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In liver wound healing, transforming growth factor-�
(TGF-�) plays a critical role in stellate cell activation
as well as signaling cascades in the fibrogenic re-
sponse to injury. We postulate that the TGF-�-depen-
dent downstream signaling pathway may vary accord-
ing to the mechanism of stellate cell activation; this
study was undertaken to ascertain whether the down-
stream signaling pathways mediated by TGF-� vary in
different liver injury models. We measured Smad3
and MAP kinase activation after isolating stellate cells
from rat livers injured by either bile duct ligation
(BDL) or repeated carbon tetrachloride (CCl4) admin-
istration. Phospho-Smad3 was dramatically up-regu-
lated in stellate cells after CCl4 injury, but not after
BDL-induced injury. TGF-� signaling in stellate cells
activated after BDL was mediated prominently
through ERK activation, whereas activation induced
by CCl4 injury or culture led to a cross-signaling
mechanism involving both Smad3 and p38. The diver-
gent Smad signaling pathways observed appeared to
be attributable to the differential regulation of the
early growth response gene-1 (Egr-1), an apparent
negative transcriptional factor for Smad3 in our sys-
tem. In addition, inhibition of ERK activation in stel-
late cells from BDL-injured liver led to a decrease in
expression of endothelin-converting enzyme-1, a crit-
ical regulator of endothelin-1. We speculate that
TGF-� signaling proceeds through differential signal-
ing pathways depending on the mechanism of liver
injury that leads to stellate cell activation. (Am J

Pathol 2008, 173:716–727; DOI: 10.2353/ajpath.2008.071121)

Transforming growth factor-� (TGF-�) is a multifunctional
cytokine involved in controlling cell proliferation, cell dif-
ferentiation, cell adhesion, and extracellular matrix pro-
duction. TGF-� is also commonly accepted as a central
component of fibrogenic response to wounding and is
up-regulated in a variety of different diseases such as
those involving the skin, pancreas, liver, and others.1,2 In
murine hepatic wounding, TGF-�1 (henceforth referred to
as TGF-�) mRNA and (active) protein levels are elevated
and correlate closely with collagen gene transcription as
well as its accumulation and scar formation.3 A major
cellular target of TGF-�’s effect is the hepatic stellate cell,
a critical effector of the hepatic wounding response4;
evidence indicates that TGF-� exerts direct effects on
hepatic stellate cells, specifically leading to their activa-
tion with concomitant extracellular matrix production. In
aggregate, the data point to TGF-� as a critical modulator
of the wounding response.

Extensive investigation has begun to elucidate the
mechanism(s) by which TGF-� exerts its effect on gene
expression. In this regard, the Smads have received
great attention as important TGF-� signaling effectors.5 In
most cell types, TGF-� binds to the constitutively active
type II receptor, which then recruits and phosphorylates
type I receptor. Subsequent to receptor phosphorylation
is stimulation of activin-like kinase (ALK)-5 and phosphor-
ylation of Smad2 and Smad3. Smad1 and Smad5 are
activated by bone morphogenetic protein type I recep-
tors in a similar pathway.6 In endothelial cells and stellate
cells, TGF-� exerts its effects through activation of ALK-1
and the Smad1/5 pathway in addition to activation of
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ALK-5 and Smad2/3 cascade.7,8 Smad4 is a co-Smad
(ie, requiring binding with another Smad, forming a het-
eromeric complex). After oligomerization, Smad4-con-
taining heteromers enter the nucleus where they exert
effects on gene transcription.9 Smad6 and Smad7 are
inhibitory Smads that antagonize signaling by other
Smads.10 In liver wound healing; Smad3 is required for
hepatic stellate cell matrix production and matrix interac-
tions11 and maximal type I collagen induction12 whereas
Smad2 on the other hand, plays an antiproliferative role
without an apparent function in fibrogenesis.11 The mito-
gen-activated protein kinase (MAPK) family also appears
to be crucial in TGF-�-mediated signal transduction.13

Three distinct members of the MAPK family including
ERK1/2, p38, and JNK may be activated by TGF-� stim-
ulation.14,15 ERKs are central elements in mitogenic sig-
nal transduction downstream of Ras, p38 appears to be
important in pro-inflammatory cytokine and environmen-
tal stress signaling, and JNK plays a key role in the
cellular response to pro-inflammatory cytokines and ap-
optotic agents. In quiescent hepatic stellate cells16 and in
pancreatic stellate cells,17 p38 MAPK activity influences
cell activation. TGF-� itself increases �1(1) collagen
mRNA stability through p38 MAPK.18,19

Not only have the Smads been shown to be important
regulators of gene transcription, but the early growth
response gene-1 (Egr-1) has likewise emerged as an
important putative transcriptional regulator.20 In cultured
hepatic stellate cells, Egr-1 has been shown to be up-
regulated in response to physiologically relevant concen-
trations of bile acids indicating its role in perpetuation of
hepatic fibrosis.19 Also, Egr-1 is up-regulated in endothe-
lial and smooth muscle cells after vascular injury21 and it
is induced by extracellular stimuli such as growth factors
and cytokines,20 including TGF-�. For example, expres-
sion of this DNA-binding protein is induced by TGF-� in
fibroblasts in vitro and in vivo.22 Studies have also shown
that Egr-1 stimulates TGF-� synthesis in a variety of mes-
enchymal cell types and enhances their sensitivity to
TGF-�.23

TGF-� in hepatic wound healing has also been linked
to the regulation of endothelin-1 (a key vasoactive com-
pound) in stellate cells, Endothelin-1 is a key peptide im-
portant in the fibrogenic response24 and may contribute to
abnormal vascular responses and possibly wound contrac-
tion. This latter process has been linked to enhanced ex-
pression of endothelin-converting enzyme (ECE-1). ECE-1
is a neutral membrane-bound metalloprotease with Mr �
120 kDa, belonging to the endo-peptidase-24.11 family
found in brain.25 ECE-1 is responsible for specific cleavage
of an intermediate endothelin-1 precursor (big endothelin)26

into biologically active peptides. The mechanism by which
TGF-�-regulated endothelin-1 overproduction in the injured
livers occurs is linked to increased ECE-1 expression and
posttranscriptional modulation of ECE-1 mRNA.27

TGF-� is prominent in several mechanistically distinct
experimental models of hepatic wound healing.28 We
hypothesize that at the cellular level, specific TGF-� sig-
naling pathways were likely to be present. In this study,
we have taken advantage of our ability to isolate popu-

lations of stellate cells after induction of in vivo injury and
hepatic wound healing and using this model, we have
carefully examined putative TGF-� signaling. We reveal
differential Smad3 and MAPK expression, and moreover
that TGF-� signaling proceeds through divergent Smad
and MAPK pathways after different types of liver injury and
this has a functional effect on the expression of endothelin-
converting enzyme-1. Further, we show that Egr-1 appears
to be a critical factor in the regulation of Smad3 expression
in vivo during hepatic wound healing. The data indicate that
TGF-� utilizes diverse signaling pathways in hepatic wound
healing and has important implications for targeting com-
pounds that may interrupt this process.

Materials and Methods

Materials

Recombinant human TGF-�1 was from R&D Systems
(Minneapolis, MN); polyclonal anti-Smad3 antibody was
from Zymed Laboratories Inc. (South San Francisco, CA);
anti-ECE-1 primary antibody B61/104 was kindly pro-
vided by Dr. Thomas Subkowski, BASF, Ludwigshafen,
Germany; desmin, anti-�-actin, and smooth muscle �-ac-
tin antibodies were from Sigma Biochemicals (St. Louis,
MO); monoclonal collagen 1 antibody was from Abcam
(Cambridge, MA); Egr-1 and CRBP-1 were from Santa
Cruz Biotechnology (Santa Cruz, CA); monoclonal phos-
pho-p38 MAPK, phospho-SAPK/JNK MAPK, phospho-
p44/42 MAPK (to detect phospho-ERK1/2), p38, SAPK/
JNK, p44/42 (to detect ERK1/2), and phospho-Smad3
antibodies were from Cell Signaling Technology (St.
Louis, MO) and Epitomics (Burlingame, CA). SAPK/JNK,
p38, and p44/42 MAPK activity assay kits were pur-
chased from Cell Signaling Technology, Inc. (Beverly,
MA). A soluble TGF-� type II receptor (STR), generated
by fusion of rabbit type II TGF-� receptor with Fc region
of human IgG1 (this construct inhibits biological activity
of TGF-�1 and TGF-�3), from Phillip Gotwals (Biogen
Inc., Cambridge, MA) was synthesized as described.29

Cell Isolation and Culture

Hepatic stellate cells were isolated from male Sprague-
Dawley rats (450 to 500 g; Harlan Sprague Dawley, Indi-
anapolis, IN) as described previously.30 In brief, after in
situ perfusion of the liver with 0.20 mg/100 ml of pronase
(Roche Molecular Biochemicals, Indianapolis, IN), fol-
lowed by 0.013 mg/100 ml of collagenase (Crescent
Chemical, Hauppauge, NY), dispersed cell suspensions
were layered on a discontinuous density gradient of 8.2%
and 15.6% Accudenz (Accurate Chemical and Scientific,
Westbury, NY). The resulting upper layer consisted of
more than 95% stellate cells (data not shown). Cell purity
was assessed microscopically and by examining vitamin
A autofluorescence and desmin staining, which was es-
tablished to be 90 to 95% for all experimental samples
studied. Cells were suspended in modified medium 199,
containing 20% serum (10% horse serum and 10% calf
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serum; Life Technologies, Inc., Gaithersburg, MD) at a
density of �1 � 106 cells/ml. Cultures were incubated in
a humidified incubator containing 95% O2/2.5% CO2.
Cell viability was greater than 95% in all of the cultures
used for study. Cells isolated from normal rat livers and
harvested immediately for total proteins were considered
to be quiescent, whereas cells grown for 5 or more days
in the presence of serum-containing medium were con-
sidered to be activated in vitro. Cells isolated from injured
rat livers were assayed immediately after isolation or in
some situations were cultured very short periods of time
to allow specialized studies, such cells were considered
to be activated in vivo.

Animal Models of Liver Injury and Fibrosis

Liver injury and fibrosis were induced by intragastric
gavage of carbon tetrachloride (CCl4) (1.0 ml per kg)
every 4 days for four doses or by ligation of common bile
duct as described by Kountouras and colleagues31 for
15 days.32 In some experiments, rats undergoing bile
duct ligation (BDL) or CCl4 received a soluble TGF-�
receptor (5 mg/kg intraperitoneally) every 4 days. Animal
protocols used to induce injury and fibrogenesis were
approved by the institution’s animal care and guidelines
committee.

Immunoprecipitation and Kinase Assays

Hepatic stellate cells were rinsed in phosphate-buffered
saline (PBS), lysed in buffer (20 mmol/L Tris, 150 mmol/L
NaCl, 5 mmol/L �-glycerolphosphate, 2 mmol/L dithio-
threitol, 0.1 mmol/L Na3VO4, 10 mmol/L MgCl2, 2.5
mmol/L sodium pyrophosphate, 1 mmol/L EDTA, 1
mmol/L EGTA, 1% Triton X-100) containing protease in-
hibitors (1 mg/ml leupeptin and 1 mmol/L phenylmethyl
sulfonyl fluoride). Lysates were sonicated and centri-
fuged at 11,000 � g for 10 minutes at 4°C. Supernatants
(200 �g of total protein) were incubated with 15 �l of
specified immobilized antibodies to selectively immuno-
precipitate the active MAPK from the lysate or with fusion
protein bound to glutathione Sepharose beads to selec-
tively pull down an active MAPK from the lysate, overnight
at 4°C with gentle rotation. Pellets were suspended in
kinase buffer (25 mmol/L Tris, 5 mmol/L �-glycerophos-
phate, 2 mmol/L dithiothreitol, 0.1 mmol/L Na3VO4, 10
mmol/L MgCl2) supplemented with 100 �mol/L ATP. Ki-
nase reactions were performed at 30°C for 30 minutes
followed by termination with 25 �l of sodium dodecyl
sulfate sample buffer (62.5 mmol/L Tris-HCl, 2% w/v so-
dium dodecyl sulfate, 10% glycerol, 50 mmol/L dithiothre-
itol, 0.1% w/v bromophenol blue). After immunoprecipi-
tation, samples were subjected to immunoblotting as
below.

Immunoblotting

Stellate cells were lysed in sample buffer (containing 3%
sodium dodecyl sulfate, 62.5 mmol/L Tris base, and 10%

glycerol). Equal quantities of protein were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis under reducing conditions and transferred to nitrocellu-
lose (Bio-Rad, Hercules, CA). Immunoblotting was per-
formed using specified primary antibodies and horseradish
peroxidase-conjugated secondary antibody. Specific sig-
nals were visualized using enhanced chemiluminescence
(Pierce Biotechnology, Inc., Rockford, IL) and captured with
a digital image system (Chemigenius2 photo-documenta-
tion system; Syngene, Cambridge, UK). Intensities of spe-
cific bands were quantified using standard software (Gene
Tool, Syngene).

Immunocytochemistry

Cell cultures were washed with PBS and fixed with 4%
paraformaldehyde for 10 minutes at room temperature.
After quenching with 10% goat serum in PBS for 1 hour,
specimens were incubated with anti-phospho-Smad3
and anti-Smad3 antibodies, respectively, and incubated
overnight at 4°C. After washing with PBS, labeled pro-
teins were detected with fluorescein-linked anti-rabbit
IgG (1:250; Amersham Life Sciences, Arlington Heights,
IL), washed, and mounted. Images were captured with a
Zeiss LSM 510 META laser-scanning confocal micro-
scope (Carl Zeiss Microimaging, Inc., Thornwood, NY).
Control samples were handled in a manner identical to
experimental samples with the exception that they were
not exposed to primary antibody or incubated with nor-
mal IgG.

Sense and Antisense Oligodeoxynucleotides
(ODNs)

Egr-1 phosphorothioate-modified sense and antisense
ODNs were synthesized based on published nucleotide
sequences (Operon Technologies, Alameda, CA) Se-
quences corresponding to nucleotides �118 to �99
were used in this study and were as follows: rat Egr-1
antisense: 5�-AGTGTGCCCCTGCACCCCGC-3� and rat
Egr-1 sense: 5�-GCGGGGTGCAGGGGCACACT-3�, re-
spectively. After sense or antisense ODNs (5 �mol/L)
were added in the culture medium for 24 hours. Protein
expression was examined by immunoblot.

Mobility Shift Assays

For preparation of nuclear extracts, cells were sus-
pended in PBS and sonicated. After centrifugation at
1500 � g for 5 minutes. The cell pellet was resuspended
in buffer containing 0.01 mol/L HEPES (pH 7.6), 1.5
mmol/L MgCl2, 0.5 mmol/L dithiothreitol, 0.5 mmol/L phe-
nylmethyl sulfonyl fluoride, 2 �g/ml aprotinin, 5 �g/ml
leupeptin, 5 �g/ml pepstatin, 1 mmol/L sodium vanadate,
and 2 mmol/L KCl. After incubation on ice for 15 minutes,
samples were resuspended in 10% Nonidet P-40 and
centrifuged at 120,000 � g. The pellet was dissolved in
high-salt buffer containing 2 mmol/L KCl, 0.42 mol/L
NaCl, 0.01 mol/L HEPES (pH 7.6), 1. 5 mmol/L MgCl2, 0.5
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mmol/L dithiothreitol, 0.5 mmol/L phenylmethyl sulfonyl
fluoride, 2 �g/ml aprotinin, 5 �g/ml leupeptin, 5 �g/ml
pepstatin, 1 mmol/L sodium vanadate, 25% glycerol, and
0.2 mmol/L EDTA. Finally, after centrifugation at
120,000 � g for 5 minutes, supernatants were collected
and examined. Egr-1 consensus binding oligonucleo-
tides (30 ng) (Santa Cruz Biotechnology) were end-la-
beled with [�-32P] ATP by T4 polynucleotide kinase. The
complementary oligonucleotides corresponding to the fol-
lowing region of the Smad3 promoter were used in the
study; Egr-1 (�231 bp to �240 bp), 5-CGCCCCCGGC-
3�, Egr-1 (�261 bp to �270 bp), 5�-GCCGGGGGCG-3�.
After purification of the oligonucleotide probe with micro-
spin G-50 column (Amersham Pharmacia Biotechnology,
Piscataway, NJ), nuclear extract (10 �g) was incubated
with radiolabeled probe (40,000 cpm) in the binding
buffer containing 0.1 mol/L KCl, 25 mmol/L HEPES, 0.2
mmol/L EDTA, 0.5 mmol/L dithiothreitol, 20% glycerol,
and 2 �g poly (dI-dC) at room temperature for 20
minutes. Binding reactions were resolved on 0.5� TBE,
6% acrylamide gel at 150 V for 2 hours. The gels were
subsequently dried and autoradiography was per-
formed. Egr-1 antibody (Santa Cruz Biotechnology) or
smooth muscle �-actin antibody was added to the
binding reaction 10 minutes before the addition of
radiolabeled probe.

Statistics

Data are expressed as mean � SE and n refers to the
numbers of individual experiments performed. Individual
cell preparations from unique isolations were used for all
experiments. Differences among groups were deter-
mined using one-way analysis of variance followed by the

Newman-Keuls procedure. The 0.05 level of probability
was used as the criterion of significance.

Results

Smads Are Differentially Expressed in Stellate
Cells after Liver Injury

Smad and MAPK signaling families have been recog-
nized as key components in TGF-� signaling.13 We and
others have previously demonstrated that TGF-� regu-
lates endogenous gene expression in stellate cells from
injured livers.29 To determine whether Smads are in-
volved in TGF-� signaling in stellate cell activation in-
duced by different stimuli, we investigated phospho-
Smad3 expression during stellate cell activation in vivo by
using different models of injury (ie, BDL and CCl4), as
well as a culture model of activation (the in vitro model is
one in which cells are grown on plastic and exposed to
high concentrations of serum—a process thought to
mimic in vivo activation). We found that cells isolated from
normal livers do not express smooth muscle �-actin,
whereas those from either model of liver injury express
abundant amounts of this protein, marking them as acti-
vated33 (Figure 1A, left). Minimal phospho-Smad3 and
Smad3 was detectable in stellate cells from normal or
BDL-injured livers (Figure 1A, middle and right, respec-
tively). In contrast, phospho-Smad3 was abundant in stel-
late cells from CCl4-injured liver and after culture-induced
activation. The antibodies used to detect phospho-
Smad3 and total Smad3 did not show any cross-reactivity
with recombinant Smad2 or to phospho-Smad1/5. This
result suggested that Smads could be differentially in-

Figure 1. Smad3 expression and regulation by
TGF-� in activated stellate cells in different liver
injury models. Stellate cells were isolated from
normal rat livers after BDL for 15 days and after
four doses of CCl4 and immediately harvested as
described in the Materials and Methods. In ad-
dition, cells from normal livers were isolated
and allowed to undergo culture-induced activa-
tion as described in the Materials and Methods.
A: Cell lysates (30 �g total protein) were sub-
jected to immunoblotting using anti-phospho-
Smad3, anti-Smad3 as described in the Materials
and Methods (membranes for phospho-Smad3
were stripped and reprobed with anti-smooth
muscle �-actin antibody and then stripped and
reprobed with anti-�-actin antibody). Specific
bands were scanned, quantified, normalized,
and expressed graphically (n � 3, *P � 0.05
compared to quiescent stellate cells). Represen-
tative blots are shown in the figure. B: Liver
injury was induced by BDL and CCl4, in addi-
tion, rats were exposed in vivo to a soluble
TGF-� receptor type II (STR) construct, 5 mg/kg
intraperitoneally as in the Materials and Meth-
ods. Cells were subsequently isolated and sub-
jected to immunoblot to detect phospho-Smad3
and Smad3 as in the Materials and Methods.
Culture-activated stellate cells were incubated
in serum-free medium for 12 hours, after which
medium containing STR (50 �g/ml) was added
to the cells. Cells were harvested 24 hours later
and subjected to immunoblotting as above. The
blots shown are representative of three others.
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volved in TGF-� signaling pathways after divergent types
of injury. To further evaluate the effect of TGF-� on the
regulation of Smad3 expression in vivo, we inhibited
TGF-� signaling during liver injury with a soluble TGF-�
receptor (Figure 1B). phospho-Smad3 expression in stel-
late cells from CCl4-injured liver or culture-induced acti-
vation was inhibited by �40 to 60% after TGF-� inhibition
(Figure 1B).

We next examined TGF-� mediated nuclear transloca-
tion of phospho-Smad3 and total Smad3 by immunocy-
tochemical techniques (Figure 2). Phospho-Smad3 was
absent in stellate cells isolated from BDL-injured liver
(Figure 2, A–D); note that the signal shown in Figure 2A
was identical to controls in which no primary antibody or
a normal IgG was used. Cells isolated from CCl4-injured
liver and culture-activated stellate cells expressed com-
paratively larger amounts of phospho-Smad3, distributed
in the cytoplasm and prominent in the nucleus (Figure 2,
E–L). In these latter models, inhibition of TGF-� binding to
cell surface receptors using STR caused disappearance
of phospho-Smad3 in both the cytoplasm and the nu-
cleus of the cells (Figure 2, F–J). Stellate cells isolated
from BDL-injured liver expressed small amounts of acti-
vated Smad3 on TGF-� stimulation (Figure 2C); STR had
little observable effect (Figure 2D). After stimulation of
stellate cells from CCl4-injured liver and culture-activated
stellate cells with TGF-�, phospho-Smad3 was promi-
nently translocated to the nucleus, an effect that was
abrogated by STR (Figure 2, G, H, K, and L). Smad3
expression was identified in a pattern similar to phospho-
Smad3 (Figure 2, M–X). To verify that the cells undergo-
ing Smad3 signaling changes in BDL-injured livers were
indeed in vivo-activated cells, we labeled cells after injury
with anti-smooth muscle �-actin, a marker of the acti-
vated phenotype.33 We also labeled cells with anti-phos-
pho-Smad3 antibody. We found that there was robust
expression of smooth muscle �-actin, consistent with the
activated phenotype (Figure 2, Y and Z). Notably, we
found that phospho-Smad3 was not detected or was rare
in stellate cells isolated from BDL-injured livers (Figure
2Z) as compared to the cells from CCl4-injured liver (Fig-
ure 2Y). These data provide further evidence that Smad3
is differentially activated in different models of liver injury,
and that TGF-� causes Smad3 translocation.

We further demonstrated that the cells isolated from
different liver injury models were stellate cells. As seen in
Supplemental Figure S1A at http://ajp.amjpathol.org;
these cells clearly exhibit retinoid droplets and charac-
teristic morphology of stellate cells. We have also docu-
mented the data for desmin expression (see Supplemen-
tal Figure S1B at http://ajp.amjpathol.org) to prove that
these cells are stellate cells and not portal fibroblasts.33

In addition these cells have been shown to be highly
fibrogenic because they express abundant amounts of
collagen �1(1) (see Supplemental Figure S2 at http://ajp.
amjpathol.org).

MAPKs Are Differentially Regulated in TGF-�
Signaling

To analyze the involvement of MAPK in TGF-�-mediated
liver wounding, expression and regulation of activated
forms of p38, SAPK/JNK, and ERK1/2 subfamilies were
examined by immunoblotting and detection of MAPK ac-
tivity using specific assays. First phospho-p38 protein
was up-regulated in stellate cells after culture-induced
activation (Figure 3A) and p38 kinase activity was found
to be significantly elevated in both culture-activated cells
and in vivo in cells from CCl4-injured liver compared to
quiescent stellate cells (Figure 3B). The increase in p38
kinase activity was inhibited by blocking TGF-� signaling.
These data show that in stellate cells from culture-in-
duced activation and CCl4-injured liver, p38 MAPK is
differentially regulated. Although phospho-JNK/SAPK
was stimulated to the greatest extent in cells from CCl4-
injured livers, its kinase activity was high in cells after all
forms of activation (Figure 3C) and TGF-� inhibition had
minimal effect in abrogating JNK kinase activity in stellate
cells from the various types of injury and activation (Fig-
ure 3, C and D), implying that JNK is also stimulated by a
signaling network other than TGF. Notably, the immuno-
blotting using anti-SAPK/JNK antibody showed that JNK
activation, although minimal in quiescent stellate cells
(Figure 3C), was variable and restricted to JNK 1 isoform
in activated stellate cells specifically in cells from CCl4-
injured liver. Although the total JNK 2 (upper band iso-
form) was predominant, total JNK 1 was barely present in
culture-activated cells. Phosphorylated ERK1/2 protein
was notably down-regulated in cells from CCl4-injured
liver compared to quiescent cells (Figure 3E). Interest-
ingly, ERK1/2 kinase activity was found to be markedly
reduced in CCl4-injured liver but elevated both in cells
from culture-induced activation and BDL-injured liver and
this effect was blocked by TGF-� inhibition (Figure 3F).
These results demonstrate that TGF-� signaling pro-
ceeds through the ERK pathway in stellate cells after BDL
and culture-induced activation. Apparently, TGF-� inhibi-
tion does not result in complete inhibition of p38 and ERK
activities in cells from CCl4- and BDL-injured livers sug-
gesting that these pathways may partially be regulated
independently of TGF-�.

Figure 2. The effect of TGF-� on distribution of phospho-Smad3 and Smad3 in stellate cells. Stellate cells isolated from normal and injured livers (BDL and
CCl4) were allowed to adhere for 12 hours in the presence of medium containing 20% serum. Cells were fixed and subjected to immunocytochemistry with
anti-phospho-Smad3, Smad3, or in some cases, anti-smooth muscle �-actin antibodies. A, E, I, M, Q, and U: Representative examples of stellate cells from
BDL- or CCl4-injured livers or after culture-induced activation. A–L: Stellate cells probed with anti-phospho-Smad3. M-–X: Cells probed for Smad3. B, F, J, N,
R, and V: Cells exposed to STR (50 �g/ml). C, G, K, O, S, and W: Cells exposed to TGF-�1 (5 ng/ml). D, H, L, P, T, and X: Stellate cells exposed to TGF-�
plus STR (STR was added to cultured cells 30 minutes before addition of TGF-� for 12 hours). Y and Z: Cells isolated after CCl4 and BDL injury as in the
Materials and Methods. Cells were allowed to adhere overnight, then fixed and dual-labeled with anti-phospho-Smad3 (FITC) and anti-smooth muscle �-actin
(TRITC) antibodies as in the Materials and Methods. The images shown are representative of at least three others. Scale bars � 10 �m for A–L; � 70 �m for
M–X, and 30 �m for Y and Z.
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A Functional Role for TGF-�-Mediated MAPK
Signal Transduction

We next sought to explore functional roles for specific
TGF-� signaling pathways. We chose the MAPK cascade
as a prototypical pathway. Additionally, given that TGF-�
plays an important role in controlling gene and protein ex-
pression,34 in particular, that of endothelin-converting en-
zyme-1 (ECE-1) expression (an enzyme that helps control
ET-1 synthesis during wound healing), in stellate cells after
liver injury,27 we asked whether a putative effect of TGF-�
on ECE-1 expression could be mediated by the MAPK
signaling pathway. ECE-1 protein levels in stellate cells from
BDL-injured liver were increased twofold compared to
those in normal stellate cells (Figure 4), consistent with
previous data.27 Similarly, the levels of ECE-1 protein were
also up-regulated in cells from CCl4-injured liver and cul-
ture-activated stellate cells. Exposure of stellate cells from
injured livers and culture-activated cells to TGF-� further
increased ECE-1 expression, whereas inhibition of MAPK
signaling with U O126, a dual MEK1/MEK2 inhibitor, abro-
gated the effect of TGF-� on ECE-1 expression in stellate
cells from BDL-injured livers and culture-activated cells but
had no effect on cells from CCl4-injured liver (Figure 4, A, C,
and E). In contrast, inhibition of MAPK signaling using SB
203580 inhibited ECE-1 expression in stellate cells from
CCl4-injured liver and culture-activated cells but had no
effect on cells from BDL-injured livers (Figure 4, B, D, and

F). Inhibition of MAPK signaling using SP 600125, which is
a specific JNK inhibitor, had minimal or no effect on ECE-1
expression in cells from either model of liver injury (Figure 4,
B, D, and F). These data indicate that protein expression in
stellate cells from BDL- and CCl4-injured livers is regulated
by TGF-� and at least in part, follows two different MAPK
pathways with ERK regulation being prominent in cells from
BDL-injured livers and p38 MAPK being typical in stellate
cells from CCl4-injured livers. Notably, the effects of U0126
in cells from BDL-injured livers to abrogate the expression
of ECE-1 were more pronounced than those of STR, like-
wise, the effects of SB 203580 in cells from CCl4-injured liver
and culture-activated cells than those of STR and thus sup-
porting the finding that p38 and ERK in CCl4- and BDL-
injured livers may be regulated independently of TGF-�.

To verify further the functionality of the signaling system
highlighted above, we extended the model system to eval-
uate another readout known to be important in stellate cell
activation. Thus, we examined, collagen �1(1) a prototypal
TGF-� regulated gene in stellate cell activation.3 Stellate
cells were isolated from BDL-injured livers, and were ex-
posed to STR and MAP kinase inhibitors; collagen �1(1)
mRNA was subsequently measured and found to be down-
regulated by TGF-� inhibition and essentially completely by

Figure 3. MAPK expression and regulation by TGF-� in activated stellate
cells in different liver injury models. Stellate cells were isolated from normal
rat livers, BDL for 15 days and after four doses of CCl4 treatment as described
in the Materials and Methods. A: Cell lysates (50 �g total protein) were
subjected to immunoblotting using a specific phospho-p38 antibody. The
membrane was stripped and reprobed with control p38 antibody. Data from
different groups of cells were scanned, quantified, normalized, and pre-
sented graphically (n � 3, *P � 0.05 compared to quiescent stellate cells). B:
Rats subjected to BDL- and CCl4-induced liver injury were exposed to STR as
in the Materials and Methods or culture-activated stellate cells were incubated
with STR as in Figure 1. Cellular proteins (200 �g of total protein) were used
for immunoprecipitation with a specific threonine-tyrosine phospho-p38
MAP kinase antibody, followed by detection of phosphorylated p38 MAP
kinase-specific substrate; ATF-2 by immunoblotting using phospho-ATF-2
antibody. As controls, cell lysates were subjected to immunoblotting using
anti-ATF-2 antibody. Specific bands were scanned, quantified, normalized,
and expressed graphically (n � 3, #P � 0.05 compared to controls without
STR). C: Cell lysates (50 �g of total protein) were subjected to immunoblot-
ting using a specific phospho-SAPK/JNK antibody. Membranes were stripped
and reprobed with control SAPK/JNK antibody. For calculation of relative
phosphorylation, bands corresponding to JNK 1 (46 kDa) were used and data
from different group of cells were scanned, quantified, normalized, and
presented graphically (n � 3, *P � 0.05 compared to quiescent stellate cells).
D: Rats subjected to BDL- and CCl4-induced liver injury were exposed to STR
as in the Materials and Methods or culture-activated stellate cells were
incubated with STR as in Figure 1. An N-terminal C-JUN (1 to 89) fusion
protein bound to glutathione Sepharose beads was used to selectively pull
down SAPK/JNK from the cellular protein lysate (200 �g of total protein),
followed by a kinase reaction. C-JUN phosphorylation was then measured by
immunoblotting. As control, cellular proteins were immunoblotted with con-
trol C-JUN antibody. For relative quantification both bands for C-JUN phos-
phorylation (33 and 35 kDa) were used. E: Cell lysates (50 �g of total protein)
were subjected to immunoblotting using a specific phospho-ERK antibody.
Membranes were stripped and reprobed with control ERK antibody. For
relative quantification both specific bands corresponding to phospho-ERK
were used and data from different groups of cells were scanned, quantified,
and presented graphically (n � 3, *P � 0.05 compared to quiescent stellate
cells). F: Rats subjected to BDL- and CCl4-induced liver injury were exposed
to STR as in the Materials and Methods or culture-activated stellate cells were
incubated with STR as in Figure 1. Cellular proteins (200 �g of total protein)
were used for immunoprecipitation with a specific monoclonal phospho-p44/42
antibody, followed by detection of phosphorylated p44/42 MAP kinase-specific
substrate; ELK-1 by immunoblotting using phospho-ELK-1 antibody. As controls,
cell lysates were subjected to immunoblotting using anti-ELK-1 antibody. Spe-
cific bands were scanned, quantified, normalized to the signal for �-actin, and
presented graphically (n � 3, #P � 0.05 compared to controls without STR).
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the MEK1/MEK2 inhibitor (U 0126), whereas p38 and SAPK/
JNK inhibition had no effect (data not shown).

Differential Smad Expression after Liver Injury:
Role of Egr-1

The discovery of divergent Smad3 expression in the BDL-
and CCl4-injury models led us to ask whether Egr-1, a
regulatory transcription factor, may regulate Smad tran-
scriptional activity by binding to the Smad promoter. To
test this hypothesis, we first investigated Egr-1 protein
expression in stellate cells after liver injury; we found

Egr-1 protein expression in stellate cells from normal and
BDL-injured liver to be much higher than that from stellate
cells after CCl4-injured liver or culture-induced activation
(Figure 5A). Next, we identified two Egr-1 consensus-
binding sites in the proximal Smad3 promoter, which
might serve as regulatory elements (Figure 5B). Gel mo-
bility shift assays were performed using Egr-1 oligonu-
cleotides corresponding to Egr-1 consensus binding se-
quences and nuclear extracts were derived from stellate
cells. We detected an Egr-1-DNA complex in stellate
cells from normal and BDL-injured liver but not in cells
from CCl4-injured liver (Figure 5C). This complex was
inhibited by addition of specific Egr-1 antibody but not an
unrelated (smooth muscle �-actin) antibody. An apparent
smaller complex was detected in stellate cells after cul-
ture-induced activation, however, it was not altered by
Egr-1 antibody, suggesting that it does not contain Egr-1.
Finally, addition of anti-Egr-1 antibody to lysates abro-
gated the DNA-Egr-1 complex, but did not result in a
typical supershift profile, consistent with previous Egr-1
supershift experiments.35

Finally, we examined the role of Egr-1 in Smad3 ex-
pression in stellate cells after BDL injury by inhibiting its
expression with phosphorothioate-modified Egr-1 anti-
sense ODNs. We selected Egr-1 ODNs based on reports
of those previously described.36,37 We transduced cells
from BDL-injured livers with 5�-fluorescein-labeled anti-
sense ODNs; Egr-1 protein expression was decreased
by 52% after inhibition of Egr-1 (Figure 6A) for 24 hours.
When Egr-1 expression was inhibited by incubation of Egr-1
antisense ODNs for 24 hours, Smad3 was increased by
95% compared with control cells (Figure 6B). To verify the
effect of Egr-1 inhibition on Smad3 expression in culture-
activated cells, we examined the effect of Egr-1 inhibition
using Egr-1 antisense oligonucleotides in culture-activated
cells. This experiment revealed that there was no effect of
Egr-1 inhibition on Smad3 expression (see Supplemental
Figure S3 at http://ajp.amjpathol.org). These data indicate
that Egr-1 inhibits Smad3 expression by regulation of
Smad3 promoter activity in stellate cells activated by BDL-
induced liver injury.

Discussion

The major finding of this study was that different models
of liver injury and stellate cell activation were associated
with distinct TGF-�-mediated signaling. We demon-
strated that TGF-� stimulated Smad3 signaling in stellate
cells from CCl4-injured liver, but appeared to be inactive
in a mechanistically distinct model of liver injury (ie, BDL).
In contrast, TGF-� mediated MAPK signaling either par-
tially or extensively in all of the models of injury. Further,
the differential MAPK signaling in BDL-induced activation
had a functional effect on ECE-1 expression in stellate
cells. In the context of other data highlighting potential
signaling specificity,18 the current data have broad impli-
cations for defining the roles of specific TGF-�-signaling
pathways in wound healing.

We also found there to be functional consequences of
TGF-�-MAPK signaling (Figure 4). Here, a MEK inhibition

Figure 4. MAPK activation mediates the effect of TGF-�1 on ECE-1. After
isolation of stellate cells from normal or BDL-injured (A, B) expression or
CCl4-injured livers (C, D) (in the injury models, cells were cultured for 12
hours after isolation, then serum-free conditions were introduced), TGF-� (5
ng/ml), STR (50 �g/ml), PD98059 (10 �mol/L), SB 203580 (10 �mol/L), U
0126 (10 �mol/L), SP 600125 (50 �mol/L), or a combination of these com-
pounds was added for 24 hours. In culture-activated cells (E, F), serum-free
conditions were introduced after 5 days in activating condition, and cells
were exposed to the compounds as above. Cell lysates (50 �g of total
proteins) were prepared as described in the Materials and Methods and
subjected to immunoblotting using anti-ECE-1 antibody. Data from different
experimental conditions were scanned, specific ECE-1 bands were normal-
ized to the signal for �-actin and presented graphically, the level of ECE-1
protein from BDL, CCl4 cells and culture-activated cells was set at 100 (For A
to F, n � 3, *P � 0.05 compared to quiescent stellate cells; #P � 0.05
compared to BDL, CCl4, and culture-activated stellate cells; §P� 0.05 com-
pared to BDL, CCl4, and culture-activated stellate cells; ¢P � 0.05 compared
to BDL stellate cells, CCl4, and culture-activated stellate cells plus TGF-�).
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abrogated the effect of TGF-� on ECE-1 expression,
whereas inhibition of p38 had no effect in cells from
BDL-injured livers. In contrast, p38 inhibition in cells from
CCl4-injured liver down-regulated expression of ECE-1,
which was not affected by MEK inhibition in these cells.
Previous work demonstrated that TGF-� stimulates endo-
thelin-1 production in liver wound healing, an effect re-
lated to mRNA stabilization and increased ECE-1 protein
expression in stellate cells.38 Increased ECE-1 protein
expression is a result of de novo synthesis of mRNA
binding proteins that are in turn regulated by TGF-�.38 A
remarkable finding noted in our previous studies was a
differential effect of TGF-� on sinusoidal endothelial cells
and stellate cells38; TGF-� stimulated ET-1 production in
normal liver endothelial cells but had no effect on endo-
thelial cells from injured liver and the vice versa was true
for stellate cells. Results of the current study raise a
potential mechanism in which divergent cellular signaling
pathways may explain differential functional effects.

In our study, activation of p38 and ERK 1/2 after CCl4-
and BDL-induced injury, respectively, was evident in ki-
nase assays established for p38 and ERK 1/2 but not by
assessment of levels of phosphorylated proteins. Simi-
larly JNK//2 activation in cells from all of the models of
liver injury was only detectable in kinase assays (Figure
3, A and B, C and D, and E and F). This finding was
somewhat unexpected, but is consistent with previous
work on MAPK signaling molecules.39,40 For example, it
has been shown that kinase activity and phosphorylation
levels correlate poorly.39,40 It is also noteworthy that the
absolute phosphorylation level detected by immunoblot
is a rough estimate of actual enzymatic activity, and this
could be attributable to the fact that protein phosphory-
lation is thought to be a transient initial step in the acti-
vation of kinase activity, often required for recruiting bind-
ing partners or facilitating a conformational change
necessary for kinase activation.41,42 Notwithstanding, ki-
nase activity is likely to be the most robust measure of
signaling.

We demonstrated that phospho-Smad3 is differentially
regulated in vivo in stellate cells in different injury models,
consistent with data in a cholestatic liver injury model that
showed Smad3 signaling in hepatocytes only.43,44 One
question raised by our study is whether differential sig-
naling may lead to differential functional effects in these
two forms of liver injury and if so, what are the functional
effects? Also, is it possible that there could be different
cellular mechanisms in different forms of liver injury—a
reflection of the apparent different Smad3 signaling path-
ways? The answers to these questions are currently
open. An interesting point, although beyond the scope of
the current study, is whether portal fibroblasts, which may
be important effectors in biliary fibrogenesis,45,46 could
also exhibit differential Smad3 activation.43

We have shown there to be apparent divergent signal-
ing repertoires in stellate cells after BDL compared to
other forms of activation. On one hand, this is surprising
because many investigators believe that activation is a
common response to injury, with a common phenotype.
On the other hand, abundant evidence suggests that

Figure 5. Egr-1 regulated Smad3 expression
after liver injury. Stellate cells were isolated
from normal rat livers, 2 weeks after BDL and
after four doses of CCl4 treatment as described
in the Materials and Methods. A: Cellular Egr-1
was detected by immunoblotting using Egr-1-
specific antibody. Specific bands were scanned,
quantified, normalized and presented graphi-
cally (n � 3, *P � 0.05 compared to CC14 or
culture). B: The Smad3 3�-5� region is shown.
Two underlined GC-rich Egr-1 binding sites are
located within 100 bp of upstream cDNA. The
start site is bolded. C: Cell nuclei from normal
and injured liver stellate cells were isolated and
prepared as described in the Materials and
Methods were incubated with a �-32P-labeled
Egr-1 consensus oligonucleotides. Oligonucle-
otide-protein complex were analyzed by gel
mobility shift assays. The arrow indicates the
site of binding complex. A representative exper-
iment is shown (n � 3).

Figure 6. Inhibition of Egr-1 results in increased expression of Smad3.
Stellate cells from BDL-injured livers were isolated and allowed to adhere for
12 hours in the presence of medium containing 20% serum. Subsequently
stellate cells were transduced with Egr-1 sense and antisense ODN as in the
Materials and Methods. A: Cell lysates (30 �g of total protein) were subjected
to immunoblotting using specific Egr-1 antibody as in the Materials and
Methods. B: Cellular lysates were immunoblotted with anti-Smad3 antibody
(membranes from A and B were striped and reprobed with anti-�-actin
antibody; bottom). Specific signals from different experiments were
scanned, normalized to the signal for �-actin, quantified, and expressed
graphically (n � 3, *P � 0.05 compared to control cells).
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there is heterogeneity in stellate cell phenotypes.24 Thus,
it may not be surprising that there could be substantial
differences in signaling after different forms of injury and
perhaps mechanisms underlying activation. Notwith-
standing, we have considered that another possible ex-
planation for the differences in signaling repertoire is that
stellate cells isolated after BDL are fundamentally differ-
ent from other populations of stellate cells, including per-
haps that they are derived from a different cell pool than
in other injury models.47 This is relevant given that other
studies have found that portal fibroblasts are critical ef-
fectors in biliary fibrosis.46 However, we do not believe
that this is the case in our system for the following rea-
sons. We have gone to great length to characterize the
cell types we report on. In each model, the cells we have
isolated retain the characteristics of classic stellate
cells.48 First, we have shown that these cells have classic
stellate cell morphology, including the presence of retin-
oid droplets and expression of desmin (see Supplemen-
tal Figure S1B at http://ajp.amjpathol.org) that was re-
markable also in cells isolated from the BDL-induced liver
injury. These features are not characteristic of portal fibro-
blasts although in the early stages of biliary fibrosis, portal
fibroblasts have been reported to express desmin49 that
eventually disappears at advanced stages. Second, the
activated stellate cells examined in this study uniformly ex-
press smooth muscle �-actin (Figure 1A) as previously re-
ported.33 Although this feature may not be specific for stel-
late cells, electron microscopic studies conducted on
experimental models of biliary fibrosis at different stages50

support our findings of smooth muscle �-actin being
attributable to stellate cells in this particular model. It
has been postulated that in the early stages of biliary
fibrosis, hepatic stellate cells migrate to the areas ad-
jacent to ductal proliferation where they become acti-
vated myofibroblasts.

Complete inhibition of ECE-1 expression by MEK1/
MEK2 inhibitor in cells from BDL-induced liver injury sug-
gests the presence of TGF-�-independent signaling
pathways in different liver injury models. Consistent with
previous data showing that collagen �(1) expression in
hepatic stellate cells in culture may be TGF-�-indepen-
dent,29 we have been able to show that collagen �(1)
expression in hepatic stellate cells in BDL-induced liver
injury may be regulated by ERK in a TGF-�-independent
manner. Previous studies have demonstrated TGF-�-in-
dependent constitutive activation of Smad3 in activated
stellate cells but not in quiescent cells.51 In contrast,
others52 have shown TGF-�-responsive phosphorylation
and nuclear localization of Smad3 in early stellate cell cul-
tures but not in passaged stellate cells, while other studies
have highlighted constitutive activation of Smad3 in re-
sponse to TGF-� in a spontaneously immortalized line of
activated rat hepatic stellate cells.53 Thus there appears to
be a range of potential Smad3 responses, we speculate,
dependent on the wide variety of conditions in which stellate
cells and TGF-� signaling might be studied.

An important aspect of this study is that we have shown
that Egr-1 appears to inhibit expression of Smad3. These
data are highly consistent with the known function of Egr-1,
because available data indicate that Egr-1 is an important

regulator of gene transcription,54 ostensibly via Egr-1 bind-
ing to consensus GC-rich areas or Sp1 sites such as those
identified in Figure 5B.55,56 Interestingly, previous studies
have shown that TGF-� stimulates Egr-1 expression, and
that this requires, as would be predicted, Smad3 and
MAPKs.22,57 These two data sets therefore suggest that
there is complex interplay between Egr-1 and TGF-� sig-
naling partners (ie, Smad3 and MAPK). The stimulation of
Egr-1 after BDL-induced injury but not after CCl4 adminis-
tration was striking. The mechanism by which Egr-1 expres-
sion is differentially regulated in these two different wound-
ing models remains unknown. Egr-1 is transiently induced
by a variety of extracellular stimuli such as growth factors
and cytokines.20Although there are clear similarities among
the two different models of wound healing used in this
study, an evolving theme is that there are important cell and
molecular differences among different types of injury, which
presumably may account for the stimulation of Egr-1 after
BDL-induced but not after CCl4-induced injury. Our data
supports this possibility.

The data presented here have important implications
for not only the pathogenesis of wound healing, but also
for the therapy of fibrogenesis. Although it is likely that
inhibition of TGF-� signaling during ongoing wound heal-
ing would be of therapeutic benefit, it should be empha-
sized that interruption of TGF-� signaling is likely to have
complex (and perhaps unpredictable) effects in the heal-
ing wound milieu.
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