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ABSTRACT

Known as a uniquely regenerative tissue, the liver shows a remarkable capacity to
heal without scarring after many types of acute injury. In contrast, during chronic
liver disease, the liver responds with fibrosis, which can progress to cirrhosis and
ultimately liver failure. The cause of this shift from a nonfibrotic to a fibrotic response
is unknown. We hypothesized that stromal injury is a key event that prevents resto-
ration of normal liver architecture. To test this, we developed a model of stromal
injury using a surgical incision through the normal liver in adult and neonatal mice.
This injury produces minimal cell death but locally complete stromal (extracellular
matrix) disruption. The adult liver responds with inflammation and stellate cell
activation, culminating in fibrosis characterized by collagen deposition. This
sequence of events is remarkably similar to the fibrotic response leading to cirrhosis.
Studies in neonates reveal a similar fibrotic response to a stromal injury. These
findings suggest that extracellular matrix disruption leads not to regeneration but
rather to scar, similar to other mammalian organs. These findings may shed light on
the pathogenesis of chronic liver disease, and suggest therapeutic strategies.

Long known as a uniquely regenerative organ, the liver can
restore its mass and functional capacity even in response to
massive tissue loss. In addition, after acute but nonlethal
injury, for example after acetaminophen overdose, acute
hepatitis A, or alcohol toxicity, the liver parenchyma heals
without scar or functional consequence.1

In stark contrast, however, is the response of the liver to
chronic injury. In the setting of hepatitis C, long-term alco-
holic abuse, metabolic diseases, autoimmune diseases, or
certain congenital abnormalities, the liver responds with
fibrosis. Progression may lead to cirrhosis and eventually liver
failure as massive deposition of extracellular matrix (ECM)
compromises synthetic and excretory functions.2,3

What is unique about chronic injury that causes scarring?
One possibility is that parenchymal (hepatocyte) injury and
stromal (extracellular matrix [ECM]) injury are distinct and
elicit disparate responses from the liver. Under this hypoth-
esis, the liver heals an acute hepatocyte insult without fibrosis,
whereas ongoing insult damages the ECM, causing irrevers-
ible damage.

Resolving this question has implications for the develop-
ment of therapeutic options that have been successful in other
tissues. For example, in both skin and peripheral nerve, an
understanding of wound injury led to the fabrication of
bioengineered scaffolds that promote regenerative healing by
inhibiting fibrosis and scar formation. These studies ulti-
mately led to the development of Food and Drug Administra-
tion (FDA)-approved products to induce regeneration in both
tissues.4–9

Other sets of studies examining early fetal injury show
profound differences in the healing response compared with
adult tissues, with early fetal skin being capable of healing
without significant scarring.10 A recent report shows that in
neonatal mice, even the heart can repair itself without sig-
nificant scarring, an ability lost by 7 days of age.11 At least
some of the difference between fetal and adult healing may
be due to differences in wound contraction and myofibro-
blast function.12

To address the fundamental question of how adult and fetal
liver respond to a stromal injury, we created a model of
stromal disruption in both adult and neonatal mice and dem-
onstrate that both respond with scar, similar to other tissues.
These results provide a basic understanding of the response of
the liver to injury and may provide guidance for therapeutic
interventions.

MATERIALS AND METHODS

Mice

All mice used for experiments were male C57BL/6. Adults
were approximately 8 weeks of age. Neonatal mice were 2

ECM Extracellular matrix
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days old (p2). All mice were obtained from Jackson Labora-
tories (Bar Harbor, ME). All experiments were performed at
least in triplicate and all photomicrographs are representative
samples.

Mouse liver stromal injury model

All surgeries were performed according to the National Insti-
tutes of Health guidelines for the humane treatment of labo-
ratory animals and with approval of the Harvard or Vanderbilt
Institutional Animal Care and Use Committee depending on
the location of the experiments. In experiments on adult mice,
anesthesia was achieved with 60 mg/kg ketamine (Hospira,
Lake Forest, IL) and 7 mg/kg xylazine (Phoenix Pharmaceu-
tical, Burlingame, CA). A small incision was then made below
the right costal margin. The liver was identified and an inci-
sion was made through the liver parenchyma using a scissors.
This injury was 1 cm long and went completely through the
liver. The abdomen was then closed in two layers. Mice were
recovered and monitored for pain and activity. In experiments
on neonatal mice, anesthesia was achieved by cooling the
pups on an ice bed for 4 minutes as described.11 An incision of
less than 1 cm was made below the right costal margin and the
liver was exposed. An incision of less than 1 cm was made in
the right lobe of the liver. The abdomen was closed in one
layer. Mice were sacrificed in accordance with institutional
guidelines at appropriate intervals as described.

Histopathology

Livers were removed and fixed in 10% buffered formalin,
embedded in paraffin, sectioned, and stained with hematoxy-
lin and eosin (H&E).

Immunohistochemical studies were performed on paraffin-
embedded liver tissue according to standard protocols. Anti-
bodies used were: rat anti-human CD3 (1:100, Serotec,
Raleigh, NC), rat-anti mouse CD45B220 (1:100, BD Pharm-
ingen, San Jose, CA), rabbit anti-mouse collagen I (1:200,
Novus, Littleton, CO), polyclonal rabbit anit-SM22 alpha
(1:100, Abcam, Cambridge, MA), rat anti-mouse Gr-1 (1:200,
BD Pharmingen), polyclonal rabbit anti-GFAP (1:800, Dako,
Carpinteria, CA), and polyclonal rabbit anti-vimentin (1:500,
Novus).

Immunofluorescence was performed on paraffin sections.
Fluorescence double staining was performed using paraffin-
embedded tissue and detected with a bromodeoxyuridine
(BrdU) kit (1:50; BD Biosciences, San Jose, CA), polyclonal
goat anti-HNF-4a (1:100; Santa Cruz, Santa Cruz, CA), or
polyclonal goat anti-albumin antibodies (1:50, Santa Cruz).

Sirius Red staining was performed using paraffin sections
as previously described.13 After deparaffinization, nuclei were
stained using Weigert’s hematoxylin for 8 minutes. Collagen
was stained by using a Sirius Red/picric acid solution (Sirius
Red # 365548, Sigma-Aldrich, St. Louis, MO) for 1 hour and
washed in two changes of acidified water. Tissue was dehy-
drated in 100% ethanol and slides were cleared in xylene and
mounted.

Image analysis

MetaMorph software(Universal Imaging Corporation, Sunny-
vale, CA) was used to quantitate the stained areas, which are

denoted % area stained on the ordinate axis. Color develop-
ment times for immunohistochemical detection were held
constant to ensure consistent MetaMorph detection of the
stained area. Color thresholding was used to distinguish the
stained, colored area. Percentages of threshold area in total
area were calculated and compared among the group.

Stastistics

p-Values were calculated using the Student’s t-test. p-Values
of less than or equal to 0.05 were considered significant.

RESULTS

Histology and scar formation

In order to describe the response of the adult liver to injury, a
1 cm through and through longitudinal incision was made in
the liver of 8-week-old male mice and examined at various
time points after injury. There were no deaths as a result of the
injury. H&E shows the progression of the healing response
(Figure 1A–F, scar area outlined in blue). By 6 hours after
injury, a necrotic zone forms at the area of injury (Figure 1A).
By 24 hours, the clot is beginning to organize and there is
central tissue loss (Figure 1B). By 48 hours, the clot has
organized and a surrounding basophilic infiltrate is apparent
(Figure 1C). At 4 days, the clot has become more organized
and the infiltrate persists (Figure 1D). By 7 days, cellular
architecture is restored, and the parenchyma is contracting at
the site of injury (Figure 1E). Finally, by 28 days, the con-
traction is complete and the area of injury is recellularized
(Figure 1F). Over a period of 1 month, therefore, the liver
undergoes a response typical of tissues in the body in
response to a stromal injury (reviewed in Yannas14): inflam-
mation with reestablishment of parenchymal or epithelial
tissue integrity and scar formation.

At the conclusion of the healing process, the liver paren-
chyma appears recellularized by H&E staining. To better
understand the critical events in the response to injury, we used
a variety of stains and immunohistochemical analysis. We first
looked at collagen I, which is an important component of scar
in cirrhotic liver2 (Figure 2A–C, top graph, Supporting Infor-
mation Figure S1). At 6 hours after injury, there is no collagen
deposition (Figure 2A). By 48 hours, however, collagen is
beginning to be laid down at the periphery of the injury. Four
days after injury, collagen I deposition is pronounced in two
lines which represent the limits of the area of inflammation
(Figure 2B, arrows). By 7 days, the collagen surrounding the
injury coalesces into a single line, which persists to 28 days
(Figure 2C). Quantitation of staining reveals marked increase
to 4 days that stabilizes by 28 days (Figure 2, top graph).

To confirm these results, we used the collagen stain Sirius
Red for the area of injury (Figure 2D–F, bottom graph, Sup-
porting Information Figure S2). Similar to our data with col-
lagen I immunostaining, Sirius Red staining is absent at 6
hours and increases by 4 days after injury in an area that
surrounds the injury site (Figure 2D). By 7 days and continu-
ing through 28 days, the area of injury is well demarcated as
a linear scar with surrounding contraction of parenchymal and
stromal tissues (Figure 2F). Quantitation of staining reveals
an increase to 4 days followed by stabilization to 28 days
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(Figure 2, bottom graph). Taken together, these results show
the deposition of collagen and therefore scar formation along
the tract of the injury.

Proliferative response

Liver injury in the form of hepatocyte death or tissue loss is a
stimulus for hepatocyte proliferation. To determine whether
stromal injury with minimal hepatocyte destruction is mito-
genic for hepatocytes, BrdU was injected 2 hours prior to
sacrifice in a series of injured animals. Staining for BrdU at
various times after injury revealed the patterns of cellular
proliferation (Figure 3). Six hours after the injury, few cells
have infiltrated into the injury area and there is minimal pro-
liferation (Figure 3A). By 48 hours, the edge of the injury
contains small cells, many of which are proliferating, and this
continues through 4 days (Figure 3B, graph, and Figure S3).

By 7 days there is minimal proliferation, which is virtually
absent by 14 days (Figure 3, graph, and Supporting Informa-
tion Figure S3).

To determining which, if any, of these proliferating cells
were hepatocytes, double fluorescence immunostaining was
performed for the hepatocyte marker HNF4a (red) and BrdU
(green, indicating proliferation) (Figure 4). There are no
hepatocytes within the scar area (Figure 4A). To determine
which of the proliferating cells were hepatocytes, double
staining for HNF4a and BrdU showed two cells that stained
for both, indicating the presence of proliferating hepatocytes
(Figure 4B, arrows). To confirm these results, sections were
double stained for albumin and BrdU and examined using
immunofluorescence. Proliferating cells outside the scar
are identified as hepatocytes by red cytoplasmic staining
(albumin) and green nuclear staining (BrdU) (Figure 4C).

In normal, unstressed liver, very few hepatocytes prolifer-
ate. These results, therefore, suggest that local injury provides
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Figure 1. Histologic response to stromal liver injury in adult mice over time. Hematoxylin and eosin staining after injury shows
initial area of injury (A) which gives rise to a necrotic area at 24 hours (B). A clot organizes and is ringed by infiltrating cells 48 hours
after injury (C), which further consolidates by 4 days (D). By 7 days (E) and 28 days (F), there is little histologic residual from the
injury. Magnification 100¥.
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Figure 2. Collagen deposition and Sirius Red staining over time in response to stromal injury. Immunohistochemistry shows no
collagen deposition 6 hours after the injury (A). By 4 days, staining occurs in a double line pattern flanking the injury (arrows, B).
By 28 days, the double line has coalesced into a single line and the parenchyma contracts (C). Quantitation shows increasing
staining to 4 days with modest decrease thereafter (top graph). Sirius Red reveals a similar pattern. Six hours after injury, there
is no staining (D). Four days after injury, there is a double pattern that coalesces in a single line by 28 days (E,F). Quantitation
shows increasing staining to 4 days with modest decrease thereafter (bottom graph).
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Figure 3. Proliferation around the area of injury after stromal injury. BrdU incorporation reveals no proliferating cells 6 hours after
injury (A). By 48 hours, many cells in the area stain for BrdU (B, brown nuclear staining), which continues at 4 days after injury and
then decreases by 14 days after injury (graph). BrdU, bromodeoxyuridine.
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a mild local stimulus to hepatocyte proliferation, but that
most of the proliferating cells are part of the inflammatory
infiltrate.

Nature of the response to stromal injury

To further determine the nature of the inflammatory infiltrate,
we performed immunohistochemistry for Gr-1, a granulocyte
marker (Figure 5). As expected, there are no granulocytes
present prior to injury (Figure 5A). By 6 hours, however, there
is a significant infiltrate that persists to 4 days (Figure 5B and
graph). Fourteen days after injury, the inflammatory infiltrate

is no longer present (Figure 5 graph and Supporting Informa-
tion Figure S4). These results show a granulocyte response
typical of injury in many other types of tissue.

To further characterize the nature of the inflammatory infil-
trate, we looked for T-cells using antibodies to CD3, and B
cells using the marker CD4B220. Neither showed significant
changes from baseline after liver injury (data not shown).

Stellate cells activation is thought to be a critical event in
the initiation of liver fibrosis during chronic disease.15 To
compare the mechanism of fibrosis seen in our model to that
of chronic disease, we examined GFAP, a marker of quiescent
stellate cells, and sm22 and Vimentin, markers of stellate cell
activation. GFAP stains heterogeneously over 14 days,
peaking at 4 days (Figure 6A,B, graph, Supporting Informa-
tion Figure S5), suggesting a recruitment of quiescent stellate
cells. Markers of stellate cell activation also change signifi-
cantly. For sm22, at baseline there is minimal staining
(Figure 7A). By 6 hours after injury, however, there is
increased staining at the area of injury, and by 48 hours and 4
days after there is significant staining around the area of the
injury. By 14 days after injury, the stellate cell pattern reverts
to normal (Figure 7B and graph, Supporting Information Fig-
ure S6). Vimentin follows a similar pattern. Prior to injury,
there is diffuse staining (Figure 8A). By 48 hours, there is
increased staining which continues to increase at 4 days and
then returns to normal by 14 days (Figure 8B and graph,
Supporting Information Figure S7). These results suggest that
stellate cell activation is a feature of fibrosis in response to
stromal injury, similar to the process in chronic liver disease.

Fetal response to stromal injury

In contrast to injured adult tissue, fetal injuries can sometimes
heal without scar formation.12 To examine this, we adapted
our adult model to neonatal (p2) liver. After a linear injury,
neonatal mice showed a pattern of injury and healing similar
to adult mice. An area of necrosis at 48 hours is followed by
reestablishment of the parenchyma with contraction by 28
days after injury (Figure 9A, B). Sirius Red confirmed a
fibrotic scar across the tract of injury that was pronounced at
28 days (Figure 9C, graph).

DISCUSSION
To determine the response of the liver to a stromal injury, we
set up and investigated a mouse model of stromal disruption
in which an incision was made in the liver of adult and
neonatal mice. This injury preferentially disrupts the ECM
with only local cellular injury. Initially, an area of hemorrhage
and necrosis forms. This region is infiltrated within 6 hours by
granulocytes that form a typical inflammatory reaction. Two
days after injury, stellate cells are widely activated, and by 4
days after injury, fibrosis ensues, and persists through at least
1 month after the injury. This limited injury is weakly mito-
genic for nearby hepatocytes.

These findings suggest that a stromal injury, even a limited
one, generates a fibrotic response from the liver. This is in
marked contrast to the response of the liver to a direct and
even massive acute hepatocyte toxicity or removal of a lobe
without a true stromal injury. In both of these cases, there is
no significant fibrosis. These results are significant because
they suggest that stromal (ECM) and parenchymal injuries
elicit disparate responses.

Scar area 100µm

Scar area 100µm

50µm
Scar area

Figure 4. Proliferation around the area of injury. Double stain-
ing fluorescence immunohistochemistry reveals hepatocyte
nuclei around area of injury by HNF4a staining (A, red nuclei).
Cells in the area outside the scar stain for both HNF4a and
BrdU (B, green, arrows). Proliferating cells (green nuclei)
outside the scar also stain for albumin in the cytoplasm (C, red
staining).
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Figure 5. Granulocyte response to stromal injury. Immunohostochemistry for GR-1 shows no neutrophils prior to injury (A). Six
hours after injury, neutrophils have infiltrated the area of injury (B). These persist through 48 hours and 4 days and are gone by
14 days (graph).
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Figure 6. Quiescent stellate cells after injury. Immunohistochemistry for the quiescent stellate cell marker GFAP. Between 0 and
48 hours after injury (A,B), staining gradually increases. After a peak at 4 days, staining returns to normal (graph).
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Figure 7. Stellate cell activation in response to stromal injury using SM-22. Immunohostochemistry for SM-22 shows low-level
staining prior to injury (A). By 48 hours after injury, stellate cells become activated at the edge of the lesion (B, brown staining).
Intensity increases by 4 days and then returns to baseline by 14 days (graph).
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A fundamental question in liver disease is to explain the
switch from a nonfibrotic to a fibrotic response in the setting
of chronic injury. As hepatocytes are able to repopulate the
liver ad infinitum for all practical purposes, it is unclear as to
why ongoing hepatocyte injury should result in cirrhosis and
liver failure.16 Historically, fibrosis has been convincingly
attributed to inflammation and TGF-b1 signaling, with
its effects on matrix components and matrix metallo-
proteinases.17 Intimately involved in the processes, stellate
cells play a role in contraction and the release of vasoactive
substances.2 Nevertheless, how these pathways are activated
remains unclear.

Our results are consistent with these well-known findings,
while at the same time suggesting that stromal injury is suf-
ficient to initiate the fibrotic response. This response to
stromal disruption we observe in our model can be summa-
rized by an inflammatory response, stellate cell activation,
and reestablishment of tissue integrity by scar formation char-
acterized by deposition of collagen I. This sequence of events
is exactly the same as occurs during the development of liver
fibrosis on the way to cirrhosis. These results are therefore
consistent with the hypothesis that stromal (ECM) injury is a
critical event in the development of chronic liver disease.
Importantly, this may occur as a result of ongoing inflamma-
tion that is the consequence of hepatocyte injury.

As our model of stromal disruption is characterized by
significant inflammation, we cannot distinguish whether it is
the stromal injury or the inflammation is essential for fibrosis.
Other findings, however, shed light on this question. Many
forms of acute liver disease are accompanied by significant
inflammation but ultimately do not produce a fibrotic
response. For example, ischemia-reperfusion injury elicits
quite a strong inflammatory response,18 as does alcoholic
hepatitis and acetaminophen overdose.19,20 If inflammation
was the critical event in fibrosis, these insults would lead to
fibrosis, which they do not, at least as acute events. It is
therefore more likely that stromal disruption is the key event,
though we cannot exclude that the fibrosis depends on the
intensity, chronicity, or cellular makeup of the inflammation.
Furthermore, many reports describe regression of fibrosis
over time.21 The permanence of the fibrosis in our model is
unknown to further than 1 month out, though there does not
seem to be improvement from 2 to 4 weeks. Taken together,
these findings potentially represent a new way to understand
chronic liver disease. Combined with our previous data that
the liver does not recapitulate embryonic signaling patterns
after mass loss, these data suggest that the liver is not the
uniquely regenerative organ it has been thought to be.22

In addition to similarity with chronic liver disease, our
model shows that the response of the liver to stromal injury is
remarkably similar to the injury response in many other
tissues. For example, in skin, inflammation occurs and fibro-
blasts deposit and remodel collage, resulting in a scar.23 Like-
wise, after myocardial injury, inflammation and cardiac
fibroblasts play a key role in scar formation.24

Important reports show that neonatal skin and heart can
regenerate without scarring.10,11 We examined this specifically
in neonatal liver and were surprised to find that neonatal liver
scarred just like adult liver. In our model, therefore, there is no
evidence that the neonatal liver is a privileged site for nonfi-
brotic healing. It is possible that had we injured the liver at an
earlier stage, we might find no scar formation. The role of
stellate cells in this process has not been evaluated.

There are a number of clinically relevant implications of
these studies. Work on implantable scaffolds to inhibit scar
and encourage regeneration has led to FDA-approved devices
for skin and nerve regeneration.4,5,8,23,25 Other studies show
that implantation of a scaffold with neural stem cells into an
adult rat spinal injury model significantly improves functional
recovery compared with cells alone.26 A similar strategy
applied to the liver could have clinical utility. Use of a scaf-
fold to drive regeneration of even limited amounts of func-
tional liver tissue might be enough to ameliorate clinical
symptoms including enzyme deficiency or coagulopathy. To
begin to consider these types of treatments, the fundamental
response of the liver to a simple injury must be understood.
Takimoto et al. have demonstrated that use of a scaffold in the
liver can serve as a substrate for liver regeneration.27 Future
studies will examine the ability of an engineered scaffold to
support hepatocyte ingrowth.

Another possible application of these studies is to use this
simple injury model as a quick and cost-effective test of
antifibrotic agents in the liver. To do this, it will be necessary
to determine to what extent this model is directly relevant to
the global fibrosis that occurs over time in response to chronic
liver injury.

These studies show that the liver is not the privileged organ
it was once thought to be and paints a picture of a much more
common response to injury. Even minimal disruption in the
ECM is a serious and irreversible problem. These findings
help reveal fundamental biology of the response of the liver to
injury, and may lead to strategies to treat human disease.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:

Figure S1. Collagen deposition over time in response to
stromal injury. Immunohistochemistry shows no collagen
deposition 6 hours after injury (A). By 48 hours after injury,
diffuse staining for collagen I is present (arrow, B), which
becomes more intense by 4 days in a double line pattern
flanking the injury (arrows, C). By 7 days, the double line has
coalesced into a single line (arrows, D) and the parenchyma
contracts (circle, D). The pattern persists at 28 days (E).
Magnification 100¥.

Figure S2. Sirius Red staining over time in response to
stromal injury. Sirius Red staining shows no fibrosis 6 or 24
hours after injury (A,B). By 4 days, there is a double line
pattern (C), which coalesces into a single line by 7 days (D)
and 28 days (E). This pattern is similar to collagen I staining.
Magnification 100¥

Figure S3. Proliferation around the area of injury after
stromal injury. BrdU incorporation reveals no proliferating
cells 6 hours after injury (A). By 48 hours, many cells in the
area stain for BrdU (B, brown nuclear staining), which con-
tinues at 4 days after injury (C). By 7 days and continuing to
14 days, there are few proliferating cells (D,E). Magnification
400¥.

Figure S4. Granulocyte response to stromal injury.
Immunohostochemistry for GR-1 shows no neutrophils prior
to injury (A). Six hours after injury, neutrophils have infil-
trated the area of injury (B). These persist through 48 hours
and 4 days (C,D) and are gone by 14 days (E). Magnification
400¥.

Figure S5. Quiescent stellate cells after injury. Immu-
nohistochemistry for the quiescent stellate cell marker GFAP.
Between 0 and 14 days after injury, staining remains diffuse.
Magnification 200¥.

Figure S6. Stellate cell activation in response to stromal
injury. Immunohostochemistry for SM-22 shows low level
staining prior to injury (A). Six hours after injury, stellate
cells become activated (B, brown staining), which becomes
more intense at the edge of the injury by 48 and hours and 4
days after the injury (C,D). By 14 days after the injury, acti-
vated cells are gone (E). Magnification 400¥.

Figure S7. Stellate cell activation in response to stromal
injury using vimentin. Immunohostochemistry for the stellate
cell activation marker vimentin shows a similar pattern to
SM-22. There is occasional staining at baseline (A), which
increases by 48 hours and 4 days (B–D) and which takes on a
linear pattern at 14 days (E). Magnification 400¥.
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