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Depletion of activated hepatic stellate cell correlates with severe liver damage

and abnormal liver regeneration in acetaminophen-induced liver injury
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Hepatic stellate cells (HSCs) are important part of the
local ‘stem cell niche’ for hepatic progenitor cells (HPCs)
and hepatocytes. However, it is unclear as to whether the
products of activated HSCs are required to attenuate hep-
atocyte injury, enhance liver regeneration, or both. In this
study, we performed ‘loss of function’ studies by depleting
activated HSCs with gliotoxin. It was demonstrated that a
significantly severe liver damage and declined survival
rate were correlated with depletion of activated HSCs.
Furthermore, diminishing HSC activation resulted in a 3-
fold increase in hepatocyte apoptosis and a 66% decrease
in the number of proliferating hepatocytes. This was
accompanied by a dramatic decrease in the expression
levels of five genes known to be up-regulated during hep-
atocyte replication. In particular, it was found that
depletion of activated HSCs inhibited oval cell reaction
that was confirmed by decreased numbers of Pank-
positive cells around the portal tracts and lowered gene
expression level of cytokeratin 19 (CK19) in gliotoxin-
treated liver. These data provide clear evidence that the
activated HSCs are involved in both hepatocyte death and
proliferation of hepatocytes and HPCs in acetaminophen
(APAP)-induced acute liver injury.
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Introduction

In normal circumstances, the liver hardly proliferates and is
therefore classified as a stable organ. In response to liver
injury, mature hepatocytes are able to undergo numerous
cycles of cell division to compensate for the cell loss [1].
Serial transplantation experiments have shown that

hepatocytes are the functional stem cells of the liver and
have almost an infinite capacity to proliferate [2]. However,
when proliferative response of mature hepatocytes is over-
whelmed or impaired, a reserve cell compartment is activated
[3]. This compartment, called the hepatic progenitor cell
(HPC) compartment in humans and the oval cell (OVc) com-
partment in rodents, resides in the smallest and most periph-
eral branches of the biliary tree, the ductules, and the canals
of Hering [4,5]. Acetaminophen (N-acetyl-p-aminophenol,
APAP) is a predictable hepatotoxin that frequently causes
acute fulminant hepatic failure in the USA [6].
APAP-induced liver injury causes necrosis of hepatocytes
surrounding the central vein caused by a highly reactive
metabolite N-acetyl-p-benzoquinone-imine [7]. With high-
dose APAP intoxication, mature hepatocytes may not be
able to accomplish full parenchymal reconstitution by
mitosis; and thus, regeneration must include activation and
hepatocyte differentiation of HPCs. In animal models of
liver regeneration and hepatocarcinogenesis, these HPCs are
referred to as OVcs [8]. In mice and humans, APAP-induced
liver damage is a good and common model for the research
of liver injury and regeneration [8,9].

Hepatic stellate cells (HSCs) reside within the perisinu-
soidal space of Disse in the liver that is lined by parenchy-
mal cells and fenestrated sinusoidal endothelial cells. HSCs
display characteristic lipid droplets that contain vitamin A
mainly as retinyl palmitate. After liver injury, quiescent
HSCs become activated, lose their vitamin A stores, and
develop into contractile myofibroblast-like cells, which
secrete soluble factors and matrix molecules. It has been
widely accepted that HSCs play an important role in the
process of embryonic liver development and liver fibrosis
[10]. In addition, there is growing evidence that HSCs are
also vital to the hepatic regenerative response in adult liver,
but further investigation is urgently needed. HSCs are in
direct contact with epithelial cells (hepatocytes and HPCs)
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and produce growth factors for them [11,12]. Their close
anatomic relationship with hepatocytes in the spaces of
Disse and around HPCs suggests that they are part of the
local ‘stem cell niche’ for hepatocytes and HPCs [13,14].
However, it is unclear as to whether the products of acti-
vated HSCs are required to attenuate hepatocyte injury,
enhance hepatocellular regeneration, or both [10]. An impor-
tant study has identified Foxf1þ/2 mice after CCl4 injury
exhibits defective HSCs activation associated with severe
hepatic apoptosis despite normal cellular proliferation rates
[15]. In contrast, following CCl4 injury, Col-1a1r/r mice
showed persistent activation of HSCs and hepatocytes failed
to regenerate properly [16]. Overall, the role of HSCs in
liver injury and regeneration would be ideally addressed to
determine the impact of ablating or inactivating these cells
on regeneration of adult liver following injury [10].

In the present study, using APAP plus gliotoxin, we
successfully established the model of defective stellate cell
activation. Gliotoxin, a fungal metabolite, belongs to the
epipolythiodioxopiperazine class of compounds, which was
reported to cause apoptosis of activated HSCs by inducing
mitochondrial permeability, cytochrome c release, and
caspase-3 activation [17,18]. In this study, to demonstrate
whether HSC activation directly affected cell death and
engraftment in acute liver injury, we established the acute
liver injury model that accompanied with sustained acti-
vation of HSCs through continuous injections of APAP on
mice. Compared with control group based on APAP-induced
liver injury, gliotoxin was used to eliminate the activated
HSCs in gliotoxin-treated group. We investigated whether
depletion of activated HSCs would lead to more serious liver
damage and abnormal liver regeneration in the acutely
injured liver, specifically by observing the levels of hepato-
cellular necrosis and apoptosis, and evaluating proliferation
capacity of hepatocyte and OVc.

Materials and Methods

Animals
Male C57BL/6J mice (6–8 weeks old) were purchased
from Shanghai Laboratory Animal Center, Chinese
Academy of Sciences (Shanghai, China). All the animals
were maintained in the animal facility of Zhongshan
Hospital, Fudan University (Shanghai, China).

Animal models
All animals were fasted overnight before APAP
(Sigma-Aldrich, St Louis, USA) treatment. Acute liver
injury was induced by APAP dissolved in warmed
phosphate-buffered saline (PBS) at the dose of 300 mg/kg
with intraperitoneal injection. To assess hepatocyte toxicity
following the use of gliotoxin, after one dose of APAP

treatment, all animals were randomly divided into two
groups: gliotoxin group (n¼ 12) and control group (n¼ 12).
Two hours after APAP injection, the gliotoxin group was
treated with one dose of gliotoxin (3 mg/kg) dissolved in
dimethyl sulfoxide (DMSO) intraperitoneally, control
animals received isovolumic DMSO alone as vehicle.
Thereafter, blood was collected by retro-orbital puncture
and the livers were removed. For establishing the depletion
of activated HSCs model, we administered animals three
doses of APAP plus gliotoxin (1 mg/kg) by intervals of 3
days each dose, and control animals received APAP plus
DMSO alone. We used four animals per group for tissue
collections after sacrifice at 24 h after the final APAP treat-
ment and nine animals per group for survival analysis.
Blood samples (n ¼ 4 per group) were collected at 12, 24,
36, 48, and 96 h after treatment by retro-orbital puncture
for analysis of liver enzyme release levels.

Assessment of Kupffer cell activity
Carbon particles were enriched from India ink (Fount India
Nr. 17, Pelikan, Germany) by centrifugation (2000 g) for
15 min. The supernatant was mixed with five volumes of
physiological saline, and 0.1 ml supernatant was injected
intrasplenically as previously described [19,20]. To assess
the effect of gliotoxin on Kupffer cells, carbon particles
were injected 30 min before animals were sacrificed for
liver samples.

Assessment of hepatotoxicity
Liver injury was determined by measuring aminotransferase
release in the sera and by histologic examination of tissue
sections under light microscopy. Serum samples were stored
at 2808C until use. Measurement of alanine and aspartate
aminotransferase (ALT and AST, respectively) levels was
carried out using Thermo Electron (Waltham, USA) infinity
ALT and AST reagent (Louisville, USA) according to the
manufacturer’s instructions.

Bromodeoxyuridine incorporation
Hepatocyte proliferation was estimated by bromodeoxyuri-
dine (BrdU; Sigma-Aldrich) incorporation. Animals were
injected intraperitoneally with 0.05 g BrdU/g body weight
at 2 h before death. Animals were then killed, and liver
samples were obtained, fixed overnight in 4% paraformal-
dehyde, and processed for histological and immunohisto-
chemical analysis.

Histological and immunohistochemical analysis
For histology, liver tissues were fixed overnight using 4% of
paraformaldehyde at 48C and sections (5 mm) were stained
with hematoxylin–eosin (HE; Sigma-Aldrich) to determine
morphological changes. HE-stained liver sections were
examined and necrosis level was graded using a system
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previously described [21]. In brief, sections were dewaxed,
hydrated, and washed. After neutralization of endogenous
peroxidase and microwave antigen retrieval, slides were pre-
incubated with blocking serum and then incubated at 48C
overnight with the primary antibody. Evaluation of murine
OVc reactions was performed by Pan-Keratin immunohisto-
chemistry as previously described [8]. Slides were incubated
with rabbit polyclonal to wide spectrum cytokeratin (PanK;
Abcam, Cambridge, UK) at a dilution of 1:100. After
washing with PBS, anti-rabbit peroxidase-labeled antibody
(Dako, Carpinteria, USA) was added and incubated for
30 min at room temperature. PanK was visualized by
3,30-diaminobenzidine chromogen and counterstained with
hematoxylin. For fluorescent staining of a-smooth muscle
actin (a-SMA) and CD45, sections were incubated with
mouse monoclonal anti-a-SMA (Abcam; 1:100) and rat
anti-CD45 (eBioscience, San Diego, USA; 1:100), respect-
ively. Labeled cells were visualized with the matched sec-
ondary antibody with goat anti-mouse Alexa Fluor 488
(Invitrogen, Carlsbad, USA; 1:500) and goat anti-rat Alexa
Fluor 488 (Invitrogen; 1:500) separately. For terminal deox-
ynucleotidyl transferase-mediated nick-end labeling
(TUNEL) staining, we used the fluorescein FragEL DNA
fragmentation detection kit (Merck, Darmstadt, Germany)
according to the manufacturer’s instructions. All sections
were examined under Carl-Zeiss microscopy Axiovert 200
(Carl-Zeiss, Jena, Germany) and a computer-assisted image
analysis program (AxioVision Ver. 4.0; Carl-Zeiss).

Quantitative real-time polymerase chain reaction
Total RNA was isolated from 50 mg liver tissue using
RNAisoTM Plus (TaKaRa, Dalian, China), was reverse
transcribed to cDNA using the TwoStep reverse

transcription (RT)–polymerase chain reaction (PCR) kit
(TaKaRa), and amplified in the ABI 7900HT fast real-time
PCR system (Applied Biosystems, Foster City, USA).
Cycling parameters were as follows: initial activation at
958C for 30 s; following 40 cycles for 5 s at 958C and for
30 s at 608C. Primers used for amplification were syn-
thesized by TaKaRa as shown in Table 1. Specificity of the
amplification was checked by melting curve analysis and
agarose gel electrophoresis. Gene-specific expression values
were normalized to the level of GAPDH within each
sample. Quantitative RT–PCR data were analyzed using the
22DDCt method using the SDS 2.1 software according to the
manufacturer’s instructions (Applied Biosystems).

Statistical analysis
Data are presented as the mean+SD. Statistical signifi-
cances were determined by two-tailed Student’s t-tests and,
specifically, a log-rank test for survival analysis. The
values of P , 0.05 were considered significant.

Results

Gliooxin induces defection of activated HSCs
To establish the depletion of activated HSCs model, we
used three repeated injections of APAP to cause continuous
activation of HSCs; each time after APAP injection, low
dose of gliotoxin (1 mg/kg) was applied to abate activated
HSCs. The control group used DMSO injections as vehicle
after APAP treatment. We measured the number changes
of a-SMA-positive HSCs of all animals. In control mice
(n ¼ 4), 24 h after the final APAP administration, a-SMA
fluorescence staining showed marked activation of stellate
cells [Fig. 1(A)]. However, the number of a-SMA-positive
HSCs decreased significantly in gliotoxin-treated mice
(n ¼ 4) [Fig. 1(B)]. A 90% decrease in the number of
a-SMA-positive HSCs was observed after gliotoxin treat-
ment (13.1+2.9 compared with 130.1+20.4 in control
group; P , 0.01) [Fig. 1(E)]. The decrease in
a-SMA-positive HSCs after gliotoxin resembled the results
described by Wright et al. [18]. These results demonstrated
that gliotoxin treatment may well produce depletion of
such continuously activated HSCs. The number of continu-
ously activated HSCs was fewer and there was no signifi-
cant difference between APAP plus high dose of gliotoxin
(3 mg/kg) group and APAP plus vehicle group (data not
shown).

Effects of gliotoxin on Kupffer cells and hepatocytes
To evaluate the influence of gliotoxin on Kupffer cells,
mice were administered a pulse of carbon to simul-
taneously demonstrate Kupffer cells toxicity following the
use of gliotoxin. It was noteworthy that analysis of carbon
particle incorporation in mice treated with APAP plus

Table 1 Primers used in this study

Gene Sequences (50!30)

CK19 GGTGCTGGATGAGCTGACTCTG (sense)

TGGAATCCACCTCCACACTGAC (antisense)

OMS GCTGGACTCTGACATAGGGTGGA (sense)

GAGCATCATGCAGCGAGGAC (antisense)

HGF AGAAATGCAGTCAGCACCATCAAG (sense)

GATGGCACATCCACGACCAG (antisense)

EGF CATCATGGTGGTGGCTGTCTG (sense)

CACTTCCGCTTGGCTCATCA (antisense)

SCF CTAACTGGTGTGGGCTTAGGAGTGA (sense)

TGGAGATGGCAGTTGTGCATTTA (antisense)

IL-6 CCACTTCACAAGTCGGAGGCTTA (sense)

GCAAGTGCATCATCGTTGTTCATAC (antisense)

CK19, cytokeratin 19; OSM, oncostatin M; HGF, hepatocyte growth

factor; EGF, epidermal growth factor; SCF, stem cell factor; IL-6,

interleukin 6.
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DMSO [Fig. 1(C)] or APAP plus gliotoxin [Fig. 1(D)]
showed no differences [Fig. 1(F)].

To demonstrate that gliotoxin did not produce concomitant
hepatocyte injury, we used APAP plus high dose of gliotoxin
(3 mg/kg) or APAP plus vehicle to treat animals, respect-
ively. Histologic tissue sections and serum aminotransferase
release were analyzed in both groups. The dose of APAP
(300 mg/kg) used in our study for C57BL/6J induced liver
injury, indicated by a remarkable increase in serum ALT and
AST levels at 12 h, peaking around 24 h with the most
serious liver damage, and returning to normal by 4 days
[Fig. 2(B,C)]. Microscopic evaluation of HE-stained liver
sections revealed hepatocytes with similar morphology in
both groups at 24 h after APAP treatment (data not shown).
Semi-quantitative histological examination of liver tissue
confirmed no significant difference [Fig. 2(A)]. Moreover,

the data of aminotransferase release indicated no significant
difference between two groups at the same detection time
[Fig. 2(B,C)]. Furthermore, cellular proliferation was
detected by BrdU incorporation assay. And no significant
difference was found between gliotoxin-treated mice and
control mice at any detected time points [Fig. 2(D)]. These
results exclude the effects of gliotoxin on modulating
Kupffer cell activity, hepatocyte toxicity, and proliferation,
which is consistent with a previous report [19].

Effects of depletion of activated HSCs on liver enzyme
release and survival rate
Liver enzyme release levels measured in the peripheral
blood provide a good estimate of ongoing liver damage.
The peak in liver damage was measured at 24 h after the
final APAP treatment, both in control and gliotoxin-treated

Figure 1 Effects of gliotoxin on HSCs and Kupffer cells To evaluate effects of gliotoxin on HSCs and Kupffer cells, C57BL/6J mice were

administered intraperitoneal three doses of APAP (300 mg/kg) with or without gliotoxin (1 mg/kg) injections, with each injection by intervals of 3 days.

Mice were sacrificed 24 h after the final APAP treatment. Verification of a-SMA-positive HSCs by immunofluorescence staining of (A) vehicle or (B)

gliotoxin treatment was done. Representative 40� images from (C) vehicle-treated and (D) gliotoxin-treated groups show carbon-containing Kupffer

cells. (E) Quantification of a-SMA-positive HSCs. (F) Quantification of carbon-containing Kupffer cells. Scale bar¼50 mm. Data are expressed as the

mean+ standard error of the mean of 10 random high-power fields per animal. *P , 0.05. APAP, acetaminophen; a-SMA, a-smooth muscle actin;

FOV, field of view; CV; central vein.
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mice. However, the ALT and AST levels were increased
by 73% (P , 0.05) and 72% (P , 0.01), respectively, in
gliotoxin-treated mice compared with control mice
[Fig. 3(A,B)]. For survival analysis, a significant declined
survival rate was observed for gliotoxin-treated animals
[Fig. 3(C)]. Only one animal died during the observation
period in control mice, versus 55% in gliotoxin-treated
mice (P , 0.05). Overall, these results showed that
gliotoxin-induced diminished HSCs activation is associated
with more severe liver damage and lower survival rate.

Effects of depletion of activated HSCs
on hepatocellular necrosis and apoptosis
Microscopic evaluation of HE-stained liver sections revealed
hepatocellular death with cytoplasmic vacuolization
[Fig. 4(A,B)], mononuclear CD45-positive leukocyte infiltra-
tion [Fig. 4(C)], and distortion of tissue architecture as pre-
viously described [22,23] in both groups. However, liver
necrosis with immune cell infiltration was more severe in the
livers in gliotoxin-treated mice [Fig. 4(D)]. Semi-quantitative
histological examination of liver tissue confirmed significant

Figure 3 Effects of depletion of activated HSCs on liver enzyme release and survival rate C57BL/6J mice were administered intraperitoneal three

dose of APAP (300 mg/kg) with or without gliotoxin (1 mg/kg) injections, with each injection by intervals of 3 days. (A) Alanine aminotransferase and

(B) aspartate aminotransferase enzyme release levels in peripheral blood samples collected at 12, 24, 36, 48, and 96 h after the final APAP treatment. (C)

Kaplan–Meier survival analysis (log rank test). *P , 0.05; **P , 0.01. APAP, acetaminophen.

Figure 2 Effects of gliotoxin on hepatocytes To measure the effect of gliotoxin on hepatocytes, mice were injected by one dose of APAP (300 mg/

kg) with or without gliotoxin (3 mg/kg). (A) Scores determined by semi-quantitative histological examination. (B) Alanine aminotransferase and (C)

aspartate aminotransferase enzyme release levels in peripheral blood samples collected at 12, 24, 36, 48, and 96 h after the final APAP treatment. (D)

Quantification of BrdU-positive cells at 12, 24, 36, 48, and 96 h. Data are expressed as the mean+ standard error of the mean of 10 random high-power

fields per animal. APAP, acetaminophen; FOV, field of view; BrdU, bromodeoxyuridine.
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differences between the two groups [Fig. 4(G)]. The average
score in gliotoxin-treated group was 2.4+0.5 and 3.4+0.7
for vehicle-treated animals (P , 0.01). A 47% increase in the
number of infiltrating CD45-positive immune cells was
observed after gliotoxin treatment (146.5+52.9 per field of
view in treatment group versus 99.1+26.4 per field of view
in control group; P , 0.01) [Fig. 4(H)]. Likewise, gliotoxin-
treated mice showed increased pericentral apoptosis
[Fig. 4(F)] using TUNEL assay, while few apoptotic cells
were found in vehicle-treated hepatocytes [Fig. 4(E)].
Quantification revealed a 3-fold increase in TUNEL-positive
hepatocyte nuclei (16.9+9.3 per field of view) when
compared with control mice (4.3+3.0 per field of view;
P , 0.05) [Fig. 4(I)]. These results demonstrated that
depletion of activated HSCs correlates with more severe
hepatocellular necrosis and apoptosis.

Depletion of activated HSCs is accompanied
by abnormal hepatocytes replication
Inhibition of endogenous mature hepatocytes mitosis
program represents another potential mechanism of the

declined survival rate after liver injury. To determine the
effect of abating activated HSCs on replication of mature
hepatocytes, BrdU-positive hepatocytes were quantified and
compared with vehicle-treated mice. Qualitatively, few
BrdU-positive hepatocytes were seen in gliotoxin-treated
livers [Fig. 5(B)], while many BrdU-positive hepatocytes
were observed in control mice [Fig. 5(A)]. A 66% decrease
in the number of proliferating liver cells (3.8+1.9 per field
of view versus 11.3+5.2 per field of view in control group;
P , 0.01) [Fig. 5(E)]. Evaluation of expression levels of five
genes [oncostatin M (OSM), hepatocyte growth factor (HGF),
epidermal growth factor (EGF), stem cell factor (SCF), and
interleukin 6 (IL-6)] known to be up-regulated during liver
regeneration revealed visibly lower expression levels in
gliotoxin-treated livers by fluorescent quantitative RT–PCR
[Fig. 5(G)]. Quantitative analysis demonstrated that
expression levels of all five genes were significantly declined
after gliotoxin treatment. Decreases ranged from 0.2 to 4.3
folds compared with the control group [Fig. 5(G)]. These
results demonstrate that abating activated HSCs inhibit the
capacity of mature hepatocytes replication.

Figure 4 Effect of depletion of activated HSCs on hepatocellular necrosis and apoptosis Mice were sacrificed 24 h after the final APAP treatment.

Liver samples were subjected to histological analysis after HE staining. Microscopic high-power field of liver tissue was shown after (A) vehicle or (B)

gliotoxin treatment. Necrotic area is indicated by arrowheads. Scale bar ¼ 100 mm. Verification of CD45-positive infiltrates by immunofluorescence

staining of (C) vehicle or (D) gliotoxin treatment. Scale bar ¼ 50 mm. Liver sections were stained by TUNEL (green, large for hepatocytes) and

counterstained with DAPI (blue). (E) Vehicle-treated and (F) gliotoxin-treated were shown. Scale bar ¼ 50 mm. (G) Scores determined by

semi-quantitative histological examination. (H) Quantification of infiltrating immune cells. (I) Quantification of TUNEL-positive hepatocyte nuclei by

digital image analysis. Data are shown as thee mean+ standard error of the mean of 10 random high-power fields per animal. *P , 0.05. CV, central

vein; PV, portal vein; HE, hemotoxylin–eosin; TUNEL, terminal deoxynucleotidyl transferase-mediated nick-end labeling; DAPI 4,6-diamino-2-phenyl

indole; FOV, field of view.
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Contribution of the depletion of activated HSCs
to OVc reaction
In addition to mature hepatocytes replicative capacity, we
also evaluated OVc reaction in APAP-induced liver injury
with or without gliotoxin treatment. OVc express phenoty-
pical markers of both the biliary epithelium (cytokeratins
CK7 and CK19), and the hepatocyte lineages
(a-fetoprotein and albumin). We used anti-PanK antibodies
to detect OVc that appeared singly or in irregular strings
without lumens in the small portal tracts as previously
described [4,8]. OVc defined as densely cytokeratin-
positive cells with oval/cuboidal morphology and high
nuclear-to-cytoplasmic ratio and could be easily classified
from small bile duct with lumens [Fig. 5(C,D)].
Quantification of OVc around the portal tracts with portal
veins of cross-sectional areas ,3000 mm2 showed a stat-
istically significant decrease (P , 0.05) in OVc after glio-
toxin treatment compared with control mice [Fig. 5(C,D)].
For gliotoxin-treated mice (n ¼ 245; the number of
counted portal tracts), the average number of OVc per
portal tract was 7.6+4.0 and 8.5+4.0 for the control

group (n ¼ 225) [Fig. 5(F)]. Moreover, we evaluated the
gene expression levels of CK19 that up-regulated during
OVc reaction. Quantitative analysis demonstrated that the
expression level of CK19 was significantly declined (P ,

0.05) after gliotoxin treatment compared with the control
mice [Fig. 5(G)]. This result is consistent with immunohis-
tochemical staining of anti-PanK and indicates that OVc
reaction declines with depletion of activated HSCs.

Discussion

Liver regeneration driven by epithelial cell (hepatocyte and
HPC) proliferation is necessary for tissue repair and survival
after acute liver injury [24]. The induction of epithelial cell
proliferation depends on cross-talk between epithelial cells
and nonparenchymal liver cells, such as HSCs [11]. In
response to injury, HSCs differentiate to myofibroblasts, and
secrete extracellular matrix and growth factors that are
involved in liver regeneration [14]. Although this view is
widely accepted, however, it is unclear whether products of
activated stellate cells are required to attenuate hepatocyte

Figure 5 Effect of depletion of activated HSCs on hepatocytes replication and OVc reaction Liver samples were analyzed 24 h after the final

APAP treatment. Sections were stained for BrdU (dark brown nuclei, large for hepatocytes). Representative 40� image from (A) control and (B)

gliotoxin-treated mice. Sections were stained for PanK (dark brown). (C,D) Representative 40� image shows that heterogeneous population of expanding

PanK-positive cells varying in size and morphology with mostly oval nuclei. 1, portal vein; 2, bile duct; and 3, OVcs. (E) Quantification of

BrdU-positive hepatocytes. (F) Quantification of PanK-positive cells. Data are expressed as the mean+ standard error of the mean for 10 random fields

per animal. (G) Quantification of changes in gene expression by fluorescent RT–PCR. Scale bar ¼ 50 mm. *P , 0.05; **P , 0.01. BrdU,

bromodeoxyuridine; FOV, field of view; PanK, biliary cytokeratins; PT, portal tract; CK19, cytokeratin; OSM, oncostatin M; HGF, hepatocyte growth

factor; EGF, epidermal growth factor; SCF, stem cell factor; IL-6, interleukin 6.
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injury, enhance epithelial cell regeneration, or both [10]. In
this study, we performed ‘loss of function’ studies by deplet-
ing activated HSCs with gliotoxin. The data showed that the
number of continuously activated HSCs was fewer and has
no significant difference between the groups of APAP plus
high dose of gliotoxin (3 mg/kg) and APAP plus vehicle.
However, we observed a large number of activated HSCs
after three repeated injections of APAP, and there was a sig-
nificant difference between the gliotoxin group and control
group. This is because that sustained activation of HSCs
requires repeated liver damages as the prerequisite, and glio-
toxin would only cause apoptosis of activated HSCs rather
than quiescent ones [17,18]. Based on the ‘loss of function’
studies, we showed that a significantly declined survival rate
and a deterioration of liver enzyme release correlate with the
depletion of activated HSCs. Increased liver damage and
inhibition of hepatocyte replication is associated with dimin-
ished HSCs activation after gliotoxin treatment. In addition,
we provided the clear evidence that defective stellate cell
activation causes a significant reduction in OVc reaction
after APAP-induced acute liver injury.

Previous study showed that a-SMA was a good marker
for activated stellate cells [18]. We exhibited defective HSCs
activation as evidenced by decreased a-SMA-positive
HSCs with immunohistochemical staining. Moreover,
when gliotoxin treatment produced depletion of such acti-
vated HSCs, we also evaluated effects of gliotoxin on
Kupffer cells and hepatocytes. Previous studies indicated
that Kupffer cells had an important protective function in
the acute liver injury and could stimulate liver regeneration
[25,26]. In this study, Kupffer cell activity was not affected
by gliotoxin, which was consistent with a previous report
[19]. Moreover, analysis of histologic tissue sections,
serum aminotransferase release, and BrdU-positive hepato-
cytes demonstrated that gliotoxin had no significant effects
on hepatocyte toxicity and proliferation. Taken together,
these results rule out the effects of gliotoxin itself on liver
injury and regeneration [19,20].

We detected that diminished stellate cell activation was
associated with both the increased hepatocellular necrosis
and apoptosis in gliotoxin-treated livers and the decreased
gene expression levels of HGF and IL-6, and other soluble
factors (EGF, SCF, and OSM) implicated in the protection
of hepatocytes against death after liver injury [12].
Interestingly, the activated HSCs are a major source of
HGF and IL-6 [14], suggesting that depletion of activated
HSCs in gliotoxin-treated livers may contribute to severe
hepatocellular necrosis and apoptosis. Furthermore,
increased CD45-positive cells were observed with the
depletion of activated HSCs. Because the liver innate
immune system plays a major role in determining the pro-
gression and severity of APAP-induced hepatotoxicity
[21,22], elevated CD45-positive cells reflect accumulated

neutrophils and lymphocytes in the liver that contributes to
severe liver injury. Previous study indicated that activated
HSCs could play an important role in immune modulatory
activity both in vivo and in vitro [27,28]. It has previously
been shown that gliotoxin was an immunosuppressive sec-
ondary metabolite and weakens inflammatory response
[29]. Our data showed that gliotoxin-induced depletion of
activated HSCs was associated with more severe inflamma-
tory response. The relative effects and mechanisms need to
be confirmed and elaborated, respectively, further. We
speculate that compared with decrease inflammatory
response of gliotoxin, the depletion of activated HSCs may
lead to more exacerbated immune cell infiltration and
enhanced inflammatory response.

When it comes to the role of diminished HSCs acti-
vation in hepatocyte proliferation, there are still some
controversies. In response to CCl4 injury, Foxf1þ/2 mice
exhibited defective HSC activation, as assessed by
a-SMA expression, which was associated with increased
hepatocyte apoptosis but normal hepatocyte proliferation
[15]. However, in a similar approach, in p75NTR2/2

mice, HSCs failed to differentiate to myofibroblasts and
inhibited hepatocyte proliferation after liver injury [30].
In this study, we found a 66% decrease in the number
of proliferating hepatocytes, which was associated with
diminished stellate cell activation. In addition, we
detected decreased gene expression, ranging from 0.2 to
4.3 folds, of five genes known to be up-regulated during
hepatocyte replication [12]. An important finding in this
study was that depletion of activated HSCs inhibited
OVc reaction that was confirmed by decreased numbers
of PanK-positive cell around the portal tracts [4] and
declined gene expression levels of CK19 in gliotoxin-
treated livers. We applied Pan-CK immunohistochemical
staining, and CK19 gene expression level to evaluate
OVc reaction. Although CK19 gene expresses in both
bile duct and OVc, the APAP-induced liver injury that
only leads to hepatocytes damage would not cause bile
duct injury. Therefore, the gene expression level of
CK19 would well evaluate the proliferation of OVc. Our
results conclude that HSC activation is necessary for the
proliferation of both hepatocytes and OVc in
APAP-induced liver injury, although it is difficult to
tease out the potential mechanisms based on these data
alone. In the future, much better models of eliminated
activated HSCs need to be established to further confirm
these effects and elaborate relative mechanisms.

In conclusion, the current study showed that activated
HSCs were involved in both hepatocyte dead and epithelia
cell proliferation in APAP-induced acute liver injury. As
part of the local ‘stem cell niche’ for hepatocytes and
HPCs, elucidation of the role and mechanism of HSCs
may shed new light on liver injury therapy.
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