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To date, considerable progress has been made both in the mechanisms driving liver fibrosis and in the prevention of
disease progression. Resolution of liver fibrosis is an emerging field in hepatology; yet, the mediators involved remain
elusive. Earlier work from our laboratory demonstrated that the matricellular cytokine osteopontin (OPN) is pro-fibrogenic
by promoting hepatic stellate cell (HSC) activation and extracellular matrix (ECM) deposition in vitro and in vivo and
specifically by governing fibrillar collagen-I expression, the key pro-fibrogenic protein. Here we hypothesized that
OPN could also delay the resolution of liver fibrosis by sustaining collagen-I synthesis or by preventing its degradation.
To demonstrate this, wild-type (WT) and OPN-knockout (Opn� /� ) mice were administered thioacetamide (TAA) in the
drinking water for 4 months. Half of the mice were killed at 4 months to assess the extent of fibrosis at the peak of injury,
and the rest of the mice were killed 2 months after TAA withdrawal to determine the rate of fibrosis resolution. Following
TAA cessation, livers from Opn� /� mice showed no centrilobular and parenchymal necrosis along with faster ECM
remodeling than WT mice. The latter was quantified by less fibrillar collagen-I immunostaining. Western blot analysis
demonstrated a significant decrease in fibrillar collagen-I and in tissue inhibitor of metalloproteinase-1 (TIMP-1) in
Opn� /� mice undergoing fibrosis resolution compared with WT mice. In conclusion, these results suggest that OPN
delays liver fibrosis resolution due to sustained fibrillar collagen-I deposition; hence, inhibiting OPN could be an effective
therapeutic strategy for resolving liver fibrosis.
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Cirrhosis, the end stage of hepatic fibrosis, occurs in almost
all chronic liver diseases. Among the risk factors contributing
to the pathophysiology of liver fibrosis are viral hepatitis,
alcohol abuse, drugs and toxins, non-alcoholic fatty liver
disease, obesity and insulin resistance, metabolic disorders,
and autoimmune disease. All these stimuli and medical
conditions cause significant liver damage over time and
trigger a wound-healing response that involves activation
of HSCs, significant ECM deposition (mostly fibrillar
collagen-I), active ECM remodeling, and replication of
hepatocytes to compensate for the loss of liver mass.1

The ECM is particularly dynamic and undergoes constant
turnover during wound healing. Well-coordinated regulation
of ECM remodeling is essential to maintain homeostasis and
prevent disease.2 Fibrosis results from the imbalance between
excessive ECM accumulation and insufficient remodeling
after sustained liver injury with pathological fibrillar collagen
buildup as end point. Recent literature in the field suggests
that hepatic fibrosis is reversible particularly after cessation of

the causative factor.3,4 Indeed, this has been demonstrated
both in humans and in rodents;5–7 however, there is still
insufficient knowledge on the mediators that could condition
fibrosis resolution. Thus, there is a pressing need to
identify them to develop new therapies to promote fibrosis
resolution.

Activated HSCs are a key source of ECM in the injured
liver.8 Under physiological conditions or even under mild
liver injury, the degradation of fibrillar collagen is well-
coordinated by the activity of matrix metalloproteinases
(MMPs) and tissue inhibitor of metalloproteinases (TIMPs)
produced by these cells and whose expression increases both
in fibrosis and in cirrhosis.9

Decreased activity of TIMPs’, apoptosis of HSCs, and even
reversal of activated HSCs to a more quiescent state are
suggested as key events for fibrosis resolution.10,11 As acti-
vated HSCs are a major source of fibrillar collagens and of
TIMPs, clearance of HSCs could facilitate matrix remodeling.
Indeed, several studies have demonstrated that clearing HSCs
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reverses fibrosis.7,12–14 Moreover, TIMP-1 has been shown to
prevent HSCs apoptosis through the induction of B-cell
lymphoma 2 (Bcl-2).13,15 Transgenic mice with liver-specific
overexpression of TIMP-1 treated with carbon tetrachloride
display delayed fibrosis resolution compared with WT mice.
Similarly, recombinant TIMP-1 inhibited HSC apoptosis by
lowering caspase-3 activity.16

OPN is a matricellular cytokine highly involved in tissue
remodeling. Previous work from our group showed that
OPN is increased in drug-induced liver injury and fibrosis17

and that Opn� /� mice were protected from hepatic fibrosis
compared with WT mice. As we demonstrated that OPN has
direct effects on fibrillar collagen-I,17 we hypothesized that
OPN could also delay fibrosis resolution, perhaps indepen-
dently of the aforementioned mechanisms. Thus, the aim of
the present study was to compare the rate of fibrosis
resolution after chronic TAA treatment in WT mice and in
Opn� /� mice with particular emphasis on fibrillar collagen-I
expression, the key protein involved in liver fibrosis.

MATERIALS AND METHODS
General Methodology
Details on general methodology such as H&E staining and
gelatine zymography to detect pro-, intermediate, and active
MMP-2 and MMP-9 were described in previous publications
from our laboratory.18–23

Mice
Opn� /� mice (B6.Cg-Spp1tm1Blh/J) and their matching WT
littermates (C57BL/6 J) were obtained from the Jackson
Laboratories (Bar Harbor, Maine). A targeting vector con-
taining the neomycin-resistance cassette and the Herpes
simplex virus thymidine kinase gene was used to disrupt exons
4 through 7 of the targeted gene. The targeted mutation
deleted the coding region of the Opn gene.24 The resulting
chimeric animals were backcrossed to C57BL/6 J for 10
generations. Mice were generated by intercrossing Opnþ /�

mice, and littermates were used in all experiments.

Induction of Liver Injury
10-week-old male Opn� /� mice and their WT littermates
were used in this study. Liver injury was induced by treat-
ment with 300 mg/l of TAA (Sigma, St Louis, MO) in the
drinking water for 4 months. Controls received iso-volu-
metric amounts of water. Half of the mice were killed 48 h
after TAA withdrawal to avoid acute liver injury. The rest of
the mice were allowed recovery for 2 months before killing
them. All animals received humane care according 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. All protocols were approved by the Institutional
Animal Care and Use Committee at the Mount Sinai School
of Medicine.

Pathology
In all experiments, the entire left liver lobe was collected,
fixed in 10% neutral-buffered formalin, and processed into
paraffin sections for H&E analysis, Sirius red/fast green or
immunohistochemical (IHC) staining. Blind analysis ac-
cording to the Brunt classification was used to determine the
pathology scores and was done by a hepatopathologist at
Mount Sinai School of Medicine. Inflammation was noted to
be lymphocytes present in the lobules and were scored as
follows: 1¼ rare foci, 2¼ up to five foci, and 3 when there
were 45 foci. Centrilobular necrosis and parenchymal ne-
crosis were each separately scored. The scores for cen-
trilobular necrosis were 1¼ hepatocyte necrosis affecting
only zone 3, 2¼ in addition to zone 3 necrosis, occasional
bridging necrosis was seen, and 3¼ pronounced bridging and
confluent necrosis. Parenchymal necrosis was noted to be
spotty necrosis or apoptosis in zones 2 and 1. The scores for
parenchymal necrosis were 1 r1 focus, 2¼ 5–10 foci, and 3
Z10 foci at � 100 magnification. Ductular reaction
was noted to be proliferation of bile ductules at the
margins of the portal tracts and the score was 1¼ rare bile
ductules present, 2¼ irregular buds of bile ductules affecting
some portal tracts, and 3¼when bile ductules are more
prominent and affect the majority of portal areas and/or
strings of bile ductular epithelial cells that were seen inter-
mingled with hepatocytes. The degree of fibrosis ranged
from 0 to 4 and patterned after the Brunt system.25 Briefly,
this was as follows: 1¼ perisinusoidal/perivenular fibrosis
alone, 2¼ 1 plus portal fibrosis, 3¼ bridging fibrosis,
and 4¼ cirrhosis. The assessment of the above scores was
uniformly performed under � 100 magnification.

Immunohistochemistry
The Collagen-I antibody was from Millipore (Billerica, MA),
and the a-SMA antibody was from Sigma. Reactions
were developed using the Histostain Plus detection system
from Invitrogen (Carlsbad, CA). For the collagen-I
morphometric assessment, the integrated optical density
(IOD) was calculated from 10 random fields per section
containing similar size of portal tracts or hepatic veins
at � 100 magnification and using the Image-Pro 7.0
Software (Media Cybernetics, Bethesda, MD). The results
were averaged and expressed as fold-change over controls.
The rate of collagen-I clearance was expressed as the
percentage of collagen-I-positive stained area in the
recovered livers (2 months after cessation of TAA treatment)
compared with that from mice killed at 4 months of TAA
treatment.

Western Blot
Details on the Western blot methodology can be found in
previous work from our laboratory.18–23 The antibodies to
detect TIMP-1 and MMP-13 were purchased from
Calbiochem (Darmstadt, Germany) and Millipore, respec-
tively. The ECL reaction was developed using the Las4000
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scanner (Fujifilm, Stamford, CT). The intensity of the
Western blot bands was quantified using the NIH ImageJ
software. All samples from the same experiment were run on
the same gel and transferred onto the same nitrocellulose
membrane. All extracellular proteins analyzed by Western
blot were corrected by total protein content, and protein
loading was subsequently verified by Ponceau red staining on

each nitrocellulose membrane. In every experiment, the
loading control used was Calnexin.

Statistical Analysis
Data were analyzed by a two-factor ANOVA, and results are
expressed as mean±s.e.m., n¼ 8 mice per group, according
to the treatment and time point used.

Figure 1 Opn ablation accelerates recovery from TAA-induced liver injury in mice. C57BL/6 J WT and Opn� /� mice were administered TAA in the

drinking water or iso-volumetric amounts of water for 4 months. TAA was then withdrawn for 2 months, and the extent of liver injury was determined.

H&E staining shows more centrilobular and parenchymal necrosis, centrilobular and parenchymal inflammation, and ductular reaction in WT than in

Opn� /� mice after 4 months of TAA treatment. In the resolution phase, all parameters of liver injury are lower in both groups of mice; yet, Opn� /�

mice show no necrosis compared with WT mice (a). The pathology scores for necrosis, inflammation, and ductular reaction are shown (b–d). The

percentage of clearance of necrosis, inflammation, and ductular reaction is shown (e). Results are expressed as average±s.e.m., n¼ 8; **Po0.01 for

TAA vs water; ��Po0.01 for Opn� /� þ TAA vs WTþ TAA.
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RESULTS
Opn Ablation Accelerates Recovery and ECM
Remodeling Following TAA-Induced Liver Injury in Mice
WT and Opn� /� mice were treated with TAA for 4 months
following which half of the mice were killed to assess the
extent of liver injury at the peak of the treatment, and the
other half were allowed to recover from liver fibrosis for 2
months. Overall, Opn� /� mice had no centrilobular and
parenchymal necrosis after a 2-month recovery, whereas WT
mice showed a necrosis score of 1 as shown by H&E staining
(Figures 1a and b). Yet, there was similar centrilobular and
parenchymal inflammation (Figures 1a and c) along with
moderate ductular reaction in both groups of mice (Figures
1a and d). There was significant improvement in necrosis in
the recovered Opn� /� mice compared with WT mice
(Figure 1e). TAA administration for 4 months increased
plasma ALT activity more in WT (control vs TAA: 39±4 vs
192±10 IU/l) than in Opn� /� mice (35±3 vs 61±9 IU/l);

yet, although WT still showed slightly elevated ALT following
recovery, it was normal in Opn� /� mice.

Opn Deletion Enhances Collagen-I Removal Following
TAA-Induced Liver Injury in Mice
As fibrillar collagen-I is the key component of the ECM in the
fibrotic liver, thus, we determined the amount of fibrillar
collagen-I in these livers by specific IHC. Chronic TAA
treatment increased the amount of fibrillar collagen-I in WT
mice and in Opn� /� mice. The total content of fibrillar
collagen-I in Opn� /� mice was much lower than that in WT
mice (Figures 2a and b). After 2 months of recovery, 96% of
the fibrillar collagen-I was cleared in Opn� /� mice com-
pared with only 41% of clearance in WT mice (Figure 2c).
Overall, Opn� /� showed decreased content of collagenous
proteins (2.1±0.2), whereas WT mice still had high amount
of collagenous proteins (3.7±0.4) as quantified by mor-
phometric analysis of Sirius red/fast green staining (Figures

Figure 2 Opn ablation enhances fibrillar collagen-I removal following TAA-induced liver injury in mice. C57BL/6 J WT and Opn� /� mice were

administered TAA in the drinking water or iso-volumetric amounts of water for 4 months. TAA was then withdrawn for 2 months, and collagen-I

expression was evaluated. Chronic TAA administration increases liver fibrillar collagen-I staining more in WT mice than in Opn� /� mice. Withdrawal of

TAA for 2 months reduces fibrillar collagen-I content more in Opn� /� mice than in WT mice (pink arrows) (a). Morphometric assessment of the fibrillar

collagen-I positively stained areas (b). The rate of resolution is expressed as the percentage of reduction in fibrillar collagen-I staining in the resolution

phase compared with that at 4 month of TAA treatment for each genotype (c). Results are expressed as average±s.e.m., n¼ 8; **Po0.01 for TAA vs

water; ��Po0.01 for Opn� /� þ TAA vs WTþ TAA.
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3a and b). Hence, deletion of OPN promotes pathological
fibrillar collagen-I clearance.

Opn� /� Mice Show Lower TIMP-1 Expression Than WT
Mice Following TAA-Induced Liver Injury in Mice
As MMPs and TIMPs are key enzymes regulating ECM re-
modeling under physiological and non-physiological condi-
tions, they are key for the resolution of liver fibrosis due to
their ability to condition the rate of ECM degradation. Thus,
we measured their expression in the livers from these mice.
Chronic TAA treatment induced the expression of TIMP-1
and MMP-13 in both groups of mice; yet, only TIMP-1
considerably decreased following resolution of liver fibrosis
in Opn� /� mice, which could explain why even in the ab-
sence of an overt change in MMP-13 protein expression
there may be less inhibition of MMP-13 activity in Opn� /�

mice recovering from TAA treatment. Both MMP-2
and MMP-9 were similarly downregulated in both groups of
recovering mice (Figure 4a). More aSMA-positive cells were
found in TAA-treated WT mice than in Opn� /� mice. After

TAA withdrawal for 2 months, no aSMA-positive cells were
detected in WT and Opn� /� mice (Figure 4b).

Opn� /� Mice Show Similar Number of Activated HSCs
Than WT Mice Following TAA-Induced Liver Injury in
Mice
As activated HSCs are the major source of matrix and
ECM-modulating enzymes, next, we analyzed their activation
state in these mice by performing immunohisto-
chemical analysis for a-SMA, a specific marker for HSC
activation. After 2 months of TAA withdrawal, the expression
of a-SMA in WT and in Opn� /� mice was similar, sug-
gesting that differences in collagen-I expression between these
two groups of mice may not be related to HSC clearance
(Figure 4).

DISCUSSION
Liver repair is a complex process, and it has been known for
some time that healing can be either regenerative or scar
forming. It is now clear that, although permanent scar takes

Figure 3 Opn ablation increases ECM remodeling following TAA-induced liver injury in mice. C57BL/6 J WT and Opn� /� mice were administered TAA

in the drinking water or iso-volumetric amount of water for 4 months. TAA was then withdrawn for 2 months, and the amount of total collagenous

proteins was determined. Sirius red/fast green staining shows more total collagenous proteins in WT compared with Opn� /� TAA-treated mice (pink

arrows) (a). Morphometric assessment of the Sirius red/fast green-stained areas (b). Results are expressed as average±s.e.m., n¼ 8; **Po0.01 for TAA

vs water; ��Po0.01 for Opn� /� þ TAA vs WTþ TAA.
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long time to mature, yet the process is rather coordinated and
very dynamic in nature. There is an increasing acceptance
that liver fibrosis that occurs as a consequence of these events

is also dynamic and therefore responsive to reversal.
Thus, targeting key participants to achieve a state favoring
regenerative repair should provide a great opportunity to not

Figure 4 Opn� /� mice show lower TIMP-1 expression than WT mice following TAA-induced liver injury in mice. C57BL/6 J WT and Opn� /� mice were

administered TAA in the drinking water or iso-volumetric amounts of water for 4 months. TAA was then withdrawn for 2 months, and protein

expression was analyzed by western blot. MMP-13, MMP-2, MMP-9, and TIMP-1 expressions increase after chronic TAA treatment in WT and Opn� /�

mice. After 2 months of recovery, Opn� /� mice show significantly lower TIMP-1 expression than WT mice. A representative western blot is shown (a).

IHC for a-SMA (red arrows) (b). Results are expressed as average±s.e.m., n¼ 8; *Po0.05 and **Po0.01 for TAA vs water; �Po0.05 and ��Po0.01 for

Opn� /� þ TAA vs WTþ TAA.
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only beneficially influence outcome in repair but also to
affect reversal of fibrosis.

In addition to preventing or slowing down the mechan-
isms driving fibrogenesis, considerable amount of research in
this field is now focusing on identifying the mediators
driving fibrosis resolution to treat patients with fibrosis or
even cirrhosis. Fibrosis resolution can be achieved by redu-
cing ECM deposition, by active degradation of pathological
fibrillar collagen-I protein, and by decreasing the number of
pro-fibrogenic cells.

Previous work from our laboratory identified OPN as an
emergent soluble matricellular cytokine and ECM-bound
molecule promoting liver fibrosis.17 Moreover, the cell- and
matrix-binding ability of OPN also appears to facilitate
proper stromal and fibrillar collagen network organization.
We proposed and demonstrated that OPN drives the
fibrogenic response, among others, by directly regulating
collagen-I deposition.17 Therefore, because of the direct
effects of OPN on regulating collagen-I protein expression, in
this study, we hypothesized that OPN could also delay
fibrosis resolution. To demonstrate this, we compared the
rate of fibrosis resolution, with particular attention to
fibrillar collagen-I, following chronic TAA treatment in WT
mice and in Opn� /� mice.

We previously demonstrated that chronic TAA treatment
increases OPN expression in the mouse liver.17 WT mice and
Opn� /� mice were chronically administered TAA for
4 months to let liver injury peak and then half of the mice
were allowed to recover for 2 months by removing TAA from
the drinking water. In the resolution phase, WT mice and
Opn� /� mice showed similar centrilobular and parenchymal
inflammation and ductular reaction; yet, Opn� /� mice
showed no necrosis compared with WT mice, which may
contribute to faster fibrosis resolution. Moreover, the extent
of fibrosis was reduced in both groups of mice. However,
Opn� /� mice presented complete fibrosis regression
compared with WT mice. ECM remodeling was particularly
remarkable for fibrillar collagen-I, which was almost absent in
Opn� /� mice, whereas WT mice still showed fibrosis stage-2.
Thus, Opn ablation allows significant pathological fibrillar
collagen-I removal during the resolution of liver fibrosis.

Fibrosis results from tipping the balance between the ECM
degradation and synthesis by inhibiting the ECM degradation
enzymes and increasing their inhibitors; this, in turn, favors
ECM accumulation (ie, collagen-I) in the injured liver. Next,
to dissect how this occurred, we examined the expression
of the major ECM-modulating enzymes, MMPs and their
inhibitors, TIMPs, both highly expressed in activated HSCs.
Although there was no significant difference in TIMP-1
expression and MMP-2 activity between WT and Opn� /�

mice after 4 months of TAA treatment, yet, following the
resolution phase, Opn� /� mice had lower TIMP-1 expres-
sion compared with WT mice, which could allow greater
MMP-13 activity even if MMP-13 protein expression was not
further induced. The decrease in TIMP-1 in Opn� /� mice

after fibrosis resolution may reflect a faster resolution rate,
restoration to normal liver function driving ECM-modulat-
ing enzymes back to their baseline activity. Hence, less TIMP-
1 expression may facilitate HSCs clearance,13,15 reduce ECM
deposition, and promote fibrosis resolution in Opn� /� mice
compared with WT mice.

As activated HSCs are a major source of ECM, mostly
collagen-I in liver injury,8 next, we performed a-SMA
immunohistochemical analysis to evaluate HSCs activation.
More a-SMA-positive cells were observed in WT than in
Opn� /� mice at 4 months of TAA treatment; however, the
number of a-SMA-positive cells decreased equally both in
WT and in Opn� /� mice during the resolution phase. The
clearance of HSC did not account for the difference in
collagen-I expression between the two groups of mice.

In conclusion, although the pro-fibrogenic effects of OPN
have been demonstrated in several tissues including the li-
ver,17,26–29 the role of OPN in the resolution of liver fibrosis
was not explored until now. This study suggests that deletion
of the Opn gene induces faster removal of fibrillar collagen-I
after chronic liver injury likely due to a direct action on
TIMP-1 expression and to less activated HSCs.
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