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The generation of a large number of fully functional hepatocytes from a renewable cell source can provide an
unlimited resource for bioartificial liver devices and cell replacement therapies. We have established a directed
differentiation system using sodium butyrate treatment to generate an enriched population of hepatocyte-like cells
from embryonic stem cells. A metabolic analysis of the hepatocyte populations revealed glycolytic and mitochon-
drial phenotypes similar to mouse hepatoma cells, implying that these cells represent an immature hepatocyte
phenotype. To mediate further differentiation, S-NitrosoAcetylPenicillamine (SNAP), a nitric oxide donor, was
utilized to induce mitochondrial development in the precursor populations. A comparative analysis of the different
treated populations showed that 500mM SNAP treatment resulted in the generation of an enriched population of
metabolically mature hepatocyte-like cells with increased differentiated function. Specifically, 500 mM SNAP treat-
ment increased glucose consumption, lactate production rates, mitochondrial mass, and potential as compared to
untreated populations. In addition, functional analysis revealed that intracellular albumin content, urea secretion
rates, and cytochrome P450 7a1 promoter activity were increased in the treated population. The methodology
described here to generate an enriched population of metabolically and functionally mature hepatocyte-like cells
may have potential implications in drug discovery and regenerative medicine.

Introduction

The liver plays a significant role in coordinating
whole-body metabolism. Hepatocytes constitute ap-

proximately 70% of the cellular population of the liver and
perform major metabolic functions such as plasma protein
synthesis and transport, xenobiotic metabolism, glucose ho-
meostasis, urea synthesis, and ketogenesis. 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 bioartificial liver device is a prom-
ising technology for the treatment of liver failure,1,2 the dif-
ficulty in in vitro culture of hepatocytes and scarcity of cells
are impending problems. From a diagnostic standpoint, he-
patocytes are a useful cell source required for in vitro drug
screening and toxicity studies. Thus, 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, plu-
ripotent cells isolated from the inner cell mass of the em-
bryo.3 These cells, when cultured in vitro under suitable
conditions, proliferate indefinitely and have the potential to
generate almost any cell type in the body, including hepa-
tocytes,4–7 under controlled differentiation regimens. Cur-
rently, the two major problems with obtaining hepatocytes
from ES cells are (i) generation of a mixed population and (ii)
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 sodium (Na) butyrate treatment.6

These cells have been shown to possess hepatocyte-specific
characteristics. In addition, a metabolic analysis of the dif-
ferentiated populations revealed a glycolytic phenotype
similar to fetal hepatocytes and mouse hepatoma cells.
However, from a functional standpoint, these cells have
lower urea and albumin secretion rates than mature hepa-
tocytes.8
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It is well known that nitric oxide triggers mitochondrial
biogenesis in a variety of mammalian cells.9–11 The phenome-
non of mitochondrial biogenesis involves the increase in mi-
tochondrial mass, activity, and the increased activity of
respiratory enzymes implicated in oxidative metabolism. Fur-
ther, both nitric oxide (NO) and nitric oxide synthase (NOS)
isoforms have been shown to induce differentiation of nerve
cells, tumor cells, and cardiomyocytes.12–14 The process of mi-
tochondrial differentiation has been known to be present si-
multaneously with mitochondrial proliferation during the liver
developmental process.15 Biochemically, this phenomenon is
associated with an increase in activity of mitochondria and
hepatic enzymes involved in energy transduction and liver-
specific metabolic pathways as a result of de novo protein syn-
thesis of the mitochondria.

Because hepatic function is tightly linked to intermediary
metabolism and S-NitrosoAcetylPenicillamine (SNAP) has
been previously shown to induce mitochondria biogenesis in
multiple cell lines, we investigated the effects of SNAP on the
functional and metabolic capacity of these cells.

Materials and Methods

ES cell culture

The ES-D3 cell line (ATCC, Manassas, VA) was main-
tained in an undifferentiated state in T-75 gelatin-coated
dishes (BD-Biosciences, Bedford, MA) in knockout Dulbec-
co’s modified Eagle’s medium (Gibco, Grand Island, NY)
containing 15% knockout serum (Cat # 10828-028; Gibco),
4 mM L-glutamine (Gibco), 100 U=mL penicillin (Gibco),
100 U=mL streptomycin (Gibco), 10 mg=mL gentamicin
(Gibco), 1000 U=mL ESGRO (LIF supplement) (Chemicon,
Temecula, CA), and 0.1 mM 2-mercaptoethanol (Sigma-
Aldrich, St. Louis, MO). To maintain cells in the undiffer-
entiated state, media was changed every 2 days until plates
were confluent. Cells were dissociated using trypsin-EDTA
(Cat # 25200-056; Gibco) and passaged by further replating.
Only cells between passages 10 and 20 were used for dif-
ferentiation. All cell cultures were maintained at 378C in a
humidified 5% CO2 incubator.

Differentiation using Na butyrate and SNAP

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) (Cat #
31980-030; Gibco) 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). To
coat plates with gelatin, 2 mL of 0.1% gelatin solution was
added to each well of a polystyrene tissue culture–treated
plate. Cells were exposed to 1% dimethylsulfoxide (DMSO)
(Sigma-Aldrich) for the next 4 days, followed by exposure to
2.5 mM Na butyrate (Cat # B5887; Sigma-Aldrich) for 6 days.
Media was replaced daily. For hepatic functional assessment,
cells were removed from the primary culture dish and re-
plated on day 11 of differentiation in polystyrene 12-well
plates at a density of 105 cells=well. On day 12, 24 h after
replating, cells were exposed to IMDM supplemented with
different concentrations of SNAP (Sigma-Aldrich) for 3 days.
Serial dilutions of SNAP were prepared by dissolving dif-
ferent amounts of SNAP in a predetermined volume of

DMSO concentration adjusted to 5% of total media content
to prevent DMSO effects. Days 13 and 15 were chosen as
analysis days, and metabolic analysis was performed on
these days. In parallel, hepatic functional characteristics,
namely, intracellular albumin content, urea and albumin
secretion rate, and cytochrome p450 7a1 (cyp7a1) promoter
activity, were evaluated.

Primary mouse hepatocyte culture

Freshly isolated cryopreserved plateable mouse hepato-
cytes were maintained at a density of *90,000 cells=cm2 in a
collagen double-gel sandwich configuration in 12-well plates
per manufacturer’s instructions (Celsis In Vitro Technolo-
gies, Baltimore, MD). Media was changed daily using In-
VitroGRO HI medium for 7 days, and supernatants were
collected for glucose, lactate, urea, and albumin measure-
ments.

Cell number

Cultures were treated with phosphate-buffered saline
(PBS) followed by incubation with trypsin-EDTA for 3 min.
Dissociated cells from each condition were suspended in
differentiation media and centrifuged at 1000 rpm for 5 min.
The media with trypsin was decanted, and cells were re-
suspended in fresh media. Cells were counted using a he-
macytometer using 1% trypan blue exclusion.

Urea analysis

Media samples were collected directly from cell cultures
on days 13 and 15 postdifferentiation for the different ex-
perimental conditions and stored at� 208C for subsequent
analysis for urea content. Urea synthesis was assayed using a
commercially available kit (Cat # 2050-450; StanBio, Boerne,
TX). Absorbance readings for standards and samplers 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 to 300mg=mL, and a linear fit of the standards was used to
determine the urea concentration in each sample.

Albumin ELISA

To detect secreted albumin within the media supernatants
obtained on each of the analysis days, we used a commer-
cially available mouse albumin ELISA kit (#E90-134; Bethyl
Laboratories, Montgomery, TX). A standard curve was gen-
erated by creating serial dilutions of an albumin standard
from 7.8 to 10,000 ng=mL. Absorbance readings were ob-
tained using a Biorad 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 immunofluorescence
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 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 (Cat # A7906; Sigma-
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Aldrich), 0.5% saponine (Cat # 54521; Sigma-Aldrich), and
0.1% sodium azide (Cat # 58032; Sigma-Aldrich). The cells
were subsequently incubated for 30 min at 48C in a SAP
solution containing rabbit anti-mouse albumin antibody
(150 mg=mL) (MP Biomedicals, Irvine, CA), or normal rabbit
serum (150mg=mL) (MP Biomedicals) as an isotype con-
trol, washed twice for 10 min in cold SAP buffer, and then
treated for 30 min at 48C with the secondary antibody,
fluorescein isothiocyanate (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 (Olympus, Center Valley, PA)
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 (three images per well per experiment). The average
intensity value for these cells was measured in the normal
rabbit serum 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 cyp7a1 promoter driven
pDsRedExpress1 vectors

The pDsRedExpress1 plasmid vector was attained from
BD Biosciences Clontech (Mountain View, CA). The cyp7a1
vector was a gift 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, driven by the constitutive cytomegalo-
virus, was used as a control for positive transfection of dif-
ferent cell types.

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 constitu-
tive 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. After 48 h, red fluorescent activity
was detected via flow cytometry and imaged for fluorescent
activity using a computer-interfaced inverted Olympus IX70
microscope.

Glucose and lactate measurements

Supernatants (1 mL) were collected in triplicate for dif-
ferentiated cells in secondary culture on days 13 and 15 of
differentiation and tested using a Bioprofile Bioanalyzer 400
(Nova Biomedical, Waltham, MA) for metabolite measure-

ments of glucose and lactate. To confirm that replating does
not change the metabolic properties in control cell popula-
tions, mouse hepatoma cells were cultured for 5 days in six-
well plates. Media was replaced daily and on the fifth day,
and supernatants were collected for lactate measurements.
Cells were trypsinized, resuspended, and 105 cells were re-
plated in each well of a 12-well plate, and media was chan-
ged 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 con-
ditions (6.3� 0.7 mmol=million cells=day).

Mitochondrial mass and membrane potential (Dc)

On each analysis day of secondary culture, cells from dif-
ferent experimental conditions in each well of a polystyrene
48-well plate were washed with PBS and exposed to 10 mM N-
acridine orange (NAO) dye (Molecular Probes, Eugene, MO)
for 10 min at room temperature for mitochondrial mass
measurements. Experimental analysis was performed with
the FL3 filter using the Olympus IX70 microscope, and image
analysis was performed using Microsuite software. For mi-
tochondrial membrane potential measurements, on each day
of analysis, cells in each well were washed with PBS and then
exposed to 30 mM JC-1 dye (Molecular Probes) and incubated
for 30 min at 378C, 10% CO2 at a density of 2.5�104 cells=mL
in polystyrene 48-well plates. Because JC-1 dye forms a
monomer at low mitochondrial potential with a green fluo-
rescence while at high mitochondrial membrane potential, it
aggregates and exhibits an orange fluorescence, image ac-
quisition 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, un-
differentiated 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 (three 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 undiffer-
entiated ES cell fluorescent case to quantify the number of
NAO and 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 signifi-
cance was determined using the Student’s t-test for unpaired
data. Differences were considered significant when the
probability was less than or equal to 0.05.

Results

Energetics of hepatic differentiation

We have previously developed a Na butyrate–treated ES
cell differentiation system to generate an enriched popula-
tion of hepatocyte-like cells.6 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
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glycolytic phenotype similar to immature hepatocytes. In the
current work, we employed a procedure to alter the energetic
profile of the cells toward a mature hepatocyte phenotype 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, or 500mM SNAP for
3 additional days. 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 h of replating for all conditions. On day 15
of differentiation, we observed an increase in cell number for
the ‘‘No SNAP,’’ 50 mM and 100 mM SNAP–treated condi-
tions. However, for the 250 and 500 mM conditions, we ob-
served 50% and 70% decrease in cell number implying cell
death at higher SNAP concentration treatments (data not
shown). On days 13 and 15 of differentiation, functional and
metabolic analyses were performed on the differentiated cell
populations.

Glucose and lactate metabolism. Primary hepatocytes
have higher glucose consumption rates than the fetal pheno-
type. We investigated this phenomenon in SNAP-treated he-
patocyte-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,
whereas there was a significant increase in glucose consump-
tion rate for 250 and 500mM SNAP (*3-fold)–treated hepato-
cyte-like cells as compared to day 13 of differentiation.

For lactate production rate, as shown in Figure 1B, irre-
spective of the SNAP concentration, day 13 SNAP–treated
cells showed a higher lactate production rate than the No
SNAP condition. Further, there was no significant change in
lactate production rate on day 15 of differentiation for all
conditions except the 250 and 500 mM SNAP–treated cells as
compared to day 13 of differentiation.

As a positive control, we also measured glucose consump-
tion and lactate production rates for primary murine hepato-
cyte cultures over a 7-day period. As shown in Figure 1, a
comparison of the normalized glucose consumption rate of
primary mouse hepatocytes with the No SNAP and SNAP-
treated hepatocyte-like cells shows that while the glucose
consumption rate is significantly higher, the lactate production
rate is significantly lower for the primary mouse hepatocytes
than the day 13 control conditions (No SNAP). However, in
comparison to the day 15, 500mM SNAP–treated hepatocyte-
like cells, both the glucose consumption rates and lactate pro-
duction rates are significantly lower. The absolute value for
glucose consumption rate for day 2 primary mouse hepato-
cytes is 4.9� 2.5mmol=million cells=day and lactate production
rate is 4.74� 0.6mmol=million cells=day. On the other hand, the
values for the 500mM SNAP–treated hepatocyte-like cells for
glucose consumption and lactate production rates are
7.43� 2.18mmol=million cells=day and 45.02� 13.21mmol=
million cells=day, respectively. Overall, 500mM SNAP treat-
ment results in an increase in glucose consumption rate and

lactate production rates as compared to the No SNAP condi-
tion; in addition, the metabolite clearance rates are significantly
higher than primary mouse hepatocytes.

Mitochondrial mass and activity. As shown in Figure 2A,
on day 15, microscopic evaluation indicated that the mito-
chondrial activity was highest for 500mM SNAP–treated
cells. Similarly, the mitochondrial mass was the highest for
500 mM SNAP–treated cells. Additionally, we quantified the
percentage of cells with higher mitochondrial mass (Fig. 2B)
and activity (Fig. 2C). As shown, 500 mM SNAP resulted in
about 80% of cells with a higher mitochondrial mass and
activity than the No SNAP condition on day 15 of differen-
tiation. For 250 mM SNAP–treated cells, increase in percent-
age of cells with higher mitochondrial activity (*60%) was
not consistent with a similar increase in percentage of cells
with high mitochondrial mass (*45%).

Evaluation of hepatic function

The next step was to assess the effects of different con-
centrations of SNAP on hepatocyte-specific function. Our

FIG. 1. Metabolic analysis of differentiated ES cells. (A)
Glucose consumption rate. (B) Lactate production rate. Data
are normalized to day 13 No SNAP condition. D2 primary
mouse hepatocytes (PMH) condition corresponds to primary
mouse hepatocytes on day 2 of culture. *p< 0.05 versus the
same experimental condition on day 13 of differentiation.
**p< 0.05 for the primary mouse hepatocytes as compared to
day 13 No SNAP condition.
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hypothesis is that an induction of mitochondrial develop-
ment 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, namely, the presence of intracellular albumin and
cyp7a1 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 and 500mM
SNAP–treated hepatocyte-like cells. This increase was about
twofold higher than No SNAP condition. Figure 3B showed
a similar trend for albumin secretion rate on day 13 of
differentiation. However, while there was a decrease in al-
bumin secretion on day 15 for the No SNAP condition, there
was a stabilization of function in the presence of 250 or
500 mM SNAP as compared to day 13 No SNAP condition.

Overall, the mitochondrial and functional assessments
indicate that 500 mM SNAP treatment resulted in the gen-
eration of an enriched population of cells with increased
mitochondrial mass and activity and higher glucose con-
sumption rates on day 15 of differentiation. More im-
portantly, the alteration in metabolic characteristics was
concomitant with increase in urea and maintenance of al-
bumin secretion rates.

Intracellular albumin and cyp7a1 promoter activity. While
urea secretion and albumin secretion are representative of an
average population, these characteristics do not provide in-
formation 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 500mM SNAP–
treated hepatocyte-like cells showed a higher intracellular al-
bumin intensity than any other experimental condition. Figure
4B shows the percentage of cells positive for albumin under
different experimental conditions. As shown, 500mM SNAP
treatment resulted in an enriched population of *80% albu-
min-positive cells on day 15 of differentiation. On the other
hand, 250mM 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 postdifferentiation.

To confirm the presence of a hepatocyte-specific popu-
lation, cyp7a1 promoter activity was determined in the
different conditions on day 15 of differentiation. cyp7a1
(cholesterol 7a-hydroxylase) is a rate-limiting enzyme im-
plicated in cholesterol metabolism in the liver.16 As shown in
Figure 5, the highest promoter activity was observed in
500 mM SNAP–treated cells.

Thus, even though the metabolic and functional secretion
rates were similar for 250 and 500 mM SNAP exposure on day
15 of differentiation, 500 mM SNAP treatment was the only
experimental condition that resulted in the generation of an
enriched population of albumin-positive cells with highest
mitochondrial mass and higher relative percentage of mito-
chondrial mass and activity with improved cyp7a1 activity

FIG. 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. NAO, 5,50,6,60-
tetrachloro-1,10,3,30 tetraethylbenzimidazolylcarbocyanine
iodide=chloride ( JC-1). *p< 0.05 versus the No SNAP con-
dition on the same day. Color images available online at
www.liebertonline.com=ten.
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closer to the mature hepatic phenotype than other experi-
mental conditions.

Discussion

We previously established a directed differentiation
system wherein Na butyrate–treated ES cells generated an
enriched population of hepatocyte-like cells. A metabolic
analysis of the population showed that hepatocyte-
like cells have a glycolytic energy status similar to fetal he-
patocytes with incomplete metabolic and quantitative
hepatic differentiated function. In this context, we investi-
gated the effects of SNAP, a nitric oxide donor 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-1a, a downstream target of SNAP, as the key
regulator of energy metabolism. PGC-1a is a transcriptional
coactivator and is implicated in the switch from glycolytic
(anaerobic) to oxidative phosphorylation (aerobic) metabo-

lism for ATP synthesis. PGC-1a docks on specific transcrip-
tion factors increasing the affinity of the transcription
complex to coactivators possessing histone acetyltransferase
activity. The end result is acetylation of histone proteins that
increases the accessibility of DNA to the transcription com-
plex.17 Although there are three members of the PGC-1
family (PGC-1a, PGC-1b, and PGC-1a related coactivator18),
PGC-1a has specifically gained interest because it is a pow-
erful regulator of energy metabolism under conditions of
both health and disease.19

While the effects of NO and NOS isoforms in associa-
tion with PGC-1a are well known in primary and trans-
formed cell lines, the utilization of these molecules in cellular
differentiation is less studied. The effect of PGC-1a has been
extensively 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. From a
hepatic standpoint, it has been shown that fetal hepatocytes
have a more compromised (glycolytic) energy state and
lower functionality than highly functional mature hepato-
cytes 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

This phenomenon, known as mitochondrial biogenesis,
has been well studied in liver cells, and it has been shown
that PGC-1a is implicated in hepatic mitochondrial biogen-
esis wherein an increase in mitochondrial mass, number, and
activity is observed.10 This increase, which occurs immedi-
ately after birth in vivo, is associated with an increase in
oxygen consumption, induction of mitochondrial respiratory
enzymes, and increased=induced terminally differentiated
function. In summary, the identification of the mechanism of
NO induction of PGC-1a in mitochondrial biogenesis holds
tremendous promise for applications in hepatocyte differ-
entiation from ES cells.

Many studies have shown the influence of NO inducers on
mitochondrial development. These studies have been impli-
cated in diverse cell lines, such as HeLa cells, brown adipo-
cytes, 3T3-L1, and U937 cells.10 In addition, SNAP, a nitric
oxide donor, had been successfully shown to induce cardio-
myogenesis in ES cells.27 About 250mM SNAP induced cardi-
omyogenesis in embryoid body aggregates based on the
hanging drop culture protocol. In the experimental setup, ES
cells were exposed to the molecule at earlier time points
that differed from our experimental analysis wherein SNAP
was supplemented after Na butyrate treatment. It is well
documented that SNAP, though shown to increase oxygen
consumption28 and mitochondrial development in hepato-
cytes, 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).

Metabolic assessment of SNAP-treated cells showed that
SNAP increased glucose clearance rates at higher concen-
trations of 250 and 500 mM on day 15 of differentiation (Fig.
1). This observation is known to be prevalent in mature he-
patocytes to consume higher glucose rates than fetal hepa-
tocytes for performing metabolic functions. It is worth
mentioning that higher SNAP concentration treatment in-
creased glucose and lactate metabolism concomitant with

FIG. 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 inde-
pendent experiments. The insets in the figures correspond to
urea and albumin secretion rate for primary mouse hepato-
cytes over a 7-day period. *p< 0.05 versus the No SNAP
condition on the same day.
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increased mitochondrial mass and activity (Fig. 2A) that is
indicative of mitochondrial biogenesis. While the glucose
and lactate production rates were significantly higher for the
500 mM SNAP treatment conditions, the levels were lower for
primary mouse hepatocytes, possibly implying a higher
glycolytic rate during hepatic differentiation. This increase
was associated with an increased percentage in mitochon-
drial mass (Fig. 2B) and activity (Fig. 2C) for 500 mM SNAP–
treated cells on day 15 of differentiation. These increased
mitochondrial parameters were shown in various mamma-
lian cell lines after 3–4 days of SNAP treatment.11 From a
concentration standpoint, while 100mM SNAP was used
for different cell lines,10 250 mM SNAP was shown to induce
ES-cardiomyocyte differentiation.26 In our population, we
showed highest mitochondrial mass and activity in 500mM
SNAP–treated cells. Beyond this concentration, we observed
a significant decrease in cell viability and loss of mitochon-
drial function (data not shown).

Figure 3 shows the functional evaluation of hepatic charac-
teristics after SNAP exposure. It is noteworthy that both 250
and 500mM SNAP exposure increased urea secretion by *2-
fold on day 15 of differentiation with comparative secretion
rates with day 1 primary mouse hepatocyte cultures. This was
associated with a stabilization of albumin secretion for the two
conditions (Fig. 3B), which is significantly lower than albumin
secretion rates of primary mouse hepatocytes. An intracellular
assessment of albumin showed reduced intracellular albumin

over time for the No SNAP condition, which was consistent
with albumin secretion rates. As shown in Figure 4, while the
250mM SNAP–treated cells revealed a mixed population in-
dicative of different lineages, the 500mM SNAP treatment re-
sulted in an enriched population of albumin-positive cells

FIG. 4. Intracellular evaluation of albumin function. (A) Intracellular albumin content on day 15. (B) Percentage of albumin-
positive cells on days 13 and 15 of differentiation. The data are representative of three independent experiments. *p< 0.05
versus the No SNAP condition on the same day. Color images available online at www.liebertonline.com=ten.

FIG. 5. cyp7a1 Promoter activity on day 15 of differentia-
tion. The data are normalized to the cytomegalovirus pro-
moter activity for the experimental condition and are
representative of three independent experiments. *p< 0.05
versus the No SNAP condition.
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(*85%, Fig. 4B). A comparison of the functional and metabolic
analysis showed that the enriched population of hepatocyte-
like cells also had an increased percentage of mitochondrial
mass and activity (*80%). In addition to albumin, cyp7a1
promoter activity analysis, a hepatocyte-specific enzyme im-
plicated in cholesterol metabolism30 showed highest activity in
500mM SNAP–treated cells (Fig. 5). Numerous studies have
shown the effects of DMSO as a differentiation agent in hepa-
tocyte precursors, immortalized cell lines, and ES cells toward
hepatocytes.31,32 A human hepatoma cell line, HepaRG, has
been shown to differentiate into a hepatocyte morphology
using 2% DMSO supplementation with the mRNA expression
of cytochrome P450 enzymes, namely, cyp3a4 and cyp7a1. The
presence of DMSO alone in the media on days 12–14 of dif-
ferentiation might explain a significantly higher induction of
cyp7a1 activity in the differentiated stem cell populations than
controls.33

From a mechanistic standpoint, previous work34 indicates
the application of nitric oxide based inhibition of urea se-
cretion of hepatocytes derived from Na butyrate–treated
immortalized cell lines. While the nitric oxide inhibition
seems logical, the experimental system comprises immor-
talized human hepatocyte cell line that differs from murine
ES cell–treated cells. This might indicate different mecha-
nisms inherent in ES cell differentiation; in addition, there
have been recent reports that IL-1b–mediated inhibition of
urea secretion is only partially dependent on NO in primary
rat hepatocytes.35 Moreover, NO, an inducible stress mole-
cule, is implicated in both increase and decrease in rate of
urea synthesis from immobilized perfused hepatocytes and
anoxia=reperfused livers. Thus, dependent on the concen-
tration of the NO produced, lower NO concentrations have
been shown to increase,36 while higher concentrations reduce
the rate of urea synthesis in hepatocyte cultures.34

Thus, using an optimal nitric oxide supplementation, we
have generated an enriched population of albumin-positive
cells that have higher albumin and urea secretion levels
and possess improved metabolic characteristics closer to the
mature hepatic phenotype than other experimental condi-
tions.

While the above data show hepatic functional character-
istics prevalent for the 500mM SNAP–treated Na butyrate
differentiated ES cells, a suitable comparison with cell dif-
ferentiation systems provides a standard of comparison for
the different systems. While most ES cell hepatic differenti-
ation systems comprise hepatic differentiation characteristics
using PCR for intracellular mRNA expression,37–41 very few
systems quantify the percentage of hepatic protein-positive
cells and protein secretion levels. In fact, one report claims
that albumin secretion rate is not detected until day 30 of
differentiation with a value of *1 ng=million cells=day,42

which is approximately 100-fold lower than 500mM SNAP–
treated differentiated ES cells. On the other hand, embryoid
body mediated murine ES cell differentiation and subsequent
replating on collagen coated dishes in hepatocyte culture
medium resulted in 29% albumin positive cells with 240 ng/
million cells/day albumin secretion rates.43 Further, alginate
encapsulation of ES cells resulted in hepatic differentiation
with albumin secretion rates of 160 ng=million cells=day on
day 23 of differentiation.44 In summary, the literature fails
to include quantification of cells positive for combination of
mature hepatic markers such as intracellular albumin and

cytokeratin 18, and simultaneous functional secretion rates
for urea and albumin. Moreover, there is very little infor-
mation on metabolic characterization of the ES cell–derived
hepatocytes.45

For future work, we plan to develop a comprehensive
metabolic reaction network model for identifying potential
targets of metabolic manipulation of cells differentiating to-
ward a mature phenotype. Further, this methodology can
also be applied to ES cell differentiation systems involving
other metabolically active cells such as of the neuronal,
pancreatic, and cardiac lineages.
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