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Abstract
AIM: To investigate a dual labeling technique, which 
would enable real�time monitoring of transplanted em�
bryonic stem cell (ESC) kinetics, as well as long�term 
tracking.

METHODS: Liver damage was induced in C57/BL6 
male mice (n  = 40) by acetaminophen (APAP) 300 
mg/kg administered intraperitoneally. Green fluores�
cence protein (G�P) positive C57/BL6 mouse ESCs were 
stained with the near�infrared fluorescent lipophilic 
tracer 1,1�dioctadecyl�3,3,3,3�tetramethylindotricarbo�
cyanine iodide (Di�) immediately before transplantation 

into the spleen. Each of the animals in the cell therapy 
group (n  = 20) received 5 × 106 ESCs 4 h following 
treatment with APAP. The control group (n  = 20) re�
ceived the vehicle only. The distribution and dynamics 
of the cells were monitored in real�time with the IVIS 
Lumina�2 at 30 min post transplantation, then at 3, 12, 
24, 48 and 72 h, and after one and 2 wk. Immunohisto�
chemical examination of liver tissue was used to identify 
expression of G�P and albumin. Plasma alanine amino�
transferase (ALT) was measured as an indication of liver 
damage.

RESULTS: Di��stained ESCs were easily tracked with 
the IVIS using the indocyanine green filter due to its 
high background passband with minimal background 
autofluorescence. The transplanted cells were confined 
inside the spleen at 30 min post�transplantation, gradu�
ally moved into the splenic vein, and were detectable 
in parts of the liver at the 3 h time�point. Within 24 h 
of transplantation, homing of almost 90% of cells was 
confirmed in the liver. On day three, however, the DiR 
signal started to fade out, and ex vivo  IVIS imaging of 
different organs allowed signal detection at time�points 
when the signal could not be detected by in vivo imag�
ing, and confirmed that the highest photon emission 
was in the liver (P  < 0.0001). At 2 wk, the Di�signal 
was no longer detectable in vivo ; however, immuno�
histochemistry analysis of constitutively�expressed G�P 
was used to provide an insight into the distribution of 
the cells. G�P +ve cells were detected in tissue sections 
resembling hepatocytes and were dispersed throughout 
the hepatic parenchyma, with the presence of a larger 
number of G�P +ve cells incorporated within the sinu�
soidal endothelial lining. Very faint albumin expression 
was detected in the transplanted G�P +ve cells at 72 h; 
however at 2 wk, few cells that were positive for G�P 
were also strongly positive for albumin. There was a 
significant improvement in serum levels of ALT, albumin 
and bilirubin in both groups at 2 wk when compared 
with the 72 h time�point. In the cell therapy group, 
serum ALT was significantly (P = 0.016) lower and al�
bumin (P  = 0.009) was significantly higher when com�
pared with the control group at the 2 wk time�point; 
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however there was no difference in mortality between 
the two groups.

CONCLUSION: Dual labeling is an easy to use and 
cheap method for longitudinal monitoring of distribu�
tion, survival and engraftment of transplanted cells, and 
could be used for cell therapy models.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
Acute liver failure (ALF) is a life-threatening condition 
which often progresses rapidly to hepatic encephalopa-
thy and multi-organ failure, leading to death within days. 
Viral hepatitis is the most common cause of  ALF world-
wide, with hepatitis B virus responsible for about 70% of  
cases[1]. ALF following hepatic resections is rare, occur-
ring in only 2.6% of  patients. However, it produces sig-
nificant morbidity and mortality[2]. Another causative fac-
tor, which is more commonly encountered in the Western 
world, is acetaminophen (APAP) overdose, which leads 
to excessive production of  its active metabolite N-acetyl-
p-benzoquinone imine in the liver, causing depletion 
of  the glutathione stores. This is ultimately followed by 
centrilobular hepatic necrosis and loss of  functioning he-
patocytes[3]. APAP-induced liver toxicity is of  significant 
importance because of  its continued increase in inci-
dence; it is currently the most common cause of  ALF in 
the Western world[4].

Several specific therapies have been designed to treat 
APAP-induced ALF. These have been in the form of  
drugs, such as N-acetyl cysteine being used to replenish 
glutathione stores in APAP-induced ALF[5], or bioarti-
ficial devices to remove toxic metabolites and provide 
temporary support until native hepatocytes regenerate 
or as a bridge to liver transplantation (LTx)[6]. LTx is the 
definitive therapy in patients not responding to conserva-

tive therapies which can only maintain the patients until a 
liver graft becomes available with moderate hypothermia 
as a bridge to LTx[7,8]. Although the patient’s survival after 
LTx for ALF is lower than that for chronic liver diseases, 
it is still highest among all other treatment options, with 
a long-term survival rate of  about 70%[9]. However, LTx 
may not always be feasible due to the severe shortage of  
donors. One alternative to LTx would be the use of  plu-
ripotent or multipotent cells to support the regeneration 
of  the native liver.

So far, only a limited number of  experimental studies 
used terminally differentiated hepatocytes to treat ALF 
with variable outcomes[10,11]. Hepatocytes seem to be the 
optimum cell type to replenish the damaged liver; how-
ever, they need to be isolated from the donor livers. Also, 
they cannot be cultured for indefinite periods in vitro, and 
multiple hepatocyte transplantations may be required to 
achieve a satisfactory regenerative drive[12].

These problems can be bypassed by the use of  plu-
ripotent or multipotent cells of  different sources such as 
bone marrow, umbilical veins, fatty tissue or embryonic 
stem cells (ESCs). These cells have been used in the ex-
perimental set up to deliver genes to the liver in models 
with metabolic diseases[13], and also used to treat chronic 
liver diseases such as cirrhosis[14]. In the present study, we 
used undifferentiated ESCs in a mouse model of  ALF to 
evaluate the cell kinetics. The ideal way of  tracking trans-
planted cells used to repopulate damaged livers and im-
prove their function remains to be elucidated. Optimizing 
cell therapies in patients would require an accurate, highly 
sensitive and non-invasive means to properly assess cell 
survival, biodistribution and fate in the same patient over 
time. Cell labeling offers the advantage of  imaging dis-
tinct cell populations in vivo and investigating the efficacy 
of  these therapies using non-invasive imaging techniques.

In this study, we wanted to evaluate a dual labeling 
technique, which enabled real-time monitoring of  the 
kinetics of  the transplanted ESCs as well as long-term 
tracking of  the cells. A unique dual labeling of  the cells 
was performed using a fluorescence dye and, for long-
term tracking, a lentivirus mediated and constitutively 
expressed green fluorescence protein (GFP).

MATERIALS AND METHODS
Animals and experimental design
Forty male C57/BL6 mice (Charles River laboratories) 
at 5-6 wk of  age with an average weight between 20-25 g 
were used for this study. All the surgical and experimental 
procedures were carried out according to the guidelines 
set by the University College London institutional proce-
dures. All animals were acclimatized for 7 d prior to the 
experiments. The animals were allocated into 2 groups.  
Group 1 (n = 20) with cell therapy and group 2 (n = 20) 
with vehicle only. The group size was not powered for 
a mortality study. All animals received a single dose of  
APAP 300 mg/kg administered intraperitoneally[15]. To 
ensure adequate dissolution, APAP was sonicated over-



509 February 14, 2012|Volume 18|Issue 6|WJG|www.wjgnet.com

night in a water bath at 42 ℃ and the temperature was 
maintained until injection time. APAP administration was 
preceded by a subcutaneous injection of  10% dextrose in 
order to prevent mortality from severe hypoglycemia[16]. 
The SC injection of  10% dextrose was repeated every 6 
h during the first day of  the experiment. At selected time 
points, the animals were killed by exsanguination (Figure 
1). Time points were selected to have an optimal evalua-
tion of  ESC cell homing in organs using ex vivo imaging 
and for immunohistochemical (IHC) studies.

Embryonic stem cell line and culture conditions
Undifferentiated C57/BL6 ESCs constitutively express-
ing GFP (Millipore, Co Durham, United Kingdom) were 
maintained in the undifferentiated state using MilliTrace 
mouse ESC expansion medium (Millipore, Co Durham, 
United Kingdom), supplemented with 15% fetal bovine 
serum and leukemia inhibiting factor. Puromycin was 
added to the medium (0.5 μg/mL) for selective growth 
of  GFP-positive cells. Cells were cultured on 0.1% gela-
tin coated T-75 cell culture flasks until 80% confluence 
was reached. The undifferentiated state of  the ESCs was 
confirmed by alkaline phosphatase expression in more 
than 90% of  the ESC colonies. Cell fixation was per-
formed with 4% paraformaldehyde for 2 min followed 
by incubation with a mixture of  fast red violet, naphthol 
AS-BI phosphate solution and water in a 2:1:1 ratio in a 
dark room for 15 min.

Dual labeling protocol
In order to achieve dual labeling of  the GFP express-
ing ESCs for the purpose of  in vivo tracking, the cells 
were labeled with the fluorescent lipophilic tracer 1,1-di-
octadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide 
(DiR) (Invitrogen Ltd, United Kingdom). The excitation/ 
emission spectrum of  DiR is in the near infrared range 

(excitation 750 nm and emission 782 nm). After prepara-
tion of  the stock solution, 5 mL of  cell-labeling solution 
was directly applied to 1 mL cell suspension, mixed and 
incubated at 37 ℃ for 20 min. The labeled suspension 
was centrifuged at 1500 rpm for 5 min and the cell pellet 
was resuspended in warm fresh medium. This procedure 
was repeated twice to ensure complete removal of  any 
unbound dye.

Cell preparation and transplantation
Following labeling with DiR, 5 × 106 cells were used 
per transplantation, which would be equivalent to ap-
proximately 7.5%-8% of  the host liver hepatocytes[17]. 
The cells were suspended in 100 μL of  sterile phosphate 
buffer solution (PBS) in a syringe that was kept on ice 
until the time of  transplantation. Cell transplantation was 
performed 4 h following treatment with APAP. Under 
adequate anesthesia and strict aseptic technique, a 1 cm 
incision was made in the left flank of  the abdomen and 
the spleen was delivered outside the incision. The cells 
were injected into the spleen over a period of  5 min to 
prevent any loss of  the cells due to overflow. Following 
injection, the needle was removed and fibrin glue applied 
to the injection site to prevent bleeding and cell loss. Af-
ter confirming hemostasis, the spleen was replaced back 
into the abdominal cavity and the abdominal wall closed 
in a single layer. The same procedure was performed for 
the control group with PBS only.

Tracking of the transplanted cells
The mice were anesthetized with inhaled isoflurane and 
placed into the In vivo Imaging System (IVIS Lumina 2) 
chamber (Caliper Life Sciences, Cheshire, United King-
dom) and images were acquired using the CCD camera 
at 30 min post-transplantation, then at 3, 12, 24, 48 and 
72 h, and after one and 2 wk. Following the sacrificing 
of  the animals in groups at predetermined time periods, 
the spleen, liver, lung and kidney were placed inside the 
IVIS and images were acquired of  the regions of  inter-
est to quantify the cell uptake in different organs. Three 
fluorescence filters [GFP, tricarbocyanine 5.5 and indo-
cyanine green (ICG)] were used to identify the filter with 
the least background autofluorescence Data analysis was 
performed using the Living Image™ Software 3.0 (Caliper 
Life Sciences, Cheshire, United Kingdom).

Green fluorescence protein fluorescence
A Nikon fluorescence microscope (E501) was used for 
direct detection of  GFP+ cells using the fluorescein iso-
thiocyanate filter on frozen tissue sections.

Blood and tissue sampling
Following the culling the animals at 72 h and 2 wk, blood 
was collected by puncturing the suprahepatic vena cava, 
preserved on ice, then centrifuged to collect serum for 
further analysis of  liver functions. Tissue samples of  the 
liver and spleen were also collected and preserved for he-
matoxylin and eosin (HE) staining and IHC.

Zero
APAP
300 mg/kg 
(n  = 40)

4 h
Cell Tx

24 h
Mortality

72 h
Sacrifice

2 wk
Sacrifice

(n  = 20)            (n  = 9)             (n  = 6)       (n  = 5)

(n  = 20)             (n  = 10)           (n  = 5)       (n  = 5)

Group 1

Group 2

Dynamic tracking of stem cells in an acute liver failure model

Figure 1  Experimental animal design. Forty mice were treated with acet-
aminophen (APAP). The animals were then divided into 2 groups. The cell ther-
apy group = Group 1 with cell transplantation and the control group = Group 2.  
During the first 24 h, 19/40 animals died due to the effect of APAP. Animals from 
both groups were then killed at 72 h when the signal started to decay and at 
two weeks when the signal could no longer be detected in vivo. 
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Measurement of liver function tests
Measurement of  hepatic enzyme and serum albumin levels 
were performed using the COBAS Integra 400 biochem-
istry analyzer (Roche) for measurement of  plasma alanine 
aminotransferase (ALT), albumin, bilirubin and urea.

Immunohistochemistry 
Sections of  both the liver and spleen were preserved in 
10% buffered formalin for HE staining and IHC stud-
ies. The IHC study was performed using the streptavidin 
ABC duet kit (Dako, Cambridgeshire, United Kingdom) 
on 5 μm thick paraffin embedded tissue sections. Briefly, 
sections were dewaxed in xylene, rehydrated in graded 
alcohol and rinsed with PBS. Antigen retrieval was per-
formed by heating in citrate buffer solution at 95 ℃ for 
10 min. Endogenous peroxidase activity was blocked by 
incubating the slides with 3% hydrogen peroxide for 20 
min. The sections were incubated at 4 ℃ overnight with 
primary antibodies; polyclonal rabbit anti-GFP (1:10, 
Millipore), and anti-albumin antibody (1:1000, Abcam). 
Streptavidin-peroxidase labeled secondary antibody was 
applied for 30 min at room temperature. Between steps, 
slides were rinsed with PBS solution. Color was devel-
oped with the chromogen 3,3’-diaminobenzidine (Dako, 
Cambridgeshire, United Kingdom), and counterstained 
with Mayer’s hematoxylin solution.

Statistical analysis
Continuous variables were expressed as mean ± SD. Dif-
ferences were compared by t-test or Mann-Whitney U 
test as appropriate. For comparison of  multiple groups, 
one-way ANOVA with Scheffe’s post-hoc test was used. 
Differences in survival were analyzed by Kaplan Meier 
and a log rank test was used for significance. Statistical 
significance was taken as P < 0.05. All statistical analyses 
were done using the SPSS software for Windows 14.0 
(SPSS, Inc., Chicago, IL).

RESULTS
In vivo detection of the transplanted cells
IVIS proved to be effective in precisely identifying the 
cells labeled with DiR in the liver and spleen at different 
time-points. This was possible only by using the ICG fil-
ter due to its high background passband of  665-695 nm 
with minimal background fluorescence (Figure 2A). At 30 
min post-transplantation, the cells were confined inside 
the spleen and then gradually moved into the splenic vein 
and part of  the liver at 3 h time point. By 24 h, the cells 
spread out over almost all areas of  the liver and a residual 
signal was received over the spleen as well. The signal of  
DiR emitted from the liver faded out at 72 h. No signal 
could be detected in any other organs (Figure 2B).
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Figure 2  Labeling and tracking of the fluorescent embryonic stem cell following acetaminophen administration. IVIS images of green fluorescence protein 
(GFP) +ve cultured embryonic stem cells (ESCs) without 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) staining (LT) and with DiR staining (RT) 
showing background fluorescence using the GFP and tricarbocyanine 5.5 filters, but not with the indocyanine green (ICG) filter (A). Images of a pair of mice (B), one 
from the cell therapy group-RT and the other from the control group-LT, were compared using IVIS. At 30 min following transplantation, a strong signal could only be 
detected from the spleen where the cells were injected. Between 3 and 24 h following the cell transplantation, the signal started to intensify between the spleen and 
the liver, which is most probably the splenic vein owing to its tortuous course. A strong signal was detected in the liver over 24 h post-transplantation, which faded out 
by the 72 h time-period. After one week, the signal could not be detected in the liver, but was still strong and was detectable over the spleen, which had completely 
disappeared by 2 wk.
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Ex vivo imaging
A very clear fluorescent signal was detectable from both 
the liver and spleen when the organs were taken out and 
imaged directly with the IVIS. Eliminating the barrier ef-
fect of  the anterior abdominal wall allowed signal detec-
tion at time-points when the signal could not be detected 
by in vivo imaging. Similar to in vivo imaging, the ICG filter 
was the most accurate filter to localize the cells with no 
autofluorescence from the organs. A weak signal was also 
detectable in the lungs and kidneys, in contrast to the 
in vivo imaging (Figure 3A). DiR uptake in the liver was 
significantly higher than the sum of  uptake in all other 
organs at 72 h (P < 0.0001). At 2 wk, the amount of  pho-
tons emitted from the liver decreased significantly from 
3.67 × 1010 ± 1.7 × 1010 photons/s at 72 h to 5.18 × 109 ± 
1.58 × 109 (P = 0.002). However, in the liver, the emission 
was still significantly higher than the spleen (P = 0.002), 
lungs (P < 0.0001) and kidneys (P < 0.0001) (Figure 3B). 

Engraftment of the transplanted cells in the liver
Frozen liver sections, using fluorescent microscopy, were 
studied to validate that the signal detected using the IVIS 
was definitely emitted from the engrafted cells and not 
from the released fluorescent dye DiR following cell 
death. GFP fluorescence from the transplanted cells was 
easily detectable by direct fluorescence microscopy at 72 h, 
however, it became much weaker at 2 wk and, therefore, 
we relied on IHC detection of  GFP positive cells. At 72 
h, discrete GFP +ve colonies were located under the liver 

capsule and around the central veins (Figure 4A). GFP 
+ve cells were detected using IHC staining with anti-
GFP +ve antibody. GFP +ve cells resembling hepato-
cytes were dispersed throughout the hepatic parenchyma 
with the presence of  a larger number of  GFP +ve cells 
incorporated within the sinusoidal endothelial lining (Fig-
ure 4E). GFP +ve cells could still be detected after 2 wk 
in the spleen, mainly around the central arteriole and the 
trabeculae (Figure 4F).

Effect of embryonic stem cell therapy on acetaminophen-
induced liver injury 
All mortality occurred during the first 24 h following 
APAP administration with 10/40 (25%) mice dying in the 
control group and 9/40 (22.5%) in the cell therapy group. 
According to the Kaplan Meier analysis, there was no 
significant difference in survival between the control and 
cell therapy groups (P = 0.755, log rank test). All animals 
surviving the initial 24 h lived until the time of  sacrifice.

Liver damage was detected at 72 h, most prominent 
in the centrilobular regions with hepatocyte necrosis 
and secondary infiltration of  inflammatory cells in both 
the cell therapy and control groups (Figure 4C and D). 
Improvement in liver histology was noticed both in both 
groups at 2 wk, with less inflammatory cell infiltration in 
the treatment group (Figure 4G and H). 

In order to identify the nature of  the transplanted 
cells, we stained with albumin antibody, which revealed 
very faint albumin expression in the GFP +ve cells at 72 

Figure 3  Ex vivo images showing the distribution of fluorescent cells in different organs as detected by the indocyanine green filter of the IVIS. A signal 
was detected at the site of injection in the spleen; however, the highest signal was noticed in the center of the liver at 72 h. which faded out by the 2 wk time-point. A 
weak fluorescent signal was also detected in the lungs at 72 h and 2 wk, but not seen in kidneys at any time-points (A).  A graph showing the highest uptake of cells in 
the liver at all time-points with a significant drop at 2 wk (B). 
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A B C D

E F G H

Figure 4  Embryonic stem cell liver engraftment following acetaminophen induced damage. A and B: Green fluorescence protein (GFP) +ve cells were present 
under the liver capsule (a-solid arrow) and around the central veins of the liver at 72 h, as seen under direct fluorescence (a-dashed arrow) with no fluorescence de-
tected in the control group (B); C and D: The characteristic pattern of acetaminophen-induced liver damage after 72 h mainly affected the centrilobular portions of the 
liver, with marked damage of the pericentral hepatocytes in both the cell therapy and control groups, although pericentral vacuolation was more evident in the control 
group; E: At 2 wk, the GFP +ve cells could be detected using IHC in the hepatic parenchyma and within the sinusoidal lining; F: Localized colonies of GFP +ve cells 
were also detected in the spleen at 2 wk; G and H: After 2 wk the liver recovered in both groups, with the liver sections from the cell therapy group (G) showing less 
inflammatory cells and congestion than in the control group (H) (scale bar = 200 μ).

A B

C D

Figure 5  Serial sections examined for Green fluorescence protein and albumin expressions. Green fluorescence protein (GFP) +ve transplanted cells (A) 
showed very faint albumin expression at the cell periphery of dividing cells at 72 h (B), whereas areas stained with anti-GFP antibody (C) were positive for albumin (D) 
at 2 wk following cell therapy (scale bar = 100 μ).
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h (Figure 5A and B). However, when examined on serial 
sections, few cells that were positive for GFP were also 
strongly positive for albumin at 2 wk (Figure 5C and D). 

There was a significant improvement in serum levels 
of  ALT, albumin and bilirubin in both groups at 2 wk 
when compared with the 72 h time-point (Figure 6). Cell 
therapy itself  had no effect on any of  these parameters 
at the 72 h time point when compared with the control 
group. However, at 2 wk, serum ALT was significantly 
lower in the cell therapy group when compared to the 
control group (ALT: 29.58 ± 2.19 vs 60.38 ± 29.22, cell 
therapy vs control group respectively, Mann U Whitney 
test P = 0.016, t-test P = 0.07) (Figure 6A). The serum 
albumin level was also significantly higher in the cell 
therapy group (Albumin: 30.8 ± 1.27 vs 25.54 ± 2.29, cell 
therapy vs control group, respectively, P = 0.009) (Figure 
6B). No significant changes occurred in serum bilirubin 
or urea levels between either group at 2 wk (Figure 6C 
and D).

DISCUSSION
In the present study we developed a novel model in which 

we were able to monitor both the immediate and late ki-
netics of  transplanted ESC cells. In this way, we were able 
to track the cells over days in real-time after the injection 
and had a better understanding about the dynamics of  
the cells in an experimental model of  ALF without the 
need to sacrifice animals.

In the present model, we used APAP to induce ALF. 
So far, most of  the existing animal models look into the 
role of  cell therapy on liver regeneration following par-
tial hepatectomy or hepatocellular damage induced by 
CCl4[18-20]. In these models, the roles of  cell therapy were 
not studied in a pathophysiological milieu reciprocating 
the clinical scenario of  ALF[21]. For example, following 
liver resection, the liver bed reduces drastically and resec-
tion itself  mobilizes the CD 133+ subset of  cells from 
bone marrow into circulation, which may have played an 
independent role in liver regeneration[22]. Moreover, CCl4-
induced liver damage builds up over time and does not 
produce a similar profound effect to that of  ALF[21]. In 
this study, we used an ALF model induced by APAP at a 
relatively moderate dose of  300 mg/kg, and transplanted 
the undifferentiated ESCs 4 h following induction of  
injury so that most of  the APAP would have been me-

Figure 6  Serum levels of alanine aminotransferase, albumin, bilirubin and urea are shown (n = 21). A: The alanine aminotransferase (ALT) level significantly 
dropped in both groups at 2 wk when compared with the 72 h. When compared with the 72 h, there was a significant reduction in serum ALT level at 2 wk in the em-
bryonic stem cell treatment group, but not in the control group; B: The albumin level also improved in both groups with the level being significantly higher in the cell 
therapy group when compared with the control group at 2 wk; C: The drop in urea levels was not significant in either group; D: Bilirubin levels dropped significantly 
from 72 h to 2 wk, with no significant differences between groups at similar time-points. 
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tabolized and would not interfere with ESCs survival[15]. 
In order to track the cells in vivo, we used a reproducible 
imaging system for continuous real-time monitoring of  
the injected cells following transplantation. The IVIS is a 
relatively new optical imaging system that is being widely 
used in the fields of  oncology and immunology, allow-
ing non-invasive cell detection and migration[23]. Near 
infrared dyes have been previously used for monitoring 
cells in vivo with improved quality of  signal detection 
by increasing the contrast between the signal and the 
background, which is comprised mainly of  water, oxyhe-
moglobin and deoxyhemoglobin[24]. This has made it pos-
sible to track labeled cells located in deep-seated organs 
with minimal background fluorescence. To achieve that 
goal, we labeled the ESCs with a near infrared lipophilic 
tracer dye (DiR), which has the advantage of  very low 
cell toxicity and laterally diffuses within the cell mem-
brane, hence staining the whole cell. Very recently, Chois 
et al[25] used luciferase-transfected fetal hepatocyte cells 
for repopulating the liver in a monocrotaline-injected 
mice model and nicely showed the uptake of  the cells by 
a CCD camera generated images. The advantages of  the 
imaging we used in this study lies with the simplicity of  
the method. This technique is relatively cheap and easy to 
use without any necessity for genetic manipulation of  the 
cells. There is also no necessity to inject any extra dye for 
visualization of  the cells, which might interfere with body 
chemistry and prolong the anesthetic duration for the 
animals. The cells could be clearly seen migrating from 
the spleen to the liver (Figure 2). The signal intensity in 
the liver was highest between the second and third days 
post-transplantation, possibly because cell proliferation is 
highest at that time[26]. A rapid drop in the signal intensity 
was noticed after the third day and continued to fade un-
til it completely disappeared at 2 wk post-transplantation. 
Similar to the DiR dye we used, the signal from firefly 
luciferase also dropped on day 10 following hepatocyte 
transplantation[25]. However, visualization and quantifica-
tion of  the transplanted cells was still possible at 2 wk by 
DiR imaging when the organs were extracted and imaged 
directly under the IVIS.

Since the ESCs were transfected with GFP, it was 
possible to observe the distribution of  the transplanted 
cells on tissue sections directly under the fluorescent 
microscope or by immunohistochemistry using the anti-
GFP antibody. Engraftment of  the ESCs was confirmed 
on liver tissue sections in the post-transplantation period 
by direct visualization of  GFP +ve cells, which appeared 
in the close vicinity of  the central veins where the main 
brunt of  the damage had occurred. The homed pericen-
tral cells subsequently proliferated and spread throughout 
the liver parenchyma. The mechanism through which the 
ESCs integrate into the liver plate depends primarily on 
the disruption of  the sinusoidal endothelial cells[27]. Al-
though APAP overdose characteristically affects the cen-
trilobular regions of  the liver, causing extensive necrosis, 
there is also a direct toxic effect on the sinusoidal endo-
thelial cells through glutathione depletion[28] and thus this 

may have played a role in the uptake of  cells into the liver 
parenchyma, particularly since GFP +ve cells were also 
detected in the sinusoidal endothelial lining at 2 wk. 

ESC transplantation did not improve either survival 
or liver functions at 72 h. At 2 wk some transplanted cells 
expressed albumin and morphologically resembled hepa-
tocytes. There was an increase in serum albumin produc-
tion at 2 wk in the cell therapy group when compared 
to the control group. It is unlikely that the differentia-
tion of  transplanted cells into hepatocytes could explain 
the improved liver functions at 2 wk in the cell therapy 
group, since the cells were few and we did not perform 
additional studies to confirm differentiation as this was 
not the purpose of  the study. The paracrine effect of  the 
transplanted cells, rather than direct differentiation, seems 
to be a more possible cause of  improved liver functions. 
Mesenchymal stem cell conditioned medium has been 
shown to improve liver functions following induction of  
ALF in rats[29]. Proteins released from human undifferen-
tiated ESCs were also shown to improve cardiomyocytes 
function[30].

ESC therapy has been riddled with several problems 
including allogenic rejection, ethical concerns and, most 
importantly, chances of  malignant transformation of  
ESCs. Although Moriya et al[31] did not detect any teratoma 
formation following transplantation of  undifferentiated 
ESCs in a liver cirrhosis model in mice; the transforma-
tion of  undifferentiated ESCs into teratomas is very likely 
after a period of  time. We used undifferentiated ESCs 
in this study to develop a suitable model to study the 
kinetics of  transplanted cells in ALF; however, to study 
the therapeutic effect of  ESCs in ALF, ideally we should 
have used differentiated ESCs, pluripotent stem cells 
or primary hepatocytes. Differentiation of  ESCs in vitro  
into hepatocytes has been extensively studied by several 
groups and could be achieved by formation of  embryoid 
bodies[32], or directly by adding growth factors to the ESCs 
in monolayer cultures[33]. However, full maturation of  he-
patocytes is not complete without the influence of  the in-
trinsic environment[34]. Several studies have been conduct-
ed to simulate the inductive microenvironment in vitro,  
either through co-cultures with hepatocytes[35] or using 
conditioned media in in vitro cultures[36].

We conclude that serial longitudinal tracking of  trans-
planted cells in a mouse model of  ALF is possible using 
IVIS and that dual labeling would allow for both im-
mediate and long-term tracking of  the transplanted cells, 
which would in turn allow us to better understand their 
differentiation and fate.

COMMENTS
Background
Acute liver failure is a life-threatening condition. Several therapies have been 
designed to treat this condition with mixed results. Stem cells represent a prom-
ising therapeutic modality; however, in order to optimize cell therapy, it would 
be necessary to develop an accurate cell tracking method.
Research frontiers
We developed a novel imaging system for stem cell tracking using a dual 
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labeling fluorescent protocol. It was possible to track the cell dynamics in vivo 
without killing the animals, giving an insight into the cell biodistribution in differ-
ent organs. This would allow real-time monitoring in the early phase following 
development of acute liver failure which would be very beneficial in optimizing 
cell therapy.
Innovations and breakthroughs
Other methods of cell monitoring rely either on early or late tracking of cells. 
Through dual labeling we could take advantage of the near infrared cell label, 
which is very efficient in localizing the cells in vivo, but has a short half-life. The 
authors could then track the green fluorescence protein label, which is not ef-
ficient for in vivo cell tracking, but could be used for localizing the cells in tissue 
sections either directly or indirectly even after a long period of time.
Application
Understanding cell dynamics in the acute phase of liver failure would allow 
for the optimizing of cell therapies according to the time-points when the cells 
engraft in the liver and could then serve as an alternative therapeutic option to 
liver transplantation.
Peer review
This is an interesting study about some non-invasive methods for tracking stem 
cells to evaluate the cell engraftment following acute liver failure by acetamino-
phen. The authors developed an interesting and novel model for in vivo tracking 
of embryonic stem cells, based in stained green fluorescence protein embryonic 
stem cells with the IVIS Lumina-2. Immunohistochemistry for albumin and green 
fluorescence protein were used to confirm liver embryonic stem cell nesting.
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