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Embryonic stem (ES) cells serve as a promising technology to obtain hepatocyte-like cells for a 

number of biomedical applications. Since traditional techniques result in mixed cell populations 

with compromised hepatic function, we have utilized strategies which (a) generate an enriched 

population of hepatocyte-like cells, (b) improve function using metabolic engineering principles 

and (c) quantify the effects of soluble factors on function using a computational model. To 

generate cell uniformity, we have investigated the use of 2.5 mM sodium butyrate in a monolayer 

culture configuration to mediate hepatocyte-specific differentiation of murine ES cells. In 

conjunction with mitochondrial mass and activity measurements, we have shown that ES cell 

derived hepatocyte-like cells mediate energy metabolism predominantly through glycolysis and 

thus represent an immature hepatocyte phenotype from a functional and energetic standpoint. In 

order to mediate further differentiation, we have utilized key regulatory molecules for inducing 

mitochondrial development in the precursor populations. We have shown that 500 µM S-

NitrosoAcetylPenicillamine (SNAP) increased mitochondrial mass and activity, two components 

implicated in mitochondrial biogenesis in hepatocyte-like cells. In addition, hepatocyte functional 

characteristics were increased in the treated population. Using, Metabolic Flux Analysis (MFA), 

we have shown that 500 µM SNAP treated hepatocyte-like cells have higher glycolytic, TCA 

cycle and urea cycle fluxes as compared to the untreated population during the differentiation 

process. 
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CHAPTER 1: INTRODUCTION 

 

1.1 BACKGROUND 

Liver failure accounts for about 30,000 deaths in the United States alone. From a clinical 

standpoint, it is known that in cases of irreversible liver failure such as cirrhosis and fulminant 

hepatic failure (Arias et al., 1994), a promising alternative with hepatic functional capacity to 

sustain life is vital. Although a current approach to solve the impending problem is liver 

transplantation, this solution is not always feasible due to shortage of donor organs. While 

approximately 30,000 patients die each year from end-stage liver disease in the United States 

alone, about 80% of these patients have decompensated chronic liver disease and are too ill to 

tolerate a liver transplantation procedure and the remaining 20% die of acute liver failure mainly 

due to insufficient availability of donors. 

 

While the extracorporeal bioartificial liver (BAL) is a promising technology for the treatment of 

liver failure (Tilles et al., 2002), the difficulty in in vitro culture of hepatocytes and scarcity of 

cells (~ 1011 functional hepatocytes are required for a BAL) is an impending problem. From a 

diagnostic stand point, hepatocytes are a useful cell source for in vitro drug screening and toxicity 

studies. This is hampered by inconsistent supply and quality of tissues available. The screening 

may be done either because the compound is designed to have a pharmacological effect on liver 

cells, or because a compound designed to have effects elsewhere may have unintended hepatic 

side effects. In some applications, compounds are screened initially for potential hepatotoxicity. 

Current methods to evaluate hepatotoxicity include determination of the synthesis and secretion 

of albumin, cholesterol, and lipoproteins; transport of conjugated bile acids and bilirubin; 

ureagenesis; cytochrome p450 levels and activities; glutathione levels; ATP, ADP, and AMP 

metabolism; and induction of apoptosis. This necessitates a renewable cell source that has the 
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ability to generate, under controlled differentiation regimens, a large number of fully functional 

hepatocytes for clinical and diagnostic applications.  

 

1.2 EMBRYONIC STEM CELL PROLIFERATION  

Embryonic Stem (ES) cells are nascent cells derived from the inner cell mass (ICM) of the 

developing blastocyst during development 3.5 days post conception. The exciting feature of the 

development of ES cells is the ability to maintain these cells in an undifferentiated state under in 

vitro conditions (Thomson et al., 1998). These cells are derived without the intervention of any 

immortalizing agent, do not undergo either crisis or senescence and retain a dipliod karyotype. 

They proliferate without apparent limit and can be readily propagated clonally. They can multiply 

in the absence of serum and are not subject to contact inhibition or anchorage dependence. There 

is also no known means of inducing cell-cycle arrest and quiescence in ES cells. Thus, ES cells 

are typically transformed cells which are tumorigenic due to production of teratocarcinomas when 

injected into adult mice. ES cells undergo self-renewal via the suppression of differentiation 

during proliferation. These cells have the unique ability to differentiate into almost any cell type 

in the organism.  

 

In the presence of LIF, ES cells can be maintained in a proliferative state indefinitely. Leukemia 

Inhibitory Factor (LIF) is a differentiation-inhibiting agent that suppresses differentiation of 

embryonic stem cells. LIF belongs to the IL-6 family of cytokines and its biological action is 

mediated by multi-subunit cell surface receptors that share the gp130 protein. LIF engages a 

heterodimeric receptor complex consisting of two related cytokine receptors, LIF receptor and 

gp130. This complex activates associated Janus-associated (JAK) tyrosine kinases that 

phosphorylate the receptor chains. The phosphorylated tyrosines then act as docking sites for 

proteins containing Src Homology 2 (SH2) domains that might themselves be phosphorylated by 

the JAKs. 
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The signal transducer and activator of transcription factors (STAT) family of transcription factors 

bind receptor phosphotyrosines and are key substrates for JAKs. Phosphorylation of STATs 

promotes their dimerization through reciprocal interactions between an SH2 domain and 

phosphotyrosine. This triggers nuclear translocation and their binding to target sites on DNA. In 

short, LIF activates STAT3. Activation of STAT3 has been shown to be essential for self-renewal 

of ES cells, and also sufficient to block differentiation (Boeuf et al., 1997; Niwa et al., 1998).  

Activation of chimaeric STAT3 molecule has been shown to sustain ES cell self-renewal without 

the addition of LIF (Matsuda et. al., 1999). These results were however obtained for moderate to 

high cell density cultures of ES cells in serum. It has been shown that ES cells maintain self-

renewal phenotype at high densities. Thus, even though STAT3 might be activated, autocrine 

regulation by LIF in high density culture might be responsible for STAT3 enhancement.  

 

Thus, from a proliferation standpoint, the mechanistic underpinnings of ES cell proliferation have 

been elucidated. More importantly, from a differentiation standpoint, self-renewal ES cells have 

the capability to generate large number of hepatocytes for diverse applications. 

 

1.3 HEPATIC DIFFERENTIATION OF EMBRYONIC STEM CELLS 

During mouse embryogenesis, the primitive ectoderm gives rise to three distinct embryonic germ 

layers, definitive endoderm, mesoderm and ectoderm (Keller 1995; Leahy et al. 1999). The 

primitive endoderm gives rise to both the visceral and parietal endoderm and while the definitive 

endoderm ultimately differentiates into mature hepatic tissue, the visceral endoderm is an extra-

embryonic tissue,  which expresses many genes also commonly expressed in differentiating liver 

cells (Asahina et al. 2004). In vivo, FGF is known to direct embryonic liver development. In fact, 

during in vivo mouse embryogenesis, induction of hepatic gene expression from the definitive 

endoderm is initiated following FGF signaling (Jung et al. 1999). Cells committed to the 

hepatocyte lineage subsequently respond to HGF and other late stage growth factors to complete 
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their functional differentiation (Kamiya et al. 2001; Suzuki et al. 2003). The final steps are 

induced by various extracellular signals such as: (1) dexamethasone, which induces albumin 

production and downregulates alpha-fetal protein synthesis and (2) oncostatin M which induces 

cell-cell contact, necessary for maximum differentiated hepatocyte function, maintenance of 

albumin production, and upregulation of various other hepatocyte functions. In addition, ES cells 

differentiated in the presence of cardiac mesoderm, an FGF producing tissue, induces 

differentiation of neighbouring cells into hepatocytes in vitro (Fair et al. 2003; Sekhon et al. 

2004). 

 

Many paradigms currently exist to specifically direct the differentiation of embryonic stem cells 

toward a hepatocyte lineage, mimicking liver developmental pathways. These systems are based 

on spatio-temporal differentiation in combination with cytokine addition and/ or extracellular 

matrix configurations. 

 

The most common method is the hanging drop process wherein spatial-temporal control of ES 

cell differentiation, either spontaneously (Abe et al., 1996; Yamada et al., 2002) or in 

combination with growth factors (Hamazaki et al., 2001; Hu et al., 2004; Teratani et al., 2005) 

has been utilized to generate mature hepatocytes. In this system, differentiation is induced by 

aggregating the ES cells into an embryoid body (EB). Hepatocyte-specific differentiation is then 

accomplished through the addition of aFGF, HGF, and a mix of Oncostatin M, Dexamethasone, 

and Insulin, Transferrin and Selenious Acid, as early, mid and late stage hepatocyte-specific 

growth factors, respectively. Differentiating ES cells expressed a variety of endoderm -specific 

genes in addition to late differential markers of hepatic development such as tyrosine amino 

transferase, glucose-6-phosphatase, and albumin. 
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In another system, hepatocyte differentiation was induced by co-culturing ES cells with 

embryonic cardiac mesoderm (CM) (Fair et al. 2003). The ES cells co-cultured with CM cells 

created colonies that have similar appearance to that of hepatic progenitor cells in vitro. ES cells 

have also been differentiated via stable cell lines expressing liver-specific transcription factors 

(Ishizaka et al., 2002). These cells have been shown to possess hepatic metabolic characteristics.  

 

Though promising, the above systems have the following limitations: (1) generation of a mixed 

population (2) the induction of differentiation through the formation of an embryoid body is not 

amenable to scale-up and (3) differentiated cells have incomplete metabolic and quantitative 

differentiated hepatic function. 

 

1.4 METABOLIC ENGINEERING 

Metabolic engineering is the identification, characterization and purposeful modification of 

biochemical pathways to improve function of cells (Figure 1.1). This methodology has been used 

extensively to characterize microbial metabolism and utilize recombinant DNA technology to 

improve production of metabolites, amino acids and proteins (Stephanopoulos, 1999). From a 

bioprocessing perspective, this method has also been used in mammalian cells, particularly 

Chinese Hamster Ovary (CHO) cells to produce monoclonal antibodies. From a physiological and 

pathological standpoint, this method has been used for perfused heart and liver studies to identify 

pathways that are responsible for diseases vs. normal states (Yarmush and Banta, 2003).  

 

Also, this process has recently been used to characterize cultured mammalian cells, particularly 

red blood cells wherein the biochemistry is well characterized (Jamshidi et al., 2001); 

cardiomyocytes due to its high metabolic capacity and more extensively for hepatocytes, the 

center of intermediary metabolism in the body (Chan et al., 2003). Numerous studies have been 

performed for perfused liver systems for understanding the effects of burn injury on liver function 
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(Lee et al., 2000; Yamaguchi et al., 1997). While metabolic engineering studies have been 

implicated in mammalian cell systems, almost no applications in mammalian cell differentiation 

systems have been observed. This methodology has tremendous applications in improving/ 

inducing function of cells derived from precursor cells. Specifically, the liver is an excellent 

system for studying metabolism based on its functional characteristics.      

 

1.5 LIVER STRUCTURE AND FUNCTION 

The liver is the metabolic center of the body and performs complex biochemical functions such as 

plasma protein synthesis, bile production, nutrient regulation, xenobiotic detoxification, etc. 

Hepatocytes are the predominant cell type of the liver and play an indispensable role in 

maintaining metabolic homeostasis under normal conditions. Hepatocytes comprise 

approximately 70% of the total liver mass and the rest of the hepatic parenchyma is mainly biliary 

epithelial cells and Kupffer cells. The unique structure along with the enzymes expressed in the 

liver enables the organ to perform the processes related to synthesis of serum factors, energy 

generation and storage, catabolism, and disposal of waste products of intermediary metabolism 

(Arias et al., 1988). In addition, the liver is able to detoxify compounds through Phase I and 

Phase II biotransformation. Phase I biotransformation reactions involve cytochrome P450, which 

is localized in the endoplasmic reticulum of hepatocytes, and create polar metabolites through the 

oxidation of functional groups on the toxic compounds. In Phase II biotransformation reactions, 

toxic compounds are conjugated with a polar group thereby either detoxifying the compound or 

making it polar for excretion.  

 

From a structural standpoint, the liver is divided into lobules centered on a central draining vein. 

Each lobule is comprised of polygonal shaped hepatocytes organized into unicellular plates, 

possessing a sinusoidal pole and a biliary pole (Tzanakakis et al., 2000). The functional and 

structural complexity associated with the liver organ increases the challenges in establishing ex 
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vivo replacement hepatocyte culture systems. In addition, it is known that proliferation and 

differentiation of hepatocytes are reciprocally related, with an increase in mature cellular 

function, concomitantly related to a decrease in proliferative capacity (Parsons-Wingerter and 

Saltzman 1993).  

 

Based on the importance of metabolism for hepatocyte function, the next section underscores the 

biochemical pathways implicated in liver development. 

 

1.6 BIOCHEMICAL PATHWAYS IN LIVER DEVELOPMENT 

Many studies have found the profound influence of metabolic gradients/ oxygen tension on 

embryonic development (Allen and Balin, 1989; Allen and Venkatraj, 1992). It has been shown 

that regions of high metabolic rates within a developing embryo influence the development of 

regions with low metabolic rates. Previous studies have shown that chondrogenesis is favored at 

low oxygen tensions while relatively high ambient oxygen favors bone or muscle development. 

Along with these studies implicating the role of oxidative metabolism during development, the 

role of metabolic pathways elucidating the effects of carbohydrates (glycolysis, Pentose 

Phosphate Pathway) and amino acids (TriCarboxylicAcid cycle) in growth and differentiation of 

vertebrate embryos has been studied extensively in the late 1960s (Papaconstantinau, 1967). 

Evidence of this phenomenon has been shown in explant chick embryo cultures and isolated 

cellular cultures. Thus, numerous examples have shown the existence of metabolic changes in 

development. The rationale for these changes is to understand how cells attain complex and 

specific biochemical characteristics in the developmental process. While these studies show that 

energy substrates are important in conjunction with growth factor stimulation in late stage cellular 

differentiation or early embryonic development (up to the ICM stage), there isn’t sufficient 

evidence for the changes in energy metabolism during the commitment process to a specific 

lineage. This is primarily due to the inherent complexity of obtaining homogenous populations at 
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distinct stages during the differentiation process and lack of in vitro models for experimentation.  

In this regard, we have employed a directed differentiation procedure to generate an enriched 

population of hepatocyte-like cells (Sharma et al., 2006). 

 

Based on the intermediary metabolism of mature cell types, commitment towards hepatocytes is 

attractive from a biochemical perspective primarily due to the following reasons: a) hepatocytes 

are the functional cells of the liver and the center of intermediary metabolism in the organism. 

Hepatocytes possess numerous mitochondria, ribosomes for protein synthesis, ER and golgi 

bodies (Arias et al., 1988). b) the metabolism of adult hepatocyte is extremely well characterized 

using biochemical measurements and the concepts of metabolic engineering (Arai et al, 2001; 

Chan et al., 2003) and c) there is extensive evidence on distinct metabolic changes in late stage 

liver development from the transition of the fetal to the adult stage (Burch et al., 1963; Oliver et 

al., 1983; Vergonet et al., 1970). Metabolic manifestations of fetal vs. adult hepatocytes reveal 

that fetal hepatocytes are primarily glycolytic, have few mitochondria in number with low 

activity. In addition, these cells possess low activity of key metabolic enzymes viz. 

Phosphoenolpyruvate carboxykinase and Glucose-6-Phosphotase (G_6_P) for gluconeogenesis, 

Carnitine palmitoyltransferase I and medium-chain acyl-CoA dehydrogenase for fatty acid 

oxidation, Cytochrome c and βATP synthase for mitochondrial energy metabolism. 

 

An additional fascinating reasoning for studying metabolic changes in the differentiation process 

is that embryonic stem cells have very few mitochondria and are glycolytic (Hewitson and Leese, 

1993) with marked difference from mature hepatocytes. This however doesn’t imply lower 

energy status primarily because ES cells in vitro might require energy for inhibiting 

differentiation which is its default pathway. Nonetheless, the question arises  how cellular 

energetics is associated with the commitment to hepatocyte-specific lineages and how can this 

information be utilized to improve function of hepatocyte-like cells derived from ES cells. 
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CHAPTER 2: DIRECTED DIFFERENTIATION SYSTEM: FUNCTIONAL AND 

METABOLIC ASSESSMENT OF NA-BUTYRATE TREATED EMBRYONIC STEM 

CELLS 

 

2.1 ABSTRACT 

Embryonic stem cells serve as a promising technology to obtain specific cell types for a number 

of biomedical applications. Because traditional techniques, such as embryoid body formation 

result in a wide array of differentiated cells such as hepatic, neuronal and cardiac lineages, 

strategies have been utilized which favor cell-specific differentiation to generate more uniformity. 

In the present study, we have investigated the use of sodium butyrate in a monolayer culture 

configuration to mediate hepatocyte differentiation of murine embryonic stem cells. Several 

functional assays used to characterize hepatocyte function (viz. urea secretion, intracellular 

albumin content, cytokeratin 18 and glycogen staining) were used to analyze the differentiating 

cell population, suggesting the presence of an enriched population of hepatocyte-like cells. Since 

mature hepatocytes mediate energy metabolism predominantly through oxidative means as 

opposed to hepatocyte precursors which are primarily glycolytic, we have performed a kinetic 

analysis of glycolytic and functional capacity to characterize the differentiated cells. In 

conjunction with mitochondrial mass and activity measurements, we show that Na-butyrate 

mediated differentiated cells mediate energy metabolism predominantly through glycolysis. This 

metabolic and mitochondrial characterization can assist in evaluating stem cell differentiation and 

may prove useful in identifying key regulatory molecules in mediating further differentiation. 

 

2.2 INTRODUCTION 

The liver is the center of intermediary metabolism of the body. Hepatocytes constitute 

approximately 70% of the cellular population of the liver and perform major metabolic functions 

such as plasma protein synthesis and transport, xenobiotic metabolism, glucose homeostasis, urea 
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synthesis, and ketogenesis (Arias et al., 1994). The generation of functionally and energetically 

mature hepatocyte-like cells may provide an excellent source for diverse applications. From a 

clinical standpoint, it is known that in cases of irreversible liver failure such as cirrhosis and 

fulminant hepatic failure, a promising alternative with hepatic functional capacity to sustain life is 

vital. While the extracorporeal bio-artificial liver (BAL) is a promising technology for the 

treatment of liver failure (Chan et al., 2004; Yarmush et al., 1992), the difficulty in in vitro 

culture of hepatocytes and scarcity of cells is an impending problem. From a diagnostic stand 

point, hepatocytes are a useful cell source for in vitro drug screening and toxicity studies. Current 

methods to evaluate hepatotoxicity include determination of the synthesis and secretion of 

albumin, cholesterol, and lipoproteins; transport of conjugated bile acids and bilirubin; 

ureagenesis; cytochrome p450 levels and activities; glutathione levels; ATP, ADP, and AMP 

metabolism and induction of apoptosis. The generation of fully functional hepatocyte-like cells 

from embryonic stem cells can provide an unlimited resource for clinical and diagnostic 

applications. 

 

While previous studies on embryonic stem cell differentiation towards hepatocytes have 

particularly focused on albumin synthesis and genetic analyses of transcription factors implicated 

in liver development, very little attention has been paid to other metabolic functions and the 

mitochondrial capacity of hepatocytes. It has been well established that hepatic function is tightly 

linked to cellular energetics; that is, hepatocytes possess the unique capacity to produce large 

amounts of ATP via aerobic metabolism for metabolic functions. This necessitates the presence 

of a large number of functionally active mitochondria as observed in studies in human and rat 

liver cells (Arias et al., 1994; David, 1979; Pieri et al., 1975; Rohr et al., 1976). In this regard, we 

have initiated investigations of the functional and energetic state of hepatocyte-like cells obtained 

from embryonic stem cells. 
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Studies on metabolic pathways and bioenergetics have been implicated in differentiation of 

precursor or tumor cells to the mature phenotype (Dittmann et al., 1973; Komarova et al., 

2000;Waki et al., 2001) and similar studies have been carried out in early embryo development to 

the blastocyst stage (Devreker and Englert, 2000; Harvey et al., 2002; Hewitson and Leese, 1993; 

Houghton et al., 1996; Lovtrup- Rein and Nelson, 1982). From an energetic standpoint, 

embryonic stem cells are primarily glycolytic and have very few mitochondria while mature 

hepatocytes are predominantly aerobic with a large number of highly functional mitochondria. 

Thus, studying the early differentiation process can help us understand how the metabolic 

machinery of embryonic stem cells adjusts to the differentiation process. The goals of our 

following studies are (1) to characterize the metabolic state of hepatocyte-like cells and (2) to 

obtain a dynamic profile of function (both metabolic and bioenergetic assays) during 

differentiation.  

 

In order to obtain a reasonable snapshot of cellular metabolism, the first step is to obtain an easily 

scalable, enriched population of cells committed to the differentiation process. The most 

prevalent technique in the literature, the Hanging Drop protocol (Chinzei et al., 2002; Hamazaki 

et al., 2001; Novik et al., 2006) leads to the generation of a wide array of differentiated cell 

lineages. Others have used a directed differentiation technique using Na-butyrate, which has 

previously been used to differentiate human embryonic stem (hES) cells into a population 

expressing hepatocyte-like function (Rambhatla et al., 2003). In the present study, we have 

identified the conditions conducive for Na-butyrate-mediated differentiation of murine ES (mES) 

cells to obtain a population of hepatocyte-like cells. The aim of this study is to identify changes in 

bioenergetic pathways such as glycolysis and mitochondrial activity (DC) that occur during the 

differentiation process. We have shown that Na-butyrate-mediated differentiated ES cells have a 

higher glycolytic rate than undifferentiated ES cells and utilize this pathway for performing 

metabolic functions with little contribution from mitochondrial oxidative phosphorylation. 
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2.3 MATERIALS AND METHODS 

2.3.1 ES Cell Culture 

The ES cell line D3 (ATCC, Manassas, VA) was maintained in an undifferentiated state in T-75 

gelatin-coated dishes (BD-Biosciences, Bedford, MA) in Knockout Dulbecco’s modified Eagle’s 

medium (DMEM) (Gibco, Grand Island, NY) containing 15% knockout serum (Gibco, Cat # 

10828-028), 4 mM L-glutamine (Gibco), 100 U/mL penicillin (Gibco), 100 U/mL streptomycin 

(Gibco), 10 mg/mL gentamicin (Gibco), 1,000 U/mL ESGRO (Chemicon, Temecula, CA) and 

0.1 mM 2-mercaptoethanol (Sigma- Aldrich, St. Louis, MO). To maintain cells in the 

undifferentiated state, media was changed every 2 days until plates were confluent. Cells were 

dissociated using trypsin EDTA (Gibco, Cat # 25200-056) and passaged by further replating. 

Only cells between passages 10–20 were used for differentiation. All cell cultures were incubated 

at 37oC in a humidified 5% CO2 incubator. 

 

2.3.2  HEPA Cell Culture 

Mouse hepatoma cells (Hepa 1–6 cells) (ATCC) were cultured in polystyrene T-75 flasks in 

DMEM (Gibco, Cat # 10313-021) supplemented with 10% fetal bovine serum (Gibco, Cat # 

26140-079), 4 mM L- glutamine (Gibco), and 100 U/mL Penicillin/Streptomycin (Gibco). Cell 

media was replaced every 2 days. 

 

2.3.3  Differentiation using sodium butyrate  

On Day 0 of differentiation, ES cells were plated at a density of 105 cells/well in 0.1% gelatin-

coated six well plates in Iscove’s modified Dulbecco’s medium (IMDM) (Gibco, Cat # 31980-

030) containing 20% fetal bovine serum (Gibco), 4 mM L-glutamine (Gibco), 100 U/mL 

penicillin, 100 U/mL streptomycin (Gibco), and 10 mg/mL gentamicin (Gibco). Gelatin solution 

(0.1%) was prepared by dissolving 0.5 g of porcine gelatin (Sigma-Aldrich, Cat # G-2500) in 500 

mL of phosphate-buffered saline (PBS) (Gibco, Cat # 20012-027) with gentle heating. To coat 
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plates with gelatin, 2 mL of 0.1% gelatin solution was added to each well of a polystyrene tissue 

culture-treated plate. The plates were incubated for 2 h following which the gelatin solution was 

aspirated. The plates were washed once with PBS and then 2.5 mL of IMDM was added followed 

by 105 cells/well. In some cases, cells were exposed to 1% DMSO (Sigma-Aldrich) for the next 4 

days followed by exposure to Na-butyrate (Sigma Aldrich, Cat # B5887) at different 

concentrations (1, 2.5, 5, 10 mM) for 6 days. Media was replaced daily. In order to obtain a 

kinetic profile of function, cells were removed from the primary culture dish and replated on 

Days 5, 8, and 11 of differentiation in collagen type I coated (BD Biosciences) and polystyrene 

12-well plates at a density of 105 cells/well. Media was changed 24 h after replating and cells 

were tested for functional assays 48 h after replating. 

 

2.3.4  Cell Number 

Cultures were treated with PBS followed by incubation with trypsin-EDTA for 3 min. 

Dissociated cells from each condition were suspended in differentiation media and centrifuged at 

1,000 rpm for 5 min. The media with trypsin was decanted and cells were re-suspended in fresh 

media. Cells were counted using a hemocytometer using 10% trypan blue exclusion. In particular, 

cell counts were performed for DMSO and 2.5 mM Na-butyrate-mediated differentiated ES cells 

on Days 5, 8, and 11 of differentiation in primary culture and 48 h after replating. In primary 

culture, exposure to DMSO resulted in about 3x106 cells/well on Day 5. On Day 8, cell number 

reduced to 106 cells/well and remained at that on Day 11. After replating on Day 11, cell number 

remained constant after 48 h of replating. However, a number of non-adherent cells were 

observed in culture 24 h after replating implying that some of the adherent cells proliferated in 

culture. 
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2.3.5  Urea Analysis 

Media samples were collected directly from cell cultures replated on Days 5, 8, and 11 post 

differentiation and stored at -20oC for subsequent analysis for urea content. Urea synthesis was 

assayed using a commercially available kit (StanBio, Boerne, TX, Cat # 2050-450). Urea enzyme 

reagent (100 mL) was added to each well of a 96-well plate followed by addition of 10 mL of 

standards/samples to the enzyme reagent. The plates were centrifuged at 1,000 rpm for 1 min and 

then placed in a water bath at 37oC for 5 min. Urea color reagent (100 mL) was then added to 

each well followed by centrifugation and water-bath treatment. Absorbance readings were 

obtained using a Biorad (Hercules, CA) Model 680 plate reader with a 585-nm emission filter. A 

standard curve was generated by creating serial dilutions of a urea standard from 0 mg/mL to 300 

mg/mL and a linear fit of the standards was used to determine the urea concentration in each 

sample. 

 

2.3.6  In Situ Indirect Immunofluorescence 

On evaluation days as indicated for the urea assay, cells were washed with PBS and fixed in 4% 

paraformaldehyde (Sigma-Aldrich) in PBS for 15 min at room temperature. The cells were 

washed twice in cold PBS and then twice in cold saponine/PBS (SAP) membrane 

permeabilization buffer containing 1% bovine serum albumin (BSA) (Sigma-Aldrich, Cat # 

A7906), 0.5% saponine (Sigma-Aldrich, Cat # 54521) and 0.1% sodium azide (Sigma-Aldrich, 

Cat # 58032). The cells were subsequently incubated for 30 min at 4oC in a SAP solution 

containing rabbit anti-mouse albumin antibody (150 mg/mL) (MP Biomedicals, Irvine, CA), or 

normal rabbit serum (NRS) (150 mg/mL) (MP Biomedicals) as an isotype control, washed twice 

for 10 min in cold SAP buffer, and then treated for 30 min at 4oC with the secondary antibody, 

FITC-conjugated donkey anti-rabbit, diluted 1:500 (Jackson Immuno Labs, Westgrove, PA). 

Cells were then washed once with cold SAP buffer and once with cold PBS. Fluorescent images 

were acquired with an Olympus IX70 microscope and Olympus digital camera using an 
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excitation filter of 515 nm. Image quantification was conducted using Olympus Microsuite. To 

generate intensity values for each of the samples, 15–20 cells were randomly chosen from each 

image taken. The average intensity value for these cells was measured in the NRS fluorescent 

(control) case and was subtracted from each of 15–20 randomly selected cells in the test (anti-

albumin) case to quantify the number of albumin positive cells per image. This was done in 

triplicate experiments yielding a total of 135–180 cells per condition. 

 

2.3.7  Glycogen staining 
 
Cells were fixed with 10% formalin–ethanol fixative solution for 15 min at room temperature and 

then washed three times with PBS. Fixed cells were exposed to 1 mL of periodic acid solution 

(PAS) (Sigma Aldrich, Cat # 395-B) per well for 5 min at room temperature. Glycols are oxidized 

to aldehydes in this process. After washing cells with PBS to remove the PAS, 1 mL of Schiff’s 

reagent was added per well and cells were exposed for 15 min at room temperature. Schiff’s 

reagent, a mixture of pararosaniline, and sodium metabisulfite, reacts to release a pararosaniline 

product that stains the glycol-containing cellular elements. A third PBS wash to remove the 

reagent was followed by image acquisition with an Olympus IX70 microscope and Olympus 

digital camera. 

 

2.3.8  Glucose and lactate measurements 

On each day of analysis, base media glucose and lactate measurements were measured and the 

mean values  were subtracted from the test values to obtain uptake or production. Cells were 

counted for each condition to get the final consumption or production rate. Supernatants (1 mL) 

were collected in triplicate for differentiated cells in secondary culture and then tested using a 

Bioprofile Bioanalyzer 400 (Nova Biomedical, Waltham, MA) for metabolite measurements of 

glucose and lactate. In order to assess the effect of replating on metabolic properties in control 

cell populations, mouse hepatoma cells were cultured for 5 days in 6-well plates. Media was 
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replaced daily and on the 5th day, supernatants were collected for glucose and lactate 

measurements. Cells were trypsinized, resuspended, and 105 cells were replated in each well of a 

12-well plate and media was changed after 24 h. After 48 h, we found that mouse hepatoma cells 

have a similar lactate production rate in both primary culture (6.6±0.5 mmol/ million cells/day) 

and replated conditions (6.3±0.7 mmol/million cells/day). 

 

2.3.9 Mitochondrial mass 

On each day of secondary culture, cells in each well were washed with PBS, detached using 0.1 

mL of trypsin EDTA solution (Gibco) and then exposed to 10 µM N-acridine orange dye 

(Molecular Probes, Eugene, MO) for 10 min at room temperature at a density of 5x105 cells/mL. 

Cells were washed twice in PBS and then suspended in PBS again for 30 min at 4oC. 

Experimental analysis was performed with the FL3 filter using the flow cytometer and data 

analysis was performed using CellQuest software. On each day of analysis, undifferentiated ES 

cells and mouse hepatoma cells were stained as negative and positive controls respectively. The 

population of cells with a higher intensity than undifferentiated ES cells was gated and the mean 

fluorescence intensity (MFI) of the gate population was calculated. 

 

2.3.10 Mitochondrial Membrane Potential (∆ψ) 

On analysis days, cells in each well were washed with PBS, detached using 0.1 mL of trypsin 

EDTA solution (Gibco) and then exposed to 30 µM JC-1 dye (Molecular Probes) for 30 min at 

37oC, 10% CO2 at a density of 106 cells/mL. Cells were washed twice in PBS. Since JC-1 dye 

forms a monomer at low mitochondrial potential with a green fluorescence while at high 

mitochondrial membrane potential, it aggregates and exhibits an orange fluorescence, 

experimental analysis was performed with the FL2 and FL1 filter using the Flow Cytometer. 

Using FL2–FL1 compensation, the percentage of cells with high FL-2 and low FL-1 was gated 

for each experimental condition and quantified using Cell Quest software. 
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2.4 RESULTS 

2.4.1  Establishment of system for metabolic analysis 

In order to investigate metabolism during hepatocyte differentiation, experiments were performed 

to directly differentiate murine ES cells with Na-butyrate, utilizing a strategy adapted from a hES 

cell differentiation system (Rambhatla et al., 2003). Urea secretion, intracellular albumin, CK18, 

and glycogen content were used as functional markers to evaluate the differentiated population 

for hepatocyte characteristics. The first step was to identify the conducive concentration of Na-

butyrate required for hepatocyte differentiation of mES cells. Cell cultures were exposed to 1% 

DMSO for 4 days and subsequently cultures were supplemented with a dose-dependent 

concentration of Na-butyrate ranging from 1 to 10 mM. On Day 11, equal number of viable cells 

were replated and four functional assays, (e.g., urea secretion, albumin, CK18, and glycogen 

staining) were utilized to evaluate the presence of hepatocyte lineage differentiation. In addition, 

since collagen has been implicated in hepatic differentiation in numerous ES cell differentiation 

regimens, we also investigated the effects of replating on both collagen and polystyrene 

conditions.  

 

As shown in Table 2.1, DMSO preconditioning followed by exposure to 2.5 mM Na-butyrate 

resulted in maximum urea secretion rates ~twofold higher than the ‘‘no supplementation’’ case. 

While cells exposed to 1 mM Na-butyrate also exhibited urea function, the values were only 

slightly higher than the ‘‘no supplementation’’ case. Supplementation with 5 mM or 10 mM Na-

butyrate resulted in no urea secretion (data not shown). Finally, urea secretion rates were not 

enhanced on collagen substrates compared to polystyrene substrates.  

 

Urea secretion studies evaluate average function within a population of cells. In order to evaluate 

individual cell function within the population, another hepatocyte function, intracellular albumin 

content was measured. The percentage of albumin positive cells was similar irrespective of the 
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replating configuration. Supplementation with 2.5 mM Na-butyrate resulted in a significant 

increase in number of albumin-positive cells (73±7%) as compared to the ‘‘no supplementation’’ 

case (34±5%) (Table 2.2). Cells exposed to 1 mM Na-butyrate had a lower number of albumin 

positive cells than unsupplemented cultures. Higher concentrations of Na-butyrate (5 and 10 mM) 

did not yield any albumin positive cells (data not shown).  

 

Figure 2.1 shows the presence of hepatocyte markers in the 2.5 mM Na-butyrate-treated 

population on Day 11 post culture initiation. Immunofluorescent analysis showed that sodium 

butyrate-treated cells were positive for albumin (73±7%) and cytokeratin 18 (67±7%). As shown 

in Figure 2.1C, 2.5 mM Na-butyrate treatment also resulted in 31% of cells positive for glycogen 

granules with no staining for the unsupplemented case (data not shown). In general, both cell 

populations were morphologically identical. Bi-nucleated cells (a distinct characteristic of mature 

hepatocytes) were not observed implying that while Na-butyrate treated cells do possess 

hepatocyte characteristics, they may not be terminally differentiated into mature hepatocytes. 

Overall, these results indicate that DMSO preconditioning followed by exposure to 2.5 mM Na-

butyrate was the most conducive condition for obtaining a population of hepatocyte-like cells on 

Day 11 of differentiation. While each of the above mentioned functions alone are not hepatocyte-

specific, the presence of these functions in a single cell population suggest hepatocyte 

characteristics (Cai et al., 2004; Ishizaka et al., 2002). 

 

2.4.2  Evaluation of function of hepatic differentiation 

Studies were designed to evaluate dynamic urea, albumin, and glycogen function during the 

differentiation process. Figure 2.2 represents a schematic of the experimental system designed to 

establish a kinetic profile of function. ES cells were supplemented with 1% DMSO for 4 days 

followed by 6 days of 2.5 mM Na butyrate conditioning in the absence of DMSO. Differentiated 

cells were replated on Day 5 for both supplemented and no-supplemented conditions to 
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investigate the effects of DMSO on hepatic function and subsequently on Day 11 to understand 

effects of both DMSO and Na-butyrate. An intermediate time point, Day 8, was chosen to obtain 

a complete temporal profile of function.  

 

Urea Secretion and Albumin, Glycogen-Positive Cells  

As shown in Figure 2.3A, urea secretion was highest for Na-butyrate mediated differentiated 

cells on Day 11 with no significant difference in secretion rates between Days 5 and 8. From Day 

8 to 11, there was a significant increase in urea secretion rates. The urea synthesis rates on Days 8 

and 11 were significantly higher than the corresponding rates for the unsupplemented cultures. 

Urea secretion rates of unsupplemented cultures were not significantly changed during the culture 

period tested. These experiments demonstrate that 2.5 mM sodium butyrate supplementation 

results in highest urea secretion rates on Day 11 of differentiation.  

 

A similar trend was observed for the percentage of albumin-positive cells. As shown in Figure 

2.3B, Na-butyrate treatment resulted in a significant increase in the percentage of albumin-

positive cells from Day 8 (45±8%) to Day 11 (73±7%). This percentage was significantly higher 

than in the ‘‘no supplementation’’ case on both days.  

 

Glycogen staining indicated a similar trend with a significant increase in percentage of glycogen-

positive cells from Day 8 (13±2%) to Day 11 (31±1%) (Figure 2.3C). There were very few 

positive cells detected in the unsupplemented case. Therefore, Day 11 represents hepatocyte-like 

cells following 2.5 mM Na-butyrate supplementation. 

 

2.4.3  Energetics of hepatic differentiation 

Embryonic stem cells possess few mitochondria and are predominantly glycolytic. On the other 

hand, hepatocytes are typically characterized by aerobic activity, high mitochondrial mass, 
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number, and activity. Therefore, studies were designed to identify the development of 

characteristic hepatocyte energetics during ES cell differentiation. 

 

Glucose and Lactate Metabolism 

Mature hepatocytes are involved in glucose metabolism primarily through the glycolysis, 

gluconeogenesis, and glycogen synthesis/degradation pathways. Figure 2.4A shows the kinetics 

of glucose metabolism during hepatocyte lineage differentiation. As shown in Figure 2.4A, 

DMSO, in combination with sodium butyrate, induced a higher glucose consumption rate from 

Day 5 to Day 8 of differentiation with sustained production on Day 11. A comparison of this 

profile to the ‘‘no supplementation’’ case showed that on Days 8 and 11, the glucose 

consumption rates were significantly higher for Na-butyrate-mediated differentiated cells. A 

similar comparative profile existed for lactate production rates (Figure 2.4B) between the two 

conditions. Since rate of lactate production is indicative of anaerobic metabolism in cells, 2.5 mM 

Na butyrate supplementation was associated with a significant increase in the rate of glycolysis 

from Day 5 to 8 of differentiation. Though the rate of glycolysis decreased on Day 11, it was 

significantly higher as compared to Day 5 of differentiation. In the first 8 days of differentiation, 

a comparison of glucose and lactate profiles in unsupplemented cells showed that the changes in 

lactate production rates are concomitant with glucose consumption rates. However, for Na-

butyrate-treated cells, while the glucose consumption rate was the same on Days 8 and 11, the 

lactate production rate dropped implying a reduction in glycolysis rate on Day 11. 

 

Mitochondrial Capacity of Na-Butyrate-Differentiated Cells 

In order to further understand the differential regulation of energy metabolism, we investigated 

the changes in mitochondrial mass and activity during differentiation. It has been shown that 

there is an increase in mitochondrial mass during hepatic differentiation (Pollak, 1975). This 

increase is associated with an increase in mitochondrial enzyme activity, transmembrane 
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potential, and aerobic metabolism and is a distinctive feature of fetal to adult hepatocyte 

transition. Thus, we wanted to investigate if such a phenomenon is observed in hepatic 

differentiation from ES cells. As shown in Figure 2.5, mouse hepatoma cells had the highest 

(MFI=118) and ES cells had the lowest mitochondrial mass. Na-butyrate-mediated a significant 

increase in total mitochondrial mass from Day 5 (MFI=62) to Day 11 (MFI=105) of 

differentiation while there was no significant difference in mitochondrial mass for the 

unsupplemented condition (data not shown). The increase in mitochondrial mass for Na-butyrate-

treated cells was concomitant with an increase in urea secretion and percentage of glycogen and 

albumin-positive cells (Figure 2.3).  

 

Since we observed an increase in mitochondrial mass, we evaluated mitochondrial activity during 

the course of differentiation. Figure 2.6 depicts the percentage of cells with high mitochondrial 

activity during differentiation, and indicated no significant difference between the two conditions 

during differentiation. However, from a temporal standpoint, there was a significant decrease in 

the number of cells with high mitochondrial activity from Day 5 to Day 8 of differentiation. A 

comparison of mitochondrial activity measurements with glycolytic rate in Na-butyrate-treated 

cells (Figure 2.4B) showed that from Days 5 to 8 of differentiation, the two profiles are inversely 

related to each other.  

 

Finally, a comparison of the functional, glycolytic, and mitochondrial capacity of hepatocyte-like 

cells with undifferentiated ES cells and mouse hepatoma cells was represented in Figure 2.7. 

Using the percentage of albumin positive cells as a marker for hepatocyte specific function, it was 

observed that the differentiated cells had a significantly higher percentage of albumin-positive 

cells as compared to undifferentiated ES cells, but was lower than that of mouse hepatoma cells. 

From an energetic standpoint, hepatocyte-like cells had the highest glycolytic rate followed by 

mouse hepatoma cells and undifferentiated ES cells. The percentage of differentiated cells with 
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high mitochondrial activity (4±3%) was significantly lower than that of mouse hepatoma cells 

(34±5%) or that of undifferentiated ES cells (14±3%). 

 

2.5 DISCUSSION 

Many studies have described the profound influence of metabolic gradients and oxygen tension 

on embryonic development (Allen and Balin, 1989; Allen and Venkatraj, 1992; 

Papaconstantinou, 1967) and have shown that in the blastocyst stage, the inner cell mass cells are 

predominantly glycolytic due to a low oxygen environment in utero. Certain aspects of 

bioenergetics and mitochondrial activity have also been implicated in adult stem cells, and 

progenitor cell proliferation and differentiation (Kim et al., 1998; Komarova et al., 2000). 

Similarly, the studies of metabolism in adult phenotypes, especially in cells with high metabolic 

capacity, have characterized the intermediary metabolism (Chan et al., 2003; Sharma et al., 2005) 

and energetics of hepatocytes (Hayashi et al., 1997). In addition, numerous studies have described 

distinct changes in energetics during the transition from fetal to adult hepatocytes marked by 

distinct changes in mitochondrial mass, activity, and number with dominance of oxidative 

phosphorylation in the adult phenotype (Burch et al., 1963; Oliver et al., 1983; Shelly et al., 1989; 

Vergonet et al., 1970). While all these studies show that energy substrates and metabolic studies 

are important in early embryonic development, late stage cellular differentiation and mature cell 

function, changes in energy metabolism during the hepatic differentiation process have not been 

investigated. The current studies were designed to establish an in vitro system to investigate the 

energetics accompanying ES cell differentiation. We report, for the first time, that differentiated 

cells with hepatic characteristics are associated with a glycolytic phenotype for energy 

metabolism.  

 

ES cells are nascent cells derived from the inner cell mass (ICM) of the developing blastocyst 

during development 3.5 days post conception. An interesting feature of the development of ES 
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cells is the ability to maintain these cells in an undifferentiated state under in vitro conditions 

(Thomson et al., 1998). In order to obtain a reasonable snapshot of cellular metabolism, the first 

step was to obtain a population of differentiating cells with hepatic characteristics. The Hanging 

Drop protocol has been used by many investigators to differentiate ES cells (Chinzei et al., 2002; 

Imamura et al., 2004). However, since this method results in a wide array of differentiated cell 

lineages (Hamazaki et al., 2001), is not easily scalable, and is non-specific (Odorico et al., 2001), 

we used directed differentiation techniques that yield a more uniform population of hepatocyte-

like cells.  

 

Na-butyrate is a short chain fatty acid that has been implicated in differentiation of various cell 

lines (Richard et al., 2002; Rosato et al., 2001; Schuldiner et al., 2000), and has been shown to 

increase function in liver precursor cell lines (Blouin et al., 1995; Iwai et al., 2002; Newmark and 

Young, 1995). From a mechanistic standpoint, sodium butyrate has been shown to inhibit histone 

deacetylase activity. This leads to hyperacetylation of histones that results in chromatin 

remodeling and destabilization probably leading to transcription and subsequent alterations in 

gene expression. Previous studies have also shown that Na-butyrate is associated with cell-cycle 

arrest, the downstream effects being either differentiation or apoptosis.  

 

From a supplementation standpoint, 2.5 mM supplementation has been used to directly 

differentiate human ES cells accompanied by ~85% cell death (Rambhatla et al., 2003). In our 

system, we observed a similar behavior with a drastic decrease in cell number (_67%) from Day 5 

to Day 8 of differentiation. This might imply a selective survival mechanism for hepatocyte-like 

cells mediated by Nabutyrate.  

 

In terms of hepatocyte function, we found an increase in function from 1mM to 

2.5mMsupplementation (Table 2.1, Table 2.2) with drastic reduction in function for 5 and 10 
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mM supplementation. While 1 mM sodium butyrate might be effective in producing hepatocyte-

like cells, it is probably not the most efficient due to presence of more non-uniformity (as 

indicated by the albumin content data, Table 2.2). On the other hand, the 5 mM and 10 mM 

supplementation led to substantial cell death concomitant with reduced function. Thus, 2.5 mM 

sodium butyrate might be more efficient (as compared to the concentrations considered in the 

experimental set-up) from the standpoint of generating viable cells with hepatocyte-like function 

through the mechanism as mentioned above. The ‘‘no supplementation’’ condition, on the other 

hand, probably differentiate into albumin-positive cells due to a spontaneous differentiation 

process as demonstrated previously (Novik et al., 2006). Since the monolayer configuration 

resulted in the generation of embryoid body like aggregates, the differentiation process led to 

generation of albumin-positive cells.  

 

In order to further characterize the differentiated cells, we performed a comprehensive analysis of 

hepatocyte function. As shown in Figure 2.1 and Figure 2.3, DMSO preconditioning followed 

by 2.5mM Na-butyrate supplementation resulted in cells with albumin, CK18, glycogen, and urea 

function in a single cell population. While each of these functions may be expressed by other cell 

types (Abe et al., 1996; Moll et al., 1982), expression of all four characteristics in a single ES 

cell-derived population has not been shown. The resulting population is more hepatocyte-like and 

unlike embryoid body-mediated differentiation procedures, do not result in mixed lineages but 

predominantly albumin-positive cells on Day 11 of differentiation. The presence of cells positive 

for albumin but absent in other functions might imply hepatocyte-like cells at an immature stage 

of differentiation as compared to Albumin positive, CK18 positive, Glycogen positive cells in the 

population. While the percentage of albumin and CK18-positive cells were similar, there was a 

discrepancy in the number of glycogen-positive cells in the population. It is known that glycogen 

degrades rapidly in cells and there was a decrease in percent positive cells (data not shown) in our 

population (about 80%, 24 h after replating for Day 11 Na-butyrate differentiated cells to 30% 
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after 48 h). Also, glycogen staining using PAS procedure detects for presence of glycogen greater 

than twofold levels. 

 

A comparison of Na-butyrate-mediated differentiation in hES versus mES cells showed that 2.5 

mM Na butyrate is optimal for both cell types for hepatocyte differentiation. hES cells showed a 

higher percentage of cells with albumin, glycogen, and CK18 as compared to mES cells. This is 

probably due to the exposure of hES cells to hepatocyte conditioned media, Na-butyrate, and 

HGF for 4 days beyond Day 11 of differentiation. From a temporal standpoint, the two cell types 

show onset of albumin expression after exposure to Na-butyrate for 4 days. The hES system also 

showed cytochrome P450 enzyme activity and gene expression profiles characteristic of 

hepatocytes. Recent reports indicate two markers specific for hepatocytes viz. a gene trap 

integration vector which is an early in situ marker (Watt et al., 2001) and cholesterol 7 a 

hydroxylase (cyp7A1), the rate limiting enzyme involved in bile acid synthesis as a late stage 

marker (Asahina et al., 2004). In order to obtain a better idea of hepatic specificity in the 

differentiated cells, we performed a preliminary analysis of gene expression in one experimental 

set using cDNA microarrays on Day 11 of differentiation. The results strongly suggested the 

presence of albumin,  cytokeratin 18, and the absence of alpha-fetoprotein. In addition, certain 

hepatic genes such as dipeptidyl peptidase IV (Choi et al., 2002), alcohol dehydrogenase 

(Yamamoto et al., 2005), cytochrome P450 3a13 (Novik et al., 2006), and 27a1 (Okuda, 1994) 

were present in the population (data not shown). Future work will entail a more rigorous 

characterization of the cells with hepatic characteristics obtained in the murine system to 

determine hepatic lineage specificity. Finally, while the metabolic evaluation of the 

differentiating population is of an enriched population, future work will involve isolation of 

individual sub populations and subsequent metabolic studies.  
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In order to characterize metabolic changes during differentiation, embryonic stem cells marked 

by low mitochondrial mass and glycolytic activity and mouse hepatoma cells with a 

comparatively higher mitochondrial function were chosen as boundary conditions. From an 

energetic standpoint, Na-butyrate-mediated differentiated cells showed higher lactate production 

rates on Days 8 and 11 as compared to undifferentiated ES cells implying strong glycolytic 

behavior. A point worth mentioning is that while the increase in lactate production was associated 

with a corresponding increase in glucose consumption, there was a much higher lactate 

production relative to glucose consumption on any specific day of differentiation. This might 

imply glycogen as an endogenous substrate for glycolysis which is typical in mature hepatocytes 

under fed conditions (Phillips et al., 2002). 

 

In order to investigate the effect of Na-butyrate-mediated differentiation on mitochondrial 

parameters, an assay on mitochondrial mass was developed. N-acridine orange is a dye used 

specifically for determination of mitochondrial mass in living cells, irrespective of the energetic 

state. This potential insensitive dye has been used for this particular application in intact tissues, 

isolated mitochondria, and malignant tumor cell lines (Berthiaume et al., 2003; Petit et al., 1992; 

Shishido et al., 2003). Studies on ES cells, Nabutyrate- treated ES cells and mouse hepatoma cells 

showed that the total mitochondrial mass of mouse hepatoma cells was the highest (Figure 2.5). 

However, since total mass is dependent on both the mass of individual mitochondria and number 

of mitochondria per cell, we decoupled the two factors by isolating mitochondria followed by 

subsequent staining with the dye (Petit et al., 1994). There were no significant changes in 

mitochondrial mass in isolated mitochondria (data not shown) indicating that mitochondrial mass 

changes were a function of the number of mitochondria per cell. Another important point worth 

noting is that the increase in mitochondrial number was significantly different only on Day 11 for 

hepatocyte-like cells as compared to the ‘‘no supplementation’’ case (data not shown). This 

implies that hepatocyte-like cells have a higher mitochondrial number concomitant with 
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performing specific metabolic functions. While the fetal adult hepatocyte transition in vivo is 

marked by an increase in mitochondrial number, further studies will compare mitochondrial 

number in cultured adult hepatocytes with differentiated ES cells.  

 

Since an increase in mitochondrial mass is concomitant with mitochondrial activity (Lee et al., 

2000), a study of mitochondrial activity, indicated by the membrane potential using the JC-1 dye, 

showed that hepatocyte like cells had a lower number of cells with active mitochondria than 

mouse hepatoma cells (Figure 2.7). A comparison of lactate production rates to the mitochondrial 

activity measurements showed that while the glycolytic rate and mitochondrial mass was higher 

on Days 8 and 11 for Na-butyrate-mediated differentiated cells as compared to Day 5, the 

mitochondrial activity decreased. This phenomenon of increase in mitochondrial number and 

concomitant decrease in mitochondrial activity might be indicative of mitochondria replication 

preceding organelle and cellular differentiation (Marinos and Billett, 1981; von Wangenheim and 

Peterson, 1998). Overall, the metabolic phenotype of hepatocyte-like cells on Day 11 of 

differentiation (high glycolytic capacity and low mitochondrial activity) is consistent with in vitro 

studies for energy status of fetal hepatocytes (Cuezva et al., 1997; Pollak and Duck-Chong, 

1973).  

 

In summary, glycolytic behavior is predominant in 2.5mM Na-butyrate induced differentiated 

cells with an increase in total mitochondrial mass on Day 11. Though the increase in total 

mitochondrial mass is consistent with late-stage hepatocyte differentiation, the energetic profile is 

contrary to mature hepatocytes that produce ATP predominantly through mitochondrial substrate 

oxidation. Thus, the next section elucidates strategies to induce mitochondrial development to 

reach closer to the goal of terminally differentiated hepatocytes. 
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CHAPTER 3: INDUCTION OF METABOLIC DEVELOPMENT AND FUNCTIONAL 

AUGMENTATION IN SNAP TREATED HEPATOCYTE-LIKE CELLS 

 

3.1 ABSTRACT 

Our previous studies have shown that sodium butyrate mediates hepatocyte-specific 

differentiation from murine embryonic stem cells. Several functional assays specific to 

hepatocytes were used to analyze the differentiated cell population, with the results indicating the 

presence of an enriched population of hepatocyte-like cells. Since mature hepatocytes mediate 

energy metabolism predominantly through oxidative means as opposed to hepatocyte precursors 

which are primarily glycolytic, we have previously performed a metabolic analysis of the 

precursor populations. In conjunction with mitochondrial mass measurements, we showed that 

hepatocyte-like cells have glycolytic and mitochondrial phenotypes similar to mouse hepatoma 

cells, implying that these cells represent an immature hepatocyte phenotype. In order to mediate 

further differentiation, we have utilized a key regulatory molecule, S-NitrosoAcetylPenicillamine 

(SNAP) that increases glucose consumption and lactate production rates, as well as mitochondrial 

mass and activity, two components implicated in mitochondrial biogenesis. In addition, functional 

analysis reveals that hepatocyte characteristics viz. intracellular albumin content, albumin, urea 

secretion rates and cytochromeP450 7A1 promoter activity are increased in the treated 

population. In order to quantify the energetic and functional capacity of the differentiated cells, 

we have developed a reaction network model and utilized metabolic engineering tools to analyze 

the system.  Metabolic Flux Analysis (MFA) is utilized as a solution methodology to determine 

the intracellular fluxes for different experimental conditions. The network consists of 25 reactions 

with 19 metabolite balances and 6 measurements. We have shown that 500 µM SNAP treated 

hepatocyte-like cells have higher glycolytic, TCA cycle and urea cycle fluxes as compared to the 

untreated population during the differentiation process. In summary, we have demonstrated that 

metabolic regulation can augment function in differentiating embryonic stem cells. 
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3.2 INTRODUCTION 

The liver is the center of intermediary metabolism of the body. Hepatocytes constitute 

approximately 70 % of the cellular population of the liver and perform major metabolic functions 

such as plasma protein synthesis and transport, xenobiotic metabolism, glucose homeostasis, urea 

synthesis and ketogenesis (Arias et al., 1994). The generation of functionally and energetically 

mature hepatocyte-like cells may provide an excellent source for diverse applications. From a 

clinical standpoint, it is known that in cases of irreversible liver failure such as cirrhosis and 

fulminant hepatic failure, an alternative functional hepatic device to sustain life is vital. While the 

extracorporeal Bio-Artificial Liver (BAL) is a promising technology for the treatment of liver 

failure (Chan et al., 2004; Yarmush et al., 1992), the difficulty in in vitro culture of hepatocytes 

and scarcity of cells is an impending problem. From a diagnostic stand point, hepatocytes are a 

useful cell source for in vitro drug screening and toxicity studies. The generation of fully 

functional hepatocyte-like cells from a renewable cell source can provide an unlimited resource 

for clinical and diagnostic applications.   

 

Embryonic Stem (ES) cells are highly proliferative, pluripotent cells isolated from the Inner Cell 

Mass (ICM) of the embryo (Zandstra and Nagy, 2001). These cells, when cultured in vitro under 

suitable conditions, proliferate indefinitely and have the potential to generate almost any cell type 

in the body under controlled differentiation regimens, including hepatocytes (Lavon and 

Benvenisty, 2005; Maguire et al, 2006; Novik et al, 2006; Sharma et al, 2006). Currently the two 

major problems with obtaining hepatocytes from embryonic stem cells are (a) generation of a 

mixed population and (b) incomplete differentiation. In this regard, we have previously developed 

a directed differentiation system to obtain an enriched population of hepatocyte-like cells using 

Na-butyrate treatment (Sharma et al, 2006). These cells have been shown to possess hepatocyte-

specific characteristics. In addition, since hepatocytes are biochemically active and perform 

complex metabolic functions in association with high aerobic metabolism for mitochondrial ATP 
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generation, we performed a metabolic analysis of the hepatocyte-like cells to identify its 

metabolic and functional phenotype. We have shown that Na-butyrate treated hepatocyte-like 

cells have a glycolytic energetic phenotype that is similar to fetal hepatocytes/ mouse hepatoma 

cells. More importantly, these cells have lower urea and albumin secretion rates as compared to 

mature hepatocytes (Higuchi et al., 2005).  

 

It is well known that nitric oxide triggers mitochondrial biogenesis in a variety of mammalian 

cells (Leary and Shoubridge, 2003; Nisoli et al, 2001; Nisoli et al, 2004). In addition, NO and 

NOS isoforms have been shown to induce differentiation of nerve cells, tumor cells and 

cardiomyocytes (Bloch et al, 1999; Magrinat et al, 1992;  Peunova and Enikolopov, 1995). The 

phenomenon of mitochondrial biogenesis involves the increase in mitochondrial mass, activity 

and the induction of respiratory enzymes implicated in oxidative metabolism. The long term 

process of mitochondrial proliferation involving increase in mitochondrial number and mass is 

apparent throughout the developmental process. The short term process, mitochondrial 

differentiation is an hour long process immediately after birth and results in induction of 

mitochondrial metabolic enzymes. This process has been known to be present in liver 

developmental processes. Immediately after birth, there is an increase in liver metabolic enzyme 

activities concomitant with increased oxygen consumption rates and higher biochemical function.  

In the present studies, we have investigated the phenomena of mitochondrial biogenesis during 

the hepatic differentiation process in our populations as a method to augment differentiated 

function in ES cell derived hepatocyte-like cells.In this regard, we have utilized S-

NitrosoAcetylPenicillamine (SNAP), a key regulatory molecule to increase mitochondrial 

development in Na-butyrate treated hepatocyte-like cells and have shown that an increase in 

mitochondrial mass and activity is instrumental in increasing hepatic differentiated function. In 

addition to these findings, we have developed a computational model to assess the effects of 

different concentrations of SNAP on hepatic metabolism and function. 
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3.3 MATERIALS AND METHODS 

3.3.1 ES Cell Culture 

The ES cell line D3 (ATCC, Manassas, VA) was maintained in an undifferentiated state in T-75 

gelatin-coated dishes (BD-Biosciences, Bedford, MA) in Knockout Dulbecco’s Modified Eagles 

Medium (Gibco, Grand Island, NY) containing 15 % knockout serum (Gibco, Cat # 10828-028), 

4 mM L-glutamine (Gibco), 100 U/ml penicillin (Gibco), 100 U/ml streptomycin (Gibco), 10 

µg/ml gentamicin (Gibco), 1000 U/ml ESGRO (Chemicon, Temecula, CA) and 0.1mM 2-

mercaptoethanol (Sigma-Aldrich, St. Louis, MO). To maintain cells in the undifferentiated state, 

media was changed every two days until plates were confluent. Cells were dissociated using 

trypsin EDTA (Gibco, Cat # 25200-056) and passaged by further replating. Only cells between 

passages 10-20 were used for differentiation. All cell cultures were incubated at 37°C in a 

humidified 5% CO2 incubator. 

 

3.3.2 HEPA Cell Culture 

Mouse hepatoma cells (Hepa 1-6 cells) (ATCC) were cultured in polystyrene T-75 flasks in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Cat # 10313-021) supplemented with 10 

% Fetal Bovine Serum (Gibco, Cat # 26140-079), 4 mM L-glutamine (Gibco) and 100 U/ml 

Penicillin / Streptomycin (Gibco). Cell media was replaced every two days. 

 

3.3.3 Differentiation using sodium butyrate  

On day 0 of differentiation, ES cells were plated at a density of 105 cells/well in 0.1 % gelatin 

coated six well plates in Iscove’s Modified Dulbecco’s medium (IMDM) (Gibco, Cat # 31980-

030) containing 20 % fetal bovine serum (Gibco), 4 mM L-glutamine (Gibco), 100 U/ml 

penicillin, 100 U/ml streptomycin (Gibco) and 10 µg/ml gentamicin (Gibco). Gelatin solution 

(0.1 %) was prepared by dissolving 0.5 gm of porcine gelatin (Sigma-Aldrich, Cat # G-2500) in 

500 ml of Phosphate Buffered Saline (PBS) (Gibco, Cat # 20012-027) with gentle heating. To 
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coat plates with gelatin, 2 ml of 0.1 % gelatin solution was added to each well of a polystyrene 

tissue culture treated plate. The plates were incubated for 2 hrs following which the gelatin 

solution was aspirated. The plates were washed once with PBS and then 2.5 ml of IMDM was 

added followed by 105 cells/well. In some cases, cells were exposed to 1 % DMSO (Sigma-

Aldrich) for the next 4 days followed by exposure to 2.5 mM Na-butyrate (Sigma Aldrich, Cat # 

B5887) for 6 days. Media was replaced daily. For hepatic functional assessment, cells were 

removed from the primary culture dish and replated on day 11 of differentiation in polystyrene 12 

well plates at a density of 105 cells/well.  

 

3.3.4 Induction of mitochondrial development 

24 hrs after replating, cells were exposed to IMDM supplemented with different concentrations of 

S-NitrosoAcetylPenicillamine (SNAP) for three days. Day 13 and day 15 were chosen as analysis 

days and metabolic analysis was performed on these days. In parallel, hepatic functional 

characteristics viz. intracellular albumin content, urea and albumin secretion rate were evaluated. 

 

3.3.5 Cell Number 

Cultures were treated with PBS followed by incubation with trypsin-EDTA for 3 mins. 

Dissociated cells from each condition were suspended in differentiation media and centrifuged at 

1000 rpm for 5 mins. The media with trypsin was decanted and cells were re-suspended in fresh 

media. Cells were counted using a hemocytometer using 1% trypan blue exclusion. In primary 

culture, exposure to DMSO resulted in about 3.106 cells/ well on day 5. On day 8, cell number 

reduced to 106 cells/well and remained at that on day 11. After replating on day 11, cell number 

remained constant after 48 hrs of replating for all conditions. On day 15 of differentiation, there 

was a linear decrease in cell number with increase in SNAP concentration with 95 % cell 

viability. 
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3.3.6 Urea Analysis 

Media samples were collected directly from cell cultures on days 13 and 15 post differentiation 

for the different experimental conditions and stored at -20°C for subsequent analysis for urea 

content. Urea synthesis was assayed using a commercially available kit (StanBio, Boerne, Texas, 

Cat # 2050-450). Urea enzyme reagent (100 µl) was added to each well of a 96 well plate 

followed by addition of 10 µl of standards/samples to the enzyme reagent. The plates were 

centrifuged at 1000 rpm for 1 min and then placed in a water bath at 37oC for 5 minutes. Urea 

color reagent (100 µl) was then added to each well followed by centrifugation and water-bath 

treatment. Absorbance readings were obtained using a Biorad (Hercules, CA) Model 680 plate 

reader with a 585nm emission filter. A standard curve was generated by creating serial dilutions 

of a urea standard from 0 µg/ml to 300 µg/ml and a linear fit of the standards was used to 

determine the urea concentration in each sample. 

 

3.3.7 Albumin ELISA assay 

In order to detect secreted albumin within the media supernatants obtained on each of the analysis 

days, we used a commercially available mouse albumin ELISA kit (Bethyl Laboratories, #E90-

134). A standard curve was generated by creating serial dilutions of an albumin standard from 7.8 

to 10,000 ng/mL. Absorbance readings were obtained using a Biorad (Hercules, CA) Model 680 

plate reader with a 450 nm emission filter. Albumin values were normalized to the cell number 

recorded on the day of media sample collection. 

 

3.3.8 In Situ Indirect Immunofluorescent for Intracellular Albumin  

On evaluation days as indicated for the urea assay, cells were washed with PBS and fixed in 4% 

paraformaldehyde (Sigma-Aldrich) in PBS for 15 minutes at room temperature. The cells were 

washed twice in cold PBS and then twice in cold saponine/PBS (SAP) membrane 

permeabilization buffer containing 1% bovine serum albumin (BSA) (Sigma-Aldrich, Cat # 
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A7906), 0.5% saponine (Sigma-Aldrich, Cat # 54521) and 0.1% sodium azide (Sigma-Aldrich, 

Cat # 58032). The cells were subsequently incubated for 30 minutes at 4oC in a SAP solution 

containing rabbit anti-mouse albumin antibody (150 µg/ml) (MP Biomedicals, Irvine, CA), or 

Normal Rabbit Serum (NRS) (150 µg/ml) (MP Biomedicals) as an isotype control, washed twice 

for 10 min in cold SAP buffer, and then treated for 30 minutes at 4oC with the secondary 

antibody, FITC-conjugated donkey anti-rabbit, diluted 1:500 (Jackson Immuno Labs, Westgrove, 

PA). Cells were then washed once with cold SAP buffer and once with cold PBS. Fluorescent 

images were acquired with an Olympus IX70 microscope and Olympus digital camera using an 

excitation filter of 515 nm. Image quantification was conducted using Olympus Microsuite. To 

generate intensity values for each of the samples, 15-20 cells were randomly chosen from each 

image taken. The average intensity value for these cells ( 3 images per well per condition) was 

measured in the NRS fluorescent (control) case and was subtracted from each of 15-20 randomly 

selected cells in the test (anti-albumin) case to quantify the number of albumin positive cells per 

image. This was done in triplicate experiments yielding a total of 135-180 cells per condition.   

 

3.3.9 Cloning of the cytochrome p450 7α1 (cyp7a1) promoter driven pDsRedExpress1 

vectors 

The pDsRedExpress1 plasmid vector was attained from BD Biosciences Clontech (Mountain 

View, CA). The cytochrome p450 7α1 (cyp7a1) vector was donated in the form of a PGL3-

Promoter vector from Dr. Gregorio Gil (Virginia Commonwealth University, Richmond, VA). 

The promoter regulatory elements were each excised at a blunt and a sticky end and inserted via 

ligation into respective blunt and sticky sites in the parent pDsRedExpress1 vector. Correct 

insertion of the regulatory elements into the pDsRedExpress1 vector was confirmed by screening 

bacterial clones via test transfections in mouse Hepa 1-6 cells and through DNA sequencing. The 

vector is hereby referred to as pCyp7a1-dsRedExpress1. An additional vector, pDsRed2-C1, 
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driven by the constitutive cytomegalovirus, was used as a control for positive transfection of 

different cell types.  

 

3.3.10 Transient transfection of liver-specific vectors into differentiated stem cells 

On day 13 of differentiation, the liver-specific expression vector pCyp7a1-dsRedExpress1, along 

with the constitutive pDsRed2-C1 plasmid, were transiently transfected into the separate 

differentiated stem cell populations. A control plate of murine Hepa 1-6 cells was used to assess 

transient transfection efficiency. Following 48 h, red fluorescent activity was detected via flow 

cytometry and imaged for fluorescent activity using a computer-interfaced inverted Olympus 

IX70 microscope.  

 

3.3.11  Extracellular metabolite measurements 

Supernatants (1 ml) were collected in triplicate for differentiated cells in secondary culture on 

days 13 and 15 of differentiation and tested using a Bioprofile Bioanalyzer 400 (Nova 

Biomedical, Waltham, MA) for metabolite measurements of glucose, lactate, glutamine, 

glutamate and ammonia. 

In order to confirm that replating doesn’t change the metabolic properties in control cell 

populations, mouse hepatoma cells were cultured for 5 days in six well plates. Media was 

replaced daily and on the 5th day, supernatants were collected for lactate measurements. Cells 

were trypsinized, resuspended and 105 cells were replated in each well of a 12 well plate and 

media was changed after 24 hrs. After 48 hrs, we found that mouse hepatoma cells have a similar 

lactate production rate in both primary culture (6.6±0.5 µmol/million cells/day) and replated 

conditions (6.3± 0.7 µmol/million cells/day). 

 

On each day of analysis, base media glucose, lactate, glutamine, glutamate and ammonia 

measurements were measured and the mean values were subtracted from the test values to obtain 
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uptake or production. Cells were counted for each condition to get the final consumption or 

production rate.   

 

3.3.12 Mitochondrial mass 

On each day of secondary culture, cells from different experimental conditions in each well of a 

polystyrene 48 well plate were washed with PBS and exposed to 10 µM N-Acridine Orange dye 

(NAO) (Molecular Probes, Eugene, MO) for 10 minutes at room temperature. Cells were washed 

twice in PBS and then exposed to PBS. Experimental analysis was performed with the FL3 filter 

using the Olympus electron microscope and image analysis was performed using Microsuite 

software. On each day of analysis, undifferentiated ES cells and mouse hepatoma cells were 

stained as negative and positive controls respectively. To generate intensity values for each of the 

samples, 15-20 cells were randomly chosen from each image taken. The average intensity value 

for these cells (3 images per well per condition) was measured in the particular condition and 

subtracted from each of 15-20 randomly selected cells in the undifferentiated ES cell fluorescent 

case to quantify the number of NAO positive cells per image. This was done in triplicate 

experiments yielding a total of 135-180 cells per condition.   

 

3.3.13 Mitochondrial Activity (∆ψ) 

On analysis days, cells in each well were washed with PBS and then exposed to 30 µM JC-1 dye 

(Molecular Probes) for 30 minutes at 37oC, 10 % CO2 at a density of 2.5.104 cells/ml in 

polystyrene 48 well plates. Cells were washed twice in PBS. Since JC-1 dye forms a monomer at 

low mitochondrial potential with a green fluorescence while at high mitochondrial membrane 

potential, it aggregates and exhibits an orange fluorescence, image acquisition was performed 

with the FL2 and FL1 filter using the Olympus microscope and image analysis was performed 

using the Microsuite software . On each day of analysis, undifferentiated ES cells and mouse 
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hepatoma cells were stained as negative and positive controls respectively. To generate intensity 

values for each of the samples, 15-20 cells were randomly chosen from each image taken. The 

average intensity value for these cells (3 images per well per condition) was measured in the 

particular condition and subtracted from each of 15-20 randomly selected cells in the 

undifferentiated ES cell fluorescent case to quantify the number of JC-1 positive cells per image. 

This was done in triplicate experiments yielding a total of 135-180 cells per condition. 

 
3.3.14 Metabolic Flux Analysis (MFA)  

Metabolic flux analysis is a useful methodology to characterize the differential activation of 

metabolic pathways in hepatocyte cultures. Based on a stoichiometric model for the metabolic 

reaction network prevalent in hepatocytes, intracellular reaction fluxes are estimated by mass 

balances around each intracellular metabolite and extracellular metabolite measurements. This 

gives the possibility to calculate intracellular metabolite fluxes which are difficult to measure 

from relatively few measurements and to corroborate the metabolic network (Lee et al., 1999). 

MFA can be further enhanced with the incorporation of additional information based on 

measurement methods using isotope labels. These measurements are of particular importance for 

complex underdetermined systems where the number of unknown fluxes exceeds the number of 

available flux measurements. A number of studies have been published utilizing information for 

13C-labeling experiments (Lee et al, 1999; Szyperski et al, 1999; Wiechert, 2001). 

 

The model used in this work was originally developed for perfused liver (Arai et al, 2001, Lee et 

al, 2000) and modified (Chan et al., 2002) for cultured hepatocytes with incorporation of lipid 

metabolism reactions. Figure 3.6 illustrates the metabolic network considered. Table 3.1 shows 

the list of reactions and Table 3.2 shows the intracellular metabolites for mass balances.  
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The main assumptions for the application of metabolic flux analysis to the hepatic metabolic 

network are as follows (Chan et al., 2003, Sharma et al., 2005):  

1. The metabolite pools are at pseudo-steady state with a single pool in the cell. The influx and 

efflux of metabolites into/from hepatocytes are calculated from the amount of metabolites 

remaining in the extracellular media after 24 hrs. 

2. The metabolic network is based on known stoichiometry of hepatic intermediary metabolism 

with consideration of carbon and nitrogen balances.  

3. No transport and biosynthetic fluxes are considered in the network. 

4. Amongst the amino acids, only glutamine and glutamate uptake are considered for energy 

status of cells (Zupke et al., 1995). 

Following the above assumptions, the mathematical model consists of mass balances around 19 

intracellular metabolites considering 25 reactions (Figure 3.4). The sum of fluxes to and from the 

metabolite pools is assumed to be zero (pseudo steady-state assumption): 

0v*S =                                                                                         (1) 

where the matrix S contains the stoichiometric coefficients of the incorporated reactions. Each 

element ijS  of S  is the coefficient of metabolite i in reaction j, and each jv
 of vector v  is the net 

flux or conversion rate of reaction j. Equation (1) is separated into measured and unknown fluxes, 

mv  and uv , respectively, as follows: 

mmuu v*Sv*S −=                                              (2) 

The measured fluxes represent measured rates of uptake or release of extracellular metabolites 

and thus, solving equation (2) gives estimates of intracellular fluxes. The MFA model was solved 

using FluxAnalyzer Version 5.3, a MATLAB package that facilitates the analysis of metabolic 

based on the network topology (Klamt et al., 2003). 
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MFA provides the basis for quantifying the effects of different environmental perturbations on 

cellular function. This helps to identify the pathways relevant for up-regulating hepatocyte 

function in ES cell derived hepatocyte-like cells. While MFA is mainly a characterization tool, it 

cannot be utilized as a generalized predictive model over a time interval that incorporates the 

effects of external stimuli on cell function.    

 

3.3.15 Statistical Analysis  

Each data point represents the mean of three experiments (each with three biological replicates), 

and the error bars represent the standard error of the mean. Statistical significance was 

determined using the student t-test for unpaired data. Differences were considered significant 

when the probability was less than or equal to 0.05.  

 

3.4 RESULTS 

3.4.1 Establishment of system for metabolic maturation 

We have previously developed a Na-butyrate treated ES cell differentiation system to generate an 

enriched population of hepatocyte-like cells (Sharma et al, 2006). In addition, we performed a 

metabolic analysis of the populations to characterize the energy status of the cells. We have 

shown that hepatocyte-like cells have reduced function with the expression of a glycolytic 

phenotype similar to immature hepatocytes. Thus, we employed a procedure to alter the energetic 

profile of the cells towards a mature hepatocyte phenotype in order to upregulate hepatocyte-

specific function.  

 

On day 11 of differentiation, 2.5 mM Na-butyrate treated ES cells were replated in polystyrene 12 

well plates. On Day 12, cells were exposed to 0, 50,100,250 & 500 µM SNAP for 3 additional 

days. Functional and metabolic analyses were performed on days 13 and 15 of differentiation. 
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3.4.2 Energetics of hepatic differentiation 

Since hepatocyte-like cells have been shown to have an energetic profile similar to fetal 

hepatocytes/ mouse hepatoma cells, we investigated the effects of SNAP on the energy status of 

these cells. Since hepatic function is tightly linked to intermediary metabolism, we hypothesized 

that an increase in oxidative metabolism can lead to increased hepatic function. 

 

Glucose and Lactate metabolism 

Hepatocytes have higher glucose consumption and lactate production rates as compared to the 

fetal phenotype. We investigated this phenomena in SNAP treated hepatocyte-like cells as shown 

in Figure 3.1. Figure 3.1A shows that hepatocyte-like cells have comparable glucose 

consumption rates on day 13 independent of SNAP exposure. On the other hand, there is a 

significant decrease in the consumption rate on day 15 for the "No SNAP" condition (~ 2 fold) 

whereas there is a significant increase in glucose consumption rate for 250 µM (~ 1.5 fold) and 

500 µM SNAP (~ 2 fold) treated hepatocyte-like cells as compared to day 13 of differentiation. 

 

For lactate production rate, as shown in Figure 3.1B, irrespective of the SNAP concentration, day 

13 treated cells showed a similar but higher lactate production rate as compared to the "No 

SNAP" condition. Also, there was no significant change in lactate production on day 15 of 

differentiation for both 250 µM and 500 µM SNAP treated cells as compared to day 13 of 

differentiation while the lactate production rate is lower for all other conditions (~ 2 fold) on day 

15 as compared to day 13 of differentiation. 

 

Thus, exposure to 250 µM and 500 µM SNAP resulted in higher glucose consumption rates but 

similar lactate production rates for hepatocyte-like cells on day 15 of differentiation. The next 

step was to investigate the effect of SNAP on mitochondrial parameters, viz. mitochondrial mass 

and activity.  
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Mitochondrial Mass and Activity 

As shown in Figure 3.2A, on day 15, microscopic evaluation indicated that the mitochondrial 

activity is highest for 500 µM SNAP treated cells. Similarly, the mitochondrial mass was highest 

for 500 µM SNAP treated cells. Additionally, we have quantified the percentage of cells with 

higher mitochondrial mass (Figure 3.2B) and activity (Figure 3.2C). As shown, 500 µM SNAP 

results in about ~ 80 % of cells with a higher mitochondrial mass and activity as compared to the 

"No SNAP' condition on day 15 of differentiation. In other conditions, increase in percentage of 

cells with higher mitochondrial activity is not concomitant with increase in percentage of NAO 

positive cells. 

 

3.4.3 Evaluation of hepatic function  

The next step was to assess the effects of different concentrations of SNAP on hepatocyte-

specific function. Our hypothesis is that an induction of mitochondrial development in 

hepatocyte-like cells is associated with an increase in cellular function. As a result, we looked at 

two extracellular functions, urea and albumin secretion and two intracellular markers viz. the 

presence of intracellular albumin and cytochrome P450 7A1 promoter activity to identify if a 

particular SNAP concentration is effective in increasing function. 

 

Urea and albumin secretion 

As shown in Figure 3.3A, urea synthesis rate is similar for different experimental conditions on 

day 13 of differentiation. However, on day 15, there is an increase in secretion rates for 250 µM 

and 500 µM SNAP treated hepatocyte-like cells. This increase is about 2 fold higher as compared 

to Na-butyrate treated hepatocyte-like cells (on day 13 of differentiation). Figure 3.3B shows a 

similar trend for albumin secretion rate on day 13 of differentiation. However, while there is a 

decrease in albumin secretion on day 15 for the “No SNAP” condition, there is a stabilization of 

function in the presence of 250 µM or 500 µM SNAP.  
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This shows that both 250 µM and 500 µM SNAP treatment results in increased mitochondrial 

mass and activity, higher glucose consumption and lactate production rates on day 15 of 

differentiation. More importantly, this alteration in metabolic characteristics is concomitant with 

increase in urea and albumin secretion rates. 

 

Intracellular albumin and cytochrome P450 7A1 activity 

While urea and albumin secretion are representative of an average population, these 

characteristics do not provide information about the intracellular cells within the population. As a 

result, we performed an immunofluorescent assay to test for intracellular albumin. As shown in 

Figure 3.4A, there is a drastic difference in intracellular albumin content between the different 

conditions on day 15 of differentiation. It is evident from the microscopic analysis that 500 µM 

SNAP treated hepatocyte-like cells show a higher intracellular albumin intensity as compared to 

any other experimental condition. Figure 3.4B shows the percentage of cells positive for albumin 

under different experimental conditions. 500 µM SNAP results in ~ 80% Alb+ cells on day 15 of 

differentiation. This implies the selection of an enriched population of Alb+ cells that secrete 

albumin, urea and possess improved metabolic characteristics more closer to the mature hepatic 

phenotype. On the other hand, 250 µM SNAP treatment results in a mixed population of Alb+ 

cells while there are fewer positive cells in the other conditions. In fact in the absence of SNAP, 

percentage of albumin expressing cells decrease to 35 percent by day 15 post-differentiation.   

 

In order to confirm the presence of a hepatocyte-specific marker, cyp7A1 promoter activity was 

determined in the different conditions on day 15 of differentiation. Cyp7A1 (cholesterol 7α-

hydroxylase) is a rate-limiting enzyme implicated in cholesterol metabolism in the liver (Davis et 

al., 2002). As shown in Figure 3.5, the highest promoter activity was observed in 500 µM SNAP 

treated cells. Thus, even though the metabolic and hepatocyte functional secretions are similar in 
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the presence of 250 µM and 500 µM SNAP exposure, the 500 µM SNAP treatment results in 

selection of an enriched population of hepatocyte-like cells with increased function and higher 

cyp7A1 promoter activity.  

 

3.4.4 Metabolic Flux Analysis 

As shown above, the experimental investigation of the effects of different concentrations of 

SNAP on cell number, metabolism and function provides some insight into the mechanistic 

underpinnings of hepatic development in the differentiation process. However, it fails to integrate 

these phenomena into a single unit wherein further information can be extracted. The 

incorporation of the above findings into a computational model using metabolic engineering tools 

can be a potential solution. Metabolic Flux Analysis (MFA) is one such tool that takes into 

account extracellular metabolite measurements in conjunction with mass balances around 

intracellular metabolites (for a hypothetical reaction network) to quantify fluxes that cannot be 

measured. This tool is highly effective to understand the effects of environmental perturbations 

(different concentrations of SNAP) on intracellular reaction pathways. 

 

Figure 3.6 is a hypothetical reaction network depicting hepatic energy metabolism. Based on 

MFA applications, we observed that day 13 Na-butyrate treated hepatocyte-like cells, under 

certain assumptions, have positive glycolytic and urea cycle fluxes. However, the TCA cycle 

fluxes, a critical upstream component of the oxidative metabolic pathway for mitochondrial ATP 

generation are low, a predominance of glycolytic pathway fluxes as detected experimentally (data 

not shown). The underlying question from this analysis is to increase TCA cycle fluxes for higher 

metabolic activity and thus improve hepatocyte specific function.  
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As a result, we have undertaken a thorough analysis of the effects of different SNAP 

concentration on intracellular reaction fluxes on day 15 of differentiation (Table 3.3). We have 

further categorized the different reactions based on their metabolic pathway definitions. 

 

Glycolysis (v1-v8) 

The glycolytic fluxes v1-v4 are significantly higher for 250 µM (15.74 ± 2.5 µmol/million 

cells/day)and 500 µM (18.13 ± 4.26 µmol/million cells/day) treated hepatocyte-like cells as 

compared to the "No SNAP" (5.66 ± 0.99 µmol/million cells/day) condition. These fluxes 

correspond to the initial steps in the glucose metabolic pathways. Similarly, flux nos. 6, 7 and 8 

are approximately 3 fold higher for 250 µM and 500 µM SNAP treated hepatocyte-like cells on 

day 15 of differentiation.  

 

TCA Cycle (v9-v15) 

As shown in Table 3.3, both the "No SNAP" condition and the "DMSO" treated hepatocyte-like 

cells have similar TCA cycle fluxes (v9-v15). Fluxes v11-v14 are ~ 1.5 fold and 2 fold higher for the 

50 µM and 100 µM treated hepatocyte-like cells respectively as compared to the "No SNAP" 

condition. On the other hand, both the 250 µM and 500 µM treated hepatocyte-like cells show ~ 5 

and 3 fold higher TCA cycle fluxes (v9-v14) as compared to the "No SNAP" condition. The 

increase is concomitant with increased mitochondrial mass and activity measurements implying 

channeling of fluxes into mitochondrial development.  

 

Amino Acid Metabolism (v16-v18) 

As shown in Table 3.3, glutamate production rate (v17) is significantly higher for the 250 µM and 

500 µM SNAP treated hepatocyte-like cells on day 15 of differentiation. Also, v18 corresponding 

to NH4 entry into the urea cycle is highest for the 500 µM SNAP treated hepatocyte-like cells 

(1.09 ± 0.134 µmol/million cells/day) on day 15 of differentiation. 
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Urea Cycle (v19-v25) 

Flux v19 corresponding to citrulline to arginine production is highest for 500 µM SNAP treated 

hepatocyte-like cells (1.09 ± 0.134 µmol/million cells/day) on day 15 of differentiation. This 

increase is associated with an increase in v21, urea secretion rate (2.29±0.4 µmol/million 

cells/day) in addition to an increase in v20, arginine uptake rate (1.51±029 µmol/million 

cells/day). However, flux v24 corresponding to ammonia uptake rate is similar for the different 

experimental conditions showing no direct effect on urea synthesis. 

Overall, MFA on 15 of differentiation shows an increase in glycolytic, TCA cycle and urea cycle 

fluxes for 250 and 500 µM SNAP treated cells as compared to other experimental conditions. 

 

3.5 DISCUSSION 

We have previously established a directed differentiation system wherein Na-butyrate treated ES 

cells generates an enriched population of hepatocyte-like cells (Sharma et al., 2006). A metabolic 

analysis of the population showed that the hepatocyte-like cells have a glycolytic energy status 

similar to fetal hepatocytes with incomplete metabolic and quantitative hepatic differentiated 

function. In this context, we have investigated the effects of SNAP, a regulatory molecule 

implicated in mitochondrial development, on Na-butyrate treated hepatocyte-like cells derived 

from ES cells.  

 

From a mechanistic standpoint, numerous studies have identified PGC-1α, a downstream target of 

SNAP as the key regulator of energy metabolism. PGC-1α is a transcriptional co-activator and is 

implicated in the switch from glycolytic (anaerobic) to oxidative phosphorylation (aerobic) 

metabolism for ATP synthesis. PGC-1α docks on specific transcription factors increasing the 

affinity of the transcription complex to coactivators possessing histone acetyltransferase (HAT) 

activity. The end result is acetylation of histone proteins that increases the accessibility of DNA 

accessiblity to the transcription complex (Puigserver et al., 1999). Although there are three 
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members of the PGC-1 family [PGC-1α, PGC-1β, and PGC-1α related coactivator (Puigserver 

and Spiegelman, 2003)], PGC-1α has been gaining interest since it is a powerful regulator of 

energy metabolism under conditions of both health and disease (Finck and Kelly, 2006). 

 

While the effects of NO and NOS isoforms is well known in primary and transformed cell lines, 

the utilization of these molecules in cellular differentiation is less studied. The effect of SNAP, a 

nitric oxide donor, has been investigated in liver cell systems (Lin et al, 2003; Duncan et al, 1999, 

Naiki et al, 2002; Yoon et al., 2001, Houten and Auwerx, 2004; Puigserver et al., 1998; Liang and 

Ward, 2006). In vivo liver developmental studies have been shown to involve complex set of 

events related to mitochondrial development. This phenomenon, known as mitochondrial 

biogenesis has been well studied due to the enormous biochemical capacity of hepatocytes, the 

primary functional cells of the liver. These studies have shown that PGC-1α is implicated in 

hepatic mitochondrial biogenesis wherein an increase in mitochondrial mass, number and activity 

is observed. This increase, which occurs immediately after birth, is associated with an increase in 

oxygen consumption, induction of mitochondrial respiratory enzymes and increased/ induced 

terminally differentiated function. It has been shown that fetal hepatocytes have a more 

compromised (glycolytic) energy state and less functional characteristics as compared to highly 

functional mature hepatocytes with complex, functional mitochondria. The embryonic liver is 

primarily responsible for hematopoiesis during fetal development and undergoes many metabolic 

changes just before and after birth (Duncan et al., 2000). The ability to activate gluconeogenesis, 

beta-oxidation of fatty acids and ketogenesis are all characteristics of mature hepatocytes, which 

are functionally different from embryonic liver cells. In summary, the identification of the 

mechanism of NO induction of PGC-1α in mitochondrial biogenesis holds tremendous promise 

for applications in hepatocyte development from embryonic stem cells.  
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Many studies have shown the influence of NO inducers on mitochondrial development. These 

studies have been implicated in diverse cell lines such as Hela cells, brown adipocytes, 3T3-L1 

and U937 cells. In addition, SNAP, a nitric oxide donor has been successfully shown to induce 

cardiomyogenesis in embryonic stem cells concomitant with reduction in cell number (Kanno et 

al., 2004). 250uM SNAP induced cardiomyogenesis was performed in embryoid body aggregates 

and not in monolayer configurations. In addition ES cells were exposed to the molecule at earlier 

time points which differs from our experimental analysis wherein SNAP is supplemented after 

Na-butyrate treatment. It is well documented that SNAP, though shown to increase oxygen 

consumption (Farghali et al., 1999) and mitochondrial development in hepatocytes, leads to cell 

death (Kucera et al., 2004). While the exact mechanism for this phenomenon in our system is 

unknown, we observed a decrease in cell number at higher SNAP concentrations. 

 

Figure 3.1 shows the metabolic assessment of SNAP treated cells. As shown, SNAP increases 

glucose and lactate clearance rates at higher concentrations on day 15 of differentiation. This 

observation is known to be prevalent in mature hepatocytes that consume higher glucose rates 

than fetal hepatocytes for performing metabolic functions. It is worth mentioning that while 

glucose consumption rates are highest on day 15 for 250 µM and 500 µM treated hepatocyte-like 

cells, the lactate production rates are similar implying that SNAP increases glucose metabolism 

for increase in mitochondrial mass and activity (Figure 3.2A) that is indicative of mitochondrial 

biogenesis. This increase is associated with an increased percentage in mitochondrial mass and 

activity for 500 µM SNAP treated cells on day 15 of differentiation (Figure 3.2B, Figure 3.2C). 

These increased mitochondrial parameters has been shown in various cell lines after 3-4 days of 

SNAP treatment. From a concentration standpoint, while 100 µM SNAP has been used for 

different cell lines (Nisoli et al., 2003), 250 µM SNAP has been shown to induce ES-

cardiomyocyte differentiation (Kanno et al., 2004). In our population, we have shown highest 

mitochondrial mass and activity in 500 µM SNAP treated cells. Beyond this concentration, we 
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observed significant decrease in cell viability and loss of mitochondrial function (data not 

shown).  

 

Figure 3.3 shows the functional evaluation of hepatic characteristics after SNAP exposure. It is 

noteworthy that both 250 and 500uM SNAP exposure increases urea secretion by ~2 fold on day 

15 of differentiation. This is associated with a stabilization of albumin secretion for the two 

conditions (Figure 3.3B). Since 250 µM SNAP has been shown to induce mitochondrial and 

cardiomyogenic differentiation in ES cells, we performed an intracellular assessment of albumin 

to confirm the percentage homogeneity of cells. As shown in Figure 3.4, while the 250 µM 

SNAP treated cells reveal a mixed population indicative of different lineages, the 500 µM SNAP 

treatment resulted in a homogenous population of Albumin positive cells (~ 80%, Figure 3.4B). 

Also, the "No SNAP" condition cells have reduced intracellular albumin function over time 

which is consistent with albumin secretion rates. In addition to albumin, we have performed an 

intracellular cyp450 7A1 promoter activity analysis, a hepatocyte specific enzyme implicated in 

cholesterol metabolism (Massimi et al., 1998, Asahina et al., 2004). As shown in Figure 3.5, this 

marker has highest activity in 500 µM SNAP treated cells implying this is the best condition for 

generating a homogenous population of Alb+ cells with higher urea, albumin secretion rates and 

higher cyP450 7A1 activity as compared to Na-butyrate treated hepatocyte-like cells.  

 

Based on the identification of the best condition for inducing mitochondrial development and 

upregulation of hepatic function, the next step was to integrate this data into a computational 

model to assess the effects of environmental perturbations on hepatic function. Numerous 

techniques have been utilized in this regard to model mammalian cellular metabolism (Lee and 

Palsson, 1990; Yarmush and Banta, 2003). MFA is a simple but powerful method that estimates 

intracellular fluxes of a reaction network using mass balance conservation equations and 

extracellular metabolite measurements. This tool has been utilized and as shown in Table 3.3 
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estimated the effects of different concentrations of SNAP at different time points on intermediary 

metabolism. In conjunction with experimental data, we have shown that 250 and 500 µM SNAP 

in particular have higher glycolytic, TCA cycle and urea cycle fluxes. These trends are 

concomitant with hepatic flux analysis data and is a validation of the generation of an ES derived 

hepatic metabolic network.  

 

Thus, we have utilized experimental and computational model methods to improve function of 

hepatocyte like cells using the concept of mitochondrial biogenesis. This methodology can be 

applied to ES cell differentiation systems involving metabolically active cells such as of the 

neuronal, pancreatic and cardiac lineages. 
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CHAPTER 4: FUTURE DIRECTIONS 

 

4.1 SUMMARY 

We have utilized the concept of metabolic engineering in ES-hepatic differentiation system to 

upregulate function of hepatocyte-like cells. In this work, we have identified metabolic pathways 

implicated in liver development, characterized the biochemistry of enriched population of 

hepatocyte-like cells derived from embryonic stem cells and subsequently applied media 

formulation strategies to upregulate the metabolic and hepatocyte-specific differentiated function 

of the cells. This work is unique in the sense that a completely new paradigm has been 

implemented to successfully improve differentiated function of stem cell derived populations. 

This project involved both experimental and computational tools to generate functionally mature 

hepatocyte-like cells. The ability to generate these cells have profound applications in liver 

specific applications from a clinical and diagnostic standpoint. 

 

4.2  SCOPE 

4.2.1 Comprehensive Analysis of Metabolically Mature Hepatocyte-like cells        

While the current project focused on strategies to improve certain functions of hepatocyte-like 

cells, the exact definition as to what comprises a 'hepatocyte' is questionable. Various researchers 

have utilized PCR and Northern Blot for mRNA analysis,  cDNA microarrays for gene 

expression analysis and metabolite measurements for biochemical analysis and 

immunofluorescent, mass spectrometry based assays for protein detection to characterize 

hepatocyte-like populations (Hamazaki et al., 2001; Novik et al., 2006, Teratani et al., 2005). In 

addition, drug toxicity studies using cytochrome P450 activity assays have used to study the 

ability of the cells to respond to drug administration. While these studies are beyond the scope of 

the current study, future work in this direction will yield a complete and comprehensive analysis 

of the populations which can provide a more holistic representation of a hepatocyte and identify 
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markers/ functional limitations in the cells that can be probed further for subsequent cellular 

improvement. 

 

4.2.2 Evaluation of cells for clinical and diagnostic applications 

The final area of exploration  is the application of our cells within their final product destinations. 

For example, an extracorporeal bioartificial liver, in the form of a flat plate bioreactor, has been 

established within our lab (Balis et al. 2002; Chan et al. 2004; Park et al. 2005; Shinoda et al. 

2006). In a first round of studies, we will evaluate the ability of our cells to sustain liver function 

in rats subjected to liver failure in the form of a two-thirds partial hepatorectomy. In addition, 

these studies would allow us to identify the tumorgenic capacity of our cells – a caveat of all stem 

cell therapies. 

 

4.2.3 Computational Modeling of in Hepatic Tissue Engineering 

The utilization of optimization methods can be extremely useful to the ES-hepatic differentiation 

system for identifying metabolic pathways important for hepatocyte specific function. Thus, 

while MFA has been used for characterization of the metabolic framework, it does provide a 

snapshot of the cellular metabolic state and does not incorporate temporal changes in metabolism 

over a period of days. This analysis is particularly useful for a generalized reaction network 

model that can have implications for predictive capabilities.  

 

Parameter Estimation of Biochemical Pathways 

Parameter estimation problems of non-linear dynamic systems are stated as minimizing the 

objective function that measures the goodness of the fit of the model with respect to a given 

experimental set subject to differential-algebraic constraints (Esposito and Floudas, 2000). The 

optimization problem consists of the estimation of 23 parameters of a non-linear biochemical 
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dynamic model formed by 7 ODEs that describe the variation of the extracellular metabolite 

concentrations with time. The mathematical formulation of the non-linear dynamic model is: 

 

[ ]
)CK(N

)C(V
)K/]P6Gluc[K/)N]Gluc[]Gluc([1(KN

)K/]P6Gluc[)NM]Gluc.(([V

dt
Glucd

SNAPSNAPSNAP

SNAPSNAP

psSNAPbasesSNAP

eqSNAP1base1

+
+

+−+

−−
−=

               

   
[ ]

)CK(N
)C(V

)N]Lac[]Lac[K(N
)N]Lac[]Lac.([V

dt
Lacd

SNAPSNAPSNAP

SNAPSNAP

SNAPbase1mSNAP

SNAPbase2
+

+
−+

−−
=

         

)CK(N
)C(V

)Nln]G[ln]G[K(N
)Nln]G[ln]G.([E.k

dt
ln]G[d

SNAPSNAPSNAP

SNAPSNAP

SNAPbase2mSNAP

SNAPbase11cat
+

+
−+

−
=

                                                              

 
)CK(N

)C(V
]Orn[K

]Orn.[V
)Nln]G[ln]G[K(N

)Nln]G[ln]G.([E.k
)N]Glu[]Glu[K(N

)N]Glu[]Glu.([E.k
dt

]Glu[d

SNAPSNAPSNAP

SNAPSNAP

4m

3

SNAPbase2mSNAP

SNAPbase11cat

SNAPbase3mSNAP

SNAPbase22cat

+
+

+
+

−+
−−

−+
−

=

                                   

[ ]

)CK(N
)C(V

]Orn[K
]Orn.[V

)N]Glu[]Glu[K(N
)N]Glu[]Glu.([E.k

)Nln]G[ln]G[K(N
)Nln]G[ln]G.([E.k

)N]NH[]NH[K(N
)N]NH[]NH.([V

dt
NHd

SNAPSNAPSNAP

SNAPSNAP

4m

3

SNAPbase3mSNAP

SNAPbase22cat

SNAPbase2mSNAP

SNAPbase11cat

SNAP4base45mSNAP

SNAP4base444

+
+

+
+

−+
−

−

−+
−

−
−+

−
=

                   

[ ]
)CK(N

)C(V
)NM]Arg[K(N

)NM]Arg.([V
dt
Argd

SNAPSNAPSNAP

SNAPSNAP

SNAP5base5mSNAP

SNAP5base5
+

+
−+

−
=

                                                               

[ ]
SNAPdg CKK

dt
Celld

−=                                                                                                                                                 

where [Gluc], [Lac], [Gln], [Glu], [NH4], [Arg] and [Cell] correspond to the concentrations of 

glucose, lactate, glutamine, glutamate, ammonia, arginine and cell density respectively in the 

biochemical network. Table 4.1 lists the 23 different parameters used in the differential equations 

that are fitted using optimization methods. The global optimization problem is stated as the 
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minimization of the squared error f between the observed values and those predicted by the 

model.  
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where n is the number of time points, m is the number of differential equations, ypred and yexp are 

the predicted and experimental data for the different metabolites at the specific time point. 

 

The optimization problem was solved using the FMINCON code in the MATLAB optimization 

toolbox (Branch and Grace, 1996). FMINCON is a gradient based solver for unconstrained 

functions. Its default algorithm is a quasi-Newtonian method that uses the BFGS formula for 

updating the approximation of the Hessian matrix. This methodology has been applied as a multi-

start optimization code for various biomedical engineering applications (Moles et al, 2003; Pelet 

et al, 2004).  

 

While MFA is an extremely important tool to characterize reaction systems at different pseudo-

steady states, by itself, the methodology cannot be utilized to obtain a dynamic assessment of 

metabolic fluxes during the differentiation process. As a result, we have generated Differential 

Equations corresponding to extracellular metabolic species and cell number to incorporate 

experimental data over measured time periods into a model. This model, with parameters 

estimated using global optimization methods can be utilized to predict function at earlier and later 

time points in the differentiation process. 

 

As shown in the ODEs, 23 parameters were identified with initial guesses in conjunction with 

literature data. These equations were solved using the MATLAB optimization toolbox to obtain 

the optimal parameter values indicated in Table 4.1 to fit experimental data to mode data with a 

relative tolerance of 10-3.  
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Figure 4.1 shows an excellent correlation between experimental and model data for 50 µM 

SNAP treated hepatocyte-like cells. However, for exposure to higher concentrations of SNAP, the 

model didn’t give similar correlations (data not shown) implying either modification of rate 

equations or introduction of more adjustable parameters. Thus, the MFA model in conjunction 

with the parameter estimation model can be utilized to predict urea function at earlier time points 

in the differentiation process for different Na-butyrate/ SNAP supplementations.  

 

4.2.4 Metabolic Engineering Applications in ES Cell Differentiation Systems 

Metabolic engineering applications in cell differentiation systems are practically unknown. This 

is due to the challenges in obtaining homogenous populations of cells at different stages of 

differentiation (a requirement to obtain an accurate snapshot of metabolism) and the lack of 

suitable strategies to correlate metabolic characteristics to cell function. In this project, we have 

taken a step in generating an enriched population of hepatocyte like cells from ES cells and 

further utilized metabolic characterization in conjunction with computational modeling to 

improve function of the cells. This methodology is unique and exciting since it not only provides 

mechanistic information about the differentiation process from a biochemical standpoint, but also 

has implications in various differentiation systems. The application of this method is not limited 

to hepatocytes but can be applied to various metabolically active cells such as cardiomyocytes, 

pancreatic islet cells and neuronal cell lineages. We have applied this methodology to 

oligodendrocytes, due to its capacity for myelin synthesis.  

 

Metabolic Engineering of Oligodendrocyte Differentiation 

Approximately 12,000 Americans suffer from spinal cord injuries every year resulting in 

paralysis in certain cases. Techniques involved in treating spinal cord injuries include promoting 

interrupted nerve fiber growth, scaffold engineering to bridge spinal cord lesions and inducing 

compensatory growth of intact nerve fibers. In addition to these strategies, the repair of damaged 
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myelin to restore nerve fiber conductivity in the lesion area has gained serious attention in the 

past few years. Enhanced myelination through transplantation of oligodendrocyte progenitor cells 

(OPCs), Schwann cells (SC), olfactory ensheathing cells (OEC) or genetically modified glial 

restricted precursors (GRPs) can serve as a potential solution to this impending problem. While 

OPC and OEC application is hampered by limited access to primary cells from the CNS, SCs  are 

prone to inhibitory effects from reactive astrocytes. GRP transplantation, on the other hand, leads 

to limited oligodendrocyte generation and incomplete myelination in vivo.  

 

Recent studies have shown the need for greater focus on the microenviroment rather than the 

properties of transplanted cells for effective myelination in vivo (Franceschini et al., 2004; Fu et 

al., 2002; Morath and Mayer-Proschel, 2001; Selvaraju et al., 2004). The introduction of growth 

factors essential for oligodendrocyte progenitor cell differentiation at the injury site increases the 

number of OPCs. Also, galactolipids, the major constituent of myelin, have been shown to 

mediate axon-glial interactions for the precise alignment of myelin segments along axon lengths.  

More importantly, oligodendrocytes are metabolically active cells with the primary function for 

myelin synthesis. There is strong evidence that these cells require a metabolic environment for 

myelin synthesis (Medina et al., 2005; Sanchez-Abarca et al., 2001) with further evidence that 

axonal transport of metabolic substrates is important to maintain myelin synthesis in the 

membrane (Leeden, 1984; Marcus and Popko, 2002). This implies that OPC transplantation, with 

in vitro metabolic intervention either alone, or in combination with growth factor 

supplementation can potentially improve myelination in vivo.  

 

This necessitates a suitable differentiation platform for biochemical investigations leading to 

myelin synthesis in vitro. In this context, ES cells can serve as a renewable, highly proliferative 

and pluripotent cell source and is an excellent source to generate an unlimited source of OPCs 

and myelinating oligodendrocytes. Moreover, these cells are the most amenable to genetic and 
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metabolic manipulations for controlled cell-specific differentiation. Thus, they can provide a self-

renewable starting source to investigate the effect of metabolic supplementation in different 

stages of differentiation for improved myelination of mature oligodendrocytes. The first step will 

be to develop a differentiation strategy to obtain a ≥ 95 % population of OPCs and myelinating 

oligodendrocytes in vitro. In parallel, oligodendrocyte progenitor cells will be cultured and 

differentiated into myelinating oligodendrocytes as a comparable in vitro myelination model. 

Biochemical analyses of OPCs and myelinating oligodendrocytes will assist in understanding the 

differences in cell metabolism that could possibly be related to myelin synthesis. This analysis, in 

combination with high throughput media supplementation experiments, will be utilized to identify 

a metabolic environment suitable to promote myelin synthesis in oligodendrocytes. The 

identification of a unique biochemical environment will provide strategies to apply these 

conditioning regimens for improved myelination in vivo. Finally, the successful implementation 

of the project will broaden the scope of metabolic intervention in progenitor cell and stem cell 

differentiation systems.  

 

4.3 CONCLUSIONS 

Thus,  both experimental and computational methods can be utilized to improve and/or induce 

differentiated function in hepatocyte like cells generated from embryonic stem cells. This 

methodology can be extended to diverse stem cell differentiation systems and is promising to, but 

not limited to, pancreatic, adipocyte, cardiomyocyte and neuronal lineage differentiation. Also, 

this method can be extended to a systems biology approach to integrate transcriptomic, genomic, 

proteomic and metabolomic data for in silico cellular pathway reconstruction. This holds 

promising and exciting  applications in predictive cell metabolism studies for drug based toxicity 

studies, reducing time and cost and thus accelerating drug-aided preclinical developmental 

studies. From both an academic and industrial perspective, metabolic engineering applications in 

stem cell differentiation systems can be of extreme utility in improving product quality and yield.
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Figure 1.1: Definition of Metabolic Engineering.
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Figure 2.1: Expression of hepatocyte markers. Immunofluorescent images of (A) albumin 
(magnification 10X) and (B) cytokeratin 18 (magnification 20X) staining. (C) Glycogen 
staining (magnification 10X).Murine ES cells were differentiated in monolayer cultures with 
DMSO conditioning for 4 days followed by treatment with 2.5 mM Na-butyrate for 6 days. Cells 
were replated in polystyrene 12-well plates for 48 h before analysis. The numbers on the top right 
correspond to the percentage of positive cells for each marker in the population.  
 
 

                                        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2: Experimental system for differentiation of embryonic stem cells into hepatocyte-
like cells. KDMEM is the ES cell proliferation media while IMDM is the differentiation media. 
The solid arrows indicate the progress in differentiation while the disjoint arrows imply analysis 
days. All assays were performed on differentiated cells (with and without DMSO, Na-butyrate 
preconditioning) at Days 5, 8, and 11 of differentiation. 
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Figure 2.3: Kinetic profile of urea, albumin, and glycogen synthesis during differentiation. 
(A) Urea secretion rate. (B) Percentage of albumin-positive cells. (C) Percentage of 
glycogen-positive cells. The Day 5 and Day 8 data correspond to three independent experiments 
while the Day 11 data corresponds to four independent experiments. "No supplementation" 
corresponds to ES cells differentiated spontaneously in monolayer configurations only in the 
presence of differentiation media (i.e., without DMSO preconditioning and without sodium 
butyrate supplementation). *Indicates P<0.05, **indicates P<0.001 versus the no supplementation 
condition on the same day. 
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Figure 2.4: Kinetic profile of glucose metabolism during differentiation. (A) Glucose 
consumption rate and (B) lactate production rate. **Indicates P<0.001, #indicates 
P<0.01,*indicates P<0.05 versus the no supplementation condition on the same day. 
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Figure 2.5: Dynamic profile of mitochondrial mass during differentiation. The results are 
plotted to show specific staining with the NAO dye for Nabutyrate- mediated differentiated cells 
or mouse hepatoma (Hepa) cells (open black histograms) as compared to undifferentiated ES 
cells (filled gray histogram). The histogram is expressed as cell count (y-axis) versus NAO 
fluorescence intensity (x-axis) and the MFI (for the population with higher fluorescence than 
undifferentiated cells) is indicated above each histogram. The results presented are representative 
of three independent experiments for differentiated cells and 11 independent experiments for 
mouse Hepa cells. 
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Figure 2.6: Dynamic profile of mitochondrial activity during differentiation. Cells 
corresponding to high FL-2 and low FL-1 intensities were gated from flow cytometry 
measurements to quantify the percentage of cells with high mitochondrial activity. The results are 
representative of two independent experiments for differentiated ES cells. **Indicates P<0.05 
versus activity measurements on Days 8 and 11 irrespective of condition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Comparison of albumin-positive cells, glycolytic, and mitochondrial phenotypes 
in undifferentiated ES cells, hepatocyte-like cells, and mouse hepatoma cells. All functional 
analyses were performed on Day 11 for hepatocyte-like cells. For undifferentiated ES and mouse 
hepatoma cells, mitochondrial activity was measured for confluent primary cultures. Lactate 
production and albumin staining assays were performed on Day 5 after replating in 12-well plates 
for 48 h. *Indicates P<0.001, **indicates P<0.01 versus same parameter in undifferentiated ES 
cells, #indicated P<0.05 versus undifferentiated ES cells or mouse hepatoma cells. 
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Figure 3.1: Evaluation of  energy state of differentiated ES cells on days 13 and 15 of 
differentiation treated with different concentrations of SNAP. (A) Glucose consumption 
rate (B) Lactate production rate. "No SNAP" corresponds to ES cells differentiated in 
monolayer configurations in the presence of differentiation media (i.e. with DMSO 
preconditioning and 2.5 mM sodium butyrate supplementation) followed by differentiation media 
alone from Days 11-15 in secondary culture. "DMSO" corresponds to the Na-butyrate treated ES 
cells exposed to DMSO (solvent for SNAP) only in secondary culture. All data is normalized to 
metabolite clearance rates for the "No SNAP" condition on day 13 of differentiation.* indicates p 
< 0.05, ** indicates p < 0.001 vs. the same experimental condition on day 13 of differentiation. 
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Figure 3.2: Evaluation of mitochondrial parameters. (A) Microscopic evaluation of 
Mitochondrial Mass and Activity. Mitochondrial mass and activity were detected using 
fluorescent dye staining procedures and only day 15 image data is indicated for these assays. The 
data correspond to three independent experiments. 
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Figure 3.2: Evaluation of mitochondrial parameters. (B) Percentage of NAO positive cells 
and (C) Percentage of cells with high mitochondrial activity. Mitochondrial mass and activity 
were detected using fluorescent dye staining procedures and only day 15 image data is indicated 
for these assays. The data correspond to three independent experiments.  
* indicates p < 0.05, ** indicates p < 0.001 vs. the no supplementation condition on the same 
day. 
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Figure 3.3: Kinetic profile of hepatocyte-specific function for differentiated ES cells on days 
13 and 15 of differentiation for different concentrations of SNAP. (A) Urea secretion rate 
(B) Albumin secretion rate. The data correspond to three independent experiments.  
* indicates p < 0.05 vs. the no supplementation condition on the same day.
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Figure 3.4: Intracellular evaluation of albumin function. (A) Intracellular Albumin content 
(B) Percentage of Albumin positive cells on day 13 and 15 of differentiation. The data is 
representative of three independent experiments. 
* indicates p < 0.05 vs. the no supplementation condition on the same day. 
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Figure 3.5: Cytochrome P450 7A1 promoter activity on day 15 of differentiation. The data is 
representative of three independent experiments. 
* indicates p < 0.05 vs. the no supplementation condition. 
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Figure 3.6: Metabolic network model for ES cell derived hepatocyte-like cells. Numbers refer 
to reaction numbers listed in Table 3.1. Boxes represent extracellular metabolites and ovals 
represent intracellular metabolites. 
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Figure 4.1: Fitting experimental data to modeling data. (A) Glucose, (B) Lactate, (C) 
Glutamine, (D) Glutamate, (E) Ammonia and (F) Cell number.The data is a representative fit 
for 50 uM SNAP treated hepatocyte-like cells from days 11 to 15 of differentiation. The red line 
corresponds to experimental data and the black line is the model data during the differentiation 
process for extracellular metabolites. 

0

0.01

0.02

0.03

11 12 13 14 15 16
Time (days)

G
lu

co
se

 C
on

su
m

pt
io

n 
(m

M
/m

ill
io

n 
ce

lls
)

Model Data 50uM SNAP
Experimental Data 50 uM SNAP

0

0.02

0.04

0.06

11 12 13 14 15 16
Time (days)

La
ct

at
e 

Pr
od

uc
tio

n 
(m

M
/m

ill
io

n
ce

lls
)

Model Data 50uM SNAP
Experimental Data 50 uM SNAP

0

0.01

0.02

11 12 13 14 15 16
Time (days)

A
m

m
on

ia
 P

ro
du

ct
io

n 
(m

M
/m

ill
io

n
ce

lls
)

Model Data 50uM SNAP
Experimental Data 50 uM SNAP

0

0.01

0.02

11 12 13 14 15 16

Time (days)

G
lu

ta
m

at
e 

C
on

su
m

pt
io

n
(m

M
/m

ill
io

n 
ce

lls
)

Model Data 50uM SNAP
Experimental Data 50 uM SNAP

0

0.1

0.2

0.3

11 12 13 14 15 16
Time (days)

C
el

l N
um

be
r (

m
ill

io
n 

ce
lls

)

Model Data 50uM SNAP
Experimental Data 50 uM SNAP

0

0.01

0.02

0.03

0.04

11 12 13 14 15 16
Time (days)

G
lu

ta
m

in
e 

C
on

su
m

pt
io

n 
(m

M
/m

ill
io

n 
ce

lls
)

Model Data 50uM SNAP
Experimental Data 50 uM SNAP

          A 

          C 

          B 

          D 

          E           F 



 

 

78

TABLES 
 
 
Table 2.1: Urea secretion of cells in secondary culture 
 

Secondary culture 
configuration 

Conditions 
(supplementation)

Collagen Polystyrene 

No 
supplementation 

35.33±3.72 28.92±6.38 

DMSO + 1mM 
Na-butyrate 

41.1±14.86 48.1±9.46 

DMSO + 2.5 mM 
Na-butyrate 

88.2±7.9* 70.55±2.07* 

                                    Secretion rates are in µg/million cells/day 
                                     n ≥ 9 

                              * indicates p < 0.05 as compared to differentiated ES  
                               cultures  in unsupplemented and 1mM Na-butyrate   
                              supplemented conditions for that particular secondary 
                              configuration. 

 
  
 
Table 2.2: Percentage of albumin positive cells in secondary culture 
 

Secondary culture 
configuration 

Conditions 
(supplementation)

Collagen Polystyrene 

No 
supplementation 

35±9 34±5 

DMSO + 1mM 
Na-butyrate  

3±3 7±3 

  DMSO + 2.5 mM 
Na-butyrate 

59±10* 73±7* 

                                     n ≥ 9 
                              * indicates p < 0.05 as compared to differentiated ES 
                               cultures in unsupplemented or 1mM Na-butyrate  
                              supplemented conditions for that particular secondary  
                              configuration. 
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Table 3.1: Reaction Stoichiometry 
 
No. and enzymes Stoichiometry 
Glycolysis pathway  
1 Glucose-6-Pase Glucose-6-P + H2O→  Glucose + P 
2 Phosphoglucose 
isomerase Glucose-6-P ↔Fructose-6-P 
3 Fructose-1,6-P2ase-1 Fructose-6-P + Pi →Fructose-1,6-P2 + H2Oi 
4 2 steps Fructose-1,6-P2 →2-Glyceraldehyde-3-P 
5 4 steps 
 

Glyceraldehyde-3-P + NAD+ + Pi
 + ADP  ↔  NADH + H2O + H+ + 

ATP + Phosphoenolpyruvate 
6 PEPCK Phosphoenolpyruvate + ADP →Pyruvate + ATP 
7 Lactate dehydrogenase Pyruvate + NADH + H+ ↔Lactate + NAD+ 
TCA cycle  
8  Pyruvate + NAD+ + CoA ↔Acetyl-CoA + NADH + CO2 
9 Citrate synthase Acetyl-CoA + Oxaloacetate + H2O →Citrate + H+ + CoA 
10 Several, including 
isocitrate dehydrogenase  Citrate + NAD+ ↔NADH + α-ketoglutarate + H+ + CO2 
11 α-ketoglutarate 
dehydrogenase NAD+ α-ketoglutarate + CoA →  succinyl-CoA + CO2  + NADH + H+

12 Succinyl-CoA 
synthetase and  
     succinate dehydrogenase 

succinyl-CoA + Pi  + GDP + FAD ↔ fumarate + GTP + FADH2 + 
CoA 

13 Fumarase Fumarate + H2O ↔malate 
14 Malate dehydrogenase Malate + NAD+↔  oxaloacetate + NADH + H+ 
Urea cycle, ammonia, 
arginine, and ornithine 
uptake  
15 Glutaminase Glutamine + H2O →  glutamate + NH4

+ 
16 Glutamate 
dehydrogenase I 
 

Glutamate + 0.5 NAD+ + 0.5 NADP+ + H2O ↔NH4
+ + α-

ketoglutarate + 0.5 NADP + 0.5 NADPH + H+ 
17 Glutamate uptake 
18 Carbamoyl-P-synthetase 
I and  
     ornithine 
transcabamylase 

Ornithine + (CO2 + NH4+ +2 ATP) + H2O →  citrulline + 2 ADP + 2 
Pi + 3 H+ 

19 Argininosuccinate 
synthetase and  
     argininosuccinase Citrulline + aspartate + ATP → arginine + fumarate +  AMP  
20 Arginine uptake 
21 Arginase Arginine + H2O →urea + ornithine 
22 Ornithine secretion 

23 Glutaminase 
Ornithine + NAD+ + H2O + NADP+ →  Glutamate + NH4 + 
NADPH + NADH + H+ 

24 NH4+ uptake 
25 Glutamine uptake 
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Table 3.2: Metabolite pools 

 

No. Intracellular Metabolites

1 Acetyl-CoA 

2 Arginine 

3 Citrate 

4 Citrulline 

5 Fructose-1,6-P2 

6 Fructose-6-P 

7 Fumarate 

8 Glucose-6-P 

9 Glutamate 

10 Glutamine 

11 Glyceraldehyde-3-P 

12 Malate 

13 NH4 

14 Ornithine 

15 Oxaloacetate 

16 Phosphoenolpyruvate 

17 Pyruvate 

18 Succinyl-CoA 

19 α-ketoglutarate 
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Table 3.3: Measured Metabolite Uptake and Calculated Intracellular Fluxes (micromoles/ 
million cells/ day) on Day 15. The numbers in bold correspond to extracellular metabolite 
measurements. 
 
Flux No No SNAP  50 µM 

SNAP 
treated 

cells 

100 µM 
SNAP 
treated 

cells 

250 µM 
SNAP 
treated 

cells 

500 µM 
SNAP 
treated 

cells 

DMSO 
treated 

cells 

Glycolysis   
1 5.66±0.99 6.21±0.68 6.74±0.67 15.74±2.5* 18.13±4.26* 5.68±1.2 
2 5.66±0.99 6.21±0.68 6.74±0.67 15.74±2.5* 18.13±4.26* 5.68±1.2 
3 5.66±0.99 6.21±0.68 6.74±0.67 15.74±2.5* 18.13±4.26* 5.68±1.2 
4 5.66±0.99 6.21±0.68 6.74±0.67 15.74±2.5* 18.13±4.26* 5.68±1.2 
5 11.31±1.98 12.42±1.36 13.4±1.34 31.58±5* 36.26±8.52* 11.36±2.4 
6 11.31±1.98 12.42±1.36 13.48±1.34 31.58±5* 36.26±8.52* 11.36±2.4 
7 6±1.5 6.44±0.7 6.61±0.63 17.02±2.32* 20.53±2.9* 5.7±1.9 
8 5.32±0.97 5.98±1.1 6.87±1.26 14.47±5.2* 15.74±5.97* 5.65±0.93 

TCA Cycle  

9 5.32±0.97 5.98±1.1 6.87±1.26 14.47±5.2* 15.74±5.97* 5.65±0.93 
10 5.32±0.97 5.98±1.1 6.87±1.26 14.47±5.2* 15.74±5.97* 5.65±0.93 
11 4.03±1.37 6.63±0.55* 8.37±0.57* 21.28±3.42* 14.65±5.96* 0.45±1.67 
12 4.03±1.37 6.63±0.55* 8.37±0.57* 21.28±3.42* 14.65±5.96* 0.45±1.67 
13 4.23±1.47 7.01±0.54* 8.91±0.57* 22.11±3.44* 15.74±5.96* 1.36±1.66 
14 4.23±1.47 7.01±0.54* 8.91±0.57* 22.11±3.44* 15.74±5.96* 1.36±1.66 
15 3.57±0.59 3.25±0.35 3.23±0.07 2.23±0.3 2.43±0.195 2.75±0.18 

Amino 
Acid 

Metabolism 

 

16 -0.21+0.01 -0.29+0.06 -0.54+0.01 -0.82+0.03 -1.09+0.13 -0.2+0.018 
17 4.23±1.47 7.01±0.54* 8.91±0.57* 22.11±3.44* 15.74±5.96* 1.36±1.66 
18 0.21±0.01 0.38±0.04* 0.54±0.006* 0.82±0.029* 1.09±0.134* 0.2±0.018 

Urea Cycle  
19 0.21±0.01 0.38±0.04* 0.54±0.006* 0.82±0.029* 1.09±0.134* 0.2±0.018 
20 0.02±0.017 -0.24+0.04 0.95±0.26* 2.92±0.63* 1.51±0.29* 0.83±0.005*
21 0.84±0.32 0.62±0.26 1.14±0.25 2.56±0.69* 2.29±0.4* 1.14±0.27 
22 -1.75+0.28 -0.32+0.27 -1.44+0.31 -1.64+0.49 0.08±0.25* -0.89 
23 -1.72+0.26 -0.52+0.31 -0.5+0.06 1.29+0.14* 1.6+0.28* 0.2+0.17* 
24 -1.94+0.46 -2.06+0.22 -1.96+0.24 -3.05+0.55 -6.01+2.55 -3.12+0.41 
25 2.54±0.66 2.09±0.7 3.23±0.08 4.43±1.82* 1.84±0.51 1.93±0.6 

 

          * indicates p < 0.05 vs. the no supplementation condition. 
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Table 4.1: Optimal parameter values for fitting experimental data to model data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No. Parameters Optimal Units 

1 V1 1.46 mM/day

2 V2 10-10 mM/day

3 V3 3.36.10-3 mM/day

4 V4 3.36.10-3 mM/day

5 Keq 5.103 -----------

6 Kp 2.27.10-2 mM 

7 Ks 103 mM 

8 Km1 32.7 mM 

9 Km2 0.6 mM 

10 Km3 13.5 mM 

11 Km4 13.5 mM 

12 Km5 13.5 mM 

13 kcat1 4.86.10-5 1/day 

14 kcat2 0.105 1/day 

15 Kg 7.5.10-6 1/mM 

16 Kd 5.10-5 mM 

17 E1 1.2.10-3 mM 

18 E2 1.4.10-2 mM 

19 VSNAP 0.103 mM/day

20 KSNAP 0.876 mM 

21 NSNAP 1.94 -----------

22 Gluc_6_P 0.22 mM 

23 Orn 5 mM 
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