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Exosomes from mesenchymal stem cells
induce the conversion of hepatocytes into
progenitor oval cells
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Abstract

Background: We previously reported that mesenchymal stem cells (MSCs) possess therapeutic effects in a murine
model of carbon tetrachloride-induced acute liver failure. In the study, we observed that the majority of repopulated
hepatocytes were of recipient origin and were adjacent to transplanted MSCs; only a low percentage of repopulated
hepatocytes were from transplanted MSCs. The findings indicate that MSCs guided the formation of new hepatocytes.
Exosomes are important messengers for paracrine signaling delivery. The aim of this study is to investigate the
paracrine effects, in particular, the effects of exosomes from MSCs, on hepatocytes.

Methods: Mature hepatocytes were isolated from murine liver by a two-step perfusion method with collagenase
digestion. MSCs were obtained from murine bone marrow, and conditioned medium (CM) from MSC culture was then
collected. Time-lapse imaging was used for observation of cell morphological change induced by CM on hepatocytes.
In addition, expression of markers for hepatic progenitors including oval cells, intrahepatic stem cells, and hepatoblasts
were analyzed.

Results: Treatment with the CM promoted the formation of small oval cells from hepatocytes; time-lapse imaging
demonstrated the change from epithelial to oval cell morphology at the single hepatocyte level. Additionally,
expression of EpCAM and OC2, markers of hepatic oval cells, was upregulated. Also, the number of EpCAMhigh cells
was increased after CM treatment. The EpCAMhigh small oval cells possessed colony-formation ability; they also
expressed cytokeratin 18 and were able to store glycogen upon induction of hepatic differentiation. Furthermore,
exosomes from MSC-CM could induce the conversion of mature hepatocytes to EpCAMhigh small oval cells.

Conclusions: In summary, paracrine signaling through exosomes from MSCs induce the conversion of hepatocytes
into hepatic oval cells, a mechanism of action which has not been reported regarding the therapeutic potentials of
MSCs in liver regeneration. Exosomes from MSCs may therefore be used to treat liver diseases. Further studies are
required for proof of concept of this approach.
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Background
Mesenchymal stem cells (MSCs) possess multilineage
differential potential and have been shown to possess
therapeutic effects in animal models [1, 2]. In our previ-
ous study, MSC transplantation restored liver function
in mice with carbon tetrachloride (CCl4)-induced acute

liver failure [3]. However, only a small percentage of repo-
pulated hepatocytes from donor MSCs were observed.
Although evidence in the literature has indicated that
MSC-derived hepatocytes exhibit long-term persistence
after transplantation, tissue integration of transplanted
MSCs is rarely observed [4–6]. In fact, recipient hep-
atocytes significantly participate in liver regeneration-
transplanted MSCs. Recently, MSCs have been shown to
release trophic factors to repair injured tissues and organs
in a paracrine fashion after transplantation [7], and to
inhibit apoptosis of hepatocytes and stimulate liver
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regeneration [8]. Together, action through paracrine sig-
naling is an important mechanism of action for MSCs to
treat liver diseases.
Extracellular vesicles (EVs) are secreted microvesicles

with the diameter of less than 1 μm that contain bio-
active molecules including lipids, proteins, mRNAs, and
miRNAs [9]. By fusing with the cell membrane, EVs can
interact with target cells and transfer biological mole-
cules to regulate tissue repair [10]. Exosomes are small
extracellular vesicles with the diameter of 30 to 120 nm
derived from the budding of membranes of multivesicular
bodies [11]. Exosomes from stem cells possess therapeutic
effects in preclinical studies [12]. Besides, exosomes from
MSCs have recently been shown to accelerate hepatic re-
generation and alleviate liver fibrosis [13, 14]. Indeed, exo-
somes are important messengers of paracrine signaling
from MSCs and may participate in liver regeneration.
Over 80% of the mass of the liver is comprised of he-

patocytes. When liver is damaged, quiescent hepatocytes
re-enter the cell cycle and proliferate to achieve liver re-
generation [15]. Liver regeneration is a complex and
highly controlled network in response to injury. During
liver regeneration, oval cells abundantly emerge and
these cells act as progenitor cells. It is generally accepted
that oval cells are originated from intrahepatic stem cells
during development [16]. Epithelial cell adhesion mol-
ecule (EpCAM) is highly expressed in intrahepatic stem
cells and hepatoblasts, but is not expressed in mature
hepatocytes and therefore has been used as a marker for
hepatic oval cells [17, 18]. Dynamic expression of
EpCAM is also considered to correlate with hepatic dif-
ferentiation [19]. A recent report further indicates that
hepatocytes can undergo dedifferentiation to hepatic
progenitor cells and then replenish hepatocytes by in
vivo lineage tracing [20]. During the process, formation
of hepatic oval cells is identified. However, it is unclear
whether paracrine signaling from MSCs triggers the for-
mation of hepatic oval cells. In the current study, we in-
vestigate whether MSCs induce formation of hepatic
oval cells through paracrine signaling, in particular,
through exosomes.

Methods
Isolation murine MSCs and hepatocytes
The use of animals was approved by the Taipei Veterans
General Hospital Institutional Animal Care and Use
Committee (IACUC 2014-043) prior to the commence-
ment of the experiments. The isolation of murine MSCs
from the bone marrow of Balb/c mice was performed
with our previously reported method [21]. Murine MSCs
were then cultured in low-glucose Dulbecco’s modified
Eagle’s medium (LGDMEM; Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Waltham, MA, USA)

and 1% penicillin-streptomycin-glutamine (PSG; Thermo
Fisher Scientific).
For isolation of hepatocytes, Balb/c mice were eutha-

nized by intraperitoneal injection of tribromoethanol
(240 mg/kg), and the two-stage liver perfusion method
was used for isolation of primary hepatocytes as previ-
ously described [22, 23]. After perfusion, the liver was
cut and transferred to a new dish with culture medium
consisting of DMEM/F12 (Sigma-Aldrich) supplemented
with 10% FBS and 1% PSG. The gall bladder was then
removed. When the liver capsule was disrupted by twee-
zers, the cells were released into the culture medium.
The cell suspension was filtered using a 70-μm strainer,
and hepatocytes and nonparenchymal cells were then
separated at 50 × g for 3 minutes. The hepatocyte pellet
was washed twice with the culture medium, and hepato-
cytes were cultured on type I collagen precoated dishes.

In vitro differentiation of MSCs

a. Osteogenic differentiation
The cells were treated with osteogenic medium
consisting of high-glucose DMEM (Sigma-Aldrich)
supplemented with 10 mM β-glycerol phosphate
(Sigma-Aldrich), 50 μg/mL ascorbic acid (Sigma-Al-
drich), and 100 nM dexamethasone (Sigma-Aldrich)
for 2 weeks. Osteogenic differentiation of cells was
then assessed by alkaline phosphatase and von Kossa
staining.

b. Adipogenic differentiation
The cells were treated with adipogenic medium
consisting of high-glucose DMEM supplemented with
10% FBS (SAFC Bioscience, St. Louis, MO, USA),
5 μg/mL insulin (Sigma-Aldrich), 50 μM indometh-
acin (Sigma-Aldrich), 1 μM dexamethasone, and
0.5 mM 3-isobutyl-1-methylxanthine (IBMX; Sigma-
Aldrich) for 2 weeks. Oil red O staining was used to
assess adipogenic differentiation.

c. Chondrogenic differentiation
To induce chondrogenesis, 2 × 105 cells were
centrifuged at 50 × g for 5 minutes, pelleted, and
treated with chondrogenic medium, consisting of high-
glucose DMEM supplemented with 500 ng/mL BMP-6
(R&D Systems, Minneapolis, MN, USA), 10 ng/mL
transforming growth factor (TGF)-beta 3 (R&D Sys-
tems), 100 nM dexamethasone, 50 μg/mL ascorbic
acid, 40 μg/mL proline (Sigma-Aldrich), 100 μg/mL
pyruvate (Sigma-Aldrich), and 50 mg/mL ITS+ premix
(6.25 μg/mL insulin, 6.25 μg/mL transferrin, 6.25 ng/
mL selenious acid, 1.25 mg/mL bovine serum albumin
[BSA], and 5.35 mg/mL linoleic acid; BD Biosciences,
Franklin Lakes, NJ, USA). Chondrogenic differentiation
was assessed by Safranin O staining.
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Preparation of CM
MSCs were cultured in 100-mm dishes until optimal
confluency. After aspirating the culture medium, the
MSCs were treated with 8 ml LGDMEM supplemented
with 0.5% FBS and 1% PSG for 3 days, and then the
MSC-CM was collected. The cell debris was removed
using 0.22-μm filters. Protein concentration was deter-
mined for every batch of collected MSC-CM. Fresh prep-
aration of LGDMEM supplemented with 0.5% FBS and
1% PSG was also prepared as control medium.

Preparation of exosomes
MSC-CM was concentrated by a 3KDa Vivaspin concen-
trator (GE Healthcare, Chicago, IL, USA), and then
Exoprep (Hansa BioMed, Tallinn, Estonia) was used for
isolation of exosomes. The exosomes were also identified
using western blotting, dynamics light scattering (HOR-
IBA SZ-100, Kyoto, Japan) analysis and transmission elec-
tronic microscopy (TEM) (HITACHI HT7700, Tokyo,
Japan) was performed.

Flow cytometry
For flow cytometry analysis, 2 × 105 cells were washed
with phosphate-buffered saline (PBS) and then stained
with the following antibodies: anti-CD11b (BD Pharmin-
gen, Franklin Lakes, NJ, USA), anti-CD29 (eBioscience,
San Diego, CA, USA), anti-CD31 (BD Pharmingen), anti-
CD34 (BD Pharmingen), anti-CD44 (BD Pharmingen),
anti-CD45 (BD Pharmingen), anti-CD73 (eBioscience),
anti-CD105 (eBioscience), anti-CD90 (BD Pharmingen),
anti-CD117 (BD Pharmingen), anti-Sca1 (BD Pharmin-
gen), anti-CD26 (eBioscience), anti-EpCAM (Abcam), and
goat anti-rabbit IgG PE-Cy5.5 (Thermo Fisher Scientific).

Quantitative polymerase chain reaction (PCR)
The RNA was collected and reverse-transcribed to
cDNA by MMLV reverse transcriptase (EPICENTRE
Biotechnologies, Madison, WI, USA). The primer se-
quences are described in Table 1. The total volume for
quantitative PCR was 10 μL, containing 10 ng template
cDNA in 4 μL of nuclease-free water, 5 μL 2 × SYBR
Green I Master Mix (Thermo Fisher Scientific), and
0.5 μL of 10 μM forward and reverse primers.

Immunostaining
The cells were fixed with 3.7% formaldehyde for 10 mi-
nutes and then permeabilized and blocked with 5% FBS
in PBST (0.1% Tween 20 in PBS) for 1 hour at room
temperature. The cells were then stained with primary
antibodies (anti-albumin, Abcam; anti-EpCAM, Abcam;
anti-OC2, LSBio, Seattle, WA, USA; anti-cytokeratin 18,
Sigma-Aldrich) for overnight, followed by staining with
secondary antibodies for 2 hours at room temperature.

DAPI (Sigma-Aldrich) was used for staining of cell nu-
clei. Image J was used for quantification.

Western blotting
The MSC-secreted exosomes were lysed and quantified.
Twenty micrograms of protein was separated on a 12%
polyacrylamide gel and transferred to a PVDF mem-
brane. The membrane was blocked by 5% BSA/TBST for
1 hour, and then probed with primary antibodies (CD9,
Origene Technologies, Rockville, MD, USA; CD63, Novus
Biologicals, Littleton, CO, USA) at 4 °C overnight. After
TBST washing, the membrane was incubated with HRP-
conjugated secondary antibodies at room temperature for
2 hours. After TBST washing, protein level was detected
using SuperSignal™ West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific). Chemiluminescence
imaging was captured by the UVP BioSpectrum 600
System (UVP LLC, Upland, CA, USA).

Time-lapse imaging
The condition of the time-lapse imaging chamber (Sage
Vision Co., Ltd, New Taipei City, Taiwan) was controlled
using a temperature and humidity controller in an atmos-
phere containing 5% CO2 and 95% air. The culture dishes
were placed in the chamber for time-lapse imaging.

Hepatic differentiation
The MSC-CM-induced small oval cells are cultured in
hepatic culture medium consisting of DMEM/F12 supple-
mented with 10% FBS and 1% PSG. Then, the

Table 1 Primer list

Target Sequence

Alpha fetoprotein Forward: CACACCCGCTTCCCTCAT
Reverse: CAAACTCATTTTCGTGCAATGC

Cytokeratin 19 Forward: GACCTGCGTCCCTTTTTCCT
Reverse:
CTGAGGTCTGGCGATAGCTATAGG

γ-glutamyltranspeptidase
(GGT)

Forward: TCACAGCCCAGATTGTGAAA
Reverse: TCAGCTCAGCACGGTAGTTG

Thy1 Forward: ATCCCCCAGACAGCGAGAGT
Reverse: CGCCTGCCCCTGAGATT

CD34 Forward: GGGTAGCTCTCTGCCTGATG
Reverse: TCCGTGGTAGCAGAAGTCAA

Lgr5 Forward:
GACTTTAACTGGAGCAAAGATCTC
Reverse:
CGAGTAGGTTGTAAGACAAATCTA

DLK1 Forward: GTAGCAAAAGCGGGAAAGC
Reverse: GGGTCCTAACTTCAGCCACA

Onecut 2 (OC2) Forward: CCGAGTTCCAGCGCATGT
Reverse: TCTTTGTTTGGTTCTTGCTCTTTG

EpCAM Forward: CGGTTTGACTTGGTATCCCTTT
Reverse: CCGGAAGGACCGGATGTC
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differentiated cells were fixed and stained with PAS stain-
ing and immunostaining of cytokeratin 18.

PAS staining
The cells were fixed with 3.7% formaldehyde for 10 mi-
nutes, and permeablized using 0.1% Triton X-100 for
10 minutes. Then, the cells were treated with 1% peri-
odic acid for 5 minutes, and slightly washed with H2O.
Finally, they were treated with Schiff ’s fuchsin-sulfite so-
lution (Sigma-Aldrich) for 1 hour, washed lightly with
H2O, and dried.

Statistical analysis
The data represented more than three independent ex-
periments and was shown as the means ± standard devi-
ation (SD). Student’s t tests were used for analysis of the
significance of differences, and differences with P values
of less than 0.05 were considered significant.

Results
MSC-CM treatment converted hepatocytes into small oval
cells
Bone marrow-derived MSCs and primary hepatocytes
were isolated from mice. The isolated MSCs showed a
fibroblast-like morphology (Fig. 1a) and were able to be
differentiated into bone, adipose tissue, and cartilage in
vitro (Fig. 1b–e). The phenotypes of MSCs were charac-
terized as positive for CD44, CD29, CD73, CD117, Sca1,
and CD34; partially positive for CD105 and CD90; and
negative for CD45, CD11b, and CD31 (Fig. 1f ). Isolated
primary hepatocytes expressed high levels of albumin
(Fig. 1g). CD26, a marker of mature hepatocytes, was
also highly expressed in the isolated primary hepatocytes
(Fig. 1h). In order to investigate the paracrine effects of
MSCs on hepatocytes, MSC-CM was collected to treat
the primary hepatocytes. As shown in Fig. 2a, a few
small, oval-shaped cells were observed from day 7 upon
MSC-CM treatment. Subsequently, the number of small
oval-shaped cells further increased on day 10 and day 14
in the MSC-CM treatment compared with control
medium. In the control medium, most hepatocytes
remained spread and flattened. The result showed that
paracrine signaling of MSCs converted hepatocytes into
small, oval-shaped cells.

Confirmation of morphological changes under time-lapse
microscopy
In order to confirm the change of morphology induced
by MSC-CM treatment, a time-lapse image system
(Fig. 3a) was used for further observation. In the same
cells, as shown in Fig. 3b and Additional files 1 and 2,
hepatocytes changed their morphology from typical
epithelial to fibroblast-like after 3 days of MSC-CM
treatment. Subsequently, the cells further altered from

fibroblast-like to small cells with oval shapes with continu-
ous MSC-CM treatment for 3–11 days. In contrast, hepa-
tocytes cultured in control medium maintained their
flattened epithelial morphology (Fig. 3b and Additional
files 1 and 2). The result confirmed the morphological
change from typical epithelial in hepatocytes to small oval
shape was induced by paracrine signaling of MSCs.

Changes of gene and surface marker expression induced
by MSC-CM treatment
It has been known that when the liver is injured, hepatic
oval cells as liver progenitor cells (LPCs) or transit-
amplifying cells become abundant and highly express
cytokeratin 19 and alpha fetoprotein [24–26]. In addition,
Thy1, CD34, and γ-glutamyltranspeptidase (GGT) are re-
ported as markers of hepatic oval cells [27]. Also, Lgr5 is
expressed in LPCs in response to liver injury [28]. There-
fore, the mRNA expression levels of oval cell markers,
alpha fetoprotein, cytokeratin 19, GGT, Thy1, CD34, and
Lgr5 were further analyzed in hepatocytes following MSC-
CM treatment. As shown in Fig. 4, the mRNA expression
level of alpha fetoprotein, cytokeratin 19, GGT, Thy1,
CD34, and Lgr5 was upregulated on day 3, but downregu-
lated on day 14 following treatment with CM from MSCs
compared with control medium. In contrast, mRNA ex-
pression level of EpCAM, marker of intrahepatic stem
cells and hepatoblasts, in hepatocytes was apparently up-
regulated upon 14 days of MSC-CM treatment. DLK1, a
hepatoblast marker [29], was upregulated in hepatocytes
with MSC-CM treatment. Onecut 2 (OC2) is reported to
express in hepatic oval cells and is involved in controlling
hepatoblast migration in early liver development [30]. In
Fig. 2b, OC2 expression was also upregulated after 14 days
of MSC-CM treatment. Collectively, these results indi-
cated that paracrine signaling of MSCs upregulated ex-
pression of hepatic progenitor markers in conjunction
with morphological changes.

MSC-CM-induced small oval cells expressed hepatic
progenitor markers
As shown in Figs. 2 and 4, small oval-shaped cells were
increased, and mRNA expression level of hepatoblast
markers, EpCAM and OC2, was upregulated after MSC-
CM treatment. In order to investigate expression of
hepatoblast markers, EpCAM and OC2, in the small
oval cells, immunostaining was used and showed that
EpCAM and OC2 were highly expressed in the small
oval cells (Fig. 5a). Also, albumin expression was highly
expressed in the small oval cells. These results indicated
that these small oval cells induced by the paracrine effect
of MSCs were similar to EpCAM+ hepatoblasts as previ-
ous described [31]. Furthermore, in order to quantify
EpCAM+ cells induced by MSC-CM treatment, the cells
were analyzed by flow cytometry. In Fig. 5b, two
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Fig. 1 Characterization of murine MSCs and primary hepatocytes. MSCs were isolated from bone marrow. a Morphology of undifferentiated
MSCs, and b MSCs under osteogenic differentiation with alkaline phosphatase staining on day 7. c Alkaline phosphatase and von Kossa staining
of MSCs during osteogenic differentiation. d Oil red O staining of MSCs under adipogenic differentiation on day 14. e Safrinin O staining of MSCs
under chondrogenic differentiation on day 21. f Surface marker staining of the MSCs by flow cytometry. g Albumin expression of in primary
hepatocytes was detected by immunostaining. h CD26 staining of primary hepatocytes by flow cytometry

Fig. 2 Paracrine signaling from MSC increased small oval cells in cultures of primary hepatocytes. The primary hepatocytes were treated with
control medium and CM from MSCs for 14 days. CM conditioned medium, mMSCs murine mesenchymal stromal cells

Wu and Lee Stem Cell Research & Therapy  (2017) 8:117 Page 5 of 11



subpopulations of cells, P1 and P2, were identified under
flow cytometry after treatment with MSC-CM. P1 cells
were smaller cells with higher EpCAM expression, while
P2 cells were bigger cells with lower EpCAM expression.
P1 cells increased in frequency with MSC-CM treatment
compared to control medium. The flow cytometry re-
sults also supported the induction of EpCAMhigh cells by
MSC-CM.
To further characterize the two subpopulations, P1

and P2 cells were then sorted and expression of alpha fe-
toprotein, cytokeratin 19, and EpCAM was measured.
P1 cells showed higher expression of EpCAM and lower

expression of alpha fetoprotein as well as cytokeratin 19
compared to P2 cells. Conversely, P2 cells possessed
higher expression of alpha fetoprotein and cytokeratin
19, but with a lower expression of EpCAM.

MSC-CM-induced small oval cells can maturate and
become proliferative hepatocytes
To investigate whether the MSC-CM-induced small oval
cells can further maturate and differentiate to hepato-
cytes, these cells were moved to hepatic culture medium.
In Fig. 6a, the small oval cells changed their morphology
to epithelial cells and proliferated as a colony during
hepatic differentiation. PAS staining showed glycogen
storage during hepatic differentiation in the MSC-CM-
induced small oval cells (Fig. 6b). The differentiated cells
also expressed cytokeratin 18 as shown as Fig. 6c. The
results indicated the MSC-CM-induced small oval cells
could maturate and become proliferative hepatocytes.

MSC-secreted exosomes converted mature hepatocytes to
EpCAMhigh small oval cells
In order to investigate whether MSC-secreted exosomes
can induce the formation of small oval cells, MSC-CM
was concentrated for further isolation of MSC-secreted
exosomes. First, the exosomes were characterized by
CD9 and CD63 expression (Fig. 7a). Also, by dynamic
light scattering analysis and TEM, the diameter of exo-
somes were confirmed to be less to 100 μm (Fig. 7b-c).
CD26+ mature hepatocytes (Fig. 7d) were sorted and
then treated with MSC-secreted exosomes for 14 days.

Fig. 3 Paracrine signaling from MSCs induced morphological change in hepatocytes. a The instrument used for time-lapse imaging. b The time-lapse
imaging of primary hepatocytes treated with control medium and CM from MSCs. CM conditioned medium, mMSCs murine mesenchymal stromal cells

Fig. 4 Paracrine signaling from MSCs upregulated mRNA expression
of EpCAM and OC2 in hepatocytes. The mRNA expression level of
alpha fetoprotein, cytokeratin 19, GGT, Thy1, CD34, Lgr5, DLK1, OC2,
and EpCAM were analyzed in the hepatocytes by quantitative PCR.
*P < 0.05; **P < 0.01
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In Fig. 7e-f, it was shown that CD26+ hepatocytes were
converted to small oval cells with higher EpCAM ex-
pression. The result indicated that the secreted exo-
somes in MSC-CM were important messengers to
induce EpCAMhigh small oval cells.

Discussion
MSC transplantation exerts therapeutic effects in liver
disease models, including acute and chronic liver failure.
Additionally, MSC transplantation has been shown to
improve the liver microenvironment, mediating restor-
ation of liver function, reduction of inflammation, and
augmentation of liver regeneration [32]. In our study,
paracrine signaling from MSCs can induce the formation
of hepatic oval cells via secretary exosomes. These find-
ings could clarify the involvement of MSCs in therapies
for liver diseases.
During liver regeneration, it is reported that the ex-

pression of neonatal markers, alpha fetoprotein and

EpCAM, is upregulated [18, 33]. EpCAM is a marker of
intrahepatic stem cells which present in normal and in-
jured liver [18]. In addition, EpCAM is reported to ex-
press in undifferentiated stem cells and progenitors in
development of organs, and drop to a very low level with
terminal differentiation [34, 35]. During liver develop-
ment of mice, EpCAM was expressed in liver buds as
early as E9.5, decreased to low-level expression in hepa-
toblasts of E13.5, and not expressed when cells are
switched onto specification to the hepatic fate [36]. The
dynamic expression of EpCAM is also considered to cor-
relate with plasticity of hepatocyte [37]. In addition,
alpha fetoprotein and cytokeratin 19 are highly
expressed in hepatic oval cells, which proliferate in the
early stage of liver regeneration [25, 38]. Collectively, the
above evidence supports the conversion of hepatocytes
into hepatic progenitor cells.
Exosomes play an important role in cell-to-cell com-

munication [9, 39]. By the transport system of exosomes,

Fig. 5 The MSC-CM-induced small oval cells expressed EpCAM and OC2. a Immunostaining of EpCAM, OC2, and albumin. b Quantitation of
EpCAM-expressing cells by flow cytometry showed P1 (EpCAMhigh) and P2 (EpCAMlow) populations in the hepatocytes with treatment of MSC-CM and
control medium. c The mRNA expression level of alpha fetoprotein, cytokeratin 19, and EpCAM in the P1 and P2 cells were analyzed by quantitative
PCR. CM conditioned medium, mMSCs murine mesenchymal stromal cells
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miRNAs are packaged and trafficked to recipient cells
[40]. Moreover, many reports indicate that exosomal
miRNAs can manipulate gene expression, and stimulate
angiogenesis and migration in neighboring cells [41–43].
These secreted miRNAs can function as endogenous
miRNAs to affect translation and manipulate cell signal-
ing in recipient cells. Variety of miRNAs in exosomes
are recorded in the ExoCarta database [44]. Although we
found that MSC-secreted exosomes could induce forma-
tion of hepatic oval cells, further studies are needed to
investigate which candidates of MSC exosomal miRNAs
are involved in the formation of hepatic oval cells. In
our study, not all of the hepatocytes were altered to
EpCAMhigh small oval cells with MSC-CM treatment,
which may imply efficiency of exosome engulfing in he-
patocytes and other important unknown key factors se-
creted from MSCs.
MSC-secreted growth factors and cytokines [4, 7] may

also be involved in the process of liver regeneration.
Hepatocyte growth factor (HGF) is an important growth
factor to participate in liver regeneration [45]. In the
early stage of liver regeneration, HGF expression is rap-
idly elevated from 3 to 48 hours and acts as an initiator
of liver regeneration [46]. Also, genetic deletion of c-Met
blocks liver regeneration and impairs liver functions,

indicating that HGF/c-Met signaling is essential for liver
regeneration [47, 48]. In addition, proteomics analysis
also shows abundant HGF in MSC-derived exosomes
[49]. Therefore, further investigation is required on
whether HGF/c-Met signaling is involved in hepatocyte
dedifferentiation.
In the studies, CD26+ hepatocytes were converted to small

oval cells with higher EpCAM expression after treatment of
concentrated MSC-secreted exosomes. Although the
phenomenon was observed in the MSC-CM treatment,
other factors which were not packaged into the exosomes
could also be involved in the conversion of CD26+ hepato-
cytes to small oval cells with higher EpCAM expression.
Also, another study analyzed the difference and intersection
of the proteomic profile between MSC-CM and MSC-
derived exosomes [49]. Therefore, the effectiveness of indu-
cing hepatocyte dedifferentiation will need to be compared
and investigated among MSC-CM, MSC-derived exosomes,
and exosome-free MSC-CM. Furthermore, the key factors
and regulators also need to be further elucidated.
By lineage tracing, hepatocytes can dedifferentiate to

hepatic progenitor cells and then replenish hepatocytes in
liver regeneration [20]. Also, there is some evidence indi-
cating the increase of alpha fetoprotein expression, a
marker of hepatic oval cells, after MSC transplantation in

Fig. 6 Hepatic differentiation of MSC-CM-induced small oval cells. a The MSC-CM-induced small oval cells were cultured in hepatic culture
medium. b PAS staining and c immunostaining of cytokeratin 18 in MSC-CM-induced small oval cells at day 14 of hepatic differentiation. Scale
bar: 100 μm
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animal models [50, 51]. However, it is still unclear whether
MSC transplantation can induce or increase the formation
of hepatic oval cells in vivo. In the study, we demonstrated
that paracrine signaling from MSCs can induce the forma-
tion of hepatic oval cells in vitro, and further investigation
will be performed in future studies on whether MSCs
transplantation and administration of MSC-CM and
MSC-derived exosomes can induce recipient hepatocytes
into hepatic oval cells in vivo.
MSC transplantation is thought to be quite safe, and

many clinical trials have been carried out within the last
decade [52, 53]. However, there are some concerns
regarding the potential for tumorigenesis owing to the
development of chromosomal aberrations in cell culture
[54–56]. Alternatively, stem cell-derived molecules in
CM, including cytokines, growth factors, and exosomes,
can provide a more safe treatment method without cell
transplantation. Therefore, analysis of the paracrine ef-
fects of MSCs may provide more feasible treatment
guidelines in clinical applications.

Conclusions
Paracrine signaling from MSCs induce the conversion
of hepatocytes into progenitor oval cells via secretary

exosomes. The finding provides evidence supporting
the involvement of MSC-secreted exosomes during
liver regeneration. Treatment with MSC-secreted exo-
somes may be an alternative approach to achieve thera-
peutic effects for liver diseases.

Additional files

Additional file 1: mMSCs CM treatment 0~12 days. (WMV 59767 kb)

Additional file 2: Control medium treatment 0~12 days. (WMV 28392 kb)
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