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Abstract
AIM: To evaluate the number of bone marrow 
mononuclear cells (BMMC) that are migrated to the 
liver following transplantation of murine BMMC into 
mice with acute liver injury. 

METHODS: BMMC were isolated from the bone 
marrow of mice in a lymphocyte separation medium 
and then labeled with PKH26. The labeled cells were 
subsequently infused into the caudal veins of BALB/c 
mice with hepatic injury induced by carbon tetrachloride 
and 2-acetylaminofluorene. Mice in experimental 
group were treated with stromal cell-derived factor-1 
(SDF-1) which was injected intraperitoneally after trans
plantation of BMMC. Mice in control group were injected 
intraperitoneally with 0.1 mL of saline (0.9% NaCl) after 
transplantation of BMMC. After 2 wk, migration of the 
cells in experimental group was studied by fluorescence 
microscopy. The expression of proliferating cell nuclear 
antigen and albumin was quantified with manual 
methods in both groups. The serum transaminase levels 
at different time points were compared between the 
two groups. 

RESULTS: The labeled “cells” were found in the portal 

region and central veins of hepatic lobules. The PKH26-
labeled cells appeared at an average frequency of  
108 ± 8/high power field in the experiment group and 
65 ± 8/high power field in the control group (P < 0.05). 
The total number of positive cells was 29 ± 7/high 
power field in the experimental group and 13 ± 2/high 
power field in the control group. The albumin expres-
sion level was also higher in the experimental group 
than in the control group (29 ± 7 vs  13 ± 2, P < 0.05). 
The total number of crossing points was 156 ± 5/high 
power field in the experimental group and 53 ± 5/high 
power field in the control group (P < 0.05). The serum 
alanine aminotransferase levels in experimental and 
control groups were measured at different time points 
(120 ± 40 vs  118.50 ± 1.75, P  > 0.05; 80.60 ± 6.50 
vs  101.08 ± 5.67, P  < 0.05; 50.74 ± 5.38 vs  80.47 ± 
4.62, P  < 0.05; 30.54 ± 2.70 vs  60.72 ± 4.37, P < 0.05; 
30.77 ± 5.36 vs  40.47 ± 6.50, P < 0.05). At the same 
time, the serum aspartate aminotransferase levels were 
measured in experimental and control groups at differ-
ent time points (122.55 ± 1.46 vs 120.70 ± 4.22, P > 0.05; 
54.26 ± 6.50 vs  98.70 ± 8.20, P  < 0.05; 39.47 ± 5.39 
vs  78.34 ± 4.50, P < 0.05; 28.94 ± 2.70 vs 56.44 ± 4.28, 
P  < 0.05; 30.77 ± 5.45 vs  42.50 ± 6.28, P  < 0.05).

CONCLUSION: SDF-1 can promote the migration of 
BMMC to the liver of mice with acute liver failure. 
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INTRODUCTION
Stem cells have the potential ability of  multi-directional 
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differentiation and self-renewal. Under proper induc-
tion circumstances, they can differentiate into differ-
ent functioning cells. Differentiation between groups 
is ongoing. Recent studies using experimental animal 
models and samples from clinical mobilization protocols 
demonstrated that chemokines such as stromal derived 
factor-1 (SDF-1) and IL-8 are involved in the mobiliza-
tion process[1,2]. The central role of  SDF-1 in induction 
of  mobilization has been reviewed[3]. SDF-1, a kind of  
micro-molecular proteins, possesses a variety of  biologic 
activities. It has been identified that SDF-1 can promote 
bone marrow stem cell directional differentiation both 
in heart tissue[4] and in nerve tissue[5]. Since mesenchymal 
stem cells in human second-trimester bone marrow, liver, 
lung, and spleen exhibit a similar immunophenotype but 
a heterogeneous multilineage differentiation potential l[6], 
we hypothesize that SDF-1 can also mobilize migration 
of  bone marrow mononuclear cells (BMMC) in mice 
with acute liver failure. 

The aim of  this study was to determine whether au-
tologous BMMC can be mobilized by SDF-1 in BALB/c 
mice with experimental acute liver failure. To test this, 
BMMC were isolated from the bone marrow of  mice 
in a lymphocyte separation medium and then labeled 
with the fluorochrome dye PKH26.The labeled cells 
were subsequently infused into the caudal veins of  mice 
with hepatic injury induced by carbon tetrachloride and 
2-acetylaminofluorene. Mice in experimental group were 
injected intraperitoneally with SDF-1 (5 μg/kg) and 
mice in control group were injected intraperitoneally 
with 0.1 mL of  saline (0.9% NaCl) after transplantation 
of  BMMC. After 2 wk, the migration of  BMMC was 
studied by fluorescence microscopy. The number of  
migrated BMMC was calculated, and the expression of  
proliferating cell nuclear antigen (PCNA) and albumin 
in both groups was quantified with manual methods. In 
the following 4 wk, serum aminotransferase activity was 
detected to monitor the changes in liver function at dif-
ferent time points. 

MATERIALS AND METHODS
Experimental animals
Male BALB/c mice, weighing 20-22 g, at the age 8-10 wk, 
were purchased from the Animal Center of  Jilin Univer-
sity. All mice were housed in rooms at a constant tempera-
ture and humidity in a 12 h light/dark cycle with free ac-
cess to normal rodent chow and water. Experiments were 
conducted according to the guidelines established by Jilin 
University. The procedures were approved by the Supervi-
sor Committee of  Jilin University Animal Council.

Principal reagents
Recombinant murine SDF-1 α (CXCL12, Catalog #: 
250-20A) was obtained from PeproTech EC Company 
(USA). Proliferating cell nuclear antigen, lymphocyte 
isolation medium (1.077 g/cm3) and red fluorochrome 
PKH26GL were purchased from Simga Company 
(Saint louis, Missouri USA). 2-acetylaminofluorene 

was purchased from Invitrogen Company (California,  
USA). 

Experimental groups
The animals were divided into donor and recipient 
groups. The recipient group was further divided into an 
experiment group and a control group (n = 30). 

Methods
Femoral bones were aseptically removed from male 
BALB/c mice under anesthesia and bone marrow in 
the medullary cavity was bathed by heparin (50 U/mL) 
dissolved in normal saline. Bone marrow cells were 
suspended in a sterilized lymphocyte isolation medium. 
After dilution with 2 mL phosphate-buffered saline (PBS, 
0.01 mol/L, pH = 7.4) at 1:1, the cells were slowly add-
ed at a relative matching density of  1.077 g/cm3 lym-
phocytes followed by centrifugation at 2000 r/min for  
20 min. Cell groups were identified, washed with PBS, 
and centrifuged at 1200 r/min for 10 min. The top of  
centrifuge tube was shaken lightly to detach the cell 
groups. A DMEM/F12 medium was added (15% FBS, 
100 000 U/L penicillin, pH = 7.4) to prepare cell sus-
pension at a density of  over 5 × 108 cells/L. Finally, 
BMMC were labeled with PKH26 according to its man-
ufacture, s instructions. The density of  labeled cell sus-
pension was adjusted to 3 × 107 cells/mL. BMMC with 
a viability over 95%, measured by trypan blue exclusion, 
were used. One million of  BMMC were isolated from 
the donor group, labeled with PKH26 and injected into 
mice of  the experimental group via the tail vein. One 
hour later, mice in the experimental group were injected 
intraperitoneally with SDF-1 (5 μg/kg). Mice in the con-
trol group were injected intraperitoneally with 0.1 mL  
of  saline (0.9% NaCl). The injection of  SDF-1 or 
saline was repeated once a day in the following weeks. 
Two weeks later, the mice were euthanized by cervical 
spine dislocation with their livers removed immediately 
and frozen in liquid nitrogen. The number of  migrated 
BMMC in hepatic tissue stained with hematoxylin-
eosin and immunohistochemistry was calculated under 
a f luorescence microscope. The density of  serum 
aminotransferase activity was detected with an automatic 
biochemistry analyzer. 

Establishment of animal acute liver failure model
Carbon tetrachloride (CCl4) is widely used to generate an 
experimental model mimicking acute liver injury caused 
by toxic substances. Mice in the recipient group were 
treated with 2-acetaminofluorene dissolved in liquid mac-
rogol (20 mg/kg) by lavage, once a day for 7 d. On day 8, 
the animals were injected intraperitoneally with 20% CCl4  
(0.5 mL/kg, dissolved in vegetable oil). On day 9, one mil-
lion of  BMMC were transplanted into mice via the tail vein. 
From day 10, mice in the recipient group were given 2-ac-
etaminofluorene dissolved in liquid macrogol (20 mg/kg), 
once a day for 7 d. On day 21, mice in the experimental 
group were euthanized by cervical spine dislocation. Liver 
tissue was resected immediately and frozen in liquid nitro-
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gen. Liver injury was confirmed by fluorescence micros-
copy and hematoxylin-eosin staining. Extensive vacuolar 
degeneration and edema of  hepatocytes were found in 
liver tissue (Figure 1A).

Detection index
The number of  fluorescence PKH26-labeled cells in liver 

sections stained with immunohostochemistry (FITC) 
was counted. Albumin and PCNA in liver tissue sections 
stained with FITC were also calculated. The density of  
serum aminotransferase activity was detected with an 
automatic biochemistry analyzer which can test the liver 
function at different time points following the transplanta-
tion of  BMMC. 

www.wjgnet.com

Figure 1  Histopathology of hepatic tissue from 
the two groups. A: PKH26-labeled cells detected 
after establishment of acute liver failure animal 
model with extensive vacuolar degeneration and 
edema of hepatocytes in acute liver failure (A1) and 
normal liver tissue (A2); B: Sporadic PKH26-labeled 
bone marrow stem cells in experimental group (B1) 
and control group (B2); C: Expression of PCNA in 
sporadic PKH26-labeled bone marrow stem cells in 
experimental group (C1) and control group (C2); D: 
Expression of albumin and sporadic PKH26-labeled 
bone marrow stem cells in experimental group (D1) 
and control group (D2) ( × 200). 
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Tissue preparation
Livers were perfused with 4% paraformaldehyde in  
0.01 mol/L phosphate-buffered saline (pH 7.4, PBS) fol-
lowing anesthesia with sodium pentobarbital 100 mg/kg 
(ip), fixed overnight and cryoprotected in 30% sucrose at 
4℃. Liver tissue was cut into 6-μm thick sections. 

Immunohistochemistry
Immunofluorescence was carried out by incubating the 
sections in PBS containing 5% donkey serum and primary 
antibody-rabbit anti-mouse serum albumin(1:1000, 
ab19196, abcam, MA, USA), followed by a 2-h reaction 
with Alexa Fluor® 488-conjugated donkey anti-rabbit 
antibody (1:200, A21206, Invitrogen, Carlsbad, CA). 
Liver tissue sections were then mounted in an anti-fading 
medium. 

Detection of serum aminotransferase activity
Whole blood samples were collected after bulbus oculi 
in mice with acute hepatic failure were exposed to light 
ether anesthesia. Serum was separated by centrifugation 
and stored at -30℃. Alanine aminotransferase activity 
was detected with an automatic biochemistry analyzer 
(Sinnowa D336, SINNOWA Medical Science & Tech-
nology Co., Ltd, Nanjing, China). The density of  serum 
alanine aminotransferase (ALT) activity in experimental 
and control groups was compared. Serum ALT levels in 
experimental and control groups were measured in the 
following weeks. 

Statistical analysis
Liver tissue from each mouse was cut into five sections. 
Each frozen section was examined under a microscope 
at a magnification × 200 under 10 microscopic fields. 
The total number of  fluorescence-labeled cells in each 
section was calculated. At the same time, the serum ami-
notransferase activity was determined with an automatic 
biochemistry analyzer. Results were expressed as mean 
± SD. Statistically significant differences between groups 
were compared with the t test. Paired t test was used to 
compare the PKH26 fluorescence intensity values and 
albumin expression. P < 0.05 was considered statistically 
significant. All data were processed using statistical soft-
ware SPSS 10.0. 

RESULTS
Extensive vacuolar degeneration and edema of  hepato-
cytes were observed in mice of  the experimental group, 
implying that an animal acute liver failure model can be 
successfully established. 

Detection of PKH26-labeled cells
PKH26-labeled cells were detected in liver tissue sections 
following injection of  SDF-1 via the tail vein. The total 
number of  positive PKH26-labeled cells was 108 ± 8/high 
power field in the experimental group and 65 ± 8/high 
power field in the control group, respectively (P < 0.05, 
Figure 1B and Figure 2).

Detection of PCNA in the two groups
The expression level of  PCNA was higher in the ex-
perimental group than in the control group. The total 
number of  positive cells was 29 ± 7/high power field 
in the experimental group and 13 ± 2/high power field 
in the control group, respectively (P < 0.05, Figure 1C 
and Figure 2).

Detection of albumin in the two groups
The albumin expression level was also higher in the 
experimental group than in the control group. The 
percentage area of  histologic field was calculated as 
previously described[7] and compared with albumin cells. 
The manual count set-up consisting of  albumin image 
printouts and the transparent grid overlay used for point 
count are shown in Figure 1D. The total number of  bone 
marrow stem cells at crossing points was 156 ± 5/high 
power field in the experimental group and 53 ± 5/high 
power field in the control group, respectively (P < 0.05, 
Figure 1D and Figure 2).

Green fluorescence was observed in FITC-labeled 
albumin antibodies at the 494 nm excitation light both 
in the experimental group and in the control group. Al-
bumin in hepatocytes was detected with indirect labeling 
antibodies and expressed widely with green fluorescence. 
After the red and green fluorescence were focused, yel-
low fluorescence emerged at a suitable position, con-
firming that the yellow cells come from PKH26-labeled 
positive BMMC in vitro and show albumin (Figure 3).

It is well known that albumin is associated with the 
maturity of  hepatocytes[8]. The obvious albumin expres-
sion in the experimental group implied that BMMC 
could differentiate into hepatocytes. 

Detection of serum aminotransferase activity in the two 
groups
A significant difference in serum aminotransferase 
activity was observed between the two groups at 
different time points (120 ± 40 vs 118.50 ± 1.75, P > 0.05; 
80.60 ± 6.50 vs 101.08 ± 5.67, P < 0.05; 50.74 ± 5.38 
vs 80.47 ± 4.62, P < 0.05; 30.54 ± 2.70 vs 60.72 ± 4.37, 
P < 0.05; 30.77 ± 5.36 vs 40.47 ± 6.50, P < 0.05). At the 
same time, the serum AST levels in the experimental and 
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Figure 2  PKH26-labeled cells detected in experimental and control 
groups. Data are expressed as mean ± SD. aP < 0.05 vs experimental group.
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control groups were measured at different time points 
(122.55 ± 1.46 vs 120.70 ± 4.22, P > 0.05; 54.26 ± 6.50 
vs 98.70 ± 8.20, P < 0.05; 39.47 ± 5.39 vs 78.34 ± 4.50, 
P < 0.05; 28.94 ± 2.70 vs 56.44 ± 4.28, P < 0.05; 
30.77 ± 5.45 vs 42.50 ± 6.28, P < 0.05) (Figure 4A and B).

DISCUSSION
In regards to the genetic identity of  inbred animals, use 
of  BALB/c mice in the study allowed us to avoid im-
munologic rejection, thus the transplantation procedure 
represents an auto graft. Use of  PKH26 fluorescent la-
beling permitted us to observe the homing of  BMMC in 
the recipient group and to quantify the phenomenon by 
counting the fluorescencence-labeled cells as previously 
described[9]. By expressing albumin, the experimental 
data suggest that these cells can differentiate into hepatic 
cells. The expression of  proliferating cell nuclear anti-
gen suggested that the cells subsequently underwent cell 
division. PCNA is a nuclear antigen related with the cell 
life cycle, and is synthesized in cell nuclei. The PCNA 
is expressed in the G1 and S phases, and functions es-
sentially as replicative DNA polymerases in eukaryotic 
cells[10]. The quantity of  PCNA is low in resting cells but 
is substantially increased in multiplying and transformed 

cells. In this study, the expression levels of  albumin and 
proliferating cell nuclear antigen were higher in the ex-
perimental than in the control group. Albumin was wide-
ly expressed in liver tissue. After red fluorescence was 
cofocused with green fluorescence, yellow fluorescence 
emerged at a suitable position, confirming that the yel-
low cells coming from PKH26-labeled positive BMMC 
in vitro can show albumin. Serum aminotransferase activ-
ity was detected. The density of  serum ALT and AST 
was changed obviously after transplantation of  BMMC, 
confirming that the liver function can be ameliorated by 
transplanted BMMC and the effect is more significant 
in the experimental group than in the control group, 
indicating that SDF-1 can promote BMMC homing to 
injured livers of  mice. 

BMMC mainly consist of  HSC, BMSC and endo-
dermis progenitor cells. Density gradient centrifugation 
was performed to remove adipocytes, erythrocytes and 
apocyte. BMMC were collected to enrich rudimentary 
bone marrow stem cells. SDF gene can code two pro-
teins, namely SDF-1α and SDF-1β. The SDF-1α gene 
is expressed in bone marrow stromal cells. The homol-
ogy of  human SDF-1 and mouse SDF-1 can reach 
99%[11]. In the study, the SDF-1 receptor gene (LESTER, 
CXCR4) carrying 7 membrane spanning domains, was 
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Figure 3  Confocal microscopy shows red fluorescence of cell location 
and green fluorescence of albumin. The red fluorescence cells could be 
found in liver tissue of recipient mice, suggesting that PHK-26 positive cells 
can emerge out of the red fluorescence (A1-A4). The albumin expressed in 
hepatocytes showed green fluorescence (B1-B4). After the red and green 
fluorescence cells were located, yellow cells were found in a suitable location 
(C1-C4).

Figure 4  Detection of serum ALT (A) and AST (B) activity in the two 
groups. The serum ALT and AST levels were measured with an automatic 
biochemistry analyzer in experimental and control groups. There was a 
significant difference between the two groups. At the same time, the serum AST 
level was measured. aP < 0.05 vs experimental group.
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successfully cloned when the SDF gene, a kind of  G 
protein linkage receptors, was cloned. CXCR4 is widely 
expressed in leucocytes, CD34+ HSC and CD34+ pro-
genitor cells[12]. Initially, CXCR4 is regarded as a unique 
SDF-1 receptor[13] and the specific combination of  
SDF-1 and CXCR4, is named as SDF-1/CXCR4 biology 
axis. Another kind of  SDF-1 receptors (CXCR7), known 
as an orphan receptor (RDC), has been recently found 
and is[14], mainly expressed in tumor cell line, activated 
endotheliocytes and fetal liver cells. CXCR7 is detected 
but not expressed in normal cells[15]. 

Aiuti et al[16] showed that SDF-1 is a chemotactic fac-
tor of  CD34+ HSC, and CD34+ cells including endo-
thelium progenitor cells, which can migrate and home 
along the concentration gradient of  SDF-1. It has been 
shown that SDF-1 can play an important role in promot-
ing migration of  cells including endothelium progenitor 
cells from bone marrow to target tissue[17]. Bhakta  
et al[18] reported that marrow stromal cells can also ex-
press CXCR4 and SDF-1 is a chemotactic factor for the 
homing of  marrow stromal cells in vivo and in vitro, sug-
gesting that stem cells expressing CXCR4 can migrate 
and home along the concentration gradient. Moreover, 
the concentration gradient between inner and outer 
bone marrow can decrease the inner concentration gra-
dient[19,20] or increase the outer concentration gradient[21] 
of  bone marrow, thus promoting mobilization of  bone 
marrow stem cells. 

In the present study, the number of  PKH26-labeled 
cells was obviously higher in the experimental group 
than in the control group and the expression level of  
albumin and PCNA was markedly higher in the experi-
mental group than in the control group, demonstrating 
that SDF-1 can promote bone marrow stem cell migra-
tion into the liver and SDF-1 mobilized BMMC can 
be used to promote liver regeneration after liver injury. 
Moreover, use of  SDF-1 can avoid immune suppression 
so that liver injury can be repaired. BMMC can be easily 
harvested and applied in clinical practice. 

Unfortunately, the mechanism by which SDF-1 
becomes chemotactic to bone marrow stem cells is 
unclear. It has been shown that SDF-1 can ignite multiple 
signal pathways in cells and is regulated by different 
regulatory factors[22-24]. When SDF-1 binds to CXCR4, 
certain second messengers, such as NO and IP3, lead 
to a series of  related kinase phosphorylation[23] and the 
production of  actin, and rapid or transient polymerization 
of  biological effects by changing the hereditary 
information of  stem cells[22], all of  which may be due to 
the stem cell migration induced by SDF-1.Protein kinase B, 
ecto-signal regulatory protein-2 and JAK2 also participate 
in the signal conduction pathways[24]. 

In addition, SDF-1 can act as a chemoattractant to 
promote migration of  stem cells[25,26] and strengthen 
their locomotory capacity[27]. When stem cells are 
migrated to the target tissue, SDF-1 facilitates their 
adhesion to fibrinogen, fibronectin, interstitium and 
endotheliocytes[28]. Then the cells, adhered to blood 
vessel endothelium, permeate vessel walls to ingress 
target tissue. With the help of  SDF-1, more secreted 

MMP-9, NO and VEGF promote the mobilization of  
stem cells[23,29,30]. It has been reported that SDF-1 may 
participate in tumor development[31,32]. 

In conclusion, with the rapid progress in the field 
of  stem cells, various kinds of  stem cells are widely 
used to treat different organ diseases. SDF-1 can play 
an important role in bone marrow stem cells expressing 
CXCR4, thus promoting migration of  BMMC into liver 
tissue. However, the precise mechanism by which SDF-1 
mobilizes stem cells is unclear. Further study is needed 
to determine the dose, administration route and safety 
of  SDF-1.
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