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ABSTRACT. Our research demonstrated the potential for mouse bone 
marrow mesenchymal stem cells (mBMMSCs) to differentiate into 
hepatocytes in vitro and in vivo. However, the exact mechanism of this 
process remains unknown. In this study, we investigated the role of 
the mitogen-activated protein kinase (MAPK) cell-signaling pathway 
in the differentiation of mBMMSCs into hepatocytes. mBMMSCs were 
isolated from femurs and tibias, and hepatic differentiation was induced 
in Isove’s modified Eagle’s medium supplemented with 10% fetal bovine 
serum, containing human growth factor and fibroblast growth factor 
4. After seven days of induction, morphological characteristics were 
examined. For inhibition of signaling molecular activities, the inhibitors 
p38 (SB203580), ERK1/2 (U0126), and MSK1 (H89) were added to 
the differentiation medium. Real-time polymerase chain reaction and 
Western blot analysis were used to evaluate the gene expression profiles 
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and protein expression of several markers, including the early specific 
markers of hepatocytes (AFP and FOXa2), phosphorylated-p38 (p-
p38), phosphorylated-ERK1/2 (p-ERK1/2), and phosphorylated-
MSK1 (p-MSK1). Expressions of p-p38, p-ERK1/2, and p-MSK1 were 
effectively inhibited by their respective inhibitors. Expressions of early 
specific markers, AFP and FOXa2, in the p38, ERK1/2, and MSK1 
inhibitor-treated groups were significantly decreased compared to those 
of the cytokine-induced control. Notably, the expressions of AFP and 
FOXa2 in the p38 inhibitor group were more obviously reduced than 
those in the ERK1/2 inhibitor group. The MAPK signaling pathway, 
especially p38, is sufficient to drive differentiation of mBMMSCs 
into hepatocytes. This could increase the efficiency of hepatocyte 
differentiation, which would benefit clinical applications.
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INTRODUCTION 

Recent studies have demonstrated that bone marrow mesenchymal stem cells 
(BMMSCs) can be induced to generate not only the progenies of mesodermal lineages, such 
as adipocytes, chondrocytes, and myogenic cells, but also cells from different germ layers, 
such as neuronal cells and hepatocytes (Prockop, 1997; Pittenger et al., 1999; Jiang et al., 
2002; Chen et al., 2006). Our laboratory previously demonstrated that mouse BMMSCs 
(mBMMSCs) have potential to differentiate into hepatocytes with relatively high differentiat-
ing efficiency (Chen et al., 2009). These capacities of BMMSCs have attracted tremendous at-
tention because of their potential as a cell source for cell therapy of hepatic diseases; however, 
the molecular mechanisms underlying the differentiation of BMMSCs are not clear.

Mitogen-activated protein kinases (MAPKs) have been reported as the most impor-
tant signaling pathway protein kinases. MAPK family transduction involves a multistep ki-
nase cascade involving MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK), and 
MAPK, along with extracellular signal-regulated protein kinase (ERK), p38 kinase, and c-Jun 
N-terminal kinase (JNK) (Davis, 2000; Chun, 2004). Mitogen- and stress-activated kinase 
1 (MSK1) is the downstream target of MAPKKs (Commodaro et al., 2010). Although p38 
and ERK have been shown to play important roles in mediating stem cell proliferation and 
differentiation (Peng et al., 2009; Zhang et al., 2010; Li et al., 2010), their specific involve-
ment in the differentiation into hepatocytes remains unclear. BMMSCs can be induced by 
fibroblast growth factor (FGF) to express not only the early specific markers of hepatocytes 
[α-fetoprotein (AFP) and hepatocyte nuclear factor 3-β (HNF-3B or FOXa2], but also the 
FGF receptor family FGF1IIIc and FGF2IIIc. However, whether p38 and ERK are involved in 
FGF-induced hepatocyte differentiation of BMMSCs needs to be clarified.

In the present study, we investigated expression levels of the early specific markers of 
hepatocytes, AFP and FOXa2, seven days after differentiation induction by FGF and human 
growth factor (HGF). The p38 inhibitor SB203580 and the ERK1/2 inhibitor U0126 were 
shown to suppress the differentiation process, and the effect was strongest in the former.



417

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 13 (1): 415-424 (2014)

FGF4 and HGF induce hepatocyte differentiation via MAPKs

MATERIAL AND METHODS

Animals

Four- to eight-week-old male imprinting control region (ICR) mice, obtained from the 
Laboratory Animal Unit of the Zhejiang Academy of Medical Sciences (Hangzhou, People’s 
Republic of China), were used in the experiments. The animals were housed under specific 
pathogen-free conditions. All experimental procedures were performed according to institu-
tional guidelines.

Isolation and culture of mBMMSCs

mBMMSCs were harvested as described previously (Chen et al., 2007). Briefly, cells 
were obtained from bone marrows of femurs and tibias of 8-week-old ICR mice and cultured 
in Isove’s modified Eagle’s medium (IMEM; Invitrogen Gibco, USA) supplemented with 10% 
FBS (Tianhang Biological Technology, China) and 1% penicillin/streptomycin (Invitrogen) at 
37°C and 5% CO2. Non-adherent cells were removed from plates 72 h later by changing the 
medium, and once the cells nearly reached confluence, they were replated at 100 cells/cm2.

In vitro hepatic differentiation and MAPK inhibition

BMMSCs of passage 3 were inoculated at 5 x 104 cells/cm2 on six-well culture plates 
and divided into five groups. Briefly, in group A, the negative control group, BMMSCs were 
cultured in basal medium only supplemented with 10% FBS (Tianhang) and 1% penicillin/
streptomycin (Invitrogen). In group B, cells were treated with cytokines, as described previ-
ously (Pan et al., 2008), and hepatic differentiation was induced in IMEM supplemented with 
10% FBS, containing 20 ng/mL HGF (Peprotech, Rocky Hill, NJ, USA) and 10 ng/mL FGF4 
(Peprotech). In the other groups, the specific inhibitors of ERK, p38, and MSK1 (H89, Beyo-
time, Haimen, JiangSu) were added to the induction cultures, respectively. The optimized con-
centrations were determined by a concentration gradient test, in which 5, 10, 15, and 20 mM 
SB203580, 5, 10, and 15 mM U0126, and 10, 15, and 20 mM H89 were tested. All groups were 
cultured at 37°C and 5% CO2 for 7 days.

RNA isolation and real-time polymerase chain reaction (RT-PCR)

In brief, total RNA was isolated using TRIZOL (Invitrogen) according to manufacturer 
instructions, and was quantified by spectrophotometry. One-microgram total RNA samples 
were reverse-transcribed using the PrimeScriptTM RT reagent kit (TaKaRa, Dalian, China) 
according to manufacturer protocols. RT-PCR was performed using a SYBR PrimeScriptTM 

RT-PCR Kit (TaKaRa) in a real-time thermal cycler system. Gene-specific primers for b-actin, 
AFP, and HNF-3B (also called FOXa2) were designed using the Premier software with the 
primers listed in Table 1 (Sangon Biotech, Shanghai, China). The PCR was carried out at 
95°C for 30 s, and then at 95°C for 5 s, annealing at 55°C for 30 s, and 72°C for 30 s, for 40 
cycles. The relative concentration of cDNA was determined by the standard dilution curve and 
normalized against that of b-actin.
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Protein isolation and Western blot

The total protein extraction was carried out by harvesting 2 x 105 serum-deprived 
cells/mL in ice-cold lysis buffer (Beyotime). Cells were shaken at 4°C for 20 min, and cooled 
on ice for 10 min. The lysate was centrifuged at 14,000 rpm for 15 min before the supernatant 
was subjected to protein concentration determination. Protein concentrations were measured 
using a bicinchoninic acid protein assay kit (Solarbio, Beijing, China), and were fraction-
ated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a 
polyvinylidene fluoride membrane (BioRad, Hercules, CA, USA). The membrane was incu-
bated with blocking solution [5% nonfat dried milk in phosphate-buffered saline with 0.2% 
Tween-20 (PBST)] for 1 h, and then incubated overnight at 4°C with the following primary 
antibodies: anti-AFP, anti-FOXa2, anti-ERK1/2, and anti-phospho-ERK1/2 (all from Santa 
Cruz Biotechnology, Dallas, TX, USA), anti-p38, anti-MSK1, anti-phospho-p38, and anti-
phospho-MSK1 (Abcam, Hong Kong, China). After three washes with PBST, membranes 
were incubated with horseradish peroxidase-conjugated secondary IgG (diluted 1:5000; Santa 
Cruz Biotechnology) for 1.5 h. Immunoreactive bands were detected by Western blotting us-
ing the ECL system (Beyotime).

Statistical analysis

Statistical analysis was performed using the SPSS version 16.0 software. All experi-
ments were repeated at least three times and the data of evaluation parameters are reported as 
means ± SD.

RESULTS

Morphological changes of BMMSCs during differentiation into hepatocyte-like 
cells and MAPK inhibition

Morphological changes of BM cells and BM-derived hepatocyte-like cells were ob-
served under a phase-contrast microscopy over the course of culture. The isolated cells dis-
played typical fibroblast-like morphologies (Figure 1A). After 7 days of culturing in the dif-
ferentiation medium, the morphology of BM cells changed to polygonal, and cell colonies 
formed that gradually increased in size and number. The cells in these colonies had round, 
clear nuclei, and granular cytoplasm (Figure 1F), whereas the cells in the negative control 
remained fibroblast-like with fusiform morphology (Figure 1B). Most of the cells in the differ-

Gene    Primer sequences (5'-3')  Product size (bp)

β-actin-F: TTCCTTCTTGGGTATGGAAT  200
β-actin-R: GAGCAATGATCTTGATCTTC
AFP-F: CACTGCTGCAACTCTTCGTA  300
AFP-R: CTTTGGACCCTCTTCTGTGA
HNF3b-F: GACCTCTTCCCTTTCTACCG  551
HNF3b-R: TTGAAGGCGTAATGGTGC

Table 1. Primer sequences used for PCR analysis.
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entiation medium that contained p38 inhibitor showed fibroblast-like or fusiform morphology, 
while others showed hepatocyte-like cell characteristic (Figure 1C). The ERK1/2 inhibitor 
also decreased the number of hepatocyte-like cells, although this effect was weaker than that 
of the p38 inhibitor (Figure 1D). Similar morphological characteristics were observed in cells 
cultured with the MSK1 inhibitor (Figure 1E).

Figure 1. Morphologic changes of BMSC among groups. A. Primary culturing cells; B. negative control cells; 
C. P38 inhibitor group; D. ERK1/2 inhibitor group; E. MSK1 inhibitor group; F. differentiation into hepatocyte-
like cells. Bar: 20 μm.
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Concentration gradient test of MAPK inhibitors

SB203580, U0126, and H89 could all effectively decrease the phosphorylation-p38, 
phosphorylation-ERK1/2, and phosphorylation-MSK1, respectively, but not p38, ERK1/2, 
and MSK1. The efficacy of SB203580 to inhibit phosphorylation-p38 increased gradually up 
to 15 mM, although the inhibitor had similar effects at 20 mM. Using the same methods for the 
other two inhibitors, we demonstrated that the optimized concentrations of SB203580, U0126, 
and H89 were 15, 10, and 15 mM, respectively (Figure 2).

Figure 2. Concentration gradient test of MAPK inhibitor. A. 15 µM P38 inhibitor had similar effects to 20 
µM. Finally, we have chosen SB203580 at 15 µM in the followed test; B. 15 µM was chosen as the optimized 
concentration of MSK1 inhibitor H89. C. The optimized concentration of ERK1/2 inhibitor U0126 was 10 µM.

Effects of MAPK inhibitors on AFP and FOXa2 gene expression

The hepatic progenitor cells expressed mostly typical markers of hepatic stem cells, 
such as AFP, TTR, DPPIV, GGT, BG, FOXa2, CK19, and Dlk, but did not express the mature 
hepatocyte marker ALB (Pan et al., 2008). Therefore, the early specific markers of hepatocytes, 
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AFP and FOXa2, were expressed 7 days after hepatic differentiation in vitro. The BMMSCs 
were further cultured in the induction medium supplemented with specific inhibitors of ERK 
(U0126), p38 MAPK (SB203580), and MSK1 (H89) at the optimized concentration indicated 
above. The gene expressions of AFP and FOXa2 were reduced to different extents, and were 
decreased more markedly with the p38 inhibitor than with the ERK1/2 inhibitor (Figure 3).

Effects of MAPK inhibitors on AFP and FOXa2 protein expression

Using the optimized concentrations of inhibitors, phosphorylation-p38, phosphoryla-
tion-ERK1/2, and phosphorylation-MSK1 were all effectively decreased. The phosphoryla-
tion of the selected signaling molecules and hepatocyte markers were measured by immuno-
blotting with antibodies against the corresponding molecules. Compared with the control that 
was cultured in basal medium only, the AFP and FOXa2 proteins were expressed in the induc-

A

B

Figure 3. Effects of MAPK inhibitors on gene expression of AFP and FOXa2. A. The expression of AFP mRNA 
in p38, ERK1/2 and MSK1 inhibitor groups was significantly decreased than that of the cytokine differentiated 
induction group, and the expression of AFP mRNA in the p38 inhibitor group was decreased more obviously than 
that in the ERK1/2 inhibitor group. B. The expression of FOXa2 mRNA in p38, ERK1/2 and MSK1 inhibitor 
groups was significantly decreased than that of the cytokine differentiated induction group, and the expression of 
FOXa2 mRNA in the p38 inhibitor group was decreased more obviously than that in the ERK1/2 inhibitor group.
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tion medium. When the BMMSCs were treated with the p38 inhibitor SB203580, the AFP and 
FOXa2 bands became weaker. The same phenomenon appeared in the other two groups when 
treated with ERK1/2 and MSK1 inhibitors, respectively. The bands of the p38 inhibitor group 
were markedly weaker than those of the ERK1/2 inhibitor group (Figure 4).

A

B

Figure 4. Effects of MAPK inhibitors on protein expression of AFP (A) and FOXa2 (B). The protein of AFP and 
FOXa2 was expressed at the cytokine differentiated induction group, but not in the negative control (NC) group. 
The levels of these two proteins were decreased by MAPK inhibitors, especially by P38 inhibitor SB203580.

MSK1 can be activated by either ERK1/2 or p38 in vivo (Darragh et al., 2010). Al-
though both ERK1/2 and p38 are able to directly affect transcription via the phosphorylation 
of specific transcription factors, they are also able to induce transcription via activation of 
downstream kinases. In cells, MSKs are activated via a complex series of phosphorylation and 
auto-phosphorylation reactions occurring downstream of ERK1/2 or p38a. The main function 
of MSKs that has been identified to date is the regulation of the cAMP-response element-
dependent-immediate early genes downstream of MAPK signaling (McCoy et al., 2007).

DISCUSSION

Liver transplantation is one of the most effective treatments currently used in patients 
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with acute hepatic failure or end-stage liver disease. Although hepatocyte transplantation has 
emerged as a promising and less aggressive method to treat liver disease, it is difficult to obtain 
freshly isolated hepatocytes. Recent studies have demonstrated that BMMSCs can be induced 
to generate not only the progenies of mesodermal lineages, but also cells from different germ 
layers, such as neuronal cells and hepatocytes (Prockop, 1997; Pittenger et al., 1999; Jiang et 
al., 2002; Chen et al., 2006). Our laboratory has demonstrated that mBMMSCs have the po-
tential to differentiate into hepatocytes with high differentiating efficiency. However, the mo-
lecular mechanisms underlying the differentiation of BMMSCs are not clear. MAPK signaling 
pathways have been shown to play an important role in mediating stem cell proliferation and 
differentiation (Peng et al., 2009; Zhang et al., 2010; Li et al., 2010). MAPK (JNK, p38, ERK) 
pathways constitute a large kinase network that regulates a variety of physiological processes, 
such as cell growth, differentiation, and apoptotic cell death, in response to different stimuli.

In our previous study (Pan et al., 2008), FGF4 and HGF were found to promote dif-
ferentiation of mouse BMMSCs into hepatocytes. In the present study, morphologically, hepa-
tocyte-like epithelioid cells appeared in group B at day seven, whereas the cells in the negative 
control remained fibroblast-like or of fusiform morphology. With respect to the expressions 
of genes and proteins, the early specific markers of hepatocytes, AFP and FOXa2, were ex-
pressed in group B at day seven, but were not expressed in the negative control group. To vali-
date whether FGF4 and HGF promote hepatocellular differentiation of mBMMSCs through 
p38 and ERK/MAPK signaling pathways, specific inhibitors of ERK (U0126), p38 MAPK 
(SB203580), and MSK1 (H89) were added to the induction culture. We observed that hepato-
cellular differentiation was suppressed by adding the ERK1/2 inhibitor to some degree. This 
result supports a previous study that showed that activation of ERK1/2 could promote basic 
FGF-induced neuronal differentiation of mouse bone marrow stromal cells (Yang et al., 2008). 
Most of the induced cells showed fibroblast-like or fusiform morphology, and the expressions 
of AFP and FOXa2 were also decreased in all MAPK inhibitor groups. Expression levels were 
reduced more obviously in the p38 inhibitor group than in the ERK1/2 inhibitor group. There-
fore, we demonstrated that FGF4 and HGF promote the differentiation of mBMMSCs into 
hepatocytes via the MAPK pathway. Previous studies have shown that MAPK signaling path-
ways play an important role in mediating stem cell proliferation and differentiation into other 
cell types (Calmont et al., 2006; Binétruy et al., 2007; Wang et al., 2009; Tsai et al., 2010).

The MAPK cell-signaling pathway, especially p38, is sufficient to drive mBMMSCs 
to form hepatocytes. These findings could increase the efficiency of differentiating cells into 
hepatocytes, which will have substantial benefits in clinical applications.
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