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PPAR-3 Facilitating Maturation of Hepatic-Like Tissue
Derived From Mouse Embryonic Stem Cells Accompanied by
Mitochondriogenesis and Membrane Potential Retention
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ABSTRACT

Relatively little is known about mitochondria metabolism in differentiating embryonic stem (ES) cells. Present research focused on several
elements of cellular energy metabolism in hepatic-like tissue derived from mouse ES cells. We demonstrated that mitochondrial location
patterns and mitochondrial membrane potential (AW,,) existed in subsequent differentiation of the tissue. Mitochondriogenesis appeared at
the early stage and kept a normal AW, in differentiated mature hepatocytes. Peroxisome proliferator-activated receptor-a (PPAR-)
expression was transitorily increased at the beginning, and kept a relatively low level later, which accompanied by expression of PPAR-vy
coactivator (PG(C)-1a, a master regulator of mitochondrial biogenesis. PPAR-B expression showed robust up-regulation in the late
differentiation course. Enhanced co-expressions of PPAR-B and albumin with catalysis of UDP-glucuronosyltransferases (UGTs) were
observed at mature stage. While PPAR-y expression changed little before and after differentiation. Mitochondriogenesis could be accelerated
by PPAR-a specific agonist WY 14643 and abolished by its antagonist GW6471 at the early stage. Neither of them affected mitochondrial AWY,,
and albumin generation in the differentiated hepatocytes. Furthermore, maturation of hepatic-like tissue and mitochondriogenesis in
hepatocyte could be efficiently stimulated by PPAR-B specific agonist L165041 and abolished by PPAR-B specific antagonist GSK0660, but
not affected by PPAR-vy specific agonist GW1929. In conclusion, the derived hepatic tissue morphologically possessed cellular energy
metabolism features. PPAR-a seemed only necessary for early mitochondriogenesis, while less important for AW, retention in the mature
tissue derived. The stimulation of PPAR-B but not -y enhanced hepatogenesis, hepatocytes maturation, and mitochondriogenesis. PPAR-3
took an important role in cellular energy metabolism of hepatogenesis. J. Cell. Biochem. 109: 498-508, 2010. © 2009 Wiley-Liss, Inc.
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|\ /I itochondria are organelles responsible for the production
of the vast majority of ATP within eukaryotic cells. It has

been reported that human embryonic stem (ES) cells have very
few and small mitochondria with very simple cristae, whereas
differentiated cells gain a normal organelle phenotype with
more and regular mitochondria, together with an increase in ATP
production [Oh et al., 2005; Cho et al., 2006]. Mitochondriogenesis
is an adaptive biological process that occurs in response to
developmental and physiologic cues. The hepatic tissue derived
from ES cells in vitro, faithfully recapitulates the process in vivo. It
has been considered as an efficiency model in metabolism, drug
discovery, and even in inflammation and cytoprotection research

[Tsutsui et al., 2006; Monica et al., 2007; Zhu et al., 2008]. So
far, however, few researchers consider mitochondriogenesis and
mitochondrial function involved in ES cells differentiation [Lone-
rgan et al., 2007], including hepatic tissue derived. Present research
focused on several elements of cellular energy metabolism in
hepatic-like tissue derived from mouse ES cells.

Prior to embryo implantation in vivo, embryonic cells are
contained in a hypoxic environment within the uterine lumen. The
embryonic cells rely on anaerobic metabolism to meet their energy
demands. It is therefore not surprising that ES cells have few
mitochondria that lack cristae development. It has been shown that
ATP content of blastomeres is correlated to their mitochondrial
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content [Brown, 1992; Squirrell et al.,, 2003; Bavister, 2006;
Lonergan et al., 2006]. The magnitude of the inner mitochondrial
membrane potential, or its polarity (AW,), is a physiochemical
property of mitochondria related to levels of organelle activity, and
differences in the magnitude and spatial distribution of high- and
low-polarized mitochondria have been suggested to influence early
embryo competence [Van Blerkom et al., 2002; Van Blerkom,
2004]. Analysis of AW, may be a means by which differential
mitochondrial activity or regulatory function(s) can be investigated
in living pre-implantation-stage embryos, especially with respect to
domains of high- and low-polarized organelles [Van Blerkom,
2004].

Mitochondrial biogenesis requires coordinated changes in the
metabolic enzymes of oxidative phosphorylation, TCA cycle, and
fatty acid oxidation. Peroxisome proliferator-activated receptors
(PPARSs) are lipid-activatable transcription factors that belong to the
nuclear hormone receptor superfamily. Three PPAR isotypes, PPAR-
o, PPAR-B, and PPAR-y have been distinguished by tissue- and
developmental-specific patterns of expression [Willson et al., 2000].
The differential expression and activation of PPARs during rat and
mouse embryonic development, suggest that a period of PPARs
exposure may be critical to normal development [Kliewer et al., 1994;
Braissant and Wahli, 1998; Steinmetz et al., 2005]. However, the
isotype expressions in specific tissue during development, such as
embryonic liver, have not been investigated yet so far. PPAR-« is
mainly rich in tissues that have high-energy demands, such as heart,
liver, kidney, and stomach mucosa [Sher et al., 1993; Kliewer et al.,
1994; Auboeuf et al., 1997]. It has also been shown to serve as a key
transcriptional regulator of the energy metabolic pathway [Leone
etal., 1999]. As an important coactivator of PPAR-a, PGC-1a (PPAR-
v co-activator 1a) plays an important role in energy metabolism by
coordinating transcriptional programs of mitochondrial biogenesis
[Wu et al., 1999], adaptive thermogenesis and fatty acid B-oxidation.
PPAR-fB is the most ubiquitously expressed and appears very early
during embryogenesis [Kliewer et al., 1994]. The relative expression
of PPAR- showed the strongest in liver, colon, and intestine, and
weak in adult mouse heart. PPAR-B signaling contributes to
enhanced proliferation of hepatic stellate cells [Hellemans et al.,
2003]. In addition, PPAR-B has been linked to the embryo
implantation. PPAR-B knockout embryos have placental defects
and a substantial proportion of the embryos die in mid-gestation
[Lim and Dey, 2000; Nadra et al., 2006]. Even though its other
physiological and pathophysiological roles of PPAR-[3 are less clear
[Han et al., 2005]. PPAR- is found primarily in the adipose tissue and
has an important role in adipose differentiation [Chawla et al., 1994].

It has been reported that three isoforms are expressed in ES cells
already at early stages of cardiac differentiation [Schmelter et al.,
2006; Ding et al., 2007; Sharifpanah et al., 2008]. The stimulation of
PPAR-a but not PPAR-B and -y enhances cardiomyogenesis using
a pathway that involves ROS and NADPH oxidase activity
[Sharifpanah et al., 2008]. So far, few evidence deals with the
elements of cellular energy metabolism of the ES cell-derived
hepatic tissue system. The present study aimed to elucidate the
magnitude and spatial distribution of high- and low-polarized
mitochondria and PPARs expressions during either hepatogenesis or
functional mature hepatic-like tissue from mouse ES cells.

CELL CULTURE AND TREATMENT

The ES-D3 cells (American Type Culture Collection, CRL-1934) were
differentiated into hepatic tissue as described previously [Zhu et al.,
2008]. In brief, cultures of differentiating mouse ES cells were
established by the formation of EB in hanging drop cultures. Drops
(30 pl) containing about 600 ES cells were placed on the lids of Petri
dishes, and then cultivated in hanging drops for 5 days, then EBs
were plated onto gelatin-coated culture plates. D 1 referred to the
day of EB plating culture in the experiment. EB was observed with
light microcopy until D 18.

To investigate whether PPAR agonist or antagonist would
affect the liver-genesis of ES cells, EBs were treated from plating
day with either PPAR-a agonist WY14643 (6.3 x 10~ ®mol/L,
Sigma), PPAR-B agonist L165,041 (1 x 10 °mol/L, Sigma),
PPAR-y agonist GW1929 (1 x 10 °>mol/L, Sigma), or PPAR-«
antagonist GW6471(1 x 10" ®mol/L, Sigma) [Sharifpanah et al.,
2008], PPAR-B specific antagonist GSK0660 (1 x 10~ 2mol/L,
Sigma) [Shearer et al., 2008].

MITOCHONDRIAL MEMBRANE POTENTIAL (AW,,) ASSAY

The fluorescent dye 5,5,6,6'-tetrachloro-1,1,3,3" tetraethyl-
benzimidazolylcarbocyanine iodide (JC-1; Molecular Probes,
Sigma) was used to assess AW, in the cells. It is a lipophilic,
cationic molecule that cross the mitochondrial membrane and
accumulate in the negatively charged mitochondrial matrix in a
potential dependent manner, with fluorescence detectable by
fluorescence microscopy. At the high concentrations achieved in
polarized mitochondria, JC-1 molecules form aggregates with a
different fluorescence peak than the dilute dye. Cells were incubated
in 0.3 wg/ml JC-1 for 30 min, rinsed, and observed in both red and
green channels with a Leica DMIL fluorescence microscope. The
green fluorescence channel represents the overall loading of JC-1,
while the red channel represents the shift in fluorescence that occurs
with the potential dependent formation of J-aggregates at high JC-1
concentrations in the mitochondrial membranes, indicated by a
fluorescence emission shift from green (5254 10nm) to red
(610 = 10 nm). Red fluorescence indicates active mitochondria with
high AW, through the formation of J-aggregates. Green fluores-
cence is representative of JC-1 remaining in its monomeric form in
less active mitochondria with low AW, [St John et al., 2005].
Mitochondria depolarization is specifically indicated by a decrease
in the red to green fluorescence intensity ratio [Zuliani et al., 2003].
A brightfield image was taken along with each set of fluorescence
images for alignment, quality control, and display purposes.
Mitochondria with red fluorescence represent mature and normal
function [Lee et al., 2000]. The number of cells with red fluorescence
was counted as the mitochondrial numbers quantified using the bio-
imaging system.

IMMUNOCYTOCHEMICAL ANALYSIS

Albumin and PPAR-«, -B, -y expressions were detected as
follows. The cells were fixed with cold methanol for 10 min. After
treatment with fetal calf serum for 30min, specimens were
incubated at 4°C overnight together with the primary antibody:

JOURNAL OF CELLULAR BIOCHEMISTRY

499

MOUSE EMBRYONIC STEM CELLS



polyclonal anti-albumin, polyclonal anti-PPAR-«, -B, -y (1:50
dilution, Santa Cruz Biotechnology, CA). Then the specimens were
incubated with the fluorescent antibody fluorescein isothiocyanate
isomer I (FITC)-conjugated affinity-purified anti-goat IgG (1:200
dilution, Santa Cruz Biotechnology) for albumin, Rhodamine
conjugated affinity purified anti-rabbit IgG (1:300 dilution, Rock-
land) for PPAR-a, -B, -y 1.5h 37°C. After double-label immuno-
cytochemistry, 4,6-Diamidino-2-phenylindole (DAPI, Sigma-
Aldrich, St. Louis, MO) was dyed for cellular nucleus. Then the
cells were observed under a fluorescence microscope (Leica DMIL,
German). Several visual fields were randomly selected and counted
for each sample.

FLOW CYTOMETRY

EBs were harvested at D 18 and digested into single cells by 0.2%
collagenase and trypsin treatment before immunostaining. Then, the
cells were fixed in 4% paraformaldehyde for 60 min. After treatment
with fetal calf serum for 30 min, specimens were incubated at 4°C
overnight together with the primary antibody: polyclonal anti-
albumin (1:50 dilution, Santa Cruz Biotechnology). Then, the cells
was washed with PBS and followed by incubation with the
appropriate secondary antibody: PE Conjugated Swine anti-Goat
IgG (1:500) for 1 h. A total of 10,000 events were routinely collected
with a FACS flowcytometer (Becton-Dickson). Differentiation was
determined by comparing the fluorescence intensity of the treated
cells to that of untreated cells obtained from a solvent control plate.
The results were expressed as the percentage of the fluorescence
intensity.

REAL-TIME RT PCR

Total RNA was extracted from ES cells, EBs, hepatic tissue derived
from EBs on day 6, 12, 18 after plating (D 6, D 12, and D 18), and
liver obtained from neonatal mouse, using the Trizol reagent (Gibco,
BRL) in accordance with the manufacturer’s instructions. The
reverse transcription reactions and polymerase chain reactions were
done as described previously [Zhu et al., 2008]. The sense and anti-
sense primers designed by using Primer 3.0 software were as
follows (Table I) [Sharifpanah et al., 2008]. And cDNA synthesis
was performed using 3 pg RNA with MMLV RT (Invitrogen). Primer
concentration for PCR was 10 pM. Amplifications were performed in
a Mastercycler ep Realplex (Eppendorf, Germany) using iQTM
SYBR Green Supermix (Biorad). Following programs were used:
Cycle 1: Step 1: 95°C for 3 min. Cycle 2: Step 1: 95°C for 45 s; Step 2:
specific annealing temperatures for 45 s; Step 3: 72°C for 30s. Cycle
3: Step 1: 72°C for 10 min. Annealing temperatures were: 60.5°C for

PPAR-a, 59°C for PPAR-B, 61°C for PPAR-y. C; values were
automatically obtained. The amount of gene was calculated and
normalized by the standard curve. Relative expression values were
obtained by the amount of the tested genes in comparison with the
amount of the housekeeping genes.

For semi-quantitative RT-PCR, the total RNA extracted was
denatured for 3min at 94°C, followed by the amplification in the
reaction with Ampli Taq DNA polymerase: 45s denaturation and
45s elongation at 72°C. PCR products were analyzed by 1.5%
agarose gel electrophoresis, visualized with ethidium bromide
staining, and then quantified using a bio-imaging analyzer (Bio-
Rad, USA). The density of the products was quantitated using
Quantity One version 4.2.2 software (Bio-Rad).

WESTERN BLOT

Proteins were isolated from ES cells, EBs and hepatic tissue derived
from EB on D 6, D 12, D 18, liver and heart obtained from neonatal
mouse. Cells or tissues were collected in RIPA buffer and lysed
30 min on ice. Samples were clarified by centrifugation for 30 min at
13,0009 at 4°C. An aliquot of 80 g of the supernatant protein
from each sample separated electrophoretically on a 10% SDS-
polyacrylamide gel. Subsequently, proteins were transferred onto
0.22-pm pore size nitrocellulose membranes for 90 min and blocked
overnight, followed by an overnight incubation at 4°C with
respective antibody. The primary antibodies used included rabbit
polyclonal anti-PPAR-a, -B, -y, goat polyclonal anti-PGC-1a,
goat polyclonal anti-OCT-4, goat polyclonal anti-albumin at 1:500
dilution, GAPDH primary antibody at 1:10000 dilution (Santa
Cruz Biotechnology). Then the membranes were incubated with
peroxidase-conjugated affinipure goat anti-rabbit IgG or with
horseradish peroxidase HRP-Conjugated rabbit anti-goat antibody
at 1:5,000 dilution (Affinity Bioreagents, Golden, CO). The proteins
were visualized autoradiographically with an enhanced chemilu-
minescent substrate (ECL, Pierce, USA), and scanned using a bio-
imaging analyzer (Bio-Rad). The density of the products was
quantitated using Quantity One version 4.2.2 software (Bio-Rad).

UDP-GLUCURONOSYLTRANSFERASES (UGTs) ACTIVITY ASSAY

Microsomes were prepared from ES cells, 18-day-old hepatic-
like tissue, and mouse adult liver [Shi and Lou, 2005]. 7-Hydroxyl-
4-trifluoromethyl coumarin (7-HFC) glucuronide formation
was confirmed by HPLC after incubation with or without
microsomes of hepatic-like tissue in vitro. 7-HFC (Sigma, USA)
was added as a substrate into the incubation solution (50 mmol/L
Tris-HCl, 10 mmol/L MgCl,, 8.5 mmol/L saccharolactone, 0.02 g/L

TABLE 1. Primers and Conditions for Semiquantitative and Real-Time RT-PCR

Genes Primers Size (bp) Annealing temperature (°C) Cycles

PPAR-a 5'-GGCTGTAAGGGCTTCTTT-3' 130 60.5 40
5'-CAGGTAGGCTTCGTGGAT-3/

PPAR-B 5-TTGAGCCCAAGTTCGAGTTTG-3’ 100 59 30
5-CGGTCTCCACACAGAATGATG-3’

PPAR-y 5/-CCACCAACTTCGGAATCTGCT-3' 412 61 30
5'-TTTGTGGATCCGGCAGTTAAGA-3'

GAPDH 5/-TCCATGCCATGACTGCCACTC-3' 212 58 35

5'-TGACCTTGCCCACAGCCTTG-3’
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alamethicin) and 2mg/L microsomal homogenate. After pre-
incubation at 37°C for 5min, 0.5umol UDP-glucuronic acid
(UDPGA) was added as a cofactor to start the reaction. The
enzymatic reaction was stopped by adding ice-cold acetonitrile at
37°C in a shaking water bath, then, it was centrifuged at 16,0009 for
20 min. A 20 pL aliquot of the supernatant was analyzed by reversed
phase RP-HPLC (Shimadzu LC-10ATvp; Kyoto, Japan LC-10AT
pump, a SPD-10A UV detector and a zorbax ODS-C18 column). The
mobile phase consisted of 10 mmol/L KH,PO, adjusted to pH 3.0
with 0.5% triethylamine and 90% acetonitrile, was operated at a
constant flow rate (1 ml/min) and the metabolite was detected at
325nm. The gradient was 30% acetonitrile initial, followed by a
rapid increase to 65% acetonitrile in 8 min, 15 min at 30%, and a re-
equilibrium at 300 acetonitrile. Following the analysis, the
concentrations of glucuronides were calculated based on UV
detection and a standard linear curve.

STATISTICAL ANALYSIS

Data are expressed as mean values & standard deviation (SD). At
least three independent experiments were done. Statistical analysis
was performed by one-way ANOVA. A value of P<0.05 was
considered to be significant.

MORPHOLOGICAL AND FUNCTIONAL MATURE

HEPATIC-LIKE TISSUE

Apparent cell morphological changes have been described pre-
viously [Zhu et al., 2008] during the hepatic tissue differentiated
from ES cells (Fig. 1Aa-d). Some of these albumin positive cells were
binuclear, which is a characteristic of mature hepatocytes [Ogawa
et al., 2005] (Fig. 1Ae,f).

The ES cell-derived hepatic tissue system had a capacity for
glucuronic acid conjugation reactions by HPLC (Fig. 1B). UGTs
activity of microsomes was 0.445 nmol/min/mg protein in 18-day-
old hepatic-like tissue compared with 0.069 nmol/min/mg in ES
cells and 2.820 nmol/min/mg in mouse adult liver (Fig. 1C).

MITOCHONDRIOGENESIS AND POLARITY (AW,,)

ES cells had the lowest mitochondrial mass and emitted almost only
green fluorescence. When EBs were formed and digested, single cell
stained both red and green fluorescence. Red fluorescence indicates
active mitochondria with high AW, through the formation of
J-aggregates. Green fluorescence is representative of JC-1 remain-
ing in its monomeric form in less active mitochondria with low
AW_.. The persistence of both fluorescences demonstrated the
presence of both high and low AW, coexisted inside EBs. Within this
multicellular arrangement in EB outgrowths, there was an increase
in active mitochondria mass with high AW, in red fluorescence
from D 6 to D 18 during hepatic tissue differentiation (Fig. 2A). On D
18, red fluorescence was almost observed all over the visual fields. It
indicated that mitochondriogenesis started at EB formation, and the
normal mitochondrial AW,, was kept in the mature hepatic tissue
on D 18.

CO-EXPRESSIONS OF PPARs AND ALBUMIN

All PPAR isoforms mRNA were expressed with different patterns.
Expression of PPAR-«o gene significantly increased from ES cells
and reached maximum expression on D 6 after the plating
differentiation culture. However, from D 12 to D 18, PPAR-«
mRNA took on a down-regulating trend. PPAR-8 mRNA expression
exerted an elevated tendency during hepatic-like tissue develop-
ment. While inclined form, PPAR-y mRNA expression appeared low
level and changed little before and after differentiation (Fig. 2B).

PPAR-a, -B, -y proteins were all examined in ES cells and
changed differently during the differentiation course. The maximum
of PPAR-a protein expression was observed on D 6 and the level
relatively declined from D 12. PGC-1a was increased from ES cells to
EB differentiating D 12, and declined on D 18. PPAR-B protein
expression decreased in EB then had an up-regulating trend by
degrees with the maturation of hepatic tissue. The expression of
PPAR-y protein was also low and changed little. The protein
expressions of undifferentiating marker OCT-4 and mature marker
albumin [Ogawa et al., 2005; Tsutsui et al., 2006] were consistent
with both morphologically or functionally in D 18 hepatic-like
tissue (Fig. 2C).

On the other hand, we further investigated the relationship
between the expressions of PPARs and albumin at mature hepatic
tissue in situ. The results showed that PPAR-«, -B, -y proteins were
also positively detected in the albumin positively stained cells
differentiated from ES cells on D 18. The fluorescence of PPAR-
was stronger than that of PPAR-a, while PPAR-y showed less
fluorescence. The fluorescence merged area of PPAR-B with
albumin was the largest. The co-expressions of PPARs with albumin
in the cells derived further confirmed that only PPAR-B occupied
the major position in energy metabolism of hepatocytes on D 18
(Fig. 2D).

PPARs AGONISTS OR ANTAGONISTS AFFECTING LIVER
MATURATION, MITOCHONDRIOGENESIS AND AW,

Treatment with PPAR- agonist L165041 significantly increased the
fluorescence of albumin-positive cells in EB on D 18. PPAR-
agonist increasing the red fluorescence areas of hepatocytes in EB
was approximately 50% evaluated by computer-assisted image
analysis of albumin-positive cell areas. While the selective
antagonist GSK0660 for PPAR-3 decreased the level of albumin
expression (Fig. 3). The results of flow cytometry showed 11% of
the total cell populations were albumin positive in DMSO
control group on day 18 of culture. Meanwhile, the albumin-
positive cells in EBs significantly increased to 19% by the treatment
of PPAR-[3 agonist L165041 compare with control. However, PPAR-
B antagonist GSK0660 obviously lowered to reach 5% of the
albumin-positive cells. On the other hand, PPAR-a agonist
WY14643 or antagonist GW6471, as well as PPAR-y agonist
GW1929 showed no conspicuous effects on the albumin expression
on the phase of mature hepatic cells formation, which was
determined by both immunocytochemistry assay and flow
cytometry analysis (Fig. 3). Since PPAR-y expression kept low
level and remained unchanged until on D 18, we did not consider to
use its antagonist either.
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Fig. 1. Apparent cell morphological changes, and metabolic function of the ES cell-derived hepatic tissue. A: Schematic representation of the differentiation protocol. A(a)
Colonies of ES cells on a feeder layer of mouse embryonic fibroblasts, (b) EB formation, (c) EB within 18 days after plating onto a gelatinous layer, (d) the binuclear marker
(arrows) for mature hepatic cells in the outgrowths of EB, (e) a cluster of albumin-positive binuclear cells (red, arrow) in the multilayered structure. The rectangular frames
indicate the part magnified in panel (f). B: HPLC demonstrating the catalytic activity of UGTs. B(a) Blank cell homogenate, (b) cell homogenate containing 7-HFC glucuronide,
(c) with substrate of 7-HFC and UDPGA without cell homogenate, (d) reacting with substrate of 7-HFC and UDPGA in the derived mature hepatocytes homogenate. C: UGTs
activity calculated with glucuronidation of 7-HFC by microsomal protein from ES cells, 18-day-old EBs, and mouse adult mouse liver. Bar = 100 p.m (Aa-c), 50 um (Ae), 10 pm
(Ad.f). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

PPAR-a agonist WY 14643 or antagonist GW6471 failed to keep the specific PPAR-y agonist GW1929 showed no effects on the
mitochondrial AW, on the later period of hepatic differentiation, mitochondrial AVY,, (Fig. 4).
although WY14643 and GW6471 did accelerate or disrupt the
mitochondriogenesis during the early differentiation. Moreover,
mitochondriogenesis during the differentiation of EBs and
mitochondrial AW, retain could be efficiently stimulated by the
specific PPAR-B agonist L165041 and prevented by PPAR-B It is becoming increasingly apparent that mitochondria are involved
antagonist GSK0660 in the period of mitochondriogenesis. Whereas, in the establishment of developmental competence. The differences

502 MOUSE EMBRYONIC STEM CELLS JOURNAL OF CELLULAR BIOCHEMISTRY



Rolative mRMA cxprossion

ES EB D& D12 D18
Differentiation tme (Day)

FPAR-a
FPPAR- (b) P,
PPAR. ¢ b PRAR-B
0.8F —— FRPAR-Y -
GAPDH & -~ PGC.1Q
27T == QCT.4
ﬁ.D 0.6 —— ALBUMIN
() 1.2 Bl 5 Of i
g 5 ~&- PPAR-B ik s
25 10} - PPAR-y T £s S o j
so -~ =5 L
54 o9 D4
=D 08 an
o =
22 0e b3
ag ™ i T £E
= E — = 0.2
L é 04 - _— o
38 02 L - =
x L]
o ES EB D& D12 D18
ES EB =] ] [=}F] =} }.] - S
—————— Differentiation Gme (Day)
Differentiation ime (Day)
DAPI ALBUMIN PPARs MERGE

..
o

- PPAR-U
-

Fig. 2. High mitochondrial membrane potential (A¥,,) formation and co-expressions of PPARs and albumin in the hepatic tissue differentiated from ES cells. A: Phase
contrast and immune micrographs for the change AW,,. The samples were the digested ES cells, EBs, plating EBs differentiated on D 2, D 6, D 12, D 18. B(a) Quantity analysis of
PPAR-a, PPAR-$, and PPAR-» mRNA levels in relation to GAPDH identified by real-time PCR during the hepatic tissue differentiating course, (b) RT-PCR products for PPARs
genes, (c) data plotted for PPAR-, PPAR-$and PPAR-y genes in relation to GAPDH gene. C(a) Western blot analysis of PPARs proteins expressions, neonatal mouse liver (NL),
neonatal mouse heart (NH), (b) data plotted for PPARs proteins in relation to GAPDH. D: Co-localization of PPARs and albumin in the hepatic tissue on D 18. The arrows indicate
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located with nuclei by DAPI staining. Plots of semi-quantitative analysis of albumin fluorescent (red) signals. B: Quantitative analysis by flow cytometry. Plots presented as the
ratio of the fluorescence intensity compared with control. Bar =50 um. *P < 0.05 versus DMSO control. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 4. Effects of PPARs agonists or antagonists on mitochondrial membrane potential (AW,,) formation in the ES cell-derived hepatic tissue. High AW, cells analyzed by JC-1
staining on D 3 and D 18. WY14643 is PPAR-a agonist, L165041 is PPAR- agonist, GW1929 is PPAR-y agonist, GW6471 is PPAR-a antagonist, and GSK0660 is PPAR-8
antagonist. Plots of semi-quantitative analysis of red fluorescent signals in high AW, cells. The rectangular frames indicate the part magnified in panel. Bar =50 um, 10 pm
(part magnified in the rectangular frames). “P<0.05, **P<0.01 versus DMSO control. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

in the magnitude and spatial distribution of high- and low-polarized
mitochondria have been suggested to influence early embryo
competence and [Miiller-Hocker et al., 1996; Steuerwald et al., 2000;
Van Blerkom et al., 2000; Reynier et al., 2001; Brenner et al., 2004].
Here we demonstrated the several elements of cellular energy

metabolism, such as AW, and PPARs, in the hepatic-like tissue
derived from mouse ES cells. Our results demonstrated that ES cells
had the lowest mitochondrial mass and emitted almost only green
fluorescence. In contrast, EBs showed both red and green
fluorescence. The persistence of both fluorescences demonstrated
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the presence of both high and low AW, coexisted inside EBs.
Mitochondrial biogenesis is an adaptive biological process that
occurs in response to developmental and physiologic cues. It has
been demonstrated that mitochondrial oxidative phosphorylation
was required for cardiac differentiation of stem cells [Chung et al.,
2007]. Disruption of mitochondrial oxidative phosphorylation
prevented stem cell differentiation into energetically competent.
Within earlier differentiation period of myogenesis, cells switch
from glycolytic metabolism to oxidative phosphorylation as the
sources of ATP. There is a rapid increase in mitochondrial content, as
indicated by an increase in mitochondrial volume [Moyes et al.,
1997; Van Blerkom, 2008]. However, relatively little is known
regarding mitochondriogenesis and mitochondrial function
involved in ES cell derived hepatic-like tissue. The liver has high
energy demand; the polarity (AW,,) is responsible for hepatocyte
energetics and for apoptosis in pathobiology. The mitochondrial
mass increase is associated with an enhancement in mitochondrial
enzyme activity. High AW, and aerobic metabolism is a distinctive
feature of fetal to adult hepatocyte transition [Sharma et al., 2006].
Mitochondria with red fluorescence represent mature and normal
function [Lee et al., 2000; Sharma et al., 2006]. The number of cells
with red fluorescence was counted as the mitochondrial numbers. In
present study, there was an increase in active mitochondria mass
with high AW, in red fluorescence from D 6 to D 18 during
differentiation. On D 18, red fluorescence was almost observed all
over the visual fields. It indicated that mitochondriogenesis started
at EB formation, and the normal mitochondrial AW, was kept in the
mature hepatic tissue on D 18. Meanwhile, we also have investigated
the expression of PGC-1, which can be determined as one of the
markers of the regulation of mitochondrial biogenesis [Wu et al.,
1999]. PGC-1a expression took on an up regulating trend in the
mitochondriogenesis. During this period, the undifferentiating mark
0OCT-4 was not expressed, the major phase II metabolism enzyme
UGTs function and albumin expression were existed in the mature
status. It implied that the proper mitochondrial function is a
prerequisite during the course of hepatogenesis. Differences in the
spatial distribution of high- and low polarized mitochondria in
mouse and human oocytes and cleavage-stage embryos have been
suggested to represent discrete regions of differential mitochondrial
activity with distinct or focal regulatory functions [Van Blerkom
et al., 2002; Van Blerkom, 2004]. The ES cells-derived hepatic tissue
could be a valuable system for a variety of applications, including
understanding the energy metabolism process.

Mitochondrial biogenesis requires coordinated changes in the
metabolic enzymes of oxidative phosphorylation, TCA cycle, and
fatty acid oxidation. PPARs serve as lipid-activated transcription
factors that belong to the nuclear hormone receptor super-family.
The differential expression and activation of PPARs during rat and
mouse embryonic development, suggest that a period of PPARs
exposure may be critical to normal development [Kliewer et al.,
1994; Braissant and Wahli, 1998; Steinmetz et al., 2005]. However,
the isotypes expressions in specific tissue development, such as
embryonic liver, have not been investigated yet so far. Three PPAR
isotypes, PPAR-a, PPAR-3, and PPAR-y have been investigated
here. All PPAR isoforms mRNA and proteins were expressed in
different styles during the differentiation course, and PGC-1a took

the almost same manner. For PPAR-«, it reached maximum
expression on D 6, took on a down-regulating trend from D 12 to D
18. In contrast, the expression of PPAR-B exerted a rapidly
elevated tendency during the later differentiation. As for PPAR-y
expression appeared low level and changed little before and after
differentiation.

PPAR- is the most ubiquitously expressed and appears very
early during embryogenesis [Kliewer et al., 1994]. It has been linked
to the embryo implantation. PPAR-( has a widespread distribution
and is related with lipid metabolism and carbohydrate dynamic
balance. The widespread expression of PPAR-3 both in the embryo
and in adult tissues suggests that the isoform may play a general
“housekeeping” role [Han et al., 2005], even though its physio-
logical and pathophysiological roles are less clear. PPAR-f3 can also
inhibit inflammation, which may be important in liver [Burdick
et al., 2006]. Additionally, PPAR-B is important in the liver
for protecting against liver toxicity [Shan et al., 2008] and for
regulating glucose homeostasis [Lee et al., 2006]. In present study,
PPAR-f protein expression in fetal liver was higher than that in fetal
heart, in concordance with previous report. During the course of
differentiation, PPAR-B had an up-regulating trend by degrees
with the maturation of hepatic-like tissue derived. Moreover,
the expression level of PPAR-f3 was relatively higher than that of
PPAR-a and PPAR-y. The fluorescence merged area of PPAR- with
albumin was the largest, while PPAR-y showed only weak
fluorescence. The co-expressions of PPARs with albumin in the
cells provided additional confirmation that only PPAR-3 occupied
the major position in energy metabolism of mature hepatocytes on D
18. Therefore, it seems that only PPAR-( takes an important role in
energy metabolism of mature hepatocytes. The effect of PPAR-
agonist was to increase the number and size of albumin-positive
hepatocytes, accelerate the mitochondriogenesis and maintain
mitochondrial AV, which was determined by both immunocy-
tochemistry assay and flow cytometry analysis. However, the
maturation of hepatic-like tissue and mitochondriogenesis in
hepatocyte could be efficiently abolished by PPAR-B specific
antagonist GSK0660. It illuminated that PPAR-B agonist could
enhance the differentiation of hepatic-like tissue. PPAR-B was
involved in the development of hepatic tissue and may play a great
role in the energy metabolism in the mature hepatic tissue.
Furthermore, PPAR-3 was necessary and important for mitochon-
driogenesis and mitochondrial AW, maintain during the hepatic
tissue differentiation.

PPAR-a is mainly rich in tissues that have high energy demands,
and serve as a key transcriptional regulator of the energy metabolic
pathway [Leone et al., 1999]. As an important coactivator of PPAR-
o, PGC-1a plays an important role in energy metabolism by
coordinated transcriptional programs of mitochondrial biogenesis,
adaptive thermogenesis and fatty acid (-oxidation. But in the
hepatic differentiation case, both PPAR-a and PGC-1a only take a
role at early stage. The results implied that ES cell-derived
hepatocytes need the signals with a stronger energy demand at
the early period of the hepatocytes formation. PPAR-« agonist was
not affect albumin expression and mitochondrial AW, retention on
D 18, although it could be accelerated by PPAR-a agonist and
abolished by antagonist at the early stage.
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PPAR-v is predominantly expressed in intestine and adipose
tissue where it triggers adipocyte differentiation and promotes lipid
storage [Chawla et al., 1994]. During the course of ES cell-derived
hepatic tissue differentiation, PPAR-v kept a steady and low level.
PPAR-vy agonist GW1929 showed no effect on albumin expression
and mitochondrial AW, maintain on the phase of mature hepatic
cells formation. Since PPAR-y expression kept low level and
remained unchanged on D 18, we did not consider to use its
antagonist either.

In conclusion, the hepatic tissue derived morphologically
possessed cellular energy metabolism features. PPAR-a and PGC-
la seemed only necessary for early mitochondriogenesis, but less
important for AW, retention in the mature tissue derived. The
enhanced co-expressions of PPARs and albumin, the effects of
PPARs agonists or antagonists on hepatocytes maturation and
mitochondriogenesis, as well as UGTs function with magnitude and
spatial distribution of high- and low-polarized mitochondria further
confirm that only PPAR-f3 took a role in cellular energy metabolism
of hepatogenesis.
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