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Background and Objectives: Liver cirrhosis is accompanied by abnormal vascular shunts. The Wnt pathway is essential 
for endothelial cell survival and proliferation. C-reactive protein (CRP), which is produced by hepatocyte, activates 
angiogenesis in cardiovascular diseases.
Methods and Results: The expression of CRP in CCl4-injured rat livers was detected using qRT-PCR and Western 
blotting after transplantation of placenta-derived mesenchymal stem cells (PD-MSCs) into rats. To determine whether 
CRP functions in hepatic regeneration by promoting angiogenesis through the Wnt pathway, we detected VEGF and 
β-catenin in liver tissues and BrdU and β-catenin in hepatocytes by immunofluorescence. The expression levels of 
CRP, Wnt pathway-related and angiogenic factors were increased in CCl4-injured and PD-MSCs transplanted rat livers. 
In vitro, the expression levels of Wnt signaling and angiogenic factors were decreased in siRNA-CRP-transfected rat 
hepatocytes.
Conclusions: CRP upregulation by PD-MSCs participates in vascular remodeling to promote liver regeneration via 
the Wnt signaling pathway during hepatic failure.
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Introduction 

  The liver is an essential organ for the metabolism for 

lipids, proteins and carbohydrates, as well as the detox-
ification for endogenous metabolites (1). Liver sinusoidal 
endothelial cells (LSECs), which compose the hepatic vas-
culature, are in charge of important functions such as the 
proliferation of hepatocytes in the liver (2). LSECs re-
leases angiocrine, including Wnt2 and hepatic growth fac-
tor (HGF), before the activation of angiogenesis and stim-
ulate the regeneration of hepatocytes (3). Angiocrine sig-
nals induced by LSECs regulate the balance between fib-
rosis and hepatic regeneration (4). Hepatic failure involves 
diffused fibrosis, abnormal lobular architecture and the 
formation of intrahepatic vascular shunts (5). Therefore, 
vascular remodeling in liver tissues is a critical target for 
treating hepatic failure.
  C-reactive protein (CRP) is known as the acute phase 
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protein that is produced and released by hepatocytes in 
response to infection or tissue damage (6). CRP can be 
classified as monomeric CRP (mCRP) and pentameric 
CRP (pCRP) (7). Related to these isoforms of CRP, sev-
eral studies have demonstrated pro-inflammatory and an-
ti-inflammatory effects of pCRP and mCRP, respectively 
(8). Recently, it has been shown that mCRP upregulates 
the tube-like formation signaling pathway in endothelial 
cells by activating protein C-ets-1 (ETS1), transcription 
factor and phosphorylating AKT, thereby increasing the 
release of chemokine ligand 2 (CCL2) (9). Additionally, 
together with oxidized low-density lipoprotein (oxLDL), 
CRP decelerates and stabilizes atherosclerotic progression 
by reducing the secretion of inflammatory factors such as 
TNF-α by macrophages (10). However, the regenerative 
effect of CRP has not yet been demonstrated in hepatic 
failure.
  In the Wnt signaling, β-catenin is a key factor regulat-
ing transcriptional activity (11). Some studies have dem-
onstrated that the inhibition of the Wnt pathway in the 
liver leads to pathophysiological events (12). The β
-catenin-dependent Wnt pathway is essential for EC sur-
vival and proliferation as well as the regulation of endo-
thelial permeability (13). Accumulated evidence shows 
that endothelial β-catenin affects tight junctions, result-
ing in vascular integrity (14). However, the effect of β
-catenin related to vascular remodeling in liver cirrhosis 
is not yet clear.
  Placenta-derived mesenchymal stem cells (PD-MSCs) 
have been characterized and have come to focus in stem 
cell research because of their proliferation, self-renewal, 
and low immunogenicity (15). In particular, transplanted 
PD-MSCs have been demonstrated to ameliorate CCl4-in-
duced liver cirrhosis in mice (16). We previously reported 
that PD-MSCs have the ability to promote regeneration 
of hepatocyte via autophagic mechanism as well as induce 
IL-6/STAT3 signaling by reducing promoter methylation, 
further promoting the proliferation of hepatocytes in a 
CCl4-injured liver (17). Additionally, we demonstrated de-
creased CRP expression induces abnormal vascular struc-
ture in bile duct ligation rat model (18). However, the fun-
damental mechanism on vascular remodeling by CRP and 
their therapeutic potentials on hepatic diseases depend on 
PD-MSCs transplantation are still unclear.
  We therefore aimed to investigate the expression of 
CRP, β-catenin and angiogenic factors in a CCl4-injured 
rat liver model by PD-MSC transplantation and determine 
the regenerative effect of CRP through Wnt signaling and 
angiogenesis. 

Materials and Methods

Animals
  Six-week-old Sprague-Dawley rats were obtained (Orient 
Bio Inc.) and maintained in an air-conditioned facility. 
Hepatic failure was induced CCl4 (approximately 1.6 g/kg; 
Sigma-Aldrich) dissolved at 0.8 mg/ml in corn oil and in-
traperitoneally injected at 0.2 ml/100 g body weight twice 
a week for 3 weeks. Control rats (n=5) were injected with 
an equal volume of corn oil alone. PD-MSCs (2×106 cells, 
8∼10 passages) were injected into the tail vein of rats 
(TTX; n=19). Non-transplanted (NTX; n=19) rats were 
maintained as sham controls. Liver tissues were harvested 
at 1, 2 and 3 weeks from rats in all groups. All animal 
experimental processes and the experimental protocol 
were approved by the Institutional Animal Care and Use 
Committee of CHA University, Seongnam, Korea (IACUC- 
140009).

Exosome precipitation from rat serum
  Equal amounts of serum from individual animals were 
pooled (n=5). To isolate exosomes from rat serum, we 
used ExoQuick Exosome Precipitation solution (System 
Biosciences). The solution for exosome precipitation was 
used according to the manufacturer’s instructions.

Cell isolation and culture
  All participants provided written and informed consent 
prior to sample collection. Placental tissues were collected 
from women who had no medical, obstetrical, and surgical 
complications and who delivered at term (37 gestational 
weeks). The collection of samples and their use for research 
purposes were approved by the IRB of CHA General 
Hospital, Seoul, Korea (IRB 07-18). PD-MSCs were har-
vested as previously described. PD-MSCs were collected 
from the inner side of the chorionic membrane of the 
placenta. The cells scraped from the membrane were treat-
ed with 0.5% collagenase IV (Sigma-Aldrich) and cultured 
in Ham’s F-12/Dulbecco’s modified Eagle’s medium 
(Invitrogen) supplemented with 10% fetal bovine serum 
(FBS; Invitrogen), 1% penicillin/streptomycin (Pen-Strep, 
Gibco), 25 ng/ml human fibroblast growth factor-4 
(Peprotech), and 100 μg/ml heparin (Sigma-Aldrich). Rat 
epithelial cells (WB-F344s) were cultured in α-MEM 
(Gibco) supplemented with 1% Pen-Strep and 5% FBS. 
Human umbilical vein endothelial cells (HUVECs) were 
cultured in endothelial cell growth medium (EGM)-2 
SingleQuots (Lonza) at 37℃ in a 5% CO2 incubator.



406  International Journal of Stem Cells 2020;13:404-413

Co-culture of WB-F344s, HUVECs, and PD-MSCs
  WB-F344s (2×105) and HUVECs (6×104) were seeded 
onto cover glasses (Marlenfeld GmbH & Co.), and for dou-
ble cell co-culture experiments, WB-F344s (2×105) were 
seeded onto cover glasses in a 100 mm culture plate 
(Corning). After 3 hours, the cells were exposed to 3 mM 
CCl4 for 24 hours. The next day, the cells on cover glass 
were transferred to 6-well plates and co-cultured with 
PD-MSCs (6×104) were in Transwell inserts (3 μm pore).

Magnetic cell sorting (MACS) analysis 
  To sort co-cultured WB-F344s and HUVECs, we per-
formed MACS analysis. Harvested WB-F344s and HUVECs 
were incubated with biotin-conjugated anti-CD31 (Miltenyi 
Biotec Inc.). Anti-biotin microbeads (Miltenyi Biotec Inc.) 
were reacted with the collected cells. The bound cells were 
sorted using MidiMACS Starting Kits (Miltenyi Biotec 
Inc.).

Quantitative real-time PCR
  Total RNA was isolated from rat liver tissues and cells 
using TRIzol (Invitrogen). Reverse transcription was per-
formed with 500 ng total RNA and Superscript III reverse 
transcriptase (Invitrogen). Real-time PCR was performed 
using SYBR EX Taq (Roche) and an ExicyclerTM 96 quan-
titative thermal block (Bioneer). PCR conditions were as 
follows: denaturation at 95℃ for 15 minutes and 20 sec-
onds; 40 cycles at 95℃ for 30 seconds; annealing at 52∼
60℃ for 40 seconds; extension at 70℃ for 15 minutes; 
and a final extension at 72℃ for 7 minutes. Gene ex-
pression was normalized to the expression of GAPDH. 
The sequences of the primers are as follows: rat CRP for-
ward 5’- GCT TTT GGT CAT GAA GAC ATG TC -3’, 
rat CRP reverse 5’- TCA CAT CAG CGT GGG CAT AG 
-3’, rat Axin2 forward 5’- AAA CCT ATG CCT GTC TCC 
TC -3’, rat Axin2 forward 5’- ATC CAC ACA TTT CTC 
CCT CT -3’, rat VEGF forward 5’- ACG GAC AGA CAG 
ACA GAC AC -3’, rat VEGF reverse 5’- CTT CTG GGC 
TCT TCT TCT CTC TC -3’, rat albumin forward 5’- GCC 
CCA GAA CTC CTT TAC TA -3’, rat albumin reverse 
5’- AAT CTC TGC ATA CTG GAG CA -3’, rat GAPDH 
forward 5’- TCC CTC AAG ATT GTC AGC AA -3’, rat 
GAPDH reverse 5’- AGA TCC ACA ACG GAT ACA TT 
-3’, human CRP forward 5’- TCG TAT GCC ACC AAG 
AGA CAA GAC A -3’, human CRP reverse 5’- AAC ACT 
TCG CCT TGC ACT TCA TAC T -3’, human Axin2 for-
ward 5’- TCC CCA CCT TGA ATG AAG AA -3’, human 
Axin2 reverse 5’- TGG TGG CTG GTG CAA AGA -3’, hu-
man VEGF forward 5’- GCC TTG CCT TGC TGC TCT 
AC -3’, human VEGF reverse 5’- ACA TCC ATG AAC 

TTC ACC ACT TCG -3’, human albumin forward 5’- 
TGA GAA AAC GCC AGT AAG TGA C -3’, human albu-
min reverse 5’- TGC GAA ATC ATC CAT AAC AGC -3’, 
human GAPDH forward 5’- GCA CCG TCA AGG CTG 
AGA AC -3’, and human GAPDH reverse 5’- GTG GTG 
AAG ACG CCA GTG GA -3’. All reactions were con-
ducted in duplicate or triplicate. Relative mRNA ex-
pression was analyzed by the comparative CT method.

Western blot
  Rat liver tissues and cells were lysed in RIPA buffer 
(Sigma-Aldrich) supplemented with protease inhibitor 
cocktail (Roche) and phosphatase inhibitor (Sigma-Aldrich). 
A total of 45 μg protein was separated in sodium dodecyl 
sulfate polyacrylamide gels (SDS-PAGE). The separated 
proteins were transferred onto PVDF membranes (Bio- 
Rad). The membranes were incubated with anti-CRP (1：
1,000, Abcam Inc.), anti-VEGF (R&D system), anti- 
VEGFR2 (R&D system), anti-β-catenin (active form, Cell 
Signaling), anti-pGSK3 (Cell Signaling), anti-β-catenin 
(active form, Cell Signaling), anti-albumin (Novus), anti- 
HNF1α (Abcam Inc.), anti-cyclinD1 (AbFrontier), anti- 
actin (Sigma-Aldrich), anti-tubulin (Abcam Inc.), and anti- 
GAPDH (AbFrontier) antibodies at 4℃ over-night. The 
membranes were then incubated with horseradish perox-
idase-conjugated secondary anti-mouse IgG (Cell Signaling), 
anti-rabbit IgG (Cell Signaling) or anti-goat IgG (Santa 
Cruz) antibody for 1 hour at RT. Bands were detected us-
ing Clarity Western ECL kit (Bio-Rad).

Immunohistochemistry
  To observe the degree of inflammation in tissues follow-
ing transplantation with PD-MSCs or not (NTX), we used 
anti-NF-κB antibody. The sections were incubated in 3% 
H2O2 in methanol to block endogenous peroxidase activity. 
After antigen retrieval, the slides were incubated with an 
anti-NF-κB antibody (Santa Cruz) at 4℃ over-night, fol-
lowed by an hour incubation with biotinylated secondary 
anti-rabbit antibody at room temperature (RT). Incubation 
with horseradish peroxidase-conjugated streptavidin–bio-
tin complex (Dako) and 3,3-diaminobenzidine (EnVision 
Systems) was performed to generate a chromatic signal. 
The samples were counterstained with Mayer’s hematoxylin. 
Additionally, the percentage of hepatocytes with NF-κ
B-positive nuclei relative to the total number of hepato-
cytes was counted in randomly selected sections (three 
fields per rat at ×400 magnification). Images were de-
tected using a Zeiss Axioskop 2 MAT microscope (Carl 
Zeiss MicroImaging).
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Fig. 1. PD-MSC transplantation at-
tenuates inflammation in CCl4-injured 
rats. Expression of NF-κB was de-
tected by immunohistochemistry (A). 
×400, Scale bars; 20 μm. NF-κ
B-positive cells were quantified based
on the total number of cells (B). 
Expression of IL-10 (C) and IL-6 (D) 
was analyzed in rat serum by ELISA. 
Data are represented as the tripli-
cated mean±SD. p＜0.05, *; NTX 
vs.; NTX and TTX refer to the non- 
transplanted group and the PD-MSC- 
transplanted group, respectively.

Immunofluorescence
  To analyze the localization of VEGF and active β-cate-
nin in liver tissues, we embedded rat livers in Tissue-Tek 
OCT compound (Sakura Finetechnical Co. Ltd.) and stor-
ed at −80℃. Cryosections of tissues were fixed in meth-
anol (MERCK) and incubated in blocking solution (Dako). 
Anti-VEGF (Novus) and anti-active β-catenin (Cell Sig-
naling) antibodies were used as primary antibodies at 4℃  
over-night. The secondary antibodies, Alexa 488 and 569 
(Invitrogen), were incubated. 
  To analyze the localization of β-catenin and BrdU in 
rat hepatocytes, the WB-F344s co-cultured with PD-MSCs 
were fixed with 4% paraformaldehyde and permeabilized 
with 0.25% Triton X-100 and 3% H2O2. The cells were in-
cubated with blocking solution (Dako) at RT and rabbit 
anti-β-catenin (Cell Signaling) and mouse anti-BrdU 
(Cell Signaling) antibodies at 4℃ over-night. Subsequently, 
the cells were incubated with Alexa 568- or 488-conjugated 
secondary antibodies (Invitrogen) at RT. The slides were 
counterstained with DAPI. The images were observed with 
a fluorescence microscope EVOS (Thermo Fisher Scientific). 
All experiments were performed in triplicate.

Enzyme-linked immunosorbent assay (ELISA)
  The concentrations of interleukin (IL)-6, IL-10 and 
CRP were determined by enzyme-linked immunosorbent 
assay (ELISA). Equal amounts of serum from individual 
animals or culture media were pooled (n=5). All reactions 
were performed in triplicate. IL-6 and IL-10 concen-
trations were assayed using rat IL-6 and IL-10 ELISA kits 

(R&D system), according to the manufacturer’s protocols. 
The concentration of CRP was measured using a rat 
C-Reactive Protein ELISA kit (Invitrogen) according to 
the manufacturer’s instructions. The experiments were 
performed in triplicate.

Statistical analysis
  Statistical significance was analyzed using Student’s 
t-test with a significance level of p＜0.05, and data were 
represented as the mean±standard deviation (SD). For 
multivariate data analysis, group differences were assessed 
with two-way ANOVA, followed by Tukey HSD test. All 
experiments were conducted in duplicate or triplicate.

Results

The expression of inflammatory factors and CRP
  To evaluate the anti-inflammatory effects of PD-MSC 
transplantation, we analyzed NF-κB expression in CCl4- 
injured rat livers using immunohistochemistry. As shown 
in Fig. 1A, in the CCl4-damaged NTX group, NF-κB was 
excessively localized in the nuclei for up to 3 weeks; how-
ever, transplantation of PD-MSCs resulted in a marked re-
duction in NF-κB localization. Moreover, the number of 
NF-κB-positive cell was significantly lower in the TTX 
group than in the NTX group (*, p＜0.05, Fig. 1B). 
Furthermore, we assayed the concentrations of IL-10, an 
anti-inflammatory factor, and IL-6, a regeneration factor, 
in the rat serum via ELISA. Compared to that in the NTX 
group, the expression of IL-10 in the rat serum was sig-
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Fig. 2. PD-MSC transplantation im-
proves the expression of CRP. Expre-
ssion of CRP was analyzed by ELISA 
(A) and Western blotting from total 
proteins (C) and exosomes (B) and 
(D). Data are represented as the tri-
plicated or duplicated mean±SD.
SD; p＜0.05, *; NTX vs.; NTX and 
TTX refer to the non-transplanted 
group and the PD-MSC-transplanted 
group, respectively. 

nificantly increased in the TTX group (*, p＜0.05, Fig. 
1C). The secreted form of IL-6, which functions in hepatic 
regeneration, was also significantly increased in the TTX 
group (*, p＜0.05, Fig. 1D). 
  Similar to IL-10 and IL-6, the expression of CRP in se-
rum (Fig. 2A) and total liver protein (Fig. 2C) pro-
gressively increased in the TTX group compared to that 
in the control and NTX groups of in the CCl4-injured rat 
model. Additionally, CRP in exosomes isolated from se-
rum was upregulated in the TTX group when normalized 
to heat shock protein (HSP)-70 and HSP-90, which are in-
ternal markers of exosomes (Fig. 2B and 2D). Therefore, 
PD-MSCs attenuate inflammatory responses and promote 
anti-inflammation through the induction of CRP expre-
ssion.

The correlation of Wnt signaling and angiogenesis 
factors in CCl4-injured rat liver
  To analyze the correlation between Wnt signaling and 
angiogenesis, we confirmed the expression and localiza-
tion of the factors related to angiogenesis and Wnt sig-
naling. Compared to those in the control and NTX groups, 
the factors related to angiogenesis, such as VEGF and 
VEGFR2, were significantly induced in the TTX group (*, 
p＜0.05, Fig. 3A, Supplementary Fig. S1A, and S1C). 
However, the expression of pGSK3, a Wnt inhibitory mol-
ecule, was significantly decreased in the TTX group com-
pared to that in the control and NTX groups (*, p＜0.05, 
Fig. 3B, Supplementary Fig. S1B). In contrast to GSK3, 
the active form of β-catenin was upregulated by PD-MSCs 

in CCl4-injured rat livers (Fig. 3B, Supplementary Fig. 
S1D). To investigate the localization and expression of 
VEGF and β-catenin, we performed immunofluorescence. 
VEGF and active β-catenin were localized in the cyto-
plasm and nuclei, respectively. Additionally, the expre-
ssion of VEGF and β-catenin was higher in the control 
and TTX groups than in the NTX group (Fig. 3C). These 
results mean that activated β-catenin by PD-MSCs trans-
plantation translocates into nucleus following promotes 
expression of VEGF in CCl4-injured rat livers. Further, to 
demonstrate the interaction between CRP, Wnt signaling, 
and angiogenesis in the liver, we analyzed the correlation 
between CRP, β-catenin, and VEGF of normalized fold 
change by band intensity of western blot. The correlation 
coefficient (R2) of CRP and β-catenin was 0.8992 (Fig. 
3D) as well as that of β-catenin and VEGF was 0.9295 
(Fig. 3E). Therefore, these results represent that CRP, 
Wnt pathway, and vascular remodeling strongly correlate 
with one another in CCl4-injured rat liver.

The correlation of CRP, Wnt signaling and angiogenic 
factors in rat hepatocytes
  To demonstrate the correlation among CRP, Wnt, and 
angiogenic and hepatic regeneration factors in hepato-
cytes, we transfected siRNA-CRP in rat hepatocytes and 
analyzed the mRNA and protein levels of CRP, albumin 
and factors related to Wnt signaling and angiogenesis. The 
expression of CRP, Axin2 (Fig. 4B), VEGF, and albumin 
(ALB) (Supplementary Fig. S2) mRNA was lower in 
siRNA-CRP-transfected hepatocytes than in non-trans-
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Fig. 3. PD-MSC transplantation in-
duces Wnt signaling and angiogene-
sis in CCl4-injured rats. Angiogenic
(A) and Wnt signaling (B) factors 
were detected by Western blotting. 
Localization and expression of VEGF 
and β-catenin visualized using im-
munofluorescence (C). ×630, Scale 
bars; 20 μm. Positive correlations 
were found between CRP and β- 
catenin (D) also, between β-catenin 
and VEGF (E). NTX and TTX refer to 
the non-transplanted group and the 
PD-MSC-transplanted group, respec-
tively.

Fig. 4. CRP regulates angiogenesis 
and Wnt signaling in rat hepatocytes 
(WB-F344s). Protein levels of CRP 
(A), VEGF (B), β-catenin (C), ALB 
(D), HNF1α (E), and CyclinD1 (F) 
were evaluated in siRNA-CRP-trans-
fected rat hepatocytes by western 
blot. Data are represented as the tri-
plicated mean±SD of. *, p＜0.05. 
Mock and si-CRP refer to non-trans-
fected and siRNA-CRP-transfected rat
hepatocytes, respectively.

fected hepatocytes. As assessed by western blotting, CRP 
and VEGF protein expression was significantly suppressed 
via siRNA-CRP transfection (*, p＜0.05, Fig. 4A and 4B). 
Additionally, the expression of β-catenin, a key factor in 
the Wnt pathway, was significantly inhibited by siRNA- 
CRP transfection in rat hepatocytes (*, p＜0.05, Fig. 4C). 
Also, hepatic regeneration and proliferation factors such 
as ALB, hepatic nuclear factor 1 alpha (HNF1α), and 
cyclinD1 were significantly repressed by siRNA-CRP 

transfection in WB-F344s (*, p＜0.05, Fig. 4D∼F). 
Therefore, CRP directly regulates angiogenesis through 
the Wnt pathway and promotes hepatic regeneration.

BrdU incorporation and the expression of CRP and 
β-catenin in rat hepatocytes co-cultured with PD-MSCs
  To demonstrate the effect of CRP induced by 
PD-MSCs, we cultured CCl4-treated rat hepatocytes with 
PD-MSCs. The expression of CRP at both mRNA and 
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Fig. 5. PD-MSCs promote the ex-
pression of CRP and proliferation of 
hepatocytes through Wnt signaling. 
Expression of CRP was analyzed by 
qRT-PCR (A) and ELISA (B) after CCl4
treatment and co-culture with PD- 
MSCs. Immunofluorescence staining 
shows the localization and expression
of BrdU and β-catenin in rat hep-
atocytes treated with CCl4 and co- 
cultured with PD-MSCs (C). ×400,
Scale bars; 20 μm. BrdU- or β-ca-
tenin- (D) positive rat hepatocytes 
were quantified after immunofluore-
scence staining. Protein levels of 
HNF1α, and CyclinD1 were de-
tected by western blotting in rat hep-
atocytes treated with CCl4 and co- 
cultured with PD-MSCs (E). Intensity 
of HNF1α (F) and Cyclin D1 (G) 
protein bands was calculated. Tripli-
cated data are represented as the 
mean±SD. *, p＜0.05.

protein levels was upregulated in rat hepatocytes by 
co-culture with PD-MSCs (Fig. 5A and 5B). To verify cell 
proliferation and localization of β-catenin, we performed 
immunofluorescence staining for BrdU and active β-cate-
nin in rat hepatocytes that were co-cultured with PD- 
MSCs post-CCl4 treatment. The localization of BrdU and 
β-catenin in rat hepatocytes is shown in Fig. 5C. The 
number of BrdU- or β-catenin-positive cells was sig-
nificantly higher in the CCl4-treated and PD-MSC co-cul-
tured group than in the non-co-cultured group (*, p
＜0.05, Fig. 5D). Also, the protein level of HNF1α and 
cyclinD1, hepatic regeneration and proliferation markers, 
was dramatically decreased in CCl4 treated WB-F344s 
while their expression were recovered by PD-MSCs co-cul-
tivation (*, p＜0.05, Fig. 5E∼G). Therefore, CRP upregu-
lation by PD-MSCs in rat hepatocytes activates Wnt sig-
naling and facilitates hepatocyte regeneration.

The correlation of CRP and angiogenic and Wnt 
signaling factors in hepatocytes and ECs co-cultured 
with PD-MSCs
  To demonstrate the interaction between hepatocytes and 
ECs via CRP and the Wnt signaling pathway, we used the 
culture scheme shown in Fig. 6A. The expression of CRP, 

VEGF, Axin2 and albumin was analyzed in hepatocytes, 
WB-F344s, and ECs, HUVECs. In sorted hepatocytes and 
ECs, CRP mRNA was upregulated by co-culture with 
PD-MSCs (Fig. 6B and 6C). Additionally, the expression 
of VEGF and Axin2 was increased in CCl4-treated and 
PD-MSC co-cultured hepatocytes and ECs (Fig. 6D and 
6E, Supplementary Fig. S3A and S3B). Furthermore, albu-
min, a hepatocyte marker, was upregulated in hepatocytes 
co-cultured with PD-MSCs (Supplementary Fig. S3C). 
However, albumin was not detected in the sorted ECs 
(Supplementary Fig. S3D). The expression of CRP pro-
tein, as detected by western blotting, was increased in the 
CCl4-treated and PD-MSC co-cultured rat hepatocytes 
(Supplementary Fig. S4A and S4B). Furthermore, the Wnt 
pathway (Supplementary Fig. S4A, S4C and S4E), angio-
genesis (Supplementary Fig. S4A and S4F) and hepatic re-
generation (Supplementary Fig. S4A and S4D) were acti-
vated in the co-cultured group. Comparing between only 
hepatocytes culture and EC cells and hepatocytes on 
co-culture systems, there was no difference between liver 
regeneration by expression of albumin. However, the dif-
ference between vascular regeneration and Wnt signaling 
factors was more dynamic on co-culture systems of EC 
cells and hepatocytes because the VEGF secretion is ex-
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Fig. 6. PD-MSCs induce the expression of CRP and VEGF at the 
mRNA level. Schematic showing the experimental protocol (A). 
mRNA level of CRP (B), VEGF (D) was quantified in rat hepatocytes 
treated with CCl4 and co-cultured with HUVECs and PD-MSCs. 
mRNA level of CRP (C), VEGF (E) was assayed in HUVECs after 
CCl4 treatment and co-culture with rat hepatocytes and PD-MSCs. 
Duplicated data are represented as the mean±SD. *, p＜0.05.

ceptionally shown in the EC rather than the WB-F344. 
Therefore, we finally co-cultivated EC and hepatocytes to 
study hepatic regeneration by vascular regeneration and 
demonstrated CRP increased by PD-MSCs co-cultivation 
prompts vascular regeneration through Wnt signaling in 
hepatocytes by interacting with ECs.

Discussion

  Hepatic cirrhosis is characterized by changes in nodule 
and hepatic sinusoidal re-capillarization (19). In addition 
to hepatic stellate cells, other non-parenchymal cells such 
as ECs are the major co-modulators of liver fibrosis (20). 
Angiogenic process by ECs is complicated and dynamic 
under physiological and pathological conditions (21). 
Recent studies have demonstrated that angiogenesis and 
sinusoidal remodeling are extensively correlated with hep-
atic fibrosis and regeneration (22). Therefore, we inves-
tigated the interaction of hepatocytes with ECs, through 
a direct co-culture system to determine the effects of this 
interaction on angiogenesis.
  Mice with β-catenin knockout in the liver (β-cate-
nin-LKO) revealed a significant role of β-catenin related 

to metabolic zonation, where β-catenin controls liver re-
generation after hepatectomy by inducing cyclin-D1 (23). 
Similarly, Yang and colleagues made liver-specific Lrp5/6 
knockout (Lrp-LKO) mice and showed that the Wnt path-
way was limited in hepatocytes in the knockout model. 
Similar that in β-catenin-LKO mice, in Lrp-LKO mice, 
metabolic zonation was exacerbated by the lack of Cyp1a2 
and Cyp2e1. Additionally, Lrp-LKO resulted in a signi-
ficant delay in liver regeneration owing to the lack of β
-catenin-TCF association and cyclin-D1 (24). Therefore, 
Wnt signaling in hepatocytes was identified as an im-
portant regulator of metabolic zonation and hepatic deve-
lopment. In another study, Leibing et al. (25) used endo-
thelial subtype-specific Stab2-Cre driver mice to eliminate 
Wnt ligands from liver ECs to investigate the effects of 
the liver angiocrine Wnt pathway on liver growth and 
metabolic functions. The suppression of the angiocrine 
Wnt signaling pathway exacerbated metabolic zonation in 
the liver through the loss of β-catenin-dependent genes 
such as Axin2, glutamine synthase, and cytochrome P450 
2E1. Similarly, through BrdU incorporation, we confirmed 
that increased endothelial markers and β-catenin can 
promote the proliferation of rat hepatocytes (Fig. 5).
  Hepatic progenitor cells (HPCs) are a subtype of liver 
cancer stem cells that activate the Wnt/β-catenin path-
way and Notch signaling involved in angiogenesis. Notch 
and Hedgehog signaling pathways serve as powerful can-
cer-prevention mechanisms. Oishi et al. (26) demonstrated 
that β-catenin is upregulated in HPCs, which promotes 
vasculogenesis and maintains the stem cell niche. We 
found that upregulation of β-catenin and inhibition of 
pGSK3 by PD-MSCs activate vascularization through up-
regulating VEGF and VEGFR2 in vivo and in vitro (Fig. 
3, 6, Supplementary Fig. S1, S4).
  Our results indicated that the CRP is increased in the 
hepatic failure model in response to PD-MSC transplan-
tation, correlating with IL-10 and anti-inflammatory fac-
tor expression. However, CRP has been established as an 
acute inflammatory marker because it has pattern-recog-
nition activity. Although the serum level of CRP is asso-
ciated with the risk and prognosis of several types of dis-
eases, it is uncertain whether CRP is directly involved in 
disease or whether it is simply a bystander (27). In this 
study, we demonstrated a correlation between CRP and 
Wnt signaling in CCl4-treated rat livers transplanted 
PD-MSCs and rat hepatocytes co-cultured with PD-MSCs 
(Fig. 3D, Supplementary Fig. S4). Similar with our study, 
Su and colleagues identified mutations at SNP-286 
(rs3091244) in the CRP promoter. Further analysis showed 
that the CRP mutations at SNP-286 co-occur with mu-
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tated adenomatous polyposis coli, which functions in the 
Wnt/β-catenin pathway (28).
  Pena and colleagues investigated the effects of CRP on 
angiogenic function in vascular ECs. mCRP activates the 
TF pathway in mouse ECs by phosphorylating AKT and 
promoting the expression of the transcription factor ETS1, 
leading to increased CCL2. Additionally, circulating 
pCRP, with mild pro-angiogenic effect via dissociation in-
to mCRP on the surface of mouse ECs, can trigger potent 
angiogenic effects by enhancing the upregulation of the F3 
gene and TF signaling (9). Chen et al. (29) confirmed that 
CRP affects the proliferation and pro-angiogenic para-
crine activity of adipose-derived stem cells (ADSCs). In 
their study, CRP did not affect ADSC proliferation or 
apoptosis, but it induced ADSC migration by promoting 
the PI3K/AKT pathway. ADSCs treated CRP upregulated 
VEGF-A by inducing hypoxia inducible factor-1α, which 
enhanced tube formation on matrigel. Similarly, we found 
that CRP induction by PD-MSCs enhanced vasculariza-
tion in CCl4-injured rat livers and hepatocytes co-cultured 
with ECs (Fig. 3, 6, Supplementary Fig. S4).
  In conclusion, PD-MSCs increase the expression of 
CRP, which attenuates inflammation. The upregulated 
CRP by PD-MSCs activates Wnt signaling and angio-
genesis and facilitates hepatocyte regeneration in vitro and 
in vivo. These results indicate that CRP induced by 
PD-MSCs is involved in vascular remodeling via the Wnt 
signaling during liver regeneration after hepatic failure 
and support the role of CRP as a hepatic regenerative 
factor.
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