
Ablation of the decorin gene enhances experimental
hepatic fibrosis and impairs hepatic healing in mice
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Accumulation of connective tissue is a typical feature of chronic liver diseases. Decorin, a small leucine-rich proteoglycan,
regulates collagen fibrillogenesis during development, and by directly blocking the bioactivity of transforming growth
factor-b1 (TGFb1), it exerts a protective effect against fibrosis. However, no in vivo investigations on the role of decorin in
liver have been performed before. In this study we used decorin-null (Dcn�/�) mice to establish the role of decorin
in experimental liver fibrosis and repair. Not only the extent of experimentally induced liver fibrosis was more severe in
Dcn�/� animals, but also the healing process was significantly delayed vis-à-vis wild-type mice. Collagen I, III, and IV
mRNA levels in Dcn�/� livers were higher than those of wild-type livers only in the first 2 months, but no difference was
observed after 4 months of fibrosis induction, suggesting that the elevation of these proteins reflects a specific
impairment of their degradation. Gelatinase assays confirmed this hypothesis as we found decreased MMP-2 and MMP-9
activity and higher expression of TIMP-1 and PAI-1 mRNA in Dcn�/� livers. In contrast, at the end of the recovery phase
increased production rather than impaired degradation was found to be responsible for the excessive connective tissue
deposition in livers of Dcn�/� mice. Higher expression of TGFb1-inducible early responsive gene in decorin-null livers
indicated enhanced bioactivity of TGFb1 known to upregulate TIMP-1 and PAI-1 as well. Moreover, two main axes of
TGFb1-evoked signaling pathways were affected by decorin deficiency, namely the Erk1/2 and Smad3 were activated
in Dcn�/� samples, whereas no significant difference in phospho-Smad2 was observed between mice with different
genotypes. Collectively, our results indicate that the lack of decorin favors the development of hepatic fibrosis and
attenuates its subsequent healing process at least in part by affecting the bioactivity of TGFb1.
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Accumulation of connective tissue is a typical feature of
several chronic diseases.1–3 The development of fibrosis is the
result of imbalance between the synthesis and degradation
of extracellular matrix proteins.4 Liver is especially prone
to fibrotic remodeling5 because it is extremely susceptible to
chronic and acute viral injury, toxic insults such as ethanol,
and storage and autoimmune diseases.6–8 Without eradica-
tion of the etiological agent, liver fibrosis normally progresses
to cirrhosis and destroys the normal architecture of the liver
culminating with parenchymal and vascular decompensation
of the organ. Furthermore, hepatic cirrhosis increases the
probability of development of hepatocellular carcinoma.9,10

In spite of recent progress, human liver cirrhosis is
practically still incurable.11–13 Our better understanding of

pro- and antifibrotic mechanisms failed to uncover curative
approaches to combat this debilitating disease. Among fac-
tors implicated in the induction and maintenance of excess
matrix production, transforming growth factor-b1 (TGFb1)
occupies a central position.14–18 This peptide growth factor is
capable of activating fibroblast and stellate cells, inhibiting
their apoptosis and forcing them to synthesize excess amount
of matrix proteins.17 This implies that inactivation of TGFb1
could be a strategic approach in the management of liver
fibrosis.19

Decorin, a small leucine-rich proteoglycan (SLRP)20–22 can
block the proliferation of cells that are dependent on TGFb1 for
their in vitro growth.23 This observation has been exploited in
various in vivo models of experimental glomerulonephritis
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and nephrosclerosis, as well as in scar formation models.24,25

However, there is no conclusive information on the role of
decorin in the fibrotic remodeling of the liver.26 Decorin, as a
regulator of matrix assembly targets not only TGFb1, but it is
involved in the maturation of collagen fibrils as well.27–29

Furthermore, it serves as ligand for growth factor receptors
modulating signals initiated on EGFR, IGFR, and Met re-
ceptors.30–37 A central question is whether decorin-evoked
modulation of signal transduction is directly implicated in
fibrogenesis or is acting indirectly by controlling cell proliferation.

The main goal of this research was to determine whether
decorin could have a protective role in liver fibrosis or
whether the accumulation of this proteoglycan observed in
human cirrhotic liver samples would be just due to a by-
stander effect. Furthermore, we wanted to determine whether
the hypothesized role for decorin could be attributed to
modulation of the TGFb signaling pathway in the liver. In
this study, we used an experimental animal model of liver
fibrosis based on decorin-null and wild-type animals sharing
the same genetic background. Our results provide evidence
that decorin has a protective role in liver fibrogenesis insofar
as the absence of decorin correlates with enhanced hepatic
fibrosis and attenuation of its subsequent healing process.

MATERIALS AND METHODS
Decorin-Null Mice
All animal experiments were performed under an
institutionally approved protocol. Decorin-deficient mice were
generated as previously described.29 In brief, the inactivation
of the decorin gene was achieved by targeted disruption of
the exon 2 inserting a PGK-Neo cassette. Two male and two
female C57Bl/6 mice heterozygous for decorin gene (Dcnþ /�),
which were backcrossed into C57Bl/6 background for nine
generations, were bred until homozygosity. The genotype of
the offspring was determined by PCR. Tail DNA was isolated
by using high-salt method. Subsequently three primers were
applied, sense and antisense specific for the exon 2, and one
corresponding to the PGK-Neo cassette. PCR products were
analyzed by 2% agarose gel electrophoresis.

Thioacetamide Treatment
For induction of hepatic fibrosis, we used 48 one-month-old
male mice, all in a C57Bl/6 background. In all, 24 wild-type
and 24 Dcn�/� animals were exposed to thioacetamide
(TA) dissolved in drinking water (150mg/l). To obtain fully
developed hepatic fibrosis, we subjected the animals to TA
treatment for 4 months followed by an additional 4 months
(recovery phase) in which the drug was withdrawn. Three
animals were killed at each time point at monthly intervals.
Age-matched untreated animals with identical genetic back-
ground served as controls. One half of the liver samples was
frozen for further processing and the other half was fixed in
10% formaldehyde and embedded in paraffin for histological
analysis. Paraffin sections were dewaxed in xylene and stained

with hematoxylin and eosin or picrosirius red (PS), or pro-
cessed further for immunohistochemistry. Stained sections
were used for histological diagnosis and PS-stained sections
were used for morphometric analysis.

Cell Cultures, Decorin Gene Silencing, and TGFb1
Treatment
We used human hepatic stellate LX2 cells (a kind gift from
Dr Scott Friedman) that were spontaneously immortalized by
continuous growth in low serum.38 The cells were cultured
in a humidified atmosphere containing 5% CO2 at 371C in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 100U/ml peni-
cillin and 100 mg/ml streptomycin (Sigma, St Louis, MO,
USA). Routinely, 2� 105 cells were seeded in six-well culture
plates and transfected with Silencer Select Pre-Designed
siRNA specific for decorin (siRNA ID: s223389; Applied
Biosystems, Welterstadt, Germany) using SiPORT NeoFX
Transfection Agent (Applied Biosystems) according to the
manufacturer’s instructions. Control cells were transfected
with Silencer Select negative control siRNA (siRNA ID:
4390843). After 24 h the medium was replaced with DMEM
supplemented with 0.2% FBS alone or in the presence of
2 ng/ml human recombinant TGFb1 (cat. no. PHP143; AbD
Serotec, Oxford, UK) for 48 h.

Morphometry, Fluorescence Immunostaining, and
Quantitative Real-Time RT-PCR
Picrosirius-red-stained sections were analyzed by using the
Cue-2 program (Olympus, Japan). At least five fields were
analyzed in each section. Frozen sections of the liver and cells
grown on coverslips in a 24-well plate (4� 104 cells per well)
were fixed in ice-cold methanol, washed in phosphate-buf-
fered saline (PBS), blocked with 5 (w/v%) BSA/PBS con-
taining 10% non-immune serum of secondary antibody at
371C for 30min. After washing, sections were incubated
with the primary antibody diluted in PBS containing 1 (w/v%)
BSA at 371C for 1.5 h or at 41C for 16 h. Appropriate fluor-
escent secondary antibodies were applied at room temperature
for 30min. Nuclei were stained with 40-60-diamidino-pheny-
lindole (DAPI). Primary and secondary antibodies with their
appropriate dilutions are shown in Supplementary Table 1.
Pictures were taken by Nikon Eclipse E600 microscope with
the help of Lucia Cytogenetics version 1.5.6 program.

For RT–PCR, total RNAs were isolated from frozen livers
and LX2 cells. After homogenization in liquid nitrogen
TRIzol (Invitrogen, Carlsbad, CA, USA) method was used for
RNA extraction. cDNAs were generated from 1 mg total RNA
by M-MLV Reverse Transcriptase kit (Invitrogen) following
the instructions of the supplier. Real-time PCR was per-
formed by ABI Prism 7000 Sequence Detection System
(Applied Biosystems), using ABI TaqMan Gene Expression
Assays for mouse: procollagen a1(I) (assay ID: Mm00801666_g1),
procollagen a1(III) (assay ID: Mm00802331_m1), procolla-
gen a1(IV) (assay ID: Mm00802372_m1), TIMP-1 (assay ID:
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Mm00441818_m1), PAI-1 (assay ID: Mm00435860_m1),
TIEG (TGFb1-inducible early response gene; assay ID:
Mm00449812_m1), TGFb1 (assay ID: Mm01178819_m1) ac-
cording to the manufacturer’s protocol. Mouse b-actin was
used as endogenous control (assay ID: Mm00607939_s1). For
human procollagen a1(I) (assay ID: Hs01076780_g1), decorin
(assay ID: Hs00370383_m1) and a-smooth muscle actin
(assay ID: Hs00426835_g1), human GAPDH served as
endogenous control (part no.: 4326317E). All samples were
run in duplicates in 20ml with 50 ng cDNA. Results were ob-
tained as threshold cycle (CT) values. Expression levels were
calculated by using the 2�DDCT method.

Dot Blot, Western Blot and Zymography Assays
Total proteins were extracted from frozen liver tissues. After
homogenization in liquid nitrogen 1ml lysis buffer was
added to the samples (20mM TRIS (pH 7.5), 2mM EDTA,
150mM NaCl, 1% Triton X-100, 0.5% Protease Inhibitor
Cocktail (Sigma), 2mM Na3VO4, 10mM NaF). Cultured cells
were washed with PBS followed by addition 1ml of lysis
buffer described above. Cells were scraped off with cell
scraper and lysates were transferred into microcentrifuge
tubes. After incubation for 30min on ice, samples were
centrifuged at 15 000 g for 20min. Supernatants were kept
and protein concentrations were measured as described
before.39

For dot blot, approximately 2 mg of total protein was
applied on PVDF membrane (Millipore, Billerica, MA, USA),
endogenous peroxidase was blocked by incubating the
membrane in 1% H2O2 for 10min. Subsequently the mem-
brane was blocked with 3 (w/v%) BSA in Tris-buffered
saline (TBS). Primary antibody was applied at 41C for 16 h.
Appropriate HRP-conjugated secondary antibody was used
for 45min, dots were detected by SuperSignal West Pico
Chemiluminescent Substrate Kit (Pierce/Thermo Scientific,
Waltham, MA, USA), and visualized by Kodak Image Station
4000MM Digital Imaging System. The density of the dots
was also measured by the same system. A detailed list of the
antibodies used in this study is presented in Supplementary
Table 1.

For gelatinase (zymography) assays, proteins were isolated
from frozen livers after homogenization in liquid nitrogen.
The lysis buffer contained 50mM TRIS (pH 7.5), 500mM
NaCl, 5mM CaCl2. Protein aliquots (15 mg) of each sample
were analyzed on a 7.5% sodium dodecyl sulfate–poly-
acrylamide gel, containing 300 mg/ml gelatin. After electro-
phoresis at 200 V for 35min, the gel was washed in 2.5%
Triton X-100 for 30min, then incubated for 18 h at 371C in a
solution containing 50mM Tris (pH 7.5), and 10mM CaCl2.
Gels were fixed in 30% methanol/10% acetic acid for 30min,
then stained with Coomassie brilliant blue for another
30min. Areas of gelatinase activity appeared as transparent
bands on the blue background. The intensity of the bands
was determined by densitometry using a Kodak IS4000MM
Digital Imaging System.

For western blotting, proteins were isolated as for dot blot,
30 mg of total proteins was mixed with loading buffer
containing b-mercaptoethanol and was incubated at 951C
for 5min. Denatured samples were loaded onto a 10%
polyacrylamide gel and were run for 30min at 200 V on a
Mini Protean vertical electrophoresis equipment (Bio-Rad,
Hercules, CA, USA). Proteins were transferred to PVDF
membrane (Millipore) by blotting for 1.5 h at 100V. Ponceau
staining was applied to determine blotting efficiency.
Membranes were blocked with 3 (w/v%) non-fat dry milk
(Bio-Rad) in TBS for 1 h followed by incubation with the
primary antibodies at 41C for 16 h. Mouse b-actin or human
GAPDH served as loading control. Membranes were washed
five times with TBS containing 0.5 (v/v%) Tween 20, then
were incubated with appropriate HRP-conjugated secondary
antibodies for 1 h.

Hydroxyproline Determination
Liver samples were homogenized with 10 volumes of
physiological salt solution and precipitated with 1ml of 10
(v/v%) trichloroacetic acid. Pellets were washed with ethanol/
diethyl ether in a ratio of 3:1, dried under vacuum and
transferred to glass cuvettes. Hydrolysis was performed in 6N
HCl followed by incubation at 1201C for 16 h. Hydroxypro-
line determination was performed as described before.40,41 In
brief, pH of hydrolysates was adjusted to 6–7 by adding 5N
NaOH in a final volume of 12ml. Aliquots (2ml) of the
samples were transferred into clean tubes and 1-1ml of
50mM chloramine T (dissolved in citrate acetate buffer, pH
6) in the presence of 30% of methoxyethanol was added.
After 20min incubation at room temperature the reaction
was stopped with 3.15N perchloric acid followed by of 20%
p-dimethylaminobenzaldehyde dissolved in methoxyethanol.
The color was developed by incubation for 20min at 601C.
After cooling, the absorbance was measured at 557 nm. Hy-
droxyproline content was calculated from standard curves
generated with pure hydroxyproline solutions of known
concentrations.

Statistical Analysis
All the data were graphed and analyzed using the SigmaPlot
and SigmaStat software packages (SPSS, version 11.0).
Statistical analysis among groups was assessed using two-
tailed Student’s t-test after data normalization by logarithmic
transformation (log10). Normal distribution was further
proved by F test. The values were considered statistically
significant with Po0.05.

RESULTS
Hepatic Fibrosis Is Accentuated and Healing Is
Protracted in Decorin-Null Mice
Picrosirius red staining for connective tissue clearly showed
that Dcn�/� mice accumulated more connective tissue in
their livers as compared to the wild-type mice in response to
chronic liver injury (Figure 1a). The fibrotic tissue localized
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mainly to the acino-peripheral regions but its deposition in
the sinusoids could also be observed. In Dcn�/� livers, fol-
lowing a 4-month exposure to TA, formation of pseudolo-
bules, typically observed in early cirrhosis, could be detected
in contrast to the wild-type mice (Figure 1a). Four months
after the cessation of TA treatment, the majority of
connective tissue fibrils positive for PS were resolved in the
liver of wild-type animals. In contrast, Dcn�/� livers still
contained considerable amounts of fibrous tissue (Figure 1a).
Morphometric analysis of picrosirius-positive tissue con-
firmed our visual observations (Figure 1b). The intensity
of picrosirius staining was higher already in the liver of un-
treated Dcn�/� mice. At each time point throughout fibro-
genesis and regression higher amounts of connective tissue
were detected in mice lacking decorin (Figure 1b), and
these differences were statistically significant (Po0.05).

Hydroxyproline determination provided further confirma-
tion for the elevated amount of collagens (Figure 1c). In the
liver of wild-type mice the production of fibrous tissue
stopped after 4 month of TA exposure and no additional
connective tissue deposition was observed thereafter.
In contrast, in Dcn�/� mice extracellular matrix deposition
progressed until the end of the experimental period
(8 months). Comparable patterns were observed for changes
in hydroxyproline content (Figure 1c).

Next, we immunostained the livers of the various groups
using antibodies against collagen type I, a major indicator of
hepatic fibrosis, and against decorin protein core (Figure 2a).
The results showed a significant deposition of collagen type I
in the decorin-null mice both at the end of the experimental
liver injury and after 4 months of recovery with TA-free water
(Figure 2a). Similar results were obtained with antibodies

Figure 1 Hepatic fibrosis is accentuated and healing is delayed in Dcn�/� mice. (a) Picrosirius-stained sections from the liver of wild-type and

Dcn�/� mice without treatment (first column), after 4 months of thioacetamide treatment (second column), and 4 months after the withdrawal of the

thioacetamide (third column). Scale bar¼ 150mm. (b) Quantification of hepatic fibrosis by morphometric analysis of livers from wild-type and Dcn�/�
animals as indicated. Values represent the mean (%)±s.e.m. of three animals. All the values from 2 to 4þ 4 months have Po0.01. (c) Quantification of

hydroxyproline in whole liver extracts of wild-type and decorin-null livers. Values represent the mean (%)±s.e.m. of n¼ 3; *Po0.05.
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Figure 2 Changes in collagen type I and decorin in hepatic fibrosis and its healing in Dcn�/�mice. (a) Double immunostaining for collagen I and decorin in

representative liver samples from all the various experimentally treated animals as indicated. Collagen is shown as red, decorin as green, nuclei are stained

with DAPI. Representative Wt and Dcn�/� controls are shown in Supplementary Figure S2. Scale bar¼ 200 mm. (b) Quantification of collagen I content in

livers from wild-type and decorin-null mice. Results are expressed as mean intensity of dots after densitometry. Wild-type non-treated control was

considered as 100%. Values represent the mean±s.d. of three animals (*Po0.05). (c) Quantification of decorin levels by immunoblotting of total liver lysates

from wild-type untreated mice, and from mice treated for 4 months with TA or for an additional 4 months in TA-free conditions (**Po0.01).
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against collagen types III and IV (Supplementary Figure S1).
Quantification of collagen type I showed an increase after
4 months of TA exposure that was statistically significant
(Po0.05); the enhanced deposition of collagen I in the
Dcn�/� livers was also statistically significant at the end of
the regression period (Po0.05; Figure 2b).

Fibrotic Remodeling Enhances Decorin Levels in
Wild-Type Livers
By immunostaining, as expected, decorin was detectable only
in wild-type animals where it was deposited in periportal
connective tissue and around the central veins (Supplemen-
tary Figure S2). Notably, during fibrogenesis decorin levels
increased in the wild-type animals and accumulated along
fibrotic septa (Figure 2a). By quantitative immunoblotting, a
significant increase (Po0.01) in the amount of decorin was
detected in lysates of fibrotic livers vis-à-vis the untreated
control samples (Figure 2c). After 4 months of regression, a
statistically relevant (Po0.01) decrease was observed in wild-
type mice (Figure 2c). The amount of decorin in control
livers and in those taken at the end point of regression was
practically identical (P¼ 0.2).

Elevation of Collagens I, III, and IV mRNA Levels in
the Liver of Dcn�/� Animals following Hepatic Injury
Next, we determined the mRNA levels of collagens type I, III,
and IV using quantitative RT-PCR analysis. These mRNA
levels were determined in each liver sample at each time
point. Notably, we found no statistically significant changes
in mRNA levels of any collagens tested after 4 months of liver
injury. However, at the end of the regression period
(TA4þ 4) the steady-state levels of all the three types of
collagens were significantly elevated in Dcn�/� animals
vis-à-vis wild-type mice (Po0.05; Figure 3a–c).

Activity of MMP-2 and MMP-9 and Expression of
Their Inhibitors TIMP-1 and PAI-1
Gelatinase activity of liver homogenates was determined
by using zymography (Figure 4a). Quantification of the

zymography data revealed no difference in either matrix
metalloprotease (MMP)-2 or in MMP-9 activity in the con-
trol samples between wild-type and decorin-null mice
(Figure 4b and c). In contrast, in the wild-type fibrotic livers,
activity of both MMP-2 and MMP-9 significantly increased
(Po0.01) and to a greater extent than that of decorin-null
animals (Po0.01). These changes regressed by the end of the
recovery period showing only subtle differences between the
two genotypes (Figure 4b and c).

Fibrogenesis in Dcn�/� livers was characterized not only
by low activity of MMP-2 and MMP-9 but also by enhanced
expressions of TIMP-1 and PAI-1, two well-known MMP
inhibitors, especially at the end of the recovery period
(Figure 5).

Collectively, these results suggest that decorin is directly
involved in regulating the fine balance of synthesis and
degradation during hepatic fibrosis and healing.

Lack of Decorin in Experimental Hepatic Fibrosis
Enhances the Expression of TGFb1 and
TGFb1-Inducible Early Response Gene
To establish whether TGFb1 would exert a stronger effect in
animals lacking functional decorin, we determined the ex-
pression of TGFb1 and TIEG as a marker for the efficacy and
activity of the growth factor. Quantitative RT-PCR revealed
approximately sixfold increase in TIEG mRNA level in Dcn�/�
liver samples (Po0.01) compared with wild-type during
both fibrogenesis and regression (Figure 6a), whereas TGFb1
mRNA levels increased by threefold even in the Dcn�/�
control group (Po0.05; Figure 6b). After 4 months of TA
treatment, there was a 20-fold increase of TGFb1 in Dcn�/�
samples in contrast to only a threefold increase in wild-type
(Po0.01; Figure 6b). After the regression period, TGFb1
expression decreased to barely detectable levels, even lower
than the wild-type controls (Figure 6b). Thus, the absence of
decorin potentiates TGFb1 bioactivity during hepatic fibrosis
and therapeutic approaches to enhance decorin expression in
the liver could represent a novel mechanism to counteract
this important fibrogenic factor.

Figure 3 Elevation of collagen I, III, and IV mRNA levels in the liver of Dcn�/� animals following hepatic injury. (a–c) Quantification of mRNA levels for

procollagens type I, III and IV as determined by quantitative RT-PCR analysis. The data represent mean±s.d. of n¼ 3; *Po0.05. Levels are expressed in folds,

normalized to endogenous b-actin amplified in parallel.
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Increased a-Smooth Muscle Actin and Enhanced
Phosphorylation of Erk1/2 and Smad3 in
Decorin-Null Animals
To investigate what molecular pathways could be operational
in our experimental animal model, we determined by
immunoblotting the amounts of Erk1/2 and their phos-
phorylated forms (P-Erk1/2), as well as phospho-Smad2
(P-Smad2) and phospho-Smad3 (P-Smad3), all known
downstream effectors of the TGFb1 signaling pathways. In

addition, we determined the levels of a-smooth muscle actin,
a known marker of fibrogenic cells such as the hepatic stellate
cells (Figure 7). In fibrotic livers (TA4), regardless of their
genetic background, the amounts of Erk1/2 and P-Smad2
significantly (Po0.05) increased, as determined by scanning
densitometry of several immunoblottings (Supplementary
Figure S3). However, at the end of regression period, the
amounts of these proteins did not statistically differ from
controls. Concurrently, the levels of a-smooth muscle actin
were significantly elevated after 4 months of treatment
(Po0.01) and after the recovery period in the decorin-null
animals compared with wild type (Po0.01; Figure 7a and b).

In Dcn�/� samples a slight increase was observed in case
of Erk1/2 and P-Smad2 compared with wild type. However,
although Erk1/2 were not phosphorylated in the wild-type
fibrotic liver, the level of phosphorylation increased to 183%

Figure 5 Elevation of TIMP-1 and PAI-1 mRNA levels in Dcn�/� liver

following experimental hepatic fibrosis. (a, b) RT-PCR analysis of TIMP-1

andPAI-1 mRNA in whole liver of wild-type and decorin-null animals as

indicated. The designations are the same as those in Figure 1. The data

represent mean±s.d. of n¼ 3; **Po0.01 and *Po0.05. The relative

expression levels were calculated by using 2�DDCT method, using b-actin as

endogenous control.

Figure 4 MMP elevation during hepatic fibrosis. (a) Zymogram using liver

homogenates of wild-type and Dcn�/� mice without treatment (control),

at 4 months of thioacetamide treatment (TA4), and at 4 months after the

withdrawal of the chemical (TA4þ 4). (b, c) Quantification of zymograms as

those shown in a using scanning densitometry. The values represent the

mean intensity (%)±s.d. of two experiments run in triplicate; **Po0.01.
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in decorin-null samples (Po0.05; Figure 7b). At the end
point of the recovery phase, lower amounts of active Erk1/2
were detected vis-à-vis untreated samples, and Dcn�/�

samples contained significantly higher amounts of Erk1/2 as
compared with wild type (Po0.05). The level of phospho-
Smad3 protein increased during fibrogenesis showing a
2.3-fold increase in wild-type and 8.37-fold increase in
decorin-null livers after 4 month of TA treatment (Po0.01).
At the end of the recovery period (TA4þ 4) similar amounts
of P-Smad3 were detected as in control samples (Figure 7b).

These results suggest that the lack of decorin leads to
enhanced accumulation of a-smooth muscle actin-positive
cells, and to increased phosphorylation of Erk1/2 and Smad3
proteins without significantly affecting the levels of P-Smad2.

Lack or Reduced Decorin Content Results in Enhanced
Activation of Hepatic Stellate Cells
To determine whether hepatic stellate cells, known as the
main fibrogenic cell type in the liver, could be involved in
the action of decorin, we investigated the effects of TGFb1 in
the presence or absence of endogenous decorin. To this end,
we used human hepatic stellate LX2 cells, which were spon-
taneously immortalized by continuous growth in low ser-
um.38 These cells express a-smooth muscle actin, vimentin,
glial fibrillary acid protein and show a retinoid phenotype
typical of stellate cells. Decorin was silenced by specific siR-
NA, whereas control cells were transfected with scrambled
siRNA. The siRNA-mediated silencing reduced the decorin
mRNA level to B38% (not shown). After TGFb1 exposure
for 48 h, cells with downregulated decorin content showed a
4.42-fold increase in procollagen a1(I) steady-state mRNA
levels in contrast to cells transfected with scrambled siRNA
that exhibited a 2.78-fold increase (Po0.01; Figure 8a).
Similar results were obtained with a-smooth muscle actin,
insofar as treatment with the growth factor caused a 1.34-fold
increase in mRNA level of cells with normal decorin content,
whereas 2.32-fold increase was detected in decorin knock-
down samples (Po0.01; Figure 8a).

Figure 6 Genetic ablation of decorin gene enhances the expression of the

TGFb1-inducible early responsive gene (TIEG) and TGFb1 in experimental

hepatic fibrosis. Real-time PCR analysis of (a) TGFb1-inducible early

response gene (TIEG) and (b) TGFb1 expression in whole-liver extracts. The

designations are the same as those in Figure 1. The data represent

mean±s.d. of three experiments run in triplicate and are presented as

expression relative to endogenous b-actin levels; *Po0.05, **Po0.01.

Figure 7 Amounts of Erk1/2, phospho-Erk1/2 (P-Erk1/2), phospho-Smad2 (P-Smad2), phospho-Smad3 (P-Smad3), and a-smooth muscle actin (aSMA) as

detected by western immunoblotting (a). Pictures are representative of immunoblotting analyses of liver homogenates from two independent experiments

run in triplicate. The genotype is indicated at the top and the various categories are listed at the bottom, including animals with no treatment (control),

following a 4-month exposure to thioacetamide (TA4), and at the end of the regeneration period (TA4þ 4). b-Actin served as loading control.

(b) Densitometric quantification of immunoblottings for aSMA P-Smad3, P-p44, and P-p42. The values were normalized on b-actin levels. Data are expressed

as mean±s.d. of duplicate experiments run in triplicate; **Po0.01; *Po0.05.

Decorin and hepatic fibrosis

K Baghy et al

446 Laboratory Investigation | Volume 91 March 2011 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


At the protein level, decorin silencing caused an increase
in collagen type 1 in the media of cells exposed to TGFb1
(Po0.05; Figure 8b), and only a modest increase in siRNA-
treated cells without exposure to the growth factor. In
agreement with the in vivo data, TGFb1 caused enhanced
decorin production (164%) in LX2 stellate cells (Po0.05;
Figure 8c).

In full support of the results presented above, immuno-
fluorescence staining for a-smooth muscle actin of hepatic
tissues from various animals showed increased immuno-
positive cells in the decorin-null livers, especially at 4 months
(Figure 9a). Similarly, enhanced a-smooth muscle actin im-
munostaining was observed when endogenous expression of
decorin was decreased in LX2 hepatic stellate cells (Figure
9b), and these effects were more enhanced by TGFb1 treat-
ment. These findings support and corroborate the in vivo
data that showed elevated amounts of a-smooth muscle actin
in Dcn�/� liver samples both at 4 months of TA treatment

and after the recovery period (Figure 7a). The correlation
between our in vivo and in vitro data was further corrobo-
rated by the fact that LX-2 hepatic stellate cells exhibited a
significant increase in the a-smooth muscle actin (Figure 10a
and b). In addition, TGFb1-evoked induction of P-Smad3
was significantly enhanced in cells with reduced expression of
endogenous decorin (Po0.05; Figure 10b, see also below).

Collectively, our findings indicated that endogenous
hepatic decorin has a key role in the regulation of stellate cell
activation insofar as genetic ablation of decorin or RNA
interference strategies culminate in enhanced activation of
stellate cells and a pronounced profibrotic phenotype.

Knockdown of Endogenous Decorin Potentiates
TGFb1-Evoked Stimulation of Smad3 Phosphorylation
in LX2 Stellate Cells
To investigate the underlying mechanisms regulating the
phosphorylation of Smad2 and Smad3 proteins, we per-
formed immunoblotting of cells in which endogenous dec-
orin was either left intact (scrambled siRNA) or reduced by
addition of decorin gene-specific siRNA. We have shown
above that the in vivo phosphorylated form of both proteins
was elevated due to TA treatment but only P-Smad3
was significantly higher in Dcn�/� samples (Figure 7a). The
results of our cell culture model system correlated well with
those obtained with the animal experiments because after
48 h of TGFb1 exposure the extent of increase in P-Smad2
was comparable in cells transfected with either scrambled
or decorin-specific siRNAs (Figure 10b). In contrast, after
TGFb1 treatment, P-Smad3 levels were significantly higher in
siDcn cells showing a 3.2- vs a 1.9-fold elevation in cells
transfected with scrambled siRNA (Po0.05; Figure 10b).

Thus, decorin deficiency potentiates TGFb1/Smad3 axis
suggesting that decorin in vivo might regulate the fine
balance of connective tissue remodeling.

DISCUSSION
Several studies have shown that TGFb1 is a profibrotic
cytokine and it has a key role in development of diseases
characterized by fibrotic remodeling, such as glomerulo-
sclerosis, pulmonary, and hepatic fibrosis.17,42,43 As the ori-
ginal discovery that decorin binds to this growth factor,23 it
has been shown that decorin/TGFb1 interaction can block
TGFb1 bioactivity both in vitro and in vivo.24,44 These studies
reported the efficacy of decorin in inhibiting not only
fibroplasia, but also migration of fibroblasts, trophoblasts,
and differentiation of myocytes.45,46 Previously, using a cohort
of liver pathologies including chronic hepatitis, fibrosis, and
cirrhosis, we found high amounts of TGFb1 colocalized with
decorin within the fibrotic areas of the liver.26 However, these
findings could not distinguish between a decorin-mediated
block of TGFb1 activity and a bystander effect. Indeed,
in contrast to dermal fibroblasts,47 TGFb1 upregulates
decorin production in hepatic stellate cells.48 Thus, enhanced
deposition of decorin could reflect the stimulatory effect of

Figure 8 Analysis of LX2 cell activation by TGFb. (a) Quantitative RT-PCR

analysis of procollagen type 1, and a-smooth muscle actin mRNA levels

normalized on GAPDH. The data represent the mean±s.d. of duplicate

experiments run in triplicates. (b) Determination of collagen 1 protein

amount by dot blot in medium of LX2 cells with normal (scr) or silenced

decorin content (siDcn) with or without TGFb1 treatment. (c) Diagram of

the relative decorin proteoglycan content from media of cells transfected

with either scrambled or decorin-specific siRNAs. The data represent the

mean±s.d. of duplicate experiments run in triplicates; *Po0.05, **Po0.01.
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overproduced TGFb1, without necessarily implying a pro-
tective role of decorin against fibrosis. In the only in vitro
liver fibrogenesis model, treatment of hepatic stellate cell
cultures with the TGFb1 resulted in enhanced production of
extracellular matrix proteins and decorin could counteract
this effect.49

In this investigation, we used a defined experimental ani-
mal model of liver fibrosis using mice with identical genetic
background (C57Bl/6) except for the absence or presence of
decorin. By comparing the fibrogenic response in wild-type
and decorin-deficient livers, we provide strong genetic
evidence for a role of decorin in protecting against fibro-
genesis. By further following the animals for an additional 4
months of recovery period, during which time the animals
were not subjected to TA in their diet, we answer an addi-
tional question as to whether decorin is also involved in the
healing process.

Notably, without any experimental challenge, the amount
of connective tissue in the livers from control and Dcn�/�

animals did not differ from each other, in agreement with
previous studies that have shown that decorin-null animals
mature to adulthood without any major disease processes.29

However, soon after the start of TA exposure the regular
dose given to wild-type mice had to be reduced by 50%
as the compound proved to be toxic for the Dcn�/� animals.
The degree of TA-induced matrix deposition was higher in
the liver from decorin-null mice, and this was observed as
early as the first month, lasting throughout the entire ex-
perimental period. This response correlated well with an
enhancement of collagen I, III, and IV proteins in the dec-
orin-deficient mice. However, during the same time interval,
the steady-state mRNA levels for these three major collagens
did not increase in parallel to the increased protein levels.
These findings suggest that the clearance rather than the
synthesis of collagens was impaired. This hypothesis was
further corroborated by relative decrease in two major
MMPs, MMP-2 and MMP-9, and by a concurrent increase in
the hepatic levels of two major MMP inhibitors, namely

Figure 9 Changes in a-smooth muscle actin (aSMA) in liver sections and in LX2 cells. (a) Immunostaining of aSMA on sections of wild-type (Wt) and

decorin-null (Dcn�/�) livers after 4 months of TA exposure and at the end of the regression period (TA4þ 4). (b) Immuncytochemistry of aSMA

performed on cells transfected with scrambled (scr) siRNA or with siRNA specific for decorin (siDcn) in the absence or presence of TGFb1 for 48 h.

aSMA is shown as red and nuclei are counterstained with DAPI. Scale bar¼ 100 mm for each picture.
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TIMP-1 and PAI-1. Nonetheless, other possible explanations
need to be considered, ie, changes in transcription/transla-
tion efficiency or in mRNA and protein half-lives. Whether

the changes observed in our model relate directly to lack of
decorin or reflect enhanced TGFb1 activity needs to be ad-
dressed in future studies. Indeed, an adenovirus-mediated
direct effect of decorin on metalloproteases has been pre-
viously described, although the effect is cell dependent.50,51

On the other hand, TIMP-1 and PAI-1 levels can also be
modulated by TGFb1.52,53

One of the most interesting findings of this study is the
potential involvement of decorin not only in fibrogenesis, but
also in the healing process, during which time numerous
enzymes and cells, such as macrophages, would coordinate
the clearance of the accumulated connective tissue. Wild-type
animals completely recovered, with little or no residual
fibrosis, within 4 months from the cessation of experimental
liver injury. In contrast, not only the severity of the hepatic
fibrosis was more marked in the decorin-null animals, but
also the ability to clear their deposited connective tissue.
At the end of the experimental period, the decorin-null livers
showed elevated collagens I, III and IV, as well as elevated
TIMP-1 and PAI-1 mRNA steady-state levels. Moreover, the
Dcn�/� livers showed significantly higher collagen I protein
level, whereas the MMP activities were comparable to the
wild-type livers. Thus, we conclude that decorin is a central
player not only in the initial matrix deposition after hepatic
injury, but also during the subsequent phases of healing and
remodeling. This is in agreement with studies indicating that
decorin has a key role during the healing of myocardial
infarction,54 during cutaneous wound healing,55 and in
various animal models of renal fibrosis and injury.35,56,57

To reveal the underlying mechanism of the cellular pro-
cesses, we measured the state of Erk1/2 activation and
P-Smad2/3 proteins, all known downstream effectors of the
TGFb1 signaling pathway. Phosphorylation of Smad2/3
proteins in fibrotic diseases has been described many times
previously.58–61 In this study, we did not detect any sig-
nificant difference in P-Smad2 between wild-type and dec-
orin-deficient animals. However, significant difference was
detected in the activation of Smad3 both in Dcn�/� livers
after 4 months of TA exposure as well as in decorin-deficient
LX2 human stellate cells after TGFb1 exposure, suggesting
that the signaling pathway causing the increase in matrix
production in Dcn�/� animals might be related to the Smad
pathway. The prominent role of Smad3 is well documented as
targeted disruption of Smad3 confers resistance to the de-
velopment of dimethylnitrosamine-induced hepatic fibrosis
in mice.62 Moreover, it is well documented that maximal
expression of collagen type I in activated hepatic stellate cells,
ie, the most fibrogenic cell type in liver, requires Smad3
rather than Smad2, both in vivo and in cultured cells.63

Activation of the Erk1/2 was also remarkably higher in
Dcn�/� mice both during the fibrotic and regenerative
periods. Indeed, several studies have reported the importance
of non-Smad pathways of TGFb signaling,60,64,65 which cul-
minates in elevated collagen production, in transdifferentia-
tion of hepatic stellate cells into myofibroblasts,64 and in

Figure 10 Western blot analysis of a-smooth muscle actin (aSMA),

phospho-Smad2 (P-Smad2), and phospho-Smad3 (P-Smad3) in LX2 hepatic

stellate cells (a). Pictures are representative of immunoblotting analyses

of cell lysates from two independent experiments run in triplicate.

(b) Quantification of aSMA, P-Smad2, and P-Smad3 content normalized

on GAPDH levels. *Po0.05; **Po0.01.
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epithelial-to-mesenchymal transition.65 We do not know
whether activation of Erk1/2 occurs through the TGFb rece-
ptor or through cross talk with different receptor tyrosine
kinases. Notably, Erk1/2 is downstream of both EGFR and
Met, and decorin is a known negative regulator of both these
receptors. Thus, the lack of decorin might cause a protracted
activation of one or both of these receptors, especially the
Met receptor that is highly expressed in hepatocytes.

In conclusion, although we do not know whether collagen-
bound decorin is as effective as soluble decorin, our studies
provide the first evidence that decorin, and perhaps other
SLRP members, might have a direct role in liver fibrogenesis
and healing. It is conceivable that not the absolute amount of
decorin, but the ratio of decorin to active TGFb1 might be
important in combating hepatic fibrosis.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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