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Fibromodulin, an Oxidative Stress-Sensitive Proteoglycan, Regulates the
Fibrogenic Response to Liver Injury in Mice
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BACKGROUND & AIMS: Collagen I deposition con-
tributes to liver fibrosis, yet little is known about other
factors that mediate this process. Fibromodulin is a liver
proteoglycan that regulates extracellular matrix organiza-
tion and is induced by fibrogenic stimuli. We propose that
fibromodulin contributes to the pathogenesis of fibrosis
by regulating the fibrogenic phenotype of hepatic stellate
cells (HSCs). METHODS: We analyzed liver samples
from patients with hepatitis C–associated cirrhosis and
healthy individuals (controls). We used a coculture model
to study interactions among rat HSCs, hepatocytes, and
sinusoidal endothelial cells. We induced fibrosis in livers
of wild-type and Fmod�/� mice by bile duct ligation, in-
jection of CCl4, or administration of thioacetamide. RE-
SULTS: Liver samples from patients with cirrhosis had
higher levels of fibromodulin messenger RNA and protein
han controls. Bile duct ligation, CCl4, and thioacetamide

each increased levels of fibromodulin protein in wild-type
mice. HSCs, hepatocytes, and sinusoidal endothelial cells
produced and secreted fibromodulin. Infection of HSCs
with an adenovirus that expressed fibromodulin increased
expression of collagen I and �–smooth muscle actin, in-
dicating increased activation of HSCs and fibrogenic po-
tential. Recombinant fibromodulin promoted prolifera-
tion, migration, and invasion of HSCs, contributing to
their fibrogenic activity. Fibromodulin was sensitive to
reactive oxygen species. HepG2 cells that express cyto-
chrome P450 2E1 produced fibromodulin, and HSCs in-
creased fibromodulin production in response to pro-oxi-
dants. In mice, administration of an antioxidant
prevented the increase in fibromodulin in response to
CCl4. Coculture of hepatocytes or sinusoidal endothelial
cells with HSCs increased the levels of reactive oxygen
species in the culture medium, along with collagen I and
fibromodulin proteins; this increase was prevented by
catalase. Fibromodulin bound to collagen I, but the bind-
ing did not prevent collagen I degradation by matrix
metalloproteinase 13. Bile duct ligation caused liver fibro-
sis in wild-type but not Fmod�/� mice. CONCLUSIONS:
Fibromodulin levels are increased in livers of patients
with cirrhosis. Hepatic fibromodulin activates HSCs
and promotes collagen I deposition, which leads to
liver fibrosis in mice.

Keywords: Mouse Model; Liver Disease; Intercellular Com-
munication; Fibers.
Although different cell types contribute to the increase
in fibrillar collagen I levels during hepatic fibrogen-

sis, they all undergo a common process of differentiation
nd acquisition of a classic myofibroblast-like phenotype.
ortal fibroblasts play a significant role in the develop-
ent of portal fibrosis; however, hepatic stellate cells

HSCs) play a major role in collagen I deposition when
epatocellular injury is concentrated within the liver lob-
le and sinusoids.
Efforts to understand the pathogenesis of liver fibrosis

ocus on events that lead to the activation of profibro-
enic cells and to early accumulation of scar (ie, fibrillar
ollagen I) to identify therapeutic targets to prevent its
nset, slow its progression, or help its resolution.1 Stimuli

nitiating activation, proliferation, migration, and inva-
ion of HSCs derive from injured hepatocytes,2,3 Kupffer

cells,4,5 sinusoidal endothelial cells (SECs),6 and inflam-
atory cells7 in addition to rapid changes in extracellular
atrix (ECM) composition.1

Synthesis of collagen I is regulated by the ECM itself, and
even though the basement membrane matrix preserves qui-
escence of HSCs, collagen I further enhances HSC activation
in a paracrine manner. Increasingly, reactive oxygen species
(ROS) are viewed as candidate drivers of HSC activation and
collagen I up-regulation3,4,8,9; however, downstream media-
tors for the ROS effects on the activation of HSCs and the
increase in collagen I levels require further study.

Synthesis and secretion of collagen I are a major focus of
interest, during the onset of liver fibrosis; nevertheless, there is
also considerable deposition of proteoglycans, glycoproteins,
and glycosaminglycans into the space of Disse.10 Fibromodulin
(FMOD) is a small leucine-rich proteoglycan regulating ECM
organization, which has been described as essential for tissue
repair in multiple organs.11 This family of proteoglycans is
involved in cell metabolism via binding to growth factors as
well as in matrix organization by interacting with various col-
lagens.12–15 Fmod�/� mice develop abnormal collagen fibril ar-
hitecture in connective tissues in addition to showing in-
reased age-dependent osteoarthritis and degenerative changes
n cartilage structure14,16,17; thus, FMOD plays a significant role

Abbreviations used in this paper: �-SMA, �–smooth muscle actin;
DL, bile duct ligation; ECM, extracellular matrix; FMOD, fibromodulin;
SC, hepatic stellate cell; IHC, immunohistochemistry; rFMOD, recom-
inant fibromodulin; ROS, reactive oxygen species; SEC, sinusoidal
ndothelial cell; TAA, thioacetamide; WT, wild-type.
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in defining tissue integrity.14 Moreover, in vivo both collagen
nd FMOD are likely to have an important functional role in
issues where they are coexpressed due to potential physical
nteraction between both proteins.18

Thus far, there is no information on whether FMOD is
present in the liver, which cells express it, and where
specifically it is induced upon the establishment of he-
patic injury.19 In addition, little is known about its po-
tential role in the development of liver fibrosis,19 whether
nduction of FMOD in liver cells could contribute to the
rofibrogenic potential of HSCs, and the molecular mech-
nism involved in these events.

Identifying if FMOD stimulates the profibrogenic re-
ponse to hepatic damage could be central for under-
tanding the pathogenesis of liver fibrosis. Thus, the aim
f this study was to explore how FMOD regulates the
SC profibrogenic phenotype, a key event in liver fibrosis,

s well as the consequences of in vivo ablation of the Fmod
ene for the fibrogenic response to liver injury under a
rofibrogenic stimuli. To investigate this, we used a co-
ulture model that resembles aspects of the interplay
etween liver cells in addition to inducing liver fibrosis in
ivo using wild-type (WT) and Fmod�/� mice. The results
uggest that hepatic FMOD, sensitive to oxidant stress,
ontributes to HSC activation and collagen I deposition,
hus participating in the pathogenesis of liver fibrosis.

Materials and Methods
Cell Treatments
Rat HSCs (250,000 cells/well) were seeded on 6-well

plates in Dulbecco’s modified Eagle medium/F12 with 10% fetal
bovine serum. Primary cells were cultured using Dulbecco’s
modified Eagle medium/F12 for 4 to 7 days, which was replaced
by serum-deprived Dulbecco’s modified Eagle medium/F12 be-
fore treatment with 50 nmol/L endotoxin-free human recombi-
nant FMOD (rFMOD) for 24 hours (donated by Dr Ake Old-
berg, Lund University, Lund, Sweden). Cells were infected with
Ad-LUC or Ad-FMOD at a multiplicity of infection of 50 for 48
hours. The adenoviruses were a gift from Dr David T. Curiel
(Washington University, St Louis, MO). H2O2 (25 �mol/L) and
catalase (200 U/mL) were added to the cells for 24 hours (both
from Sigma, St Louis, MO).

Mice
Fmod�/� mice and their WT littermates (C57BL/6J) were

obtained from Dr Marian Young (National Institutes of Health,
Bethesda, MD).20,21 These mice were backcrossed for at least 10
generations. Colonies were established by intercrossing Fmod�/�

mice, and littermates were used in all experiments. Fmod�/� mice
ave normal heart, liver, lung, skin, and cartilage; however, they
how abnormal tissue organization, collagen fiber bundles, and
ber architecture.22

Induction of Liver Injury
Ten-week-old male WT mice and their Fmod�/� litter-

ates were used in all experiments. To induce liver injury, 3 in
ivo models were used. In the first model, cholestasis was in-
uced by placing a ligature around the common bile duct while

ontrols were sham operated. All mice were killed 3 weeks later.
n the second model, mice were intraperitoneally injected twice
week with 0.5 mL/kg body wt CCl4 (Sigma) or an equal volume
f mineral oil for 1 month and killed 48 hours after the last

njection of CCl4. In the third model, mice were treated with
thioacetamide (TAA) (300 mg/L; Sigma) in the drinking water or
received an equal volume of water for 4 months. Mice were killed
48 hours after withdrawal of TAA. Blood was collected by orbital
venous plexus bleeding. Each liver was excised into fragments by
using the same liver lobe for biochemical assays and paraffin
embedding for staining. All animals received humane care ac-
cording to the criteria outlined in the Guide for the Care and
Use of Laboratory Animals prepared by the National Academy of
Sciences and published by the National Institutes of Health.

Human Samples
Dr Andrea D. Branch (Mount Sinai School of Medicine,

New York, NY) provided the human liver protein lysates and RNA
from resections from de-identified controls and subjects with bi-
opsy-proven stage 3 hepatitis C virus (HCV) cirrhosis. Samples were
scored according to the Scheuer/Ludwig Batts classification.23,24

These samples were exempt from institutional review board ap-
proval because no patient information was disclosed.

Pathology
In all experiments, the left liver lobe was excised and

fixed in 10% neutral-buffered formalin and processed into par-
affin sections for H&E or immunohistochemistry (IHC) and
scoring by the Brunt classification. Portal and lobular inflam-
mation were noted to be lymphocytes present in the lobules or
portal areas and were scored as follows: 1 � rare foci; 2 � up to
5 foci; 3 � �5 foci. Centrilobular necrosis and parenchymal
necrosis were each separately scored. The scores for centrilobular
necrosis were as follows: 1 � hepatocyte necrosis affecting only
one 3; 2 � in addition to zone 3 necrosis, occasional bridging
ecrosis was seen; 3 � pronounced bridging and confluent necro-
is. Parenchymal necrosis was noted to be spotty necrosis or apo-
tosis in zones 2 and 1. The scores for parenchymal necrosis were
s follows: 1 � �1 focus; 2 � 5–10 foci; 3 � �10 foci at 100�.
uctular reaction was noted to be proliferation of bile ductules at

he margins of the portal tracts, and the score was as follows: 1 �
are bile ductules present; 2 � irregular buds of bile ductules
ffecting some portal tracts; 3 � when bile ductules are more
rominent and affect the majority of portal areas and/or strings of

Figure 1. FMOD expression increases in patients with HCV-induced
cirrhosis. (A) Patients with biopsy-proven stage 3 HCV-induced cirrhosis
showed an increase in FMOD and collagen I protein levels compared
with healthy individuals. Likewise, there was a significant elevation in
FMOD mRNA levels in patients with stage 3 HCV-induced cirrhosis
compared with healthy liver explants. (B) The bar graph represents the
fold change in FMOD mRNA normalized by that of GAPDH. n � 5; **P �

.01 and ***P � .001 for HCV-induced cirrhosis vs healthy explants.
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bile ductular epithelial cells were seen intermingled with hepato-
cytes. The degree of fibrosis ranged from 0 to 4 and was patterned
after the Brunt system.25 Briefly, this was as follows: 1 � perisi-
nusoidal/perivenular fibrosis alone; 2 � 1 plus portal fibrosis; 3 �
bridging fibrosis; 4 � cirrhosis. The assessment of the preceding
scores was uniformly performed under 100� magnification in 10
fields per sample and twice.

Immunohistochemistry
The collagen I antibody used on IHC was from Millipore

(Billerica, MA), the FMOD and cytokeratin-19 antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA), the �–smooth
muscle actin (�-SMA) antibody was from Sigma, and the desmin
antibody was from Dako (Carpinteria, CA). The FMOD antibody
was tested in livers from Fmod�/� mice and competed with
rFMOD (2.5 �g rFMOD and 2 �g FMOD antibody in 1 mL were
incubated for 30 min at room temperature) to ensure specificity
(Supplementary Figure 1). Reactions were developed using the
Histostain Plus Detection System (Invitrogen, Carlsbad, CA).
For the Sirius red computer-assisted morphometry assessment,
the integrated optical density was calculated from 10 random
fields per sample containing similar-size portal tract or hepatic
vein at 100� and using Image-Pro 7.0 Software (Media Cyber-
netics, Bethesda, MD). The results were averaged and expressed
as fold change over controls.

Statistical Analysis
Data were analyzed by a 2-factor analysis of variance,

and results are expressed as mean � SEM. All in vitro experi-
ments were performed in triplicate at least 4 times. A represen-

Figure 2. FMOD expression is
up-regulated in cholestasis and
in drug-induced liver injury in
mice. Ten-week-old male WT
mice were (A) bile duct ligated for
3 weeks, (B) injected with CCl4
for 1 month, or (C) treated with
TAA for 4 months. IHC analysis
depicted significant FMOD ex-
pression in all 3 models of liver
injury in sinusoidal areas (yellow
arrows) and in hepatocytes
(green arrows). The pictures on
the right show FMOD-positive
staining at larger magnification
(400�–630� oil). CV, central
vein; PV, portal vein. (D) Total
FMOD expression in the BDL,
CCl4, and TAA models evaluated
by Western blot. Western blot
analysis showing FMOD expres-
sion in independent isolations of
(E) primary HSCs and (F) hepa-
tocytes and SECs from CCl4-in-
jured mice. The quantification of
the intensity of the FMOD signal
corrected by that of calnexin or

actin is shown under the blots.
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tative blot is shown in all figures. Eight mice per group were
used in all the in vivo experiments, which were repeated twice.

Results
FMOD Increases in Patients With Stage 3
HCV-Induced Cirrhosis
To determine whether FMOD is expressed in hu-

man livers, resections from healthy patients and patients
with biopsy-proven stage 3 HCV-induced cirrhosis were
studied for FMOD protein and messenger RNA (mRNA)
expression. Western blot analysis showed an increase in
both FMOD and collagen I protein levels in patients with
HCV-induced cirrhosis compared with healthy explants
(Figure 1A). Likewise, there was an 8-fold increase in
FMOD mRNA levels in patients with HCV-induced cirrho-
sis compared with healthy explants (Figure 1B). Hence,
these results confirm that FMOD is expressed in human
liver and that it is up-regulated in stage 3 HCV-induced
cirrhosis.

Figure 3. FMOD activates and
induces profibrogenic effects in
HSCs. Rat HSCs from fewer
than 3 passages were (A) in-
fected with Ad-LUC or Ad-
FMOD or (B–E) were treated with
rFMOD. (A, left) Light micro-
graphs showing similar HSC via-
bility and absence of phenotypic
changes under adenoviral infec-
tion. (A, right) Western blot anal-
ysis proved efficient intracellular
FMOD expression in Ad-FMOD–
infected HSCs, which was asso-
ciated with an increase in colla-
gen I and �-SMA expression.
reatment with rFMOD en-
anced (B) HSC proliferation, (C)
igration in the wound-healing

ssay (arrows showing the mi-
ratory cells), and (D and E) inva-
ion or chemotaxis. Results are
xpressed as average values.
xperiments were performed in

riplicate 4 times; *P � .05 and
*P � .01 for Ad-FMOD or rF-

OD vs Ad-LUC or control.
Expression of FMOD Is Up-regulated in
Cholestasis and in Drug-Induced Liver Injury
in Mice
To dissect if FMOD also increased during liver

injury in mice, we used well-established in vivo models of
liver fibrosis such as common bile duct ligation (BDL),
which causes cholestatic liver damage, or long-term CCl4

injection and TAA treatment to provoke drug-induced
liver injury. These 2 drugs undergo cytochrome P450
metabolism, leading to significant oxidant stress, inflam-
mation, and pericentral necrosis.

FMOD protein was induced under chronic common
BDL (Figure 2A), CCl4 injection (Figure 2B), and TAA
reatment (Figure 2C). In all 3 models, FMOD expression
as detected mostly in the sinusoids and in hepatocytes.
MOD protein expression in the BDL, CCl4, and TAA
odels was also validated by Western blot analysis (Figure

D). Thus, there was an association between FMOD pro-
ein up-regulation and the extent of liver injury in mice.
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To identify the specific cell type that expressed FMOD,
chronic CCl4-injured WT mouse livers were perfused and
primary cells were isolated. Western blot analysis revealed
that HSCs, hepatocytes, and SECs expressed and secreted
FMOD protein (Figure 2E and F); however, Kupffer cells
did not express FMOD (not shown).

FMOD Activates and Induces Profibrogenic
Effects in HSCs
Because FMOD protein was found induced in HSCs

during liver injury, we hypothesized that endogenous
FMOD could enhance activation of HSCs and their profi-
brogenic potential. To show this, rat HSCs were infected
with Ad-LUC or Ad-FMOD. Adenoviral infection did not
alter HSC viability or phenotype (Figure 3A, left). Along with
nhanced intracellular FMOD expression, intracellular col-
agen I and to some extent �-SMA, a marker of HSC activa-

tion, were increased by Ad-FMOD compared with Ad-LUC
infection (Figure 3A, right). Hence, an autocrine role for
intracellular FMOD in modulating collagen I deposition
and HSC activation could be established.

Because the IHC analysis also identified hepatocytes and
SECs as sources of FMOD, and FMOD was secreted by all 3
cell types, next we questioned whether extracellular FMOD
could play a role in regulating the profibrogenic phenotype
of HSCs, which entails their proliferative, migratory, and
invasive potential. To evaluate this, rat HSCs were chal-
lenged with rFMOD and cell proliferation, migration, and
invasion were evaluated over time. rFMOD induced HSC
proliferation by 35%, as shown by the rate of methyl[3H]-
thymidine incorporation into the DNA of HSCs (Figure 3B).
Migration, measured by wound closure, was also enhanced
by rFMOD treatment (Figure 3C, arrows), and it was not
blocked by preincubation with mitomycin to inhibit mitosis
(not shown). Lastly, HSC invasion or chemotaxis was in-
creased by 6-fold in the presence of rFMOD when compared
with nontreated cells (Figure 3D and E). Overall, these find-
ings show that FMOD also exerts a paracrine role in regu-
lating the profibrogenic behavior and phenotype of HSCs.

ROS Increase FMOD Protein Expression
Because cholestasis and drug-induced liver injury

generate a significant amount of ROS due to glutathione
depletion and increased ROS generation, mostly via cyto-
chrome P450 2E1 activation,26 next we evaluated whether
FMOD was ROS sensitive. First, HepG2 cells overexpress-
ing cytochrome P450 2E1, as a source of ROS, were
analyzed for FMOD expression. Western blot analysis
showed significant up-regulation of both cytochrome
P450 2E1 and intracellular and extracellular FMOD pro-
teins (Figure 4A). In addition, primary rat HSCs incubated
with H2O2 displayed greater intracellular and extracellular

MOD expression than nontreated HSCs (Figure 4B).
To validate the induction of FMOD by oxidative stress

n vivo, WT mice were injected with CCl4 for 1 month in
the presence or absence of S-adenosylmethionine, an an-
tioxidant known to restore glutathione levels, or mineral

oil. Coinjection with S-adenosylmethionine lowered by
50% FMOD protein levels (Supplementary Figure 2A) and
the extent of liver fibrosis27 when compared with mice
njected with CCl4 alone. Overall, these data indicate that
MOD is an ROS-sensitive proteoglycan. Because colla-
en I is highly inducible by oxidant stress,28 FMOD could

be a potential mediator regulating collagen I deposition.

Hepatocytes and SECs Increase FMOD and
Collagen I Levels in HSCs in Coculture
Because in vivo models of cholestasis or drug-

induced liver injury identified hepatocytes and SECs as
sources of FMOD in addition to HSCs, which were re-
sponsive to rFMOD, to analyze whether these cells also
contributed to the fibrogenic response in a paracrine
fashion, cocultures with HSCs were established. Primary
rat HSCs were placed in coculture with either primary
SECs or hepatocytes. Coculture with either cell type led to
an increase in ROS levels (mostly hydroperoxides) in the
cell culture medium compared with HSCs cultured alone.

Figure 4. ROS increase FMOD protein expression. (A) Western blot
analysis for intracellular and extracellular FMOD protein induction in a
stable HepG2 cell line transduced to overexpress cytochrome P450 2E1
as a source of ROS. (B) Primary rat HSCs incubated with H2O2 showed
reater intracellular and extracellular FMOD protein expression than non-
reated HSCs. Results are expressed as average values. Experiments
ere performed in triplicate 4 times. ***P � .001 for P450 2E1 or H2O2-

reated vs control.
As anticipated, the increase in ROS was rather significant
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in the hepatocyte coculture compared with the SEC co-
culture (Figure 5A); hence, based on our previous studies
showing the effect of hepatocyte-derived ROS generation
on the HSC profibrogenic behavior,9,29 –32 we prioritized
his coculture model.

Coculture of HSCs with SECs increased both intracel-
ular FMOD and collagen I protein expression compared
ith the HSC monoculture; however, extracellular FMOD
nd collagen I were undetectable (Figure 5B). In contrast,
oculture of HSCs with hepatocytes notably elevated both
ntracellular and extracellular collagen I and FMOD pro-
ein levels when compared with the HSC monoculture
Figure 5C). Thus, these results show that FMOD from
eighboring cells could also signal to enhance the HSC
rofibrogenic response.
Lastly, because the coculture of HSCs with hepatocytes

howed the highest increase in ROS levels, based on pre-
ious work,9,29 –32 to determine whether ROS could be
pstream of FMOD, the hepatocyte and HSC coculture
as incubated in the presence of an antioxidant. Catalase,
hich decomposes H2O2 and other hydroperoxides, pre-

ented the increase in intracellular and extracellular col-
agen I as well as in FMOD and �-SMA levels in HSCs
ocultured with hepatocytes, suggesting an ROS-depen-
ent mechanism for the profibrogenic effects of FMOD

Figure 5. Coculture with hepa-
ocytes or SECs increases ROS
nd FMOD and collagen I level in
SCs. Primary rat HSCs cul-

ured for 3 days were placed in
oculture with either primary
ECs or hepatocytes, and cell

ysates and culture medium
ere collected 24 hours later. (A)
OS (mostly hydroperoxides) in

he cell culture medium. Intracel-
ular FMOD and collagen I ex-
ression in the HSC and SEC
oculture and HSC monocul-
ure. (B) Extracellular proteins
ere undetectable. (C) Intracel-

ular and extracellular collagen I
nd FMOD expression in the
SC and hepatocyte coculture
nd HSC monoculture. (D) Cat-
lase blocked the effect of the
ocultures on FMOD, collagen I,
nd �-SMA. Results are ex-
ressed as average values. Ex-
eriments were performed in
riplicate 4 times. *P � .05, **P �
01, and ***P � .001 for cocul-
ure vs monoculture; ●●●P � .001
or catalase vs control.
n HSCs (Figure 5D).
FMOD Binds Collagen I but Does Not
Prevent Collagen I Degradation by Matrix
Metalloproteinase 13
Because the interaction between collagen I and

FMOD could increase the stability of collagen I, hence
favoring scarring, samples from cocultures of HSCs with
hepatocytes were immunoprecipitated with anti-FMOD
antibody and immunoblotted with anti– collagen I anti-
body. There was binding of FMOD and collagen I pro-
teins (Supplementary Figure 3A). Infection of HSCs with
Ad-FMOD to overexpress FMOD and treatment with ac-
tive matrix metalloproteinase 13, a key HSC protease
known to degrade collagen I within the triple-helical
structure,33 did not alter collagen I degradation compared
with HSCs infected with Ad-LUC and treated with active
matrix metalloproteinase 13 (Supplementary Figure 3B).
Thus, the FMOD/collagen I binding in HSCs did not
increase collagen I stability against matrix metalloprotei-
nase 13 proteolytic degradation.

BDL Induces More Liver Injury and Fibrosis
in WT Than in Fmod�/� Mice
Because the in vitro data suggested a profibrogenic

role for FMOD, next we asked whether complete Fmod
ablation could confer protection in the chronic BDL

model. WT and Fmod�/� mice were either bile duct ligated
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or sham operated and killed 3 weeks later. Serum �-glu-
amyltransferase activity increased in BDL compared with
ham-operated WT mice, whereas lower activity was ob-
erved in Fmod�/� mice (Figure 6A). H&E staining showed
hat coagulative necrosis, inflammation, and ductular re-
ction were present in BDL WT mice but were less appar-
nt in Fmod�/� mice (Figure 6B). The scores for necrosis,
ortal inflammation, lobular inflammation, and ductular
eaction validated these findings (Figure 6C–F). Lastly,
HC analysis depicted more desmin, collagen I deposition,
irius red staining and morphometry, cytokeratin-19 (a
arker for ductular reaction), and neutrophil staining in

DL WT than in Fmod�/� mice (Figure 7A–E); however,
similar transforming growth factor � expression was de-
ected by Western blot analysis and IHC (not shown) in
Cl4-injected WT and Fmod�/� mice (Supplementary Fig-
re 2B). Thus, Fmod ablation prevented BDL-induced fi-
rosis in mice.

WT Mice Show More CCl4-Induced Chronic
Liver Injury and Fibrosis Than Fmod�/�

Mice
To dissect whether Fmod ablation could be protec-

ive in a model of chronic drug-induced liver injury af-
ecting mostly the central zone, 10-week-old male WT and
mod�/� mice were treated with CCl4 or mineral oil intra-

peritoneally for 1 month and were killed 48 hours after
the last injection to prevent acute liver injury. H&E stain-

ing and pathology scoring according to the Brunt classi-
fication, collagen I IHC, Sirius red/fast green staining and
morphometry, and �-SMA IHC revealed more inflamma-
tion, necrosis, fibrosis, and �-SMA expression in CCl4-
njected WT mice than in Fmod�/� mice (Supplementary
igure 4). These results confirm that Fmod deletion pro-
ects from liver fibrosis.

Discussion
The overall goal of this study was to determine the

potential role of FMOD on the profibrogenic phenotype
of HSCs and its contribution to the fibrogenic response to
liver injury. Although previous work by Krull et al19 did
not identify Fmod mRNA in normal rat liver, our studies
how that FMOD protein is expressed in human liver and
s significantly elevated in patients with stage 3 HCV-
nduced cirrhosis compared with healthy individuals. In-
uction of FMOD has been previously described in bleo-
ycin-induced pulmonary fibrosis in rats,34 and FMOD

gene transcription is induced by UV irradiation.35 In ad-
dition, we show that FMOD expression is up-regulated in
cholestasis in the BDL model and in drug-induced liver
injury in the CCl4 and TAA models in WT mice.

FMOD-positive staining was identified mostly in paren-
chymal and in sinusoidal areas. Specificity of the FMOD
staining on IHC was further confirmed by using Fmod�/�

mice by competing with rFMOD and by isolating primary
cells from CCl4-treated WT mice. Hepatocytes, SECs, and

Figure 6. WT mice show more
BDL-induced liver injury than
Fmod�/� mice. Ten-week-old
male WT and Fmod�/� mice were
subjected to common BDL or
sham operation and were killed 3
weeks later. The activity of �-glu-
tamyltransferase is shown in panel
A. (B) H&E staining demonstrating
greater necrosis (blue arrows), in-
flammation (yellow arrow), and
ductular reaction (green arrows)
in BDL WT than in Fmod�/�

mice. The Brunt pathology
scores for necrosis, portal in-
flammation, lobular inflamma-
tion, and ductular reaction are
shown in panels C to F. CV, cen-
tral vein; PV, portal vein. n �
6/group; *P � .05, **P � .01,
and ***P � .001 for BDL vs
sham; ●P � .05 and ●●P � .01 for
BDL Fmod�/� vs BDL WT.
HSCs, but not Kupffer cells, expressed FMOD protein.
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Figure 7. WT mice show more BDL-induced fibro-
sis, ductular reaction, and neutrophil infiltration than
Fmod�/� mice. (A) IHC depicted more desmin and
ollagen I protein in BDL WT mice than in Fmod�/�

mice (pink arrows). (B and C) Sirius red/fast green
staining and morphometry (pink arrows). (D) IHC for
cytokeratin-19 (green arrows). (E) Naphthol AS-D
Chloroacetate Esterase (NADSCA) staining to dem-
onstrate the presence of neutrophils (pink arrows).
CV, central vein; PV, portal vein. n � 6/group. Re-
sults are expressed as average values. **P � .01 and
***P � .001 for BDL vs sham and ●●●P � .001 for

Fmod�/� vs WT.
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Thus, we speculated that the effects of FMOD on HSCs
would be both of autocrine and paracrine nature because
HSCs were exposed to secreted FMOD produced by them-
selves and by neighboring liver cells.

To evaluate the autocrine effects of FMOD on the HSC
profibrogenic phenotype, intracellular FMOD was in-
duced by infecting HSCs with Ad-FMOD. This resulted in
an increase in intracellular and extracellular collagen I
along with �-SMA, thus validating an autocrine role for

MOD in driving HSC activation and in promoting their
rofibrogenic potential.
To dissect whether extracellular FMOD could also con-

ition the HSC behavior, cells were incubated in the
resence of rFMOD, which caused an increase in HSC
roliferation, migration, and invasive potential. These are

mportant functions gained by HSCs during their activa-
ion process and greatly contribute to their profibrogenic
bility. Thus, the experimental data suggest that FMOD
ctivates and induces a profibrogenic response in HSCs in
oth an autocrine and a paracrine manner.

Oxidative stress represents a common link among dif-
erent modes of persistent liver injury. Because FMOD is
xpressed in hepatocytes, SECs, and HSCs and FMOD was
ound to be ROS sensitive in vitro and in vivo, also
escribed by others in fibroblasts,36 we speculated that

communication between these cell types could lead to an
enhanced profibrogenic behavior in HSCs. Several studies,
including our own,3,9,37 have evaluated the role of condi-
tioned medium from hepatocytes and SECs in stimulat-
ing HSCs.31,32 These studies have identified ROS as key

ediators for the profibrogenic actions on HSCs.
To date, there is limited information on the specific

OS-sensitive mediators secreted by hepatocytes, SECs,
nd HSCs, as well as the molecular mechanisms by which
hese molecules modulate the fibrogenic response in
SCs. Thus, a coculture model was developed to study

he role of hepatocytes and SEC-secreted FMOD on HSC
ctivation and collagen I production. These models re-
emble aspects of the cross talk of hepatocytes and SECs
ith HSCs in vivo and have been previously used to gain
echanistic insight on the communication between these

ell types.2,3 A novel role of FMOD as an ROS down-
tream effector on collagen I up-regulation and HSC ac-
ivation was identified, which was blocked by catalase, an
ntioxidant.

Thus, FMOD could also convey paracrine-mediated sig-
aling to regulate the profibrogenic behavior of HSCs;
owever, whether these effects require receptor binding
nd further intracellular signaling in HSCs still remains
o be determined because the FMOD receptors, if any,
ave not been identified so far. In addition, FMOD did
ot exert its profibrogenic effects by modulating trans-

orming growth factor �, a well-known profibrogenic fac-
tor,14,38 because Western blot analysis showed similar
ransforming growth factor � expression in BDL Fmod�/�

and in WT mice. Our studies also ruled out that the
physical interaction between FMOD and collagen I could

prevent the matrix metalloproteinase 13–mediated colla-
gen I proteolysis in HSCs, thus contributing to ECM
deposition.

All these results suggested that Fmod gene ablation
ould protect from the onset of liver fibrosis. The in vivo
ata showed that in the chronic BDL model, where sig-
ificant periportal fibrosis occurs due to biliary hyperpla-
ia, Fmod�/� mice developed less coagulative necrosis, in-

flammation, biliary epithelial cell proliferation, ductular
reaction, and neutrophil infiltration than WT mice. More-
over, collagen I expression was lower in BDL Fmod�/�

compared with WT mice, and comparable findings were
obtained in mice treated with CCl4, which also depicted
lower �-SMA induction.

In conclusion, our results identified FMOD as ex-
pressed in the liver and induced upon the onset of chronic
liver injury. Furthermore, they suggest a role for the ROS-
driven FMOD increase in regulating HSC activation and
their profibrogenic potential both in an autocrine and a
paracrine fashion; hence, FMOD could be considered as a
new target to prevent the development and progression of
liver fibrosis.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2011.11.029.
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Supplementary Materials and Methods

General Methodology
HSC proliferation was calculated from the rate of

methyl[3H]-thymidine incorporation into the DNA of
HSCs. Details on general methodology such as H&E
staining, Sirius red/fast green staining, Naphthol AS-D
Chloroacetate Esterase staining for neutrophils, adenovi-
ral infection, extracellular ROS measurement, and immu-
noprecipitation/immunoblotting have been described in
previous publications.1– 6 �-Glutamyltransferase activity
was measured using a kit from Pointe Scientific (Canton,
MI). The control and cytochrome P450 2E1– expressing
HepG2 cell lines were donated by Dr Arthur I. Ceder-
baum (Mount Sinai School of Medicine, New York, NY).
The cytochrome P450 2E1– expressing cell line steadily
generates ROS due to sustained cytochrome P450 2E1
uncoupling.7,8

Primary Cell Isolation
Primary HSCs were isolated from male Sprague–

Dawley rats (500 � 25 g) by a 2-step in situ liver perfu-
ion with pronase and Liberase Blendzyme 3 (Roche,
ndianapolis, IN). Hepatocytes were separated from non-
arenchymal cells, centrifuging for 3 minutes at 50g.
SCs were collected by density gradient centrifugation in

1% over 17.5% Histodenz (Sigma). Cell purity (�95%)
as assessed by cellular UV emission at 350 nm. SECs
ere separated from the nonparenchymal cell fraction by

entrifugal elutriation at 18 mL/min as previously de-
cribed.3 In some experiments, HSCs that had been

passed less than 3 times were used. Mice were perfused by
using a protocol similar to that for rats.

Coculture Model
Details on the coculture setting have been de-

scribed in earlier publications.3,5,6 The only modification
as the incorporation of isolated SECs to the transwells.
ell ratios were similar to those found in the liver. After
day of incubation, the medium was removed and the

ranswells containing the rat hepatocytes or SECs were
ransferred onto the rat HSC wells for 1 day in the
resence of fresh Dulbecco’s modified Eagle medium

DMEM)/F12.1– 6

Wound Healing In Vitro Assay
Rat HSCs were seeded and grown to confluence,

after which a mechanical wound was made on the center
of the culture with a sterile 200-�L pipette tip. Lifted
cells were removed using serum-free DMEM/F12, and 0
to 50 nmol/L rFMOD was added in serum-free DMEM/
F12 for 24 hours. Experiments were also performed in
cells pretreated with 10 �mol/L mitomycin for 1 hour to
nhibit cell proliferation. A series of multiple pictures of
he wounds were captured at 200� by using an inverted
microscope.
HSC Invasion
For the invasion or chemotaxis assay, we used a

modified transwell cell culture chamber. The outer sur-
face of an 8-�m transwell was coated with rat collagen I
for 1 hour under sterile conditions. Rat HSCs (25,000
cells/well) were seeded in serum-free DMEM/F12 on the
upper chamber, and the lower chamber was filled with
serum-free DMEM/F12 plus 0 to 50 nmol/L rFMOD.
After 24 hours, the nonmigrating HSCs on the upper
surface of the filter were removed with a cotton swab and
the cells invading the lower side of the filter in the
transwells were fixed in ice-cold methanol and stained
with H&E. The filters with fixed cells were detached from
the transwells and mounted on glass slides. The number
of HSCs present in 10 random fields at 100� was quan-
tified as mean number of migrating cells.

Quantitative Reverse-Transcription
Polymerase Chain Reaction
Liver RNA was extracted using the RNeasy Mini Kit

(Qiagen, Chatsworth, CA) and treated with deoxyribonu-
clease. RNA (1 �g) was reverse transcribed using first-strand
complementary DNA synthesis with random primers (Pro-
mega, Madison, WI). Quantitative real-time polymerase
chain reaction was performed in a Roche Light Cycler 480
with the following polymerase chain reaction primers:
FMOD 5=-ACCAGTGATAAGGTGGGCAG-3=, FMOD 3=-

ACCCGTGAGATCTGGTTGT-5=, GAPDH 5=-CAATGA-
CCCTTCATTGACC-3= and GAPDH 3=-GATCTCGCTC-
TGGAAGATG-5=. The specific target expression was
alculated by using the cycle threshold method. Each
ample was amplified in triplicate, and each gene was
nalyzed on samples from at least 3 individual exper-
ments. Values were normalized to GAPDH.

Western Blot Analysis
Details on the Western blot methodology can be

found in previous work from our laboratory.1– 6 The
MOD, actin, and calnexin antibodies were purchased
rom Santa Cruz Biotechnology (Santa Cruz, CA), the

�-SMA antibody was from Sigma, and the transforming
growth factor � antibody was from R&D Systems (Min-
neapolis, MN). Anti-CYP2E1 antibody was a gift from Dr
Jerome M. Lasker (Puracyp Inc, Carlsbad, CA).9 Intracel-
ular FMOD is detected as 3 bands of �59, �42 and �36
Da, and extracellular FMOD appears as one single band
f �59 kDa due to glycosylation of the protein. Anti-rat
ollagen I was provided by Dr Detlef Schuppan (Harvard

edical School, Boston, MA). The anti-rat collagen I
ntibody detects pro-collagen �1(I) and �2(I) and N-ter-

minally processed pC�1(I) and pC�2(I), which run at
165 to 200 kDa, as well as collagen I �1 and �2 chains,
hich run at �135 kDa. Human collagen I was detected
y using an antibody from Millipore (Billerica, MA) that
ostly detects collagen I �1 and �2 chains, which run at
�135 kDa. Intracellular collagen I and FMOD refer to
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proteins detected in cells after removing the cell culture
medium and washing with phosphate-buffered saline
twice; thus, some protein bound to the cells may still
remain. Extracellular collagen I and FMOD refer to se-
creted unbound protein, precipitated with acetone (1:9,
vol/vol) overnight and collected after centrifugation at
11,000g for 30 minutes. The quantification under the
blots refers to the sum of bands from all collagen I and
FMOD isoforms.

The enhanced chemiluminescence reaction was devel-
oped by using the Las4000 scanner (Fujifilm, Stamford,
CT). The intensity of the Western blot bands was quan-
tified using the National Institutes of Health Image J
software. All Western blots were performed in triplicate
from at least 4 different experiments. All samples from
each experiment were run on the same gel and trans-
ferred onto the same nitrocellulose membrane. Extracel-
lular proteins analyzed by Western blot were corrected by
total protein content, and protein loading was subse-
quently verified by Ponceau red staining on each nitro-
cellulose membrane. The loading controls for intracellu-
lar proteins were calnexin or actin.

In Vivo Cotreatment With an Antioxidant

To determine the protective role of antioxidant
treatment in vivo and its effects on FMOD expression,
WT mice were injected intraperitoneally with CCl4 or

Cl4 plus S-adenosylmethionine (SAM) for 1 month.
AM was administered at a dose of 10 mg/kg body wt
aily and was always given 2 hours before the CCl4

injection. Control groups received mineral oil or mineral
oil plus SAM.

Collagen I Proteolysis

HSCs were infected with Ad-LUC or Ad-FMOD
for 48 hours to allow FMOD overexpression as well as
collagen I and FMOD in vitro binding. Samples of non-
infected cells were used as controls for total collagen
content. Matrix metalloproteinase 13 (MMP13) was pre-
activated by treatment with 2.5 mmol/L p-aminophenyl-
mercuric acetate for 30 minutes. Cell lysate and culture
medium were then incubated with preactivated MMP13
for 1, 2, 6, and 24 hours to allow for collagen I degrada-
tion in the presence or absence of overexpressed FMOD.
The reactions were stopped by addition of 15 �mol/L
EDTA. Samples were neutralized, and a Western blot
analysis for collagen I was performed. Collagen I prote-
olysis was detected by the disappearance of the high-
molecular-weight bands corresponding to the �1 and �2
collagen I and the appearance of lower-molecular-weight
bands in the blot.
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Supplementary Figure 1. Specificity of the FMOD antibody. To show th
from Fmod�/� mice injected with CCl4 for 1 month were immunostained fo
mice injected with CCl4 for 1 month were immunostained for FMOD in the
at the FMOD antibody used on IHC and Western blot analysis was specific, livers
r FMOD. A representative sample is shown in panel A. Likewise, livers from WT
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Supplementary Figure 2. (A) SAM protects WT mice from CCl4-
nduced FMOD induction. WT mice were injected mineral oil, SAM,

ineral oil plus CCl4, or SAM plus CCl4 for 1 month. Cotreated mice
howed decreased FMOD expression, which was quantified by West-
rn blot analysis. Results are expressed as mean values � SEM. n �
/group; ***P � .001 for mineral oil plus CCl4 or SAM plus CCl4 vs MO

or SAM; ●● P � .01 and ●●●P � .001 for SAM plus CCl4 vs mineral oil plus
Cl4. (B) Transforming growth factor � expression is similar in BDL WT

and Fmod�/� mice. Ten-week-old male WT and Fmod�/� mice were
subjected to common BDL or sham operation and were killed 3 weeks
later. Western blot analysis showing similar transforming growth factor
� in fibrotic livers from WT and Fmod�/� mice. n � 6/group; ***P � .001

or BDL vs sham.
Supplementary Figure 3. FMOD binds collagen I but does not pre-
vent collagen I degradation by MMP13. (A) Samples from the cocultures
of HSCs with hepatocytes were immunoprecipitated with anti-FMOD
antibody and immunoblotted with anti–collagen I antibody. HSCs were
infected with Ad-LUC or Ad-FMOD to allow FMOD overexpression
along with collagen I and FMOD binding. Samples from noninfected
cells were used as controls to determine the amount of collagen I
present in the absence of MMP13. Cell lysate and culture medium were
incubated with preactivated MMP13 in a time course experiment to
allow for collagen I degradation in the presence or absence of overex-
pressed FMOD. Reactions were stopped by addition of 15 �mol/L
ethylenediaminetetraacetic acid; after neutralization, a Western blot
analysis for collagen I was performed. The 2-hour time point is shown in
the blot. (B) Collagen I proteolysis was detected by the disappearance
of high-molecular-weight collagen I bands (arrowheads) and the ap-
pearance of lower-molecular-weight bands in the blot (arrows and el-

lipses).
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Supplementary Figure 4. WT show more CCl4-induced chronic liver injury and fibrosis than Fmod�/� mice. Ten-week-old male WT and Fmod�/�

mice were injected intraperitoneally with CCl4 or mineral oil for 1 month and were killed 48 hours after the last injection. (A) H&E staining revealed more
nflammation (yellow arrows) and necrosis (blue arrows) in CCl4-injected WT than in Fmod�/� mice. The inflammation and necrosis scores according
o the Brunt classification are shown in panel B. (C) Likewise, collagen I IHC showed greater collagen I deposition in CCl4-injected WT than in Fmod�/�

mice (pink arrows). (D and E) Sirius red/fast green staining and morphometry also showed greater collagen deposition in CCl4-injected WT than in
Fmod�/� mice (pink arrows). (F) �-SMA IHC (pink arrows). Results are expressed as mean values � SEM. n � 6/group; ●P � .05 and ●●P � .01 for

Fmod�/� vs WT.
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