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Abstract The plasticity of bone marrow has been con-
firmed by the autopsy of a female recipient of bone marrow
cell transplantation from a male donor. To establish new
clinical cell therapies using autologous bone marrow cells
for patients with liver failure, we developed a new in vivo
model named the green fluorescent protein (GFP)/carbon
tetrachloride (CCl4) model. Using the GFP/CCl4 model, we
found that transplanted Liv8-negative cells efficiently re-
populated into cirrhotic liver tissue and differentiated into
albumin-producing hepatocytes under persistent liver
damage induced by carbon tetrachloride. Moreover, bone
marrow cell transplantation into mice with liver cirrhosis
improved liver function and liver fibrosis with the strong
expression of matrix metalloproteinases (MMPs), espe-
cially MMP-9 activity, resulting in an improved survival
rate. Results from the GFP/CCl4 model showed that cell
therapy using autologous bone marrow cells has the poten-
tial to become an effective treatment for patients with liver
failure. A summary of findings from the GFP/CCl4 model is
described.

Key words Bone marrow cell (BMC) · Liver cirrhosis · GFP
(green fluorescent protein) · Liver fibrosis · Stem cell · Liv8

Introduction

Currently, liver transplantation is one of the most effective
therapies to cure patients with liver disease. However,
transplantation has many problems, such as lack of donors,
operative damage, rejection, and high costs. Cell transplan-
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tation therapy should be a minimally invasive procedure
with fewer potential complications.

Regenerative medicine using stem cells is an attractive
treatment for patients with severe liver disease. The capac-
ity of bone marrow cells (BMCs) to differentiate into hepa-
tocytes and intestinal cells was confirmed through the
detection of the Y chromosome in an autopsy analysis of
human female recipients of BMCs from male donors.1–4

We developed a new in vivo model named the green
fluorescent protein (GFP)/carbon tetrachloride (CCl4)
model,5,6 used to monitor the differentiation of BMCs into
functional hepatocytes. In this article, the newest findings
from the GFP/CCl4 model are described.

Candidate cells for cell therapy

A somatic human stem cell that could be propagated in
large quantities while retaining its ability to differentiate
into different cell types could serve as a highly valuable
resource for the development of cellular therapy in liver
diseases.

If we limit the definition of stem cells to their ability to
self renew and reconstitute a given tissue in vivo, hepato-
cytes fulfill both criteria. However, hepatocyte transplanta-
tion has very rarely produced therapeutic effects in human
clinical trials, mainly because their numbers are too low to
achieve a biological effect.7,8 Under certain conditions,
when hepatocyte replication is blocked, bipotent oval cells
profilerate and participate in liver regeneration. However,
the fact that they have been shown to generate hepatocellu-
lar carcinoma and cholangiocarcinoma cells in rodents is a
concern for their use for cell therapy.

As a result, bone marrow cells are now being considered.
The capacity of bone marrow cells (BMCs) to differentiate
into hepatocytes was found using Y-chromosome detection
in an autopsy analysis of human female recipients of BMCs
from male donors as described previously.1,2 BMC trans-
plantation itself is an established treatment for hematologi-
cal diseases. These results suggest that bone marrow is an

Used Mac Distiller 5.0.x Job Options
This report was created automatically with help of the Adobe Acrobat Distiller addition "Distiller Secrets v1.0.5" from IMPRESSED GmbH.You can download this startup file for Distiller versions 4.0.5 and 5.0.x for free from http://www.impressed.de.GENERAL ----------------------------------------File Options:     Compatibility: PDF 1.2     Optimize For Fast Web View: Yes     Embed Thumbnails: Yes     Auto-Rotate Pages: No     Distill From Page: 1     Distill To Page: All Pages     Binding: Left     Resolution: [ 600 600 ] dpi     Paper Size: [ 595.3 785.2 ] PointCOMPRESSION ----------------------------------------Color Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitGrayscale Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitMonochrome Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 600 dpi     Downsampling For Images Above: 900 dpi     Compression: Yes     Compression Type: CCITT     CCITT Group: 4     Anti-Alias To Gray: No     Compress Text and Line Art: YesFONTS ----------------------------------------     Embed All Fonts: Yes     Subset Embedded Fonts: No     When Embedding Fails: Warn and ContinueEmbedding:     Always Embed: [ ]     Never Embed: [ ]COLOR ----------------------------------------Color Management Policies:     Color Conversion Strategy: Convert All Colors to sRGB     Intent: DefaultWorking Spaces:     Grayscale ICC Profile:      RGB ICC Profile: sRGB IEC61966-2.1     CMYK ICC Profile: U.S. Web Coated (SWOP) v2Device-Dependent Data:     Preserve Overprint Settings: Yes     Preserve Under Color Removal and Black Generation: Yes     Transfer Functions: Apply     Preserve Halftone Information: YesADVANCED ----------------------------------------Options:     Use Prologue.ps and Epilogue.ps: No     Allow PostScript File To Override Job Options: Yes     Preserve Level 2 copypage Semantics: Yes     Save Portable Job Ticket Inside PDF File: No     Illustrator Overprint Mode: Yes     Convert Gradients To Smooth Shades: No     ASCII Format: NoDocument Structuring Conventions (DSC):     Process DSC Comments: NoOTHERS ----------------------------------------     Distiller Core Version: 5000     Use ZIP Compression: Yes     Deactivate Optimization: No     Image Memory: 524288 Byte     Anti-Alias Color Images: No     Anti-Alias Grayscale Images: No     Convert Images (< 257 Colors) To Indexed Color Space: Yes     sRGB ICC Profile: sRGB IEC61966-2.1END OF REPORT ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Job Option File
<<     /ColorSettingsFile ()     /LockDistillerParams false     /DetectBlends false     /DoThumbnails true     /AntiAliasMonoImages false     /MonoImageDownsampleType /Bicubic     /GrayImageDownsampleType /Bicubic     /MaxSubsetPct 100     /MonoImageFilter /CCITTFaxEncode     /ColorImageDownsampleThreshold 1.5     /GrayImageFilter /DCTEncode     /ColorConversionStrategy /sRGB     /CalGrayProfile ()     /ColorImageResolution 150     /UsePrologue false     /MonoImageResolution 600     /ColorImageDepth -1     /sRGBProfile (sRGB IEC61966-2.1)     /PreserveOverprintSettings true     /CompatibilityLevel 1.2     /UCRandBGInfo /Preserve     /EmitDSCWarnings false     /CreateJobTicket false     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDict << /K -1 >>     /ColorImageDownsampleType /Bicubic     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /ParseDSCComments false     /PreserveEPSInfo false     /MonoImageDepth -1     /AutoFilterGrayImages true     /SubsetFonts false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>     /ColorImageFilter /DCTEncode     /AutoRotatePages /None     /PreserveCopyPage true     /EncodeMonoImages true     /ASCII85EncodePages false     /PreserveOPIComments false     /NeverEmbed [ ]     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>     /AntiAliasGrayImages false     /GrayImageDepth -1     /CannotEmbedFontPolicy /Warning     /EndPage -1     /TransferFunctionInfo /Apply     /CalRGBProfile (sRGB IEC61966-2.1)     /EncodeColorImages true     /EncodeGrayImages true     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>     /Optimize true     /ParseDSCCommentsForDocInfo false     /GrayImageDownsampleThreshold 1.5     /MonoImageDownsampleThreshold 1.5     /AutoPositionEPSFiles false     /GrayImageResolution 150     /AutoFilterColorImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /OPM 1     /DefaultRenderingIntent /Default     /EmbedAllFonts true     /StartPage 1     /DownsampleGrayImages true     /AntiAliasColorImages false     /ConvertImagesToIndexed true     /PreserveHalftoneInfo true     /CompressPages true     /Binding /Left>> setdistillerparams<<     /PageSize [ 576.0 792.0 ]     /HWResolution [ 600 600 ]>> setpagedevice



198

attractive cell source for regenerative medicine, because
obtaining BMCs is easier than other tissue-specific stem
cells. In the field of cardiovascular diseases, clinical studies
have been performed to evaluate the use of BMCs in regen-
erating the myocardium and vessels of limb ischemia.9–12

Although various theories explain the existence of pluripo-
tent stem cells in BMCs, the exact composition of stem cells
among BMCs remains unclear. The following cell types
are known to exist in bone marrow: hematopoietic stem
cells (HSC),13–14 side population cells (SP),15 and mesenchy-
mal stem cells (MSC).16 Although past studies used the
existing antibodies and techniques, there have been no
studies based on the findings associated with natural liver
development.

Hematopoietic stem cells (HSCs) have been shown to
adopt the phenotype of the recipient cells with fusion.17,18

This fusion event has been demonstrated to occur between
resident hepatocytes and myelomonocytes,19,20 and also in
normal mice using the Cre-cox system.21 However, using the
same approach, Harris et al. recently demonstrated that
epithelial cells can develop from bone marrow cells without
cell fusion.22 Also, recent publications have suggested that
bone marrow-derived hepatocytes may originate from the
mesenchymal compartment, rather than the hematopoietic
compartment.23,24

The GFP/CCl4 model

To investigate whether BMCs can be used to repair liver
damage, the GFP/CCl4 medel has been developed.5,6 In this
model (Fig. 1), 0.5ml/kg carbon tetrachloride (CCl4) is

administered twice weekly to C57BL/6 female mice to
induce liver cirrhosis, and then green fluorescent protein
(GFP)-positive BMCs obtained from GFP-Tg mice
[C57BL6/Tg14 (act-EGFP) OsbY01 mice]25 are trans-
planted through the tail vein (donor and recipient mice are
of the same strain). In this model, 1 × 105 GFP-positive
BMCs were transplanted without culture. By analyzing the
GFP-positive BMCs in the recipient mice, repopulation and
differentiation of BMCs under continuous liver injury were
evaluated. Immunostaining using anti-GFP antibodies26

showed that GFP-positive BMCs migrated into the mar-
ginal area of the hepatic lobule starting 1 day after BMC
transplantation, and with time, the distribution of GFP-
positive BMCs expanded5,6 while forming a hepatic cord
toward the central vein. The use of Liv2, a hepatoblast-
specific antibody,27 also showed that BMCs first differenti-
ate into Liv2-positive hepatoblasts and then differentiate
into albumin-positive hepatocytes. Furthermore, the
level of serum albumin significantly increases with time in
recipient mice.

These findings suggest that the GFP/CCl4 model can
be used to elucidate the process of differentiation of BMC
into hepatocytes. On the other hand, GFP-positive cells
were not detected in the liver tissue of control mice (no
damage) following BMC transplantation. Persistent liver
damage induced by CCl4 injection is important for produc-
ing a specific differentiation “niche” to activate the plastic-
ity of BMCs and their subsequent differentiation into
hepatocytes. Oval cells were thought to be one of the types
of HSCs derived from the canal of Hering following severe
liver damage.28,29

Based on the findings of Petersen et al. that, under some
conditions, oval cells are derived from bone marrow cells,30

Fig. 1. Experimental protocol
for the green fluorescent
protein/carbon tetrachloride
(GFP/CCl4) model
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we also analyzed the activation of oval cells using a specific
oval cell marker, A6 antibody. A6-positive cells were de-
tected at the periportal region 1 week after BMC transplan-
tation in the GFP/CCl4 model, but A6-positive oval cells did
not increase in the 4 weeks after BMC transplantation in
the GFP/CCl4 model. We could not detect A6-positive cells
that also express GFP in the liver after BMC transplanta-
tion. These results suggest that some signals that activate
oval cells are induced by BMC transplantation into CCl4-
induced cirrhotic livers, but that oval cells might not be
derived from transplanted BMCs. BMCs transplanted into
the GFP/CCl4 model differentiated into hepatoblast pheno-
types, then differentiated into albumin-producing hepato-
cytes in the “differentiation niche” created by persistent
CCl4 injection.

Effect of BMC transplantation on liver fibrosis, liver
function, and survival rate

Transplanted BMCs differentiated into albumin-producing
hepatocytes, leading to an increase in the serum albumin
level. Interestingly, an improvement in liver fibrosis after
BMC transplantation was seen.31,32 Although the exact
mechanism of fibrolysis remains unclear,33 transplanted
BMCs migrate along with the fibers with the strong expres-
sion of matrix metalloproteinase (MMP)-9, resulting in the
resolution of fibrosis (Figs. 2, 3). The degradation of the
extracellular matrix presumably leads to improved liver
function resulting in better survival in mice following BMC
transplantation.

To clarify which fraction of BMCs is responsible for this
improvement of liver function and resolution of liver fibro-

sis, the Liv8 antibody was developed.34 Liv8 antibody de-
tects hematopoietic cells. The mouse fetal liver at 11.5 func-
tions as a definitive hematopoietic organ, and Liv8-positve
cells of the fetal liver at E11.5 include C-kit-positive imma-
ture hematopoietic cells and CD-45-positive lymphoid cells.
These results indicate that Liv8-positive BMCs include
almost all immature and mature hematopoietic cells.

We also analyzed differences in liver fibrosis following
transplantation of Liv8-positive or Liv8-negative BMCs.
Our results showed that Liv8-negative BMC transplanta-
tion improved liver function (e.g., serum albumin level)
and fibrosis more that Liv8-positive BMC transplantation.
These results show that subpopulations of Liv-8 negative
cells (nonhematopietic cells) will be useful for curing liver
cirrhosis.

Our double-fluorescence data may also indicate that
transplanted BMCs seem to become stellate cells, in agree-
ment with a recent report,35 although the number was very
small in our experimental model. This result seems to be
contradictory to our result for the resolution of liver fibrosis
by BMC transplantation, because differentiated stellate
cells may produce collagens.36 Our preliminary results
indicated a reduced mRNA expression of type I pro-
collagen, transforming growth factor-beta (TGF-β1), and
no change of hepatocyte growth factor (HGF) mRNA ex-
pression in the liver 1 week after BMC transplantation com-
pared with the CC14-alone-treated liver. Migrated BMCs
seemed to reduce the fine network pattern of activated
stellate cells. Thus, transplanted BMCs may affect activated
stellate cells to reduce their number; e.g., by leading them to
apoptosis. However, further studies are necessary to deter-
mine the exact relationship between BMCs and resident
stellate cells.

Fig. 2. GFP and Sirius red
staining. Migrated bone marrow
cells are seen along with the
fibers
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BMC transplantation into liver cirrhotic mice has two
effects: BMC differentiation into albumin, producing hepa-
tocytes with the resolution of liver fibrosis. These effects of
BMC transplantation accelerate the improvement of liver
function and the survival rate (Fig. 4).

Molecular mechanisms of BMC differentiation
into hepatocytes

The differentiation of BMCs into hepatocytes in the
fumarylacetoacetate hydrolase (FAH) model was thought
to show the importance of cell fusion in the differentiation
of HSC into hepatocytes.37,38 However, other groups have

Fig. 3. In situ zymography.
Migrated bone marrow cells are
expressing MMP-9 and resolving
the gelatin (extracellular
matrix), leading to the resolu-
tion of liver fibrosis

Fig. 4. Summary of GFP/CCl4

model
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reported little evidence of in vivo cell fusion during the
differentiation of BMCs into other cell lineages.39 We ana-
lyzed the cell fusion rate using cultured Neo-resistant Em-
bryonic Stem (ES) cells and GFP-positive BMCs under the
same culture conditions as Terada et al.17 (cell fusion rate of
1/105–106) and found similar cell fusion rates in our in vitro
assay. Mouse hepatocytes have ploidy values of 2N, 4N, 8N,
or 16N. Cell fusion of diploid (2N) BMCs with hepatocytes
produces cells with ploidy values of 4N, 6N, 10N, or 18N. It
seems that the variety of ploidy values would make it very
difficult to analyze cell fusion.

We analyzed the DNA ploidy patterns of isolated pri-
mary hepatocytes in persistent CCl4-damaged mice with
and without BMC transplantation at 4 weeks. We were able
to isolate about 1.2 × 108 hepatocytes from recipient mice at
4 weeks using a two-step collagenase method and analyzed
the DNA ploidy patterns with a fluorescence-activated cell
sorter (FACS). We found 2N, 4N, 8N, and 16N DNA bands.
Comparisons of these DNA ploidy patterns showed that the
2N and 4N bands were similar, but the peaks representing
the 8N and 16N bands were slightly different. These results
suggest that cell fusion could have occurred in the GFP/
CCl4 model, but further examination is necessary. Although
we could not neglect the possibility that cell fusion had
occurred in our model, BMC seemed to differentiate into
Liv2-positive hepatoblasts and functional hepatocytes,
mainly without cell fusion. Also, we analyzed the mecha-
nism of this plasticity using DNA chips, which are recently
developed tools of genetic analysis.40 Although it is possible
to obtain vast amounts of genetic data using DNA chips,
interpretation of the factors involved in gene expression
requires the application of a statistical technique such as a
self-organizing map (SOM) to visualize the vast amounts of
complicated and multidimensional data.41

In this analysis, we derived a specific equation to extract
genes that regulate the differentiation of BMCs into hepa-
tocytes. Genes related to morphology were dramatically
activated at an early stage, whereas genes associated with
hepatocyte differentiation were upregulated at a later stage
in the GFP/CCl4 model. In the early stage after BMC trans-
plantation, we found that genes such as FGF and c-kit, as
well as HOX and HLH transcription factors, might have
been important. In later stages, genes associated with meta-
bolic function, such as hepatocyte nuclear factor 4 (HNF4)
and glucose-6-phosohatase (G6Pase) isomerase, were in-
duced, suggesting that at 4 weeks after BMCs transplanta-
tion, transplanted BMCs began to assume some of the
metabolic functions of hepatocytes.42 Although many de-
tails remain unconfirmed, the Microarray-SOM analysis for
the GFP/CCl4 model confirmed the idea that BMCs differ-
entiated into immature cells and then differentiated into
mature hepatocytes. This information will be useful for
understanding the mechanism of plasticity of BMCs in the
GFP/CCl4 model.

Summary

As shown in Fig. 4, transplanted GFP-positive BMCs (espe-
cially the Liv8-negative cell population, without culturing)
migrated into the periportal regions of the cirrhotic liver.
The transplanted GFP-positive BMCs differentiated into
Liv2-positive hepatoblasts and then differentiated into
albumin-producing hepatocytes. The differentiation
“niche” induced by persistent liver damage resulting from
continuous CCl4 injection seems to be an essential factor.
Microarry-SOM analysis showed that at an early stage after
BMC transplantation the genes related to morphology
were activated. Then, later, genes associated with liver
metabolism were activated. Finally, BMC transplantation
improved liver function, liver fibrosis, and the survival rate.
These findings strongly support the development of a new
cell therapy using autologous BMCs to treat liver cirrhosis
patients, because BMC transplantation itself is an estab-
lished treatment for hematological diseases. Based on the
results obtained in basic research using the GFP/CCl4

model, human trials are now undergoing.
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