
Abstract We examined regeneration and fibrosis in the
necrotic areas of hepatic stellate cells (HSCs). Acute 
hepatic injury was induced in rats by administration of
an intraperitoneal injection of high-dose dimethylnitro-
samine (50 mg/kg body weight). Liver samples were ob-
tained from rats 6, 12, 24, 36 h and 2, 3, 5, 7, 10, and
14 days after the injection. They were examined by light
and electron microscopy and by immunohistochemical
methods. Hemorrhagic necrosis became most prominent
36 h after treatment and extended into zones 3 and 2. In
the submassive necrotic areas the sinusoidal structure
was destroyed. No HSCs positive for a-smooth muscle
actin or desmin were present. On day 5, when necrotic
tissues were almost removed by infiltrating macro-
phages, HSCs strongly positive for a-smooth muscle 
actin and desmin appeared along the surface of the pre-
served parenchyma and migrated into the necrotic areas
along the residual reticulin fibers. By day 14 most of the
necrotic areas were almost completely replaced by the
regeneration of hepatocytes and central to central (C-C)
bridging fibrosis. Our results indicate that following sub-
massive complete necrosis, HSCs in the preserved liver
parenchyma have roles in the formation of sinusoidal
wall for remodeling in necrotic areas via their activation,
proliferation, and migration into the necrotic areas.

Keywords Hepatic stellate cell · Fibrosis · a-Smooth
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Introduction

Hepatic stellate cells (HSCs, also referred to as Ito cells,
fat-storing cells, and lipocytes) are liver-specific pericy-
tes and play a critical role in tissue remodeling and the
development of liver fibrosis [3, 10, 13, 15]. Previous
studies indicate that the mechanism of fibrogenesis in
early and advanced liver diseases is similar, regardless of
the type of initial injuries, including viral, toxic, immune
or metabolic [9, 10, 11, 22]. However, other studies dem-
onstrate that there are subtle but distinctive differences in
the manner of the HSC activation according to whether
the liver injuries are viral or alcoholic [10, 11, 22].

Dimethylnitrosamine (DMN), the commonly detected
N-nitrosamine in food, is metabolized in the liver. If a
high dose of the chemical is administrated by one injec-
tion to experimental animals, it causes submassive 
necrosis that resembles human fulminant hepatitis [23].
On the other hand, it is well known that repeated injec-
tions of smaller dose DMN develop liver fibrosis or 
cirrhosis [1, 12, 17, 19, 20, 25]. In the latter treatment
with DMN, the features of acute, subacute, and chronic
injuries are admixed in the same liver after each injec-
tion [1, 12, 17, 19, 20, 25]. This may cause difficulty 
in the assessment of pathological findings. For these 
reasons we examined the sequential changes to fibrosis
following submassive hepatic necrosis induced by only
one injection of high dose DMN and showed the useful-
ness of this experimental model for the study of postne-
crotic liver fibrosis and tissue remodeling. Furthermore,
the present study demonstrates for the first time the pro-
cess of HSCs recruitment in their necrotic areas.

Materials and methods

Animals

Forty male Wistar strain rats (7–10 weeks old) were used for
DMN-induced liver injuries as well as five untreated rats and five
saline-injected rats for normal controls. All animals were main-
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tained under 12 h light/12h dark cycles in a day with food and 
water available ad libitum. Acute hepatic injury was induced by an
intraperitoneal injection of DMN (Sigma, St. Louis, Mo., USA) in
dose of 50 mg (diluted 1:100 with 0.15 M NaCl)/kg body weight,
and four rats per each group were killed 6, 12, 24, 36 h and 2, 3, 5,
7, 10, and 14 days after the injection. The saline-injected rat group
received only an equivalent amount of saline. Four rats in each
time interval after treatment with DMN and three control rats 
received an intraperitoneal injection of 5-bromo-2-deoxyuridine
(BrdU; 10 mg/kg body weight, at a concentration of 20 mg/ml in
saline) 1 h before killing. All of the animals were anesthetized with
diethylether before killing. Their livers were rapidly removed.

This study was approved by the Animal Care and Use Com-
mittee of Kochi Medical School and followed the National Insti-
tutes of Health guidelines for humane care and use of animals.

Light microscopy and immunohistochemistry

Liver tissues from DMN-treated and control groups were fixed in
10% phosphate-buffered formalin for 2 days and then embedded in
paraffin. The formalin-fixed and paraffin-embedded liver tissue sec-
tions about 3 µm thickness were dewaxed, rehydrated, and stained
with hematoxylin and eosin, silver impregnation for reticulin fibers,
and the Azan method for collagen fibers. Enzyme histochemistry
for naphthol AS-D chloroacetate esterase was also performed. For
immunohistochemical staining endogenous peroxidase was inhibit-
ed by 0.3% hydrogen peroxide in methanol for 15 min at room tem-
perature and rinsed with 0.01 M phosphate-buffered saline (PBS;
pH 7.2); (5 min, three times), and incubated in 10% normal rabbit
serum (Dako) for 10 min. Subsequently they were incubated over-
night at 4°C with each monoclonal antibody for a-smooth muscle
actin (ASMA; 1A4, Dako, Glostrup, Denmark; 1:50), BrdU (Bu20a,
Dako; 1:20), desmin (D33, Dako; 1: 50), and ED1 (Serotec, Oxford,
UK; 1:500). After rinsing with PBS these sections were incubated
for 60 min at room temperature with a 1:200 dilution of biotinylated
rabbit anti-mouse IgG F(ab’)2 fragment (Dako) for all stainings. 
After rinsing with PBS these sections were incubated for 60 min at
room temperature in an avidin-biotin-peroxidase complex solution.
Finally, the sections were immersed in a substrate solution of 0.5%
3,3¢-diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis,
Mo. USA) and 0.1% hydrogen peroxide in 0.05 M Tris buffer,
pH 7.6 for three min at room temperature. The sections were lightly
washed, counterstained with hematoxylin, dehydrated in ethanol,
and mounted with Eukitt (Kindler, Freiburg, Germany). As a nega-
tive control for immunostaining, sections were incubated in normal
mouse serum at the same concentration as that of the primary anti-
bodies used in this study.

Double immunohistochemical staining with anti-ASMA 
and anti-BrdU antibodies

To simultaneously detect cytoplasmic ASMA localization and 
nuclear BrdU incorporation in the same section sequential double
immunohistochemical stainings were used. Briefly, sections were
treated with methanol/peroxide as described above, and incubated
with anti-BrdU for 60 min at room temperature. They were incu-
bated with the avidin-biotin-peroxidase complex solution and im-
mersed in 0.5% DAB and 0.1% hydrogen peroxide in 0.05 M Tris
buffer as above. The nuclei of cells in the S-phase showed a
brown color. Then the sections were incubated overnight with 
anti-ASMA antibody. After washing with PBS (pH 7.2) they were
treated for 30 min with alkaline phosphatase conjugated rabbit 
anti-mouse IgG (Dako; diluted 1:50). To visualize the reaction for
alkaline phosphatase the sections were stained with fast blue BB.
The cytoplasmic reaction product for ASMA showed a blue color.

Silver impregnation and immunohistochemical stain for ASMA

After silver impregnation the sections were incubated overnight with
anti-ASMA antibody and visualized by DAB as described above.

Quantification for immunohistochemistry and double 
immunohistochemistry

The BrdU-positive hepatocytes and the ASMA-positive activated
HSCs with a BrdU-labeled nucleus were counted in the rat liver
parenchyma, excluding necrotic and fibrotic areas, at varying 
duration after DMN treatment. The mean number of these cells in
20 randomly selected fields under moderate magnification (x200)
was calculated from four rat livers in every group. The data were
expressed as the means ±standard error of the mean. The differ-
ences between two independent groups were tested by Student’s
paired t-test. The difference was considered significant when P
values were less than 0.05.

Electron microscopy

Small pieces of liver tissues were prefixed in 2.5% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.4) for 24 h at 4°C and postfixed
in 1% osmium tetroxide in phosphate buffer for 2 h at 4°C fol-
lowed by dehydration and embedding in epoxy resin. For selecting
optimal areas, semithin sections were stained with toluidine blue.
Ultrathin sections stained with uranyl acetate and lead citrate were
examined with a JEM 100S electron microscope (JEOL, Tokyo,
Japan).

Results

Light microscopic and immunohistochemical 
observations

In control livers of untreated or saline-injected rats HSCs
strongly positive for ASMA and desmin, i.e., HSCs with
myofibroblastic transformation (activated HSCs), were
not seen in the liver parenchyma. There were not any
types of inflammatory cells present. All DMN-treated rats
survived until they were killed. Liver tissues from rats in
the same time interval after DMN treatment showed simi-
lar morphological changes. Six hours after DMN injec-
tion the centrilobular sinusoids were dilated. In addition,
neutrophils positive for naphthol AS-D chloroacetate es-
terase were frequent in the sinusoidal lumen or with their
adhesion to the sinusoidal wall. After 12 h small necrotic
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Fig. 1 Submassive hemorrhagic necrosis with extension into
zones 3 and 2 36 h after DMN injection. N Necrotic areas; P por-
tal tract; arrow central vein. Hematoxylin and eosin; bar 40 µm



foci appeared in the centrilobular area, with infiltration of
a few small macrophages and neutrophils. After 24 h the
liver necrosis became more prominent and peaked at
36 h. The submassive hemorrhagic necrosis with exten-
sion into zones 3 and 2 developed, while the hepatic pa-
renchyma around the portal tracts was preserved (Fig. 1).
Neither ASMA-positive HSCs nor desmin-positive HSCs
were observed in the necrotic areas (Fig. 2a, b), while a
few HSCs weakly positive for ASMA or desmin were
scattered within the preserved parenchyma. On days 2
and 3 after injection numerous ED-1 positive macro-
phages and other types of inflammatory cells infiltrated
the necrotic areas (Fig. 3). On day 3 a few HSCs strongly
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Fig. 2a, b At 36 h after DMN injection HSCs positive for ASMA
and desmin are not seen in submassive necrotic areas (N). Vascu-
lar smooth muscle cells and pericytes in the portal tract (P) are
positive for ASMA and desmin. Very few quiescent HSCs in the
preserved parenchyma (H) are weakly positive for ASMA and
desmin. V Central vein. Immunohistochemical stain for ASMA (a)
and desmin (b); bar 40 µm

Fig. 3 On day 3 after DMN injection numerous ED-1 positive
macrophages infiltrate into the necrotic area (N) and some of them
adhere to the wall of a central vein (V). P Portal tract. Immuno-
histochemical stain for ED-1; bar 40 µm

Fig. 4 a On day 5 after DMN injection the interface between the
necrotic area and the preserved liver parenchyma is irregular. In
the necrotic area erythrocytes and macrophages are scattered. In-
complete reticular structure is also present. Bar 80 µm. b Higher
magnification of the interface. Spindle-shaped cells (arrowheads)
are seen at the surface of liver parenchyma. H Liver parenchyma;
N necrotic area; P portal tract; V central vein; arrows foci of eryth-
ropoiesis. Hematoxylin and eosin stain; bar 20 µm



positive for ASMA and desmin appeared in the preserved
parenchyma adjacent to necrotic areas. 

With time necrotic tissues and erythrocytes were
phagocytosed and digested by macrophages. After
5 days, with considerable removal of necrotic debris and
decrease in inflammatory cell infiltration, the necrotic
areas changed to irregularly shaped spaces containing re-
sidual reticulin fibers, some erythrocytes and macro-
phages (Fig. 4a). The interface between necrotic areas
and preserved liver parenchyma was irregular but clear
(Fig. 4b). In the liver parenchyma near the necrotic areas
small foci of erythroblasts appeared from the 5th day.
The erythroblastic islands had a peak in number and size
on days 5–7 and almost disappeared on day 10 after
DMN treatment. On day 5 activated HSCs strongly posi-
tive for ASMA and desmin were present on the surface
of the preserved liver parenchyma, increased in number,
and discontinuously rimmed the border between the liver

parenchyma and necrotic areas (Fig. 5a). From the bor-
der the activated HSCs appeared to migrate into the ne-
crotic areas along the residual reticular fibers (Fig. 5b).
On day 5 BrdU-positive hepatocytes, perisinusoidal
cells, and erythroblasts were frequent in the parenchyma
(Fig. 6a). The hepatocytes positive for BrdU were absent
in control rat livers and scattered in very few numbers
6 h after DMN injection but significantly increased in
number from 24 h, with a peak on day 2, followed by a
plateau until the seventh day after DMN injection
(Fig. 6b). Some of the activated HSCs, which were
strongly positive for ASMA, had a BrdU-positive nucle-
us (Fig. 7a). They increased in number from day 3 on-
wards and reached a peak on day 7 (Fig. 7b), thereafter
falling toward control values on day 14. On day 7 the 
activated HSCs were most diffusely distributed along the
sinusoids (Fig. 8) and the first histological signs of liver
fibrosis were seen around the necrotic areas. 
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Fig. 5 a On day 5 after DMN injection HSCs strongly positive for
ASMA appear along the surface of the preserved liver parenchyma
(arrowheads) and extend into the necrotic area (arrows). Immuno-
histochemical stain for ASMA; bar 80 µm. b ASMA in the cyto-
plasm is stained brown, while reticulin fibers are black. ASMA-
positive activated HSCs are closely contacted with reticulin fibers
along the margin of liver parenchyma (arrowheads) and in the ne-
crotic area (arrows). Silver impregnation and immunohistochemi-
cal stain for ASMA; bar 20 µm. H Liver parenchyma; N necrotic
area; P portal tract; V central vein

Fig. 6 a On day 5 after DMN injection some hepatocytes (arrows)
and perisinusoidal cells (arrowheads) in the parenchyma are 
positive for BrdU. N Necrotic area; P portal tract; V central vein;
bar 40 µm. b Number of BrdU-positive hepatocytes in preserved
liver parenchyma. Data were expressed as mean ±standard error of
the mean. *P<0.05, **P<0.001 vs. 6 h after DMN injection



The postnecrotic irregularly shaped spaces were grad-
ually replaced by regenerating hepatocytes and fibrosis.
After 14 days thin fibrous tissue bands from adjoining
centrilobular areas joined, forming the C-C bridging 
ibrosis (Fig. 9a). At this time almost all HSCs in the 
parenchyma became negative for ASMA again, although
most of the spindle-shaped stromal cells in the areas of
C-C bridging fibrosis stained positively with ASMA
(Fig, 9b). The portal tracts were almost normal through-
out the periods after DMN injection. Sequential histo-
pathological changes in rat livers and in the number of
BrdU-positive hepatocytes as well as activated HSCs in
the preserved parenchyma after a single intraperitoneal
injection of DMN are summarized in Table 1. 
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Fig. 7 a ASMA-positive HSCs having a BrdU-labeled nucleus
(arrows) are identified in the preserved liver parenchyma on day 5
after DMN injection. BrdU is stained brown and ASMA blue. Un-
labeled nuclei show a pale blue. P Portal tract; N necrotic area.
Double immunohistochemical stain with anti-ASMA and anti-
BrdU antibodies; bar 20 µm. b Number of ASMA-positive HSCs
with a BrdU-positive nucleus in preserved liver parenchyma. Data
were expressed as mean ±standard error of the mean. *P<0.001
vs. 3 days after DMN injection

Fig. 8 On the day 7 after DMN injection HSCs strongly positive
for ASMA (activated HSCs) are increased in number and diffusely
distributed in the liver parenchyma along the sinusoidal wall. 
N Necrotic area; P portal tract; V central vein. Immunohistochemi-
cal stain for ASMA; bar 80 µm

Fig. 9a, b On day 14 after DMN injection thin bundles of C-C
bridging fibrosis binding adjacent centrilobular areas are seen. 
a Necrotic areas are replaced by regenerating hepatocytes and fi-
brosis. b No ASMA-positive HSCs are present in the parenchyma,
but there are many stromal cells positive for ASMA in the area of
C-C bridging fibrosis. P Portal tract; arrows central vein. Silver
impregnation (a) and immunohistochemical stain for ASMA (b);
bar 80 µm



Ultrastructural finding

After 24 h platelets and various types of inflammatory
cells including macrophages, neutrophils, eosinophils,
and lymphocytes were seen in the necrotic areas of
DMN-treated rat livers (Fig. 10). At 36 h, the most 
severe time point of necrosis, the sinusoidal structure
was completely destroyed, resulting in the loss of the
normal topographical relationship of sinusoidal cells.
Neither HSCs containing fat droplets (quiescent HSCs)
nor activated HSCs with myofibroblastic transformation
were found in the necrotic areas. However, on day 5 
occasional myofibroblasts originating from HSCs were
observed in close association with macrophages, at the
interface between the preserved liver parenchyma and
the necrotic areas. They had well-developed rough endo-

plasmic reticulum and Golgi complexes in their cyto-
plasm. Microfilaments ran in bundles in the subplasma-
lemmal region (Fig. 11). On day 8 myofibroblasts with
typical ultrastructural features were frequently seen in
the fibrotic areas (Fig. 12). 

Discussion

It is well known that the activation of surviving HSCs in
the hepatocyte necrotic areas, i.e., myofibroblastic trans-
formation of HSCs, occurs promptly, irrespective of
cause [10, 18]. It is an important initial event in the pro-
cess of liver fibrosis [10, 18]. Immunohistochemically
the quiescent and activated HSCs can be differentiated
by the difference in their cytoplasmic staining intensity
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Fig. 10 At 24 h after DMN 
injection platelets (arrows) and
numerous inflammatory cells
consisting of macrophages
(double arrows), neutrophils
(asterisks), an eosinophil 
arrowhead), and lymphocytes
(double arrowheads) are identi-
fied in the necrotic area. The
trabecular arrangement of liver
cells and sinusoidal structure 
is completely lost. Endothelial
cells and even HSCs are not
present. H Hepatocyte; 
bar 2.5 µm

Table 1 Sequential morphological changes in rat livers and num-
ber of BrdU+ cells in preserved parenchyma after a single injec-
tion of high-dose DMN; the number of BrdU+ cells is graded 

as –, +, ++, +++, and ++++, based on the results shown in Figs. 6b
and 7b (ASMA a-smooth muscle actin, HSC hepatic stellate cell,
C-C central-to-central)

Characteristic findings in liver parenchyma Hepatocytes ASMA+

HSCs

6 h Dilatation of centrilobular sinusoids; frequent occurrence of neutrophils in sinusoids ± –
12 h Appearance of small necrotic foci with infiltration of small macrophages and neutrophils + –

in the centrilobular areas
24 More prominent necrosis with more significant infiltration of inflammatory cells than at 12 h ++ –
36 h Development of submassive hemorrhagic necrosis with extension into zones 3 and 2 ++++ –

2 days Massive infiltration of inflammatory cells, predominantly macrophages, in necrotic areas ++++ ±
3 days Appearance of a few HSCs strongly positive ASMA and desmin in preserved parenchyma ++++ +
5 days Considerable removal of tissue debris from necrotic areas; rimming of preserved parenchyma ++++ ++

by activated HSCs and their migration into necrotic areas along residual reticular fibers; 
formation of small erythroblastic islands in liver parenchyma adjacent to necrotic areas

7 days Diffuse distribution of ASMA+ HSCs along the sinusoids; first signs of fibrosis ++++ +++
10 days Almost all replacement of postnecrotic space by regenerating hepatocytes and fibrosis; +++ ++

disappearance of erythropoiesis
14 days Formation of C-C bridging fibrosis ++ –



for desmin [2, 20] and ASMA [7, 15, 24]. When HSCs
are activated, they become strongly positive for ASMA
[7, 15, 24]. In the present study after a single injection of
high-dose DMN, the quiescent and activated HSCs were
not observed in the submassive hepatocellular necrotic
areas. This finding is similar to that of our previous 
autopsy case of a patient with herpes simplex virus hepa-
titis [26]. However, it is different from those of human
massive and submassive hepatic necrosis [8] and carbon
tetrachloride-induced acute liver injury [5, 6] in which
HSCs in hepatocyte necrotic areas survive and are
promptly activated [5, 6, 8]. The reaction of HSCs in 

hepatocyte necrotic areas of human and animal livers
may depend on the degree and mechanism of liver inju-
ries. When the injury is moderate, HSCs adjacent to 
necrotic liver cells are rather activated and show a myo-
fibroblastic transformation. However, if the liver injury
is severe, HSCs may be destroyed, resulting in cell
death. On the other hand, according to Hirata et al. [16],
a high dose of DMN caused HSC apoptosis and subse-
quent endothelial sinusoidal cell degeneration with liver
cell necrosis in rat livers, while in the CCl4-induced liver
cell necrosis, HSCs and sinusoidal endothelial cells were
almost intact. Furthermore, if the metabolite, such as 
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Fig. 11 On day 5 after DMN
injection an activated HSC 
(arrow) with long cytoplasmic
processes is seen in the necrotic
area adjacent to the preserved
liver parenchyma, closely 
admixed with macrophages
(arrowheads). A macrophage
(asterisk) phagocytoses a 
necrotic liver cell. H Hepato-
cyte; bar 5 µm

Fig. 12 On day 8 after DMN
injection typical myofibroblasts
(M) are frequently seen in the
fibrotic area; bar 2.5 µm



acetaldehyde in alcohol metabolism, directly stimulates
the HSCs, they may be activated without liver cell necro-
sis [11]. In this study a few HSCs strongly positive 
for ASMA and desmin occurred in the preserved liver
parenchyma on day 3 after DMN treatment. Further-
more, the activated HSCs with a BrdU-positive nucleus
are occasionally seen in the parenchyma. Then on day 5
the activated HSCs appeared at the border between the
preserved liver parenchyma and necrotic areas. From the
border they appeared to migrate into the necrotic area
along the residual reticulin fibers. On day 7 after DMN
treatment, when the activated HSCs became most nu-
merous, the first sign of fibrosis occurred in the centri-
lobular areas. However, on day 14, almost all HSCs in
the parenchyma became negative for ASMA again.
These findings suggest that HSCs in the preserved liver
parenchyma may be activated, proliferate, migrate into
the necrotic areas, and play a major role in the post-
necrotic liver regeneration and fibrosis. When the liver
parenchyma regenerates, and the HSCs acquire the nor-
mal topographical relationships to liver cells and other
types of sinusoidal cells, they may again show the mor-
phological and phenotypical features for quiescent
HSCs. Marked differences in the ASMA-immunostain-
ing of HSCs in liver parenchyma between day 7 and day
14 after DMN injection, as shown in Figs. 8 and 9b ,
suggest the phenotype reversion of HSCs with regenera-
tion. On the other hand, with the healing of liver injuries,
the activated HSCs may be deleted by apoptosis [14],
such as with the myofibroblasts in the experimental
wound healing of the skin [4]

In experimental models of liver injuries induced by
repeated injections of DMN [1, 12, 17, 19, 20, 25] or
carbon tetrachloride [5, 6, 21], acute and chronic lesions
are both present in the same liver. The pathological fea-
tures are further modified with the adaptation of cells
and tissues to repeated injections in the long duration.
Our model with its use of a single shot of high-dose
DMN, has merit in that we can examine the sequential
changes from the necrosis of hepatocytes and HSCs to
the regeneration of hepatocytes and the development of
fibrosis by activated HSCs.

In conclusion, no HSCs survived in the submassive
hemorrhagic necrotic areas after a single injection of
high-dose DMN. Afterwards, HSCs in the preserved 
liver parenchyma were activated, proliferated, and 
migrated into the necrotic areas. Subsequent replacement
of necrotic areas by regenerating hepatocytes and fibro-
sis may indicate that the activated HSCs play a signifi-
cant role not only in the remodeling of sinusoidal wall
necessary for the regeneration of hepatocytes but also in
the formation of C-C bridging fibrosis at the site of the
incomplete regeneration.
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