4.  Progenitor cells 

Progenitor cells do not have the ability for self-renewal and they are generally 

unipotent in their commitment that they can differentiate into only one cell type 100. 

However, the plasticity of progenitor cells in cell culture is challenging to assess, as some 

cells may retain the ability to commit to another lineage. For example, bone marrow-

derived D1 ORL UVA cells were able to mineralize once their adipogenic induction was 

switched to osteogenic induction and daily 0.1 g and 90 Hz LIV signals increased number 

of nodules and size that mineralize 81. Another study, unlike previously described stem 

cell-based results, showed the application of 0.5V, 20 and 30 Hz vibrations inhibited the 

proliferation and increased the adipogenesis of 3T3-L1 preadipocyte progenitors when 

applied for 6 days with increases in cellular triglyceride content and mRNA upregulation 

of adipogenic signature genes of PPARγ and cEBPα  101. In another study, 0.5g, 45 Hz 

vibrations for 1 hour/day for 3 days increased the osteoblastic proliferation and matrix 

mineralization of rabbit calvaria harvested cells through modulation of Wnt signaling 102. 

The study with 3T3-E1 preosteoblast progenitor cells (with 40 Hz-vibration at different 

magnitudes (0.06, 0.14, 0.32, 0.49, 0.66 or 0.8g) for 30 min/day for 3 days showed the 

greatest increase in BMP2 and Osterix mRNA expressions at 0.49g while the highest 

Runx2 protein was obtained at 0.32g 103. On the other hand, application of 1.0-10m/s2 
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(0.1g-1g) acceleration and 30, 60 and 90 Hz vibration on 3T3-E1 cells for 10 min revealed 

that 5.0m/s2 (0.5g) and 60 Hz combination was the best condition for osteogenesis by 

increased Runx2, Osterix and ALP mRNA levels 104. 

Macrophages and monocytes as a model of progenitor cells for osteoclastic cells 

were also studied in the context of vibrational signals. Four combinations of 0.15g and 

0.1g with 30 Hz and 100 Hz vibrations on murine macrophages for 3 days, twice a day 

for 20 min after 2h of resting resulted in an increase of macrophage number with a 

suppression of their inflammatory properties indicated by decreased protein levels of IL-

6, IFN-γ, and TNF-α, and induction of mRNA expression of pro-healing factors such as 

VEGF and TGF-β 105. In a contrast in applied frequency, it was previously noted that low 

frequency dynamic loads increase mRNA expression of osteoclast marker genes in cells 

of hematopoietic origin 106. 

Taken together with reports from stem cells, mechanical stimulation in high 

frequency vibratory form induce osteogenesis and suppress adipogenesis in stem and 

progenitor cells. Viability results on the other hand suggest that for proliferation cells 

may either ignore low intensity vibratory stimulus or increase proliferation, but never 

show reduced numbers.  

1.6.5.  Human Periodontal Ligament Cells (HPDLC) and Vibration 

Another type of cells that are commonly used as a source for osteogenic 

differentiation and vibration studies are human periodontal ligament cells which are 

shown to be a promising therapy for the regeneration of damaged periodontal tissue by 

several preclinical trials 107, potentially containing a pool of stem and progenitor cells 108. 

In a study that applied LIV to HPDLCs at 0.3g with 30, 60 and 90 Hz frequencies for 20 

min/day, researchers reported increased osteogenic gene expressions as early as 48 hours 
109. Moreover, 0.05g to 0.9g with 50 Hz LIV for 30 min increased HPDLC mRNA 

expression of ALP, OCN, Collagen Type 1 and Runx2 with thicker F-actin stress fibers 

compared to control cells 110. Similarly, low frequency cyclic stretching with 0.1 Hz for 

6, 12 and 24 hours upregulated the Runx2, ALP and OCN protein expression levels in 

HPDLC 111. In another study, 0.3g magnitude 10 to 180 Hz frequency, 30 min/day LIV 

application increased the ALPase activity in a frequency-dependent manner that reached 

the highest level at 50 Hz with the significant increase in Collagen Type 1, osterix and 

Runx2 mRNA expression. Moreover, OCN mRNA level was increased at 40, 50, 60, 90 
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and 120 Hz frequencies while Collagen Type 1, osterix and Runx2 mRNAs were only 

higher at 40 and 50 Hz 112. On the other hand, the proliferation of the cells was lower in 

vibration groups compared to control. Another report on cyclic tensile strain applied to 

HPDLC at 3000 microstrain for 3, 6, 12 and 24 h raised the protein and gene expression 

levels of osteogenic markers in the non-osteogenic culture medium 113. 

1.7.  Molecular Level Acting Mechanism of Vibrations 

Although the exact mechanisms of how the mechanical signals are transmitted 

and processed within the cells is not fully understood, some studies reveal a few key point 

elements taking a role in this mechanotransduction event. One of the studies performed 

showed that 0.7 g, 90 Hz vibrations and uniform 2% equibiaxial strain at 10 cycles per 

minute that are both for 20 min twice a day with a 2h-resting period decreased the nuclear 

β-catenin level but its interaction with the nucleoskeleton increased. It is also suggested 

that this dynamic action of β-catenin is provided by the Linker of Cytoskeleton and 

Nucleoskeleton Complexes (LINCs) elements like Sun-1 and Sun-2 114. In other words, 

forces acting on integrins such as vibratory signals are delivered from actin cytoskeleton 

to LINC and then upregulate the transcription via chromatin stretch through the lamina-

chromatin interactions 115. Additionally, another study stated that biaxial cyclic 

mechanical strain of 0.1%-10%-Hz on human multipotent/stem progenitor cells (EPCs) 

led to the replacement of H3K9me2,3 with H3K27me3 through the mechanosensory 

complex of emerin (Emd) which acts as a nuclear force sensor 116. Cytoskeleton and 

nucleus integration is also accompanied by the activation of focal adhesion kinases (FAK) 

and Akt signaling followed by FAK-dependent induction of RhoA in MSCs after 90 Hz 

and 0.7g vibration for 20 min 117. 

C3H10T1/2 embryonic MSCs exposed to 0.7g and 90 Hz vibratory signals 

showed decreased adipogenesis through the β-catenin involved process 118. It was shown 

that Wnt signaling takes a role in the mechanotransduction of 3T3-E1 preoteoblast cells 

subjected to 0.06, 0,14, 0.32, 0.49, 0.66 and 0.8g magnitude vibrations with 40 Hz 

frequency for 30 min per day for 3 days 119. In addition to all of these molecules acting in 

the mechanotransduction, another study demonstrated that phosphorylation of p38 

MAPK was enhanced by the 0.3g, 40 Hz vibrations for 15 min on MSCs at day 1, 4 and 

8 120. 
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CHAPTER 2 

APPLIED FREQUENCY BUT NOT THE EXPOSURE TIME OF 
LOW INTENSITY VIBRATIONS INFLUENCE CELL VIABILITY 

3T3-L1 CELL DURING ADIPOGENESIS 

2.1  Mechanical Signals and Effect on Cell Viability 

Mechanical forces are relevant and integrated factors involved in all biological 

processes 121, 122. Cells may be developmentally specialized to work under a dominant 

load settings (such as compressive, tensile or shear loads) based on their function, 

however all cells, irrespective of their physiological specialization, are constantly 

subjected to a barrage of internal and external mechanical forces naturally and these 

forces can influence an organism related to development to maintenance and repair 123-

126. Mechanical loads that a cell experience continuously can be identified and categorized 

based on their magnitude and their repetition per time frame (frequency). Natural forces 

occurring across the body can be in high magnitude and low frequency in daily activities 

such as walking and running 127. However, some of the natural forces can also act in high 

frequencies (>30 Hz) with very low magnitudes that are smaller compared to forces 

generated by Earth’s gravitational field 33, 125.    

Since mechanical loads are implicated as regulatory factors for healthy tissues and 

organs 128 methods that aim to generate and deliver biomimetic mechanical signals to 

tissues of interest have important biomedical relevance especially for regenerative 

medicine 125, 129-132. Low intensity vibrations (LIVs) can be exogenously applied as 

noninvasive biophysical signals 133. Unlike physical exercise, LIV treatment has high 

compliance among subjects patients 134 with a low risk of inducing mechanical failure in 

the skeleton 16, 135. With this prospect, LIV treatment has been tested in clinical studies 

with varying degrees of success in bone and bone marrow health. In a study on 

postmenopausal women, significant increase in bone mineral density was reported with 

LIV treatment (0.2g, 30 Hz, up to 20 min/day for one year) 52, as well as LIVs with 0.2g, 

30 Hz 2/d for one year 16, 133. Similarly, (30 Hz, 0.3g) LIVs applied to 48 young women 

(10min/d during 12 months), showed increased bone mineral density (BMD) and bone 

area 135. Adolescent females that have reduced skeletal quality due to bed rest and 
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anorexia nervosa showed increased bone turnover as a response to LIV treatment (0.3 g, 

32-37 Hz, 10 min/ day for 5 days) 136. Finally, LIV treatment (0.3g, 30 Hz, 12 months) 

was found to increase the bone mineral density of young women with osteopenia while 

suppressing adipogenesis significantly 137.  

As LIV treatment appear to be anabolic for bone tissue, yet suppressive for 

adipose tissue in the rodent models and the clinic 15, 138-140, numerous studies were 

designed to elucidate how bone osteoprogenitor / stem cells sense and respond to LIV 

signals in vitro 141. Applied to bone marrow stem cells, LIV signals (0.1g, 90 Hz, 

15min/day for 3weeks) increased cell proliferation, mineralization and induced an 

increase in mRNA expressions for osteogenic markers with cytoskeletal adaptations 83. 

Similarly, LIV signals (0.5g, 30 Hz, 45 min/ day – 3–6 weeks) increased osteogenic 

mRNA markers such as Runx2 and enhanced calcification in primary bone marrow cells 
142. In other study LIV signals (0.1g, 90 Hz, 15 min/day for 21 days) applied to MSCs on 

a 3D cell culture model increased the osteocalcin expression and extracellular matrix 

formation 143. Similarly, LIV (0.3g, 30–40 Hz, 10 min/day – 1–3 weeks) increased 

mineralization and osteogenic mRNAs such as osteocalcin, osteopontin, and bone 

sialoprotein when applied to cells in 3D culture conditions 87. In addition to the primary 

bone marrow cells, adipose tissue derived stem cells cultured under osteogenic culture 

conditions respond to LIV signals (30 Hz, 45 min – 4 weeks) and significantly increased 

calcification and expression of osteogenic genes such as osteopontin, alkaline 

phosphatase, and collagen type I 132. In parallel to in vitro studies related to osteogenesis, 

the effects of LIV signals during the adipogenic differentiation of bone marrow 

stem/progenitor cells are also studied for potential mechanisms. LIV application (0.1g, 

90 Hz, 15min/d) during one week normalized the adipogenesis-induced changes on bone 

marrow MSCs where expression levels of PPARγ, C/EBPα, adipsin and resistin were 

decreased and decreased viability of MSCs during adipogenesis was rescued 144. 

Moreover, the lipid droplet formation under adipogenic differentiation conditions was 

suppressed in the vibration-stimulated hASCs at the 14 day time point after 3g, 50 or 100 

Hz for 1.5 h vibration 95. LIV regimen (0.7 g, 90 Hz) which was divided into 2x20min 

bouts separated by 41h, resulted in PPARγ and adipocyte protein 2 decrease and 

prevented the lipid droplet formation of MSCs 118. Though a plethora of studies showed 

vibratory stimulus is effective in inducing biological response on cells of mesenchymal 

origin, loading parameters drastically vary for the amplitude, frequency, and duration 

between different studies. Therefore, a complete understanding of how LIVs govern 
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biological response requires unified study designs that will test the effect of separate 

parameters related to the biological goal of interest.  

In this study, we aimed to understand frequency- and exposure duration- 

dependent effects of LIV signals on the bone marrow preadipocyte viability in vitro.  

Preadipocytic 3T3-L1 cells that were cultured in either quiescent growth or adipogenesis 

media were exposed to a LIV frequency sweep ranging from 30 to 120 Hz, with applied 

durations of 5, 10 or 20 minutes/day. Viability data was assessed at selected time points 

between 1 to 10 days. Results indicate that in terms of viability, preadipocytic bone 

marrow cells were affected by adipogenic induction and applied frequency, but not the 

exposure duration time of LIV stimulation.  

2.2  Methods 

2.2.1 Cell Culture and Adipogenic Induction 

3T3-L1 (ATCC CL-173) mouse embryo fibroblast cells were cultured in 

Dulbecco's Modified Eagle's Medium (Gibco, Ref#11320-074) with 10% new born calf 

serum (NBCS) (Biological Industries, Cat#716684) and 1% penicillin/streptomycin 

(Invitrogen, Cat#1092595) at 37oC, 5% CO2. Cells were passaged with 0.25% 

trypsin/EDTA solution (Biological Industries, Cat# 03-052-1B) at 37 °C, 5% CO2 for 5 

min incubation before 1.2 rpm centrifugation for 5 min. 2 days after seeding of 3T3-L1 

cells in plate, adipogenic induction was started by adding 5 μg/ml of insulin from bovine 

pancreas (Sigma, Lot#SLBD3067V), 10 nM of dexamethasone (Sigma, 

Lot#BCBK1265V) and 50 μM of indomethacine (Sigma, Lot#BCBF9122V) into growth 

medium. Cells were cultured at 37oC, 5% CO2 after starting the induction. 

2.2.2 Application of Low Intensity Vibration (LIV) Signals 

Mechanical signals were applied in vitro as previously described using vibrating 

platform as previously described 60, 83, 144. Low intensity vibration (LIV) signals were 

applied at 0.1g but varied in frequency as 30Hz, 45Hz, 60Hz, 75Hz, 90Hz, 105Hz and 

120Hz between subjects tuned using a software interface via MatLab. Furthermore LIV 

exposure time was varied as 5min, 10min and 20min/day between subjects.  Cells 
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received LIV signals up to 10 days under ambient conditions, while control groups 

received a sham treatment simultaneously.  

2.2.3 Determination of Adipogenic Differentiation of 3T3-L1 Cells 

Lipid accumulation was detected by Oil-red-O staining. Cells were washed with 

0.5 ml of 1× PBS (×2) and fixed with 0.5 ml of 10% Neutral Buffered Formalin for 15 

min at room temperature. Later, cells were rinsed with 0.5 ml of dH2O (×2) and stained 

with 0.5ml of 60% diluted 0.5% Oil-red-O in isopropanol (Amresco, Lot#1291C081) for 

45 min at 37oC. Cells were rinsed with 0.5 ml of dH2O (×3). Stained samples were 

visualized by an inverted microscope (Olympus, IX-83). 

2.2.4 Determination of Cell Viability  

The effect of external mechanical signals and adipogenic induction on the viability 

of 3T3-L1 cells was tested by MTT (3-(4,5- Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) assay. Cells were seeded at a density of 250 cells per well 

in 24 well plates. 2 days later, mechanical signal application and adipogenic induction 

was initiated based on the experimental group. MTT assay was applied on Day 1, 3, 5, 8 

and 10 by adding 600 μl of 10% MTT solution (5mg/ml in 1× PBS, (Amresco LLC, 

USA)) in growth medium. The cells were incubated for 4 h at 37°C. The formazan 

crystals, which were formed, were then solubilized in DMSO (600 μl/well) by pipetting 

and transferred to 96-well plate in triplicates (200 μl/well). The cell viability was 

measured by VarioScan spectrophotometer at 570 and 650 nm wavelength at Day 1, 3, 8 

and 10.  

2.2.5 Statistical Analyses 

All results were presented as means ± standard deviation. Cell viability data was 

normalized from different LIV applications were normalized twice, 1) to corresponding 

sham controls of same batch and then 2) viability data at day 1 of the same batch. 

Significant effects and significant interactions of exposure time, applied frequency, and 

induction on viability were determined using generalized linear models (JASP Version 

0.13.1). Multiple comparisons of grouped data was performed by ANOVA followed by 
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Tukey test, where p values smaller than 5% was accepted as an indicator of significant 

difference. 

2.3  Results 

3T3-L1 cells that were subjected to growth or adipogenic induction for up to 10 

days and at the end of the process rounding and lipid accumulation was clearly visible in 

adipogenic group while control cells retained their fibroblastic morphology (Figure 2. 1). 

Cell viability was tested after application of varying parameters of LIV signals. Viability 

data was presented as a fold-increase of corresponding sample compared to its Day 1 

value at different time points, and then further normalized to the fold increase of 

corresponding control cells that were measured for every condition and replicate (Figure 

2. 2). According to the general results, cell viability of growth condition cells appeared 

to be inconsistently affected from variations of LIV frequency, while in adipogenic group 

75 Hz signals consistently increased cell viability for all time points. Viability results 

were then used to set up a generalized linear model (GLM) to determine significant effects 

and interactions of parameters used in the study for different time points. 

 

 

 

 

 

Figure 2. 1 Oil-red-o staining of the lipid structures of 3T3-L1 cells at day 10 with the                

growth control (a) and adipogenic control (b) groups at 20× magnification. 

 
 
 
 
 

a. b. 
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Figure 2. 2 Heatmaps demonstrating the normalized change in cell viability average 

(blue-white-red) and standard deviation (greyscale) values on (a) at 3 days; 

(b) at 5 days; (c) at 8 days and (d) at 10 days. Rows represent daily exposure 

duration and induction, while columns represent the applied frequency. 

Table 2. 2 Generalized linear model output (type III sum of squares) of normalized 

viability results modeled with; LIV exposure duration (5 min/day, 10 

min/day or 20 min/day); LIV applied frequency (30 Hz, 45 Hz, 60 Hz, 75 

Hz, 90 Hz, 105 Hz or 120 Hz); induction media (growth or adipogenic) as 

fixed factors. Columns corresponds to different experimental time points. 

Statistically significant (<5%) factors or interactions were depicted as bold. 

   D1→D3 D1→D5 D1→D8 D1→D10 

Cases df p p p p 

Exposure Duration 2 0.661 0.894 0.478 0.754 

Applied Frequency 6 < .001 < .001 0.064 < .001 

Induction 1 0.021 0.260 0.085 0.006 

Duration × Frequency 12 0.373 0.974 0.713 0.919 

Duration × Induction 2 0.578 0.878 0.681 0.775 

Frequency × Induction 6 < .001 < .001 < .001 < .001 

Duration × Frequency × 

Induction 
12 0.271 0.994 0.750 0.230 
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At day 3 of the experiment, viability increase of 3T3-L1 cells were affected 

significantly from the applied frequency of LIV signal (p<0.001), adipogenic induction 

(p=0.021) as well as from the interaction between applied frequency and induction 

(p<0.001), but not exposure time or interactions including exposure time according to the 

GLM output (Table 2. 1). For averaged results of exposure time and applied frequency, 

cells that received adipogenic induction showed 6% (p=0.021) lower viability compared 

to cells that were cultured only in growth media (Figure 2. 3a). For averaged results of 

exposure time and induction, significant differences in applied frequency was observed 

between 45Hz and 75Hz (22% difference, p=0.002), 90Hz (18%, p=0.031), 105Hz (22%, 

p=0.002) and 120Hz (23%, p=0.001) but between no other groups (Figure 2. 3b). For 

averaged results of only exposure time, viability of 3T3 cells displayed significant 

differences based on applied frequency and induction interaction based on growth or 

adipogenic conditions (Figure 2. 3c and 2. 3d). For the viability of 3T3 cells in growth 

conditions, 75Hz group was significantly lower compared to 30Hz (25%, p=0.04), 105Hz 

(24%, p=0.02) and 120 Hz (24%, p=0.02) but no other groups showed any significant 

differences (Figure 2. 3c). For 3T3 cells that received adipogenic induction, cells that 

received 75Hz signals had cell viability significantly higher compared to 30Hz (53%, 

p<0.001), 45Hz (95%, p<0.001), 60Hz (33%, p<0.001), 90Hz (30%, p=0.002), 105Hz 

(25%, p=0.017) and 120Hz (23%, p=0.036) groups (Figure 2. 3d). Furthermore, for cells 

that received adipogenic induction there were significant differences in viability between 

45Hz and 60Hz, 90Hz, 105Hz and 120 Hz (68%, 67%, 64%, 63%, respectively, all 

p<0.001). Finally, the differences between cell viability between growth and adipogenic 

conditions between different applied frequencies was significant at 30 Hz (31%, 

p=0.017); 45Hz (62%, p<0.001) and 75Hz (64%, p<0.001), but for no other applied 

frequency (Data analyzed in comparison of Figure 2. 3c and 2. 3d). 
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Figure 2. 3. Viability change of 3T3-L1 cells from day 1 to day 3 that is normalized to          

controls grouped based on (a) only induction media they received or (b) only 

applied frequency they received. Furthermore results were also represented 

for cells that (c) received growth induction grouped for applied frequency 

and (d) received growth induction grouped for applied frequency. 

Significant differences between groups were found by Tukey post-hoc tests 

and depicted with  *:p<0.05, **:p<0.001 or  ***:p<0.001. Red dashed line 

signifies the change of viability in corresponding controls. 

At the day 5 of the experiment, viability change was affected significantly from 

the frequency of applied mechanical stimulation (p<0.001) and the interaction between 

applied frequency and induction (p<0.001) according to the GLM output (Table 2. 1). For 

averaged results of exposure time and applied frequency, cells that received adipogenic 

induction showed no significant difference in viability compared to cells that were 

cultured only in growth media in contrary to Day 3 (Figure 2. 4a). For averaged results 

of exposure time and induction, significantly higher cell viability was observed between 

120 Hz and 30 Hz (39%, p<0.001), 45Hz (50%, p<0.001), 60Hz (26%, p=0.001), 75Hz 

(26%, p=0.001), 90 Hz (33%, p<0.001) and 105Hz (41%, p<0.001) but between no other 

groups (Figure 2. 4b). For averaged results of only exposure time, viability of 3T3 cells 

showed significant differences based on applied frequency and induction interaction 

(Figure 2. 4c and Figure 2. 4d). For the viability of 3T3 cells in growth conditions, there 

was no significant difference within the applied frequencies (Figure 2. 4c). However, for 

3T3 cells that received adipogenic induction, cells that received 120Hz signals had 

significantly higher cell viability than 30Hz, 45Hz, 60Hz, 75Hz, 90Hz and 105Hz (89%, 

130%, 78%, 40%, 79% and 92%, respectively, all p<0.001). Furthermore, for 3T3 cells 
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that received adipogenic induction, cells that received 75Hz signals had cell significantly 

higher cell viability than 45Hz (64%, p<0.001) (Figure 2. 4d). Finally, the differences 

between cell viability between growth and adipogenic conditions between different 

applied frequencies was significant at 45 Hz (49%, p=0.019) and 120 Hz (63%, p<0.001), 

but for no other applied frequency.  

 

 

 

 

 

 

 

 

 

Figure 2. 4. Viability change of 3T3-L1 cells from day 1 to day 5 that is normalize to 

controls grouped based on (a) only induction media they received or (b) 

only applied frequency they received. Furthermore results were also 

represented for cells that (c) received growth induction grouped for applied 

frequency and (d) received growth induction grouped for applied 

frequency. Significant differences between groups were found by Tukey 

post-hoc tests and depicted with  *:p<0.05, **:p<0.001 or  ***:p<0.001. 

Red dashed line signifies the change of viability in corresponding controls. 

At the day 8 of the experiment, viability change was affected significantly from 

the interaction between applied frequency and induction (p<0.001) according to the GLM 

output (Table 2. 1). For averaged results of exposure time and applied frequency, similar 

to the observation at day 5, cells that received adipogenic induction showed no significant 

difference in viability compared to cells that were cultured only in growth media (Figure 

2. 5a). For averaged results of exposure time and induction, cells that received 75Hz 
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signals had 20% higher cell viability compared to 45Hz (p=0.02) (Figure 2. 5b). For 

averaged results of only exposure time, in growth conditions, there was no significant 

difference between applied frequencies (Figure 2. 5c). However, for the cells that 

received adipogenic induction, cells that received 75Hz signals had significantly higher 

cell viability than 30Hz, 45Hz and 60Hz (31%, 62% and 40% respectively, all p<0.001). 

Likewise, cells that received 105Hz signals under adipogenic induction had significantly 

higher cell viability than 30Hz (27%, p=0.039), 45Hz (57%, p<0.001) and 60Hz (36%, 

p=0.001). Furthermore, cells that received 90Hz signals under adipogenic induction had 

34% higher cell viability than 45Hz (p=0.035) (Figure 2. 5d). Finally, the differences 

between cell viability between growth and adipogenic conditions between different 

applied frequencies was significant at 45 Hz (44%, p=0.005), 75Hz (78%, p=0.006) and 

105Hz (77%, p=0.018), but for no other applied frequency.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 5. Viability change of 3T3-L1 cells from day 1 to day 8 that is normalize to 

controls grouped based on (a) only induction media they received or (b) only 

applied frequency they received. Furthermore results were also represented 

for cells that (c) received growth induction grouped for applied frequency 
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and (d) received growth induction grouped for applied frequency. 

Significant differences between groups were found by Tukey post-hoc tests 

and depicted with  *:p<0.05, **:p<0.001 or  ***:p<0.001. Red dashed line 

signifies the change of viability in corresponding controls. 

At the day 10 of the experiment, viability change was affected significantly from 

the induction (p=0.006), frequency of applied mechanical stimulation (p<0.001) and the 

interaction between applied frequency and induction (p<0.001) according to the GLM 

output (Table 2. 1). For averaged results of exposure time and applied frequency, cells 

that received adipogenic induction showed 5% (p=0.006) lower viability compared to 

cells that were cultured only in growth media (Figure 2.6 a). For averaged results of 

exposure time and induction, significantly higher cell viability was observed in 75 Hz 

group compared to 30 Hz (15%, p=0.047), 45Hz (28%, p<0.001), 90Hz (19%, p=0.007) 

and 105Hz (26%, p<0.001) but between no other groups (Figure 2. 6b). For averaged 

results of only exposure time, in growth conditions, there was no significant difference in 

cell viability between different frequency groups (Figure 2. 6c). However, for the cells 

that received adipogenic induction, cells that received 75Hz signals showed significantly 

higher cell viability compared to all other applied frequencies (for 30 Hz; 30% and 

p=0.002, for 45Hz; 64% and p<0.001, for 60Hz; 40% and p<0.001, for 90Hz; 28% and 

p=0.003, for 105 Hz; 48% and p<0.001, for 120 Hz; 27% and p=0.022) (Figure 2. 6d). 

Finally, the differences between cell viability between growth and adipogenic conditions 

between different applied frequencies was only significant at 45 Hz (28% difference, 

p=0.024).  
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Figure 2. 6. Viability change of 3T3-L1 cells from day 1 to day 10 that is normalize to 

controls grouped based on (a) only induction media they received or (b) only 

applied frequency they received. Furthermore results were also represented 

for cells that (c) received growth induction grouped for applied frequency 

and (d) received growth induction grouped for applied frequency. 

Significant differences between groups were found by Tukey post-hoc tests 

and depicted with *:p<0.05, **:p<0.001 or  ***:p<0.001. Red dashed line 

signifies the change of viability in corresponding controls.  

2.4  Discussion 

In this study, we have assessed the changes in the viability of preadipocytic 3T3-

L1 cells that were exposed to LIV signals of different frequency and durations. Our study 

design involved 7 different frequency (30, 45, 60, 75, 90, 105 and 120 Hz); 3 different 

daily exposure duration (5, 10 and 20 min/day), 5 different experimental time points (1, 

3, 5, 8 and 10 days) and 2 different culture conditions (quiescent and adipogenic), 

amounting to a total of 210 variations. Results showed in general adipogenic induction as 

well as applied LIV frequency had significant effects on cell viability, while exposure 

duration had not. Furthermore, applied to quiescent cells LIV signals did not change cell 

viability but adipogenic cells showed frequency specific increases in response to LIVs.  

Based on the number of experimental groups we had to limit the outcomes of this 

study to viability results only, based on simple and low-cost testing availability 145. 

However, our approach can be utilized in many different experimental designs where LIV 

signals were previously used with arbitrary parameters. In future studies, we are planning 

to explore the effects of novel frequencies we have identified here on the mechanisms of 

adipogenesis, such as lipid accumulation 146, 147, biochemical products 148, mRNA 
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expression 149, 150 and single-cell density 82. Another limitation of our study was that we 

varied the duration and frequency of the LIV signal, but not the magnitude. Since the 

magnitude of mechanical loads are known to be biologically relevant 33, 151, 152, future 

studies should also involve variations in the LIV magnitude.  

Testing the effect of mechanical signal components for different biological 

outcomes has been studied before with different goals previously. For example, LIV 

signals were applied during the osteogenesis of periodontal ligament stem cells at 0.3g 

magnitude and 30 min/day duration, with different frequencies ranging from 10 to 180 

Hz 112. This study showed a frequency dependent response related to osteogenic markers 

such as ALPase activity and Collagen Type 1, osterix, OCN and Runx2 mRNA 

expression levels. Markers that suggest to enhanced osteogenesis were observed at 40-50 

Hz applied frequency range. However, in contrast to our results, the authors reported a 

stimulus related suppression of proliferation. Increased proliferation during osteogenesis 

is a repeatedly observed phenomenon for LIV exposed mesenchymal cells of bone 

marrow 83, 153 or adipose tissue 154. Varied frequency (30, 400 and 800 Hz) LIV 

application (0.3g) further showed increased cell proliferation of human BMSCs for most 

frequency values 88.  This discrepancy in inducing or suppressing the proliferation may 

be related to the observed differences in stem cell proliferation rate of bone marrow and 

dental origin, where dental cells showed a consistently increased proliferation 155. In a 

similar study where LIV signals were applied to human adipose tissue-derived MSCs (21 

days for 10 min/day with 0.3g and 25, 35 and 45Hz frequencies), authors reported reduced 

expression of adipogenic differentiation genes and cell proliferation activity with 

increased frequencies, however the range of frequencies tested was not enough to be 

comparable with our study 94. Furthermore, LIV signals (termed as sub-sonic vibrations) 

applied at 10, 20, 30 and 40 Hz frequencies on adipose tissue-derived MSCs for 4 days 

led to reduced proliferation and induced neurogenesis with suppressed adipogenesis, 

especially at 30 Hz applied frequency 97. Another study showed that the application of 

LIV at 20 and 30 Hz frequencies suppressed the proliferation of 3T3-L1 preadipocytes 

and increase adipogenesis 101. This study was conducted for 3 days, reported results on 

cell proliferation appears to be in aggreement to our results that at 30 Hz and after 3 days 

of stimulation 3T3-L1 cells showed lower viability compared to controls.  

The lack of studies that focus on describing the components of mechanical 

stimulation is understandable, as it is quite challanging to standardize mechanical signal 

generation and used cell types. In conclusion, our study focused on the effect of 
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frequency, exposure time, experimental duration and adipogenesis induction on 3T3-L1 

preadipocytes. Our results suggested that during quiescent growth mechanical stimulation 

induced a minor benefit on cell viability with indifference to applied frequency or 

exposure time. On the other hand, during adipogenesis, applied frequency became an 

important modulator of cell viability, with 75Hz signals resulted in the most increase in 

cell viability. Our results in general also suggested that compared to exposure time, the 

applied frequency was a more important determinant of cell viability.  
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CHAPTER 3 

30, 45, 75 AND 90 Hz VIBRATIONS REDUCED THE GENE 
EXPRESSION, LIPID DROPLET PHYSIOLOGY AND 

CONCENTRATION ON 3T3-L1 CELLS DURING ADIPOGENESIS 

3.1 Mechanical Signals and Adipogenesis 

Bone marrow is a heterogeneous tissue that is composed of cells of hematopoietic 

and mesenchymal origin. Mesenchymal stem cells that reside in the bone marrow are 

capable of sustaining the bone formation and reformation however, it is also possible for 

them to differentiate into adipocytes, leading to bone marrow adipogenesis 156. Current 

knowledge about bone marrow adipocytes is still limited but studies indicate that their 

origin, location, size and surface markers are different compared to white, brown or beige 

adipose tissue cells 157. Adipocyte accrual in the bone marrow niche is known to be related 

to several physiological conditions such as aging, anorexia, obesity, osteoporosis and 

estrogen deficiency 158, 159, as well as external factors such as drug treatment and 

irradiation 160. As bone marrow adipocytes are implicated as negative regulators of bone 

formation 161-163, prevention of adipogenesis can protect the skeletal health of individuals.    

Individuals maintain bone tissue health by a process called remodelling 

throughout their life 164 and remodeling process is regulated by chemical signals such as 

oestrogens 165, parathyroid hormone 166, growth hormone 167, glucocorticoids 168 as well 

as physical signals 20, 22. Thus, bone formation via mechanical loads is a favored strategy 

due to the fact that these loads are natural, omnipresent and nonpharmaceutical 132. So 

that, planned physical activity must be integrated to the daily routine for a healthy bone 

structure, however, susceptibility to fractures of elderly people’s bone make this 

integration difficult 29, 30. Since bone is a dynamic organ, bone marrow adipogenesis can 

be repressed by mechanical forces such as gravity, blood pressure and muscle strains 10-

19. Hence, bone cells sense and respond to different forms of mechanical loads, including 

cyclic stretch 23, static pressure 24, shear stress 25, 26 and nanoscale mechanotransduction 
27, 28.  

Application of external mechanical signals in a low intensity vibration form (LIVs 

with magnitude lower than 1g gravitational force) is a preferable method to integrate 
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mechanical signals to daily routine with low risk and high compliance. Bone mineral 

density and bone area were shown to be significantly increased with the application of 

LIVs on postmenopausal and young women 16, 135, 169. Moreover, the application of LIV 

significantly increased the osteoblast number, bone formation and bone mass after 

mechanical disuse 15. Similarly, LIV signals increased the biomechanical properties of 

trabecular bone and its formation rate 14, 170. Daily application of LIV signals in rodents 

are also effective in inhibiting adipogenesis in adipose and bone marrow tissue and 

reducing the triglyceride and nonesterified fatty acid content in liver 11, 15. In vitro 

experiments also confirmed that application of LIV signals can increase osteogenesis and 

suppress adipogenesis. For example, daily application of LIVs with 0.3g, 25 Hz, 35 Hz 

and 45 Hz on human adipose tissue derived stem cells increased osteogenic 

differentiation capability of cells with increased osteocalcin and osteopontin mRNA 

expressions 93 while suppressing the adipogenic activity 94. Similarly, application of LIVs 

with 0.1g, 90Hz on mouse mesenchymal stem cells increased the osteogenic 

differentiation with increased Runx2 mRNA expression 83 while decreasing the 

adipogenic differentiation with reduced expression levels of CEBPa and PPARg 144.  

Even though related studies showed that daily application of LIV signals are 

suppressive for adipogenesis, most of these studies selected components of mechanical 

signals (e.g. exposure time, frequency and magnitude) as arbitrary parameters. The 

relationship between parameters of mechanical signal and and the biological response 

during adipogenesis is currently unknown. In this study, we aimed to understand the 

relationship between the applied frequency of LIV signals and biological response in 

mouse preadipocyte cells (3T3-L1) during adipogenic differentiation. 

3.2 Materials and Methods 

3.2.1 Cell Culture and Adipogenic Induction 

3T3-L1 (ATCC CL-173) mouse embryo fibroblast cells were cultured in 

Dulbecco's Modified Eagle's Medium (Gibco, Ref#11320-074) with 10% new born calf 

serum (NBCS) (Biological Industries, Cat#716684) and 1% penicillin/streptomycin 

(Invitrogen, Cat#1092595) at 37 oC, 5% CO2. Cells were passaged with 0.25% 

trypsin/EDTA solution (Biological Industries, Cat# 03-052-1B) at 37 °C, 5% CO2 for 5 

min incubation before 1.2 rpm centrifugation for 5 min. 2 days after seeding of 3T3-L1 
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cells in plate, adipogenic induction was started by adding 5 μg/ml of insulin from bovine 

pancreas (Sigma, Lot#SLBD3067V), 10 nM of dexamethasone (Sigma, 

Lot#BCBK1265V) and 50 μM of indomethacine (Sigma, Lot#BCBF9122V) into growth 

medium. Cells were cultured at 37oC, 5% CO2 after starting the induction. 

3.2.2 Application of Low Intensity Vibration (LIV) Signals 

Mechanical signals were applied in vitro as previously described using vibrating 

platform as previously described 60, 83, 144. Low intensity vibration (LIV) signals were 

applied at 0.1g but varied in frequency as 30Hz, 45Hz, 60Hz, 75Hz, 90Hz, 105Hz and 

120Hz between subjects tuned using a software interface via MatLab for 10min/day. Cells 

received LIV signals up to 10 days under ambient conditions, while control groups 

received a sham treatment simultaneously.  

3.2.3 Determination of Adipogenic Differentiation of 3T3-L1 Cells 

3.2.3.1 Oil-Red-O Staining 

Cells were washed with 0.5 ml of 1× PBS (×2) and fixed with 0.5 ml of 10% 

Neutral Buffered Formalin for 15 min at room temperature. Later, cells were rinsed with 

0.5 ml of dH2O (×2) and stained with 0.5ml of 60% diluted 0.5% Oil-red-O in 

isopropanol (Amresco, Lot#1291C081) for 45 min at 37oC. Cells were rinsed with 0.5 ml 

of dH2O (×3). Stained samples were visualized by an inverted microscope (Olympus, IX-

83). 

3.2.3.2 Lipid Accumulation Measurements  

3.2.3.2.1 Bodipy and DAPI Staining  

At the end of 2-weeks control or treatment cells were stained with 0.5ml of 2μM 

BODIPY Staining solution (1:2500 in PBS) for 15 min at 37 oC at dark to visualize lipid 

accumulation. Then, cells were washed with phosphate buffered saline (PBS) three times 

and fixed with 4% paraformaldehyde (PFA) for 20min. PFA was triple washed with PBS 

followed by membrane permeabilization with 0.1% Triton X/PBS for 15 min. Cells were 
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blocked with 3% bovine serum albumin (BSA) in 0.1% Triton X/PBS for 30 min and 

were then incubated with 4’,6-diamidino-2-phenylin-dole (DAPI) solution for 

visualization of nuclei. Images were acquired with an inverted microscope and 

fluorescent attachment at 20x magnification (Olympus, IX-83). 15 sample images were 

used per condition from at least two different experiments. 

3.2.3.2.2 Image J Analysis 

Each nuclei visualized via DAPI staining was counted for each image. 

Background was subtracted to eliminate noise. Image was zoomed and the lipid droplets 

in the each cell was labeled and counted. Number of cells analysed, how many of them 

did not have any droplet, number of droplets and the measurements of the droplets were 

transferred to excel. Total number of 270 images and 8543 cells were analyzed by using 

ImageJ software. Each lipid droplet in all cells were identified and their area, perimeter, 

mean and integrated density values were measured (Figure 3. 6).  

3.2.3.2.3 Triglyceride Content Measurements 

Intracellular triglyceride content was measured by the protocol of the 

Adipogenesis Colorimetric/Fluorometric Assay Kit (Biovision, Cat#K610-100). Lipid 

content of the 3T3-L1 cells was extracted by incubation at 90 oC for 30 min with 150μl 

of Lipid Extraction Solution provided by the kit itself. Extracted lipids were transferred 

to 96-well plate in the volume of 50μl. Then, 2 μl of lipase enzyme was added onto each 

well to convert triglyceride to glycerol and fatty acid. Later, 50 μl of reaction mix for 

each well was prepared by combining 46 μl of Adipogenesis Assay Buffer, 2 μl of Probe 

and 2 μl of Enzyme Mix which were provided by the kit, too. Mixtures were allowed to 

incubate at 37 oC for 30 min in the dark environment. OD measurements were taken at 

570 nm at the end of 30 min incubation via VarioScan Spectrophotometer.  

3.2.3.2.3.1 Triglyceride Content Calculations 

Background was corrected by subtracting the value derived from 0 triglyceride 

standard from all readings. Standard curve was plotted. Sample readings were applied to 
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the standard curve. Triglyceride concentration was calculated by the division of 

triglyceride amount from standard curve into te sample volume.  

3.2.3.3 Molecular expression of Adipogenic Genes 

Cells were lysed and total mRNA was isolated using PureLink RNA mini kit 

(Invitrogen, USA). After verification of purity and determination of concentration with 

NanoDrop (ND-1000; Thermo Scientific, USA), two-step real-time PCR was performed. 

For reverse transcription reaction, RevertAid first strand cDNA synthesis kit (Thermo 

Scientific, USA) was used with 1000 ng template RNA. cDNA samples of 7.5 mL were 

loaded with 12mL of Sybr Green (Thermo Scientific, USA), 2.5mL forward and reverse 

primers of adipogenic markers, cEBPa and PPARg, for semiquantitative RT-PCR 

(Roche, USA), where GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as 

the house-keeping molecule (Table 3. 1). For all groups, 3 samples were used for gene 

expression analysis.  

Table 3. 2. Forward and reverse primer sequences of genes used for qRT-PCR 

expreiments.  

cEBPa F TGG ACA AGA ACA GCA ACG AGT AC 

R GCA GTT GCC CAT GGC CTT GAC 

PPARg F GCC TTG CTG TGG GGA TGT C 

R TCCTTGGCCCTCTGAGATGAG 

GAPDH F GAC ATG CCG CCT GGA GAA AC 

R AGC CCA GGA TGC CCT TTA GT 

Table 3. 2. Protocol for qRT-PCR. 

Preincubation 95oC 600s 1 cycle 

3 step amplification 95 oC  30s 45 cycles 

60 oC 

72 oC 

Melting 95 oC 10s 1 cycle 

65 oC 60s 

72 oC 1s 
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3.2.4 Cell Density Measurements by Magnetic Levitation  

The cells were resuspended to 105 cells/ml in the culture medium with Gd-based 

solution; gadobutrol (Gadavist®, Bayer) at a concentration of 25 mM Gd3+ 

,approximately 50 μl of cell suspension was loaded into the microcapillary channel (43). 

The cells were levitated in the magnetic levitation device and imaged after cells reached 

the equilibrium position (after about 10 min of levitation) under the inverted microscope 

(Olympus IX-83) (Fig 3. 2a,b.). Levitation heights of cells (distance of cells from the top 

surface of bottom magnet) were measured with ImageJ Fiji software by performing 

threshold and particle analysis 82.  

3.2.5 Statistical Analyses 

Results were presented as mean ± standard deviation. ANOVA followed by 

Tukey’s post hoc test was used in order to detect significant differences between groups. 

Kruskal-Wallis test was used to contrast groups where results are distributed non-

parametric. These results include magnetic levitation of adipocyte, where we use lower 

0-5th% of the population based on single cell density, as well as triglyceride micrograph 

analysis results.  

3.3 Results 

3.3.1 Single Cell Density 

3T3-L1 Cells that were either exposed to control or adipogenic conditions were 

measured for single cell density by magnetic levitation at Day 1, 3, 5, 8 and 10 of the 

culture (Fig. 3. 2a,b). For Day 1 and Day 3 mean single density of adipogenic cells were 

0.08% and 0.18% smaller compared to control cells (p<0.01) However, after that 

adipogenic cells recorded higher mean single cell density values (0.61%, 0.55% and 

0.33% , all p<0.01) compared to control cells. Based on the heterogenity of adipogenesis 

process and cell death observed in adipogenic cells, we decided to test only 5th% of the 

lowest single density cells (Fig.3. 2c.). When the all cells in quiescent group were 

analyzed in itself by comparing the effect of frequency on cell density, there was no 

significant group between control and vibrated groups (Fig. 3. 2d). When the 5th 
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percentile of the quiescent cells having the lowest density were analyzed, again there was 

no significant effect of any frequency on cell density (Fig.3. 2f). There was also no 

significant effect of any of the frequencies on the density of adipogenicly induced cells 

(Fig. 3. 2e.). However, when the 5th percentile of the adipogenicly induced cells having 

the lowest density was analyzed, 75 Hz showed significant increase by 0.6% (p<0.0001) 

(Fig 3. 2g).  

 

Figure 3. 1. Oil-red-o (top) and Bodipy (bottom) staining images of 3T3-L1 cells at day 

10 under growt (left) and adipogenic (right) conditions. 
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Figure 3. 2.  Density of levitated adipogenic and quiescent cells a. levitation system. b. 

representing the levitated cells. c. Cell density of adipogenicly induced and 

quiescent cells at the end of 10 day-culture d. quiescent group and e. 

adipogenic group cell densities at day 10 after vibration. f. quiescent group 

and g. adipogenic group cell densities for 5% percentile subgroup. 

3.3.2 Lipid droplets 

Lipid accumulation of the cells were visualized by both oil-red-o staining (Fig. 3. 

1a,c) and BODIPY staining (Fig. 3. 1b,d)  Then, fluorescentşy stained lipid droplets were 

analyzed for quantification. 

Adipogenic induction dramatically increased the lipid droplet areas by 9 fold 

(p<0.0001). All applied frequencies of low intensity vibrations significantly suppressed 

the average lipid droplet areas. 30 Hz, 45Hz, 60 Hz, 75 Hz, 90 Hz, 105 Hz and 120 Hz 

vibrations decreased the average lipid droplet areas by 55%, 75%, 19%, 34%, 10%, 29% 

and 41%, respectively (all p<0.0001) with the highest effect at 45 Hz. When the 

frequencies were compared, it was seen that the suppressive effect of frequency 60, 75, 

90 and 105 was not significantly different from each other (p>0.05). Similarly, 75 Hz, 

105 Hz and 120 Hz showed insignificant difference for lipid droplet area (p>0.05). (Fig. 

3. 3a). When we look at the average perimeter value of all droplets in one cell (Fig 3. 3b), 

average perimeter of the lipid droplets accumulated in the cells was increased to 3.3 fold 

by adipogenic induction significantly (p<0.0001). 30 Hz, 45Hz, 60 Hz, 75 Hz, 90 Hz, 105 

Hz and 120 Hz vibrations had significant decrease on average lipid droplet perimeter  by  

54%, 60%, 32%, 37%, 26%, 36% and 42% (p<0.0001) compared to AC group with a 

highest effect at 30 Hz. When the frequencies were compared, it was seen that the 

suppressive effect of frequency 30 Hz and 45 Hz was not significantly different from each 

other. Likewise, 60, 75, 90 and 105 Hz frequencies have a similar effect on lipid droplet 

perimeter with an insignificant difference between each other (p>0.05). Additionally, 75 
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Hz frequncy was not significantly different from 105 and 120 Hz as in the case of 105 Hz 

and 120 Hz comparison. Mean density signal coming from the lipid droplet per cell was 

significantly increased with the adipogenic induction by 9 fold significantly (p<0.0001). 

All frequencies, except 90 Hz, had significant decrease on mean density signal by 64% 

for 30 Hz, 92% for 45 Hz, 19% for 60 Hz, 34% for 75 Hz, 33% for 105 Hz and 40% for 

120 Hz (p<0.0001). On the other hand, 60 Hz and 105 Hz, 75, 105 and 120 Hz, 105 and 

120 Hz were not significantly different from each others (Fig. 3. 3c). Adipogenic 

induction significantly increased the integrated density per cell  to 16 fold (p<0.0001). 

All frequencies had decreasing effect on integrated density except 90 Hz which had 

increased by 2% (p<0.05). 30Hz, 45 Hz, 60 Hz, 75 Hz, 105 Hz and 120 Hz frequencies 

decreased the integrated density by  75%, 78%, 43%, 57%, 59%, 68% respectively 

(p<0.0001). 60 Hz and 75 Hz, 75 Hz and 105 Hz, 105 Hz and 120 Hz were not 

significantly different from each others (Fig. 3. 3d). 

 

 

 

 

 

 

 

 

 

Figure 3. 3. Average area (a), perimeter (b), mean (c) and integrated density (d) values 

of lipid droplets after Image J analysis of bodipy stained images. 

3.3.3 Triglyceride content 

Triglyceride concentration in the adipogenic 3T3-L1 cells were 21% higher 

compared to growth control group, albeit this change was not statistically significant 

(p>0.05). However, 75 Hz LIV signals reduced the triglyceride concentration of the 
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adipogenic cells by 52% (p<0.01). On the other hand, triglyceride concentrations in 30 

Hz and 120 Hz LIV groups were insignificantly different (7% and 27% lower, p>0.05) 

compared the adipogenic controls (Fig. 3. 4). 

 

Figure 3. 4. Inner triglyceride concentration fold change pooled data at day 10 after 

vibration at defined frequencies. 

3.3.4 Adipogenic mRNA markers 

Adipogenic induction for 10 days increased the expression of cEBPa and PPARg 

significantly to 23 and 11 fold respectively (p<0.05 and p<0.0001) (Fig. 3. 5). 60 and 90 

Hz vibrations reduced the normalized cEBPa expression by 79% and 81% decrease 

respectively (p<0.005). On the other hand, 30, 45, 75, 105 and 120 Hz frequencies 

decreased the expression of cEBPa insignificantly by 57%, 50%, 71%, 73% and 52%, 

respectively (p>0.05) (Fig. 3. 5a). In terms of the normalized expression of PPARg, all 

the frequency values were significantly effective on reduction in PPARg expression, 

where 30 Hz decreased by 61% (p<0.05), 45 Hz decreased by 76% (p<0.01), 60 Hz 

decreased by 80% (p<0.01), 75Hz showed the highest decrease by 94% (p<0.001), 90 Hz 

and 105 Hz decreased by 84% (p<0.01), and lastly 120 Hz decreased by 65% (p<0.05) 

(Fig. 3. 5b).  
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Figure 3. 5. Real-Time PCR a. CEBPa and b. PPARg gene expression normalized 

values at day 10 after vibration application at defined frequencies. 

 

Figure 3. 6. Image J analysis steps of bodipy-stained-images. 

3.4 Discussion 

 In this study, 7 different frequency values were tested to determine the most 

effective one during adipogenesis of 3T3-L1 preadiopcyte cells in terms of lipid droplet’s 

physical qualifications, triglyceride content, cellular density and adipogenic gene 

expression level individually.  

a b 
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45 Hz vibration was the most effective frequency value for the reduction in lipid 

droplet area, mean density and integrated density of lipid droplets. In the literature, 

experiments performed with  45 Hz frequency showed that it was the optimal condition 

for whole body vibration 171, 45 Hz vibration with 3g applied on ovariectomized rats 

induced a further increase in periosteal bone formation rate and inhibited the endocortical 

resorption 172.  Furthermore, 45 Hz (0.3g) vibration was able to recover the decrease in 

trabecular bone mineral density of tail-suspended rats 173. On the other hand, same 

regimen (45 Hz and 0.3g) was not effective in bone formation in trabecular or cortical 

bone in mice model 174.  

Our study showed that 30 Hz vibration decreased the lipid droplet perimeter 

effectively which was increased due to adipogenic induction. Due to the fact that there is 

no study in the literature related to adipogenic differentiation and 30 Hz vibration 

relationship, it is said that 30 Hz vibration increased the skin blood flow on human 

subjects 175. On the other hand,  30 Hz and 3g vibration was shown to increase cortical 

and medullary bone areas, likewise and of the periosteal  and endosteal perimeters of 

ovariectomized rats 176. On the other side, 30 Hz and/or 90 Hz 0.3g whole-body vibrations 

for 12 months did not induce any significant change in bone mineral density and bone 

structure in post- menopausal women 177. 30 Hz whole-body vibration did not change the 

serum testosterone and insulin growth factor-1 levels of active adult males 178. In 

molecular level, Runx-2 gene expression increased by the application of 30 Hz and 0.15g, 

1g, 2g vibrations on mesenchymal stem cells 179.  

Although 75 Hz was not preferred for the bone studies or any other vibrational 

studies, our study demonstrated that it was the most effective frequency value for 

reducing the triglyceride concentration in the cells showing the anti-adipogenic effect as 

well as decrease in the normalized expression level of PPARg. Normalized cEBPa gene 

expression was mostly reduced by the 90 Hz vibration which was effectibe on the D1-

ORL mesenchymal stem cell differentiation previously 144. 

In the study, density of the 3T3-L1 fibroblasts was determined as 1.06 ± 0.006 

g/mL, slightly similar to literature reporting that the fibroblast had density of 1.05 g/mL 
180. This difference may result from origin of the cells. To our knowledge, the effect of 

vibration on single cell density has not been investigated before. Magnetic levitation 

analysis indicated that single cell density did not show a specific trend depending on 

increasing vibration frequency for both fibroblasts (uninduced cells) and adipogenic-

induced cells. However, the changes in density mostly resulted in increasing at different 
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vibration frequencies, may cause from the impact of vibration on apoptosis 181 or 

transcriptional changes 182. Interestingly, only at 75 Hz vibration in adipogenic group, it 

was observed a significant increase in the density, however, the reason of the situation is 

unclear. Besides, a decrease in the number of the cells whose density decreased due to 

lipid accumulation 82 was observed in adipogenic group with vibration. This may have 

occurred due to damage to adipocytes, which are known to be fragile, during vibration 82. 

On the other hand, although we know that density changes in some physiological events 
82, 183-185, there are still little information about when and how it is set and more research 

is needed. 
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CHAPTER 4 

OSTEOGENIC DIFFERENTIATION OF MESENCHYMAL STEM 
CELLS ON RANDOM AND ALIGNED PAN/PPy NANOFIBROUS 

SCAFFOLDS 

4.1.  Tissue Engineering and Nanofibrous Scaffolds 

Tissue engineering is a fast-growing field, which utilizes a combination of 

scaffolds, cells, and biologically active molecules to improve or restore anatomical and 

physiological functions 72. Biological tissues are characterized by their mechanical, 

chemical and morphological properties that are mainly governed by extracellular matrix 

(ECM) proteins of that tissue. The main goal of tissue engineered scaffolds is to mimic 

the ECM for cells that are aimed to be grown, and most scaffolds are fabricated from 

polymers via various methods such as solvent casting and particulate leaching, melt 

molding, rapid prototyping, phase separation, and electrospinning 72. Among these 

methods, electrospinning provides nanofibers with excellent interconnectivity 72, and 

porosity for the integration of cells into the scaffold with an appropriate pore size 116. 

Therefore, electrospun polymer nanofibers became a frequently used tool in tissue 

engineering 186 and drug delivery 187-190 applications.  

Electrospun nanofibrous scaffolds can be engineered to closely mimic the ECM 

based on their tunable mechanical, chemical, degradative and surface properties 74. 

Various scaffold types for biomedical applications spanning from nerve to bone tissue 

engineering can be studied with electrospinning methodology based on the versatility in 

its nature 72. An important aspect that governs the mechanical properties of various tissues 

including skeletal muscle, nerve, and vasculature is their anisotropic structure. These 

tissues show high elasticity in the direction of their extracellular matrix fibers alignment 
44. The fabrication methodology of electrospun nanofibers can easily be extended to align 

fibers during the collection process leading to the formation of aligned structures that 

promote the growth of cells neural, muscle and spinal disc applications 186, 191, 192.  

Bone tissue is also known to be anisotropic 10. It is therefore not surprising that 

several studies investigated effects of aligned synthetic or natural polymer electrospun 

fibers in bone tissue engineering applications 193-195. In essence, aligned fibers enable 
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bone cell growth and alignment in the fiber directions. However, to date none of these 

studies used a biocompatible conductive polymer. Also, it is currently not known whether 

aligned fibers also facilitate calcification in the direction of alignment for bone cells. 

For this study, we used Polypyrrole (PPy), which is a conductive polymer with 

known biocompatibility 193-195. PPy is non-toxic and thin films made of PPy support 

attachment, adhesion and the osteogenic differentiation of mesenchymal stem cells as 

well 74. Here we, developed 3D polyacrylonitrile (PAN)/PPy scaffolds by an 

electrospinning method and tested for osteogenic differentiation of mesenchymal stem 

cells. It was found that these nanofibers supported attachment, proliferation, and 

differentiation of mesenchymal stem cells. In addition, nanofiber alignment governed the 

direction of mineralization during osteogenesis, showing that PAN/PPy conductive 

scaffold is a potential candidate for bone tissue applications. 

4.2.  Materials and Methods 

4.2.1.  Osteogenic Differentiation of Mesenchymal Stem Cells on 

PAN/PPy Nanofibrous Scaffold 

In this study, D1 ORL UVA (ATCC) bone marrow stem cells were used as a 

biological model 196. PAN/PPy nanofibers on coverslips were sterilized by incubation at 

200 oC for 3 h and then cells were seeded on nanofibers in 24-well cell culture plates at 

500 cell/well density. Cells were grown until day 7, 14 and 21 for morphological 

assessment by SEM and viability assessment by MTT assay. D1 ORL UVA mesenchymal 

stem cells were either grown quiescent (DMEM + 10% FBS + 2%Pen/Strep) or induced 

50% and 100% osteogenic medium. First tried osteogenic media was quiescent media + 

10nM β-glycerolphosphate and 50µg/ml ascorbic acid 72 and the second was quiescent 

media + dexamethasone. 

4.2.2.  Characterization of cells 

After 7, 14 and 21 days of culture, morphology of cells were analyzed with SEM. 

Cells were washed with phosphate-buffered saline (PBS) and then fixed with 4% 

paraformaldehyde for 3-4 h at room temperature. After fixation, cells were washed with 
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PBS and ultrapure water and then air dried. Dry cellular constructs were sputter coated 

with gold and observed under the SEM at an accelerating voltage of 5 kV.  

Cell viability was determined by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay. Culture medium was replaced with 10% MTT 

solution containing medium and the plates were incubated at 37°C, 5% CO2 for 4 h. 

During the incubation, the active enzymes of the viable cells transformed the yellow MTT 

into purple formazan crystals. The top medium was then removed and DMSO was added 

to each well to dissolve the formazan crystals. The absorbance of the solution was 

measured at 570 nm and 650 nm (Thermo Multiskan). 

Presence of calcified matrix on PAN/PPy electrospun nanofibers was detected 

with Alizarin Red and Von Kossa staining at 21 days of quiescent or osteogenic culture 

of D1 ORL UVA cells. Cells were first washed with 1 ml of PBS (x3) and then fixed with 

500 μl of 10% neutral buffered formalin for 30 min. Afterwards, cells were washed again 

(x2) with 1 ml of deionized (DI) water and stained with 1 ml of alizarin red dye for 30 

min. After staining, cells were rinsed (x2) with DI water, and washed in PBS for 15 min 

to remove non-specific binding of dye. Micrographs of calcified matrix were taken 

through the light field of an inverted microscope (Olympus, IX-83). 

For von Kossa staining firstly cells were fixed with 4% pfa for 20 min. 

Subsequently, PBS was discarted on the cells fixed in tissue culture plate and rinsed with 

DI water. 1 ml of a 1% silver nitrate solution was added and the plate was placed under 

UV light in laminar flow for 30 min. After incubation, cells were rinsed in DI water 

several times. Then, to remove unreacted silver 500 μl of 5 % sodium thiosulfate was put 

and incubeted for 5 min. Lastly, cells were rinsed with DI water again and kept the water 

inside the wells until observation under light microscope. 

 

4.2.3.  Statistics 

All results were reported as mean ± standard deviation. Statistical comparions 

were made by Student’s t-test in excel. 

4.3. Results and Discussion 

SEM images illustrated randomly distributed D1 ORL UVA mesenchymal stem 

cells on two dimensional glass surface (Fig. 4. 1). D1 cells attached and spread on glass 



  41 
 

in both growth medium (GM) and osteogenic medium (OM). Consistent with literature 
83, D1 cells that were cultured in OM for 21 days showed mineralization. D1 cells were 

able to attach randomly oriented PAN/PPy nanofibers for both growth and osteogenic 

conditions as evidenced by SEM images (Fig. 4. 2). Cells formed intimate contact with 

multiple fibers and displayed rough topography. D1 cells, that normally form extremely 

packed colonies in the absence of an ECM 197, initially formed distinct colonies but after 

3 weeks of culture, they covered the whole surface of nanofibers and mineralization was 

observed for cells that were grown in osteogenic conditions. D1 cells that were cultured 

on aligned PAN/PPy nanofibers, depicted a cellular morphology that aligned and 

elongated in accordance to the fiber alignment direction (Fig. 4. 3). This observation was 

valid for cells both grown in quiescent and osteogenic conditions. 

 

Figure 4. 1. SEM images of MSCs after culturing in growth medium (GM) and in 

osteogenic medium (OM) for 7, 14 and 21 days on glass control coverslips. 

 



  42 
 

Figure 4. 2. SEM images of MSCs after culturing in growth medium and osteogenic 

medium for 7, 14 and 21 days on the random PAN/PPy nanofibers (250 

rpm). 

 

Figure 4. 3. SEM images of MSCs  after culturing in growth medium and osteogenic 

medium for 7, 14 and 21 days on the aligned PAN/PPy nanofibers (1000 

rpm). 

In order to understand the degradation behavior of PAN/PPy nanofibers in culture 

conditions, both random and aligned nanofibers were put into the growth and osteogenic 

medium without inoculation of cells for 21 days. SEM images of nanofibers indicated 

that after 21 days, the morphology of fibers did not appear to change (Fig. 4. 4, Table 4. 

1).  

 

Figure 4. 4. SEM images of random nanofibers kept in (a) GM (b) OM , and aligned 

nanofibers kept in (c) GM, (d) OM after 21 days. 



  43 
 

Table 4. 2. Average fiber diameter for random and aligned nanofibers after keeping in 

OM and GM for 21 days (without cell seeding). 

 

Proliferation of the D1 ORL UVA mesenchymal stem cells cultured on glass 

surface and PAN/PPy nanofibers were evaluated by MTT assay. Cells were able to 

proliferate on glass, randomly oriented and aligned PAN/PPy fibers similarly during 3 

weeks of cell culture (Fig. 4. 5). Cell proliferation was similar for cells that were cultured 

in growth and osteogenic conditions, suggesting that PAN/PPy nanofibers were non-toxic 

for osteoblasts and could be utilized as scaffold for osteogenic differentiation of 

mesenchymal stem cells. These results are  consistent with previous studies that showed 

D1 cells are as viable and active in 3D scaffolds as 2D surfaces 145. The mineral deposition 

on PAN/PPy electrospun nanofibrous scaffolds was confirmed using Alizarin Red 

staining after the 21 days of incubation period. Results indicated that D1 ORL UVA 

mesenchymal stem cells cultured with both 50% dose (half-dose) and 100% dose (full-

dose) osteogenic media was committed to osteogenesis, while cells in growth media did 

not show any mineral deposition (Fig. 4. 6). However, mineral deposition observed in 

full-dose osteogenic media was more distinct at the end of 3wks compared to half-dose. 

Furthermore, oriented mineral deposition was observed in scaffolds with aligned fibers, 

while mineralization was randomly oriented in 2D glass culture and non-oriented fiber 

scaffolds. While dexamethasone was induced for osteogenesis increased mineral 

deposition was noticed for half-dose osteogenic media compared to osteogenic media 

including β-glycerolphosphate and ascorbic acid, but there was not a significant 

advantage of dexamethasone in osteogenesis for full-dose. Alternative staining using von 

Kossa method showed similar calcification trends in control and experimental groups, 

consistent with Alizarin staining (Fig. 4. 7). Calcium staining was not observed in growth 
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medium in von Kossa staining however, in osteogenic group, von Kossa staining showed 

calcification. 

 

Figure 4. 5. MTT assay of D1 ORL UVA mesenchymal stem cells on 2D glass surface or 

in PPy nanofiber scaffolds after 1, 7, 14 and 21 days of culture. r: randomly 

oriented; a: aligned; GM: growth media; OM: Osteogenic media 

 

 

Figure 4. 6. Alizarin red staining on random NFs, aligned NFs and glass control for 

growth and (50% and 100%) osteogenic conditions after 21 days. Scale bar 

is 200 µm. 
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Figure 4. 7. Von Kossa staining after on random NFs, aligned NFs and glass control for 

growth and (50% and 100%) osteogenic conditions 21 days. Scale bar is 100 

µm. 

Chitosan electrospun nanofibrous scaffolds were also studied for osteoblast-like 

cells 198. While the majority of observed osteoblast-like cells were in spindle morphology, 

the cells were expanded on nanofibrous scaffold relatively better compared to osteoblast-

like cells grown on control chitosan film. PLLA/PCL/hydroxyapatite (HAP) electrospun 

nanofibers was another scaffold tested for the mouse calvaria-derived pre-osteoblastic 

cells (MC3T3-E1). This scaffold exhibited a good attachment and proliferation of 

osteoblasts and differentiation also was facilitated with this scaffold 199, 200. PVA thin 

layer was deposited on electrospun nylon 6 hybrid nanofibers by a hydrothermal process 

were found to be very effective for bone tissue regeneration 201. Gelatin electrospun 

fibrous scaffolds also supported adhesion and proliferation of osteoblasts and osteo-

differentiation of mesenchymal stem cell 202. Cross-linked boron-nitride reinforced 

gelatin electrospun scaffold was examined for human bone cells and showed nontoxic 

and biodegradable behavior 203. It is confirmed that PAN/PPy is a suitable to use as a 

bone tissue engineering scaffold with its mineralization ability. Generally, many 

polymeric materials including natural and synthetic polymers in their fiber form have 
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been developed for bone tissue engineering 204. However, the crucial thing is to find a 

scaffold supporting the adhesion, proliferation and differentiation of mesenchymal stem 

cells for bone tissue engineering. In this study, PAN/PPy nanofibers as a new material for 

osteogenic differentiation of mesenchymal stem cells with their random and aligned 

forms supported osteogenic differentiation of mesenchymal stem cells and indicated good 

viability for osteoblasts. 

Scaffold mechanical properties and cell-cell interaction are two significant 

parameters that regulate osteogenic differentiation of mesenchymal stem cells 205. Our 

results also suggested that mechanical properties of scaffold played a major role in cell 

viability. Cell viability on aligned nanofibers, which indicated higher strength, were 

higher than random nanofibers. 
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CHAPTER 5 

CONCLUSION 

 This research thesis can be divided into three parts: the first part was designed to 

investigate the effect of seven different low intensity vibrational frequency values and the 

duration time of these frequencies on the viability of 3T3-L1 preadipocyte cell line under 

growth conditions and adipogenic induction. The second part was designed as a result of 

first part and since the duration time has no significant effect on viability, this time only 

the frequency effect was studied for the adipogenesis-related characters: lipid droplet 

accumulation quantifications, cellular density changes, adipogenic marker gene 

expressions and triglyceride concentration. The last part of the research focuses on the 

conductive polymer polypyrole as a candidate biomaterial inducing the osteogenic 

differentiation of mesenchymal stem cells. The entire study concerns about the low 

intensity vibrational forces and their actions on cell differentiation.  

In Chapter 2, low intensity vibrations in tested frequencies was shown to be 

ineffective on viability of 3T3-L1 cells under growth conditions as well as the exposure 

duration. However, same frequency signals were able to modulate the cell viability during 

adipogenic differentiation especially 75 Hz signals resulted in the most increase in cell 

viability at day 10.  

As mentioned in Chapter  3, 45 Hz signals was the most effective in reducing the 

area, mean and integrated density of the lipid droplets accumulated by adipogenesis. On 

the other hand, 30 Hz signal was significant for the reduction in the perimeter of the lipid 

droplets. 75 Hz, which was effective on increasing the viability in the previous chapter, 

had the most significant effect on decreasing the triglyceride concentration and also, the 

normalized expression level of PPARg.  

As indicated in Chapter 4, random and aligned oriented synthesized PAN/PPy 

nanofibers were found to be biocompatible for mesechymal stem cell differentiation and 

osteoblast growth. Alignment of nanofibers directed the mineralization pattern of the 

differentiated cells and osteogenesis was induced by the usage of this polymer as a 

scaffold.  

The entire study demonstrated the importance of the choice of the frequency level 

in terms of different aspects. This research showed that it is possible to change the 
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outcomes of the adipogenic differentiation, for example decrease the triglyceride 

concentration, expression level of adipogenic marker genes and/or lipid droplet area 

without changing the viability of the cells.  

For a future projection, these results may contribute to the fine tuning of a 

mechanical stimulus regimen to combat adipogenesis. Regimens and devices tested so far 

in the literature that resulted in increased bone mineralization and density can be 

manipulated to provide not also increased bone structure but also decreased bone marrow 

adipogenesis. On the other hand, PAN/PPy nanofibers may find a suitable application in 

bone tissue engineering such as in the repair of bone defects, periosteum and 

reconstruction.  
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