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Salvianolic Acid B Enhances Hepatic Differentiation
of Human Embryonic Stem Cells Through Upregulation

of WNT Pathway and Inhibition of Notch Pathway

Jiamei Chen,1–5 Benjamin Tschudy-Seney,5 Xiaocui Ma,5 Mark A. Zern,5 Ping Liu,1–4 and Yuyou Duan5,6

Hepatocytes differentiated from human embryonic stem cells (ESCs) could provide a powerful tool for enabling
cell-based therapies, studying the mechanisms underlying human liver development and disease, and testing the
efficacy and safety of pharmaceuticals. However, currently most in vitro protocols yield hepatocytes with low
levels of liver function. In this study, we investigated the potential of Salvianolic acid B (Sal B), an active
pharmaceutical compound present in Salvia miltiorrhiza, which has been shown to have an antifibrotic effect in
previous studies, to enhance hepatocyte differentiation from human ESCs. After treatment with Sal B, albumin
expression and secretion were consistently increased, indicating that Sal B could promote hepatocyte differ-
entiation process. Expression of a large number of important phase 1 and 2 metabolizing enzymes and phase 3
transporters was also increased in treated cells, indicating an enhanced biotransformation function. Our in-
vestigations further revealed the activation of Wnt pathway in treated cells, as determined by upregulation of
Wnts, which increased amounts of nuclear b-catenin. This increased nuclear b-catenin led in turn to the
enhanced expression of T cell factor (TCF) 3 and lymphoid enhancer-binding factor (LEF) 1 which upregulated
their downstream targets, cyclin D1 and c-Myc. Notch receptors (Notch1, Notch3), Notch ligand ( Jagged2), and
Notch receptor targets [hairy and enhancer of split (Hes) 1, 5] were downregulated in treated cells, suggesting
that Notch pathway was inhibited. Consistent with the inhibition of Notch pathway, expression of cholangiocyte
marker, CK7, was significantly reduced by treatment with Sal B. Numb, a direct transcriptional target of Wnt
pathway and a negative regulator of Notch pathway, was upregulated, consistent with activation of Wnt
signaling and suppression of Notch signaling. In conclusion, our study demonstrated that Sal B enhanced
hepatocyte differentiation from human ESCs through activation of Wnt pathway and inhibition of Notch
pathway. Therefore, this study suggests that Sal B can be used as a potential agent to generate more mature
hepatocytes for cell-based therapeutics and pharmaceutical studies.

Keywords: salvianolic acid B, human embryonic stem cells, hepatocyte differentiation, Wnt signaling pathway,
Notch signaling pathway

Introduction

L iver disease is a major health problem in the world and
it not uncommonly leads to liver failure through pro-

gressive cirrhosis of the liver [1]. Liver transplantation is the
only effective treatment for end-stage liver disease, but the
source of the donor livers for transplantation is limited, and
the cost of liver transplantation is very high [2,3]. The use of

hepatocytes with extracorporeal bioartificial liver devices
and transplantation of human primary hepatocytes may rep-
resent an alternative to orthotropic liver transplantation and
potentially provide effective treatment for many liver dis-
eases. In addition, effective in vitro models of hepatocyte
function are required for drug screening and development.
However, human primary hepatocytes are scarce in number;
moreover, human primary hepatocytes have limited proliferation
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in culture, and have rapid functional loss in vitro [4]. As an al-
ternative, human hepatoma cell lines or animal primary hepato-
cytes are used in drug development; however, these cells have low
levels of liver function, especially metabolic function, and usually
poorly represent human hepatocytes in vivo [1]. Therefore, de-
veloping viable hepatocytes with full metabolic function from
other sources is essential not only for use in cell-based therapeu-
tics but also as an accurate test system for pharmacology and
toxicology studies.

It has been shown that the use of pluripotent stem cells
(PSCs) may be the most effective approach to produce
functional hepatocytes for regenerative medicine and for the
pharmaceutical industry [5,6]. Thus, hepatocytes differen-
tiated from human PSCs, including human embryonic stem
cells (ESCs,) have the potential to overcome the shortage of
viable hepatocytes for clinical use and drug development
[7]. Many strategies for this purpose have been attempted;
however, conditions for generating mature hepatocytes from
human PSCs have been not yet fully defined.

Salvianolic acid B (Sal B), a major water soluble component
extracted from Chinese herbal, Radix Salviae miltiorrhizae,
has been used for treatment of liver diseases [8,9] and to
modulate the differentiation of various kinds of stem cells [10–
12]. In previous studies, it has been shown that Fuzheng Huayu
(FZHY), a Chinese medicine, could significantly reverse he-
patic fibrosis and improve the liver function in patients with
fibrosis and cirrhosis [13–17]; and our recent study revealed
that FZHY could enhance the processes of the differentiation
and maturation of human ESC toward hepatocytes [18]. FZHY
is a combinatorial compound of different Chinese herbs [18],
and 10 single compounds have been identified so far, and Sal B
is one of them (Supplementary Table S1; Supplementary Data
are available online at www.liebertpub.com/scd) [18]. In the
present study, we have investigated the effect of this agent on
hepatocyte differentiation from human ESCs and found that
Sal B could enhance the process of hepatocyte differentiation
from human ESCs through activating Wnt signaling pathway
and suppressing the Notch pathway.

Materials and Methods

Cell culture

The human ESC line, H9, was purchased from WiCell
Research Institute (Madison, WI), maintained and expanded
on mouse embryonic fibroblasts (GlobalStem, Rockville,
MD) as instructed by the provider.

Hepatocyte differentiation from human ESCs

Hepatocyte differentiation was performed as previously
described [5]. Briefly, the induction of definitive endoderm
(DE) from human ESCs was initiated by initial induction
conditions containing RPMI 1640 medium (Invitrogen,
Carlsbad, CA) with 100 ng/mL Activin A (R&D Systems
Inc., Minneapolis, MN) without fetal bovine serum (FBS)
for 48 h and then the medium was changed to induction
conditions, including RPMI medium with 100 ng/mL Ac-
tivin A, 0.5 mM sodium butyrate, and 1 · B27 supple-
ment (Invitrogen) for up to 6 days. DE cells were then split
and reseeded on collagen I-coated six-well plates (BD
Biosciences, San Diego, CA) in hepatocyte differentiation
medium (HDM) until used. HDM contains Iscove’s modified

Dulbecco’s medium (IMDM; Invitrogen) supplemented with
20% FBS (Invitrogen), 2 mM l-glutamine (Invitrogen),
0.3 mM 1-thioglycerol (Sigma-Aldrich, St. Louis, MO), 0.5%
dimethyl sulfoxide (DMSO; Sigma-Aldrich), 100 nM dexa-
methasone (Sigma-Aldrich), 0.126 U/mL human insulin
(Hospira, Inc.), FGF-4 (20 ng/mL), HGF (20 ng/mL), BMP2
(10 ng/mL), and BMP4 (10 ng/mL; R&D Systems, Inc.).

Drug preparation

Sal B, an effective water-soluble compound of Radix
Salviae miltiorrhizae, was obtained from Shanghai Medical
Research Institute, Chinese Academy of Science (Shanghai,
China). The purity of Sal B was 99%, molecular weight 718,
and molecular formula C36H30O16.

Treatment of differentiated cells with Sal B

To maintain dissolved Sal B in a sterile condition, Sal B was
dissolved in DMSO. Sal B was used to treat the differentiat-
ing cells at day 8 after the DE cells were reseeded on collagen
I-coated plates for differentiation at the final concentration of
1mM for 6 days. The differentiating control cells were treated
with the same concentration of DMSO only. All experiments
were repeated at least thrice using independent cell culture.

Enzyme-linked immunosorbent assay analysis

After treatment with Sal B, the medium supernatant was
collected every 48 h for determining human albumin (ALB)
secretion into the medium using the Human ALB Enzyme-
Linked Immunosorbent Assay (ELISA) Quantitation Kit
(Bethyl, Inc.). The assay was performed according to the
manufacturer’s instructions.

Quantitative real-time reverse transcription
polymerase chain reaction analysis

Differentiated cells treated with or without Sal B were
harvested at day 14, and total RNA isolation, complemen-
tary DNA (cDNA) generation, and quantitative real-time
polymerase chain reaction (qPCR) were carried out as pre-
viously described [5]. Primers or primers/probes used are
listed in Supplementary Table S2.

Immunofluorescence staining

To evaluate ALB expression and the proliferation of hu-
man ESC-derived hepatocytes, immunofluorescence staining
was used to detect ALB or/and Ki67. Briefly, differentiated
cells were fixed with 4% paraformaldehyde and incubated at
4�C overnight with primary ALB or/and Ki67 antibodies.
Then next day, cells were incubated in Cy3-conjugated
donkey anti-goat IgG or Alexa Fluor� 488-conjugated goat
anti-mouse IgG at room temperature for 1 h. Nuclei were
stained by 4¢,6-diamidino-2-phenylindole (DAPI). Antibodies
used are listed in Supplementary Table S3.

Western blot analysis

Differentiated cells were harvested and lysed in RIPA
buffer containing 25 mM Tris, 150 mM NaCl, 0.1% sodium
dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1%
Triton X-100, pH 7–8 plus proteinase inhibitor cocktail, and
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FIG. 1. Treatment of the differentiated cells with different concentrations of Sal B. (A) Illustration of differentiation
protocol with the addition of Sal B. (B) qPCR was used to determine the ALB expression of the differentiating cells after
DE stage; cells were treated at day 8 after differentiation with Sal B for 6 days at the concentrations of 0.5, 1, 10, and 20 mM.
ALB, albumin; DE, definitive endoderm; qPCR, quantitative real-time polymerase chain reaction; Sal B, salvianolic acid B.
Data represent mean – SEM. *P < 0.05, **P < 0.01.

FIG. 2. Enhancement of hepatocyte differentiation from human ESC by Sal B. (A) Immunostaining was performed to
detect the expression of ALB at day 14 after differentiation in the untreated (control) and the treated cells. (B) The
expression of ALB protein was determined by western blot in the untreated and treated cells at day 14 after differentiation.
(C) The expression of ALB protein was measured using histogram normalized to GAPDH based on the results of western
blot. (D) The amount of secreted ALB in the medium was measured by ELISA analysis at days 8, 10, 12, and 14 after
differentiation, and the secretion of ALB in treated cells exhibited significantly higher than those in untreated cells, which
were shown by the panels of column graphs. (E) Relative expression of TAT and ASGPR was determined by qPCR in
treated cells compared to untreated cells. (F) Relative expression levels of phase 1, 2, and 3 enzymes and proteins were
determined by qPCR in the treated cells and compared to untreated cells. Data represent mean – SEM. *P < 0.05, **P < 0.01.
ASGPR, asialoglycoprotein receptor; ELISA, enzyme-linked immunosorbent assay; ESC, embryonic stem cell; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; SEM, standard error of the mean; TAT, tyrosine aminotransferase.
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phosphatase inhibitor cocktail (Millipore, Billerica, MA) at
day 14 after differentiation. Thirty to fifty micrograms of
total proteins or 5–10mg of nuclear protein was used for
western blot analysis as previously described [19]. Anti-
bodies used are listed in Supplementary Table S3.

PCR array assays

Differentiated cells were harvested at day 14 after treat-
ment with or without Sal B, and total RNA was isolated, and
cDNAs were generated using the RT2 First Strand Kit (Qiagen,
Valencia, CA). The Signal Transduction PathwayFinder PCR
Array (PAHS-014Z; all from SABiosciences, Valencia, CA)
was employed using the RT2 SYBR Green qPCR Mastermix
(SABiosciences), and data were analyzed as indicated by the
manufacturer.

Statistical analysis

All data are summarized as mean plus or minus standard
deviation. An Unpaired Student t-test was used to analyze
the data. P < 0.05 was considered statistically significant.

Results

Determining the working concentration of Sal B

Hepatocyte differentiation of human ESCs was performed
as previously described [5]. According to our previous study
[18], the differentiating cells after the DE stage were treated

at day 8 with Sal B for 6 days at the concentrations of 0.5, 1,
10, and 20mM, respectively (Fig. 1A). We found that he-
patocyte differentiation from human ESCs could be pro-
moted at the concentrations of 1 and 10mM Sal B, and the
best concentration was 1mM (Fig. 1B), thus, 1mM Sal B or
1 mM DMSO was used to treat the cells in this study.

Enhancement of hepatocyte differentiation
from human ESCs by Sal B

The differentiation process was enhanced with Sal B, as
determined by the increase in ALB expression (Fig. 1B).
Results of immunofluorescence staining showed that the
number of ALB-positive cells was increased in treated cells
compared to the untreated cells (Fig. 2A), and the increase of
ALB expression was further confirmed by western blot
(Fig. 2B, C). The functional assay showed that secreted ALB
in the medium was increased during the period of treatment
with Sal B as determined by ELISA (Fig. 2D). Expression of
asialoglycoprotein receptor (ASGPR), an important marker
of mature and functional hepatocytes, and tyrosine ami-
notransferase (TAT), another important functional enzyme,
was also markedly increased in treated cells compared to the
cells without treatment (Fig. 2E). Metabolic function is one
of the most important actions of hepatocytes, in which me-
tabolizing phase 1 enzyme cytochrome P450 (CYP), phase 2
enzyme UDP-glucuronosyl-S-transferase (UGT), and phase 3
transporters play key roles. We quantitatively evaluated the
changes of several important phase 1, phase 2, and phase 3

FIG. 3. The determination
of affected signaling pathways
by the treatment with Sal B.
PCR Array revealed upregu-
lation of the Wnt signaling
pathway and downregulation
of the Notch signaling path-
way (the details of expression
of 84 genes representing 10
signaling pathways are listed
in Supplementary Fig. S1).
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metabolizing enzymes and proteins by the treatment of Sal B.
qPCR results revealed that the expressions of CYP3A4,
CYP2C19, UGT1A6, UGT1A8, and UGT2B7 were signifi-
cantly higher in the treated cells compared to those in cells
without treatment (Fig. 2F). Therefore, these results strongly
demonstrated that hepatocyte differentiation from human
ESCs was markedly enhanced at an early differentiation stage
by treatment with Sal B.

Sal B enhanced the canonical Wnt signaling
pathway

To investigate whether specific signaling pathways are
involved in hepatocyte differentiation from human ESCs in
the presence of Sal B, the Signal Transduction Pathway-
Finder PCR Array containing 84 genes representing 10
pathways was used to assess the effects of Sal B treatment.

We found that the Wnt signaling- related proteins, Wnt6 and
MMP7, were upregulated in Sal B treated cells (Fig. 3 and
Supplementary Fig. S1), while Hes5 and CCL5, transcrip-
tion factors of the Notch signaling pathway, were down-
regulated by Sal B. Normally Wnt and Notch signaling
pathways are involved in proliferation and differentiation of
stem cells; thus we sought to further characterize how these
pathways were affected by Sal B. qPCR results showed that
Wnt1, Wnt2, Wnt3, and Wnt7a were more highly expressed
in Sal B-treated cells (Fig. 4A), and western blot results
showed that Wnt1 was highly expressed in Sal B-treated
cells (Fig. 4B, C), suggesting that Sal B treatment enhanced
Wnt signaling pathways during the process of hepatocyte
differentiation.

b-catenin nuclear translocation and TCF and LEF upre-
gulation have been shown to be involved in canonical Wnt
pathways [20], and in our studies, western blot results

FIG. 4. Wnt/b-catenin pathway was acti-
vated by Sal B during differentiation. (A)
Relative expression of genes from Wnt li-
gands was determined by qPCR at day 14 of
differentiation in the treated and untreated
cells. (B) Expression of Wnt1, cyclin D1,
c-Myc, Numb, and b-catenin was detected by
western blot in the treated and untreated cells.
(C, D) Wnt1 and cyclin D1 protein expression
was measured using histogram normalized to
GAPDH after calculation based on the results
of western blot. (E) The amount of nuclear
beta-catenin protein was measured using his-
togram normalized to histone protein after
calculation based on the results of western
blot. (F) Relative expressions of LEF1, TCF3,
Numb, and cyclin D1 were determined by
qPCR in the treated cells and compared to
the untreated cells at day 14 of differentia-
tion. Data represent mean – SEM. *P < 0.05,
**P < 0.01. LEF, lymphoid enhancer-binding
factor; TCF, T cell factor.
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showed that the amount of b-catenin protein in nuclei was
increased in treated cells (Fig. 4B, E) and that the expression
of LEF1 and TCF3, b-catenin target genes, was also in-
creased (Fig. 4F). We further evaluated TCF3 downstream
targets such as cyclin D1 and c-Myc, which facilitate cell
differentiation. Both qPCR results and western blots re-
vealed that both cyclin D1 and c-Myc were more highly
expressed in treated cells compared to untreated cells
(Fig. 4B, D, F). Numb mediates the interaction between
Wnt and Notch as an interruption point of the Wnt-Notch
signaling cycle [21,22]. Western blot and qPCR analysis
showed that the expression of Numb was upregulated
(Fig. 4B, F), and this upregulation is consistent with the
activation of canonical Wnt signaling and suppression of
Notch signaling.

The Notch signaling pathway was suppressed
by Sal B

Consistent with the result of the Signal Transduction
PathwayFinder PCR Array, the expression of Hes5 was
decreased in treated cells as determined by qPCR (Fig. 5B).
We further determined the proteins associated with the
Notch signaling pathway. Notch receptor, Notch1 and
Notch3, Notch ligand, Jagged2, and the Notch target gene,
Hes1, were downregulated in treated cells compared to
those in the untreated cells (Fig. 5B). Western blot results
further confirmed that Hes1 and Jagged2 were down-
regulated in treated cells (Fig. 5C, D); these results suggest
that the Notch signaling was suppressed in the Sal B-treated
cells. The Notch signaling pathway is necessary for speci-
fication of the biliary tree, and Notch pathway inhibition
results in failure of hepatoblast specification into cho-
langiocytes [23,24]. Thus, we investigated the expression of
cholangiocyte marker, CK7, by qPCR, which was signifi-
cantly decreased in the treated cells compared to the un-

treated cells (Fig. 5A). These results suggest that one of the
mechanisms of promoting hepatocyte differentiation by Sal
B may be the inhibition of the cholangiocyte fate through
suppression of the Notch pathway.

Promotion of hepatocyte proliferation by Sal B

Human primary hepatocytes lose the proliferative ca-
pacity rapidly in in vitro culture; this phenomenon hinders
the use of hepatocytes. In the aforementioned analysis of
the activation of Wnt signaling, TCF1 upregulated its
downstream target genes, cyclin D1 and c-myc; both genes
facilitate cell proliferation, suggesting that Sal B poten-
tially promoted human ESC-derived hepatocytes. After
treatment with Sal B, the proliferative capacity of human
ESC-derived hepatocytes was enhanced in the treated cells
as indicated by increasing numbers of cells that were
double positive for ALB and Ki67 at day 14 after the
differentiation, as determined by immunofluorescence
staining (Fig. 6); thus, the result of immunostaining assay
was consistent with those of the analysis for the activation
of Wnt pathway.

Discussion

Mimicking liver development, we have developed an
efficient protocol to generate metabolically functioning he-
patocytes from human ESCs [5], and these hepatocytes
exhibit in vivo function shown by engrafting and prolifer-
ating in mouse livers [25]. Our results are encouraging;
however, the differentiated cells are not completely mature
hepatocytes. Therefore, we and others turned to the study of
optimizing the protocol of hepatocyte differentiation from
human ESCs to obtain more mature hepatocytes by small
molecules [26], Chinese medicine [18], coculture with other
liver cells [27], three-dimensional differentiation configurations

FIG. 5. Notch signaling pathway was suppressed by Sal B to inhibit the formation of cholangiocytes during differenti-
ation. (A) The relative expression of cholangiocyte marker CK7 was determined by qPCR in the treated cells and compared
to the untreated cells at day 14 of differentiation. (B) The relative expression of Notch receptor, Notch1, Notch 2, and
Notch3, Notch ligand, Jagged1 and Jagged2, and Notch target genes, Hes1 and Hes5, was detected by qPCR in the treated
cells and compared to the untreated cells at day 14 of differentiation. (C, D) The protein expressions of Jagged2 (C) and
Hes1 (D) were detected by western blot in the treated cells and the untreated cells at day 14 of differentiation. Data represent
mean – SEM. *P < 0.05, **P < 0.01. Hes, hairy and enhancer of split.
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[28,29], etc. Recently, we found that the traditional Chi-
nese Medicine FZHY not only promoted hepatocyte dif-
ferentiation and maturation from human ESCs but also
enhanced hepatocyte proliferation [18], suggesting that
some traditional Chinese medicines may contribute to en-
hanced hepatocyte differentiation and maturation from
human ESCs.

Sal B is the ingredient of greatest concentration and with
the most activity of the phenolic acids of Radix Salviae
miltiorrhizae [30]. Moreover, it has been reported to regu-
late the proliferation and differentiation of many kinds of
stem cells. Gao et al. found that when Sal B was combined
with 5-azacytidine and cardiomyocyte lysis medium, it
improved cardiomyocyte differentiation from mesenchy-
mal stem cells [31]. Xu et al. revealed that Sal B promoted
osteogenesis of human mesenchymal stem cells through

activating the ERK signaling pathway [32]. Zhang et al.
reported that Sal B facilitated the survival of bone marrow
derived-neural stem cells (BM-NSCs), reduced lactate
dehydrogenase leakage, inhibited apoptosis, and induced
brain-derived neurotrophic factor production by BM-
NSCs. And it was thought to be beneficial for the cells’
survival and differentiation in an unfavorable environment
[12]. Zhuang et al. demonstrated that Sal B helped main-
tain the self-renewal of neural stem/progenitor cells, and it
also promoted proliferation [10].

In this study, we determined that Sal B promoted the
process of hepatocyte differentiation from human ESCs
under our differentiation conditions, including an increase of
ALB expression as determined by qPCR, western blot, and
immunofluorescence staining. These results were further
confirmed by an increase of ALB secretion into the media.
After treatment with Sal B, the ASGPR expression was also
markedly increased. Our results also showed that the ex-
pression of the metabolizing enzymes of differentiated cells
was significantly increased in the Sal B-treated cells, indi-
cating that they were more mature.

FIG. 6. Enhancement of hepatocyte proliferation by Sal
B. Double-immunostaining was performed to detect coex-
pression of ALB and Ki67 at days 14 after the differentia-
tion in the untreated cells and the treated cells. Left panel:
control—the untreated cells; right panel: salvianolic acid
B—the treated cells with Sal B.

FIG. 7. Illustration of the effects of Sal B on hepatocyte
differentiation from human ESC. Under the culture condi-
tions with HGF and FGF4, the Wnt signaling pathway was
activated to regulate hepatocyte differentiation from human
ESC. Free b-catenin after dephosphorylation was translo-
cated into the nucleus where b-catenin binds to LEF1/
TCF3 to trigger the expressions of the downstream genes,
including those that promote hepatocyte differentiation, c-
Myc and cyclin D1, which facilitate cell proliferation, as
well as Numb, which acts as a negative regulator of the
Notch signaling pathway to inhibit cholangiocyte differ-
entiation, is also upregulated. Thus, Sal B treatment up-
regulates the Wnt signaling pathway (red arrow) to
enhance hepatocyte differentiation and downregulates the
Notch signaling pathway to inhibit cholangiocyte differ-
entiation (red T).
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The Wnt/b-catenin signaling pathway appears to play an
important role in regulating the stemness, proliferation,
and differentiation of stem cells [33,34], especially in liver
development. However, the effect of the Wnt signaling
pathway on liver development is very complex [35]. For
example, the activation or inhibition of the Wnt pathway
has been used to direct differentiation of human PSCs into
intestinal cells [36] and foregut derivatives [37], respec-
tively. And investigations in rodents elucidated the role of
Wnt1 in directing stem cells to differentiate to hepatocytes
during liver regeneration after liver injury in rats [38]. Our
latest study revealed that traditional Chinese medicine
Fuzheng Huayu can enhance hepatocyte differentiation and
maturation from human ESCs by the activation of the ca-
nonical Wnt signaling pathway [18].

In this study, it was found that the expressions of Wnt1,
Wnt2, Wnt3, and Wnt7a were markedly increased after
treatment with Sal B and that the level of b-catenin in nuclei
was increased in treated cells. Upon Wnt activation, cyto-
plasmic b-catenin is stabilized and enters the nucleus, where
it associates with transcription factors, notably TCF and
LEF, to regulate the transcription of target genes, which in
turn are prominently involved in regulating cell differenti-
ation [39,40]. As expected, the expression of LEF1 and
TCF3, and the target genes, cyclin D1 and c-Myc, which
facilitate cell proliferation [38], as well as Numb, were
significantly increased in Sal B-treated cells. These results
suggest that Sal B enhances both the hepatocyte differenti-
ation from human ESCs and proliferation through activation
of the Wnt/b-catenin signaling pathway (Figs. 6 and 7). The
hepatocytes lack the proliferative capacity in in vitro cul-
ture, and this hinders its use in in vitro analysis; thus, Sal B
would potentially help produce proliferating hepatocytes for
in vitro analysis.

The Notch signaling pathway is necessary for specifica-
tion of the biliary tree, and Notch pathway ablation results in
the failure of hepatoblast specification to cholangiocytes
[24,41]. Touboul et al. found that inhibition of the Notch
signaling pathway in the process of differentiation of human
ESCs into hepatocytes was associated with rapid upregula-
tion of ALB expression and maintenance of high levels
of CEBPA and HNF1a expression, as well as the down-
regulation of the cholangiocyte-associated transcription
factor SOX9 [7]. Notch receptors (Notch1–4) and Notch
ligands (DDLs, Jagged1 and 2) are highly expressed during
biliary regeneration of mouse hepatic progenitor cells, in-
dicating that the Notch pathway was activated [42], and this
activation was confirmed by greater expression of the Notch
receptor targets Hes1 and Hes5 during biliary regeneration
in comparison to hepatocyte regeneration [41].

In our study, the Notch signaling pathway was suppressed
by Sal B during the hepatocyte differentiation from human
ESCs based on the finding that the expression of Notch1,
Notch3, Jagged2, Hes1, and Hes5 was markedly down-
regulated in the Sal B-treated cells. Furthermore, we found
that Sal B inhibited the differentiation of cholangiocyte as
demonstrated by a decrease of CK7 expression. Numb is a
direct transcriptional target of the Wnt signaling pathway
and is a negative regulator of the Notch pathway [42,43];
thus, Numb is a key mediator of the coordinated interaction
of the Wnt and Notch pathways [21,22]. In our study, upon
Wnt/b-catenin signaling pathway activation after treat-

ment with Sal B, the Numb expression was upregulated,
further negatively regulating the Notch pathway, which in
turn resulted in inhibition of the biliary differentiation of
human ESCs (Fig. 7).

In conclusion, the results of this study demonstrated that
Sal B treatment can enhance hepatocyte differentiation and
proliferation from human ESCs through the activation of the
Wnt/b-catenin signaling pathway and the inhibition of the
Notch pathway to suppress the formation of cholangiocytes.
In addition, Numb, a key mediator of the coordinated in-
teraction of the Wnt and Notch pathways, was upregulated
by Sal B. Therefore, the present study suggests that Sal B
may be used as a potential agent to generate more mature
hepatocytes for cell-based therapeutics for liver diseases and
for pharmaceutical study.
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