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Introduction

Of late, bone marrow stem cells (BMSCs) have been used

to treat liver fibrosis [1–3]. However, local inflammation

and excessive extracellular matrix (ECM) deposition are

important histopathologic characteristics of liver fibrosis.

Thus, treatment of liver fibrosis with BMSCs therapy

alone may not be sufficient [4,5]. Potential problems

associated with BMSCs therapy may include aggravation

of the local inflammatory response by infusion of BMSCs,

destruction of normal liver tissue may prevent prolifera-

tion of BMSCs, and BMSC transplantation alone may not

be able to degrade the ECM efficiently.

As BMSCs may be a potentially useful vehicle for gene

delivery in adult stem cell-based gene therapy [6–9], an

alternative strategy could involve the transplantation of

BMSCs transduced with an adenovirus-mediated anti-

fibrosis gene. Interleukin-10 (IL-10), an anti-inflamma-

tory factor, has been shown to inhibit the inflammatory

response and promote ECM degradation [10,11]. Thus, a

combination of the adenovirus-mediated IL-10 gene

(AdIL-10) and BMSCs may be beneficial.

As recent studies have shown that BMSCs are unable

to differentiate into hepatocytes in vivo [12–14], the use

of BMSCs as a vehicle for AdIL-10 requires careful con-

sideration. Avital et al. demonstrated that b2m)/Thy-1+

BMSCs isolated from bone marrow cells of cholestatic

rats, termed bone marrow-derived hepatocyte stem cells

(BDHSCs), possess certain hepatocyte-like features in

their gene expression prior to their migration to the liver,

and could therefore be hepatocyte progenitors [15,16].

Based on these reports, we propose that BDHSCs, which
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Summary

Bone marrow stem cells (BMSCs) transplantation alone may not be sufficient

for treatment of liver fibrosis because of complicated histopathologic changes

in the liver. Interleukin-10 (IL-10) is an anti-fibrosis cytokine. IL-10 gene

transfer of b2m)/Thy-1+ bone marrow-derived hepatocyte stem cells (BDHSCs)

may be useful for treating liver fibrosis. To determine the effect of liver fibrosis

in rats by transplanting BDHSCs transduced with adenovirus-mediated IL-10

gene (AdIL-10), rat BDHSCs were isolated by magnetic bead cell sorting, char-

acterized for liver-associated phenotypes, transduced with AdIL-10, and trans-

planted into liver-fibrotic rats. We show that BDHSCs secreted high-level IL-10

and retained their albumin expression after AdIL-10 transfer in vitro. Intra-por-

tal-infused BDHSCs were implanted into the liver 2 weeks after transplanta-

tion. Transplanting AdIL-10-transduced BDHSCs into liver-fibrotic rats

downregulated inflammatory response, promoted liver regeneration, suppressed

activation of hepatic stellate cells and improved liver histopathology and liver

function. These findings demonstrated the potential utility of this novel com-

bined strategy of IL-10 gene and BDHSCs for the treatment of liver fibrosis.
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possess characteristics of both stem and liver cells, may be

potential vehicles for adenoviral gene transfer.

In this study, our data show the successful AdIL-10

transfer of b2m)/Thy-1+ BDHSCs, and their secretion of

high levels of IL-10 both in vitro and in vivo. The inflam-

matory response and the extent of liver fibrosis were sup-

pressed by transplanting AdIL-10-transduced BDHSCs.

These findings highlight the potential utility of a novel

form of therapy for liver fibrosis that involves transduc-

tion of BDHSCs with AdIL-10.

Materials and methods

Isolation of b2m)/Thy-1+ BDHSCs by magnetic

bead cell sorting

Cholestasis models were induced in Wistar rats (180–

200 g) by bile duct double ligation and transaction for

7 days. Bone marrow cells of cholestatic rats were

obtained by flushing femurs and humerus with DMEM/

F12 containing 5% fetal bovine serum (FBS) (Gibco, New

York, USA). b2m)/Thy-1+ BDHSCs were selected and

purified by a two-step magnetic bead cell sorting (MACS)

technique as previously described [15] using the EasySep

selection kit (StemCell Technologies, Vancouver, BC,

Canada). In the first step, bone marrow cells were incu-

bated with FITC-conjugated mouse anti-rat b2m mono-

clonal antibody (BD Biosciences, Oxford, MS, USA) for

15 min, EasySep FITC selection cocktail for 15 min and

EasySep magnetic nanoparticles for 10 min, and then

placed into the Violet Magnet for 10 min. The supernatant

fraction that contained negatively selected cells (b2m)

cells) was now ready for next-step use. In the second step,

b2m) cells were incubated with PE-conjugated mouse

anti-rat Thy-1 monoclonal antibody (BD Biosciences),

EasySep PE selection cocktail and EasySep magnetic nano-

particles, and then placed into the magnet for 5 min. The

supernatant fraction was poured off. Positively selected

cells (b2m)/Thy-1+ cells) which remained inside the tube

were resuspended in desired medium for culture or use.

Cell purity was detected using flow cytometry. Cell viabil-

ity was determined using trypan blue exclusion method.

Reverse transcriptase polymerase chain reaction

for BDHSCs

Total RNA was extracted from fresh isolated BDHSCs

using Trizol (Invitrogen, Carisbad, CA, USA). The prim-

ers used for reverse transcriptase polymerase chain

Table 1. Primers for RT-PCR of BDLSCs.

Gene Primer (forward/reverse) Annealing temperature (�C) Accession no. Product size (bp) Cell cycles

ALB fw: GCAGCAAGAAACCTGGGAAG

rv: GCCTGAGATGGTTGTGATGTG

56 NM_134326 502 30

AFP fw: GCTTCTACCACTGTCTGGGATG

rv: TCTGGAGCGGTCTTCTTGC

54 NM_012493 426 30

CK18 fw: ACCACCAAGTCTGCCGAAAT

rv: TTGCCATCCACGACCTTAC

56 NM_053976 404 30

CK19 fw: CACTACGCAGATCCAGATAAACA

rv: GAAGTCGCACTGGTAGCAAG

56 NM_199498 388 30

HNF4a fw: GCAAGGGATTCTTCAGGAGG

rv: CCCATTCGACCAGAACCAG

57 NM_022180 366 30

HNF6 fw: GACCAGGACCTCAAGATAGCA

rv: TGCCTGAGTCCCTAAACACT

53 NM_022671 397 30

CYP4a1 fw: GGCAGTGTTCAGGTGGAT

rv: TCTGGCAAGTAAGAGGATG

51 NM_175837 282 30

Transferrin fw: CAGCAATGGGCAGATAGA

rv: AACGAGGCACTGGAAAGC

53 NM_017055 496 30

Met fw: CAACAGCGGCAATTCTAG

rv: TGTAGTTCACGCCCACGT

52 NM_031517 314 30

C/EBPa fw: CGCAAGAGCCGAGATAAAG

rv: TCCAGCGACCCTAAACCA

58 NM_012524 262 30

c-kit fw: AAGAAGACAACGACGCACTG

rv: GAGGGTTCAACTTTATCCACAT

55 NM_022264 375 30

CXCR4 fw: AGTGGGCAATGGGTTGGTAAT

rv: TCAGGGATAGTCAGGAGGAGGG

57 NM_022205 354 30

MMP-9 fw: CCTGCGTATTTCCATTCATC

rv: GCCTTGGGTCAGGTTTAGAG

56 NM_031055 498 30

GAPDH fw: ACCACAGTCCATGCCATCAC

rv: TCCACCACCCTGTTGCTGTA

58 NM_002046 450 25
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reaction (RT-PCR) of BDHSCs are shown in Table 1. The

PCR conditions were as follows: initial denaturation at

94 �C for 5 min followed by 30 or 25 cycles at 94 �C for

30 s, annealing temperature (see Table 1) for 1 min and

72 �C for 1 min, and a final extension at 72 �C for

7 min. All PCR reactions were normalized to GAPDH as

the internal standard. PCR products were separated using

1.5% agarose gel electrophoresis. The size of the PCR-

fragments was estimated using the 100-base-pair ladder

(TAKARA, Kusatsu, Japan).

Immunofluorescence staining of BDHSCs

Freshly isolated BDHSCs were plated into 24-well plates

in DMEM/F12 containing 10% FBS (Gibco), and placed

in a humidified, 5% CO2 incubator at 37 �C. After 12 h,

the media was replaced in order to remove nonadherent

cells. The adherent BDLSCs were fixed with 4% parafor-

maldehyde and permeabilized with 0.1% Triton X-100

(Sigma, St Louis, MO, USA). Following blocking in 10%

preimmune goat serum for 2 h, cells were incubated with

rabbit anti-rat albumin (ALB) polyclonal antibody (1:500

dilution; DAKO, Copenhagen, Denmark) overnight at

4 �C. Then cells were incubated with FITC-labeled goat

anti-rabbit IgG (1:100 dilution; Jackson ImmunoResearch,

West Grove, Philadelphia, PA, USA) for 2 h. Cell nuclei

were counterstained with 0.1% 4-,6-diamidino-2-pheny-

lindole (DAPI) (Sigma). FITC and DAPI fluorescence

were visualized using a fluorescence microscope. The

mean value of three randomly selected areas per slide

from three slides was used to calculate the percentage of

BDHSCs expressing ALB.

Transduction with adenoviral vectors

Adenovirus-mediated IL-10 gene, a replication-deficient

recombinant adenovirus carrying the rat IL-10 and green

fluorescent protein (GFP) genes, was constructed using the

AdEasy adenoviral vector system. Adenovirus containing

the GFP gene alone (AdGFP) was used as the control.

The titer of AdIL-10 and AdGFP was 1.6 · 1010 and

1.0 · 1010 plaque-forming units (pfu)/ml, respectively.

The adherent BDHSCs were exposed to culture media

containing AdIL-10 or AdGFP at multiplicities of infec-

tion (MOI) of 100, 300, 500, 1000 or 1500 pfu/cell for

48 h. The optimal MOI was determined from the trans-

duction efficiency and cell viability.

Enzyme-linked immunosorbent assay for IL-10 secreted

by adenoviral transduced BDHSCs

Bone marrow-derived hepatocyte stem cells were trans-

duced with AdIL-10 or AdGFP at the optimal MOI. After

2 days, the culture supernatant was collected. In addition,

the media from untreated BDHSCs were collected as the

control. The supernatant was assayed for IL-10 content

using a commercially available enzyme-linked immuno-

sorbent assay (ELISA) kit (R&D, Minneapolis, MN, USA)

as per the manufacturer’s instructions. The ELISA data

were expressed as the mean pg of peptide/1 ml/

1 · 106 cells/48 h ± SD, with n = 8 per group.

Immunofluorescence staining for ALB expression

of AdIL-10-transduced BDHSCs

Immunofluorescence staining was performed after

BDHSCs transduced with AdIL-10 at the optimal MOI for

3 days. The primary antibody was rabbit anti-rat ALB

polyclonal antibody (1:500 dilution; DAKO). The second-

ary antibody was TRITC-labeled goat anti-rabbit IgG

(1:100 dilution; Jackson ImmunoResearch). The percent-

age of cells co-expressing GFP and ALB was determined by

counting the number of ALB-positive cells in GFP-positive

cells in three different fields per slide from three slides.

CCl4-induced liver-fibrotic rat models and

transplantation experiments

Wistar rats (300–350 g) were subcutaneously injected

with a 2:3 solution of CCl4 and olive oil at a dose of

3 ml/kg body weight twice per week for 8 weeks to

induce liver fibrosis. The same volume of olive oil alone

was used as a control. After 4 weeks of CCl4 or olive oil

treatment, rats were randomly divided into four groups

as follows: normal group, rats treated with olive oil were

infused with PBS; model group, rats treated with CCl4
were infused with PBS; BDHSC group, rats treated with

CCl4 were infused with PBS containing untreated

BDHSCs (2 · 105); and BDHSC/IL-10 group, rats treated

with CCl4 were infused with PBS containing BDHSCs

transduced with AdIL-10 for 24 h (2 · 105). Infusion was

via the portal vein. Rats were killed 4 weeks after trans-

plantation. Blood was collected from celiac artery for

analysis. Liver tissue was fixed in 10% neutral buffered

formalin for histopathologic and immunohistochemical

examination, or stored at )80 �C for future analysis. All

animal handling and experimental procedures were

approved by the Animal Care and Use Committee of the

Chinese Academy of Medical Sciences.

Tracing of DAPI-labeled BDHSCs in the liver

Tracing analysis by labeling BDHSCs with DAPI (Sigma)

in vitro was used to show implantation of the intra-portal

transfused cells into the liver. DAPI was added to the

BDHSC suspension (final concentration 50 lg/ml) for
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2 h. After washing six times with PBS, DAPI-labeled

BDHSCs were transfused into individual rats that had

been treated with CCl4 for 4 weeks via the portal vein.

After 2 weeks, liver tissue was excised, and cryostat sec-

tions were cut. DAPI-positive signals were observed under

the 340 nm excitation wavelengths using a fluorescence

microscope. Liver sections of nontransfused normal and

CCl4-treated rats were used under the same excitation

wavelengths as negative controls. Meanwhile, hematoxylin

and eosin (HE) staining of liver sections in normal non-

transfused, CCl4-treated nontransfused and CCl4-treated

transfused rats was performed.

ELISA for IL-10 and tumor necrosis factor-a in the liver

tissue

The levels of IL-10 and tumor necrosis factor (TNF)-a in

the liver tissue of rats 4 weeks after transplantation were

measured using ELISA kits (R&D). Wet liver tissue

(100 mg per sample) was homogenized in 1 ml PBS in

the presence of 1% protease inhibitors (Sigma). The

supernatant fraction of liver homogenate was used to

measure IL-10 and TNF-a levels. The ELISA data were

expressed as the mean pg of peptide/1 ml/100 mg tis-

sue ± SD, with n = 8 per group.

Real-time quantitative RT-PCR for hepatocyte growth

factor in the liver

The extracted total RNA of liver tissue from eight rats per

group was reverse transcribed into cDNA using

ExScriptTM RT reagent Kit (TAKARA, Kusatsu, Japan).

Real-time PCR was performed using the SYBR Premix Ex

TaqTM (TAKARA) on a LightCycler (Roche Diagnostics

GmbH, Penzberg, Germany). The sense and antisense

primers used in this study are as follows: hepatocyte

growth factor (HGF) (NM_017017, 138 bp), 5¢-AGCAT

GACATCACTCCCGAGAAC-3¢ and 5¢-TGGGAATTTGA

GAGCAGTAACCAAC-3¢; GAPDH (NM_017008, 143 bp),

5¢-GGCACAGTCAAGGCTGAGAATG-3¢ and 5¢-ATGGT

GGTGAAGACGCCAGTA-3¢. PCR was performed at

95 �C for 10 s, followed by 40 cycles of denaturation at

95 �C for 5 s and annealing/extension at 60 �C for 20 s.

HGF mRNA quantity for each case respectively was deter-

mined by comparative CT method by the LightCycler

software. Each sample was run in triplicate. Independent

experiments were repeated twice.

Immunohistochemistry for proliferating cell nuclear

antigen of the liver tissue

Liver tissue paraffinized-sections from eight rats per

group were blocked with 0.3% H2O2 in methanol for

endogenous peroxidase activity, incubation with mouse

anti-rat proliferating cell nuclear antigen (PCNA) mono-

clonal antibody (1:200 dilution; Santa Cruz Biotechnol-

ogy, Santa Cruz, CA, USA) and peroxidase-conjugated

rabbit anti-mouse IgG (1:200 dilution; Santa Cruz Bio-

technology). Sections were then colorated with diam-

inobenzidine (DAB) and counterstained with

hematoxylin. Quantification of PCNA expression was car-

ried out by measuring the integrated optical density

(IOD) of positive staining area using the Image-Pro plus

image analysis software. Three random areas were selected

per slide from two slides per rat. Independent experi-

ments were repeated twice.

Van Gieson staining of the liver tissue

The liver sections from eight rats per group, rats 4 weeks

after transplantation were stained using standard Van

Gieson (VG) staining method to detect collagen fibers.

The red areas are considered the collagen area. Quantifi-

cation of the intensity was carried out with Image Quant

5.1 software (Molecular, Dynamics, Sunnyvale, CA,

USA). After establishing a color threshold for each

micrograph, the number of pixels showing the red color

of the stained collagen fibers was extracted, and the per-

centage of these fibers in the liver was calculated by

dividing the total red-colored area by the total area of

the liver. The mean value of three randomly selected

areas per slide from two slides per rat was used as the

expressed percent area of fibrosis. Independent experi-

ments were repeated twice.

Western blot for a-smooth muscle actin of the liver

tissue

Small pieces of the liver tissue from eight rats per group

were lysed with RIPA peptide lysis buffer (Biocolor,

Shanghai, China) containing 1% protease inhibitors.

20 lg of protein per sample was loaded onto a 10% SDS-

polyacrylamide gel. After electrophoresis, the protein was

transferred onto a PVDF membrane (Millipore, Billerica,

MA, USA) by electro-elution. The membrane was incu-

bated with mouse anti-rat a-smooth muscle actin

(a-SMA) monoclonal antibody (1:1000 dilution; Sigma)

overnight at 4 �C and horseradish peroxidase (HRP)-con-

jugated goat anti-mouse IgG (1:5000 dilution; Jackson

ImmunoResearch) for 2 h at room temperature in a gyra-

tory shaker. After adequate washes, the membrane was

processed using SuperSignal West Pico chemiluminescent

substrate (Pierce, Rockford, IL, USA). The mouse anti-rat

b-actin monoclonal antibody (1:500 dilution; Santa Cruz

Biotechnology) as an internal standard. The intensities of

a-SMA and b-actin were measured using the Quantity
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One 4.6.2 1-D analysis software. Independent experiments

were repeated at least three times.

Biochemical assays in the blood

Alanine aminotransferase (ALT), aspartate aminotransfer-

ase (AST), alkaline phosphatase (ALP) and direct biliru-

bin (DBIL) in serum, and prothrombin time (PT) and

activated partial thromboplastin time (APTT) in plasma

were measured using an automated analyser (Beckman

LX20, Fullerton, CA, USA) at our hospital.

Statistical analysis

All data are presented as mean ± SD. The differences

between the mean values of each group were compared

by the analysis of variance (anova) or Kruskal–Wallis test

as appropriate, and considered to be statistically signifi-

cant when the adjusted P values were <0.05.

Results

Purity and viability of b2m)/Thy-1+ BDHSCs

Quantitatively, about 1–2 · 106 b2m)/Thy-1+ BDHSCs

were obtained by MACS from 1 · 108 BMSCs per chole-

static rat. Flow cytometry analysis showed that the purity

of BDHSCs was consistently over 96% (Fig. 1a and b).

The cell viability, determined by trypan blue exclusion,

was >95%.

Characterization of liver-associated markers of BDHSCs

As shown in Fig. 2, RT-PCR analysis revealed that the

BDHSCs expressed a subset of hepatic genes [ALB,

a-fetoprotein (AFP), cytokeratin 18 (CK18), cytokeratin

19 (CK19), transferrin], enzymes [cytochrome P450 4a1

(CYP4a1)], transcription factors [hepatocyte nuclear

factor 4a (HNF4a), HNF6, CCAAT/enhancer binding

protein (C/EBPa)] and the HGF receptor [met

proto-oncogene (Met)]. In addition, the stem cell growth

factor receptor [c-kit receptor tyrosine kinase (c-kit)],

chemokine receptor for stromal cell-derived factor-1

(CXCR4) and matrix metalloproteinase 9 (MMP-9) were

also expressed. Immunofluorescence staining revealed that

the percentage of BDLSCs expressing ALB was

97.78 ± 1.99% (Fig. 3).

Adenoviral gene transfer of BDHSCs in vitro

The transduction efficiency of AdIL-10 after 48 h

increased dose-dependently with the viral titer, but the

(a) 

(b) i ii

Figure 1 Purity analysis of BDHSCs by flow cytometry. (a) b2m)/Thy-

1+ BDHSCs freshly isolated by MACS. Scale bar: 200 lm. (b) Flow

cytometry analysis of b2m)/Thy-1+ BDHSCs isolation by MACS: (i) the

percentage of b2m)/Thy-1+ cells was 31.05% before isolation, (ii) the

percentage of b2m)/Thy-1+ cells was 96.57% after isolation.
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Figure 2 RT-PCR analysis for

liver-associated genes of BDHSCs.
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cell viability decreased at an MOI of >500 pfu/cell. We

found that the optimal MOI of AdIL-10 and AdGFP

transduction was 500 pfu/cell and 1000 pfu/cell, respec-

tively. The percentage of GFP-positive cells was

94.97 ± 1.32% and 93.80 ± 1.35% respectively, and

the cell viability was >95%, 48 h after adenoviral gene

transfer at a MOI of 500 pfu/cell for AdIL-10 and

1000 pfu/cell for AdGFP.

IL-10 secretion and ALB expression by adenoviral

transduced BDHSCs

Significantly higher levels of IL-10 secretion were

observed in AdIL-10-transduced BDHSCs (322.38 ±

28.73 pg/ml/1 · 106 cells/48 h) than in untreated

BDHSCs (46.11 ± 7.36 pg/ml/1 · 106 cells/48 h) and

AdGFP-transduced BDHSCs (43.98 ± 9.14 pg/ml/1 · 106

cells/48 h) (P < 0.01) by ELISA (Fig. 4).

In addition, ALB was expressed in almost all GFP-posi-

tive cells of AdIL-10-transduced BDHSCs (97.56 ±

2.01%) (Fig. 5).

Detection of BDHSCs in the liver

Photomicrographs revealed DAPI-positive signals (blue)

in the autofluorescence signals (green) of the liver tissue

under 340-nm excitation wavelengths (Fig. 6f). In con-

trast, DAPI-positive signals were not detected in the nega-

tive controls, with the exception of background

(a) i ii iii

(b)

100 µm 100 µm 100 µm

50 µm

Figure 3 Immunofluorescence staining

revealed ALB expression in BDHSCs. (a):

(i) Nuclear staining with DAPI (blue), (ii)

ALB expression are shown with FITC-flu-

orescence (green), (iii) merged image of

ALB and DAPI. Scale bar: 100 lm. (b)

Merged image of ALB and DAPI at high

magnification. Scale bar: 50 lm.

Figure 4 IL-10 transgene expression of AdIL-10-transduced BDHSCs

measure by ELISA. Untreated BDHSCs versus AdGFP-transduced

BDHSCs, P > 0.05; AdIL-10-transduced BDHSCs versus untreated

BDHSCs and AdGFP-transduced BDHSCs, P < 0.01.

(a) (b) (c)

50 µm 50 µm 50 µm

Figure 5 Co-expression of GFP and

ALB in AdIL-10-transduced BDHSCs

detected by immunofluorescence

staining. (a) GFP expression (green). (b)

ALB expression (red). (c) Merged image

of GFP and ALB. Scale bar: 50 lm.
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autofluorescence of the liver tissue (Fig. 6d and e). These

observations suggested that transfused BDHSCs were still

present in impaired liver 2 weeks after injection.

IL-10 and TNF-a levels in the liver after transplanting

AdIL-10-transduced BDHSCs

The average IL-10 concentration in the model group was

lower than that detected in the normal rats. There was no

significant difference in the IL-10 concentration between

the normal and BDHSC groups. In contrast, the IL-10

level was significantly increased in the BDHSC/IL-10

group compared to those other three groups.

Tumor necrosis factor-a levels were significantly higher

in the model group than in the normal group. In the

BDHSC group, TNF-a levels were significantly suppressed

compared with the model group, but were still higher

than those observed in the normal group. After transplan-

tation of AdIL-10-transduced BDHSCs, we observed

TNF-a levels in that group that were equivalent to those

observed in the normal group but were significantly

decreased compared to the BDHSC group.

In addition, an imbalance in the ratio of the IL-10 and

TNF-a concentration per sample, that was lower than that

found in the normal group, was observed in the model

group. Transplantation of untreated BDHSCs did not

improve the imbalance. However, the ratio in the

BDHSC/IL-10 group was significantly increased, and was

even higher than that observed in the normal group

(Table 2).

Enhancement of liver regeneration after transplanting

AdIL-10-transduced BDHSCs

Liver regeneration was evaluated by detecting the expres-

sions of HGF gene and PCNA protein in the liver tissue.

Real time RT-PCR and immunohistochemistry (IHC)

results showed that treatment with CCl4 for 8 weeks

increased the expressions of HGF mRNA and PCNA pro-

tein, compared with the normal group (P < 0.01). Fur-

ther increased expressions were observed in untreated and

AdIL-10-transduced BDHSCs (P < 0.01). However, the

increasing levels of HGF mRNA (Fig. 7) and PCNA pro-

tein (Fig. 8a and b) in the BDHSC/IL-10 group were

more significant than those in the BDHSC group

(P < 0.01).

Suppression of liver fibrosis after transplanting

AdIL-10-transduced BDHSCs

The formation of collagen fibers (red) on liver sections

was seen in the model group. However, transplantations

of untreated and AdIL-10-transduced BDHSCs both

reduced the collagen area. Compared with the BDHSC

group, liver fibrosis was significantly suppressed in the

BDHSC/IL-10 group (Fig. 9a and b).

(a)

(d) (e) (f)

(b) (c)

200 µm200 µm 200 µm

200 µm200 µm200 µm

Figure 6 Localization of transfused DA-

PI-labeled BDHSCs in the liver tissue. HE

staining of liver tissue in normal non-

transfused (a), CCl4-treated nontrans-

fused (b) and CCl4-treated transfused (c)

rats. Green autofluorescence of liver tis-

sue in normal nontransfused (d) and

CCl4-treated nontransfused (e) rats. (f)

DAPI-positive blue signals (white arrow)

in green autofluorescence of liver tissue

in CCl4-treated transfused rats. Scale

bar: 200 lm.

Table 2. Comparison of IL-10 and

TNF-a levels in liver tissue (mean ± SD).
Group n

IL-10 (pg/ml/100 mg

liver tissue)

TNF-a (pg/ml/100 mg

liver tissue) IL-10/TNF-a

Normal 8 31.62 ± 4.58 121.65 ± 21.10 0.26 ± 0.04

Model 8 15.90 ± 3.12a 343.17 ± 68.76a 0.05 ± 0.01a

BDLSC 8 20.57 ± 5.84b 278.39 ± 94.24a 0.08 ± 0.03a

BDLSC/IL-10 8 57.90 ± 11.23a,b,c 90.54 ± 30.33b,c 0.68 ± 0.21a,b,c

aP < 0.01 versus normal group; bP < 0.01 versus model group; cP < 0.01 versus BDLSC group.
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The expression of a-SMA represents the activation of

hepatic stellate cells (HSCs). Western blot analysis results

showed that the expression of a-SMA in the model group

was significantly increased when compared to that in the

normal group. After transplanting untreated or AdIL-10-

transduced BDHSCs, a-SMA expression was significantly

decreased, especially in the BDHSC/IL-10 group (Fig. 10a

and b).

Improvement of liver function after transplanting

AdIL-10-transduced BDHSCs

As shown in Table 3, the levels of all parameters were

increased in the model group, compared with those in

the normal group. Transplantations of untreated and

AdIL-10-transduced BDHSCs both suppressed the levels

Figure 7 Level of HGF mRNA expression in the liver tissue detected

by real-time quantitative RT-PCR. Model versus normal group,

P < 0.01; BDHSC versus model group, P < 0.01; BDHSC/IL-10 versus

BDHSC group, P < 0.01.

(a) 
i ii

iii iv

(b) 

Figure 8 PCNA expression in the liver tissue by immunohistochemis-

try. (a) Representative photomicrographs of PCNA staining (black

arrow): (i) the normal group, (ii) the model group, (iii) the BDHSC, (iv)

the BDHSC/IL-10 group, scale bar: 100 lm. (b) Quantitative analysis

of PCNA expression by IOD. Model versus normal group, P < 0.01;

BDHSC versus model group, P < 0.01; BDHSC/IL-10 versus BDHSC

group, P < 0.01.

(a)
i ii

iviii

(b)

200 µm200 µm

200 µm200 µm

Figure 9 Collagen area of the liver tissue by Van Gieson staining. (a)

Representative photomicrographs of collagen fiber staining (red): (i)

the normal group, (ii) the model group, (iii) the BDHSC, (iv) the

BDHSC/IL-10 group, scale bar: 200 lm. (b) Quantitative analysis of

fibrosis area. Model versus normal group, P < 0.01; BDHSC versus

model group, P < 0.05; BDHSC/IL-10 versus BDHSC group, P < 0.05.
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of ALT, AST, ALP, DBIL and PT. However, APTT in the

BDHSC group was not shorter than that in the model

group. The levels of ALT, DBIL, PT and APTT in the

BDHSC/IL-10 group were significantly improved that was

comparable to normal levels, compared with those in the

BDHSC group.

Discussion

The therapeutic effect of BMSCs alone on liver fibrosis is

not very good in some studies [4,5,14]. One reason may

be because unpurified BMSCs are able to differentiate

into multiple cell types. Previous studies have indicated

that BMSCs may be unable to differentiate into hepato-

cyte-like cells [12,13]. Other reports suggest that BMSCs

may differentiate into nonparenchymal cells such as HSCs

[17] and myofibroblasts [18,19] that promote liver fibro-

sis after direct transplantation into the liver. Second,

Immunologic abnormality and inflammatory damage are

important histopathologic characteristics of liver fibrosis.

However, the interference in blood flow on account of

BMSCs infusion is sufficient to cause local ischemia rep-

erfusion events and induce a harmful local inflammatory

response [20–22]. This may aggravate inflammatory dam-

age of the impaired liver. Third, transplantation of

BMSCs alone may not degrade the ECM efficiently. Their

ability to inhibit the formation of fibrosis is very limited.

In this study, we successfully isolated b2m)/Thy-1+

BDHSCs from cholestatic rats using a two-step MACS

method as previously described. BDHSCs possessed hepa-

tocyte-like features at the gene- and protein levels.

Besides, we found that high expressions of stem cell genes

including c-kit, CXCR4 and MMP-9 genes in BDHSCs.

c-kit is a critical phenotype marker for stem cells and

hepatic progenitor cells [23,24]. CXCR4 is important in

the homing of bone marrow-derived cells to the liver

tissue expressing stromal cell-derived factor-1 [25,26].

MMP-9 plays a key role in the degradation of ECM

[4,27] and the regulation of recruitment of stem cells to

inflammatory or damaged domains in liver [26,28].

Gene therapy strategies offer the potential to prevent

graft rejection, immune response or inflammatory

response. Combining genetic modification of donor tissue

with complementary changes may benefit in transplanta-

tion [29]. In this study, we showed that BDHSCs, which

possess characteristics of both stem- and liver cells, may

act as potential vehicles for IL-10 gene delivery during the

treatment of liver fibrosis. Transplantation of AdIL-10-

transduced BDHSCs may overcome some of the problems

associated with transplantation of BDHSCs alone as a

monotherapy for treating liver fibrosis, including inhibit-

ing inflammatory response, stimulating hepatic regenera-

tion and promoting ECM degradation.

In addition, for ex vivo gene transfer, adenoviral vectors

have several advantages over other vectors, such as their

ability to infect quiescent cells, a broad host range, the

ease of preparation of high-titer viral stock, high-level

(a)

(b)

Figure 10 a-SMA expression of the liver tissue by western blot. (a)

Representative photographs of a-SMA protein blots. (b) Quantitative

analysis of a-SMA expression. Model versus normal group, P < 0.01;

BDHSC versus model group, P < 0.01; BDHSC/IL-10 versus BDHSC

group, P < 0.01.

Table 3. Comparison of parameters of liver function (mean ± SD).

Group n ALT (IU/l) AST (IU/l) ALP (IU/l) DBIL (lmol/l) PT (s) APTT (s)

Normal 8 37.4 ± 2.5 168.4 ± 37.6 73.0 ± 7.6 0.5 ± 0.1 16.4 ± 0.3 19.9 ± 0.5

Model 8 318.6 ± 85.8a 437.8 ± 115.2a 238.4 ± 51.9a 2.9 ± 1.0a 22.8 ± 2.7a 27.6 ± 3.7a

BDLSC 8 108.9 ± 30.3a,b 194.6 ± 49.6b 143.3 ± 28.5b 1.5 ± 0.5a,b 19.0 ± 1.4a,b 25.4 ± 1.9a

BDLSC/IL-10 8 36.4 ± 9.0b,c 143.8 ± 48.4b 141.1 ± 26.6a,b 0.6 ± 0.2b,c 16.8 ± 1.5b,c 20.8 ± 3.4b,c

aP < 0.01 versus normal group; bP < 0.05 versus model group; cP < 0.05 versus BDLSC group.
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transgene expression in vitro [30], and ability to be

sequestered mainly by liver [31]. But adverse effects may

occur on account of the fact that in vivo injection of

AdIL-10 usually leads to low level gene expression for a

short length of time, a local immune response and ran-

dom expression of the transgene in almost all cell types

[32,33]. However, AdIL-10-transduced ex vivo BDHSCs

are an attractive alternative for use in gene therapy,

because they avoid some of the risks and disadvantages.

For example, they may reduce hepatotoxicity and immu-

nogenicity of adenoviral vectors [34,35] or make trans-

gene expression more stable and persistent on account of

the ability of stem cell self-renewal and proliferation [36–

38].

We evaluated the inflammatory response in the liver

after transplantation. An increased concentration of IL-10

was observed in the impaired liver after transplanting

AdIL-10-transduced BDHSCs. In the liver, IL-10 is pro-

duced by several types of cells including hepatocytes,

sinusoidal cells, kupffer cells, stellate cells and liver-associ-

ated lymphocytes [39]. It was reported that endogenous

IL-10 in the liver increased for downregulating inflamma-

tory response and improving liver fibrosis [40]. Accord-

ingly in our study, detected IL-10 levels included the

contents of IL-10 secreted by both exogenous AdIL-10

and endogenous cells in the liver. IL-10 is a potent anti-

inflammatory cytokine, which can protect hepatocytes,

promote ECM degradation and modulate hepatic fibro-

genesis by downregulating the inflammatory response,

inhibiting the synthesis of pro-inflammatory cytokines

and activating nuclear factor jB [41,42]. TNF-a is a key

pro-inflammatory and liver-fibrosis-induced cytokine

[43]. The decrease in TNF-a secretion after transplanting

AdIL-10-transduced BDHSCs might be responsible for

the IL-10 anti-inflammatory and hepatoprotective effect

[41]. A balance between the levels of anti-inflammatory

and pro-inflammatory cytokines is important for the

turnover of the inflammatory response [44]. Our data

show that the TNF-a content in liver-fibrotic rats signifi-

cantly increased resulting in an imbalance in the ratio of

IL-10 and TNF-a. Transplantation of AdIL-10-transduced

BDHSCs reversed this imbalance, whereas untreated

BDHSCs did not.

Moreover, an enhancement of liver regeneration mani-

fested by the expressions of HGF gene and PCNA protein

in liver tissue after transplanting AdIL-10-transduced

BDHSCs was observed. HGF was identified as a mitogen

for mature hepatocytes [45], and is considered to be

important for the development and regeneration of liver

[46]. HGF showed the anti-apoptotic activity in hepato-

cytes and suppressed liver fibrosis [47,48]. We considered

that the suppression of inflammatory response and modi-

fication of ECM in the liver by transplanting AdIL-10-

transduced BDHSCs may provide spaces for the growth

of BDHSCs and hepatocytes [49] or regulate directly

endogenous hepatocyte proliferation [50].

In order to achieve a therapeutic effect of transplanta-

tion on liver fibrosis, we also examined the liver histopa-

thology, HSC activation and liver function.

Transplantations of untreated and AdIL-10-transduced

BDHSCs both were effective for treating liver fibrosis.

The improvement of fibrosis area, a-SMA expression and

levels of ALT, DBIL, PT and APTT by transplantation of

AdIL-10-transduced BDHSCs was more significant than

those by transplantation of untreated BDHSCs.

In summary, our findings showed the feasibility and

effect for treating liver fibrosis by this novel method. This

combined strategy of AdIL-10 and BDHSCs may repre-

sent a feasible and safe therapy form for live fibrosis.
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