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Abstract The hepatic stellate (Ito) cell lies within the
space of Disse and has a variety of functions. Stellate
cells store vitamin A in characteristic lipid droplets. In
the normal human liver, the cells can be identified by the
presence of these lipid droplets; in addition, many stel-
late cells in the normal liver express &-smooth muscle
actin. In acute liver injury, there is an expansion of the
stellate cell population with increased o-smooth muscle
actin expression; stellate cells appear to play a role in ex-
tracellular matrix remodelling after recovery from injury.
In chronic liver injury, the stellate cell differentiates into
a myofibroblast-like cell with marked expression of o-
smooth muscle actin and occasional expression of des-
min. Myofibroblast-like cells have a high fibrogenic ca-
pacity in the chronically diseased liver and are also in-
volved in matrix degradation. In vitamin A intoxication,
hypertrophy and proliferation of the stellate and myofi-
broblast-like cells may lead to non-cirrhotic portal hy-
pertension, fibrosis and cirrhosis. In liver tumours, myo-
fibroblast-like cells are involved in the capsule formation
around- the tumour and in the production of extracellular
matrix within it. The transition of stellate cells into myo-
fibroblast-like cells is regulated by an intricate network
of intercellular communication between stellate cells and
activated Kupffer cells, damaged hepatocytes, platelets,
endothelial and inflammatory cells, involving cytokines
and nonpeptide mediators such as reactive oxygen spe-
cies, eicosanoids and acetaldehyde. The findings suggest
that the stellate cell plays an active role in a number of
human liver diseases, with a particular reactivity pattern
in fibrotic liver disorders.
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Introduction

The space of Disse of the liver harbours an intriguing
cell which is known under a variety of names: Tto cell,
fat-storing cell, lipocyte, perisinusoidal cell, parasinusoi-
dal cell, or, as was recently proposed, hepatic stellate
cell. The cell was originally described as “Sternzelle”
(stellate cell) by von Kupffer in 1876 who identified the
cells with a gold impregnation technique [118]. Howev-
er, von Kupffer later confused these cells with liver mac-
rophages which now bear his name. Ito and Nemoto [62]
showed that the stellate cells are distinct from macro-
phages and sinusoidal endothelial cells, and Wake dem-
onstrated their vitamin A storing capacity [119] (for a
historical review, see Aterman [4]).

Stellate cells are located in the space of Disse, under
the endothelial cell layer. The cells have long cytoplas-
mic processes which underly the endothelium and em-
brace the sinusoid on the one hand, and which make con-
tact with a great number of hepatocytes, on the other
(Fig. 1). They also make contact with neighbouring stel-
late cells and nerve endings. An intriguing aspect of stel-
late cell function is the capacity to express a dual pheno-
type. In healthy liver, the cells show the “quiescent phe-
notype”, that is to say, they contain vitamin A-rich lipid
droplets, under developed organelles and show a low
proliferation rate. In the chronically diseased liver, the
cells acquire the “activated phenotype™ — they differenti-
ate into myofibroblast-like cells with high proliferative
capacity, thereby losing their vitamin A-containing fat-
droplets, and developing a prominent rough endoplasmic
reticulum, extensive microtubules and bundles of actin
filaments with local condensations. A variety of func-
tions have been ascribed to the stellate cells and the
myofibroblast-like cells derived from them: they take up,
store, and release retinoids; they, particularly in their
myofibroblast-like form, synthesize and secrete extracel-
lular matrix proteins (collagens I, III, IV, V and VI, fi-
bronectin, laminin, tenascin, undulin, hyaluronan and
proteoglycans); stellate cells and derived myofibroblast-
like cells in particular synthesize and secrete extracellu-
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Fig. 1 Schematic representation of the localization of the stellate
cell in the sinusoidal wall. S stellate cell, £ endothelial cell, H he-
patocyte, K Kupffer cell, P pit cell, ISP intersinusoidal processes,
HCP hepatocyte-contacting processes, SD space of Disse, C colla-
gen fibrils, SL sinusoidal lumen. (From [120] with permission of
the author, courtesy of Professor K. Wake, Tokyo University)

lar matrix degrading metalloproteinases and tissue inhib-
itors of metalloproteinase-1; in both forms they synthe-
size and secrete cytokines and, especially, as myofibro-
blast-like cells they are able to contract in response to
vasoactive substances and are thus potentially involved
in the regulation of hepatic sinusoidal tone.

Several reviews on hepatic stellate cells have been
published in recent years, considering general aspects
[95, 99] or focusing on their biology [39], their role in fi-
brogenesis [15, 32, 41, 42], matrix degradation [2] and
retinoid storage [51]. Current data on stellate cells is de-
rived primarily from data from animal models, and infor-
mation on stellate cells in human pathology is still
scanty. It is interesting to note that there are some differ-
ences between rat and human stellate cells. They differ,
in particular in their expression of intermediate filaments
and other cellular markers. Most rat stellate cells express
desmin [7, 123] and glial fibrillary acidic protein (GFAP)
[36, 88, 89]. In normal human liver, stellate cells are de-
void of desmin [108] while GFAP expression is limited
to a small subpopulation of stellate cells [49]. The ex-
pression of o-smooth muscle actin varies between rats
and human stellate cells, both in quiescent stellate cells
and myofibroblast-like cells [7, 28, 92, 108, 109, 122],
and there are subtle differences between rat and human
stellate cells in culture [34]. It is the purpose of this re-
view to summarize the present knowledge concerning
the role of the hepatic stellate cell in human pathology.
We will focus on available knowledge on stellate cells in

human liver diseases and stress the differences with find-
ings in the rat where necessary.

Identification of human hepatic stellate cells -
heterogeneity of the stellate cell population

Hepatic stellate cells are not readily recognised in rou-
tinely (haematoxylin and eosin) stained sections. Certain
staining techniques, electron microscopy or immuno-
cytochemical markers are needed for their identification
(Table 1). Histological techniques used are toluidine biue
staining [13, 48, 53, 54, 55, 93], basic fuchsin staining
[35] and oil-red-O [56], which all allow the detection of
the characteristic lipid droplets (Fig. 2). A minority of
cells possess no lipid droplets, however [112]. The cells
can also be detected by the autofluorescent properties of
vitamin A, which causes a rapidly fading blue-green flu-
orescence at 328 nm. This method can be used in rats
and has been successfully applied in cases of vitamin A
intoxication in humans [47, 106, 124] but in other condi-
tions it is impractical in the human liver because of rapid
fading of fluorescence and marked background fluores-
cence. Von Kupffer originally described the cells using a
gold chloride method; this method has been modified
[67, 116] but occasionally yields inconsistent results. Us-
ing gold chloride staining on human liver a higher num-
ber of positive cells was observed in the centrolobular ar-
eas [67]; positivity of this stain depends on the presence
of vitamin A in the stellate cells [67, 116]. Cellular reti-
nol-binding protein is another marker for stellate cells in
human liver that relies on their vitamin-A storing capaci-
ty [91].

Electron microscopic features of stellate cells include
the presence of lipid droplets that compress the nucleus
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Table 1 Identification methods and markers for rat and human hepatic stellate and myofibroblast-like cells*

Rat

“Quiescent” steflate cells

Myofibroblast-like cells

Fat stains (toluidine blue, +
basic fuchsin, oil-red-Q)
droplets)

Transmission electron microscopy +
Methods based upon detection of vitamin A

autofluorescence +

gold chloride stain +

cellular retinol-binding protein unstudied
Antibodies to cytoskeletal proteins:

desmin +

(a minority of cells possess no lipid

unstudied

(in pericentral region up to 50%
of cells are negative)

glial fibrillary acidic protein +
(not expressed in
periportal cells)
vimentin** +
o-smooth muscle actin +

Others: neural cell adhesion molecule -

+

(expression less than
in quiescent cells)

+

+

+

Human

“Quiescent” stellate cells

Myofibroblast-like cells

Fat stains (toluidine blue, +
basic fuchsin, oil-red-Q)
droplets)
Transmission electron microscopy +
Methods based upon detection of vitamin A:
autofluorescence HAE
gold chloride stain +
cellular retinol-binding protein +
Antibodies to cytoskeletal proteins:
desmin -
glial fibrillary acidic protein +

(mainly expressed in
cells around portal tract)

vimentin®* +
o-smooth muscle actin

+
(different degrees of positivity reported,

(a minority of cell possesses no lipid

unstudied

+

(a small fraction of the cells are positive)
+

(expression greater

than in quiescent cells)

+

+

probably depending on technique)

Others: neural cell adhesion molecule +

unstudied

predominantly periportal

* Myofibroblast-like cells are thought to be derived from stellate cells. For further details and references, see text
** yvimentin is not a very useful marker as it is also expressed by Kupffer and endothelial cells

*** only succesfully applied in cases of vitamin A intoxication

(Fig. 3), a moderately developed rough endoplasmic re-
ticulum, moderate amounts of cytoskeletal elements,
small numbers of mitochondria and the presence of long
processes underlying the endothelium {11, 12, 13, 48,
53-55, 57, 84, 93].

Immunohistochemically, stellate cells may be identi-
fied by antibodies to cytoskeletal proteins. In rats, des-

min is a good marker for stellate cells [123], although up
to 50% of centrolobular stellate cells are desmin negative
[7]. In normal adult human liver, stellate cells are desmin
negative [90, 108, 122], but may stain for a-smooth mus-
cle actin (Fig. 4). Schmitt-Griff and colleagues [108]
found that stellate cells are only exceptionally t-smooth
muscle actin positive in the normal human liver. o-
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Fig. 2 Normal human liver.
Stellate cells (arrows) are
readily identified in toluidine
blue-stained sections by the
presence of characteristic lipid
droplets (Toluidine blue, x 950)

Fig. 3 Transmission electron
microscopy of a stellate cell in
normal human liver shows the
vitamin A-containing lipid
droplets that compress the nu-
cleus; the remaining cytoplasm
is scanty and few organelles are
visible. A few collagen bundles
are observed in the vicinity of
the cell (arrowheads) (Bar

1 pwm)

smooth muscle actin is, however, positive in embryonic
and infant liver. Using a slightly different technique,
Yamaoka et al. [122] and Enzan et al. [28] found o-
smooth muscle actin positivity in the stellate cells in nor-
mal human liver (Fig. 4). Not all stellate cells were posi-
tive, however, and positive cells were unevenly distribut-
ed in the lobules [28] with centrolobular preponderance
[122]. The reaction product was present in the peripheral
cytoplasm and the cell processes and the a-smooth mus-
cle actin positive cells showed no signs of myofibroblas-
tic differentiation [28]. Like most cells of mesenchymal
origin, human and rat stellate cells express vimentin [1,
18]. Because vimentin is also found in Kupffer and en-

dothelial cells [1], it is a less useful marker. Rat stellate
cells contain GFAP, the major component of the interme-
diate filaments in astrocytes [36, 88, 8§9]. The GFAP-ex-
pressing stellate cell subpopulation partially differs from
the desmin-expressing subpopulation: desmin is prefer-
entially expressed in periportal stellate cells whereas
GFAP-positive stellate cells are more evenly distributed
throughout the lobule but are absent in a narrow peripor-
tal zone [89]. GFAP expression diminishes after chronic
carbon tetrachloride (CC14) exposure [88, 89]. In normal
human liver, GFAP expression is limited to a small sub-
population of stellate cells located at the edge of, or
around, the portal tracts. In cirrhosis, GFAP expression



Fig. 4 In normal human liver, a-smooth muscle actin staining re-
veals positivity of stellate cells (thick arrows). Not all stellate cells
in human liver are o--smooth muscle actin positive, however. Note
the cytoplasmic extensions. (x 125)

is enhanced with positive cells lying at the edge of re-
generative nodules or in clusters in the nodules [49]. Fi-
nally, stellate cells express neural cell adhesion molecule
(N-CAM) [66, 87]. In normal human liver expression is
predominantly periportal [87]. In normal rat liver little
N-CAM positivity is detectable, but in fibrotic liver
marked N-CAM expression is present in a subpopulation
of myofibroblast-like cells [66].

It is interesting that stellate cells, which are often re-
ferred to as “liver-specific pericytes” because they exhib-
it striking similarities with vascular smooth-muscle cell-
like pericytes in other organs [95], posses markers of
cells of astroglial (GFAP) and neural (N-CAM) lineage.
Furthermore, their pattern of intermediate filament ex-
pression is striking. Rat hepatic stellate cells posses at
least three intermediate filaments (desmin, vimentin and
GFAP), and many stellate cells in culture express all
three intermediate filaments concurrently [14]. This
combination of intermediate filament expression is
unique for the stellate cell [14]. Moreover, the simulta-
neous expression of three intermediate filaments in one
cell seems to be rare, and even the simultaneous expres-
sion of two intermediate filaments is unusual in quies-
cent, differentiated adult cells. Vimentin is expressed by
human hepatic stellate cells [18], but desmin and GFAP
are only detected in a small subpopulation of human he-
patic stellate cells. It is therefore tempting to suggest that
human hepatic stellate cells possess at least one other, at
present uncharacterized, intermediate filament.

The patterns of intermediate filament expression il-
lustrate the existence of considerable heterogeneity
within the stellate cell population, both in rat and hu-
man. This has been documented for desmin [7, 108],
GFAP [88, 89], N-CAM [87] and ¢-smooth muscle ac-

Fig. 5 Phase contrast microscopy of human hepatic stellate cells
that have been in culture for 2 weeks, (x 450). The stellate cells
acquire a “fibroblastic” appearance; a limited number of lipid
droplets is still visible (arrow). (From [115] with permission of
the publisher, courtesy of Dr. AM.B.C. Tiggelman, Academic
Medical Center, University of Amsterdam)

Fig. 6 o-smooth muscle actin expression by human hepatic stel-
late cells that have been cultured for 2 weeks (x 560). (From [115]
with permission of the publisher, courtesy of Dr. AM.B.C. Tiggel-
man, Academic Medical Center, University of Amsterdam)

tin expression [28, 108] and for retinoid content, size
and number of droplets, and arborisation {11, 12, 41, 48,
112, 119]. This heterogeneity often has a zonal distribu-
tion [7, 41, 87, 89]. The cause and functional signifi-
cance of the heterogeneity are unclear but it may be re-
lated to the exertion of specific functions by subpopula-
tions of stellate cells. The zonal character of stellate cell
heterogeneity has been related to the “streaming liver”
concept, in which hepatocytes and accompanying sinu-
soidal cells move from portal (stem cell compartment)
to central regions during their life span [125]. In this hy-
pothesis, stellate cells might be dynamic during their
life span [41]. Another hypothesis [41] relates stellate
cell heterogeneity to the gradient in matrix composition
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Fig. 7 Marked increase in the
number of lipid droplets in stel-
late cells in vitamin A intoxica-
tion. Collagen bundles are ob-
served in the vicinity of the cell
(arrows). (Transmission elec-
tron microscopy, bar 1 (tm)

Fig. 8 Stellate cell in early al-
coholic liver disease. Note the
similarities with Fig. 7, with
marked increase in lipid drop-
lets that compress the nucleus
and each other. Collagen bun-
dles are observed in the vicinity
of the cell (arrows). (Transmis-
sion electron microscopy, bar

1 wm)

which is believed to exist from portal tracts to central
veins [100].

Methods to isolate, purify and culture human stellate
cells from wedge sections of human liver have been de-
veloped [34]. Cultured on plastic, the cells spread with-
in 48-72 h; they express procollagens I and III, colla-
gen IV and laminin. After culture on plastic for more
than 7 days, cells acquire the “activated” phenotype
(Fig. 5) with increased spreading and diminished reti-
noid content, and start proliferating [34]. Cells in early
culture lack desmin, but cells in 7-day culture are des-
min positive [34] and express o-smooth muscle actin
(Fig. 6) [114, 115]. Culture on plastic thus mimicks in

vivo activation, as is the case for rat stellate cells [24,
37].

Stellate cells in acute liver disease

In acute liver disease, the stellate cell population expands
beyond the space of Disse in areas of liver injury. This
has been observed in centrolobular necrosis following
circulatory failure [67, 108], subacute massive hepatic
necrosis [67], acute viral hepatitis [60] and paracetamol-
induced liver necrosis [78]. Expansion of the stellate cell
population is accompanied by the appearance of transi-



tional stellate cells—cells that acquire certain features of
myofibroblastic differentiation. They contain a reduced
number of lipid droplets and develop an extensive, dilat-
ed rough endoplasmic reticulum and a prominent Golgi
apparatus; they become surrounded by abundant intersti-
tial collagen bundles [60, 69]. In acute viral hepatitis A,
many transitional stellate cells are observed in areas of
focal necrosis [60]. Schmitt-Griff et al. [108] found o-
smooth muscle actin positive cells around areas of peri-
venular necrosis and collapse in patients with acute heart
failure and shock surviving longer than 48 h. Using the
same marker, Mathew et al. [78] found an expansion of
the stellate cell population in moderate to severe (but not
mild) paracetamol-induced liver necrosis. They also
found an expansion of the Kupffer cell population, with a
strong correlation between the size of these two popula-
tions [78]. After recovery, the number of stellate cells re-
turned to normal.

These findings suggest that in arecas of acute liver in-
jury, an expansion of the stellate cell population occurs,
accompanied by the appearance of transitional cells and
pronounced o-smooth muscle actin expression. It is
thought that transitional stellate cells play a role in extra-
cellular matrix remodelling and tissue repair after recov-
ery from injury [60]. Findings in paracetamol-induced
liver necrosis in man closely parallel observations on the
stellate cell and Kupffer cell populations in acute liver
injury in animals [38, 52, 64] and suggest cooperation
between stellate and Kupffer cells during the response to
acute liver injury [78]. It is not clear to what extent the
accumulation of o-smooth muscle actin positive stellate
cells results from proliferation or transition of “quies-
cent” stellate cells, or to what extent the subsequent dis-
appearance of the cells is caused by retrograde transition
to quiescent cells or loss of activated cells through apop-
tosis [78]. It is interesting to note that during acute liver
injury, several changes occur in the stellate cells which
are also observed during chronic liver injury (appearance
of transitional cells, pronounced a-smooth muscle actin
positivity). At this stage, however, these changes are re-
versible and liver histology returns to normal.

Stellate cells in chronic liver disease

In chronic inflammation of the liver, stellate cells are
found outside the space of Disse as in acute liver dis-
cases. In areas of inflammation, stellate cells seen in
close proximity to damaged parenchymal cells, Kupffer
cells and various inflammatory cells. The stellate cells
differentiate into transitional cells and transform further
into cells that acquire a morphology similar to myofi-
broblasts, showing complete (or nearly complete) loss
of lipid droplets, extensive microtubules, intermediate
filaments and bundles of actin filaments with local con-
densations [48, 55, 69, 84, 93]. The cells are termed
“myofibroblast-like cells” because they seem closely re-
lated, but not identical, to myofibroblasts [37, 72, 113].
Myofibroblast-like cells express a-smooth muscle actin,
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and some of the cells also express desmin [28, 90, 108,
122].

Differentiation of stellate cells into myofibroblast-like
cells has been studied in human alcoholic and viral liver
disease as well as in a number of other conditions. In
early alcoholic liver injury a diminution of quiescent
stellate cells is observed in acinar zone 3 [55] and in the
midzone of the hepatic lobule [93] with a corresponding
increase in activated cells. In alcoholic hepatitis, activat-
ed cells are found in small foci of fibrosis in association
with inflammation and hepatocellular degenerative
changes [93]. a-smooth muscle actin positive celis are
mainly found in the perivenular zone [108] and myofi-
broblast-like cells are a common cell type in perivenular
fibrosis [86]; transitional cells are also observed. In alco-
holic hepatitis with “chicken-wire” fibrosis, a-smooth
muscle actin positive stellate cells are found surrounding
hepatocytes [108] and cell processes in the perisinusoi-
dal spaces are associated with the net-like fibrosis, some-
times linking up with the perivenular lesion [86].

In alcoholic cirrhosis, a diminution of the number of
quiescent stellate cells is found [13, 48, 84]. Bands of fi-
brous tissue contain mesenchymal cells immunoreactive
for a-smooth muscle actin; a portion of these cells coex-
presses desmin [108]. These cells are present in expand-
ing septa and in the perisinusoidal space in cases of a¢-
tive cirrhosis; in inactive cirrhosis they are restricted to
the periphery of the regenerative cell plates [108]. In the
fibrous bands of alcoholic cirrhosis, myofibroblast-like
cells usually comprise 50%—60% of the fibroblasts in the
scar tissue [105].

In chronic active viral hepatitis, there is an increase in
size, number and intensity of immunostaining of o-
smooth muscle actin-positive stellate cells in areas of
piecemeal necrosis. The cells are observed adjacent to
the inflammatory infiltrate trapping clusters of hepa-
tocytes [28, 108, 122]. The o-smooth muscle actin-posi-
tive cells have the ultrastructural features of myofibro-
blast-like cells [28]. Findings in postviral cirrhosis paral-
lel those in alcoholic cirrhosis [8, 108].

In extrahepatic cholestasis, the stellate cell population
is increased [13, 48]. In chronic large bile-duct obstruc-
tion and in early stages of primary biliary cirrhosis, o-
smooth muscle actin positive stellate cells that have the
ultrastructural features of myofibroblast-like cells are en-
countered predominantly in the periportal areas [108]. In
chrounic right-sided heart failure, o-smooth muscle actin
positive stellate cells are found around terminal venules
and cords of atrophic hepatocytes adjacent to engorged
sinusoids [108].

All these data are consistent with the assumption that
the appearance of o-smooth muscle actin and desmin ex-
pressing myofibroblast-like cells results, at least in part,
from the phenotypic modulation of stellate cells [108]. It
is thought that stellate cells are the most important cell
type involved in active fibrogenesis in chronic liver dis-
ease and that most (if not all) of the myofibroblast-like
cells in perivenular fibrosis, bridging fibrosis and cirrho-
sis originate from stellate cells. This does not exclude
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that other cell types might play a secondary role in liver
fibrogenesis. Studies in rats have demonstrated that fi-
broblasts in portal fields, the liver capsule and the so-
called second-layer cells (that is, those fibroblasts locat-
ed around the terminal branches of the central veins)
contribute to liver fibrogenesis [10]. Their contribution
may vary according to the cause of liver injury; in chole-
static liver injury after bile duct ligation portal fibro-
blasts are activated and extend into the parenchyma
whereas this is not the case in CCl,-acetone induced liv-
er injury [26]. To what extent these findings apply to hu-
man pathology remains to be seen.

The differentiation of stellate cells to myofibroblast-
like cells is regulated by an intricate network of intercel-
fular communication. Stellate cell activation happens
through interaction between stellate cells and activated
Kupffer cells, damaged hepatocytes, platelets, endotheli-
al and inflammatory cells. This occurs mainly through
secretion of cytokines, although nonpeptide mediators
such as reactive oxygen species, eicosanoids and acetal-
dehyde probably also play a role [41, 42]. Kupffer cell-
conditioned medium enhances proliferation of stellate
cells, increases extracellular matrix production and pro-
motes transition of the quiescent into the myofibroblast-
like phenotype [33, 43, 80, 110, 123]. The main factor
responsible for these effects seems to be transforming
growth factor(TGF)-. Exposure of stellate cells to TGF-
B increases extracellular matrix protein synthesis [5, 6,
18, 20, 21, 79, 80, 115, 120]. TGF-P inhibits prolifera-
tion of parenchymal and stellate cells, however [21, 30,
80, 81, 97]. Therefore, the presence of TGF-f in Kupffer
cell medium explains the increased extracellular matrix
synthesis but is not compatible with enhanced prolifera-
tion. Friedman and Arthur [33] have found that stellate
cells in culture proliferate in response to platelet-derived
growth factor (PDGF), but only after pretreatment with
Kupffer cell medium. This finding suggests that stellate
cell activation requires induction of PDGF receptors by
Kupffer cell-derived factor(s). PDGF is a mitogen for hu-
man liver myofibroblast-like cells in culture; this effect
is suppressible by retinoic acid, suggesting that, as in
rats, retinoids contribute to the maintenance of the quies-
cent phenotype [22]. Cultured human myofibroblast-like
cells release PDGF A- and B-chain in the culture medi-
um, raising the possibility of an autocrine or short-loop
paracrine effect of PDGF on stellate cells [76]. PDGF
has little effect on collagen synthesis [104].

TGF-B is secreted in latent form and cellular activa-
tion of latent TGF-B requires binding to the insulin-like
growth factor type II/mannose-6-phosphate (IGF-
II/M6P) receptor [25]. Stellate cells bear TGF-3 recep-
tors [31]. Activated stellate cells contain IGF-II/M6P re-
ceptor mRNA and bear this receptor at the cell surface
[23]. In co-culture of sinusoidal endothelial and activated
stellate cells the receptor is required for activation of la-
tent TGF-B [23]. In the diseased human liver, TGF-§
mRNA expression is found in stellate cells and in mesen-
chymal cells at sites of inflammation and scarring [9,
73].

Apart from TGF-, Kupffer cells release a spectrum
of other cytokines and mitogenic factors modulating the
proliferation and phenotype of stellate cells. Interleu-
kin(IL)-1o stimulates stellate cell proliferation in a con-
centration-dependent manner while inhibiting collagen
and non-collagen protein formation [80]. Tumour necro-
sis factor-o (TNF-0;) has a similar mitogenic effect but
inhibits collagen formation [80, 121]. Cultured Kupffer
cells also express TGF-oo which has a mitogenic effect
on stellate cells [82]. Bachem et al. [6] postulated a para-
crine loop in which TGF-o and TGF-f secreted by myo-
fibroblast-like cells operate cooperatively to promote
transition of quiescent and transitional stellate cells to
myofibroblast-like cells. These authors demonstrated
that differentiated stellate cells express significant
amounts of TGF-o. and TGF-f3 as well as the receptors
for these growth factors. Conditioned medium of differ-
entiated stellate cells stimulates the proliferation, trans-
formation, and proteoglycan synthesis of primary stellate
cell cultures. Similar results were obtained in co-culture
experiments of primary stellate cells with differentiated
stellate cells [6].

Other factors are probably involved in stellate cell ac-
tivation. Parenchymal cells release a 60 kDa cytosolic
protein that stimulates stellate cell proliferation [45].
This unidentified factor does not affect transition to the
myofibroblast-like phenotype or synthesis of extracellu-
lar matrix proteins, and is supposedly released from he-
patocytes by membrane damage or other forms of paren-
chymal cell injury. It provides the first mitogenic signal
to stellate cells, prior to paracrine stimuli by Kupffer
cells, inflammatory cells, and platelets [45]. Additional-
ly, hepatocyte-conditioned medium potentiates the mito-
genic effects of IGF-I and IGF-II 20-fold [46]. Acetalde-
hyde stimulates the synthesis of certain collagen types
and the proliferation of myofibroblast-like cells [17, 19,
85], although proteoglycan synthesis remains unaffected
[44]. Ethanol-induced lipoperoxidation stimulates colla-
gen gene expression [94]. Finally, reactive oxygen spe-
cies also seem involved in stellate cell activation [42].

Endothelial-stellate cell interactions probably operate
through secretion of eicosanoids. Rat liver endothelial
cells secrete thromboxane, prostaglandin(PG)E2 and
PGD2, and low amounts of prostacyclin [101]. These
prostanoids inhibit activation of platelets and promote
vasodilation, possibly by reversing contraction of stellate
cells. In addition, endothelial cells produce endothelin-1,
a strong vasoconstrictor. Stellate cells, and especially
myofibroblast-like cells, contract in response to endothe-
lin-1 [58, 96, 98, 103].

Inflammatory cells, in particular T lymphocytes and
natural killer cells, secrete interferon(IFN)-y [117]. IFN-
v decreases proliferation of stellate cells and reduces ex-
pression of a-smooth muscle actin, collagen types I and
TV, and fibronectin [44, 74, 102, 115]. Collagen synthesis
by cultured human liver myofibroblast-like cells is en-
hanced by IL-1f and IL-4 [115]. Thrombin may also be
involved in stellate cell activation and stimulates prolif-
eration of stellate cells through proteolytic activation of



its receptor [77]. Human myofibroblast-like cells in cul-
ture produce IL-6; production is eghanced by TNF-a, li-
popolysaccharide and IL-1B [114]. As IL-6 plays a key
role in the regulation of the production of acute phase
proteins by the liver, myofibroblast-like cells derived
from stellate cells are thought to play a major role in the
local production of acute phase proteins in the damaged
liver [114]. Finally, human liver myofibroblast-like cells
secrete monocyte chemotactic peptide-1; secretion is en-
hanced by IL.-1a, IEN-y, TNF-a and thrombin [75, 77].
This observation suggests that activated stellate cells can
attract mononuclear cells within injured liver tissue, es-
pecially after stimulation by pro-inflammatory cytokines
[95].

In conclusion, stellate cell activation occurs through
intercellular communication with Kupffer cells, hepa-
tocytes, platelets, endothelial cells and inflammatory
cells. The observations described above have led to the
development of the so-called three-step model of stellate
cell activation [42]. In a pre-inflammatory phase, hepat-
ocytic damage leads to release of a factor (or factors)
leading to stellate cell proliferation. During the subse-
quent inflammatory phase, cytokines of activated Kupf-
fer cells and damaged platelets are released; in particular
TGF-p affects the differentiation of stellate cells in myo-
fibroblast-like cells. In the post-inflammatory phase,
myofibroblast-like cells are stimulated through autocrine
and paracrine loops, leading to self-perpetuation of fibro-
genesis [42].

In addition to their role in fibrogenesis and extracellu-
lar matrix synthesis, stellate cells also play a role in ma-
trix degradation, through synthesis and secretion of ex-
tracellular matrix degrading metalloproteinases. A
72 kDa type IV collagenase/gellatinase (also called
MMP-2 or gelatinase A) is present in human stellate
cells [3, 83]. In freshly isolated cells mRNA levels are
low; when the cells are cultured, expression increases
with time [3]. MMP-2 expression is increased in fibrotic
human liver [2]. By in situ hybridization, MMP-2 tran-
scripts can be detected both in normal and fibrotic hu-
man liver in vimentin-positive, CD68 negative mesen-
chymal cells [83]. These cells are probably differentiated
stellate cells. Cultured human myofibroblasi-like cells
may also express interstitial collagenase (also called
MMP-1) RNA [83]. Interestingly, human stellate cells
also express tissue inhibitor of metalloproteinase type 1
(TIMP-1), a potent inhibitor of metalloproteinases [61].
TIMP-1 mRNA expression is low or absent in freshly
isolated cells but increases dramatically when stellate
cells are activated to a myofibroblast-like phenotype in
cell culture [61]. TIMP-1 expression is markedly in-
creased in fibrotic human liver when compared with nor-
mal liver [2]; this may play a role in promoting fibrogen-
esis. Stellate cells thus appear to regulate extracellular
matrix degradation at three levels: (i) at the transcription-
al level, (ii) at the level of activation of latent enzyme,
and (iii) by secretion of TIMPs [39]. The intriguing find-
ing that stellate cells are involved in the synthesis of ex-
tracellular matrix as well as in its degradation exempli-
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fies their suitability to play a key role in extracellular
matrix remodelling during tissue repair after injury.

Stellate cells in vitamin A intoxication

In the early stages of chronic vitamin A intoxication,
there is an increase in the number of stellate cells and an
increase in the number of lipid droplets per cell [40, 69]
(Fig. 7). Cells protrude into the sinusoidal lumen [69],
and, in a further stage, perisinusoidal fibrosis follows
[40, 59, 106, 124]. This can be accompanied by dilata-
tion of the sinusoidal lumen [106], resulting in sinusoidal
congestion [59, 106] and sometimes peliosis-like lesions
[40, 124]. Central vein sclerosis can be found [59, 106].
The combination of stellate cell hyperplasia, perisinusoi-
dal fibrosis and sinusoidal dilatation can lead to non-cir-
rhotic portal hypertension [40, 47, 106, 124]. Non-cir-
rhotic portal hypertension occurring early in the course
of the disease is usually due to intoxication with massive
doses, in which case portal hypertension is thought to re-
sult from obstruction of the sinusoids by hypertrophic
and hyperplastic stellate cells [40, 47, 106]. Non-cirrhot-
ic portal hypertension occurring after years of intoxica-
tion seems mainly to result from perisinusoidal fibrosis
[40, 59].

In still later stages the disease progresses to bridging
fibrosis and cirrhosis [40, 63, 65, 106]. In these stages,
the pattern of accumulation of hyperplastic stellate cells
appears to be related to the timing of vitamin A intake:
recent intake is mainly associated with lobular hyperpla-
sia [40], whereas in former intake hyperplastic stellate
cells are mainly localized in portal spaces and fibrous
septa [40, 63, 65]. At the electron microscopic level, the
cells have the appearence of myofibroblast-like cells but
still contain a high number of lipid droplets [12, 59].
Hence in vitamin A intoxication, the cells become acti-
vated to a myofibroblast-like cell without loss of vita-
min-A containing lipid droplets, in contrast with what
happens in other chronic liver diseases.

It is noteworthy that a similar accumulation of lipid
droplets in stellate cells can also be found in several dis-
eases not associated with vitamin A intoxication. This
phenomenon has been described in cholestasis [12, 13],
chronic pancreatitis [13], diabetes [68], acquired immune
deficiency syndrome [27], primary biliary cirrhosis [91]
and early alcoholic liver disease (Fig. 8) [12, 13, 48].
The pathogenesis and significance of this phenomenon
remain to be established. Several authors have postulated
that the increase in number of lipid droplets is due to ac-
cumulation of vitamin A in stellate cells [27, 91]. How-
ever, lipid droplets in stellate cells are composed of vita-
min A and other lipids, mainly triglycerides [50]. As
there is a decrease in liver vitamin A content in chronic
liver disease, especially in alcoholic liver disease [70,
71], it seems more likely that accumulation of lipids oth-
er than vitamin A occurs.
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Stellate cells and liver tumours

In focal nodular hyperplasia, abundant ¢-smooth muscle
actin positive cells are observed in the stellate scar and in
the fibrous septa. Some of these cells also express des-
min. o-smooth muscle actin positive cells are also found
in the nodular parenchyma adjacent to hepatocytes [108].
These cells have the morphology of transitional cells or
myofibroblast-like cells [12, 16, 108] and may be re-
sponsible for fibrosis in the central scar [16].

In hepatocellular adenoma, o-smooth muscle actin
positive cells are found in the fibrous capsule and in foci
of haemorrhage [108], but are much less abundant than
in focal nodular hyperplasia.

In hepatocellular carcinoma or metastatic carcinoma,
accumulation of o-smooth muscle actin positive stellate
cells is observed in areas of liver cell atrophy, congestion
or inflammation adjacent to the tumour [29, 108]. Fur-
thermore a striking proliferation of o-smooth muscle ac-
tin positive cells is seen in bands of fibrous tissue sur-
rounding tumour masses {29, 108]. The cells are some-
times positive for vimentin [29] and a small number of
these cells co-express desmin [108]. The cells are also
found in the tissue spaces between endothelial cells and
trabeculae of tumour cells. They have extending cyto-
plasmic processes and occasionally surround trabeculae
of cancer cells [29]. Immunochistochemically and ultra-
structurally, they closely resemble stellate cells that show
myofibroblastic transformation [29].

Stellate cells thus seem to play a major role in fibro-
genesis and capsule formation around liver tumours.
Stellate cell activation probably occurs as a result of
hepatocytic damage in the vicinity of the tumour. It is
suggested that the stellate cells in non-necrotic cancer
tissue produce the extracellular matrix in the tissue space
and maintain the cancerous trabecular structure. After
necrosis of cancer tissue they become activated and par-
ticipate in fibrogenesis [29].

It is unknown whether the liver stellate cells them-
selves can undergo malignant transformation in humans.
Spongiosis hepatis (also called spongiotic pericytoma), a
benign lesion that can develop in the livers of rats and
fish treated with hepatocarcinogens, is thought to be de-
rived from the stellate cells [111]. It is possible that
some human hepatic sarcomas arise out of the stellate
cells, but at present no convincing case of a “stellate cell
sarcoma” has been reported.

Conclusion and perspectives

The changes in the stellate cells which are observed in
human liver diseases indicate that they play a central role
in extracellular matrix remodelling after recovery from
acute liver injury, in chronic liver disease and in fibrous
capsule formation around liver tumours. To elucidate the
pathophysiological role of stellate cells in human liver
diseases, it is necessary to find specific differentiation
markers to characterize the different phenotypic stages of

the cell. The functional significance of the important het-
erogeneity within the stellate cell population should be
explored further. The mechanisms that regulate stellate
cell differentiation into myofibroblast-like cells also
await more detailed elucidation. The contribution of oth-
er cells to fibrogenesis in normal and diseased human
liver must be better defined. Stellate cells, and especially
myofibroblast-like cells, contract in response to vasoac-
tive substances [58, 96, 98, 103, 107], and future investi-
gations should establish whether the stellate cell plays a
role in the regulation of hepatic sinusoidal vascular tone
in humans, and whether myofibroblast-like cells are in-
volved in the pathogenesis of portal hypertension in cir-
rhosis. Knowledge concerning stellate cells expands rap-
idly and it can be expected that further study will ulti-
mately lead to therapeutic interventions aimed at the stel-
late cells. Future studies are expected to lead to drugs
that specifically influence fibrogenesis and extracellular
matrix degradation by the stellate and myofibroblast-like
cells. In patients with vitamin A intoxication, ways
might be found to remove the excess of retinoids and
limit liver damage. Finally, a better understanding of the
vasomotor role of the cell might lead to therapeutic inter-
ventions in the field of liver haemodynamics and portal
hypertension.
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