
Hepatic accumulation of Hedgehog-reactive progenitors
increases with severity of fatty liver damage in mice
Susanne V Fleig1, Steve S Choi1, Liu Yang1, Youngmi Jung1, Alessia Omenetti1, Hendrika M VanDongen1,
Jiawen Huang1, Jason K Sicklick2 and Anna Mae Diehl1

Progenitors regenerate fatty livers but the mechanisms involved are uncertain. The Hedgehog pathway regulates me-
sendodermal progenitors and modulates mesenchymal–epithelial interactions during tissue remodeling. To determine if
Hedgehog signaling increases in liver progenitors during fatty liver injury, we compared expression of Hedgehog ligands
and target genes across a spectrum of injury. Leptin-deficient ob/ob mice with fatty livers and their healthy lean
littermates were studied before and after exposure to the hepatotoxin, ethionine. At baseline, ob/ob mice had greater
liver damage than controls. Ethionine induced liver injury in both ob/ob and lean mice, with greater injury occurring in
ob/ob mice. After ethionine, the ob/ob mice developed liver atrophy and fibrosis. Liver injury increased hepatic accu-
mulation of progenitors, including ductular cells that produced and responded to Hedgehog ligands. A dose–response
relationship was demonstrated between liver injury and expansion of Hedgehog-responsive progenitors. In severely
damaged, atrophic livers, nuclei in mature-appearing hepatocytes accumulated the Hedgehog-regulated mesenchymal
transcription factor, Gli2 and lost expression of the liver epithelial transcription factor, hepatocyte nuclear factor 6 (HNF-6).
Hepatic levels of collagen mRNA and pericellular collagen fibrils increased concomitantly. Hence, fatty liver injury in-
creases Hedgehog activity in liver progenitors, and this might promote epithelial–mesenchymal transitions that result
in liver fibrosis.
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Hepatocyte apoptosis is increased in fatty livers, providing an
ongoing stimulus for regeneration.1 Proliferation of mature
hepatocytes is also inhibited in steatotic livers. Hence, their
regeneration involves hepatic progenitor populations,2 and
hepatic accumulation of progenitors increases with the
severity of fatty liver damage.3,4 The mechanisms regulating
this are poorly understood. In this study, we determined if
fatty liver damage increases hepatic expression and activity of
Hedgehog (Hh) ligands, soluble factors that regulate
mesendodermal progenitors.

In healthy adults, hepatic progenitors reside near Canals of
Hering, vestiges of fetal liver ductal plates that house pro-
genitors for both the hepatocyte and biliary epithelial cell
compartments.2 Some progenitors are bi-potent, that is
capable of differentiating along either epithelial lineage, while
others are committed to a specific fate.5,6 Less certain is
whether adult livers also retain more primitive multipotent
progenitors, similar to mesendodermal cells that give rise to

hematopoietic, endothelial, adipocytic, smooth muscle-like,
and epithelial cell types during embryogenesis.7,8

Development of many tissues, including the liver, requires
migration of the mesendoderm during gastrulation.9 Re-
cently, mesendodermal-like cells expressing the epithelial
marker, EpCAM, were isolated from human fetal livers.10

When transplanted into adult mice with liver injury, these
EpCAM(þ ) cells integrated into hepatic parenchyma and
differentiated into functioning hepatocytes. Gene expression
analysis of cultured EpCAM(þ ) cells undergoing hepatocyte
differentiation demonstrated that their initially strong ex-
pression of mesenchymal markers declined as hepatocyte
gene expression was acquired, leading the authors to suggest
that fetal liver mesendodermal cells are capable of me-
senchymal–epithelial transitions.

Human fetal liver EpCAM(þ ) cells produce and respond
to Hedgehog (Hh) ligands.11 Hh ligands are soluble factors
that interact with the plasma membrane-spanning receptor,
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Patched (Ptc), to de-repress the downstream intracellular
signaling intermediate, Smoothened (Smo). Smo-initiated
signals, in turn, activate Gli-family transcription factors to
induce expression of Hh-responsive genes that regulate target
cell proliferation, viability and differentiation.12 During
embryogenesis, Hh ligands function as morphogens by
modulating both mesendodermal fate and mesenchymal–
epithelial transitions.13–15 Many adult tissues also contain
mesendodermal-like cells and mesenchymal–epithelial inter-
actions mediate adult wound healing.16,17 Consistent with
these observations is growing evidence that Hh signaling
regulates remodeling of various adult tissues, including the
nervous system, skin, heart, lung, and gastrointestinal
tract.18–21 Excessive Hh activity has also been noted in can-
cers arising in these tissues.22–24

Hh signaling has been reported in some hepatocellular
carcinomas and cholangiocarcinomas,22,23 although mature
liver epithelial cells in healthy adult livers lack obvious
Hh pathway activity.11 Recently, increased hepatic expression
of Hh ligands and target genes was demonstrated in
adult rodents following bile duct ligation25 and in humans
with primary biliary cirrhosis.26 In both rodents and
humans, cholestatic liver damage triggered expression of Hh
ligands, the Hh receptor, Ptc, and Hh-regulated transcription
factors, such as Gli-2, in bile ductular cells and peri-ductular
stromal cells, some of which coexpressed OV-6, a marker
for bipotent liver epithelial progenitors (ie, oval cells),6 or
a-smooth muscle actin, a marker for liver myofibro-
blasts.27,28 Coculturing liver myofibroblastic cells with im-
mature bile ductular cells increased Hh pathway activity
and enhanced the growth of both cell types. Both effects
were inhibited by Hh-neutralizing antibodies, suggesting that
soluble Hh ligands provide viability signals for subpo-
pulations of myofibroblastic and bile ductular cells in adult
livers.

The present study evaluates the hypothesis that injury
to mature hepatocytes also triggers expansion of Hh-re-
sponsive progenitor populations. To evaluate this concept,
we characterized progenitor populations and Hh pathway
activity in healthy, lean adult mice and in obese, ob/ob mice
with genetic leptin deficiency and fatty livers.4 Steatosis is one
of the most common forms of hepatic pathology in hu-
mans,29 and ob/ob mice, like many obese people, sponta-
neously acquire nonalcoholic steatohepatitis (NASH), but do
not develop liver atrophy or significant liver fibrosis despite
having chronic liver injury.30,31 Adult ob/ob mice and their
healthy littermates were studied at baseline and after
exposure to ethionine, a toxin for mature hepatocytes that
promotes the rapid outgrowth of hepatic progenitor popu-
lations. We demonstrate a dose–response relationship be-
tween mature hepatocyte injury and expansion of liver
progenitor populations that produce and respond to Hh
ligands, and suggest that Hh signaling may modulate
mesenchymal–epithelial transitions during remodeling of
damaged livers.

MATERIALS AND METHODS
Animal Studies
Eight-week-old, male C57BL6 ob/ob mice (n¼ 25) and lean
littermates (n¼ 15) (Jackson Laboratory, Bar Harbor, ME,
USA) were fed normal chow. To induce oval cell prolifera-
tion, DL-ethionine (Alfa Aesar, Lancaster, England) at con-
centrations of 0.15% and 0.075% was added to the drinking
water of ob/ob and lean mice. Control mice (5 per group)
drank untreated water. After 1 week, animals were killed and
the liver and blood samples were harvested. The studies were
approved by the Duke University Animal Committee and
fulfilled NIH guidelines.

Immunohistochemistry
Formalin-fixed, paraffin-embedded livers were prepared for
immunohistochemistry as described.25,26 Sections were in-
cubated with primary antibodies, A6 (gift from Dr Valerina
Factor, NIH, Bethesda, MD, USA), CD56/NCAM (Vector
Lab, Burlingame, CA, USA), CK19 (DAKO Corporation,
Carpinteria, CA, USA), Gli2 (Abcam, Cambridge, MA, USA),
HNF-6 (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
Ihh (Santa Cruz Biotechnology) and a-smooth muscle actin
(aSMA) (DAKO) at 41C overnight. Other sections were si-
milarly exposed to nonimmune sera. Secondary antibodies
were goat anti-rat IgG-HRP (Santa Cruz Biotechnology) for
A6, polymer-HRP anti-rabbit (DAKO) for HNF-6, Ihh and
Gli2 and polymer-HRP anti-mouse (DAKO) for CD56, CK19
and aSMA. Antigens were demonstrated by diaminobenzi-
dine (DAB) (DAKO). Omitting primary antibodies elimi-
nated staining, demonstrating specificity. After excluding the
major bile duct in each portal tract (PT) from consideration,
cells staining positively for CK19, HNF-6, Gli2, Ihh, or A6 in
10 PT/slide were counted at � 40 magnification. Hepatocyte
nuclear staining for HNF-6 was quantified in 10 fields/slide;
HNF(þ ) hepatocytes/field were divided by the total number
of hepatocytes/field to control for the fact that ob/ob hepa-
tocytes are fatty and therefore larger, reducing the number of
hepatocytes/field.

Two-Step Real-Time Reverse Transcription-Polymerase
Chain Reaction
Total liver RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA, USA). After RNase-free DNase I treatment
(Qiagen, Valencia, CA, USA), RNA was reverse transcribed to
cDNA templates using random primer and Superscript
RNase H-reverse transcriptase (Invitrogen) and amplified.
For semi-quantitative RT-PCR, 1.5% of the first-strand re-
action was amplified using iQ-SYBR Green Supermix (Bio-
Rad, Hercules, CA, USA), an iCycler iQ Real-Time Detection
System, and specific oligonucleotide primers for target se-
quences, as well as the 18S housekeeping gene (Table 1).
Threshold cycles (Ct) were automatically calculated by the
iCycler iQ Real-Time Detection System. Target gene levels in
the cells are presented as a ratio to levels detected in the
corresponding control cells according to the DDCt method.
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Amplicon products were then separated by electrophoresis on
a 2.0% agarose gel buffered with 0.5�TBE.

Morphometry
Collagen staining of formalin-fixed liver sections with picro-
sirus red was assessed by morphometry with MetaView
software (Universal Imaging, Downington, PA, USA). Twelve
randomly selected 20� fields/section were evaluated for each
mouse.32

Terminal Deoxynucleotidyl Transferase-Mediated dUDP
Nick-End Labeling Assay
Terminal deoxynucleotidyl transferase-mediated dUDP
nick-end labeling (TUNEL) assay was performed using a kit
(Boehringer Mannheim, Mannheim, Germany) as described
previously.33

Hydroxyproline Assay
Hepatic hydroxyproline content was quantified colori-
metrically in flash-frozen liver samples.34 Concentrations
were calculated from a standard curve prepared with high-
purity hydroxyproline (Sigma, St Louis, MO, USA) and ex-
pressed as mg hydroxyproline/g liver.

Statistical Analysis
Results are expressed as means±s.e.m., unless indicated
otherwise. Comparisons between groups were performed
using the Student’s t-test. Significance was accepted at the
5% level.

RESULTS
ob/ob Mice Spontaneously Develop NASH
The ob/ob mice were obese and had hepatomegaly (Table 2).
Their livers were also more fatty (Figure 1a and b). In-
flammatory cell infiltrates were rare and fibrosis was not
observed, although hepatocyte ballooning was frequent
(Figure 1b, inset). Serum markers of liver injury (Table 2)

and collagen mRNA levels (Figure 1c) were also significantly
higher in ob/ob mice, consistent with reports that they
spontaneously develop NASH.30

Hepatic Accumulation of Bile Ductular Cells in ob/ob
Mice with NASH
To assess regenerative responses to fatty liver damage, we
compared progenitor populations in ob/ob and control mice.
Portal tracts (PT) in fatty livers harbored more progenitor
cells, including increased numbers of cells expressing A6, a
marker for bipotent hepatic epithelial progenitors (ie, oval
cells) and bile ductular cells (Figure 2a–c), NCAM, a marker
for oval cells and immature bile ductular cells (Figure 2d–f),
and CK 19, a marker of immature and mature bile ductular
cells (Figure 2g–i).6 Thus, bile ductular cells of varying
degrees of maturation accumulated in livers with NASH. A
similar ductular response has been noted in other types of
chronic liver injury, and is considered to be involved in liver
repair in humans, as well as rodents.3

Increased Ihh Ligand and Hh Pathway Activity in ob/ob
Mice with NASH
We next compared mRNA and protein expression of Hh li-
gands in lean and ob/ob livers. Although whole liver mRNA
levels of sonic Hedgehog (shh) and Indian Hedgehog (ihh)
were not increased in ob/ob livers (data not shown), im-
munohistochemistry demonstrated significantly increased
peri-portal accumulation of Ihh (þ ) cells (Figure 3A–C). In
both control (Figure 3Aa and Ba) and ob/ob mice (Figure
3Ab and Bb), most of the Ihh-expressing cells were bile
ductular cells. Some stromal cells in and around PT of ob/ob
livers also expressed Ihh. To determine if expression of Hh
ligand correlated with increased Hh pathway activity, we
evaluated mRNA expression of Hh-regulated transcription
factors. Genes encoding Gli1 and Gli2 are induced by Hh
signaling. Thus, expression of these factors identifies cells
with Hh pathway activity.13 Expression of Gli1, Gli2 and Gli3

Table 1 Sequences of PCR primers used in experiments

Forward sequence Reverse sequence Product size (bp)

aSMA AAACAGGAATACGACGAAG CAGGAATGATTTGGAAAGGA 135

Collagen 1a(1) GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC 158

TGFb TTGCCCTCTACAACCAACACAA GGCTTGCGACCCACGTAGTA 103

Ptc ATGCTCCTTTCCTCCTGAAACC TGAACTGGGCAGCTATGAAGTC 168

Smo GCCTGGTGCTTATTGTGG GGTGGTTGCTCTTGATGG 75

Gli1 AACTCCACAGGCACACAGG GCTCAGGCTTCTCCTCTCTC 79

Gli2 CCATTCATAAGCGGAGCAAG CCAGGTCTTCCTTGAGATCG 105

Gli3 GCTCTTCAGCAAGTGGTTCC CTGTCGGCTTAGGATCTGTTG 122

Mpk GCGTGTAGTGCCTGTACCTT GTAGGGCCCTGAATAATAGCTG 181

18S TTGACGGAAGGGCACCACCAG GCACCACCACCCACGGAATCG 130
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mRNAwas similar in ob/ob and lean livers (data not shown),
so immunohistochemistry was performed to localize Gli-
expressing cells. Either absent or faint, diffuse non-specific
staining occurred with antibodies for Gli1 and Gli3, but Gli2
proved useful for immunohistochemistry. In normal livers,
sinusoidal cells throughout the lobule, and some bile duct-
ular cells in PT, stained positive for Gli2. Mature hepatocytes
did not express this protein (Figure 3Ad). In ob/ob livers, the
overall number of Gli2(þ ) cells was only somewhat greater
than in control livers (Figure 3Cb). However, the pattern of
staining was very different (Figure 3Ac–d). ob/ob livers
harbored few Gli2(þ ) sinusoidal cells, but many more Gli2-
positive cells in PT. Most of these Gli2-positive cells were bile
ductular cells, although increased numbers of small Gli2-
expressing stromal cells were also noted in peri-portal re-
gions. Hence, populations of bile ductular cells and portal

stromal cells that produce and respond to Hh ligands
expanded in livers with NASH.

ob/ob Mice are Particularly Vulnerable to Ethionine
Hepatotoxicity
To further address the role of Hh signaling in the progenitor
response to parenchymal liver injury, we treated mice with
ethionine. Ethionine promotes hepatic necrosis by eliciting
oxidative stress and ATP depletion in hepatocytes.35 Similar
mechanisms underlie the pathogenesis of NASH.36 Fatty li-
vers are particularly vulnerable to ethionine-induced hepa-
totoxicity, rapidly accumulating hepatic progenitors when
exposed to this drug.3,37 Ethionine was administered in
drinking water for 1 week,37 and water consumption in the
two groups of mice was similar. Thus, ob/ob mice and con-
trols ingested similar total doses of ethionine at full-dose
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Figure 1 NASH and increased collagen gene expression in ob/ob mice. H&E from representative lean (WT) (a) and ob/ob mice (b) at � 400 magnification.

QRT-PCR analysis of collagen 1a(I) in whole liver tissue from WT (n¼ 5) and ob/ob (n¼ 5) mice. Data are displayed as mean±s.e.m. (*Po0.05% vs WT).

Table 2 Comparison of WT and ob/ob mice—ob/ob mice spontaneously develop NASH

Baseline Post-treatment

Wt ob/ob P Wt (0.15%) ob/ob (0.075%) ob/ob (0.15%) P

Body weight (g) 21.6±1 53.0±0.9 0.001 23.1±0.4 63.4±2.1* 44.3±1.1w 0.01*

0.001w

Liver weight (g) 1.16±0.03 3.72±0.09 0.001 1.30±0.03 4.67±0.57* 2.40±0.1w 0.005*

0.001w

Liver/body weight (%) 5.40±0.26 7.03±0.11 0.001 5.63±0.13 7.74±0.58* 5.41±0.15w NS*

NSw

AST (IU/l) 150±17 388±83 0.05 157±12 532±143* 3717±1037w 0.01*

0.001w

ALT (IU/l) 49±5 444±49 0.001 123±11 658±112* 3602±945w 0.05*

0.001w

Alkaline phosphatase (IU/l) 129±28 357±25 0.001 261±11 414±68* 442±114w 0.01*

0.05w

ob/ob mice were obese and had hepatomegaly. Serum markers of liver injury were also significantly higher in ob/ob mice, consistent with the development of
NASH. *¼ vs Wt (0.15%); w¼ vs Wt (0.15%).
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(0.15%) treatment, although the ethionine dose/g body
weight was significantly lower in morbidly obese, ob/ob mice
than lean controls. Despite this, ob/ob mice suffered much
worse ethionine toxicity.

No lean mice died or lost significant body weight during
ethionine treatment, whereas only 3/10 ob/ob mice treated
with maximal dose (0.15%) ethionine survived (Po0.001)
with all survivors demonstrating significant weight loss (Table
2). At the reduced dose of 0.075% ethionine, all ob/ob mice
survived. Ethionine caused liver atrophy in surviving ob/ob
mice treated with 0.15% ethionine but did not perturb liver-
to-body weight ratios in lean mice (Table 2). Although lean
mice did not become overtly ill during ethionine treatment,
their serum values of aminotransferases and alkaline phos-
phatase doubled, suggesting mild liver injury. AST and ALT
values also increased slightly in ob/ob mice treated with

0.075% ethionine. In contrast, aminotransferase values in-
creased by almost 10-fold in surviving ob/ob mice treated with
full-dose (0.15%) ethionine. Consequently, the ob/ob group
had significantly higher serum aminotransferase values than
controls at the end of treatment (Table 2). Serum values of the
bile ductular enzyme, alkaline phosphatase, were only also
higher in ob/ob mice than in lean controls following ethionine
treatment (Table 2). Heightened parenchymal liver injury in
ob/ob mice was confirmed by TUNEL staining (Figure 4).

Ethionine Alters Progenitor Populations in Lean and
ob/ob Livers
Ethionine elicited PT expansion in both groups, but this re-
sponse was greater in ob/ob than lean mice (Figure 5a and b).
Although ethionine generally increased PT accumulation of
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Figure 2 Increased liver progenitor cell populations in ob/ob mice. A6 (a, b), NCAM (d, e) and CK19 (g, h) immunohistochemistry in representative WT

(a, d and g) and ob/ob (b, e and h) mice at � 400 magnification. Positive cells for these markers were counted in 10 portal tracts (PT)/section in WT (n¼ 5)

and ob/ob (n¼ 5) mice (*Po0.05).
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A6(þ ) progenitors, the net number of A6(þ ) cells/PT
was greater in ob/ob than lean mice (Figure 5c–e). The
characteristics of the progenitor populations that accumu-

lated post-ethionine also differed in the two groups (Figure
5f–k). In lean mice, ethionine induced comparable, two- to
three-fold increases in A6(þ ) cells and CK-19(þ ) cells. In
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Figure 4 Vulnerability to ethionine hepatotoxicity in ob/ob mice. TUNEL assay was performed on formalin-fixed, paraffin-embedded liver sections from
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ethionine-treated ob/ob mice, the numbers of CK-19(þ )
cells remained constant, despite accumulation of A6(þ )
cells. Hence, ob/ob and lean mice ultimately exhibited similar
numbers of CK19(þ ) cells/PT after ethionine exposure.

Also, although ethionine decreased NCAM(þ ) cells in both
groups, lean mice retained more NCAM(þ ) cells than
ob/ob mice, in which NCAM(þ ) cells became virtually
undetectable.
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Hh Pathway Activation Parallels Hepatocyte Injury and
Progenitor Response
To determine how ethionine-induced changes in liver pro-
genitor populations related to changes in Hh pathway ac-
tivity, total liver RNA was isolated and analyzed by Q-RT-
PCR. Although whole liver expression of shh and ihh were
similar in WT and 0.075 and 0.15% ethionine-treated ob/ob
groups (data not shown), ob/ob mice exhibited greater ex-
pression of the Hh receptor (Ptc) (Figure 6a), co-receptor
(Smo) (Figure 6b), and several Hh-target genes (Gli1, Gli2
and Gli3) than lean mice (Figure 6c–e). Within the ob/ob
group, Hh pathway activity increased in parallel with the
severity of ethionine-induced liver damage. Similarly, ethio-
nine treatment of ob/ob mice resulted in marked dose-related
increases in the expression of muscle pyruvate kinase (mpk),
a marker of liver progenitors (eg, oval cells)38,39 (Figure 6f).

Since RNA analysis had proven to be insensitive for
detecting changes in Hh expression/activity that occurred in
subpopulations of liver cells, Ihh and Gli2 expressions were
assessed by immunohistochemistry. Ethionine increased
hepatic accumulation of Ihh-producing cells, as well as Hh-
responsive cells that expressed Gli2 (Figure 3). The greatest
numbers of cells staining positive for Ihh and Gli2 were noted

in 0.15% ethionine-treated ob/ob mice. In ob/ob mice, full-
dose ethionine also elicited accumulation of Gli2 in the nuclei
of many mature-appearing hepatocytes. This was intriguing
because Gli2 is a transcriptional regulator for mesenchymal
cells, and ob/ob mice that survived acute-on-chronic liver
injury exhibited liver fibrosis and atrophy (Table 2).

Decreased Expression of Liver Cell Transcription Factor,
Increased Hepatocyte Expression of Gli2 and Altered
Tissue-Specific Gene Expression in ob/ob Livers
These findings prompted us to evaluate expression of HNF-6,
a transcriptional regulator of liver epithelial cells.40 Basal
expression of HNF-6 differed in ob/ob and control livers
(Figure 7a–c). Although bile ductular cells demonstrated
strong nuclear accumulation of HNF-6 in both groups,
hepatocyte nuclei stained more strongly for HNF-6 in control
livers. The proportion of hepatocytes expressing detectable
HNF-6 was also reduced in ob/ob livers. Nevertheless, ob/ob
livers maintained many critical, tissue-specific functions.
Serum bilirubin levels and prothrombin times were similar in
ob/ob mice and controls and serum albumin levels were
actually higher in the ob/ob group (data not shown).
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In lean mice, ethionine had no effect on hepatocyte nu-
clear accumulation of HNF-6. However, it abolished the low
basal expression of HNF-6 in ob/ob hepatocytes (Figure 7d–
f). Consistent with this finding, treatment of ob/ob mice with
ethionine suppressed HNF-6 mRNA expression (Figure 7g).
These effects were cell-specific, because bile ductular and
stromal cell staining for HNF-6 was not affected by ethionine.
Ethionine also significantly increased nuclear accumulation
of Gli2 in ob/ob hepatocytes (Figure 3). Hepatocytes in un-
treated ob/ob mice, healthy lean mice and ethionine-treated
lean mice did not express Gli2.

Induction of Gli2 in ob/ob hepatocytes correlated with
increased pericellular fibrosis in ob/ob livers (Figure 8). Gli
activity promotes epithelial–mesenchymal transitions.13,18,41,42

Therefore, we compared fibrosis markers in ethionine-treated
lean and ob/ob mice. Although others have reported reduced
fibrotic responses in ob/ob mice,43,44 we found that ob/ob
mice expressed higher mRNA levels of collagen 1aI (col1aI)
(Figure 8a), asma (Figure 8b), and transforming growth
factor-b (TGF-b) (Figure 8c) than lean mice after ethionine
treatment. As noted for Hh pathway gene expression, ex-
pression of these fibrogenic markers increased in a dose-de-
pendent manner and were greatest in the subset of ob/ob
mice that received the higher ethionine dose that caused the
most liver injury. Immunohistochemistry confirmed that li-
vers from ob/ob mice treated with 0.15% ethionine contained
more Sirius-red-stained fibrils than the livers from lean
controls after ethionine exposure (Figure 8d–f). During this
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brief 1-week treatment period, hepatic hydroxyproline con-
tent also tripled in ob/ob mice, but remained unchanged in
control mice. Thus, the severity of liver fibrosis correlated
well with the intensity of Hh pathway activation and accu-
mulation of Hh-responsive cells following injury to mature
hepatocytes.

DISCUSSION
Because chronic oxidative stress activates cell cycle arrest
mechanisms in mature hepatocytes, liver regeneration during
many types of chronic liver injury requires hepatic progenitor
populations.3,45,46 The factors mediating the fate of pro-
genitors after oxidative damage to mature hepatocytes

remain poorly understood. To investigate this, we employed
two well-accepted mouse models of oxidative liver injury,
chronic NASH and acute ethionine-induced hepatotoxi-
city.36,47 In both, inhibited proliferation of mature hepato-
cytes and compensatory expansion of hepatic progenitors
have been demonstrated.3,31,37,48,49 We hypothesized that Hh
signaling was likely to be involved in the latter process, be-
cause Hh ligands orchestrate the development of many tis-
sues, as well as remodeling of damaged epithelia in various
adult organs.13,18,19,21,41 Although Hh signaling is not known
to regulate adult liver regeneration,2 evidence that me-
sendodermal-like cells in fetal livers exhibit Hh pathway
activity,11,25,26 and that chronic biliary injury induces
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Hedgehog signaling in adult livers,25,26 supports this possi-
bility.

The present studies demonstrate a striking dose–response
relationship between mature hepatocyte injury and expan-
sion of liver progenitors that produce and respond to Hh
ligands. At baseline, neither lean mice with healthy livers, nor
ob/ob mice with NASH, exhibited expression of Hh ligands
or Hh-target genes in mature hepatocytes. However, Hh ac-
tivity was increased in expanded progenitor populations that
resided near portal tracts in chronically fatty livers. Ethionine
acutely injured mature hepatocytes and increased Hh sig-
naling and hepatic progenitors in lean mice with previously
healthy livers, as well as in ob/ob mice with NASH. All
ethionine-elicited responses (ie, mortality, liver injury, Hh
induction, and progenitor accumulation) were greater when
the acute injury was superimposed upon chronic liver injury
and increased with the dose of ethionine, paralleling the se-
verity of liver injury. These findings extend recent evidence
that the Hh pathway is activated by biliary tract injury,25 and
confirm our hypothesis that diverse types of liver damage in
adults, including NASH, promote hepatic accumulation of
Hh-responsive cells.

The greatest accumulation of Hh-responsive cells occurred
when acute ethionine-induced hepatocyte injury was super-
imposed upon chronic hepatocyte injury in animals with
NASH. These mice also exhibited liver atrophy and increased
liver fibrosis. These outcomes correlated with aberrant loca-
lization of the Hh-regulated transcription factor, Gli2, in
mature-appearing hepatic epithelial cells that concomitantly
failed to express detectable levels of HNF-6, a transcription
factor that is normally induced during liver epithelial cell
differentiation.40,50 The appearance of Gli2 in hepatocytic
cells was surprising because during development and repair
of other tissues, Hh ligand production is most conspicuous
in epithelial cells and Hh target gene expression localizes
in mesenchymal cells.20,51,52 Following even mild acute or
chronic injury to hepatocytes, however, we noted that ex-
pression of the Hh ligand, Ihh, and the Hh target, Gli2,
tended to localize in very close proximity (and possibly co-
localize) within bile ductular cells in ethionine-treated mice
with NASH. Cells that coexpress epithelial and mesenchymal
genes are generally considered to be undergoing epithelial-to-
mesenchymal (or mesenchymal-to-epithelial) transition.53

Mesenchymal–epithelial transitions are a characteristic of
mesendodermal progenitors and their immediate progeny.7,8

The former are capable of differentiating along various
lineages and can generate various types of epithelial cells,7,8

including hepatocytes.10

The Hh pathway regulates the growth and differentiation
of mesendodermal cells.13 Recently, mesendodermal-like cells
that produce and respond to Hh ligands were isolated from
human fetal livers.11 The present findings suggest that some
of these cells, or their immediate progeny, persist in adult
livers. Consistent with current understanding of the pro-
genitor compartment in adult livers,2 such cells localize near

PT and increase in number when the death rate of mature
hepatocytes exceeds the proliferative capacity of the residual
surviving hepatocytes. In the present studies, superimposing
acute ethionine-induced hepatotoxicity upon chronic NASH-
related liver injury elicited the most severe hepatic par-
enchymal injury and resulted in the greatest PT accumulation
of Gli2(þ ) stromal cells and bile ductular cell populations
that express Ihh and Gli2. Also, in contrast to mature-ap-
pearing hepatocytes in healthy or less-severely injured livers,
many mature-appearing hepatocytes in livers with acute-on-
chronic liver injury expressed the mesenchymal gene pro-
duct, Gli2,13 but lacked obvious expression of HNF-6, a liver
epithelial transcription factor.40,50 Implications for the deri-
vation of mature hepatocytes, bile ductular cells or PT me-
senchymal cells remain uncertain, and merit further research.

Since matrix production is a well-accepted characteristic of
mesenchymal cells,53 Gli2 expression in bile ductular and
hepatocytic cells of severely injured livers suggests a novel
mechanism for liver fibrosis. Namely, hepatic epithelial cells
may acquire certain features of mesenchymal cells and con-
tribute to liver fibrosis during severe parenchymal liver in-
jury. This concept is supported by the increased collagen
mRNA and Sirius red-stained fibrils in ethionine-treated ob/
ob mice. Activation of hepatic stellate cells to collagen-pro-
ducing myofibroblasts is severely inhibited by leptin defi-
ciency,43,44 implicating other cell types in the ob/ob
fibrogenic response to ethionine. Similar logic suggests that
the increased levels of collagen gene expression that we noted
in ob/ob mice at baseline were not likely due to accumulation
of myofibroblastic stellate cells. Recently, other groups de-
monstrated that fibrosis correlated with the ductular re-
sponse to oxidative liver injury in mice with normal leptin
genes,54 and in patients with various types of chronic liver
disease.46,55,56 Hence, participation of epithelial–mesenchy-
mal transitions in hepatic fibrogenesis may not be limited to
leptin-deficient mice.

Our data suggest that adult livers respond to some types of
damage by evoking mechanisms that are sometimes induced
in other injured adult organs. Under pathologic conditions,
for example, adult renal tubular epithelial cells undergo
epithelial to mesenchymal transition, and this phenotypic
conversion is believed to play a critical role in renal fibrosis.53

Evidence suggests that the subpopulations of adult renal
tubular cells that are capable of epithelial-to-mesenchymal
transition are progeny of mesenchymal cells that migrated
into developing kidney tubules and underwent mesenchy-
mal-to-epithelial transition during embryogenesis.57 This
suggests that re-activation of mechanisms, including Hh
signaling, that regulate such epithelial–mesenchymal
interactions during renal development, might modulate
fibroproliferative responses in adult kidneys. A similar con-
cept is being investigated in pulmonary fibrosis.58 The pre-
sent study demonstrates that fatty liver damage activates the
Hh pathway and provides evidence supporting epithelial-
mesenchymal transitions in adult liver cells. These findings
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identify novel mechanisms for liver regeneration/repair and
have potentially important diagnostic and therapeutic im-
plications for patients with NASH.
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