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Abstract 
 

There is currently a lack of knowledge about the metabolic processes during adipogenic 
differentiation of mesenchymal stem cells. The process itself is extremely complex and 
sensitive to change. Expanding the knowledge of adipogenesis is of great value for the 
development of treatments for metabolic disease and regenerative medicine. Examining 
the changes in glucose uptake and lactate excretion by the MSCs, from four donors, 
during 21 day adipogenesis culture can indicate timepoints of interest in the process. 
Samples were taken from the MSC cell growth medium during expansion and 
adipogenesis. The samples were measured for Glucose, lactate, glutamine, glutamate 
and ammonia. The measured values, for day seven of adipogenesis, were then applied 
as constraints to the iMSC1255 metabolic model to generate a preliminary model for 
adipogenesis. Existing measurements from an osteogenesis process, for the same 
metabolites, were then used to constrain the iMSC1255 model. The flux values through 
each reaction in the adipogenesis and osteogenesis models were compared. The 
comparison was drawn using a Kolmogorov-Smirnov test to find statistically relevant 
differences. The reactions of most interest were reactions that requires specific enzyme 
activity to take place. 

Two reactions showed the greatest difference between the adipogenesis and 
osteogenesis models. 

The ACAT1 reaction showed for more activity in the adipogenesis model while 
the G6PDH1 reaction showed much greater activity in osteogenesis. 

By constraining five metabolites in the iMSC1255 model using measured values 
from adipogenesis and osteogenesis it is possible to generate two separate models. The 
resulting models then describe statistically significant differences in reactions related to 
key enzymes. 

These models and results are promising but need further study and verification. 
 
Keywords: Mesenchymal stem cells, adipogenesis, osteogenesis, model, 

metabolomics, glucose, lactate, glutamine, glutamate, ammonia. 
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mesenkýmal stofnfrumum við fitusérhæfingu: Forsenda 

fyrir því kanna lýsingu á ensímvirkni í líkani. 

Davíð Ingvi Snorrason 

Janúar 2020 

 
Útdráttur 
 

Skortur er á þekkingu um efnaskiptaferla sem eiga sér stað við fitusérhæfingu 
mesenkýmal stofnfrumna. Ferlið sjálft er afar flókið og viðkvæmt fyrir breytingum. 
Bætt þekking á fitusérhæfingarferli stofnfrumna getur skipt sköpum varðandi þróun 
meðferða við efnaskiptasjúkdómum auk þróunar í endurnýjunar-læknisfræðum. Með 
því að kanna breytingar í upptöku glúkósa og útskilnaði laktats hjá mesenkýmal 
stofnfrumum, frá fjórum gjöfum, í 21 daga fitusérhæfingarferli má greina áhugaverða 
tímapunkta í ferlinu. 

Sýni voru tekin úr frumuæti stofnfrumnanna á meðan fitusérhæfingarferlið átti sér 
stað. Þessi sýni voru svo mæld með tilliti til glúkósa, laktats, glútamíns, glútamats og 
ammóníaks. Mældum gildum fyrir sjöunda dag fitusérhæfingarferlisins var svo bætt við 
efnaskiptalíkanið iMSC1255 sem skorður til þess að setja upp frum-líkan fyrir 
fitusérhæfingu. Gildi fyrir sömu umbrotsefni höfðu þegar verið mæld við 
beinsérhæfingu og voru svo nýtt til þess að skorða iMSC1255 líkanið. 

Flæðigildin í gegnum hvert efnahvarf sem fengust úr fitusérhæfingar- og 
beinsérhæfingarlíkönum voru svo borin saman. Skoðað var hvort að tölfræðilega 
markverður munur væri á gögnunum með Kolmogorov-Smirnov prófi. Þau hvörf sem 
þarfnast ensímvirkni til að eiga sér stað voru skoðuð ítarlega. 

Við samanburð módelanna voru tvö efnhvörf sem sýndu markverðan mun á flæði 
í fitusérhæfingu og beinsérhæfingu. Það var mun meiri virkni í ACAT1 efnahvarfi í 
fitusérhæfingar líkani en meiri virkni í G6PDH1 efnahvarfi í beinsérhæfingar líka. 

Með því að skorða fimm umbrotsefni í iMSC1255 módelinu með mældum gildum 
við fitusérhæfingu og beinsérhæfingu mesenkýmal stofnfruma má fá út tvö aðskilin 
líkön. Líkönin sem fást sýna tölfræðilega marktækann mun á flæði gegnum efnahvörf 
sem tengjast lykil ensímum. 

Niðurstöðurnar úr þessum módelum eru áhugaverðar og lofa góðu en þarfnast þó 
frekari rannsókna og mælinga. 

 
Lykilorð: Mesenkýmal stofnfrumur, fitusérhæfing, beinsérhæfing, líkan, 

umbrotsefnagreining, glúkósi, laktat, glútamín, glútamat, ammóníak. 
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11.Introduction 

 
Currently there is a lack of knowledge of the changes in metabolism during adipogenic 
differentiation of mesenchymal stem cells. The process of differentiating stem cells into a 
functional cell with a specific role, in this case adipocytes, is extremely complex and 
sensitive. Expanding the scientific knowledge of these processes is of great value due to the 
immense potentials for tissue engineering, drug development and understanding and 
treatment of metabolic disease. 

1.1 Regenerative medicine 

Although the term appeard earlier, it is widely considered to have been coined by William 
Haseltine in 1999. During a conference, he was trying to describe a field that combined 
knowledge derived from tissue engineering (TE), stem cell biology, cell transplantation, 
biochemistry, nanotetchnology and biomechanics prosthetics. This was by no means the first 
time someone studied the mechanisms of regeneration. This phenomenon was even studied 
as far back as 400 B.C. by Aristotle when he described the regeneration of a lizards tail. 
Even in ancient Greek mythology, humans seem to have been contemplating the concept. 
This is evident in the story of Prometheus, who is punished for stealing fire from the gods, 
by having his liver eaten by an eagle every day only to have it regenerate fully during the 
night. 
In the last century the studies and applications in regenerative medicine (RM) have been 
developing quickly considering how long humans have dreamed of the concept. Table 1 
shows a few of the major milestones in RM development[1]. 
 

Table 1: A few of the major milestones in regenerative medicine. 
Year First 
1968 First cell transplantation: bone marrow transplant. 
1978 Discovery of stem cells in human cord blood. 
1981 First in vitro stem cell line developed from mice. 
1981 First engineered tissue transplantation: skin. 
1996 Creation of the first cloned animal: Dolly the sheep. 
1998 Isolation of human embryonic stem cells. 
1999 First laboratory-grown organ: artificial bladder. 
2004 Implantation of first tubular organs. 
2007 Discovery of stem cells derived from amniotic fluid and placenta. 
2009 First solid organ engineered by recycling donor liver. 
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1.2 Mesenchymal stem cells 

 
Mesenchymal stem cells are multipotent stromal cells that originate in the mesoderm 

of the germ layer. These cells can be obtained from from various places in the human body. 
The original source for hMSCs is the bonemarrow, and they are still commonly used for 
research and treatment. The stromal cells do not contribute to the formation of blood cells 
as they lack specific markers and so they are not consideret hematopoietic. Though the 
bonemarrow is the most frequently used scource of adult hMSCs, they can also found in 
adipose tissue. The most undeveloped hMSCs can be found in umbilical blood, umbilical 
tissue and even amneotic fluid. These undeveloped hMSCs are pluripotent and therefore 
have a greater capacity for differentiation.  

Adult hMSCs can be differentiated into four common cell types: osteocytes, 
chondrocytes, adipocytes and myocytes. The relative ease of access and potency for 
differentiation make adult hMSCs very attractive for research and clinical development. 

The hMSCs to be regarded as such must also fulfill criteria specified by the 
International Society for Cellular Therapy, namely: 

 
1. They must adhere to plastic when maintained in culture. 

 
2. They must be positive for the surface antigens CD105, CD73 and CD90. 

 
3. They must lack markers for myocytes macrophages and B cells and 

expression of hematopoietic antigens CD45 and CD34. 
 

4. They must have the potential to differentiate into osteocytes, chondrocytes, 
adipocytes in standard in vitro conditions. 

     
 
 
Hematopoietic stem cells are commonly used for cell research due to their 

accessibility. In order to allow the cells to survive, proliferate and differentiate in a culture 
setting the cells need specific signaling proteins to be present. If the proper signaling proteins 
are not present the cells die, and for long term survival the cells need contact with appropriate 
supporting cells. The supporting cells are stromal cells in most cases.In cell cultures, as well 
as in vivo the there must be mechanisms in place to ensure that while some of the stem cells 
commit to differentiation, others remain as stem cells. This choice in the stem cells fate is at 
least partially controlled by signals that arise from contact with stromal cells.[2] 
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1.3 Adipose tissue 

 
White adipose tissue (WAT) can be found various anatomical locations, namely 

subcutaneous adipose tissue, that sits under the skin and stores around 80% of total fat in the 
body. The major stores being abdominal and subscapular fat (upper body fat), and the gluteal 
and femoral fat (lower body). Visceral adipose tissue accounts for nearly 20% of total body 
fat these depots are mainly found around the mesenteric and omental digestive organs, in 
retroperitoneal depots around the kidneys, epicardial(surrounding the heart) and gonadal [1] 
[2]. 

The adipose tissue volume is comprised of 90% mature adipocytes, that are organized 
into lobules. Adipose tissue turns out to be more complex than just a collection of fat cells. 
The tissue also contains stromal vascular fractions which include preadipocytes, endothelial 
cells, fibroblasts, macrophages, lymphocytes and vascular smooth muscle cells[5]. 

Adipose tissue was thought to be metabolically inert organ that stored energy in the 
form of triglycerides, provided thermal insulation and in some cases protection. The adipose 
tissue organ fulfills all those needs, but studies performed and published over the past 
decades suggest that it also functions as an endocrine organ. The endocrine functions have 
a major impact on the bodies metabolism as a whole, and operates mainly through 
interactions with insulin target organs. The endocrine functions of adipose tissue are, 
however, far from being limited to insulin target organs. Other hormones that are produced 
and released by adipose tissue that have been studied include leptin, adiponectin, estrogen 
and resistin. Cytokines, that interact with receptors of other hormones and therefore affect 
their function are also produced and released from adipose tissue [6]. 

 
While WAT is the main site of metabolic energy storage, in the form of lipid 

accumulation, brown adipose tissue (BAT) is a site where energy is consumed for 
thermogenesis. BAT is a highly active metabolic tissue when activated. When activated, it 
serves to maintain core body temperature by generating heat through oxidation of fatty acids. 
This process is facilitated by the UCP1(Uncoupling protein 1) or mitochondrial uncoupling 
protein, which disrupts the electron transport chain from the production of ATP by allowing 
protons free movement back across the mitochondrial membrane [7].  

There are structural and morphological differences between the cells that make up the 
bulk of WAT and BAT, as well as differences in the tissue locations. BAT is predominantly 
found in three areas; supraclavicular, paravertebral and suprarenal[4].   
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Figure 1: Location of adipose tissue in an adult human. The upper figure shows locations of BAT 
supraclavicular, paravertebral and suprarenal BAT. The lower image shows locations of WAT. 
Visceral: epicardial, omental, mesenteric, retroperitoneal and gonadal WAT. Subcutaneous: 
abdominal, gluteal and femoral WAT [4]. 

 
BAT has been linked to healthy metabolic activity as it reduces abnormal amounts  of 

lipids in the bloodstream, diabetes and the deposition of metabolic fuel. BAT achieves this 
by acting as a sink for glucose and lipids that are in circulation and limiting their presence.[8]  

A third type of tissue, sometimes called brown adipose tissue but isn’t quite the same, 
is formed of so called beige adipocytes. These adipocytes display phenotypes of both white 
and brown adipocytes. Where the white adipocytes have a single large globular reservoir of 
triglycerides and low mitochondria content, and the brown adipocytes have multiple smaller 
globular reservoirs of triglycerides and high mitochondria content. While the beige 
adipocytes contain multiple small triglyceride reservoirs along with a single large reservoir 
and mitochondrial content that seems to increase with stimulation [4]. 

 

1.4 Adipogenesis 

 
The process of MSCs differentiating into adipogenic cells is a complex and precise 

process. There are myriad factors that have been studied and shown to impact the 
development of adipocytes, and those factors have possible links to metabolic disease. 

The tissue from which the MSCs are harvested impacts the efficacy of cell 
differentiation, and it has been shown that a subpopulation of stromal cells found in stromal 
vascular fractions has this characteristic. These cells differentiatied into adipocytes more 
readily in vivo, given that the host was in a state that promotes expansion of adipose tissue 
[9]. 

There is a large variety of different signaling required during the differentiation 
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process this includes factors such as Bone Morphogenic Proteins, Transforming Growth 
Factor β, Insulin-like Growth Factor 1, Interleukin 17 and Fibroblast Growth Factor. Along 
with the most significant external factors, there are  signaling pathways that must function 
in specific ways. The WNT pathway affects gene expression during the process and needs 
to be suppressed, and the Hedgehog pathway inhibits adipogenesis and so must also be 
suppressed. 

The Morphology of MSCs significantly influences their development during 
differentiation, and is a factor in adipogenesis. It has been shown that MSCs that have a 
rounded morphology tend towards adipogenesis while MSCs that have a branched 
morphology tend towards ostegenesis [10]. 

Along with morphology, extracellular changes impact adipocyte development, as an 
example, the loss of Membrane-bound Matrix Metalloproteinase inhibits adipogenesis in 
vitro, although these mechanisms were only present in 3D- but not 2D- cell-cultures [10] 
[11]. 

The factor in the differentiation process that has the greatest impact is the transcription 
of PPAR-γ . PPAR-γ functions by activating a promoter for the gene that encodes for 
C/EBPα which in turn activates promoters for genes that encode for PPAR-γ, creating a 
positive feedback loop. Both PPAR-γ and C/EBPα are vital for adipogenesis as the both 
induce expression of genes that are involved in lipogenesis and lipolysis. This includes genes 
encoding for the fatty-acid binding protein FABP4, the glucoase carrier GLUT4, lipoprotein 
and lipase. They both also induce expression of genes that affect insulin sensitivity. More 
importantly for the WAT function as an endocrine organ PPAR-γ and C/EBPα promote 
expression of genes that encode for the secreted factors leptin and adiponectin [13], [14]. 

 

Figure 2:Recent studies have shown that brown and white adipocytes do not share a common cell 
precursor. White pre-adipocytes come from Myf5-negative precursor cells, that develop into white 
pre-adipocytes. Those can then develop further into white adipocytes given abundance of BMP2, 
BMP4, C/EBP-α, -β and PPAR-γ. The white adipocytes can then be induced to transform into beige 
adipocytes through exposure to cold, β3-adrenergic activators, PPAR-γ agonist, adrenergic 
receptors, Fibroblast growth factor 21 or Peroxisome proliferator activated receptor gamma 
coactivator 1-α. Brown pre-adipocytes come from Myf-5 positive precursors and their differentiation 
into brown adipocytes is controlled by   when exposed to Bone morphogenic protein 7 or PR-domain 
containing 16 [4].  
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A key discovery regarding the development of adipogenic cells was that brown 
adipocytes and white adipocytes do not share a common precursor. Brown adipocyte 
development is driven by PR-Domain-Containing-16 from cell precursors that can also 
differentiate into myocytes [15]. 

The so called beige adipocytes do not share the same precursors as the brown 
adipocytes but rather a cell lineage that is similar to white adipocyte precursors [16]. These 
beige adipocytes display characteristics similar to white adipocytes including large lipid 
droplets under normal conditions and a lack of UCP1, which is vital to non-shiver 
thermogenesis. There are, however, specific stimuli to which beige adipocytes can be 
subjected to, such as cold exposure or β3-adrenergic activators in order to make them  take 
on characteristics of brown adipocytes. This transformation induces multilocular lipid 
droplets as well as expression of genes that encode for UCP1 [17], [18]. 

 
 

 
 

1.5 Glycolysis 
 

Glycolysis is a metabolic pathway in the cytosol that breaks down glucose into 
pyruvates, without the involvement of molecular oxygen, using enzymes as catalysts. This 
breakdown process releases energy, but also requires ATP, or adenine tri-phosphate, as fuel 
to start the chain of reactions needed. The pathway as a whole has a net positive output of 
energy in the form of ATP and NADH. Even though the whole pathway has a net positive 
energy output, some steps require energy in the form of ATP and the assistance of specific 
enzymes. The pathway consists of ten reactions, the first five of which are called the 
investment phase due to the energy cost in the form of two ATP. The latter five reactions 
are called the pay-off phase, this is because these reactions yield ATP and NADH. Two 
molecules of three carbon sugars go through the pay-off process and each yield two ATP 
and one NADH, this gives a net output of two ATP and two NADH molecules per molecule 
of glucose. A simplified chart of the process as a whole can be seen in figure 3. 
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Figure 3: Shown is a simplified overview of the glycolysis pathway, although not a complete 
representation, it does show the main steps[2].  

 

 
Figure 4:Shown is the fermentation process of pyruvate that takes place in a low oxygen environment 
to produce lactate[2]modified. 
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The pyruvates that form as byproducts of the glycolytic process are then fermented, a 
process that yields lactate, seen in figure 4. The fermentation only takes place in low oxygen 
environments. This process recovers the NAD+ consumed during glycolysis but causes the 
pathway to produces less energy than complete oxidation [2]. 

 
 

1.6 Citric-acid cycle 
 

The citric acid cycle or krebs cycle is a part of the respitory pathway that takes place 
after the glycolysis pathway. The citric acid cycle takes place once pyruvate has been 
transported from the cytosol into the mitochondrion. Once inside the mitochondrion the 
pyruvates are transformed into acetyl CoA by breaking a carboxyl group off the pyruvate. 
During this breakdown high energy electrons are picked up by NAD+ to form NADH, which 
can then be used in the production of ATP. When oxygen is present the acetyl CoA delivers 
the acetyl group to a molecule called oxaloacetate. This starts the citric acid cycle[19]. The 
citric acid cycle consists of eight main steps.  

 
 
 
 
 

1. An enzyme removes a proton from the CH3 group of the acetyl CoA, this 
allows for the formation of a bond to oxaloacetate forming citrate. 

2. A citrate isomer is formed by first removing and the adding water back, thus 
moving a hydroxyl group. 

3. The first oxidation step the carbon carrying the hydroxyl group is converted to 
a carbonyl group. 

4. α -ketoglutarate dehydrogenase complex catalyzes an oxidation that produces 
CO2, NADH and a high energy thioester bond to CoA. 

5. A high energy phosphate bond is formed between CoA and succinate. The 
phosphate is the passed to GDP to form GTP. 

6. FAD accepts two hydrogen atoms for succinate. 
7. By adding water to fumarate places a hydroxyl molecule next to a carbonyl 

carbon. 
8. The oxaloacetate is regenerated by oxidating the carbon carrying the hydroxyl 

group, converting it into a carbonyl group. 
 
 
 

These main steps can also be seen in figure 5 that shows the citric acid cycle and 
molecules it produces[2]. 
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Figure 5: Shown here are the main steps of the citric acid cycle and the main metabolites produced. 

 
 

1.7 Oxidative phosphorylation 
 

Oxidative phosphorylation is the process that phosphorylates ADP into ATP using the 
electron transport chain of the mitochondrion. It is by using this process that most of the 
ATP is produced when you look at the breakdown of food into metabolites. The Ox-phos 
process is driven by the chemical gradient of protons across the inner-mitochondrial 
membrane. The proton gradient is maintained using the energy donated by high energy 
electrons that traverse the electron chain. The general mechanisms of the oxidative 
phosphorylation can be seen in figure 6 and are as follows. 

 
1. High-energy electrons traverse the electron transport chain and lose a bit of 

their energy. 
2. The energy lost by the electrons is used to pump protons out of the matrix. 
3. The energy from the protons flowing down the gradient back into the matrix is 

used by ATP-Synthase to synthesise ATP from ADP and phosphorus ion. 
 
This process can be run without the breakdown of sugars as it is also possible to 

generate substantial amounts of ATP from NADH and FADH2 that are obtained through the 
oxidation of fat[2]. 
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Figure 6: Shown here are the general steps of oxidative phosphorylation as well as how the reactants 
enter the process. Pyruvate or fatty acids are broken into acetyl CoA which enters the citric acid cycle 
which yields NADH (and FADH2, not shown). The NADH donates high energy electrons into the 
electron transportchain which is used to maintain the proton gradient. The energy from the proton 
gradient is then used for the production of ATP[2]. 

 
 

 

1.8 Metabolism during adipogenesis 

There are specific changes in the cells metabolism when MSCs differentiate into pre-
adipocytes and then adipocytes. During mesenchymal stem cell state in a hypoxic niche, the 
cell operates on glycolysis. When the MSC transitions to the Pre-adipocyte state it ramps up 
regulation of oxidative phosphorilisation and increases production of reactive oxygen 
species through the electron transport chain[20]. 
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Figure 7: Metabolism in Mesenchymal stem cells, Pre-adipocytes and Adipocytes. A) The MSCs are 
dormant in a hypoxic niche and use glycolysis. B) The Pre-adipodyctes upregulate oxidative 
phosphorilation(OxPhos) and production of reactive oxygen species (ROS) from the electron 
transport chain (ETC) complex III is highly active. This process primes the cell for adipogenic 
differentiation. C) Adipocytes upregulate glycolysis and ATP citrate lyase (an important enzyme for 
fatty acid biosybthesis). This leads to increased cytosolic acetyl-CoA synthesis, an increase in histone 
H3 acetylation (H3ac) and  lipid synthesis. The increase in H3ac then leads to activation of the 
carbohydrate-responsive element-binding protein (ChREBP), a transcription factor which promotes 
glycolysis and GLUT4 mediated glucose uptake to generate the necessary acetyl-CoA [20]. 

 

1.9 Genome scale metabolic models 

 
With the development powerful modern computing, the doors opened for large scale 

high throughput modeling. With enough computational power and data about fundamental 
cell biology, it has become feasible to construct models of cells. The data generally consists 
of a combination of metabolomics,  transcriptomics, genomics or proteomics. These are the 
most commonly used, although there are other -omics that may be used. Accurate models 
could then be used to analyse changes in a cell and form hypothesies for testing. With further 
development, models could then potentially be used for drug testing and development, or to 
optimize cell culturing, be it for tissue engineering or biopharmaceuticals[21]. 
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The constraint based modeling method can generally be broken down into four main 
parts.  

1. Genome scale metabolic reconstruction of the cell type that is of interest. 
2. Setting up a mathematical representation of the metabolic network. 
3. Performing analysis in silico. 
4. Performing an experimental assessment. 

 

 
Figure 8: a) Genome scale metabolic reconstruction (blue block), b) mathematical representation of 
the metabolic network (black block), c) in silico analysis (red block) and d) experimental assessment 
to verify results(green block)[22]. 

 
This process needs continuous feedback in order to improve the probability that the in 

silico analysis is reliable. The metabolic reconstruction needs to be continually improved 
and experiments designed to test results. 
 
 
  The link between genotype and phenotype is integral when it comes to studying 
microorgranisms using the constraint based modeling method. This is because the activity 
of the metabolic pathways of a cell characterize its phenotype state. By tracking the 
metabolism it is possible to gain insight into the gene expression and protein activities of 
the cell[22]. 

In order to approprietly represent the reactions of a metabolic model they are set up 
into a stoichiometric matrix, S. Within this matrix each column represents a reaction  and 
each row a component. The compounds are nodes and the reactions connect the compounds 
generating a reaction map. When looking at a cell it can be assumed that the metabolites 
present are in a steady state, this is because the cell maintains homeostasis. If the metabolites 
are in a steady state the viable flux distribution of metabolites can be calculated using 

 
𝑺 ⋅ 𝑣 = 0 

 
 
Where vss is a vector that contains the steady state flux distributions and S is the 

stochiometric matrix. Contained within the null space of S are all the flux distributions that 
the network allows. The phenotypes of the model are as such closely related to the solution 
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of the null space of the stoichiometric matrix[23]. 
In order to perform analysis of the model the feasible solutions in the solution space 

need to be limited due to the large number of solutions that satisfy homestasis criteria. The 
model can be further constrained to limit the solution space to solutions that best represent 
the system that is being modeled. Common constraints to apply are 

 
 Physical: the specific location of the reactions taking place are known such as 

compartmentalized cells or organelles. 
 

 Thermodynamical: the thermodynamic properties of specific reactions are 
known, i.e. are they reversible or irreversible. 
 

 Enzymatic: the flux capacity that one enzyme is able to carry out is known. 
 
  

Applying these or other known constraints to a metabolic model will yield a solution 
space that is much more accurate, and therefore more descriptive of the physical system. 
 One of the most common methods of utilizing a metabolic model after it has been 
properly constrained, is to apply Flux balanca analysis or FBA. To apply FBA you must first 
define an objective function Z which is a representation of a specific biological purpose. 
This approach translates the problem of solving and undetermined system into an 
optimization problem of a defined function. These optimization problems can be approached 
with linear programming methods. As such the problem can be set up as: 

 
    𝑀𝑎𝑥:  𝑍 = 𝑐 ⋅ 𝑣  
   S.t. 𝑆 ⋅ 𝑣 = 0   Homeostatic constraint 
    𝑣 ≥ 0    Irreversible reactions 
    𝑣 . ≤ 𝑣 ≤ 𝑣 .   Set min and/or max value 
 
Here Z is the objective function, 𝑣 is a vector containing reaction flux values, and c is 

the weight coefficients which describes the contribution of each reaction in 𝑣. The values 
𝑣 .  and 𝑣 .  denote the minimum and maximum values for the flux through the k-th 
reaction. The first constraint is the homeostatic constraint, the second is a thermodynamic 
constraint for reactions that are irreversible and third is are flux constraints applied to 
specific reactions. This method can then be used to quantify a systems metabolic state that 
is consistent with experimental results. This method relies heavily upon having a well 
defined and accurate objective function. The FBA method also only yields a single optimal 
solution while there might exists suboptimal solutions for a given set of constraints [24]. 

Another method of analyzing a model is to use a random sampling method to generate 
solutions. In this method, suboptimal solutions are considered if they are within specific 
bounds. That is, the same constrains can be applied but the solution space that is acceptable 
is expanded. This way the outcome is not a single solution where the objective function has 
been optimized, but a collection of feasible solutions to the objective function. This can be 
a useful tool since it is not always the optimal solution that is of interest [25]. 

It is difficult to visualize the solution space when the number of  variables in the 
solution space gets too large. By looking at a three dimensional solution space, as in figure 
9, one gets an idea how the space is sampled when not limited to optimal solutions. 
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Figure 9: A graph showing the solution space of a hypothetical objective function with variables 
X,Y,Z and it’s constraints. The dashed line leads to the optimal solution and the solid lines show the 
constraint boundary. The red dots are solutions that lie on the boundary of the solution space and the 
blue dots are solutions that lie within [25]modified. 

 
 
 

1.10 Clincal applications of Genome scale metabolic models 

Genome scale metabolic models (GSMMs) can be a tool of great use in for multiple 
problems within biotechnology and medicine. 

 GSMMs are a good way of identifying the effects of existing drugs on tissue specific 
metabolic pathways. As an example, a drug that has a known enzyme ligand as a target and 
is used to treat a specific disease can be explored further with respect to structure-based drug 
design. That is, exploring molecules that have structures similar to the substrate of an 
enzyme and are as such likely to interact with the enzyme. This can be used to find inhibitory 
effects of existing drugs on enzymes that differ from their original target, allowing for 
repurposing and retargeting. 

 GSMMs can also be a tool to identify existing drugs that are thought to be able to 
impair growth of cancer cells while limiting the effects on healthy tissue. It has been shown 
experimentally that lipoamide analogs have varying effects on the MCF7 breast cancer cell 
line when compared to heal airway smooth muscle calls. This was previously predicted in-
silico from RNA-sequence profiles. These methods can be exceedingly beneficial in 
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identifying alternative disease targets and uses for drugs that already have clinical approval. 
 Patient reaction to drugs can vary greatly as the effect on the patient cannot be limited 

only to the targeted enzyme. The process must be viewed as a network of interacting 
enzymes in network of metabolic reactions. The use of GSMMs opens up the possibility 
of a more personalized drug choice and patient specific treatment[26]. 

 These GSMMs can be further used for metabolic engineering in silico and such 
models could provide predictions for gene modifications. These modifications could be used 
to increase the production of desired biochemicals or reduce production of undesirables. As 
such, GSMMs can support the development of implantable tissues for clinical use[27]. 
 One such case was the development of an implant for autologous soft tissue 
reconstruction. Hirsch et. al. demonstrate the feasibility of producing a bio-compatible 
implant by performing adipose differentiation on adipose-derived stem cells that were 
seeded onto an alginate scaffold[28].  

22. Objective 

The objective of the thesis is to describe glucose-lactate consumption rate during 
adipogenesis of human BM-MSCs and use the data to design a metabolic model that 
describes adipogenesis. After designing a model a comparison can be made between 
Adipogenic, Osteogenic and expansion models. The comparison consists of looking at 
differences in flux through reactions and enzyme activies that are part of those reactions. 

The outcome of the comparisons could then provide a potential road map for future 
experiments by affecting enzyme activity through changes in gene expression. 
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33. Methods 

3.1 Experimental setup 

MSC donor cells were gathered from liquid nitrogen cryostorage (-180 °C) and 
thawed. The MSCs could then be seeded by suspending the cells in 10% PIPL media in 75 
cm2 and allowing them to reach 80% confluency. Once the cells reached 80% confluency 
they were harvested and counted using a hemocytometer. The cells can be re-seeded if the 
amount of cells are insufficient. The final seeding for the experiment involved three different 
cell culture containers and setups. MSCs were seeded into 25 cm2 flasks in triplicates to 
gather media samples during adipogenesis. MSCs were seeded into 9.6 cm2 6-well plate to 
look at gene expression, adipogenic media in triplicates and 10% DMEM in triplicates as a 
control, 6 wells in total. MSCs were also seeded into 9 cm2 slide flasks for Oil Red-O 
staining, adipogenic media in triplicates and 10% DMEM media in triplicates as control, 6 
flasks total. 

Samples were then gathered from the 25 cm2 culture flask and frozen at -80°C for 21 
days. The media was discarded the first day to clear away cells that died during the initial 
seeding process and then the media was changed every other day. The adipogeneis cultures 
had 10% DMEM media in the beginning and were switched to adipogenic media on day six, 
counted from first day of seeding. This also applies to the cultures in the slide flasks except 
no samples were gathered from them. 

At day 14 the slide flasks were rinsed with  PBS and the cells were suspended in 
paraformaldehyde and stored for Oil Red-O staining. The cultures from the 6-well plate were 
harvested. The adipogenesis cultures were combined and the control cultures were combined 
and then RNA isolation was performed on each combined culture. 

The glucose and lactate concentrations in the media samples were then measured using 
an ABL blood gas analyser. The glutamine, glutamate and ammonia concentrations were 
measured using Megazyme assays. The concentration values were then used for the 
computational model. 

The final steps was to verify that the adipogenesis process was successful using q-
PCR and Oil Red-O staining. The RNA isolation process was finished and cDNA-synthesis 
was performed, and q-PCR was used to analyse gene expression. The slide flask cultures 
were then processed for Oil Red-O staining. 

 
 

3.2 Culture media 

 
Two different types of cell culture media were used in the experiment, 10% PIPL 

DMEM for expansion and control and adipogenic differentiation media for the 
differentiation process. 

The 10% PIPL DMEM media is prepared by spinning down 50 ml of PIPL (human 
platelet lysate) (Bloodbank, Reykjavik, Iceland) and mixing it into 500 ml DMEM F12 
(Gibco, Grand Island, NY, USA) along with 5 ml penicillin / streptomycin (Gibco, Grand 
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Island, NY, USA) and 20 μl Heparin (LEO Pharma A/Sm Ballerup, Denmark). The media 
mixture is then filtered to remove any PIPL coagulate that may have formed. 

The adipogenic media is prepared using a StemPro Adipocyte kit made by Gibco. The 
media is prepared by mixing 22.5 ml Adipocyte Basal Medium (Gibco, Grand Island, NY, 
USA) , 2.5 ml Adipocyte Supplement(Gibco, Grand Island, NY, USA), 0.25 ml 
Penicillin/Streptomycin, 2.5 ml PIPL and 10 μl Heparin. 

3.3 Seeding of mesenchymal stem-cells 
 

The MSCs from all donors used were stored in liquid nitrogen at -180 °C. The MSCs 
were removed from cryo-storage and thawed in a 37 °C water bath. After thawing the cells 
were suspended in pre-warmed basal (DMEM12) media, approx. 37°C. The cell suspension 
was then centrifuged at 1750 RPM for 5 minutes. After centrifuging the cell suspension the 
cells were spun down in to the bottom of the test tube and the supernatant was discarded. 
The cells were then resuspended in warmed media and seeded into 75 cm2 cell culture flask. 
The flask was the placed into an incubator set at 37°C, 5% CO2 and 95% humidity. The cells 
were then allowed to reach 80-90% confluency, at which point they were harvested and 
counted. 

 

3.4 Cell harvesting 
 

After the cells reach 80-90% confluency the cells are harvested and counted. The 
media in the culture flask is discarded and cell surface of the flask is rinsed with PBS (Gibco, 
Grand Island, NY, USA). This is done to wash off any excess media and cell waste. The 
PBS was then discarded and 5 ml of pre-warmed trypsin (Gibco, Grand Island, NY, USA) 
added to the cell culture. The culture flask was then placed into an incubator set at 37°C, 5% 
CO2 and 95% humidity for 5 minutes. The trypsin loosens up the cells from the surface of 
the culture flask. The culture was then removed from the incubator and 5 ml of basal medium 
added to the culture to neutralize the trypsin. The cells were rinsed off the flask surface using 
a pipette and the basal medium / trypsin solution inside the flask. After ensuring that most 
of the cells are suspended in the basal medium / trypsin solution the cell suspension was 
transferred into a 15 ml test tube. The suspension was then centrifuged at 1750 rmp for 5 
minutes. The supernatant was then discarded and the cells resuspended in 1 ml basal 
medium.   
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3.5 Cell counting 
 

 
In order to count the cells they need to be stained. The sample for counting was 

prepared by mixing 20 µl of the cell suspension with, 50 µl Trypan Blue (Gibco) and 30 µl 
of PBS. The cell/dye mixture was then placed onto a hemocytometer. The hemocytometer 
is split up into 6 squares, shown in Figure 10. The cells are then counted and summed up 
from each corner square and that value is then used along with equation (Figure 10) to 
calculate the total number of cells in the 1 ml suspension.  

 
 

 
Figure 10: Shown is the segmentation of the hemocytometer surface for counting. Circled in red are 
the areas that were used for counting in this case 

 
 

𝑐𝑒𝑙𝑙𝑠

𝑚𝑙
=

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡

4
× 5 × 10  

(1) 

 
 
 
When the cell culture has reached 80-90% confluency in the 75 cm2 culture flask the 

amount of cells should be sufficient for AD, gene expression, Oil Red-O staining and 
controls. 
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3.6 Adipogenic differentiation 

When the cells had been counted they could be seeded for the experiment in different 
densities depending on the purpose of each cell culture. 

 
 Adipogenic differentiation – 10.000 cells/cm2 in a 25 cm2 culture flask, 

250.000 cells total, in triplicates. 
 

 Oil red-O staining – 10.000 cells/cm2 in a 9 cm2 slide flask, 90.000 cells 
total, in triplicates. 
 

 Oil red-O staining: Control – 5.500 cells/cm2 in 9 cm2 slide flask, 49.500 
cells total, in triplicates. 
 

 Gene expression – 10.000 cells/cm2 in 9.6 cm2 6-well plate, 96.000 cells 
total, in triplicates. 
 

 Gene expression: Control – 5.500 cells/cm2 in 9.6 cm2 6-well plate, 49.500 
cells total, in triplicates. 
 

This was the setup for all 5 donors, and when beginning each cell culture the 
appropriate amount of cells were seeded into prewarmed basal medium in culture flasks, 
slide flasks, or 6-well plate. 

 

3.7 Applying the constraints to the iMSC model 

The model that was generated in this project is based of a previously existing 
metabolomic model for MSCs called iMSC1255 which was developed by Fouladiah et al 
[29].  

The model is at its core, a large set of linear equations that describe the metabolic 
reactions within an MSC, where the objective function is simply a weighted linear con. The 
inputs and outputs for these reactions were then constrained using the data gathered from 
the cell cultures that underwent adipogenesis. Constraints were applied to glucose, lactate, 
ammonia, glutamine and glutamate. The values used to constrain the model were taken at 
day 9 of the cell culture or 48hrs into the adipogenic process. After applying the constraints 
the model was optimized with respect to the object function.  

The acceptable solutions for the biomass function had to yield 50-100% optimized 
generation of biomass. The random sampling method was used to sample the space of 
feasible flux distributions. The process was repeated until 5000 feasible solutions had been 
found that satisfied the optimization criteria. By gathering 5000 feasible solutions that from 
the solution space, it is possible to apply statistical tests to evaluate the relevance of fluxes 
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through specific reactions. 
This process was applied to three models which had been constrained by concentration 

values measured during adipogenesis osteogenesis and expansion. 
The Kolmogorov-Smirnov test was used to find statistically significant differences in 

flux values of specific reactions between models that had been constrained by samples from 
adipogenesis, osteogenesis and expansion. The results of which were set up in a volcano 
plot, where the fold change between specific reactions is plotted against p-value result of the 
Kolmogorov-Smirnov test. 

The data for the osteogenic and expansion model was provided by Þóra Björg 
Sigmarsdóttir. It was then modified and applied as constraints to iMSC1255 model. 

 

3.8 q-PCR calculations 

The values used from the q-PCR process were the Cq values for both the TBP 
housekeeping gene and the PPAR-γ the treated gene. The Cq or cycle quantification value 
can be used to assess fold change of the measured genes. Both genes are normalized with 
respect to the TBP gene and then the fold change is calculated. The expression of PPAR-γ 
is checked due to it’s importance in the process of adipogenesis.  
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44. Results 

4.1 Verification of adipogenesis 
 

Figure 11 shows the results from the q-PCR measurements. The genes of measured 
were the TBP gene and the PPAR- γ. The TBP gene is a housekeeping gene, used to 
normalize the amount of genetic material. The PPAR-γ gene is an indicator of adipogenesis 
as the gene is highly expressed during adipogenesis. In a successful q-PCR process the fold 
change in the control should be around one. In the untreated culture  the fold change for the 
PPAR-γ gene is 1.07±0.06 which is very close to the expected value.  In the adipogenesis 
treated culture the fold change in the PPAR-γ gene is 53.33 ± 25.10. The q-PCR was 
performed at day 14 from the seeding of cells. This indicates that significant adipogenesis 
took place in the treated culture and not in the control culture as the fold change for PPAR-
γ is much greater in adopgenesis treated culture compared to a control. 

The results of the q-PCR are further supported by the results of the Oil Red-O staining. 
The Oil Red-O highlights lipids that are present in the cell culture, and in Figure 12 we can 
see that there is significant lipid formation. The Oil Red-O staining was performed on cells 
that were suspended at day 14 from the seeding of cells. The lipids are visible in all donors 
under 40x magnification Figure 12 subfigures 1,3,5 and 7 are donors 6, 13, 15 and 17 
respectively. By magnifying 200x individual lipid droplets are discernable and present for 
all donors, seen in Figure 12 subfigures 2, 4, 6 and 8, again for donors 6, 13, 15 and 17 
respectively. 

  

 

 

 

Figure 11: Shown here is the average fold change of PPAR-γ for donoros 6, 13, 15 and 
17. The result from the control is on the left with a value of 1.07 and a standard error of 
±0.06. The result from the adipogenesis is on the right with a value of 53.33 and a 
standard error of ±25.10. 
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Figure 12: Shown here are the results of the Oil Red-O staining of adipogenesis 
treated cell cultures. Subfigures are paired for each donor 1 and 2, 3 and 4, 5 and 6, 
7 and 8 for donors 6, 13, 15 and 17 respectively. The figures on the left are 
magnified 40x and the figures on the right are magnified 200x. 
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4.2 Adipogenic differentiation 

 
The glucose and lactate concentration in samples gathered during the 21 day 

differentiation process were measured. This was done to locate potential points of interest 
in the process. That is, are there dates where there are extreme changes in concentration 
which might indicate changes in metabolism. The average over four donors for each day 
was calculated. 

Figure 13 shows the average glucose and lactate concentration for four donors 
(6/13/15/17) in mmol/L. The cells from donors 6/13/15/17 were in expansion media till day 
5 and put in AD media at day 6. The cells from donor 16 were put into AD media at day one 
and so the measurements from donor 16 is not a part of this average. The glucose and lactate 
concentrations in both expansion media and adipogenic media were measured.The values 
used to constrain the model were taken at day 9. 

 
 

 
 
 
 We can see that there  is an increase in lacatate concentration after day 7 and a slight decrease 
in glucose around day 14. This increase in lactate is consistent with the glycolysis which 
dominates adipocyte metabolism. The drop in glucose might be explained by the adipocytes 
maturing and consuming more and more glucose for lipid production. 

Figure 13: Shown are the average Glucose and Lactate concentrations for donors 6/13/15/17 during adipogenic 
differentiation. Glucose levels are shown in red with error bars showing the standard error and the orange dotted 
lines show the standard deviation. Lactate levels are shown in blue with error bars showing the standard error, the 
purple dotted lines show the standard deviation. The green vertical line indicates the time period at which the media 
in the culture was changed from expansion media to adipogenic media. 
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Figure 14 shows the average change in Glucose Lactate levels for four donors (6/13/15/17) in 
mmol/L/Day.  

 
The values are calculated by subtracting the concentration values, where blank media 
concentrations have been subtracted, for glucose and lactate at day n-1 from day n where n 
goes from 0 to 21. There are significant changes in the glucose and lactate levels at day 9, the 
timepoint used to constrain the model. The severe drop lactate concentration at day 7 could 
be explained by the fact that the media is changed and clear media does not contain lactate. 
We do however see an increase in lactate concentration at day 8 and 9 which is consistent 
with the glycolysis process that takes place in adipocytes. The excretion of lactate seems to 
become a bit more stable around day 14 altough it is a somewhat steady increase. This steady 
increase of lactate is likely connected to adipocytes maturing and becoming more robust. 
 
 
 
 
 
 
 

Figure 15: Shown are the average changes in Glucose and Lactate concentrations for donors 6/13/15/17 
during adipogenic differentitation. Glucose changes are shown on the red bars along with standard error 
bars. Lactate changes are shown on the blue bars along with standard error bars.  

Figure 14 : Shown here is the change in concetration of glucose and lactate over 24 hours. The red columns are 
glucose, blue are lactate, the error bars show the standard error and the green vertical line denotes the timepoint at 
which the adopgenic process was started. 
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4.3 Model results 
 

The results were obtained by random sampling the solution space 5000 times of both 
the adipogenesis and osteogenesis model. Both solution spaces were limited to solutions that 
would yield 50-100% maximum biomass production. These points were used to generate a 
mean solution for each model. The flux values from the mean solutions were then compared 
by looking at the fold change between the adipogenic and osteogenic model.  

Figure 15 shows a volcano plot, fold change over p-values, of the flux data from the 
adipogenesis and osteogenesis models. The p-values were obtained by applying a 
Kolmogorov-Smirnov test to the flux data from each model. All the reactions circled in the 
figure require a specific enzyme in order for the reaction to take place. The most prominent 
of those reactions, that is the reactions that have the lowest p-value and the highest fold 
change are the G6PDH1er and ACAT1 reactions. The reaction related to the ACAT1 
enzyme shows around 180 fold activity in the AD model compared to the OD model and the 
reaction related to the G6PDH enzyme shows around 165 fold activity in OD compared to 
AD.  

 

Figure 15: Shown here is a volcano plot of the flux data obtained from the adipogeneis model and the 
osteogenesis model. The X axis shows the flux rate ratio, of each reaction, for the adipogenic and 
osteogenic model results. The X axis is in log2 scale. The Y axis shows the p-values from a 
Kolmogorov-Smirnov test of flux data from the adipogenesis and the osteogenesis models.  
The cutoff  value for the p-values was 10-125 and the fold change cutoff was 55. 
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The ACAT1 or Acetyl-CoA acetyltransferase facilitates the production of Acetyl-

CoA. Acetyl CoA or acetyl coenzyme-A is a crucial enzyme for reactions related to lipid, 
protein and carbohydrate metabolism. It takes part in energy production by breaking down 
acetoacetyl-CoA into two molecules of acetyl-CoA. 

The G6PDH enzyme plays a role in a metabolic pathway that maintains the levels of 
NADPH which supplies reducing energy for cells. It is present in almost all cells of the 
human body and plays an essential role in the processing of carbohydrates and formation of 
ribose 5-phosphate. 

 
 

55. Discussion 

The initial positive changes in lactate concentration are most likely caused by cell 
death in the early stages of the cultures process. The cell death in the beginning is caused by 
the great stress that the MSCs are under after being thawed from -180°C, proliferated and 
then re-seeded for the adipogenesis. The changes in concentrations are consistent with the 
processes that are taking place around days 7,8 and 9. There is a large drop between day 6 
and 7 because it is at the time that the media is switched from expansion media to adipogenic 
media. It can be seen from both Figure 13 and 14 that the lactate concentration is steadily 
increasing after the switch to adipogenic media at day 7. It can also be seen that the glucose 
concentrations drop steadily after day 7 and both trends continue until day 21, where the 
standard deviations of glucose and lactate concetration in figure 12 cross. This development 
in glucose and lactate levels indicate that adipogenesis is indeed taking place and that 
glycolysis is increased to generate biomass in the form of lipids. 

The q-PCR results were in line with what could be expected from a comparison of an 
MSC culture put through successful adipogenesis to a control MSC culture. The values are 
not a definitive measure of adipogenesis but rather a good indicator that there was increased 
expression of the PPAR-γ gene, which is mainly present in adipose tissue. 

It should be noted that there was considerable donor variation the the q-PCR results 
for the PPAR-γ, although the fold change in all donors was statistically relevant compared 
to the housekeeping gene. Further q-PCR testing could be performed as the ADIPOQ gene 
is an additional indicator of adipogenesis. 

All the Oil Red-O samples showed signs of adipogenesis using a qualitative 
measurement. Although it would also have been good to perform a quantitative 
measurements on the Oil Red-O images using some cutoff boundaries for color values and 
then counting the number of pixels.  

The fact that the model describess a much higher activity of ACAT1 during 
adipogenesis fits well with the metabolic activity of the MSC. ACAT1 is a key enzyme for 
the production of acetyl-CoA by breaking acetoacetyl-CoA in two acetyl-CoA. It is a 
nessescary component in carbohydrate, protein and lipid metabolism and carries out the final 
step of ketone breakdown in fat processing. In the liver it also carries out the first step in the 
generation of new ketones (ketogenesis).  Acetyl-CoA it self is a key component in the 
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krebs-cycle which is central to stable energy production in all cells. 
 
G6PDH is a key enzyme for the glycolysis which breaks down glucose into pyruvates 

which are needed for glycerol production. It is also key for the pentos-phosphate-pathway 
which generates NADPH and ribose. The disparity in the activity of G6PDH in the 
adipogenesis and osteogenesis model outcome might be explained by the need for ribose for 
the generation of nucleotides. This is because during osteogenesis one can expect more cell 
expansion as there won’t be a need to use sugars for fat formation. Also, in vitro, osteocytes 
have a greater tendency to grow into 3D structures while adipocytes then to stick to the 
surface plane. 

NADPH is a key component in fatty acid synthesis and so it could be expected that 
G6PDH be highly active during adipogenesis. The model comparison shows more activity 
in osteogenesis which could be explained by other isomers of the enzyme having greater 
activity in the adipogenesis model. 

 
A good future step would be to apply a Mann and Whitney U-test to fluxes described 

by the model in adipogenesis and osteogenesis. The results of these tests could then be 
compared to the enzyme activity measurements performed by Meyer et al. in a study on 
adipogenesis[30]. For reaction fluxes linked to enzymes that may be of interest according to 
the model but were not measured by Meyer et al. could be measured. That would be done, 
using comparable enyme activity assay methods as described in the paper. It should also be 
noted that the stem cells used by Meyer et al. were human adipose-derived mesenchymal 
stromal cells (hASCs), while the cells used to gather the data to constrain the model were 
bonemarrow derived MSCs. This could lead to some differences during adipogenesis as 
there is research that suggests that hASCs may be more prone to adipogenesis. 

 
A key step would then be to gather more metabolite data and further constrain the 

model which would hopefully grant greater insight into the process. If the activity already 
described by the model is somewhat accurate then that is a great result considering only five 
metabolites were constrained. Hopefully, by further increasing the constraints applied to key 
metabolites in the model, the descriptions become more accurate. A sufficiently accurate 
model could then be used to predict changes in metabolic activity due to changes in 
metabolite concentrations. 

 
An interesting method of studying the activity of the G6PDH enzyme is to track the 

breakdown of sugars that contain stable 13C carbon isotopes. The enzyme takes part in both 
the production of ribose via the pentos-phosphate-pathway and production of pyruvates via 
glycolysis and so it would be interesting to see the distribution of 13C atoms. Do these atoms 
wind up going into ribose production or do they end up in pyruvates. The amount of 13C 
atoms could then be measured using mass spec. 
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66. Conclusion 

From these results we can conclude that we can see changes in the measured 
metabolites of MSCs during adipogenesis. Also, using the results of metabolic 
measurements during adipogenesis and osteogenesis we can indeed constrain MSC cells 
models causing them to produce different flux spaces ,with statistical relevance. 
Furthermore these constraints were applied to only 5 metabolites glucose, lactate, glutamine, 
glutamate and ammonia and that produced differences in flux for reactions that are linked to 
key enzymes known to be involved in adipogenic differentiation. 

These results could indicate interesting differences in enzyme activity during 
adipogenesis and osteogenesis. However in order to draw meaningful conclusions from 
these results regarding enzyme activity, further work is needed. 

The models comparison suggests that the ACAT1 reaction is critcal factor in 
adipogenesis. The immediate next step would be to study the impact of the ACAT1 gene on 
adipogenic differentitation. This could be done by knocking down the ACAT1 gene in MSCs 
and then putting them through adipogenesis. The adipogenic process could then be studied 
with regard to metabolomics, gene expression (PPAR- γ and ADIPOQ) and lipid formation. 

The PPAR- γ is critical for the energy homestasis of cells and is a key regulator of 
lipid and carbohydrate metabolism. It does this by having the characteristics of both a 
transcription factor and receptor molecule. This allows PPAR- γ to bind lipid signaling 
molecules and transduce signals from the lipid environment to the level of gene expression. 
PPAR- γ has been shown to transcriptionally regulate Pyruvate carboxylase, a gene that has 
crucial role in glucogenesis, lipogenesis and glucose-induced insulin secretion [31]. The 
absence of PPAR- γ has been found to negatively affect glutamine metabolism in 
macrophages. Reduced expression of PPAR- γ in macrophages has also been found to 
increase levels of inflammation [32]. 
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8Glossary 

AD Adipogenic differentiation. When a multipotent cell becomes a 
specialized tissue cell, in this case a mature adipose cell.  

 
Multipotent cells Cells that have the ability to differentiate into more than one 

cell type. They are however, more limited than pluripotent 
cells. 

 
Pluripotent cells Cells that have the ability to differentiate into all of 

the cell types that make up the body. 
 

Reaction flux  The turnover rate of reactants for a given reaction. 
 
Metabolic flux The turnover rate of molecules through a metabolic pathway. 
 
Solution space  The space that contains feasible solutions to a model, also  

    known as a feasible region. 
 
Hypoxic  Low in oxygen 

 
WNT pathway A group of signal transduction pathways. They begin with 

proteins that pass signals into a cell through surface receptors 
on a cell. 

 
Hedgehog pathway A signaling pathway in embryonic cells required for proper cell 

differentiation. 
  
 ABL analyzer  A machine used to measure blood gas.  
 

q-PCR A method used to measure the amplification of a targeted DNA 
molecule. 

  
 In-silico   Performed via computer simulation. 
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