
Journal of Cellular
Biochemistry

ARTICLE
Journal of Cellular Biochemistry 109:236–244 (2010)
Effects of Sodium Butyrate on the Differentiation of
Pancreatic and Hepatic Progenitor Cells From Mouse
Embryonic Stem Cells
G
2
G
s

*
S
b

R

P

Meng Ren,1 Li Yan,1 Chang-Zhen Shang,2 Jun Cao,2 Li-Hong Lu,2 Jun Min,2* and
Hua Cheng1*
1Department of Endocrinology, The Second Affiliated Hospital of Sun Yat-sen University, Guangzhou 510120, China
2Hepatobiliary Surgery, The Second Affiliated Hospital of Sun Yat-sen University, Guangzhou 510120, China
ABSTRACT
Recently significant progress has been made in differentiating embryonic stem (ES) cells toward pancreatic cells. However, little is known

about the generation and identification of pancreatic progenitor cells from ES cells. Here we explored the influence of sodium butyrate on

pancreatic progenitor differentiation, and investigated the different effects of sodium butyrate on pancreatic and hepatic progenitor

formation. Our results indicated that different concentration and exposure time of sodium butyrate led to different differentiating trends of ES

cells. A relatively lower concentration of sodium butyrate with shorter exposure time induced more pancreatic progenitor cell formation.

When stimulated by a higher concentration and longer exposure time of sodium butyrate, ES cells differentiated toward hepatic progenitor

cells rather than pancreatic progenitor cells. These progenitor cells could further mature into pancreatic and hepatic cells with the supplement

of exogenous inducing factors. The resulting pancreatic cells expressed specific markers such as insulin and C-peptide, and were capable of

insulin secretion in response to glucose stimulation. The differentiated hepatocytes were characterized by the expression of a number of liver-

associated genes and proteins, and had the capability of glycogen storage. Thus, the current study demonstrated that sodium butyrate played

different roles in inducing ES cells toward pancreatic or hepatic progenitor cells. These progenitor cells could be further induced into mature

pancreatic cells and hepatocytes. This finding may facilitate the understanding of pancreatic and hepatic cell differentiation from ES cells, and

provide a potential source of transplantable cells for cell-replacement therapies. J. Cell. Biochem. 109: 236–244, 2010. � 2009 Wiley-Liss, Inc.
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A lthough islet transplantation has been proved successful in

the treatment of diabetes [Guo and Hebrok, 2009], the

shortage of tissue donors remains a major obstacle. Similarly,

hepatocyte transplantation has been proposed as an alternative to

liver transplantation in the treatment of end-stage liver diseases

[Hussain and Theise, 2004], but the paucity of cell donors also

restricts its widespread availability. To solve the problem of donor

shortage, new sources for transplantable pancreatic cells and

hepatocytes need to be found. Given the unlimited proliferative and

pluripotent differentiation capacity, embryonic stem (ES) cells may

potentially supply a sufficient number of pancreatic cells and

hepatocytes for cell-transplantation therapy [Jiang et al., 2007b;

Navarro-Alvarez et al., 2009].
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To date, many studies have been reported regarding the

differentiation of ES cells toward pancreatic cells [Strom et al.,

1997; Vaca et al., 2006; Jiang et al., 2007a; Li et al., 2009] and

hepatocytes [Yamada et al., 2002; Min et al., 2007; Matsumoto et al.,

2008; Basma et al., 2009]. However, because of the complicated

characteristic of ES cell differentiation, much more researches still

need to be carried out to understand and control the differentiation

procedure. Although the induction of progenitor cells is a critical

step for subsequent definitive cell maturation in vitro, studies about

the generation and characteristic of pancreatic and hepatic

progenitor cells are still inadequate.

During embryogenesis, the pancreas and liver derive from a

common definitive endoderm, and share many similar develop-
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mental features [Deutsch et al., 2001]. Since in vitro ES cell

differentiation recapitulate many processes taking place in normal

embryonic development, it might be assumed that there existed

close relationship between pancreatic and hepatic differentiation

from ES cells. Previous studies have shown that sodium butyrate,

one kind of histone deacetylase inhibitors, could induce the

differentiation of hepatic progenitors and hepatocytes with high

efficiency [Rambhatla et al., 2003; Sharma et al., 2006; Zhou et al.,

2007]. Considering the close relationship between pancreatic and

hepatic development, here we aimed to explore the influence of

sodium butyrate on pancreatic progenitor differentiation, and

investigated the different effects of sodium butyrate on pancreatic

and hepatic progenitor formation. Results demonstrated that

different concentration and exposure time of sodium butyrate

facilitated different differentiating directions of ES cells toward

pancreatic or hepatic progenitor cells. Treatment with 1 mM sodium

butyrate for 3 days resulted in the obvious expression of pancreatic

progenitor genes such as nestin, pancreatic/duodenal homeobox-1

(PDX-1), and Neurogenin 3 (NgN3), while 3 mM sodium butyrate for

7 days led to increased expression of cytokeratin 19 (CK19), a-fetal

protein (AFP), transthyretin (TTR), and a1-antitrypsin (AAT). With

the stimulation of exogenous inducing factors, these progenitor cells

could be further differentiated into mature pancreatic cells and

hepatocytes. The resulting pancreatic cells were identified as they

expressed pancreatic specific genes such as PDX-1, insulin,

C-peptide, and glucose transporter-2 (Glut-2). The secretion of

insulin by these cells was responsive to variations in glucose levels.

The differentiated hepatocytes expressed hepatic specific markers

such as albumin (ALB), tyrosine aminotransferase (TAT), glucose-6-

phophatase (G6P), and cholesterol 7 a-hydroxylase (CYP7A1).

Periodic acid-Schiff (PAS) reaction showed the differentiated cells

had the capacity of glycogen storage.

MATERIALS AND METHODS

CELL CULTURE

Undifferentiated E14 mouse ES cells (ATCC, Manassas, VA) were

maintained on gelatin-coated dishes in Dulbecco’s modified Eagle’s

medium (DMEM; GIBCO, Grand Island, NY), supplemented with 15%

fetal bovine serum (Hyclone, Rockville, MD), 1,000 U/ml recombi-

nant mouse leukemia inhibitory factor (LIF; Chemicon, Temecula,

CA), 1% non-essential amino acids, 1 mM glutamine, and 0.1 mM

b-mercaptoethanol (Sigma–Aldrich, St. Louis, MO). The above

culture medium, excluding LIF, was defined as the differentiating

medium. To induce differentiation, ES cells were incubated using the

suspension culture methods. Briefly, the cells were suspended in the

differentiating medium and cultured to develop into embryoid

bodies (EBs) for 4 days.

ANNEXIN V-FITC/PI STAINED FLUORESCENCE-ACTIVATED CELL

SORTER (FACS)

To quantify the survival rate of ES cells after exposure to sodium

butyrate, annexin V, and propidium iodide (PI) staining were

performed, followed by flow cytometry. Briefly, cells were exposed

to different concentrations of sodium butyrate ranging from 1 to

10 mM for 3 days and then were harvested, washed twice with cold
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PBS, and finally subjected to annexin V and PI staining. After

staining, the samples were analyzed by FACS (Becton Dickinson)

using Cell Quest Research Software (Becton Dickinson).

IN VITRO DIFFERENTIATION OF ES CELLS INTO PANCREATIC AND

HEPATIC PROGENITOR CELLS

To study the effect of different concentrations of sodium butyrate on

progenitor cell differentiation, EBs were exposed to 1, 2, or 3 mM

sodium butyrate for 5 days, respectively. Then cells were collected

for an analysis of the gene expression of pancreatic and hepatic

progenitor cells.

To investigate the influence of different exposure time of sodium

butyrate on progenitor cell differentiation, EBs were cultured in

differentiating medium supplemented with corresponding concen-

tration of sodium butyrate for about 1 week. Every 2 days cells were

collected for specific gene detection of pancreatic and hepatic

progenitor cells.

FLOW CYTOMETRIC ANALYSIS

Pancreatic or hepatic progenitor cells were washed with PBS and

dissociated with 0.25% trypsin–EDTA for 10–15 min. Then cells

were centrifuged, washed, fixed, and permeabilized with FIX&-

PREM reagents at room temperature for about 30 min (Invitrogen,

CA). Then cells were incubated with primary antibody, and further

stained with appropriate secondary antibody conjugated to Alexa

Fluor 488 at room temperature for 15 min. Finally the cells were

washed, resuspended in PBS and used for analysis. The total volume

of stained cells was 100ml. Flow cytometric analysis was performed

by FACS (Becton Dickinson) using Cell Quest Research Software

(Becton Dickinson). Spontaneously differentiated cells were used as

control.

DIFFERENTIATION OF PROGENITORS CELLS INTO MATURE

PANCREATIC CELLS AND HEPATOCYTES

For the differentiation of pancreatic cells, EBs were cultured in the

differentiating medium containing 25 ng/ml activin A (Sigma–

Aldrich) for 48 h. Then cells were switched to the differentiating

medium supplemented with 1 mM sodium butyrate. After 3 days of

sodium butyrate treatment, the differentiated cells were further

maturated in medium containing 10 ng/ml bFGF and 10 ng/ml HGF

for 7 days, and then 10 mM nicotinamide (Sigma–Aldrich) for

another 7 days.

For the differentiation of hepatocytes, EBs were firstly cultured in

the differentiating medium supplemented with 3 mM sodium

butyrate for 7 days. Then cells were cultured in the medium

withdrew sodium butyrate and supplemented with 20 ng/ml HGF

and 10�7 M dexamethasone (Dex) for another 2 weeks.

At different differentiation times, cells were collected for an

analysis of the mRNA expression of the following genes: PDX-1,

p48, NgN3, nestin, Paired Box Gene 6 (PAX-6), insulin1, insulin2,

glucagon, Glut-2, and somatostatin as pancreatic markers, CK19,

AFP, ALB, AAT, TTR, TAT, G6P, and CYP7A1 as hepatic markers. The

insulinoma cell line NIT-1 and liver of mouse were used as positive

control.
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RT-PCR AND REAL-TIME PCR

Total RNA was extracted from cells using a standard Trizol RNA

isolation method. Reverse transcription of 1 mg RNA was carried out

according to the instructions of a commercial TaKaRa RT kit.

Primers against mouse b-actin were used as an internal control. The

primer sequences and the expected sizes of the RT-PCR products

were shown in Table I. PCR products were visualized with gel

electrophoresis to confirm a single product of the correct size. The

ratios of pancreatic and hepatic markers to b-actin were calculated.

Semi-quantitative analysis of PCR products was performed using an

Alpha Imager TM 2000 instrument (Alpha Innotech, San Leandro,

CA) Real-time PCR was performed with a kit (Quantitect SYBR

Green; Qiagen, Inc.) by following the manufacturer’s instructions.

The total reaction volume was 25ml, and 100 ng cDNA was used as

the template. Fluorescence was detected using Prism 7700 detection

system (ABI, CA). The relative quantification of gene expression was

analyzed by the 2�DDCt method, and the results were expressed as

extent of change with respect to control values. Primer sequences

used for real-time PCR were available on request.

IMMUNOFLUORESCENCE

The location and expression of pancreatic and hepatic markers such

as PDX-1, insulin, C-peptide, and ALB were examined by

immunofluorescence. Induced cells were fixed in 4% paraformal-

dehyde and washed three times with PBS, then incubated with PBS

containing 0.3% Triton X-100 (Sigma–Aldrich) and 1% normal

serum for 40 min at room temperature. The primary antibodies were

obtained and diluted as follows: Rabbit anti-mouse PDX-1 antibody

(1:100; Millipore, MA), Rabbit anti-mouse insulin and C-peptide

antibody (1:100; Cell Signaling Technology, MA), sheep anti-mouse

ALB antibody (1:50; Biodesign, Saco, ME), and relative FITC- and

Cy3-conjugated secondary antibodies (Sigma–Aldrich). Nuclear

DNA was dyed with Hoechst 33258 (Sigma–Aldrich). In all

immunochemistry assays, negative staining controls were carried

out by omitting the primary antibody. Images were captured using

Olympus microscope IX-71, LEICA microscope.
TABLE I. Sequence Information on the Primers Used for RT-PCR

Gene Sense (50–30)

Nestin GGAGAGTCGCTTAGAGGTGC
PDX-1 GGTGGAGCTGGCAGTGATGTT
P48 TGCAGTCCATCAACGACGC
NgN3 TGGCACTCAGCAAACAGCGA
PAX-6 AAGAGTGGCGACTCCAGAAGT
Insulin1 CCAGCTATAATCAGAGACCA
Insulin2 TCCGCTACAATCAAAAACCAT
Somatostatin TCGCTGCTGCCTGAGGACCT
Glut-2 CGGTGGGACTTGTGCTGCTGG
Glucagon ACTCACAGGGCACATTCACC
CK19 GTGCCACCATTGACAACTCC
AFP CACTGCTGCAACTCTTCGTA
ALB GTCTTAGTGAGGTGGAGCAT
AAT AATGGAAGAAGCCATTCGAT
TTR AGTCCTGGATGCTGTCCGAG
TAT ACCTTCAATCCCATCCGA
G6P CAGGACTGGTTCATCCTT
CYP7A1 AGGACTTCACTCTACACC
b-Actin GTTGGTTGGAGCAAACATCC
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INSULIN SECRETION TESTS BY ENZYME-LINKED IMMUNOSORBENT

ASSAY (ELISA)

Differentiated pancreatic cells were washed and preincubated for

30 min in Krebs-Ringer bicarbonate buffer (KRB) containing 3 mM

glucose. After preincubation, the buffer was replaced with fresh KRB

containing 3 or 20 mM glucose. After 30 min incubation, the media

were collected and the insulin content within the media was

measured using an insulin ELISA kit (Millipore). Intracellular

protein concentration was determined using a BCA protein assay kit

(Bio-Rad, CA). Insulin levels within the media (insulin secretion)

were normalized based on the respective intracellular protein

content. Each experiment was repeated four times.

GLYCOGEN DETECTION (PAS REACTION)

The PAS staining system was purchased from Sigma–Aldrich. Cells

cultured on plates were dried in air and fixed with 95% alcohol for

10 min. After rinsing three times with distilled water, the cells were

oxidized in 1% periodic acid for 10 min, rinsed in distilled water

again, then exposed to the Schiff reagent for 10 min at 378C. A third

water wash to remove the reagent was followed by an inspection of

the cells with a light microscope. Spontaneously differentiated cells

were used as controls.

STATISTICAL ANALYSIS

Each experiment was performed at least three times. All values were

given as mean� SD. Data were analyzed using SPSS 11.0 software

and ANOVA was used to identify significant differences.

RESULTS

EFFECTS OF SODIUM BUTYRATE ON GENE EXPRESSION OF

PANCREATIC PROGENITOR CELLS

In order to investigate the precise effect of sodium butyrate on the

survival rate of EBs, cells were exposed to different concentrations

of sodium butyrate ranging from 1 to 10 mM for 3 days. Flow

cytometry results showed that 1–3 mM sodium butyrate was suitable

for cell proliferation and differentiation (Fig. 1A). Light microscopy
Antisense (50–30) Product size (bp)

TCAGGAAAGCCAAGAGAAGC 327
ACCGCCCCCACTCGGGGTCCCGC 125
GGACAGAGTTCTTCCAGTTC 708
ACCCAGAGCCAGACAGGTCT 444
ACCATACCTGTATTCTTGCTTCAGG 545
GTGTAGAAGAAGCCACGCT 197
GCTGGGTAGTGGTGGGTCTA 411
GCCAAGAAGTACTTGGCCAGTTC 232
CTCTGAAGACGCCAGGAATTCCAT 416
CCAGTTGATGAAGTCCCTGG 353
AATCCACCTCCACACTGACC 288
CTTTGGACCCTCTTCTGTGA 300
ACTACAGCACTTGGTAACAT 568
AAGACTGTAGCTGCTGCAGC 483
TTCCTGAGCTGCTAACACGG 441
TCCCGACTGGATAGGTAG 206
GTTGCTGTAGTAGTCGGT 211
GCAGTCGTTACATCATCC 453
AAGCAATGCTGTCACCTTCC 232
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Fig. 1. Morphological changes and survival rate of EBs after the treatment of

different concentrations of sodium butyrate. EBs were exposed to different

concentrations of sodium butyrate (1, 2, 3, 5, 7, 10 mM) for 3 days. A:

Annexin V and PI staining was performed, followed by flow cytometry analysis

to detect the survival rate of cells. A representative example of three experi-

ments was shown. Values were given as the mean� SD. �P< 0.05 versus 3 mM

sodium butyrate-treated cells. B: Cell morphology was observed through light

microscope. Representative images of three experiments were shown. Scale

bar: 50mm.
results showed that sodium butyrate had an immediate effect on EBs.

Cell death was observed in the cultures as early as 1 day after plating.

Then with the continuous treatment of sodium butyrate, most of the

remaining cells spread gradually from EBs with a homogeneous

shape of large, round, and center-situated nuclei (Fig. 1B).

To further explore the effects of sodium butyrate on gene

expression of pancreatic progenitor cells, EBs were cultured in

media supplemented with 1, 2, or 3 mM sodium butyrate for 5 days.

As shown in Figure 2A, the specific gene expression levels of

pancreatic progenitor cells, such as nestin, PDX-1, p48, and NgN3

were all increased in sodium butyrate treated cells. Importantly,

exposure to 1 mM sodium butyrate resulted in maximal mRNA

expression, as compared with supplementation of 2 or 3 mM sodium

butyrate. This indicated that 1 mM sodium butyrate was more

suitable for the differentiation of pancreatic progenitor cells from

EBs.

EFFECTS OF SODIUM BUTYRATE ON GENE EXPRESSION OF HEPATIC

PROGENITORS

To investigate gene expression of hepatic progenitors, EBs were

differentiated with different concentrations of sodium butyrate for 5

days. CK19, AFP, AAT, and TTR were used to evaluate the

differentiated characteristics for early hepatic markers. Results

showed that with the increase of the concentration of sodium

butyrate, the mRNA levels of CK19, AFP, AAT, and TTR were all

evaluated accordingly. Exposure of 1 mM sodium butyrate

promoted mRNA levels of these specific genes, however, the
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expression levels were relatively lower than that of 3 mM sodium

butyrate treatment. So from the standpoint of generating hepatic

progenitors, 3 mM sodium butyrate was more efficient (Fig. 2B).

TIME COURSE OF PANCREATIC AND HEPATIC PROGENITOR GENE

EXPRESSION AFTER EXPOSURE TO SODIUM BUTYRATE

To study the effect of sodium butyrate with different exposure time

on the differentiation of pancreatic progenitor cells, EBs were

treated with 1 mM sodium butyrate for about 1 week. The mRNA

levels of early pancreatic markers, such as nestin, PDX-1, p48, and

NgN3 were measured at day 1, 3, 5, 7 of sodium butyrate treatment.

The gene expression of nestin was detected at day 1, peaked at day 3

and then decreased slightly. PDX-1 and p48, two important

transcription factors involved in early stages of pancreatic

development [McKinnon and Docherty, 2001; Rose et al., 2001],

showed significantly higher expression levels at day 3. NgN3, an

important transcription factor for the development of all endocrine

cells [Gradwohl et al., 2000], began to express at day 3, and the level

lasted until the later time points (Fig. 3A).

To investigate the early hepatic differentiation from EBs, EBs

were treated with 3 mM sodium butyrate for about 1 week. After the

treatment with sodium butyrate, the mRNA levels of CK19, AFP,

AAT, and TTR were all expressed at day 3, and increased over the

time course (1 week) of the experiment (Fig. 3B). The expression of

ALB, which starts in early fetal hepatocytes and reaches the maximal

level in adult hepatocytes [Sellem et al., 1984], was not detectable

until 5 days of differentiation, and then gradually increased by 7

days.

ES-DERIVED PANCREATIC PROGENITOR CELLS COULD MATURE

INTO PANCREATIC CELLS

To determine whether the pancreatic progenitor population

generated with sodium butyrate could be further differentiated to

the pancreatic lineage, exogenous factors, including activin A,

bFGF, HGF, and nicotinamide, were consecutively added into the

differentiating medium. To identify the pancreatic progenitor

population, the cells were examined for PDX-1 protein expression

by flow cytometric analysis. RT-PCR and real-time PCR for genes

involved in pancreas development were performed at various stages

throughout the cell differentiation. As was shown in Figure 4A, the

gene expression of nestin was induced after the induction of activin

A and sodium butyrate, and then decreased with the addition of HGF

and nicotinamide. mRNA levels of PDX-1 and p48 were both

increased during pancreatic differentiation. The endocrine pro-

genitor-specific gene, NgN3, was also induced, and the expression

persisted throughout the differentiation process. Other islet related

genes, such as PAX-6, were also detected in the differentiated cells,

and their levels peaked at later stages of pancreatic differentiation.

After the treatment of activin A and sodium butyrate, the gene

expressions of insulin1, insulin2, and Glut-2 were all detected with

limited expression levels. With the process of differentiation, the

gene expression of these mature pancreatic markers showed

maximal expression at the final stage of the protocol. Meanwhile,

after the treatment of activin A and sodium butyrate, about 20% of

cells expressed PDX-1, which was significantly higher than activin

A alone treated cells (Fig. 4B).
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Fig. 2. Effects of different concentrations of sodium butyrate on gene expression of pancreatic and hepatic progenitors. EBs were cultured in media supplemented with 1, 2, or

3 mM sodium butyrate for 5 days. Spontaneously differentiated cells were used as control (c). Total RNA was isolated from cells and the gene expression of pancreatic progenitor

cells (A) and hepatic progenitor cells (B) were analyzed by RT-PCR. b-Actin served as a control of equal RNA amount. The experiment was repeated three times. Histogram plots

represented the densitometric analysis corresponding to the mean� SD of three independent experiments.
To determine whether these final differentiated cells were insulin-

positive and C-peptide-positive, immunofluorescence was per-

formed to detect PDX-1, insulin, and C-peptide expression in the

induced cells. Results showed that the differentiated cells expressed

PDX-1, insulin, and C-peptide (Fig. 4C). The expression of C-peptide

in these cells suggests that proinsulin was newly synthesized during

the later stages of differentiation.

To investigate the functional status of these differentiated cells,

we further analyzed glucose-dependent insulin release, and found

that the insulin release in the high-glucose medium was nearly six

times higher than that in the low-glucose medium. In the presence

of 3 mM glucose, insulin content of differentiated cells was

229� 32.5 pg/mg protein per 30 min. However, in the presence of

22 mM glucose, differentiated cells secreted insulin at 1,373�
116 pg/mg protein per 30 min (Fig. 4D). These results suggested that

the ES-derived pancreatic cells secreted insulin in a glucose-

dependent manner, just as normal pancreatic b-cells do.
ES-DERIVED HEPATIC PROGENITOR CELLS COULD MATURE INTO

HEPATOCYTES

To further induce maturation of hepatocytes from ES cells, EBs were

treated with sodium butyrate for 7 days, then HGF for 7 days, and in
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the later stage Dex was added for another 7 days. After 7 days’

induction of hepatic differentiation with sodium butyrate, a number

of early hepatocyte markers, such as CK19, AFP, AAT, TTR were

detected. Further induction with HGF and Dex enhanced the

expression of ALB mRNA, which is an indicator of hepatocyte

maturation. Interestingly, most of the final differentiated cells

strongly expressed mature hepatic markers such as TAT, G6P, and

CYP7A1, whereas the expression of AFP was barely detectable

(Fig. 5A). After the treatment of sodium butyrate for 7 days, flow

cytometric analysis results showed that the percentage of ALB

positive cells was about 50% (Fig. 5B). To further analyze the

properties of the final differentiated cells, protein expression of ALB

was examined by immunofluorescence (Fig. 5C). Results indicated

that ALB was observed in the cytoplasm of final differentiated

hepatocytes.

Furthermore, PAS reaction was performed to evaluate the

capability of glycogen storage in the differentiated hepatocytes.

Glycogen storage is an important metabolic function of hepatocytes,

which was manifested as the accumulation of magenta staining in

the cytoplasm of cells. Our results demonstrated that at the final

stage of differentiation, ES-derived hepatocytes had an accumula-

tion of cytoplasmic deposits with a magenta color (Fig. 5D, right

panel), as compared with that of spontaneously differentiated cells
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Time course of pancreatic and hepatic gene expression after exposure to sodium butyrate. EBs were cultured in 1 mM (A) or 3 mM (B) sodium butyrate for 1 week, and

at day 1, 3, 5, 7 of differentiation, RT-PCR was performed to analyze the time course of gene expression of pancreatic progenitor cells (A) and hepatic progenitor cells (B). In each

experiment, a representative PCR result was shown. Values were given as the mean� SD. Histogram plots represented the densitometric analysis corresponding to the

mean� SD of three independent experiments.
(Fig. 5D, left panel), indicating the hepatocyte-like cells have the

ability of accumulating glycogen.

DISCUSSION

To date, many studies have reported the differentiation of ES cells

toward pancreatic cells and hepatocytes. However, little is known

about the generation and identification of pancreatic or hepatic

progenitor cells from ES cells. During embryogenesis, the pancreas

and liver derive from a common definitive endoderm, and share

many similar developmental features. So here we studied together

the generation and identification of pancreatic and hepatic

progenitor cells from ES cells. Our research showed that sodium

butyrate could prompt the differentiation of pancreatic and hepatic

progenitor cells, and played different roles in pancreatic and hepatic

lineage differentiation from ES cells.

Sodium butyrate, a known inhibitor of histone deacetylation

[Perry et al., 1979], has been reported to induce the differentiation of

hepatocytes from ES cells with a high yield [Rambhatla et al., 2003;

Zhou et al., 2007]. Here we found that sodium butyrate also

prompted the gene expression of early pancreatic markers. In a

group of immature hormone-negative pancreatic cells, nestin was

once identified. Cells expressing nestin are thought to represent

progenitor cells of the pancreas [Hunziker and Stein, 2000; Zulewski

et al., 2001]. NgN3 is expressed in endocrine progenitors and is

critical for the development of all endocrine cells [Gu et al., 2002].

Our results showed that the gene expression of nestin and NgN3 was
JOURNAL OF CELLULAR BIOCHEMISTRY
obviously upregulated by the treatment of sodium butyrate. PDX-1

and p48, two critical transcription factors involved in early stage of

pancreatic development, were also activated even after 1-day

treatment of sodium butyrate. On the other hand, considering the

common embryonic origin of liver and pancreas, we also testified

the effect of sodium butyrate on the differentiation of hepatic

progenitor cells. AFP is a marker of the endodermal differentiation

as well as an early fetal hepatic marker, and its expression decreases

as the liver develops into adult phenotype [Hamazaki et al., 2001].

TTR and AAT represent endodermal or yolk-sac-like differentiation

and are expressed throughout liver maturation [Meehan et al., 1984;

Coakley et al., 2001]. Here we found AFP, AAT, and TTR were all

induced by sodium butyrate, which was consistent with other studies

[Rambhatla et al., 2003; Zhou et al., 2007]. However, the expression

of ALB in hepatic progenitor cells remains controversial. ALB is the

most abundant protein synthesized by mature hepatocytes. Its

expression starts in early fetal hepatocytes and reaches the maximal

level in adult hepatocytes [McKinnon and Docherty, 2001]. Some

studies demonstrated that early hepatic cells expressed ALB

[Hamazaki et al., 2001; Cai et al., 2007], while others reported

ALB was not a specific marker of hepatic progenitor cells [Weiss and

Strick-Marchand, 2003; Zhou et al., 2007]. Here in our study, we

obtained a cell population expressing CK19, AFP, AAT, TTR, and

ALB through the treatment of sodium butyrate, which indicates the

generation of early hepatic progenitor cells from mouse ES cells. We

considered the conflicting results may be due to the differences in

cell lines and detailed culture protocol.
PROGENITOR CELL INDUCTION BY SODIUM BUTYRATE 241



Fig. 4. Characterization of differentiated pancreatic cells by gene and protein expression analysis. A: RT-PCR and real-time PCR were performed to analyze the gene expression

of pancreatic markers during the process of differentiation. Lane 1 represents undifferentiated ES cells. Lane 2 represents spontaneously differentiated EBs. Lane 3 represents

cells treated with a combination of activin A and sodium butyrate for 5 days (25 ng/ml activin A for 2 days and then 1 mM sodium butyrate for 3 days). Lane 4 represents

differentiated pancreatic cells at the final stage (the addition of 10 ng/ml bFGF and 10 ng/ml HGF for 7 days, and then 10 mM nicotinamide for another 7 days). NIT-1

insulinoma cells were used as positive control (lane 5). Histogram plots represented the real-time PCR results of three independent experiments. B: Cells were exposed to activin

A for 2 days, then treated with (left panel) or without (right panel) sodium butyrate for another 3 days. Flow cytometric analysis was performed to detect the percentage of PDX-

1 positive cells. C: At the final stage of differentiation, cells were immunostained with antibodies against PDX-1, insulin, and C-peptide. The blue color in the images depicts the

nucleus stained by Hoechst 33258. Scale bar: 50mm. D: To determine glucose-dependent release of insulin, cells were incubated with low-glucose (3 mM) or high glucose

(22 mM) for 0.5 h. Cell supernatants were collected for insulin release analysis. The amount of insulin released in the supernatants was measured by enzyme-linked

immunosorbent assay and normalized to protein content. Values were given as the mean� SD.
Importantly, our experiments demonstrated that sodium butyrate

had different effects on the differentiation of pancreatic and hepatic

progenitor cells. The maximal gene expression of these two

progenitor lineages relied on the concentration and exposure time

of sodium butyrate. A relatively lower concentration of sodium

butyrate (1 mM) with a shorter time treatment (3 days) induced the

expression of pancreatic progenitor genes more efficiently. As for

the differentiation of hepatic progenitor cells, treatment with 3 mM

sodium butyrate for 7 days was more suitable. As one kind of histone

deacetylase inhibitors, sodium butyrate could lead to chromatin

rearrangements and terminal differentiation of many cell types

through inhibition of histone deacetylation [Shimada et al., 2001;

Kim et al., 2009]. In certain cell types, sodium butyrate has been

shown to upregulate target genes for growth factors, signaling

molecules, and transcription factors [McCue et al., 1984]. Although

the exact mechanism by which sodium butyrate treatment resulted

in different differentiation of pancreatic and hepatic progenitors is

unclear, one possible reason maybe that sodium butyrate triggered

epigenetic changes and influenced several key gene expressions for
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pancreatic and hepatic differentiation, thus led to the enrichment of

these two different kinds of progenitor lineages. The molecular

mechanism needs further investigation in future.

Previous studies have confirmed that cytokines involved in the

mammalian organ development take part in the cell differentiation

of ES cells [Jung et al., 1999; Jorgensen et al., 2007]. To verify the

potential of pancreatic progenitor cells to differentiate into mature

pancreatic cells, a combination of exogenous inducing factors was

used in our differentiation protocol. With the consecutive induction

by activin A, sodium butyrate, FGF, HGF, and nicotinamide, the

differentiated ES cells sequentially expressed pancreatic specific

gene, PDX-1, P48, NgN3, PAX-6, insulin, Glut-2, glucagon, and

somatostatin. This suggests a progression similar to that of in vivo

pancreas development, that is, the emergence of pancreatic

progenitors formation followed by further differentiation to

endocrine and exocrine pancreatic cells. Moreover, there exist

two nonallelic insulin genes expressed in rodents, insulin1 and

insulin2 [Deltour et al., 1993]. The insulin2 gene is expressed in the

developing brain and yolk sac as well as in the pancreatic b-cells
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Fig. 5. Characterization of differentiated hepatocytes by gene and protein expression analysis. A: The gene expressions of hepatic markers were measured by RT-PCR and real-

time PCR in each differentiation stage. Lane 1 represents undifferentiated ES cells. Lane 2 represents spontaneously differentiated EBs. Lane 3 represents cells treated with

sodium butyrate for 7 days. Lane 4 represents differentiated hepatic cells at the final stage. Liver tissue of mouse was used as positive control (lane 5). Histogram plots

represented the real-time PCR results of three independent experiments. B: After the treatment of sodium butyrate for 7 days, flow cytometric analysis was performed using an

anti-ALB antibody with hepatic progenitor cells (left panel). Spontaneously differentiated cells (right panel) were used as control. C: Immunofluorescence was performed to

analyze the protein expression of hepatocytes. Cells were immunostained with antibodies against ALB. The blue color in the images depicts the nucleus stained by Hoechst

33258. Scale bar: 50mm. D: PAS reaction was performed to evaluate the capability of glycogen storage in the differentiated hepatocytes (right panel). Spontaneously

differentiated cells were used as control (left panel).
[Giddings and Carnaghi, 1989; Slack, 1995], whereas insulin1 gene

expression is restricted to the pancreatic b-cells [Deltour et al.,

1993]. So the expression of insulin1 in the final stage of our protocol

indicated a relative mature product. C-peptide, an important

indicator to confirm derivation of insulin-producing cells from

ES cells, was also clearly detected in differentiated cells in our

cultures. It is known that the fundamental role of pancreatic b-cells

is the secretion of insulin in response to glucose. The final

differentiated ES cells in our protocol possessed the ability of insulin

releasing in response to glucose stimulation in vitro, suggesting that

some of the differentiated cells had acquired glucose sensing

machinery and excitation properties.

It was generally believed that HGF and Dex were essential to the

maturation of hepatocytes. HGF is critical to the signaling pathway

that controls the proliferation of fetal liver cells [Schmidt et al.,

1995]. During embryos development, the proliferation and out-

growth of the liver bud cells require the interaction of HGF [Shelly

et al., 1989]. Meanwhile, glucocorticoids was reported to modulate

the proliferation and function of adult hepatocytes [Kinoshita and

Miyajima, 2002] and found to be involved in hepatic maturation. In

the fetal liver, physiological concentrations of Dex, a synthetic

glucocorticoid, suppress AFP production and DNA synthesis and

upregulate ALB production [Machin et al., 2001]. In the present

study, upon consecutive induction with HGF and Dex, the ES-

derived hepatic progenitor cells induced by sodium butyrate

differentiated into hepatocyte-like cells, expressing mature hepatice

markers such as G6P, TAT, and CYP7A1 at the final stage. Functional
JOURNAL OF CELLULAR BIOCHEMISTRY
tests demonstrated the resulting differentiated cells had the

capability of glycogen storage. Taken together, the positive

expression of ALB, G6P, TAT, and CYP7A1, and the ability to

accumulate glycogen suggest that a relatively more mature

population of hepatocyte-like cells were isolated using the current

culture protocol.

In summary, we have demonstrated that sodium butyrate played

different roles in the differentiation of both hepatic and pancreatic

progenitor cells from ES cells. These progenitor cells have the

potential to be induced into maturation. Investigation of the

differentiation of these progenitor cells may not only provide a

potential transplantable cell source, but also facilitate the under-

standing of pancreatic and hepatic lineage differentiation and

development. Exact understanding of the developmental processes

that lead to a specific cell fate might help us to recapitulate the

events in vitro, and engineer artificial pancreatic cells and

heaptocytes to cure diabetes and liver diseases.

REFERENCES

Basma H, Soto-Gutierrez A, Yannam GR, Liu L, Ito R, Yamamoto T, Ellis E,
Carson SD, Sato S, Chen Y, Muirhead D, Navarro-Alvarez N, Wong RJ, Roy-
Chowdhury J, Platt JL, Mercer DF, Miller JD, Strom SC, Kobayashi N, Fox IJ.
2009. Differentiation and transplantation of human embryonic stem cell-
derived hepatocytes. Gastroenterology 136:990–999.

Cai J, Zhao Y, Liu Y, Ye F, Song Z, Qin H, Meng S, Chen Y, Zhou R, Song X,
Guo Y, Ding M, Deng H. 2007. Directed differentiation of human embryonic
stem cells into functional hepatic cells. Hepatology 45:1229–1239.
PROGENITOR CELL INDUCTION BY SODIUM BUTYRATE 243



Coakley RJ, Taggart C, O’Neill S, McElvaney NG. 2001. Alpha1-antitrypsin
deficiency: Biological answers to clinical questions. Am J Med Sci 321:
33–41.

Deltour L, Leduque P, Blume N, Madsen O, Dubois P, Jami J, Bucchini D.
1993. Differential expression of the two nonallelic proinsulin genes in the
developing mouse embryo. Proc Natl Acad Sci USA 90:527–531.

Deutsch G, Jung J, Zheng M, Lora J, Zaret KS. 2001. A bipotential precursor
population for pancreas and liver within the embryonic endoderm. Devel-
opment 128:871–881.

Giddings SJ, Carnaghi L. 1989. Rat insulin II gene expression by extra-
placental membranes. A non-pancreatic source for fetal insulin. J Biol Chem
264:9462–9469.

Gradwohl G, Dierich A, LeMeur M, Guillemot F. 2000. neurogenin3 is
required for the development of the four endocrine cell lineages of the
pancreas. Proc Natl Acad Sci USA 97:1607–1611.

Gu G, Dubauskaite J, Melton DA. 2002. Direct evidence for the pancreatic
lineage: NGN3þ cells are islet progenitors and are distinct from duct
progenitors. Development 129:2447–2457.

Guo T, Hebrok M. 2009. Stem cells to pancreatic beta-cells: New sources for
diabetes cell therapy. Endocr Rev 30:214–227.

Hamazaki T, Iiboshi Y, Oka M, Papst PJ, Meacham AM, Zon LI, Terada N.
2001. Hepatic maturation in differentiating embryonic stem cells in vitro.
FEBS Lett 497:15–19.

Hunziker E, Stein M. 2000. Nestin-expressing cells in the pancreatic islets of
Langerhans. Biochem Biophys Res Commun 271:116–119.

Hussain MA, Theise ND. 2004. Stem-cell therapy for diabetes mellitus. Lancet
364:203–205.

Jiang J, Au M, Lu K, Eshpeter A, Korbutt G, Fisk G, Majumdar AS. 2007a.
Generation of insulin-producing islet-like clusters from human embryonic
stem cells. Stem Cells 25:1940–1953.

Jiang W, Shi Y, Zhao D, Chen S, Yong J, Zhang J, Qing T, Sun X, Zhang P,
Ding M, Li D, Deng H. 2007b. In vitro derivation of functional insulin-
producing cells from human embryonic stem cells. Cell Res 17:333–344.

Jorgensen MC, Ahnfelt-Ronne J, Hald J, Madsen OD, Serup P, Hecksher-
Sorensen J. 2007. An illustrated review of early pancreas development in the
mouse. Endocr Rev 28:685–705.

Jung J, Zheng M, Goldfarb M, Zaret KS. 1999. Initiation of mammalian liver
development from endoderm by fibroblast growth factors. Science
284:1998–2003.

Kim SN, Choi HY, Kim YK. 2009. Regulation of adipocyte differentiation by
histone deacetylase inhibitors. Arch Pharm Res 32:535–541.

Kinoshita T, Miyajima A. 2002. Cytokine regulation of liver development.
Biochim Biophys Acta 1592:303–312.

Li G, Luo R, Zhang J, Yeo KS, Lian Q, Xie F, Tan EK, Caille D, Kon OL, Salto-
Tellez M, Meda P, Lim SK. 2009. Generating mESC-derived insulin-produ-
cing cell lines through an intermediate lineage-restricted progenitor line.
Stem Cell Res 2:41–55.

Machin C, Rua C, Diaz B, Arahuetes RM. 2001. Effects of endogenous and
exogenous glucocorticoids on liver differentiation. Acta Biol Hung 52:63–
74.

Matsumoto K, Mizumoto H, Nakazawa K, Ijima H, Funatsu K, Kajiwara T.
2008. Hepatic differentiation of mouse embryonic stem cells in a bioreactor
using polyurethane/spheroid culture. Transplant Proc 40:614–616.

McCue PA, Gubler ML, Sherman MI, Cohen BN. 1984. Sodium butyrate
induces histone hyperacetylation and differentiation of murine embryonal
carcinoma cells. J Cell Biol 98:602–608.
244 PROGENITOR CELL INDUCTION BY SODIUM BUTYRATE
McKinnon CM, Docherty K. 2001. Pancreatic duodenal homeobox-1, PDX-1,
a major regulator of beta cell identity and function. Diabetologia 44:1203–
1214.

Meehan RR, Barlow DP, Hill RE, Hogan BL, Hastie ND. 1984. Pattern of serum
protein gene expression in mouse visceral yolk sac and foetal liver. EMBO J
3:1881–1885.

Min J, Shang CZ, Chen YJ, Zhang L, Liu L, Deng XG, Yang M, Chen DP, Cao J,
Song EW, Chen JS. 2007. Selective enrichment of hepatocytes from mouse
embryonic stem cells with a culture system containing cholestatic serum.
Acta Pharmacol Sin 28:1931–1937.

Navarro-Alvarez N, Soto-Gutierrez A, Kobayashi N. 2009. Stem cell research
and therapy for liver disease. Curr Stem Cell Res Ther 4:141–146.

Perry M, Nelson D, Moore M, Chalkley R. 1979. Histone deacetylation in
nuclei isolated from hepatoma tissue culture cells. Inhibition by sodium
butyrate. Biochim Biophys Acta 561:517–525.

Rambhatla L, Chiu CP, Kundu P, Peng Y, Carpenter MK. 2003. Generation of
hepatocyte-like cells from human embryonic stem cells. Cell Transplant
12:1–11.

Rose SD, Swift GH, Peyton MJ, Hammer RE, MacDonald RJ. 2001. The role of
PTF1-P48 in pancreatic acinar gene expression. J Biol Chem 276:44018–
44026.

Schmidt C, Bladt F, Goedecke S, Brinkmann V, Zschiesche W, Sharpe M,
Gherardi E, Birchmeier C. 1995. Scatter factor/hepatocyte growth factor is
essential for liver development. Nature 373:699–702.

Sellem CH, Frain M, Erdos T, Sala-Trepat JM. 1984. Differential expression of
albumin and alpha-fetoprotein genes in fetal tissues of mouse and rat. Dev
Biol 102:51–60.

Sharma NS, Shikhanovich R, Schloss R, Yarmush ML. 2006. Sodium buty-
rate-treated embryonic stem cells yield hepatocyte-like cells expressing a
glycolytic phenotype. Biotechnol Bioeng 94:1053–1063.

Shelly LL, Tynan W, Schmid W, Schutz G, Yeoh GC. 1989. Hepatocyte
differentiation in vitro: Initiation of tyrosine aminotransferase expression in
cultured fetal rat hepatocytes. J Cell Biol 109:3403–3410.

Shimada N, Yamada K, Tanaka T, Kawata H, Mizutani T, Miyamoto K,
Matsuzawa T. 2001. Alterations of gene expression in endoderm differentia-
tion of F9 teratocarcinoma cells. Mol Reprod Dev 60:165–171.

Slack JM. 1995. Developmental biology of the pancreas. Development
121:1569–1580.

Strom SC, Fisher RA, Thompson MT, Sanyal AJ, Cole PE, Ham JM, Posner MP.
1997. Hepatocyte transplantation as a bridge to orthotopic liver transplanta-
tion in terminal liver failure. Transplantation 63:559–569.

Vaca P, Martin F, Vegara-Meseguer JM, Rovira JM, Berna G, Soria B. 2006.
Induction of differentiation of embryonic stem cells into insulin-secreting
cells by fetal soluble factors. Stem Cells 24:258–265.

Weiss MC, Strick-Marchand H. 2003. Isolation and characterization of mouse
hepatic stem cells in vitro. Semin Liver Dis 23:313–324.

Yamada T, Yoshikawa M, Kanda S, Kato Y, Nakajima Y, Ishizaka S, Tsunoda
Y. 2002. In vitro differentiation of embryonic stem cells into hepatocyte-like
cells identified by cellular uptake of indocyanine green. Stem Cells 20:146–
154.

Zhou QJ, Xiang LX, Shao JZ, Hu RZ, Lu YL, Yao H, Dai LC. 2007. In vitro
differentiation of hepatic progenitor cells from mouse embryonic stem cells
induced by sodium butyrate. J Cell Biochem 100:29–42.

Zulewski H, Abraham EJ, Gerlach MJ, Daniel PB, Moritz W, Muller B, Vallejo
M, Thomas MK, Habener JF. 2001. Multipotential nestin-positive stem cells
isolated from adult pancreatic islets differentiate ex vivo into pancreatic
endocrine, exocrine, and hepatic phenotypes. Diabetes 50:521–533.
JOURNAL OF CELLULAR BIOCHEMISTRY


