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INTRODUCTION

The liver plays a significant role in coordinating whole-body metabolism. 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 (1). The generation of
functionally and energetically mature hepatocyte-like cells may provide an excellent cell 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 [2, 3], 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 [4]. 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 [5-8]. Currently the two major problems with obtaining hepatocytes from ES cells are (a) generation of
a mixed population and (b) incomplete functional differentiation into the hepatocyte lineage.

In this regard, we have previously developed a directed differentiation system to obtain an enriched population of
hepatocyte-like cells using Na-butyrate treatment [8]. 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 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.
Specifically, these cells have lower urea and albumin secretion rates as compared to mature hepatocytes [9].

It is well known that nitric oxide triggers mitochondrial biogenesis in a variety of mammalian cells [10-12]. Both
NO and NOS isoforms have been shown to induce differentiation of nerve cells, tumor cells and cardiomyocytes
[13-15]. 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
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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 cell populations as a methodology to augment differentiated function in ES cell derived
hepatocyte-like cells.

In this regard, we have utilized S-NitrosoAcetylPenicillamine (SNAP), a nitric oxide donor 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.

MATERIALS AND METHODS

ES Cell Culture

The ES-D3 cell line (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 pg/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% CO, incubator.

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.
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Differentiation Using Sodium Butyrate

On day 0 of differentiation, ES cells were plated at a density of 10> 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 pg/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 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 10°cells/well. Cells were exposed to 1 %
dimethylsulfoxide (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 10°cells/well.

Induction of Mitochondrial Development

On day 12, 24 hrs after replating, cells were exposed to IMDM supplemented with different concentrations of SNAP
for three days. Serial dilutions of SNAP were prepared by dissolving different amounts of SNAP in a predetermined
volume of DMSO concentration adjusted to 5 % of total media content to prevent DMSO effects. 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 and cytochrome p450 7al (cyp7al)

promoter activity were evaluated.

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 3.10° cells/ well on day 5. On day 8,

cell number reduced to 10°ells/well and remained at that on day 11. After replating on day 11, cell number
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remained constant after 48 hrs of replating for all conditions. On day 15 of differentiation, there was a linear

decrease in viable cells with increase in SNAP concentration.

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 pl) was
added to each well of a 96 well plate followed by addition of 10 pl 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 37°C for 5 minutes. Urea color
reagent (100 pl) 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 0-300 pg/ml and a linear fit of the

standards was used to determine the urea concentration in each sample.

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, #£90-134). A standard curve was generated
by creating serial dilutions of an albumin standard from 7.8-10,000 ng/ml. Absorbance readings were obtained using
a Biorad (Hercules, CA) Model 680 plate reader with a 490 nm emission filter. Albumin values were normalized to

the cell number recorded on the day of media sample collection.

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% bé)vine 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 minutes at 4°C in a SAP solution containing

rabbit anti-mouse albumin antibody (150 pg/ml) (MP Biomedicals, Irvine, CA), or Normal Rabbit Serum (NRS)

ScholarOne Support: (434) 817-2040 ext. 167



Stem Cells

(150 pg/ml) (MP Biomedicals) as an isotype control, washed twice for 10 min in cold SAP buffer, and then treated
for 30 minutes at 4°C 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 (3 images per well per
experiment). 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.

Cloning of the Cytochrome p450 7al (cyp7al) Promoter Driven pDsRedExpress1 Vectors

The pDsRedExpress] plasmid vector was attained from BD Biosciences Clontech (Mountain View, CA). The
cytochrome p450 7al (cyp7al) 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 pDsRedExpressl
vector. Correct insertion of the regulatory elements into the pDsRedExpress] 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 pcyp7al-dsRedExpressl. An additional vector, pDsRed2-C1, driven by the constitutive

cytomegalovirus, was used as a control for positive transfection of different cell types.

Transient Transfection of Liver-Specific Vectors into Differentiate(i Stem Cells

On day 13 of differentiation, the liver-specific expression vector pcyp7al-dsRedExpressl, along with the
constitutive pDsRed2-C1 plasmid, was transiently transfected into the distinct 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.
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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 5" day, supernatants
were collected for lactate measurements. Cells were trypsinized, resuspended and 10° 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 pmol/million cells/day) and replated conditions (6.3+
0.7 umol/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 uptake or production. Cells were

counted for each condition to get the final consumption or production rate.

Mitochondrial Mass

On each analysis 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 uM 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 IX70 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 (3 images per well per experiment). The average
intensity value for these cells 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.
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Mitochondrial Activity (Ay)

On analysis days, cells in each well were washed with PBS and then exposed to 30 uM JC-1 dye (Molecular Probes)
for 30 minutes at 37°C, 10 % CO, at a density of 2.5.10* 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 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 (3 images per well per experiment). The average intensity value for these
cells 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.

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.

RESULTS

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 [8]. 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.
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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 or 500 uM SNAP for 3 additional days. Functional and metabolic

analyses were performed on days 13 and 15 of differentiation.

Energetics of Hepatic Differentiation

Hepatocyte-like cells have been shown to have an energetic profile similar to fetal hepatocytes/ mouse hepatoma
cells [8] and 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

Primary hepatocytes have higher glucose consumption rates as compared to the fetal phenotype. We investigated
this phenomena in SNAP treated hepatocyte-like cells as shown in Figure 1. "No SNAP" and “DMSO” conditions
correspond to Na-butyrate treated ES cells exposed to differentiation media only and media supplementation with
DMSO only in secondary culture respectively. Figure 1A shows that hepatocyte-like cells have comparable glucose
consumption rates on day 13 independent of SNAP exposure. On the other hand, there was a significant decrease in
the consumption rate on day 15 for the "No SNAP" condition (~ 2 fold) whereas there was a significant increase in
glucose consumption rate for 250 uM (~ 1.5 fold) and 500 uM SNAP (~ 2 fold) treated hepatocyte-like cells as
compared to day 13 of differentiation.

For lactate production rate, as shown in Figure 1B, irrespective of the SNAP concentration, day 13 SNAP 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 uM and 500 uM SNAP treated
cells as compared to day 13 of differentiation while the lactate production rate was lower for all other conditions on
day 15 as compared to day 13 of differentiation.

Thus, exposure to 250 uM and 500 uM SNAP resulted in higher glucose consumption rate and 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 2A, on day 15, microscopic evaluation indicated that the mitochondrial activity was highest for
500 uM SNAP treated cells. Similarly, the mitochondrial mass was highest for 500 uM SNAP treated cells.
Additionally, we quantified the percentage of cells with higher mitochondrial mass (Figure 2B) and activity (Figure
2C). As shown, 500 uM SNAP resulted in about ~ 80 % of cells with a higher mitochondrial mass and activity as
compared to the "No SNAP' condition on day 15 of differentiation. For 250 uM SNAP treated cells, increase in
percentage of cells with higher mitochondrial activity was not concomitant with increase in percentage of NAO

positive cells.

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 assessed 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 was effective in increasing function.

Urea and albumin secretion

As shown in Figure 3A, urea synthesis rate was similar for different experimental conditions on day 13 of
differentiation. However, on day 15, there was an increase in secretion rates for 250 uM and 500 uM SNAP treated
hepatocyte-like cells. This increase was about 2 fold higher as compared to Na-butyrate treated hepatocyte-like cells
(“No SNAP” condition on day 13 of differentiation). Figure 3B showed a similar trend for albumin secretion rate on
day 13 of differentiation. However, while there was a decrease in albumin secretion on day 15 for the “No SNAP”
condition, there was a stabilization of function in the presence of 250 uM or 500 uM SNAP.

The mitochondrial and functional assessments indicate that 500 uM SNAP treatment resulted in increased
mitochondrial mass and activity and higher glucose consumption rates on day 15 of differentiation. More
importantly, the alteration in metabolic characteristics was concomitant with increase in urea and albumin secretion

rates.
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Intracellular Albumin and cyp 7A1 Promoter Activity

While urea and albumin secretion are representative of an average population, these characteristics do not provide
information about the intracellular characteristics within the cell population. As a result, we performed an
immunofluorescent assay to test for intracellular albumin. As shown in Figure 4A, there was a drastic difference in
intracellular albumin content between the different conditions on day 15 of differentiation. It was evident from the
microscopic analysis that 500 uM SNAP treated hepatocyte-like cells showed a higher intracellular albumin
intensity as compared to any other experimental condition. Figure 4B shows the percentage of cells positive for
albumin under different experimental conditions. As shown, 500 uM SNAP treatment resulted in ~ 80% albumin
positive cells on day 15 of differentiation. This implied that 500 uM SNAP treatment resulted in the generation of an
enriched population of albumin positive cells that secrete albumin, urea and possess improved metabolic
characteristics closer to the mature hepatic phenotype. On the other hand, 250 uM SNAP treatment resulted in a
heterogeneous population (~65 % albumin positive cells) while there are fewer positive cells in the other conditions.
In the absence of SNAP, percentage of albumin expressing cells decreased to 35 % 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 7a-hydroxylase) is a rate-limiting enzyme
implicated in cholesterol metabolism in the liver [16]. As shown in Figure 5, the highest promoter activity was
observed in 500 uM SNAP treated cells. Thus, even though the metabolic secretion rates and mitochondrial activity
were similar for 250 pM and 500 pM SNAP exposure, 500 uM SNAP treatment was the only experimental
condition that resulted in the selection of an enriched population of hepatocyte-like cells with increased

mitochondrial and hepatic functionality including cyp7A1 promoter activity.

DISCUSSION

We have previously established a directed differentiation system wherein Na-butyrate treated ES cells generates an
enriched population of hepatocyte-like cells [8]. 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 nitric oxide donor
molecule implicated in mitochondrial development on Na-butyrate treated hepatocyte-like cells derived from ES

cells.
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From a mechanistic standpoint, numerous studies have identified PGC-1a, a downstream target of SNAP as the key
regulator of energy metabolism. PGC-la is a transcriptional co-activator and is implicated in the switch from
glycolytic (anaerobic) to oxidative phosphorylation (aerobic) metabolism for ATP synthesis. PGC-1a 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 to the transcription complex [17]. Although there are three members of the PGC-1 family (PGC-1a, PGC-18,
and PGC-1a related coactivator [18]), PGC-1a has been gaining interest since it is a powerful regulator of energy
metabolism under conditions of both health and disease [19].

While the effects of NO and NOS isoforms in association with PGC-1a 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 [20-25]. 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-1a 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 lower functional secretion rates 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 [26]. 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-1a in mitochondrial biogenesis holds tremendous promise
for applications in hepatocyte development from ES cells.

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 [11]. In addition,
SNAP, a nitric oxide donor had been successfully shown to induce cardiomyogenesis in ES cells [27]. 250 uM

SNAP induced cardiomyogenesis in embryoid body aggregates based on the hanging drop culture protocol. In the
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experimental set-up, ES cells were exposed to the molecule at earlier time points which differed from our
experimental analysis wherein SNAP was supplemented after Na-butyrate treatment. It is well documented that
SNAP, though shown to increase oxygen consumption [28] and mitochondrial development in hepatocytes leads to
cell death [29]. While the exact mechanism for this phenomenon in our system is unknown, we observed a decrease
in cell number at higher SNAP concentrations (data not shown).

Figure 1 shows the metabolic assessment of SNAP treated cells. As shown, SNAP increased glucose clearance rates
at higher concentrations on day 15 of differentiation. This observation is known to be prevalent in mature
hepatocytes to consume higher glucose rates than fetal hepatocytes for performing metabolic functions. It is worth
mentioning that while glucose consumption rates were highest on day 15 for 250 uM and 500 uM treated
hepatocyte-like cells, the lactate production rates were similar implying that SNAP increased glucose metabolism
concomitant with increased mitochondrial mass and activity (Figure 2A) that is indicative of mitochondrial
biogenesis. This increase was associated with an increased percentage in mitochondrial mass (Figure 2B) and
activity (Figure 2C) for 500 uM SNAP treated cells on day 15 of differentiation. These increased mitochondrial
parameters were shown in various mammalian cell lines after 3-4 days of SNAP treatment [28]. From a
concentration standpoint, while 100 uM SNAP were used for different cell lines [11], 250 uM SNAP was shown to
induce ES-cardiomyocyte differentiation [27]. In our population, we showed highest mitochondrial mass and
activity in 500 uM SNAP treated cells. Beyond this concentration, we observed a significant decrease in cell
viability and loss of mitochondrial function (data not shown).

Figure 3 showed the functional evaluation of hepatic characteristics after SNAP exposure. It is noteworthy that both
250 and 500uM SNAP exposure increased urea secretion by ~2 fold on day 15 of differentiation. This was
associated with a stabilization of albumin secretion for the two conditions (Figure 3B). Since 250 uM SNAP
induced mitochondrial and cardiomyogenic differentiation in ES cells, we performed an intracellular assessment of
albumin to confirm the percentage homogeneity of cells. The "No SNAP" condition cells showed reduced
intracellular albumin over time which was consistent with albumin secretion rates. As shown in Figure 4, while the
250 uM SNAP treated cells revealed a mixed population indicative of different lineages, the 500 uM SNAP
treatment resulted in a relatively higher enriched population of albumin positive cells (~ 80%, Figure 4B). In
addition to albumin, we performed an intracellular cyp7A1 promoter activity analysis, a hepatocyte specific enzyme

implicated in cholesterol metabolism [30, 31]. As shown in Figure 5, this marker has highest activity in 500 uM
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SNAP treated cells implying this was the best condition for generating a homogenous population of albumin
positive cells with higher urea, albumin secretion rates and cyp7A1 promoter activity as compared to Na-butyrate

treated hepatocyte-like cells.

CONCLUSION

We utilized experimental techniques to improve function of hepatocyte-like cells using the concept of mitochondrial
biogenesis. Specifically, using an optimal nitric oxide donor supplementation, we showed a significant increase in
urea, albumin secretion and intracellular albumin, cyp7Al activity as compared to sodium butyrate treated
hepatocyte-like cells. From a metabolic standpoint, highest mitochondrial mass and activity was observed in 500
uM SNAP treated cells as compared to “No SNAP” condition on day 15 of differentiation.

For future work, the utilization of mathematical programming techniques with the incorporation of extracellular
metabolite measurements into a comprehensive metabolic reaction network model can be beneficial for identifying
pathway flux differences between the different experimental conditions as compared to mature hepatocytes for
possible metabolic engineering applications. Further, 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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FIGURE LEGENDS

Figure 1: Metabolic analysis of differentiated ES cells. (A) Glucose consumption rate (B) Lactate production
rate. Data is normalized to Day 13 "No SNAP" condition.
* indicates p < 0.05, ** indicates p < 0.001 vs. the same experimental condition on day 13 of differentiation.

Figure 2: Evaluation of mitochondrial parameters. (A) Microscopic evaluation of Mitochondrial Mass and
Activity (B) Percentage of NAO positive cells and (C) Percentage of cells with high mitochondrial activity. N-
Acridine Orange (NAO), 5,5',6,6'-tetrachloro-1,1',3,3' tetraethylbenzimidazolylcarbocyanine iodide/chloride
JC-1).

* indicates p < 0.05, ** indicates p < 0.001 vs. the no supplementation condition on the same day.

Figure 3: Dynamic 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.

Figure 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.

Figure 5: Cytochrome P450 7A1 promoter activity on day 15 of differentiation. The data is normalized to the

cytomegalovirus promoter activity for the experimental condition and is representative of three independent
experiments. * indicates p < 0.05 vs. the no supplementation condition.
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Figure 1: Metabolic analysis of differentiated ES cells. (A) Glucose consumption rate (B)
Lactate production rate. Data is normalized to Day 13 "No SNAP" condition. * indicates p
< 0.05, ** indicates p < 0.001 vs. the same experimental condition on day 13 of
differentiation.
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Figure 2: Evaluation of mitochondrial parameters. (A) Microscopic evaluation of
Mitochondrial Mass and Activity (B) Percentage of NAO positive cells and (C) Percentage
of cells with high mitochondrial activity. N-Acridine Orange (NAO), 5,5',6,6'-tetrachloro-

1,1',3,3' tetraethylbenzimidazolylcarbocyanine iodide/chloride (JC-1). * indicates p <
0.05, ** indicates p < 0.001 vs. the no supplementation condition on the same day.
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Figure 3: Dynamic 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 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 5: Dynamic 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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