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Mechanical cell stimulation has only recently been highlighted for its ability 

to direct cell function and fate.  The development of techniques to apply controlled 

mechanical stimulation to cells has allowed researchers to examine the effects of 

forces on cell behavior.  These studies have shown that cells, and in particular, stem 

cells are very sensitive to mechanical stimuli.  While the potential impact of 

mechanical forces has been demonstrated by these studies, there have not been many 

studies that compare the differing effects of stimulation profiles and methods.  Further, 

molecular mechanosensing mechanisms have not been identified.  In this work, we 

compared the effects of cyclic tensile stretch and fluid flow induced shear on 

mesenchymal stem cell (MSC) adipogenesis.  We also implicated extracellular signal-

regulated kinase (ERK) phosphorylation as a molecular mechanism involved in both 

cases. 

To test mechanical control of MSC adipogenesis, C3H10T1/2 murine MSCs 

were exposed to cyclic equibiaxial tensile stretch at 10% strain or 20 dyne/cm
2
 of 

fluid flow induced shear and induced to differentiate.  For this, Flexcell FX-5000 cell 

stretching device and Flexcell Streamer fluid flow devices were used.  Interestingly, 

lipid accumulation, a marker of MSC adipogenesis, was suppressed by both 

mechanical stretch and flow shear.  Also, genetic markers for MSC adipogenic 



  

commitment (PPARγ, aP2, and C/EBPα) were down regulated by cell stretch.  We 

observed as a potential mechanotransduction mechanism that both stimulation 

methods induced significant ERK1/2 phosphorylation in MSCs.  Furthermore, both 

stretch and flow induced mechanical suppression of MSC adipogenesis was 

deteriorated in the presence of PD98059, an established pharmacological ERK 

inhibitor.  Combined, these results indicate that cell stretch and fluid flow suppress 

adipogenic commitment and differentiation of MSCs, potentially via the mechanical 

activation of ERK signaling.  While more comparisons of varying regimens are 

required, our data suggests that both cell stretch and fluid flow have potential to down 

regulate MSC adipogenesis and may share a similar cell mechanotransduction 

mechanism such as ERK.  Further, inhibiting MSC adipogenesis via mechanical cues 

may provide new insights for obesity research.
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Chapter 1 :   Introduction 

 

Obesity is well recognized as a major driver of health care costs in the United 

States due to the wide range of health problems associated with it.  Over 90 million 

Americans can be categorized as obese including 12 million children according to the 

Centers for Disease Control and Prevention (Ogden, et al., 2012).  The treatment of 

obesity related diseases cost 150 billion dollars in 2008 (Finkelstein, et al., 2009).  As 

more of our economy becomes involved in the support and delivery of healthcare, the 

importance of slowing the growth of obesity is of utmost importance. Unfortunately not 

enough is known about the molecular mechanisms that control cellular adipogenesis and 

as a result, obesity.  This study on how to control stem cell adipogenesis may help to fill 

that knowledge gap. 

Literature Review 

On a clinical level, obesity is characterized by a body mass index of greater than 

30 in adults.  As an individual reaches and exceeds that level, the incidence of heart 

disease, diabetes, liver steatosis, and several cancers rises dramatically (Cornier, et al., 

2008; Shoham and Gefen, 2012).  On a population scale, the most effective measures 

have focused on diet and exercise. However the complex interactions of the cellular 

processes that control the risk for and development of obesity are not well understood. 

On a cellular level, obesity is identified by excessive growth and hypertrophy of 

adipocytes through recruitment of new pre-adipocytes and mitotic clonal expansion of 

preadipocytes (Tang, et al., 2003; Yu, et al., 1997).  While we know how to characterize 
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adipogenesis and obesity, not much is known about the underlying cellular and/or 

molecular mechanisms.  As a result, there has been increased interest in the mechanisms 

by which cellular adipogenesis occurs and how to inhibit such processes.  Many studies 

have focused on biochemical (soluble) cues, including bone morphogenetic protein 

(BMP) 4 (Bowers and Lane, 2007) and retinoic acid (Lee, et al., 2011), in regulating 

cellular adipogenesis.  Interestingly, it was demonstrated that BMP4, which was 

originally named based on its ability to induce osteoblastic differentiation and bone 

development, is also strongly involved in the preadipocytic commitment of mesenchymal 

stem cells (MSCs) (Bowers and Lane, 2007).  On the other hand, retinoic acid has an 

inhibitory effect on the BMP4 induction of stem cell commitment toward adipogenesis if 

treated during the BMP4 exposure period, as was reported in our group’s previous study 

(Lee, et al., 2011).  The complex interdependency of these signaling pathways on cellular 

adipogenesis has complicated the isolation of relevant molecular parameters in studying 

obesity.  Recently, as an unconventional approach, a few studies have begun to probe 

non-soluble, e.g., mechanical, control of cellular adipogenesis and therefore obesity 

(Shoham and Gefen, 2012).  This may provide entirely new concepts to deal with obesity 

and related metabolic diseases. 
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Mechanical Control 

 

 Recently there has been increased interest in mechanophysical control of cell 

behavior.  Studies have been devised to probe the effect of substrate topography, cell 

micro-confinement, forced cell alignment, mechanical stretch, fluid flow, and hydrostatic 

pressure on cell behavior.  The mechanophysical signals do not always produce similar 

cell outcomes.  For example, it was demonstrated that cyclic pressure and fluid flow 

differentially affect the actin network of osteoblasts, causing vastly different responses in 

subsequent signaling events (Gardinier, et al., 2009).   

A review article by Bodle, Hanson, and Loboa (2011), presented in figure 1-1, 

well summarized the differing effects of physical stimuli on cell morphology and 

cytoskeletal structure.  They reviewed evidence that fluid flow induced shear deforms the 

apical surface of cells and causes ion channel activity change and cytoskeletal alignment 

(figure 1-1 a).  Tensile strain, which is majorly sensed via integrin focal cell adhesion 

proteins, also induces ion channel activation (figure 1-1 b).  Compressive strain on the 

other hand compacts the cytoskeleton (figure 1-1 c).  The electrical field, while not 

strictly belonging to the mechanical cues, induces the alignment of the cytoskeleton 

perpendicular to the field (figure 1-1 d).  Finally, substrate compliance is shown to limit 

cell spreading and cause integrin mediated changes in cell behavior (figure 1-1 e). 
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These observations suggest that even in the case where different loading 

methods produce similar changes in cell behavior, it may be achieved through different 

mechanisms.  It is also likely that the same loading method may produce versatile effects 

on cell behavior depending on cell sources/lines.  For example, cyclic compression has 

been shown to enhance chondrogenic gene expression in human MSCs (Campbell, et al., 

2006) as well as osteoblastic genes in rat MSCs (Liu, et al., 2009). Also, MLO-Y4 

osteocytic cells and MC3T3-E1 osteoblastic cells responded differently to fluid flow 

stimulations depending on oscillatory and unidirectional flows (Ponik, et al., 2007).  Even 

the same cell line displays differing levels of sensitivity to oscillatory and steady fluid 

flow in some cases (Case, et al., 2011).  Combined, a more systematic investigation of the 

Figure 1-1 Cells respond differently to different mechanical stimuli (Bodle, et al., 2011) 
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effects of mechanical stimulation profiles on various cell types is necessary to isolate the 

optimal regimen for control of cells. 

 

Fluid flow 

 

Fluid flow has been proposed as a potential regulator of cell function for many 

years.  Early efforts focused on biomimetics in an attempt to develop flow bioreactors for 

regenerative medicine purposes and in particular functional vascular tissue (Radisic, et al., 

2007).  With recent advances in engineering tools including finite elemental analysis, one 

can more accurately analyze the minute differences in forces and perform systematic 

studies.  This allows us to control more of the variables and isolate the effect of differing 

levels and profiles of shear. 

It was shown that fluid flow influences many cytosolic cell signaling pathways, 

including the extracellular signal-regulated kinases (ERK) pathway, the cyclo-oxygenase 

(COX) pathway, and the nitric oxide synthase pathway (Kapur, et al., 2003).  These 

results suggest that fluid flow stimuli may have many different effects on cells by 

triggering several independent (or inter-correlated) mechanistic cascades.  They also 

showed that ERK phosphorylation is required for fluid flow regulation of osteoblastic 

DNA synthesis and alkaline phosphatase production.  An interesting side result was the 

discovery that an increase in integrin β1 expression was not required for shear stress 

induced increases in proliferation and differentiation.  Their work with the COX and 

nitric oxide pathways specifically suggest that there may be multiple pathways for the 
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same end cell phenotype to be achieved.  In this case, both ERK-dependent and ERK-

independent pathways were implicated in fluid flow control of osteoblastic differentiation 

(Kapur, et al., 2003).  In another study, it was demonstrated that the nitric oxide pathway 

responds differentially to flow oscillation frequency, suggesting that there may be 

differing morphogenic and phenotypic responses based on the flow profile and regimen 

(Mullender, et al., 2006).   

Regulation of the COX-2 and ERK pathways was also shown to be tightly 

regulated by protein kinase A (PKA).  Fluid flow induction of COX-2 expression is 

independent of prostaglandin, while significant crosstalk between ERK and PKA 

pathways may be occurring under fluid flow (Wadhwa, et al., 2002).  Such a crosstalk 

makes it difficult to isolate the exact pathway that is being stimulated under flow and 

responsible for specific terminal cell behavior. 

In order to design the systematic studies necessary to isolate the different effects 

of flow shear forces, one must have a working knowledge of fluid mechanics.  The shear 

stress produced by fluid flow can be approximated based on the flow profile.  The flow 

profile, in large part, depends on whether it is laminar or turbulent.  This is determined by 

the Reynolds number (Re) defined by �� � �
��

�
, where ρ is the fluid density, V is the 

fluid velocity, h is the channel height, and µ is the dynamic viscosity of the fluid.  The 

Flexcell streamer system, used in this study for the fluid flow stimulation of cells, has a 

flow channel height of 0.05 cm.  The flow media (serum starved cell culture media, 0.5% 

serum) has an approximate viscosity of 7.8x10
-3

 dyne⋅s/cm
2
 and density of 1 g/cm

3
. 
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Based on the transition from laminar to turbulent flow occurring at a Reynolds number of 

2300 we can approximate the transition velocity at 359 cm/s or about 2.6 L/min for our 

Streamer device.  Since the current study targeting 20 dyne/cm
2
 of shear stress uses 0.73 

L/min of volume flow rate (which is far below that transition limit), it may be assumed 

that the flow is laminar.   Finite elemental analysis can be used to verify that cell 

confluence and height do not significantly affect the flow pattern (Salvi, et al., 2010), but 

was not performed in this study. 

Once we have established that the flow is laminar, balancing Newton’s second 

law gives us the velocity profile of �	
� �
�


��
	
�

�
�

��

��
� where y is the distance from the 

channel bottom, Q is the volume flow rate, w is the channel width, and h is the total 

channel depth. The shear stress at the wall can be determined to be �	
 � 0� � �
��

��
	
 �

0� � �
�


���
.  This allows us to accurately control the shear stress to which cells seeded at 

the wall of the chamber are exposed to by controlling the volume flow rate. 

 

Stretch 

 

Another physiologically relevant mechanical cue is tensile stretch.  Studies have 

demonstrated the potential of mechanical cell stretch to promote stem cell differentiation 

toward the osteoblastic fate.  For example, bone marrow MSCs showed increased 

alkaline phosphatase activity and core binding factor α1 (Cbfa1) mRNA expression, both 

of which are typical osteogenic markers, when exposed to cell stretching below 5% 
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strains (Koike, et al., 2005). Also, mechanical stretching at 2-10% strains induced 

increased expression in several transcription factors and genes (Runx2, FosB, Ets-1) that 

play a crucial role in the differentiation of MSCs to osteoblasts (Haasper, et al., 2008; Qi, 

et al., 2008)The increase of Cbfa1 in human MSCs under stretching resulted in increased 

alkaline phosphatase activity and bone-like mineralization (Huang, et al., 2009). More 

physiologically, MSCs stretched within 3D collagen scaffold displayed increased 

osteoblastic differentiation under 10% strains (Sumanasinghe, et al., 2008).  Also, the 

induction of MSCs toward skeletal muscle phenotype and ligament and tendon via 

mechanical stretch has been attempted in functional tissue engineering (Benhardt and 

Cosgriff-Hernandez, 2009; Nieponice, et al., 2006)  Together, it is now recognized that 

mechanical stretch has the potential to induce MSC differentiation toward a 

musculoskeletal fate such as osteogenesis and skeletal myogenesis, however the 

regulatory mechanosensing mechanisms have yet to be revealed. 

Stretch has been also shown to regulate the proliferation of MSCs and may be 

able to induce commitment to a smooth muscle lineage without the addition of growth 

factors (Ghazanfari, et al., 2009).  It was also shown that stretch prevents the cross-

differentiation of C2C12 myoblasts into adipocytes (Akimoto, et al., 2005).  This was 

shown to be at least partially dependent on the activation of the Wnt signaling pathway.  

More relevant to this study, it was shown that mechanical cell stretching may 

inhibit the adipogenesis of preadipocyte cells (Tanabe, et al., 2004). Note that they used 

3T3-L1 preadipocytes but and did not test MSC adipogenesis.  It was also shown that cell 

stretch could downregulate the expression of peroxisome proliferator-activated receptor γ 
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(PPARγ) in bone stromal cells (David, et al., 2007), thus decreasing their adipogenesis. 

Note that PPARγ is one of the key adipogenic transcription factors.  This regulatory 

power was involved in the control of switching of mesenchymal stem cell fate from 

adipogenesis to osteogenesis.  They further showed that stretching could overcome the 

effect of Rosiglitazone, a PPARγ agonist that increases adipogenesis, and thus induced 

their osteogenesis.  In the presence of GW9662, a PPARγ antagonist, the stretch effect 

was attenuated.  These observations demonstrated a potential interplay of mechanical and 

biochemical signals in stem cell fate decision. 

In regard to the effects of stretch regimens, just as in the case of fluid flow, not 

all stretch is created equal.  For example, a study comparing equiaxial stretch with 

uniaxial stretch found that while the genes for α-actin and SM-22α were upregulated by 

uniaxial stretch, they were downregulated by equiaxial stimulation (Park, et al., 2004).  

Other potential parameters to consider are the strain magnitude, the frequency and length 

of the stretching periods, insertion of resting period or not, and the stage of the cells life 

cycle stimulation occurs at. 

 

BMP4 

 

BMPs are members of the transforming growth factor β superfamily that were 

initially identified for their ability to induce ectopic bone formation (Urist, 1965).  It has 

also been demonstrated that BMPs are implicated as important regulators of many other 

developmental processes including those of the heart, nervous system, cartilage, liver, 
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and kidney (Bandyopadhyay, et al., 2013; Hogan, 1996)  BMP-2, -4, and -7 are well 

known for their importance to the development of osteoblasts and bone formation and 

have recently been the subject of investigation as to their role in cell 

mechanotransduction pathways (Yang, et al., 2010). 

Recently, as noted above, BMP4 has also been established as an important 

regulator of mesenchymal stem cell commitment to a preadipocyte lineage (Bowers and 

Lane, 2007).  When proliferating C3H10T1/2 cells are treated with BMP4, they show 

preadipocyte commitment and can be further treated with adipogenic hormonal inducers 

to acquire a terminal adipocyte phenotype.  Recent studies have also suggested that 

BMP4 may play a role in directing MSCs to white adipose tissue at the expense of brown 

adipogenesis (Modica and Wolfrum, 2013).  As an advanced adipogenesis cell model for 

obesity study, this study focused on the MSC adipogenesis model, with or without BMP4, 

instead of using a conventional preadipocytic 3T3-L1 cell line.   As noted above, we have 

shown that retinoic acid could inhibit BMP4 induced MSC adipogenesis and this may be 

accomplished through the downregulation of BMP4-Smad/P38MAPK signaling (Lee, et 

al., 2011). 

 

ERK Phosphorylation 

 

ERK phosphorylation has been widely viewed as a potential signaling pathway 

for many mechanotransduction studies.  It has been shown that ERK is phosphorylated in 

response to fluid flow (Young, et al., 2009), cyclic stretch (Tanabe, et al., 2004), pulsatile 
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hydrostatic pressure (Kim, et al., 2007), and simply the topography of the substrate 

(Hamilton and Brunette, 2007).  The upstream and downstream effectors of ERK 

pathways are not fully known.  Some of the known interactions in the ERK1/2 pathway 

are shown in figure 1-2 as well as other pathway known to be involved in 

mechanotransduction including the Rho/ROCK and β-Catenin pathways.  Specifically, 

biophysical cues are detected by membrane bound proteins including integrin.  This 

Figure 1-2 Transduction pathways of mechanical signals. (Sun, et al., 2012)  

 



12 

 

  

signal is then conveyed along the pathway through the Rous sarcoma oncogene cellular 

homolog (Src) and focal adhesion kinase (FAK) families and into the Ras-Raf-MEK-

ERK phosphorylation cascade.  Regardless of the specific steps in the pathway, it is 

known is that ERK phosphorylation may play a pivotal role in the regulation of many cell 

functions including cell proliferation and differentiation.  

It is relatively well established that mechanically induced ERK activation may 

increase cell number through proliferation (Riddle, et al., 2008).  Control of cell 

differentiation by mechanically induced ERK activation includes stem cell commitment 

to chondrogenesis or osteogenesis under cyclic compression (Palaez, et al., 2012), control 

of early osteogenesis by hydrostatic pressure (Liu, et al., 2009), and stretch inhibition of 

adipogenesis (Lee, et al., 2012). 
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Research Objectives 

 

The objectives of this study were multiple.  The first objective was to test the 

effect of different mechanical stimulation methods on MSC adipogenesis.  This was done 

by conducting experiments that applied cell stretch and fluid flow during early MSC 

differentiation and assessed MSC adipogenic differentiation by various means eight to ten 

days later.  Secondly, we sought to determine the cellular mechanosensing mechanism 

responsible.  Particularly, we suspected ERK1/2 phosphorylation is at least partially 

responsible for the adipogenesis inhibitory effects of mechanical stimulation.  To confirm 

this, a pharmacological inhibitor was used to inhibit ERK activity and the proposed 

mechanical cell stimulation experiments were repeated.  Finally, this research aimed to 

compare the effect of stretch and shear forces in controlling MSC adipogenesis in the 

context of dealing with obesity. 

 

Organization of Thesis 

 

Chapter one focuses on the background knowledge required to understand the 

experimental parameters and theses.  Chapter two is about the design and results of the 

stretch experiment.  Chapter three contains the design and results of the fluid flow 

experiment. Chapter four is a discussion of the findings.  Chapter five presents our 

conclusions and probes the implications of this study. 
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Chapter 2 :  Stretch 

 

Experimental Design 

The stretch portion of this experiment follows a design describe below.  First we 

test whether stretch decreases MSC adipogenic commitment induced by BMP4 via 

assessing Oil Red O lipid staining and gene expression.  Next we examine if stretch 

increases ERK phosphorylation and compare with BMP4 treatment alone case.  Finally 

we test the effect of blocking ERK activation by PD98059 on the stretch induced MSC 

adipogenesis inhibition. 

 A general overview of the experiment can be seen in figure 2-1.  Four days prior 

to adipogenic induction, cells were seeded on collagen coated silicon membranes.  The 

cells were then subjected to stretch while being treated with BMP4.  After four days of 

BMP4 and stretch treatment, cells were exposed to adipogenic induction media for 48 

hours.  Finally the cells were incubated in adipogenic maintenance media for an 

additional six days (see media additives in cell culture section).  Lipid accumulation was 

then assessed using Oil Red O staining and isopropanol extraction.   

Figure 2-1 Experimental overview: Stretch 
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Mechanical Stimulation 

 

Cells were subjected to stretch during the BMP4 pretreatment period to examine 

the mechanical control of BMP4 induction. The FX-5000 tension system (Flexcell) was 

used to stretch the collagen coated silicon membrane on which cells are cultured. A 

computer-controlled system of valves allowed for precise control of vacuum pressure on 

the membrane to achieve required membrane deformation (and thus required strain).   

The pressure causes the elastic membrane to be pulled down against a silicone 

lubricant smeared loading post and generate precise membrane deformations as in figure 

2-2.  Appropriate selection of elastic membrane and the loading post enabled equiaxial 

tensile stretching of the cells at a predetermined strain and stretch frequency.  We applied 

cyclic equiaxial elongation (10% strain at 0.25 Hz) for 120 min/day for the 4 days of the 

BMP4 pretreatment period.  Using multiple six well plates at the same time allowed the 

Figure 2-2 Stretch mechanism 
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simultaneous stimulation of enough samples and groups to achieve significant results.  

The complete setup with a six well plate on the circular loading posts (for equiaxial 

motion) seated in a rubber gasket can be seen in figure 2-3.  The plates and suction 

mechanism were placed inside an incubator at 37
o
 C and 5% CO2.  This allowed us to 

perform cell stretching tests at normal cell culture conditions.  

 

Cell Culture 

 

C3H10T1/2 MSCs were maintained in Dulbecco's Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin.  For tests, cells were seeded on collagen-coated silicone membranes 

(Bioflex 6-well plate, Flexcell) and cultured to confluence which took four days (figure 

2-1).  Once confluent, cells were induced to differentiate using adipogenic differentiation 

media consisting of maintenance media supplemented with 10 µg/ml insulin, 1 µM 

dexamethasone, and 0.5 µM methylisobutylxanthine for two days before being changed 

to adipogenic maintenance media (10 µg/ml insulin only).  The cells were kept for an 

Figure 2-3 Six well plate with silicone membrane and posts 
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additional 6 days, changing the maintenance media every two days.  The groups 

containing BMP4 were cultured in much of the same manner however, the media was 

supplemented with 50 ng/ml recombinant BMP4 (R&D Systems) during the 4 days of 

proliferation prior to adipogenic induction.  

 

Data Collection 

 

Lipid accumulation was assessed using Oil Red O staining and isopropanol 

extraction. The standard protocol as was published from the lab (Lee, et al., 2011) was 

used.  First, cells were fixed by immersion in 10% formalin for 60 minutes.  Following 

washing in distilled water and rinsing with 60% isopropanol, fixed cells were stained 

with 0.5% Oil red O solution by immersion for 10 minutes.  Following several washes 

with distilled water, the samples were photographed while submerged.  Finally, the lipid 

was extracted using isopropanol and the optical absorbance at 570 nm was measured 

using a spectrophotometer (BioTek) to quantify the amount of lipid synthesis. 

 To assess the phosphorylation of ERK1/2 protein, western immunoblotting was 

used as in our published protocol (Lee, et al., 2011).  Briefly, immediately after 

BMP4/stretch stimulation, cells were scraped off into chilled centrifuge tubes.  Protein 

was then harvested by lysing them with buffer solution consisting of distilled water 

supplemented with 0.1 % v/v Triton X-100, 1% v/v Tris-EDTA, 1% v/v protease 

inhibitors (Calbiochem), and 0.2 µM Na3VO4.  Protein was then quantified by dying and 

measuring the absorbance at 595 nm.  Defined amounts of protein were fractionated by 
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electrophoresis in a polyacrylamide gel and transferred to a polyvinylidene diflouride 

film.  Following blocking with 5% skim milk in TBS-T (1-mM Tris, 150 mM NaCl, 

0.05% Tween 20), the blots were exposed to primary antibodies for ERK1/2 and 

phosphorylated ERK1/2 (Santa Cruz) diluted in 5% skim milk in TBS-T overnight.  The 

blots were then washed and treated with a secondary antibody conjugated to horseradish 

peroxidase.  The bands were visualized using electro-chemiluminescence (ECL).  The 

band intensity of phosphorylated ERK1/2 was quantified using imageJ and normalized to 

that of total ERK1/2 protein.  GAPDH was also used as a loading control. 

To evaluate adipogenic gene expression, after 24 hours of induction, total RNA 

was extracted and quantitative RT-PCR was performed.  Expressions of PPARγ, 

CCAAT/enhancer binding protein alpha (C/EBPα), and adipocyte protein 2 (aP2) were 

measured as previously described (Lee, et al., 2008).  GAPDH was used as a loading 

control.  Trizol (Invitrogen) was used to lyse the cells, and the RNA was extracted by first 

treating with chloroform to precipitate and separate out the non-genetic material and 

DNA followed by isopropanol to generate an RNA pellet.  The RNA was then dissolved 

in diethylpyrocarbonate (DEPC) treated water.  One microgram of RNA was converted to 

cDNA using an RT premix kit (Bioneer) according to the manufacturer’s directions.  

cDNA was then amplified by polymerase chain reaction, separated by electrophoresis and 

visualized using ethidium bromide. 
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Analysis of Data 

 

Data was analyzed using InSTAT 3 statistic software.  Statistical significance was 

established using one way analysis of variance (ANOVA) followed by post-hoc tests. 
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Results 

 

On day 1 (figure 2-1), commitment of MSCs to pre-adipocytes was assessed using 

RT-PCR.  As can be seen in figure 2-4, BMP4 significantly increased the commitment of 

C3H10T1/2 MSCs to the adipocyte lineage as seen by an increase in key adipogenic 

transcription factor expression, i.e., PPARγ, C/EBPα and aP2.    

Interestingly, such BMP4 induced increase in adipogenic gene was almost entirely 

blocked by stretch stimulation during the BMP4 treatment period.  All differences 

between BMP4 treatment group and BMP4 plus stretch treated group were significant.  

Lipid staining, which is a marker of terminal adipogenesis, showed the same trends on 

day 8 (figure 2-5).  BMP4 treated cells show dramatically higher lipid accumulation than 

either untreated control cells or cells treated with BMP4 and subjected to four days of 

stretching.  Stretch did not entirely block the deposition of lipid however.  

Figure 2-4 BMP4 induced adipogenic mRNA expression was significantly decreased by cell 

stretching. Quantitative RT-PCR data normalized to the control samples. Comparison with the 

control (*, **) and with BMP4 (#, ##) shown at p < 0.05 (*, #) and p < 0.01 (**, ##) 
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ERK activation may be a potential regulatory step in the commitment of 

mesenchymal stem cells.  To implicate this pathway in C3H10T1/2 cells, ERK 

phosphorylation was measured at various time points using western blot.  In the case of 

Figure 2-6 ERK1/2 phosphorylation (p-) was quantified, normalized with 

total protein, and presented relative to untreated control (Un, empty 

square). ERK1/2 phosphorylation was significantly greater for BMP4 plus 

stretch at 15 and 30 min relative to BMP4 treatment 

Figure 2-5 BMP4 increased lipid accumulation, which effect was significantly reduced by cell stretch-

ing (oil red O staining). 
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BMP4 treatment alone, ERK was not phosphorylated during the first hour (figure 2-6).  

When stretched, cells showed significant ERK1/2 phosphorylation which increased 

steadily over the first 30 minutes of stretch.  At 15 and 30 minutes the stretch groups 

differed significantly from those treated with BMP4 alone.  This can be seen in figure 2-6.  

This effect then decays over the next 30 minutes to that the increase is no longer 

significant one hour post stretch 

To further test whether stretch induced ERK phosphorylation plays a mediatory 

role in stretch inhibition of MSC adipogenesis, the stretch assays were repeated with 

ERK inhibition.  This was accomplished by pretreating cells 20 minutes prior to stretch 

with 20 µM PD98059, a known pharmacological blocker of ERK.  As seen in figure 2-7, 

stretch suppression of BMP4 induced lipid accumulation was significantly deteriorated in 

the presence of ERK inhibition by PD98059 (PD).  This suggests that stretch inhibition of 

MSC adipogenesis under BMP4 would be achieved through the stretch regulated ERK 

signaling.  Adipogenic gene expressions shown in figure 2-8 display the same trend, i.e., 

disruption of stretch inhibition effects in the presence of ERK inhibition. Combined, 

these suggest that ERK may be involved in stretch regulation of BMP4-mediated 

Figure 2-7 Cell stretching under ERK inhibition by PD98059 showed less significant decrease in 

lipid accumulation. Oil red O stained images and lipid quantification by spectrophotometer. 

Comparison with BMP4 (#, ##) and BMP4 plus stretch (ψ, ψψ) at p < 0.05 (#, ψ) and p < 0.01 (##). 
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adipogenic commitment and differentiation. 

 

Figure 2-8 Stretch-induced decrease in adipogenic gene expression was less significant if stretch was 

applied under an ERK inhibitor, PD98059 (PD). Quantitative RT-PCR data shown with BMP4 

sample as one. Comparison with BMP4 (#, ##) and BMP4 plus stretch (ψ, ψψ) shown at p < 0.05 (#, 

ψ) and p < 0.01 (##, ψψ). 
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Chapter 3 :  Fluid Flow 

Experimental Design 

 

 As described in chapter one, fluid flow offers a great unknown of cellular 

mechanotransduction.  In order to shed some light on fluid flow control of stem cell 

adipogenesis, this study first tests whether fluid flow stimulation can inhibit MSC 

adipogenesis.  Next, we test if potential inhibitory effect by fluid flow is mediated by 

PPARγ by repeating the flow experiment in the presence of Rosiglitazone, a PPARγ 

agonist, and GW9662, a PPARγ antagonist.  Finally, we test fluid flow triggering of 

ERK1/2 phosphorylation, and repeat the flow experiment in the presence of ERK 

inhibitor to reveal the role of ERK in directing fluid flow control of MSC adipogenesis. 

The basic design of the experiment can be seen in figure 3-1 and is as follows: 

three days prior to fluid flow stimulation, cells were seeded on untreated, UV sterilized 

glass slides. Following 24 hours of culture, cells were transferred to media containing the 

appropriate soluble biochemical factors.  After 48 hours, cells were stimulated by fluid 

flow using serum starved (0.5% serum) flow media.  After the flow period, cells were 

exposed to adipogenic induction media for 48 hours, and then to adipogenic maintenance 

Figure 3-1 Experimental overview: Fluid Flow 



25 

 

  

media for additional 8 days.  Media was refreshed every 2 days during the differentiation 

period.  Note that BMP4 was not used in fluid flow assays due to cost consideration. 

 

Mechanical Stimulation 

 

 Experimental groups were subjected to flow shear on day 0 using the Flexcell 

Streamer system (Flexcell International).  The schematic is shown in figure 3-2. We 

applied to the cells 20 dyne/cm
2
 of fluid shear oscillating at 0.5 Hz for 60 minutes.  This 

system uses a peristaltic pump to drive culture media across the cells at a constant 

volumetric flow rate.  Upstream to the flow chamber are a series of bubble traps and the 

OsciFlow device (Flexcell International).  The bubble traps dramatically decrease 

delamination and prevent the destruction of the samples due to unstable flow.  The 

OsciFlow device will be explained in the next paragraph.  Assuming laminar flow allows 

us to calculate the shear stress on the walls of the chamber with reasonable accuracy.  As 

described in the introduction, we can then use the following formula for shear stress (τ) at 

20 Dyne/cm
2
, 0.5 Hz, 60 minutes 

Figure 3-2 Fluid Flow mechanism 
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the wall resulting from steady flow between infinitely wide parallel plates: � � �
�


���
 

where µ is the fluid viscosity, Q is the volumetric flow rate, w is the width of the chamber, 

and h is the distance between the two plates.  The volume flow rate and oscillation 

frequency were dynamically controlled by software provided by Flexcell International.   

Oscillatory flows were generated by the OsciFlow device (a system of four 

valves as show in figure 3-3 B).  The top right and bottom left valves open to allow flow 

one direction before closing and the other two valves open to send flow in the opposite 

direction.  This allows the pump to continue to run in the same direction.  Another 

advantage of the Flexcell streamer is its size.  This can be seen in figure 3-3 A.  It 

contains six slots for cell culture slides, allowing us to run a sufficient number of samples 

in a reasonable time period.  This was especially helpful given the potential for issues 

with delamination and contamination.  Note, to reduce the risk of contamination of  the 

samples, all parts that come in direct contact with fluid or cells were autoclaved and the 

exterior parts sterilized using UV light 

A                                                 B 

Figure 3-3 FlexCell Streamer and OsciFlow 



27 

 

  

 

Cell Culture 

 

 The same MSCs used for stretch tests, C3H10T1/2 MSCs, were used for flow 

assays.  Cells were maintained in DMEM with 10% FBS and 1% penicillin-streptomycin 

at 37
o
 C and 5% CO2.  For tests, cells were seeded on UV sterilized glass slides (75×25 

mm).  Sixty minutes later, the cells were observed to be attached and the slides were 

flooded with maintenance media within tissue culture dishes.  A total of eight test groups 

consisting of a minimum of five samples per each condition were created.  These test 

groups consisted of no treatment, Rosiglitazone, GW9662, and PD98059 treatments; all 

with and without fluid flow. 

 Twenty-four hours after seeding, the media was changed to fresh media 

supplemented with the appropriate biochemical factors; 0.5 µM Rosiglitazone, 1 µM 

GW9662, or untreated (PD98059 is explained later).  The groups were then incubated for 

an additional 48 hours.  Cells were stimulated using flow media (DMEM with 1% 

penicillin-streptomycin and 0.5% fetal bovine serum).  After fluid flow, cells were 

immediately transferred into adipogenic induction media (10 µg/ml insulin, 0.5 mM 

IBMX, and 1 µM dexamethasone; the same as the stretch tests).  Following two days of 

induction, the media was changed to adipogenic maintenance media (10 µg/ml insulin) 

and kept for additional eight days. 

 For ERK activation analysis, C3H10T1/2 MSCs were cultured as described 

above.  Seventy-two hours after seeding, the cells were subjected to fluid flow in serum 
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starvation media and immediately transferred to ice and harvested for assessment of ERK 

phosphorylation.  This was done using the same protocols as in chapter two.  To test the 

role of ERK in affecting fluid flow control of MSC adipogenesis, cells were seeded and 

cultured the same but with an one hour treatment with 20 µM PD98059 before flow 

stimulation.  The remainder of the experiment proceeded in the same manner. 

 

Data Collection 

 

To assess adipogenic differentiation, Oil Red O staining was used.  As carried out 

in chapter two for stretched cells, Oil red O stained cells were imaged and the amount of 

synthesized lipids were quantified by a spectrophotometer.  All the lipid staining data 

points were normalized to untreated static control.  

ERK1/2 phosphorylation was measured using western blot analysis.  Right after 

the fluid flow, protein samples were obtained and immunoblotting was performed using 

the same methods as described in chapter 2.  To test the time dependent evolution of 

ERK1/2 activation as a function of flow stimulation, fluid flow was applied for 10, 20, 30, 

and 60 minutes and ERK1/2 phosphorylation was measured.  The phosphorylation of 

ERK was quantified by dividing the immunoblot band intensity of the phosphorylated 

ERK1/2 by that of the total ERK1/2, as in chapter 2.   
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Analysis of Data 

Data was analyzed using InSTAT 3 statistic software.  Statistical significance was 

established using ANOVA followed by post-hoc tests. 
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Results 

Ten days after flow stimulation and subsequent adipogenic induction, lipid 

accumulation was assessed using Oil Red O staining and quantified.  From figure 3-4 A 

and B, we can see intuitively that fluid flow suppressed lipid accumulation relative to 

unflowed control.  This is evident in figure 3-4 C which shows the quantification of lipid 

accumulation following extraction by isopropanol.  Analysis of the data shows that the 

differences between the control and fluid flow groups are significant with p < 0.05. 

Figure 3-4 Fluid Flow reduces lipid deposition. Oil Red O staining of A) Untreated 

control and B) Fluid flow groups 10 days post stimulation. C) Quantification of lipid 

accumulation. Comparison with untreated control at p < 0.05 (**) 
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To investigate that fluid flow control of lipid accumulation is dependent on 

A                                                               B 

C                                                               D 

E 

Figure 3-5 Addition of Rosiglitazone and GW9662 modulates fluid flow effect. Oil Red O staining 

of A,C) Static Control and B,D) Fluid flow groups 10 days post stimulation when treated with 

Rosiglitazone (A,B) or GW9662 (C,D). E) Quantification of lipid accumulation. Comparison with 

untreated control at p < 0.05 (**) and Rosiglitazone Static Control at p < 0.01 (##) 
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PPARγ, the experiment was repeated in the presence of Rosiglitazone and GW9662.  As 

expected, the overall level of lipid accumulation was increased by Rosiglitazone and 

decreased by GW9662 treatment.  Even in the presence of Rosiglitazone (PPARγ agonist 

and thus increasing adipogenesis), the fluid flow stimulation still appeared to work as a 

suppressor of MSC adipogenesis.  However, the decrease by flow did not reach statistical 

significance.  GW9662 (PPARγ antagonist and thus decreasing adipogenesis) induced 

overall reduction in MSC adipogenesis, and thus flow induced adipogenesis inhibitory 

effect could hardly be seen.   

The time series of ERK phosphorylation as a function of fluid flow is shown in 

figure 3-6.  It is clearly demonstrated that fluid flow stimulation of MSCs induces distinct 

activation of ERK cascade.  The phosphorylation shows a peak at 20 minutes of flow 

followed by a gradual decrease.  This result is comparable to that of the ERK activation 

by cell stretch, which showed a maximum phosphorylation after 30 min of stretch (figure 

2-6).  While more systematic studies at varying stretch and fluid flow regimens are 

required, these data indicate that ERK is activated in MSCs by either cell stretch or fluid 

flow stimulations.  Fine tuning of the stretch and flow regimens may reveal optimal 

mechanical stimulation conditions to maximize ERK1/2 phosphorylation, thus enabling 

the triggering of downstream pathways in a most influential manner. 
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The potential role of ERK in controlling the fluid flow inhibition of MSC 

adipogenesis is shown in figure 3-7.  If ERK phosphorylation is inhibited by PD98059, 

MSC adipogenesis is not inhibited by fluid flow.  As a result, the flow inhibition of MSC 

adipogenesis (**: between the first two bars) was not active in the presence of PD98059 

(not significant between the third and fourth bars).  Note that fluid flowed samples in the 

absence of PD98059 displayed significantly lower lipid synthesis compared with all three 

other conditions.  All taken together, it may be concluded that fluid flow has a potential to 

Figure 3-6 Western Blot of ERK 1/2 Phosphorylation after 0, 10, 20, 30 and 60 

minutes of Fluid Flow 
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suppress MSC adipogenesis and this may be mediated by fluid flow induced activation of 

ERK signaling pathway.  

 

Figure 3-7 Fluid Flow attenuation of MSC Adipogenesis is dependent on ERK phosphorylation. 

Oil Red O staining of A) PD98059 treated static control and B) PD98059 treated fluid flow groups 

10 days post stimulation. C) Quantification of lipid accumulation. Comparison with untreated 

control at p < 0.05 (**) and untreated fluid flow at p < 0.001 (##) 
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Chapter 4 :  Discussion 

 

We demonstrated that by subjecting mesenchymal stem cells to mechanical 

stimulation during pivotal points in early adipogenic differentiation, the effect of 

biochemical cues can be modulated.  In the first section of this study we showed that cell 

stretching inhibits BMP4 induced MSC adipocytic commitment.  This was shown by 

applying mechanical cell stretch during the BMP4 treatment period.  We also confirmed 

that this is due in some part to stretch activated ERK phosphorylation.  The second part of 

the study demonstrated that oscillatory fluid flow stimulates a similar MSC adipogenesis 

inhibitory effect.  We showed that fluid flow is able to suppress adipogenic differentiation 

in a PPARγ dependent manner.  Such control by fluid flow is also mediated by ERK 

phosphorylation.  In combination, the data strongly suggests that the underlying 

mechanism of mechanical control of MSC adipogenesis, and in particular, commitment, 

is related to ERK. 

We are the one of the first to demonstrate that cell stretch can exert control of 

MSC adipogenic commitment prior to induction.  This is different than that previously 

reported by other researchers, which showed that cell stretch during the induction stage 

could decrease adipogenesis (David, et al., 2007; Tanabe, et al., 2004).  It was also 

recently reported that uniaxial stretch provided during the late stages of adipogenic 

induction can reduce adipogenesis (Yang, et al., 2012).  We demonstrated that by 

providing mechanical stimulation during the BMP4 mediated MSC commitment stage we 

could suppress subsequent MSC adipogenesis induced by a hormone cocktail.  All 

combined results indicate that cell stretch is an effective modulator of mesenchymal stem 
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cell adipogenesis at many if not all stages. 

It appears that the inhibitory effect is also dependent on the dynamic nature of 

cyclic stretch.  Levy et al. recently reported that sustained (non-cyclic) stretch had 

actually the effect of accentuating the adipogenesis (Levy, et al., 2012).  These seemingly 

conflicting results demonstrate the complexity of cell-mechanics interactions and confirm 

the need for systematic study of cell response to various mechanical stimulation modes 

and regimens.  Studies are also needed to not only compare the effects of fluid flow and 

stretch as we have done, but also pressure, vibration, and even static physical cue from 

substrate topography.  There also need to be systematic studies of the effect of 

force/stress magnitude, frequency of loading, axis of loading, the timing of stimulation 

with regards to both the cell cycle and the stage of differentiation, and rest period 

between the stimulation. 

In the second section of this study we showed that fluid flow exhibits similar 

inhibitory control of C3H10T1/2 MSC adipogenic differentiation.  We showed via lipid 

accumulation analysis that fluid flow significantly reduced adipogenesis.  Next we 

demonstrated that this was PPARγ dependent by applying Rosiglitazone or GW9662 

prior to fluid flow treatment, and observed similar trends when PPARγ was agonized 

though not significant.  On the contrary, when PPARγ was suppressed by GW9662 we 

could find very little difference in adipogenic commitment. 

While we are unable to make direct comparisons between the regulation of 

C3H10T1/2 MSC adipogenesis by stretch and fluid flow, we can make some broad 

comparisons.  One is that both cell stretch and fluid flow mechanisms are dependent on 

ERK1/2 phosphorylation.  This result may be interesting given the observations of 
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Gardinier et al. and Maul et al. who found that different mechanical stimulations generate 

drastically different downstream signal cascades (Gardinier, et al., 2009; Maul, et al., 

2011).  On the other hand, our data generally agree with results previously published that 

demonstrate the ERK1/2 is phosphorylated in response to many mechanical cues 

including fluid flow and mechanical stretch (Tanabe, et al., 2004; Young, et al., 2009). 

Note again that we did not use BMP4 in the fluid flow assays as the current fluid 

flow set up requires too great an amount of BMP4.  Even without BMP4, adipogenesis 

did occur as measured by lipid accumulation, which was suppressed by fluid flow.  With 

BMP4, adipogenesis was rapid and definite, e.g., the cells were obviously accumulating 

lipids as shown in figure 2-5 and the RT-PCR measurements of key adipogenic genes 

displayed distinct expression levels.  Future studies will be completed to assess all of the 

adipogenic markers for the case of fluid flow experiments.  Further, subsequent studies 

could probe fluid flow control of BMP4 induced MSC adipogenesis or stretch control of 

non-BMP4 mediated adipogenesis.    

ERK displayed a similar response to both stretch and fluid flow.  This may partly 

be due to flow shear forces generated by the deformation of the membrane during cell 

stretch.  It was shown that in normal operation the Flexcell cell stretch system generates 

shear forces of 0.1-3.5 Pa on cells (Thompson, et al., 2011).  This suggests a need for new 

experimental methods and protocols to more accurately isolate the stretch and fluid flow 

parameters.  On the other hand, an apparatus that can synergistically combine stretch and 

fluid flow for inducing enhanced ERK phosphorylation may improve the inhibition of 

adipogenesis in MSCs.   

In both stretch and flow studies, the addition of PD98059, an ERK inhibitor, 
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suppressed the ability of mechanical stimulation to inhibit MSC adipogenesis.  This lends 

credibility to the theory that ERK plays a pivotal role in mechanical control of adipogenic 

commitment.  This result agrees with the observations of Farmer that PPARγ regulation is 

dependent on ERK/MEK signaling and cAMP-dependent signaling along with 

CCAAT/enhancer binding proteins, though this study did not utilize mechanical cell 

stimulations (Farmer, 2005). 
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Chapter 5 :  Conclusion 

 

In conclusion, we showed that mechanical stimulation plays a pivotal role in the 

commitment and differentiation of mesenchymal stem cells.  Specifically, both stretch 

and fluid flow stimulations showed a strong potential to decrease MSC adipogenesis.  

This was demonstrated by (1) cell stretch inhibition of BMP4 modulated upregulation of 

adipogenic genes and lipid synthesis and (2) fluid flow suppression of PPARγ dependent 

lipid synthesis, both for C3H10T1/2 MSCs.  Importantly, our data demonstrated that 

ERK1/2 phosphorylation may be significantly involved in both cases, as demonstrated by 

the observations that under ERK inhibitor mechanical inhibition of MSC adipogenesis 

was disrupted for both stretch and fluid flow stimulations.  

Future research could probe more systematically the mechanical stimulation 

regimens, for both stretch and fluid flow.  Also, fluid flow inhibition of BMP4 induced 

adipogenic commitment may also be tested.  One may also attempt to isolate the effect of 

membrane and cell deformation from the shear force provided by the media under cell 

stretch.  

We have demonstrated the complex nature of MSC adipogenic commitment, 

which is dependent on both soluble and mechanical environments, and proposed a 

potential regulatory mechanism, e.g., ERK, to inhibit MSC adipogenesis and thus to 

target in the ongoing fight against obesity and obesity related diseases.  
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