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Abstract 

Pericytes are mural cells on the surface of capillaries, which may have the capacity to 

differentiate into various lineages. However, the factors that could determine their differentiation 

fate remain to be determined. I hypothesized that nutrient availability, O-GlcNAcylation status, 

and metabolic stress could alter pericyte phenotype. In my experiments, I used mesenchymal 

cells from the skeletal muscle of C57B16/J mice as a model, due to the similarity in the 

characteristics of mesenchymal cells and pericytes. My data showed that Zfp423 protein levels 

are higher when exposed to normal glucose levels (5 mM), compared to high glucose levels (25 

mM), which leads to higher fat droplet formation in mesenchymal cells. However, my data did 

not support the influence of O-GlcNAcylation on adipogenesis. Lastly, I observed that 

Transforming growth factor-β1 could potentially induce myocyte-looking cell formation. This 

finding provides an insight into how nutrient availability could influence the differentiation 

potential of pericytes.
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Chapter 1. Literature review  

 

1.1 Skeletal muscle structure and function 

Skeletal muscle, which comprises approximately 40% of total body weight, is among the most 

plastic and dynamic tissues of the human body. Skeletal muscles are responsible for the 

generation of force and structural stability by converting chemical energy into mechanical force. 

Also, they play an important role in the metabolism of lipids, carbohydrates, and amino acids, in 

addition to their capacity for heat production to help maintain the core temperature (Wolfe, 

2006). The structure of skeletal muscle is characterized by highly organized tissue containing 

multiple bundles of myofibers. Muscle tissues have high energy demand, which is supported by 

two major processes: the metabolism of glucose and the breakdown of fatty acids through ß- 

oxidation (Lieber, 2011; Mukund & Subramaniam, 2020; Eaton et al., 1996). 

 

1.2 The microcirculation of skeletal muscle 

The delivery of nutrient and oxygen-rich blood is possible through the function of a network of 

healthy blood vessels. Muscle tissues are highly vascularized to meet their metabolic needs. The 

microcirculation of skeletal muscles initiates from major arteries that branch into arterioles as 

they enter the tissue. Arterioles then supply the smallest forms of blood vessels called capillaries 

(Cunningham & Gotlieb, 2005). 

 

1.2.1 Microvascular function in healthy adult skeletal muscle 

Arterioles have the capacity to control the O2 and nutrient supply to the working muscle and/ or 

organ by adjusting blood flow over 100-fold, depending on the local demand (Laughlin & 
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Armstrong, 1982; Andersen & Saltin, 1985). This adjustment in blood flow is achieved through 

multiple mechanisms. Under resting conditions, the spontaneous vasomotor tone is maintained 

by the skeletal muscle microvasculature with the help of the sympathetic nervous system (Duling 

& Damon, 1987; Segal, 2005; Segal et al., 1989). Arterial endothelial cells (ECs) are the main 

sensors of increased flow in skeletal muscles. Further, the endothelial release of vasodilatory 

agents such as prostaglandins and nitric oxide (NO) instruct SMCs to relax, which results in a 

decrease in resistance and an increase in the blood flow (Clifford, 2011; Welsh & Segal, 1998). 

One important avenue for matching the local blood flow demand is hypoxia-induced 

vasodilation. This hypoxia sensing mechanism, which can occur at the capillary levels, initiates a 

vasodilatory response that results in the augmentation of blood flow (Parthasarathi & Lipowsky, 

1999; Jia et al., 2011). In addition, capillaries have the capacity to receive signals from the 

contracting muscle fibers, which is further transmitted by the capillary ECs to the arteriolar 

vasculature to increase the blood flow (Murrant et al., 2017).  

 

1.2.2 Cellular organization of microcirculation in skeletal muscle  

Endothelial cells (ECs) line the inner of all microvessels. Larger arterioles are covered with 

several layers of smooth muscle cells, whereas smaller arterioles are only wrapped and 

composed of a single layer of smooth muscle cells. At the capillary level, no smooth muscle 

layer exists but the ECs are partially covered by pericytes, which are important in the 

stabilization of capillaries (Emerson & Segal, 1997; Hudlicka, 2011) (Figure 1). Capillaries are 

the main site of gas, nutrient and waste exchange, but they also play important functions in 

metabolism, immune and hormonal homeostasis (Kissane et al., 2021). Capillary density, which 

is a measure of the number of capillaries, correlates with muscle health and skeletal muscle 
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oxidative capacity. A reduction in capillary density is seen in many vascular health 

complications such as peripheral artery disease (Ingjer, 1979). Capillary density in skeletal 

muscle is known to be dynamic and it can be manipulated in various conditions. The mechanism 

of angiogenesis (formation of new capillaries) increases capillary density, whereas capillary 

rarefaction refers to a reduction in capillary density.  

 

 

Figure 1.1. Endothelial cells are capillaries main cells. This diagram illustrates that a microvascular network 

is created with bigger blood vessels branching to smaller ones. Capillaries, the smallest form of blood vessels, 

are made up of endothelial cells that are partially wrapped by pericytes on their outer surface. Figure was made 

by myself, using Biorender website tools. 

 

1.3 Pericytes 

Pericytes are a heterogeneous population of mural vascular cells (Armulik et al., 2005). They 

reside on the abluminal surface of most capillaries, sharing the basement membrane with ECs. 

Pericytes are attracted to newly formed capillaries by the endothelial-secreted chemoattractant 
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platelet-derived growth factor (PDGF)- BB, which binds to PDGF- receptor beta (PDGFRβ) on 

pericytes (Armulik et al., 2010; Daneman et al., 2010). 

 

1.3.1 Pericyte function and role 

Studies on the brain have shown that pericytes are critical for vascular stability and structure 

(Geevarghese & Herman, 2014). Pericytes provide structural support for ECs, maintaining the 

integrity of the mature capillary network, restricting capillary expansion, and promoting ECs 

quiescence through secretion of paracrine factors such as Angiopoietin (Ang-1) and tissue 

inhibitor of Metalloproteinase 3 (TIMP-3) (Papapetropoulos et al., 2000; Saunders et al., 2006). 

In the brain, pericytes are responsible for the maturation  and maintenance of the blood brain 

barrier (BBB), which is a diffusion barrier that blocks the entry of different molecules and toxins 

from the blood into the brain (Yao et al., 2014). Blood flow regulation and immunomodulation 

as well as contribution in various cellular processes involved in tissue homeostasis are some of 

other functions of pericytes in mature capillary networks (Bergers & Song, 2005; Armulik et al., 

2011; Geevarghese & Herman, 2014). 

 

Pericytes perform specific functions during sprouting angiogenesis. Pericyte detachment from 

ECs coincides with the activation of ECs and initiation of a sprout. The pericyte/ EC contact is 

re-established following sprouting, which re-stabilizes the capillary structure and causes ECs to 

re-enter a quiescent state, limiting further capillary formation (Carmeliet & Jain, 2011; Skalak et 

al., 1998; Volz et al., 2015). 

 

1.3.2 Pericyte cellular markers and subtypes 
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Although no singular molecular marker has been established for pericytes, these cells are 

identified using a mixture of different approaches. Visualization of their location within the 

capillary basement membrane is one of the most accurate ways to identify pericytes. The 

molecular markers Neural/glial antigen 2 (NG2), cluster of differentiation 146 (CD146) and 

PDGFRß are expressed by most pericytes (Armulik et al., 2011; Holm et al., 2018). In addition, 

smooth muscle alpha- actin (SMA), vimentin (Bandopadhyay et al., 2001) and RGS5 (Mitchell 

et al., 2008) have been reported as pericyte cellular markers; however, their expression is 

dependent on the tissue location and species (Gerhardt & Betsholtz, 2003; Hellström et al., 1999; 

Hughes & Chan-Ling, 2004). In vitro studies by Birbrair and colleagues have shown that 

pericytes within skeletal muscle could be divided into two subtypes that are classified based on 

the molecular marker that they express (Birbrair et al., 2013). It was shown by these authors that 

Type-1 and type-2 pericytes express PDGFR alpha and Nestin, respectively (Birbrair et al., 

2013). However, these findings have been defined only in isolated pericytes, and their 

distribution in vivo has not been validated. 

 

1.3.3 Pericyte leptin production 

Our lab recently reported that PDGFRβ+ pericytes in skeletal muscle increase leptin production 

when mice are fed with a high-fat diet for ~8 weeks to induce obesity/ insulin resistance 

(Nwadozi et al., 2019). Leptin is an adipocyte-derived hormone that controls the regulation of 

food intake and enhances fatty acid oxidation (Bjørbæk, 2009, Minokoshi et al., 2002). The 

increase in leptin levels by pericytes after exposure to high a fat diet may suggest that pericytes 

could act as local nutrient sensors. It is speculated that pericytes could react to nutrient 

availability and modify their function depending on the available nutrients. Also, the presence of 
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Zinc- Finger Protein 423 (Zfp423), a pre-adipocyte commitment factor in PDGFRβ+ pericytes 

increased following the high-fat diet (Nwadozi et al., 2019). The increased expression of leptin 

and Zfp423 following a high-fat diet could imply that exposure to a high-fat diet has driven the 

pericytes to adipocyte commitment lineage. However, complete differentiation did not occur as 

evidenced by the lack of detectable adipocytes in skeletal muscle by histology and lack of 

expression of peroxisome proliferator-activated receptor- gamma (PPARγ) (Nwadozi et al., 

2019). 

 

1.3.4 Stem cells 

Stem cells are defined as undifferentiated cell types that have the potential to self-regenerate and 

differentiate into various functional cells (Hosseinkhani et al., 2014; Morelli et al., 2012). Adult 

stems cells are derived from various tissues and organs (Alison et al., 2002; Fu et al., 2011; 

Weissman, 2002; L. Li & Xie, 2005). They are classified as pluripotent, multipotent, or 

unipotent, based on their differentiation potential. Pluripotent cells can generate all cell types 

except an extra-embryonic trophoblast lineage (L. Li & Xie, 2005; Jaenisch & Young, 2008; 

Krampera et al., 2007). Multipotent cells differentiate into all cell types with a particular lineage, 

whereas, unipotent stem cells can differentiate into only a single lineage (Jaenisch & Young, 

2008; Krampera et al., 2007).  

 

Mesenchymal stem cells (MSCs) are multipotent stromal cells that have the capacity to self- 

renewal and differentiate into various lineages depending on their tissue of origin (Dennis et al., 

2002; Torensma et al., 2003). These cells can be isolated from various tissues, including bone 

marrow, adipose tissues, umbilical cord and skeletal muscles (Ding et al., 2006; Ding et al., 
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2007). In vitro studies have shown that MSCs can differentiate into mesodermal, ectodermal, and 

endodermal tissues such as bone, fat, muscle and neuronal cells, depending on the cell culture 

conditions and growth factors present (Kuo et al., 2009; Oishi et al., 2009; Bibber et al., 2013; 

Campagnoli et al., 2001). MSCs are also thought to contribute to tissue function through the 

expression of growth factors and chemokines, which can induce cell proliferation in adjacent 

cells and influence angiogenesis. Transforming growth factor alpha (TGF-alpha), TGF-β1, 

hepatocyte growth factor, epithelial growth factor (EGF), basic fibroblast growth factor, insulin-

like growth factor- 1 (IGF-1), and vascular endothelial growth factor (VEGF) are some of the 

growth factors that are produced by MSCs (Haynesworth et al., 1996; Doorn et al., 2011; Caplan 

& Bruder, 2001; L. Chen et al., 2008). MSCs are sometimes used to study pericytes, due to 

similarities in their multipotency characteristics (De Bari et al., 2003; Klimczak et al., 2018) and 

because of the technical challenges of extraction and purification of specific pericyte population. 

 

1.3.5 Pericyte multipotency  

Although pericytes are deemed as predominantly quiescent in an established microvascular 

network, pathological conditions can result in their activation and, in unique circumstances, may 

initiate their differentiation into other cell types. Capillary-associated pericytes have the 

possibility to undergo differentiation into smooth muscle cells, helping to convert capillaries into 

arterioles (Skalak et al., 1998; Peirce & Skalak, 2003; Volz et al., 2015). In a cell culture 

environment, pericytes have been shown to differentiate into multiple lineages such as 

osteoblasts, chondrocytes and adipocytes (Crisan et al., 2008; Geevarghese & Herman, 2014) 

(Figure 2).  
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Figure 1.2. In vitro studies suggest pericytes are multipotent cells. Under the right environmental cues, 

pericytes can differentiate into various cell types, such as adipocytes, chondrocytes, osteoblasts, smooth 

muscle cells, and myofibroblasts. The figure was made by myself, using Biorender website tools. 

 

1.3.6 Pericyte adipogenesis  

Studies on lung and brain pericytes have provided evidence for the expression of the 

transcription factor CCAAT/enhance binding protein ß (C/EBPß) in these pericyte population 

(He et al., 2018; Vanlandewijck et al., 2018). C/EBPß, an enhancer binding protein, is 

responsible for regulation of target genes associated with adipogenesis (Siersbæk et al., 2014). 

The interaction of C/EBPß with PPARγ in lung and brain pericytes results in responsiveness to 

adipogenic cues (Lefterova et al., 2014). It has been hypothesized that only a limited population 

of pericytes that express PPARγ have adipogenic potential, and can differentiate into fat cells 

(Gupta et al., 2010). PPARγ is a transcription factor known as a master regulator of pre-

adipocyte differentiation. The increase in PPARγ expression is associated with an augmented 
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level of adipocytes and fat tissue in cells that have pre-commitment adipogenic potential 

(Farrington-Rock et al., 2004; Lefterova et al., 2014). 

Zfp423 transcription factor is a pre-adipocyte commitment factor that is required in the initial 

steps of the formation of both brown and white adipocytes in vivo. Gupta’s work has shown that 

Zfp423 can regulate PPARγ gene expression, leading undifferentiated fibroblasts to undergo 

adipocyte differentiation (Gupta et al., 2010). Further, Vishvanath and colleagues observed that 

Zfp423- positive mural cells (PDGFRß+) in adipose tissues, could differentiate into adipocytes 

(Vishvanath et al., 2016). These results show that pericytes could only differentiate into 

adipocytes if they have a pre-commitment to this specific lineage. As mentioned earlier, our 

laboratory found that a high-fat diet in mice could increase levels of Zfp423 in pericytes from the 

skeletal muscle vasculature (Nwadozi et al., 2020), suggesting that this transcription factor could 

contribute towards adipocyte differentiation.  

 

1.3.7 Pericyte Myofibroblast differentiation  

Transforming growth factor-β1 (TGF-β1) is a growth factor that regulates cellular processes such 

as proliferation, apoptosis, migration and differentiation, and promote collagen formation, which 

can contribute to tissue fibrosis (Massagué et al., 2000; Blobe et al., 2000). It has been shown 

that following tissue injury in lung and kidney, pericyte conversion to myofibroblasts occurs 

through TGF-β1, Notch and Wnt signaling pathways (Kirton et al., 2006; Cheng et al., 2008; 

Andersson-Sjöland et al., 2016). It has also been observed, that myofibroblasts differentiation is 

associated with a decline in adipogenic markers, such as PPARγ (Mann et al., 2010; Perugorria 

et al., 2012; Zeybel et al., 2017).  
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1.3.8 Pericyte smooth muscle cell differentiation  

Vascular smooth muscle cells (VSMCs) are one of the major cellular constituents of arterioles 

and arteries, and their contractile properties enable them to regulate blood pressure and the blood 

flow between organs (Lacolley et al., 2012; Brozovich et al., 2016). Skalak and colleagues have 

shown that pericytes and smooth muscle cells share NG2 as a cellular marker and it has been  

suggested that these cells probably share a similar origin during the development (Murfee et al., 

2005). In vitro studies on adipose-derived and bone marrow-derived mesenchymal stromal cells 

have shown that the addition of TGF-β1and angiotensin II to the cell culture environment 

promotes the differentiation of these cells into VSMCs (C. Wang et al., 2010; Kim et al., 2008; 

M.-K. Wang, 2012).  

 

1.3.9 Tissue specificity of pericyte fate 

The differentiation fate of pericytes is suspected to be related to the origin of these cells, as 

reported on studies on brain and lung pericytes (He et al., 2018; Vanlandewijck et al., 2018). 

Researchers proposed that differentiation potential may correspond with pre- programmed 

commitment to certain cell types and that the pericytes would only differentiate into that specific 

lineage (Birbrair et al., 2013; Sacchetti et al., 2016;). It is noteworthy, that in vivo investigation 

in multiple tissues such as skeletal, cardiac and adipose tissues have revealed that pericytes that 

express T-Box transcription factor 18 (Tbx18) fail to possess trans- differentiation capacity 

(Guimarães-Camboa et al., 2017). Others have debated the interpretation of this outcome, 

suggesting that the absence of this transcription factor is a sign of differentiation potential in 

pericytes (Birbrair et al., 2017; Wörsdörfer & Ergün, 2018). 
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1.4 Role of metabolic activity and nutrient availability in stem cells  

Our lab has been interested in studying the effect of nutrient manipulation and metabolic 

pathways on microvascular cell functions. Cells adjust their metabolic state in response to 

nutrient availability, extracellular cues, and differentiation signals. For instance, higher nutrient 

sources of glucose and insulin might favor glycolysis, whereas an increase in fatty acids and 

amino acids could result in a shift towards oxidative phosphorylation (OxPhos) (Guo et al., 

2012). Recent studies have advanced our understanding of multipotent stem cell differentiation 

fate and their response to changes in metabolic activity and nutrient availability. Glycolysis and 

OxPhos are the two major metabolic pathways that can alter the self-renewal or differentiation 

fate of multipotent cells by regulating the intrinsic cell cues (Shyh-Chang & Ng, 2017). 

Generally, it is recognized that stem cells need different metabolic pathways along their process 

of differentiation. For instance, naïve quiescent stem cells rely heavily on OxPhos, whereas they 

rely on glycolysis when they are activated and proliferating (Zhou et al., 2012; Takashima et al., 

2014; Sperber et al., 2015). For example, multipotent mesenchymal stem cells are known to rely 

heavily on Oxphos when they are in their native, quiescent stage and have low proliferation 

activities (Sbrana et al., 2016; Katajisto et al., 2015). Studies have shown that introducing hMSC 

to a nutrient-rich environment, could shift their metabolic dependence on OxPhos to support 

their energy demand (Sherr & DePinho, 2000; Pattappa et al., 2011; Y. Liu et al., 2015). Lastly, 

oxygen availability shifts human MSC towards OxPhos metabolism, which could affect their 

differentiation fate by increasing the reactive oxygen species (ROS) due to tricarboxylic acid 

(TCA) cycle activity (Shyh-Chang et al., 2013) 

 

1.4.1 Glycolysis and stem cells  
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Glycolysis is a series of redox reactions through which a glucose molecule gets broken down 

into two pyruvate molecules and results in the production of two molecules of ATP. Although 

glycolysis is a fast ATP-producing reaction and it can occur in the absence of oxygen, it is the 

least efficient source of energy. The proliferation of stem cells is generally supported by 

glycolysis (Shyh-Chang & Ng, 2017; Leese, 1995; Zhou et al., 2012). For example, it has been 

observed that glycolysis is essential for the proliferation of muscle progenitor cells (MPCs), 

since in the absence of glucose, proliferation is dramatically reduced (Chen et al., 2019). Also, 

the absence of glucose is associated with a reduction in ATP levels available for MPCs, 

suggesting that glycolysis is essential for energy production in proliferating MPCs (Yucel et al., 

2019). In summary, glycolysis plays an important role in transition of naïve cells to a primed and 

proliferative state. 

 

1.4.2 Oxidative phosphorylation (OxPhos) and stem cells 

Oxidative phosphorylation (OxPhos) is the main and most efficient source of energy for 

mammalian cells. OxPhos is an oxygen- consuming series of reactions in electron transport chain 

and ATP synthase complex of mitochondria. The final product of OxPhos are ATP molecules 

that are produced by the oxidation of nicotinamide adenine dinucleotide (NADH) (Shyh-Chang 

& Ng, 2017). OxPhos also actively promotes the differentiation of stem cells (Zhou et al., 2012; 

Takashima et al., 2014; Sperber et al., 2015). The activity of the mitochondrial TCA cycle in 

OxPhos leads to the production of dioxygenase which can affect stem cells and lead them to 

initiate differentiation. Dioxygenase alters stem cells by erasing multiple repressive chromatin 

modifications that can result in the initiation of differentiation processes (Shyh-Chang & Ng, 

2017).  
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1.4.3 Lipid metabolism and stem cells 

Lipids are responsible for a vast variety of roles inside the cells (Fahy et al., 2011). For example, 

various biological processes, including cell proliferation, cell migration, cell death, gene 

expression and immune reactions are influenced by lipids (Wymann & Schneiter, 2008). Fatty 

acids (FAs), stored in the form of triglycerides (TAG), are an important source of energy. Lipids 

are oxidized by first breaking down of TAGs through lipolysis to release FAs, which then 

undergo ß- oxidation in the mitochondria (Houten & Wanders, 2010). The role of lipid oxidation 

in stem cell behaviors has been an area of interest. Studies on stem cells have shown that 

differentiated cells generally have increased levels of saturated free FAs and higher fatty acid 

transport into mitochondria which results in a shift of metabolism towards OxPhos and 

influences the differentiation of stem cells (Yanes et al., 2010). It has been observed that 

differentiation capabilities of stem cells are maintained by high levels of unsaturated FAs (Yanes 

et al., 2010). Lastly, evidences from studies on human embryonic stem cells and induced 

pluripotent stem cells (iPSCs) have shown the importance of lipid profile on the multipotency of 

stem cells (Kiamehr et al., 2017). 

 

1.4.4 Glucose and the Hexosamine Biosynthesis pathway  

The hexosamine biosynthesis pathway (HBP) is an alternative branch of glycolysis that gets 

activated when glucose availability overwhelms the glycolytic pathway, thus it acts as a nutrient 

sensor for the cell. A greater influx of glucose, as occurs with hyperglycemia, along with ROS 

and hyperlipidemia, are the main contributors to increase flux through the HBP (Liu et al., 2000; 

Du et al., 2000; Nissen & Wolski, 2007; Gerstein et al., 2008). Increases in glucose, acetyl- CoA, 
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fatty acids, glutamine, and nucleotide (UTP) lead to the upregulation of glutamine fructose-6- 

phosphate amidotransferase (GFAT), which is the rate-limiting enzyme responsible for the 

production of UDP-N-acetylglucosamine (UDP-GlcNAc) (Semba et al., 2014; Vasconcelos-dos-

Santos et al., 2018). O-GlcNAcylation, the addition of N- acetylglucosamine (GlcNAc) from 

UDP-GlcNAc to serine and threonine amino acids of intracellular proteins is a post-translational 

modification that occurs as part of the HBP (Hart et al., 2007) (Figure 3). O-GlcNAcylation is 

responsible for altering many cellular processes such as calcium signaling, insulin signaling, 

mitochondrial homeostasis, gluconeogenesis and apoptosis and it affects various functions of 

proteins, such as enzymatic activity, protein stability and subcellular localization, thus leading to 

a modification of cell signaling and metabolism (Bond & Hanover, 2013; Hart et al., 2007). To 

date, up to around 4000 proteins have been identified to be O-GlcNAcylated (Ma & Hart, 2014).  

 

The process of O-GlcNAcylation is modulated by two key enzymes, O-linked ß- N- 

acetylglucosamine transferase (OGT) and O-linked ß- N- acetylglucosaminidase (OGA). OGT is 

responsible for catalyzing the addition of GlcNAc to proteins, while the enzyme OGA removes 

the modifications from proteins (Hart et al., 2007) (Figure 3). Experimentally, O-GlcNAcylation 

levels can be manipulated by modifying OGA activity. PUGNAc is an inhibitor of OGA, thus it 

is used experimentally to increase cellular O-GlcNAcylation levels (Figure 3). Physiological 

disruption of OGT and OGA can have pathological implications in various diseases, such as 

cancer, neurological disease, and diabetes (Bond & Hanover, 2013).  

 

OGT and OGA receive information about nutrient changes inside the cell from key nutrient- 

sensitive signaling pathways and respond by either increasing or decreasing the levels of O-
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GlcNAcylation. For instance, adenosine- monophosphate-activated protein kinase (AMPK), 

which regulates cellular energy levels in response to nutrient availability and cellular stress, 

phosphorylates OGT, inhibiting O-GlcNAcylation (Janetzko & Walker, 2014; Bullen et al., 

2014; Xu et al., 2014). Overall, the effects of AMPK on OGT regulates the activity of proteins 

involved cellular growth, metabolism and proliferation (Bullen et al., 2014). 

 

O-GlcNAcylation modifications, play an important role in stem cell fate determination, 

regulation of pluripotency as well as gene silencing (Speakman et al., 2014; Vella et al., 2013). 

An elevation in O-GlcNAcylation levels is associated with a maintenance of pluripotency and its 

marker genes such as OCT4 and SOX2, whereas lowering levels of O-GlcNAcylation is linked 

to differentiation (Jang et al., 2012). For example, studies have shown that increasing O-

GlcNAcylation results in delay in differentiation of mouse embryonic stem cells and decreasing 

O-GlcNAcylation promoted differentiation in neuronal cells (Shi et al., 2013; Constable et al., 

2017).  
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Figure 1.3. Hexosamine Biosynthesis Pathway and O-GlcNAcylation processing glucose. This diagram 

illustrates the fate of glucose as it enters the cell through Glut1 transporters and some are diverted through the 

HBP pathway. Fatty acids also can increase UDP-GlcNAc and O-GlcNAcylation. GFAT: glutamine fructose-

6- phosphate amidotransferase, OGT: O-GlcNAc Transferase, OGA: O-GlcNAcase, AMPK: adenosine- 

monophosphate-activated protein kinase, CaMKII: calcium/ calmodulin-dependent protein kinase II, GSK3: 

insulin-regulated mitotic protein glycogen synthase kinase. 

  

1.4.5 Effects of oxygen availability on stem cells functions 

Since oxygen is required for OxPhos, hypoxic conditions shift metabolism from OxPhos to 

glycolysis. Hypoxia also stabilizes hypoxic inducible factors (HIFs) and inactivates p53. This 

can influence somatic cell differentiation ability, and re-enter these cells to pluripotency, since 

p53 has been shown to stop stem cell generation (Marión et al., 2009; Hong et al., 2009; Yoshida 

et al., 2009). Alternatively, some studies show that hypoxia could promote stem cells 

differentiation process as there is evidence that it promote pluripotent stem cells differentiation 
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into retinal or lung progenitors (Takahashi et al., 2020; Pimton et al., 2015), and induces 

upregulation of myoD in skeletal muscle-derived stem cells to promote myogenesis (Elashry et 

al., 2022). Lastly, there is evidence that mesenchymal stem cells shift toward osteogenesis in a 

hypoxic environment (Delorme et al., 2006; Cipolleschi et al., 1993).Therefore, hypoxia could be 

an environmental driver that modifies the metabolism of stem cells and influence the 

differentiation fate of these cells. However, these findings might be unique in different cell types, 

therefore it is important to study the population of interest.  

  

1.4.6 Metabolism of pericytes 

Although pericytes have similar characteristics as mesenchymal cells, there is a very little direct 

investigation of their metabolism to date. Research on human and murine brain pericytes has 

shown that glucose uptake is mediated by insulin-dependent GLUT1 and GLUT2 glucose 

transporters (Castro et al., 2018; Vanlandewijck et al., 2018). One study that characterized 

metabolic pathway use in cultured pericytes reported that proliferating pericytes rely on 

glycolysis to meet about 85% of their energy demand, while the other 15% is dependent on fatty 

acid oxidation (Cantelmo et al., 2016). It is possible that a shift in metabolism from a glycolytic 

pathway to OxPhos could affect pericyte differentiation fate, similar to other stem cells. Notably, 

the influx of glucose provides a greater opportunity for activation of the HBP. It is thought that 

the HBP could mediate pericytes' self-renewal by sustaining proliferation and re-establishing the 

quiescent state in pericytes (Wellen et al., 2010). Despite the recent findings about pericyte 

metabolism, our understanding of their differentiation potential remains limited. 

 

 



	

18 
 

1.5 Knowledge gap in understanding of pericytes behavior 

There remains an extensive knowledge gap regarding how pericytes interact with their molecular 

environment and how they can be induced to differentiate into specific cell types. To date, most 

of our knowledge of pericyte differentiation is based on the observations of experiments done on 

other types of stem cells. The differentiation of pericytes into various cell types and their 

abnormalities could contribute to various health complications. For example, pericytes can turn 

into undesired fibroblasts or adipocytes after a muscle injury, which could negatively affect the 

recovery of the muscle tissue. Based on knowledge gained from studies of other cell types, 

nutrient availability, and metabolic shift are critical variables that could affect pericyte 

phenotype and differentiation fate. Therefore, it is important to study the effect of various 

nutrient availability on the pericyte phenotype.   
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Chapter 2. Rationale and objectives  

 

The availability of various nutrients and oxygen can shift a cell’s reliance on distinct metabolic 

pathways. If pericytes are multipotent cells, this could provoke them to differentiate into various 

lineages. Thus, the metabolic activity of the cell could act as a decision-maker for the initiation 

of the phenotype change and differentiation fate. Also, O-GlcNAc modifications have the 

potential to affect pericyte phenotype. However, testing factors that evoke phenotype shifts in 

pericytes in vivo is very challenging, because many variables are altered simultaneously by 

ischemia or by diet changes. Instead, cultured cell experiments enable the testing of specific 

parameters of interest, while excluding confounding factors such as inflammation. Therefore, 

manipulation of nutrient availability (excess and nutrient deficiency) in vitro will be used in this 

thesis as a strategy to study factors that could promote shifts in pericyte phenotype. For this 

purpose, mesenchymal stem cells are used as a proxy for pericytes since these cells display 

similar characteristics and phenotypes and are easier to obtain. 

 

2.1 Hypothesis: 

Mesenchymal cells phenotype can be altered by nutrient availability and metabolic stress.  

 

2.2 Objectives: 

 

2.2.1 Objective 1: To test the effects of nutrient excess on mesenchymal cells O-GlcNAcylation 

and phenotype in culture. 
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2.2.2 Objective 2: To test the effects of ischemia- mimetic conditions on mesenchymal cells O-

GlcNAcylation and phenotype in culture. 
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Chapter 3. Methods 

 

3.1 Ethical approval  

Animal studies were approved by the York University Committee on Animal Care (#2017-19R3, 

#2017-20R3). 

 

3.2 Isolation of mouse skeletal muscle mesenchymal cells: 

Hindlimb muscles were extracted from C57B16/J mice, minced, and digested by 2 mg/ml 

collagenase D (Millipore Sigma #11088882001). The digested fraction then was washed once 

with alpha MEM. The fraction was resuspended with dispase (Sigma #D4693) solution and 

incubated at 37C for 5 mins then was diluted with Alpha MEM. Then it was passed through a 

cell strainer, then washed, and resuspended in High glucose (25 mM) DMEM (Gibco # 

11960044) with 10% Fetal Bovine Serum (FBS) (Gibco #10082147), and plated on Matrigel-

coated flasks overnight. For mesenchymal stromal cell culture media, DMEM with 25 mM 

glucose, 10% FBS, glutamine (1X) (Gibco #35050061), sodium pyruvate (1 mM) (Gibco 

#11360070), and Penicillin-Streptomycin (10 U/mL) (Gibco #15140163) was used to grow cells. 

For experiments, pericytes were treated with various conditions (described below) and then lysed 

for protein and mRNA extraction. 

 

3.3 Cell line confirmation experiments:  

The 10T1/2 cells line was used to confirm some of the results that were observed on 

mesenchymal cells. 10T1/2 cells are immortalized mesenchymal stem cells. These cells were 

cultured in high glucose (25 mM) DMEM media with 10% FBS.  
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3.4 Nutrient modifications: 

To test the effect of nutrient excess on mesenchymal cells, cells were treated for 48 hours or 72 

hours with high glucose (25 mM) DMEM, normal glucose (5 mM) DMEM (Gibco #11885084) 

media, Insulin (1 µM) (Humalog #02229704), palmitate (Sigma #P1585) (200 µM; conjugated to 

BSA) or Oleic Acid (Sigma #03008) (200 µM; conjugated to BSA). The treatment groups were 

as follows: normal glucose (control); high glucose; high glucose+ Insulin+ Palmitate; high 

glucose+ Insulin+ Oleic Acid 

 

3.4.1 To test the effects of nutrient and oxygen deficiency as occurs in ischemia, cells were 

treated for 24, 48 or 72 hours with no glucose DMEM (Gibco #11966052) and cobalt chloride (1 

mM; Sigma #5862). The treatment groups were as follows: normal glucose (control); no glucose; 

no glucose+ Cobalt Chloride.  

 

3.4.2 To test the role of O-GlcNAcylation, some cells were treated with 100 µM PUGNAc 

(Toronto Research Chemicals #A157250) for 48 hours. 

 

3.5 Differentiation potential: 

To identify possible changes in phenotype that might be observed in pericytes under various 

nutrient conditions, the indicators of adipogenic, myogenic and fibrotic lineages were induced by 

following treatments and cells were assessed by qPCR and morphological analysis.  
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3.5.1 To induce adipogenesis, cells were treated with adipogenic cocktail (1µM dexamethasone, 

125nM indomethacin, 1 nM triiodothyronine (T3), 1µM rosiglitazone, 850 nM insulin, 0.5 mM 

3-isobutyl-1-methylxanthine) for 9 days and monitored for lipid accumulation using Bodipy stain 

(Invitrogen #D3823). 

 

3.5.2 To stimulate myogenesis, cells were cultured in media containing 5% horse serum (Gibco # 

16050122) for 9 days and monitored for myotube formation. 

 

3.5.3 TGF-β1 (Biolegend #580702) treatment (10 ng/mL) for 5 days was used to stimulate 

fibrosis.  

 

3.6 Morphological imaging: 

Following the above treatments, the cells were observed under the light microscope and their 

phenotype changes were examined and images captured using the software called “Capture 

Image”. The images were collected at 10X and 20X magnification.  

 

3.7 Mesenchymal cells fat deposition staining: 

To detect fat droplets following adipogenic treatments, the cells were washed 3 times with 1X 

PBS and then fixed with 4% paraformaldehyde. Then cells were stained with bodipy (1:100 for 

10 minutes, Invitrogen #D3823). After one wash with 1X PBS, cells were re-stained using DAPI 

(1:1000 for 5 minutes). The cells were observed and imaged under the fluorescent microscope 

using a constant camera exposure time and settings. For each condition, 6 fields of view pictures 

were taken. Images were quantified by first setting a specific pixel threshold to demarcate 
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adipocytes, and then calculating the mean of the thresholded features on each image using 

ImageJ software. For each condition, the 6 fields of view were averaged to generate a single 

value (n=1) for each treatment. 

 

3.8 qPCR:  

RNA was extracted from cultured cells using Qiazol (Qiagen #79306) and Reverse Transcribed 

(RT) to synthesize cDNA using dNTP (New England Biolabs #N0447S), Oligo dT (Invitrogen 

#100002344), Ribolock RNase inhibitor (Thermo Fisher Scientific #EO038), Random primers 

(Invitrogen #100026484), M-MuLV reverse transcriptase and buffer (New England Biolabs). 

cDNA was diluted by adding 80 µl of double distilled water. cDNA was analyzed by real-time 

polymerase chain reaction (qPCR) using Taqman© fast advanced master mix (Applied 

Biosystems, Thermo Fisher Scientific #4444557) probes. Gene expression of the adipocyte 

markers Zfp423 (a marker of adipocyte precursors) and PPARγ (a marker of mature adipocyte) 

was measured to study the phenotype shift of mesenchymal cells to adipocytes. Gene expression 

of collagen type 1 and TGF-β1, which are markers of a fibroblast phenotype, was measured to 

assess the shift of pericytes phenotype to fibroblasts. Lastly, the phenotype shift to skeletal 

myocyte was studied by assessing the gene expression of Myf5 and MyoG (markers of 

myoblasts). All RNA probes were normalized to TATA-box binding protein (Tbp) mRNA since 

it has a relatively consistent expression profile across all treatments. 

 

3.9 Western Blot:  

Cells were lysed for protein analysis using RIPA buffer (50 mM Tris base, 150 mM NaCl, 1% 

NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing phosSTOP (Sigma #04906837001) 
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and cOmplete Mini (Sigma #11836153001) and the protein concentration was measured by 

BCA. Western Blot was used to measure the protein levels in each treatment. Depending on the 

molecular weight of the protein of interest, cell lysates were loaded on 8% to 15% SDS- 

Polyacrylamide gels. Proteins were transferred from the gel to a PVDF membrane using a wet 

transfer protocol. The membrane then was incubated with 5% milk in TTBS to block non-

specific binding. Later, the membrane was incubated overnight with the primary antibody in 

TTBS containing 5% BSA [anti-Zfp423 antibody (1:1000; abcam #AB216970), anti- O-GlcNAc 

antibody (1:1000; Cell Signaling Technology #82332S)]. On the second day, membranes were 

incubated with a secondary antibody (diluted in 5% BSA; 1:10000) for an hour. Next, the 

membrane was imaged and the pixel intensity of each protein band was analyzed using ImageJ 

software. The intensity of each band was normalized to that of β-actin (1:1000) (Cell signaling 

#4967) for the same condition.   

 

3.10 Immunoprecipitation (IP):  

Cells were lysed using IP lysis buffer which consists of 50 mM Tris pH 7.5, 10 mM MgCl2, 0.3 

M NaCl, 2% NP-40. The protein levels were quantified by BCA protocol using IP lysis buffer. 

Then the lysate was incubated overnight with primary antibody (anti-Zpf423) (ABclonal 

#A15795) and with normal IgG (as the negative control). The day after, lysates were incubated 

with protein A/G magnetic beads (Bimake #B23202) to isolate purified Zfp423 and IgG proteins. 

Western blot analysis using anti- O-GlcNAc (Cell Signaling Technology #82332S) antibody was 

used to assess the O-GlcNAcylation status of Zfp423 proteins.  

 

3.11 Statistical analysis 
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Results are presented as showing individual (n) values with bars representing ± standard 

deviation. One-way ANOVA repeated measures followed by Bonferroni post hoc tests were used 

to analyze the statistical results for all of the qPCR, Western blot analysis, and Bodipy 

quantification using Prism software (Prism4; Graphpad Software Inc.). However, Two- way 

ANOVA was used to analyze the qPCR quantifications for comparing the Zfp423 and the Col1a1 

genes in the PUGNAc experiment, and Myh11 gene in the TGF-β1 of the experiment. A P<0.05 

was considered to represent statistical significance. 
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Chapter 4. Results 
 

4.1 Mesenchymal cell adipogenic potential  

Mesenchymal cells can be initiated towards either adipogenic or fibrotic differentiation, 

depending on the environmental cues. I first investigated whether glucose levels can alter 

adipogenic differentiation. A 9-day treatment with adipogenic cocktail results in cells with 

extensive lipid formation (Figure 4.1 A-C). Bodipy staining (to detect non-polar lipids) was used 

to quantify the intercellular lipid content. Lipid droplet formation was observed in cells cultured 

with both high and normal levels of glucose, in combination with the adipogenic cocktail (Figure 

4.1 E, F). Lipid quantification showed that normal glucose treated cells had significantly higher 

levels of lipid accumulation compared to control. Also, there was no statistical significance 

observed between high glucose (25 mM) adipogenic cocktail and control, and high glucose 

adipogenic cocktail and normal glucose (5 mM) adipogenic cocktail. These results show that 

cells treated with normal glucose are more efficient at undergoing adipogenesis.  
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Figure 4.1. Effect of glucose availability on adipogenesis. Mesenchymal cells were treated with either high 

glucose (25 mM) (HG) or normal glucose (5.5 mM) media (NG) and adipogenic cocktail for 9 days to 

investigate their adipogenic capacity. The images captured by light microscope from mesenchymal cells 

treated for 9 days with A) HG B) HG+ adipogenic cocktail and C) NG+ adipogenic cocktail and their 

corresponding Bodipy staining images captured by the fluorescent microscope, highlighting the fat droplets 

formed in treated mesenchymal cells. G) the intensity of Bodipy stain was quantified using ImageJ and the 

area of the Bodipy+ cells (per field of view) was plotted for each condition. Data are shown as independent 

experiments (n=3), with lines representing mean ± standard deviation. *P<0.05. 
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Further, I investigated if glucose and palmitate exposure alter adipogenic or fibrotic potential in 

mesenchymal cells by assessing the RNA for Zfp423 and Col1a1, respectively. After 72 hours of 

treatment, mesenchymal cells treated with normal glucose did not alter Zfp423 mRNA 

significantly compared to the no-glucose control. In fact, cells treated with high levels of glucose 

exhibited a significantly higher levels of Zfp423 mRNA compared to all other treatment groups 

(Figure 4.2 A). Although there was no significant difference in Col1a1 between treatment groups 

after 72 hours (Figure 4.2 B), a trend was observed suggesting that increasing glucose levels 

could increase the Col1a1 levels. Also, palmitate/ insulin treatment did not affect the Zfp423 or 

Col1a1 levels in these experiments.  

 

Figure 4.2. Effect of glucose availability on Zfp423 and Col1a1 gene expression. Mesenchymal cells were 

cultured with no glucose media (0 mM; 0G), normal glucose media (5.5 mM; NG) and high glucose media (25 

mM; HG), or HG with insulin (1 µM) and Palmitate (200 µM) (HG+ Ins+ Palm) for 72 hours. Then RNA was 

extracted and analyzed by qPCR. The expression of A) Zfp423 mRNA and B) Col1a1 mRNA were measured 

using qPCR analysis, normalizing to the housekeeping gene Tbp. Data are shown as independent experiments 

(n=3), with lines representing mean ± standard deviation. * P<0.05 represents a statistical significance 

compared to all other treatment groups.  
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4.2 Modification of O-GlcNAc in various conditions 

In order to examine the effect of nutrient availability, I tested the O-GlcNAcylation levels, in 

mouse mesenchymal cell treated with normal glucose media, high glucose media, PUGNAc and 

Palmitate for 48 hours. After performing western blot analysis on the extracted lysates from 

these cells (Figure 4.3 A,C), no significant difference was observed among these groups. 

However, there was a trend for an increase in O-GlcNAcylation in cells treated with PUGNAc 

and Palmitate (Figure 4.3 E). Also, I treated mesenchymal cells with PUGNAc (100 µM) and 

either high or normal glucose levels to investigate whether their phenotype would change. After 

48 hours of treatment, no apparent changes were observed in these cells with PUGNAc treatment 

in either high and normal glucose (Figure 4.4 A-D). 

 

 

Figure 4.3. Effect of nutrient availability on O-GlcNAcylation. Mesenchymal cells were treated with 

various glucose levels (high and normal) with PUGNAc and Palmitate for 48 hours and the levels of O-

GlcNAcylation was measured. A) Western blot showing O-GlcNAc proteins in extracts from mesenchymal 

cells treated with normal glucose DMEM (NG), high glucose DMEM (HG), and B) the corresponding β-actin 
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blot. C) O-GlcNAc was assessed by Western blot for cells treated with high glucose DMEM (HG) high 

glucose DMEM + PUGNAc and high glucose DMEM+ palmitate+ PUGNAc and D) corresponding β-actin 

blot. E) The O-GlcNAc band intensities were quantified and normalized to each corresponding β-actin band 

using ImageJ. Data are shown as independent experiments (n=2-5), with lines representing mean ± standard 

deviation. 

 

Figure 4.4. Effect of glucose availability and O-GlcNAcylation on mesenchymal cell phenotype. 

Mesenchymal cells were treated with either high glucose (25 mM) or normal glucose (5.5 mM) media and 

PUGNAc (100 µM) for 48 hours to investigate the phenotype change. The images were captured by light 

microscope from mesenchymal cells treated for 48 hours with A) normal glucose DMEM (NG) B) normal 
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glucose DMEM treated with PUGNAc (NG+ PUGNAc); C) high glucose DMEM (HG) D) high glucose 

DMEM treated with PUGNAc (HG+ PUGNAc). 

 

4.3 Metabolic disturbance of 10T1/2 cells   

To investigate the effect of metabolic disturbances on O-GlcNAc levels in various conditions, I 

used the immortalized mesenchymal stem cell line 10T1/2, which has similar properties as 

pericytes and primary mesenchymal cells and assessed the O-GlcNAcylation levels by western 

blotting (Figure 4.5 A). O-GlcNAc levels were quantified and normalized to β-actin levels in 

each sample (Figure 4.5 B), then values were normalized to that of HG alone in each experiment 

(Figure 4.5 C). Basal levels of O-GlcNAc were increased by PUGNAc in cells treated with both 

PUGNAc alone and PUGNAc and palmitate, and there was a significant difference between the 

group treated with PUGNAc compared to the control group. 

 

 

Figure 4.5. Effect of metabolic disturbances on 10T1/2 cells on O-GlcNAcylation. 10T1/2 cells were 

treated with various treatments for 48 hours to investigate the O-GlcNAcylation levels in these cells in the 

presence of various treatments such as PUGNAc, Palmitate, Insulin and Oleic Acid. A) Western blot 

comparing O-GlcNAc levels in extracted proteins from 10T1/2 conditioned with high glucose DMEM + 
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PUGNAc (HG+ PUGNAc), high glucose DMEM + PUGNAc + palmitate (HG+ PUG+ Palm), high glucose 

DMEM + insulin+ palmitate (HG+ Ins+ Palm) and high glucose DMEM + insulin+ oleic acid (HG+ Ins+ 

Oleic) treated for 48 hours. B) Western blot of β-actin in the same experimental groups. C) The O-GlcNAc 

bands intensities were quantified and normalized to each corresponding β-actin band; Data are shown as 

independent experiments (n=3), with lines representing mean ± standard deviation. *P<0.05. 

 

4.4 Zfp423 is an O-GlcNAcylated protein  

To investigate whether Zfp423 could be O-GlcNAcylated, I treated 10T1/2 cells for 24 hours 

with 100 µM PUGNAc to amplify O-GlcNAcylation. Then, using the immunoprecipitation 

technique, Zfp423 proteins were pulled down from the lysate extract. Western blot with anti-O-

GlcNAc antibody enabled the detection of a high-intensity band at the molecular weight of 

Zfp423 (Figure 4.6). No signal was seen in the IgG control immunoprecipitation. This suggests 

that Zfp423 is an O-GlcNAcylated protein (Figure 4.6).  

 

 

Figure 4.6. O-GlcNAcylation of Zfp423. 10T1/2 cells were treated for 24 hours with PUGNAc (100 µM) to 

induce O-GlcNAcylation and then the proteins were extracted from these cells. Then the lysates were 

immunoprecipitated (IP) with anti- Zfp423 antibody or IgG as a negative control and Western blotted for O-

GlcNAc. 
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4.5 Modification of Zfp423 in various nutrient availability 

I investigated the effect of various glucose concentrations, palmitate and, PUGNAc on Zfp423 

protein levels. I observed that the expression of the Zfp423 protein was significantly higher in 

mesenchymal cells that were treated with normal glucose levels for 48 hours compared to cells 

that were treated at the same time with high glucose. However, Zfp423 levels in cells that were 

treated with PUGNAc or with Palmitate and PUGNAc, were not significantly different compared 

to other treatment groups (Figure 4.7).

 

Figure 4.7. Effect of nutrient availability on Zfp423. Mesenchymal cells were treated with various glucose 

levels (high and normal) with PUGNAc and Palmitate for 48 hours and the levels of Zfp423 protein was 

measured a) Western blot showing Zfp423 proteins in extracts from mesenchymal cells treated with normal 

glucose DMEM (NG), high glucose DMEM (HG), b) β-actin blot for NG and HG c) Zfp423 blot for high 

glucose DMEM (HG) high glucose DMEM + PUGNAc and high glucose DMEM+ palmitate+ PUGNAc d) β-

actin blot for HG, HG+ PUG and HG+ Palm+ PUG e) The Zfp423 bands intensities were quantified and 

normalized to each corresponding β-actin band using ImageJ. Data are shown as independent experiments 

(n=3-7), with lines representing mean ± standard deviation. *P<0.05.  

 

4.6 O-GlcNAcylation of mesenchymal cells 



	

35 
 

To study the effect of O-GlcNAcylation on the differentiation fate of mesenchymal cells, I 

cultured these cells with variable levels of glucose and treated some cells with PUGNAc to 

amplify the O-GlcNAcylation levels. Neither Zfp423 nor Col1a1 mRNA levels were altered by 

glucose concentration or by PUGNAc treatment (Figure 4.8 A, B).  

 

 

Figure 4.8. Effect of PUGNAc and glucose availability on gene expression of Zfp423 and Col1a1. 

Mesenchymal cells were cultured with no glucose media (0 mM. 0G), normal glucose media (5.5 mM, NG) 

and high glucose media (25 mM, HG) and 100µM PUGNAc for 48 hours and the RNA was extracted to 

perform QPCR analysis to compare the control groups with the treatment groups. The expression of A) Zfp423 

RNA and B) collagen RNA (Col1a1) was measured and quantified using qPCR analysis normalizing to the 

housekeeping gene Tbp for mesenchymal cells. Data are shown as independent experiments (n=3), with lines 

representing mean ± standard deviation. *P<0.05. 

 

4.7 Myogenic potential of mesenchymal cells 

Lastly, TGF-β1 is known to promote fibrosis and the expression of smooth muscle genes. To test 

these outcomes in mouse mesenchymal cells, I cultured cells with either normal or high glucose 

DMEM for 2 days and subsequently treated them with TGF-β1 (100 ng/ml) for 5 days, 

comparing them with a time-matched control group. I observed that the appearance of cells 
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treated with TGF-β1 was altered with cells becoming elongated and looking more like myocytes 

(Figure 4.9). This suggests that TGF-β1 could induce the formation of smooth muscle cells in 

mesenchymal cells. RNA analysis of these cells indicated the presence of Myh11, which encodes 

smooth muscle myosin, though, there was no specific trend observed in the expression of Mhy11 

mRNA in various groups (Figure 4.9 E). 
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Figure 4.9. Effect of glucose availability on mesenchymal cells phenotype shift towards myogenesis. 

Mesenchymal cells were cultured with either high glucose (25 mM, HG) or normal glucose (5.5 mM, NG) 

media for 2 days and with 100ng/ml TGF-β1 for 5 days to investigate the myotube formation in these cells. 

The phenotype shift in mesenchymal cells towards myocyte- like cells was observed and images were captured 

using light microscope and Capture software in cells treated with A) high glucose DMEM (HG) B) normal 

glucose DMEM (NG) C) HG+ TGF-β1 D) NG+ TGF-β1. E) The expression of Myh11 RNA was measured 

and quantified using qPCR analysis normalizing to the housekeeping gene Tbp for mesenchymal cells. Data 

are shown as independent experiments (n=3), with lines representing mean ± standard deviation. 
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Chapter 5. Discussion  

 

5.1 Overview of findings 

The goal of this study was to test the effects of normal and high glucose concentration on O-

GlcNAcylation and pericyte phenotype by studying mesenchymal cell phenotype shift. I 

observed greater formation of adipocytes by these cells when they are cultured in normal 

compared to high glucose conditions. Levels of Zfp423 protein also were significantly higher in 

mesenchymal cells cultured in 5.5 mM glucose levels. In contrast, Zfp423 mRNA was 

significantly higher in mesenchymal cells treated with 25 mM glucose. I established that Zfp423 

protein is an O-GlcNAcylated protein. However, an increase in O-GlcNAcylation was unable to 

induce a phenotype change independently of the adipogenic stimulus. Lastly, I observed that 

higher dosage of TGF-β1 could induce phenotype changes in mesenchymal cells and transfer 

them into myocyte looking cells. These studies show promise that manipulation of nutrient status 

(glucose) may be a means to manipulate their differentiation capacity. The figure 5.1 summarizes 

the hypothesis as well as the findings of this study.  
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Figure 5.1. Summary of hypothesis and findings. A) 1- Initially, I hypothesized that an increase in 

glucose/fatty acid levels can increase the O-GlcNAcylation levels. 2- I hypothesized that an increase in glucose 

availability can increase the Zfp423 protein and mRNA levels through O-GlcNAcylation. 3- I hypothesized 

that an increase in Zfp423 mRNA and protein levels can increase the adipogenesis of mesenchymal cells. B) 1- 

My hypothesis of the effect of glucose increase on O-GlcNAcylation was only true in 10T1/2 cells that were 

treated with PUGNAc. The O-GlcNAcylation was increased in these cells following an increase in glucose 

levels. 2- After conducting my experiments, I observed that in 10T1/2 cells O-GlcNAcylation can increase the 

Zfp423 protein levels. However, in mesenchymal cells, I observed that an increase in glucose levels inhibits 

the Zfp423 protein and increases the Zfp423 mRNA level. 3- I did not test the relation between Zfp423 protein 

increase and adipogenesis of mesenchymal cells.  

 

5.2 Adipogenesis in mesenchymal cells  

In measuring the effects of nutrient availability on the phenotype shift of mesenchymal cells, I 

found that adipogenesis occurred to a greater extent in the presence of normal glucose levels. 

This suggests that a physiological normal glucose concentration is optimal for increasing pre-
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adipocytes differentiation and the formation of fat droplets following exposure to the adipogenic 

cocktail. This observation appears to conflict with previous literature, as high glucose availability 

(25 mM glucose) led to higher adipogenic ability in 3T3-L1 pre-adipocytes after 9 days (Jackson 

et al., 2017). However, the use of different cell types could explain the difference in our 

observation.  

 

Zfp423 is a transcription factor that is enriched in pre-adipocytes and regulates adipogenesis 

through the expression of PPARγ (Gupta et al., 2010; Longo et al., 2019). My finding that 

Zfp423 protein levels were higher in normal glucose conditions fits with the greater adipogenic 

seen in normal glucose. Interestingly, I detected opposing effects of glucose levels on Zfp423 

mRNA and protein. Protein levels can be regulated independently of mRNA by controlling the 

degradation rate. One possibility for this discrepancy could be that in the normal glucose 

environment, there is lower degradation of Zfp423 proteins compared to a high glucose 

environment. Also, evaluating the PPARγ levels could be helpful in understanding Zfp423 

activity, since PPARγ is a downstream target of Zfp423.  

 

Mesenchymal cells can either undergo adipogenesis or fibrogenesis. These two processes appear 

to have inverse relation meaning that the occurrence of one, results in the inhibition of other 

differentiation cascades (Shen et al., 2022). This is evident since an increase in PPARγ has been 

seen to associate with a decrease in fibrosis (Buechler et al., 2015). While I expected to see a 

similar inverse relationship in my studies, I was not able to detect an inverse relationship 

between the levels of Zfp423 mRNA and Col1a1 mRNA, when mesenchymal cells were treated 

with various glucose levels. 
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5.3 The effect of O-GlcNAcylation and mesenchymal cell phenotype 

I hypothesized that O-GlcNAcylation levels would vary dependent on glucose availability. 

Manipulation of glucose levels on 10T1/2 cells indicated that high glucose availability is 

associated with higher levels of O-GlcNAcylation in these cells. While this relationship could be 

seen in 10T1/2 cells, I did not detect an effect of glucose on the O-GlcNAcylation of 

mesenchymal cells. Also, I utilized palmitate and oleic acid treatment to test the effect of fatty 

acid excess on O-GlcNAcylation. Although the literature provides evidence for the role of excess 

fatty acid in increasing the hexosamine biosynthesis pathway (Wong et al., 2022), my data did 

not support any induction in O-GlcNAcylation. One possible explanation could be that HBP flux 

was already maximal in these cells and thus adding palmitate had no additional effect. The 

independent effect of fatty acids could be re-tested in a normal glucose environment.   

 

Multiple studies have shown that O-GlcNAcylation levels increase during adipogenesis. For 

example, following adipocyte differentiation, multiple proteins such as Vimentin and 

Nucleoporins were heavily O-GlcNAcylated (Sun et al., 2016; Franke et al., 1987). Also, the 

pharmacological inhibition of the HBP pathway was shown to impair the adipogenesis 

differentiation (Hsieh et al., 2012). Based on this literature, I hypothesized that an increase in O-

GlcNAcylation levels increase in Zfp423 protein and in adipogenesis. This concept was 

supported by my observations in 10T1/2 cells that Zfp423 can be O-GlcNAcylated and that 

Zfp423 protein increases following PUGNAc treatment. I had assumed that treatment of primary 

mesenchymal cells would result in similar outcomes as in 10T1/2 cells. However, since I was not 

able to detect an increase in Zfp423 protein levels or in adipocyte formation, in mesenchymal 



	

42 
 

cells treated with PUGNAc, I cannot interpret the role of O-GlcNAcylation on adipogenesis in 

mesenchymal cells. One possibility is that PUGNAc treatment failed to increase O-

GlcNAcylation in the mesenchymal cells. Another possibility is that the enzyme target of 

PUGNAc, OGT, is already minimally active in mesenchymal cells such that the addition of 

PUGNAc does not result in further inhibition of this enzyme. Lastly, O-GlcNAcylation could 

also alter protein activity and its cellular localization, independent of its levels (Issad et al., 

2022). There is a possibility that the function of Zfp423 protein gets altered following O-

GlcNAcylation, regardless of its levels, altering the role of this protein in adipogenesis. 

Therefore, there is a need for further investigation of O-GlcNAcylation in these cells.    

 

5.4 Response of mesenchymal cells to TGF-β1 

TGF-β1 is pro fibrotic by enhancing collagen production (de Larco & Todaro, 1978) via the 

action of Smad3 (Verrecchia & Mauviel, 2007). TGF-β1 also regulates the differentiation 

process of multipotent cells through Smad and non- Smad pathways (Zhang, 2009)(Rahimi & 

Leof, 2007). TGF-β1 is known to promote the differentiation of smooth muscle cells, 

chondrocytes, immature cardiomyocytes and to inhibit the differentiation of stem cells into 

adipocytes, endothelial cells, myotubes, and natural killer cells (M.-K. Wang, 2012). The 

literature shows that there is an optimal concentration of TGF-β1 for promotion of fibrosis which 

is about 5ng/ml and high doses of TGF-β1 might inhibit collagen formation (Fragiadaki et al., 

2011). However, I was not able to observe any phenotypic changes to the mesenchymal cells 

following the treatment witth 5ng/ml of TGF-β1. Also, there is no evidence in the literature that 

supports the shift in phenotype of mesenchymal cells into smooth muscle- like cells following 

the treatment of high doses of TGF-β1 (100ng/ml). This failure to increase production of Col1a1 
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could be due to the efficacy of the recombinant TGF-β1 that I have used. This recombinant 

protein should be tested in future to testing whether it is still functional, or multiple thaw/ freeze 

cycles has affected its function. In order to test the efficacy of the TGF-β1 treatment, 

phosphorylated Smads levels could be measured. The phosphorylation of Smads protein levels 

should increase if the drug is functioning properly. However, it is important to add that I only 

investigated Col1a1 gene which is only one of many collagen genes. It is possible that other 

collagens were increased in response to TGF-β1. 

 

5.5 Limitations of my thesis 

5.5.1 Cell culture 

My experiments were conducted in vitro, which eliminates all the factors that cells are exposed 

to in their natural environment. In vitro experiments are beneficial since they provide a cost-

efficient insight about a topic which could later be tested in vivo. However, applying the 

observations from in vitro experiments to in vivo is always a challenge. The in vitro treatment 

conditions may not resemble the physiological in vivo conditions. For example, we culture our 

cells in high glucose DMEM which has 25 mM glucose and resembles that seen under 

hyperglycemic conditions in vivo such as in individuals living with poorly controlled type 1 or 

type 2 diabetes. Therefore, the cells would behave differently in vivo due to the different in 

glucose levels. Also, mesenchymal cells may alter their phenotypic characteristics as they are 

propagated in culture (Kwist et al., 2016). These changes in their characteristic could result in 

inconsistent responses to the treatments, which could be one potential reason for the 

inconsistency of some of my qPCR data. One ideal solution to eliminate this confounding 
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variable is to use only one specific passage number for all the experiments. However, this is not 

the time or cost-efficient.  

 

5.5.2 PUGNAc treatment  

I used PUGNAc treatment to induce O-GlcNAcylation in my cells, as it is an established method 

to increase O-GlcNAc levels through the inhibition of the OGA enzyme. However, I did not 

observe a consistent increase in O-GlcNAC levels when using PUGNAc. One possibility for this 

result could be high basal levels of O-GlcNAcylation in these cells that make it impossible to 

increase the O-GlcNAcylation levels further. This could be tested by reducing the O-

GlcNAcylation levels by cellular starvation. Another factor affecting PUGNAc could be drug 

efficacy, which could have degraded following freeze/thaw cycles.  

 

5.6 Future work 

I have used mesenchymal cells as a model to study the effects of nutrient availability on pericyte 

phenotype shift. Mesenchymal cells are a very good model to study pericytes since they are a 

heterogeneous population of cells containing muscle-resident pericytes that are also easy to 

extract. However, it is important to repeat these experiments on a pure population of pericytes, to 

confirm that they will exhibit similar responses to glucose availability.  

 

I have established that Zfp423 is an O-GlcNAcylated protein. However, my experiments do not 

prove a causal role for Zfp423 in the shift of mesenchymal cell phenotype. To determine the role 

of Zfp423 in adipogenesis, it will be necessary to manipulate its levels and investigate the 

consequences of changes in the adipogenic process and fat droplet formation. One possible way 
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to test the effect of Zfp423 would be to silence its gene using siRNA and observe the effect of its 

absence on adipogenesis.  

 

I studied O-GlcNAcylation as a factor that could affect Zfp423 levels and potentially modifies 

adipose tissue formation. However, various factors can affect Zfp423 levels and O-

GlcNAcylation is only one factor to study. Also, the degradation rate of Zfp423 is an important 

mean that determines the levels of this transcription factor. Reduction in the degradation rate of 

Zfp423 results in an increase in the levels of this protein. Therefore, it is important to investigate 

the factors that potentially affect the degradation rate of Zfp423, influencing its levels. 

I have observed the change in the morphology of mesenchymal cells to smooth muscle cell-like 

cells after the treatment with TGF-β1. It would be beneficial to further treat these cells with 5% 

horse serum, which is a technique used to induce myocyte formation and investigate whether it 

leads to further change in the morphology of mesenchymal cells. Lastly, to conclude whether the 

formation of myocytes occurred and was significant in my treatments, they need to be quantified 

and analyzed to compare the treatment groups with the controls. 

 

5.7 Conclusion and significance 

In recent years, interest in the use of pericytes as a means of cell-based therapy has grown. 

However, our understanding of their differentiation potential and the factors that could induce 

these processes is incomplete. My thesis project provided evidence for the initiation of the 

differentiation process in mesenchymal cells, such as adipogenesis in the presence of an 

adipogenic cocktail and myogenesis in the presence of high dosages of TGF-β1. Also, I have 

shown that an increase in O-GlcNAcylation might affect levels of Zfp423 protein, which could 
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lead to an increase in adipogenesis, considering that Zfp423 is a transcriptional regulator of 

adipogenic genes such as PPARγ. In addition, I observed that a high glucose concentration 

environment results in an increase in Zfp423 mRNA levels. These findings are a starting point in 

understanding the effect of nutrient availability on mesenchymal cell phenotype shift, which can 

later be translated to the study of pericytes. Also, these findings contribute to the understanding 

of how mesenchymal cells could negatively impact the process of recovery in case of injury by 

shifting their phenotype to unwanted outcomes. For example, the formation of adipocytes or 

fibrotic cells negatively impacts the muscle recovery process. On the other hand, the formation 

of smooth muscle cells could be beneficial in blood vessel formation and reperfusion of injured 

skeletal muscle. Therefore, by understanding the effect of nutrient availability on mesenchymal 

cells, we could better understand how the local environment will affect the mesenchymal cell 

phenotype and use this information to prevent their differentiation into cells that negatively 

impact muscle recovery.
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