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Abstract

Interactions between hepatic stellate cells and endothelin-1 are implicated in liver fibrosis. We determined endothelin-1, its receptors
and its effects on the synthesis of a fibrogenic agent transforming growth factor (TGF)-g1 and collagen in stellate cells from control and
CCl ,-induced cirrhotic rats. The basal synthesis of endothelin-1, TGF-B1 and collagen was much higher in cirrhotic stellate cells than in
control cells. Endothelin-1 stimulated TGF-B1 and collagen synthesis via endothelin ET, and endothelin ETg receptors, respectively, in
control stellate cells, but did not elicit these effects in the cirrhotic cells despite increased density of the respective receptor subtypes in
them. These results indicate that the actions of endothelin-1 on stellate cells may be an important physiological mechanism in
maintenance of hepatic architecture. However, inability of endothelin-1 to stimulate TGF-B1 and collagen synthesis in cirrhotic stellate
cells suggests that it does not influence fibrogenic activity by direct action on them probably because the processes are already maximally

activated. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Physiologically, perisinusoidal stellate cells maintain
the architecture of the liver by synthesizing components of
extracellular matrix and the sinusoidal blood flow by
contractile activity. During chronic liver injury, stellate
cells lose their storage of retinoids, express o-smooth
muscle actin, and transform into proliferating myofibrob-
last-like cells that are highly contractile and excessively
fibrogenic. Thus, stellate cells play an important role in
fibrogenesis during the development of liver cirrhosis
(Blomhoff and Wake, 1991; Geerts et a., 1994; Nakata
and Shibayama, 1987).
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Hepatic concentrations of endothelin-1, a powerful con-
strictor of the hepatic vasculature (Gandhi et al., 1990;
Tran-Thi et a., 1993), and its receptors increase progres-
sively during the development of experimental cirrhosis
(Gandhi et al., 1998). Furthermore, hepatic concentrations
of endothelin-1 and its receptors increase in human cirrho-
sis (Gandhi et al., 1996a; Pinzani et a., 1996) and there is
a direct relationship between endothelin-1 receptor gene
expression and portal pressure in cirrhotic patients (Leivas
et al., 1998). Endothelin-1 causes contraction of quiescent,
(Zhang et a., 1995) as well as transformed stellate cells
(Housset et al., 1993; Pinzani et a., 1996). Antagonism of
endothelin-1 receptors has been reported to reduce the
concentration of type | collagen and its mRNA in rat
models of liver fibrosis (Rockey and Chung, 1996). How-
ever, whether endothelin-1 exerts this effect by direct
actions on stellate cells is not known. Therefore, we
investigated endothelin-1, its receptors and its effects on
the fibrogenic activity of stellate cells isolated from the
livers of carbon tetrachloride (CCl ,)-induced cirrhotic rats.

0014-2999,/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

Pll: S0014-2999(00)00683-X



312 C.R. Gandhi et al. / European Journal of Pharmacology 406 (2000) 311-318

2. Materials and methods

The following chemicals and reagents were pur-
chased from the indicated sources. protease type XIV,
5-[ N-2,3-dihydroxypropylacetamido-2,4,6-troiodo-N, N'-
bis(2,3-dihydroxypropyDisophthalamide] (Nycodenz),
CCl, (99.9% purity) and BQ-788 (N-cis-2,6-dimethyl-
piperidinecarbonyl-L-yMeL eu-D-Trp(COOMe)-p-Nle-ONa)
(Sigma, St. Louis, MO); collagenase type IV (Worthington
Biochemical, Freehold, NJ); transforming growth factor
B1 (TGF-B1) (Life Technologies, Grand Island, NY); en-
dothelin-1, sarafotoxin S6c and BQ-123 (cyclo(-p-Trp-p-
Asp-Pro-p-Val-Leu-)) (American Peptide, Sunnyvale, CA);
[***1] endothelin-1 (2200 Ci /mmol) (DuPont-New Eng-
land Nuclear, Boston, MA); endothelin-1 enzyme linked
immunosorbent assay (ELISA) kit (Peninsula Laboratories,
Belmont, CA); and TGF-B1 ELISA kit and L-[2,3,4,5
®H]proline (100 Ci /mmol) (Amersham-Pharmacia, Piscat-
away, NJ).

2.1. Induction of liver cirrhosis

The experimental protocols were approved by the Uni-
versity of Pittsburgh Institutional Animal Care and Use
Committee in accordance with the guidelines of the Na-
tional Institutes of Health. Cirrhosis was induced in male
Sprague—Dawley rats (230-250 g) by intraperitoneal injec-
tion of CCl, (0.15 ml/kg twice a week for 8 weeks)
(Gandhi et a., 1996b). Control rats were injected with the
carrier (peanut oil) alone. Rats were alowed access to
sodium phenobarbital (0.4 g/1) containing water as the
only drink source throughout the induction period, starting
4 days prior to the beginning of CCl, treatment. The rats
were used in week 8 of CCl, treatment. As established
previously (Gandhi et a., 1996b, 1998), cirrhosis is fully
developed at this time of CCl, treatment, as characterized
histologically by extensive fibrosis and gross nodulality of
the liver tissue; the histological characteristics are accom-
panied by spelenomegaly, portal hypertension and ascites.
Phenobarbital and CCl , treatments were terminated 3 days
prior to the sacrifice.

2.2. Preparation of stellate cells

Stellate cells were prepared and their purity ascertained
as described previously (Gabriel et al., 1998). Briefly, the
liver was digested with protease (0.02%) and collagenase
(0.04%), and stellate cells purified on a Nycodenz (13.12%)
gradient. The concentration of collagenase was doubled for
the digestion of the cirrhotic liver. The cells were sus-
pended in Dulbecco’'s modified Eagle medium (DMEM)
containing antibiotics and 10% fetal bovine serum/10%
horse serum at a density of 2x 10° cells/ml. Aliquots
(0.5, 1.0 and 8 ml) of the cell suspension were plated in
24- and 12-well culture plates, and 100-cm? culture flasks,

respectively. The medium was renewed after 3 h and the
cells were used following an overnight incubation. Stellate
cells were characterized by light microscopy, vitamin A
autofluorescence, and immunochistochemically using spe-
cific markers for endothelial cells (antibody for factor VI1I
related antigen; DAKO, Carpintoria, CA), stellate cells
(antibody for desmin and a-smooth muscle actin; DAKO),
Kupffer cells (clone ED2; Serotec, Indianapolis, IN) and
epithelial cells (clone AE1/AE3; Boehringer Mannheim,
Indianapolis, CA) as described previously (Kuddus et al.,
2000). The purity of the cells was greater than 95%, and
the plating efficiency was greater than 75%.

2.3. [**®I] endothelin-1 binding assay

The assay was performed as described previously
(Gabriel et al., 1998). Cells were washed with Hank's
balanced salt solution (HBSS) containing 10 mM HEPES,
pH 7.4, 2 mM CaCl,, 2 mM MgCl,, and 0.1% bovine
serum albumin (buffer A), and placed in this medium
containing 0.3 mg,/ml bacitracin and 5-800 pM [**°I]en-
dothelin-1+ 1 wM unlabeled ET-1 (saturation binding). In
the competition binding assay, cells were incubated with
20 pM [**Ilendothelin-1 and 20 pM—-1 wM unlabeled
endothelin-1 (an endothelin, + endotheling agonist), 100
pM-1 mM endothelin ET, receptor antagonist BQ-123
(Ihara et al., 1992) or 20 pM—10 M endotheling receptor
agonist sarafotoxin S6c (Williams et al., 1991). After
incubation at 22°C for 2 h, the cells were washed with
buffer A and digested with 0.75 N NaOH for determina
tion of radioactivity. Specific binding of [**°I]endothelin-1
was calculated as the difference between cell-associated
radioactivity in the presence and absence of excess (1 wM)
unlabeled endothelin-1.

2.4. Determination of the mRNA expression of preproen-
dothelin-1 and endothelin receptors by semiquantitative
reverse transcriptase polymerase chain reaction (RT-PCR)

The relative levels of the low abundance mRNA tran-
scripts of preproendothelin-1, endothelin, receptor and
endotheling receptor were determined by semiquantitative
RT-PCR essentially, as described previously (Gabriel et
al., 1998, 1999). Totd RNA was prepared from the cells
using TRI reagent™ containing phenol and guanidine thio-
cyanate (Molecular Research Center, Cincinnati, OH),
treated with RNase-free DNase (Life Technologies) and
quantified spectrophotometrically. Complementary DNA
(cDNA) was made using Superscript 11 cDNA synthesis kit
(Life Technologies), and 1-3 .| of cDNA (equivalent of
75-225 ng total RNA) was used in the PCR reaction.
Control reactions were performed in the absence of RT.
The level of B-actin MRNA was determined to ascertain
the efficiency of the cDNA synthesis and reverse transcrip-
tion. The PCR primers used were — preproendothelin-1
cDNA: 5 CCAACTCTGGGCTCTCCATGCTGG3 (F) and
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5 GAATGGCACTGTGTCTCTGCTCTC3 (R) [product
size: 241 bp (Sakura et a., 1991)]; endothelin, receptor
cDNA: 5 CGAGGTCATGAGGCTTTTGG3 (F) and
5GTGTTTAAGCTGTTGGCGGG3 (R) [product size: 787
bp (Tarada et al., 1992)]; endotheling receptor cDNA:
5AGCTGGTGCCCTTCATACAGAAGGC3 (F) and
5TGCACACCTTTCCGCAAGCACG3 (R) [product size:
919 bp (Tarada et a., 1992)]; and B-actin cDNA:
5’TTCTACAATGAGCTGCGTGTGS3 (F) and
5TTCATGGATGCCACAGGATTC3 (R) [product size:
561 bp (Nudel et al., 1983)]. In preliminary experiments,
each primer set was used to amplify equal amounts of
cDNA derived from various samples for 20—35 cycles, and
based on these findings, a predetermined number of cycles
were chosen for each primer set so that the product
accumulation stays in the linear range. PCR products were
resolved in a 1.2% agarose gel and stained with 1X SYBR
Green | (FMC Biproduct, Rockland, ME). The gels were
scanned under blue fluorescence light using a phosphorim-
ager and the band intensity was quantified using Image-
Quant software (Molecular Dynamics, Sunnyvae, CA).
Repeated PCR reactions showed that each primer set gen-
erated a single band of expected size. Authenticity of the
PCR products were positively identified by Southern blot
hybridization using radiolabeled probes with sequences
within the PCR products as described previously (Gabriel
et a., 1998, 1999) as well as by restriction enzyme analy-
sis.

2.5. Northern analysis of TGF-B1, and collagen « type-l
and type-111 mRNA

RNA was isolated from cultured stellate cells in 10-cm
dishes by TRI reagent™ . Twenty micrograms of total RNA
from each sample was denatured at 55°C for 15 min and
electrophoresed on a 1% agarose/formaldehyde gel con-
taining ethidium bromide and transferred to a Hybond
N + membrane (Amersham-Pharmacia). The membrane
was hybridized with **P-labeled cDNA probes in a solu-
tion of 50% formamide, 5X standard saline citrate (SSC),
10 mM sodium phosphate (pH 6.8), 0.5% sodium dodecyl
sulfate (SDS), 5X Denhart and 20 wg/ml herring sperm
DNA at 42°C overnight. The membrane was then washed
twice with 2X SSC containing 0.1% SDS at room tempera-
ture for 30 min, twice with 0.2X SSC containing 0.1%
SDS a 55°C for 30 min, and then exposed to Kodak
XOmat film (Eastman Kodak, Rochester, NY). The probes
were radiolabeled by random priming method using muilti-
prime DNA labeling kit (Amersham-Pharmacia) in the
presence of [*?PJdCTP (NEN). A 0.99-kb fragment of rat
TGF-B1 cDNA was purchased from ATCC (MD, USA).
To construct plasmids pRcol | and pRcol 111, rat cDNA
was used as template to PCR amplify a fragment of
collagen o type-l and collagen o« type-lll cDNAS pre-
pared from rat skin. The primers used for PCR amplifica

tion were 5 GGTTCTCGGACTATTGAAGGAGC 3 (F)
and 5AGACAAGAACGAGGTAGTCTTTC 3 (R) for
collagen o type-l (product size: 245 bp) and 5CGAG-
GTAACAGAGGTGAAAGA 3 (F) and 5AACCCAG-
TATTCTCCGCTCTT 3 (R) for collagen « type-Ill (prod-
uct size: 349 bp), and SAGGTCGGTGTGAACGGATTT3
(P and 5 CAGCATCAAAGGTGGAAGAAZS for glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (product
size: 881 bp). The amplified products were purified after
resolving in 1.2% agarose gel using Qiaex 11 kit (Qiagen,
Vaencia, CA) and cloned in PCR 2.1 TOPO vector using
TOPO TA cloning kit (Invitrogen, Carlasbad, CA). The
authenticity of the insert was confirmed by DNA sequenc-
ing using Sequenase™ kit (USB, Cleveland, OH). The
plasmids were amplified in Escherichia coli, and DNA
purified by CsCl gradient centrifugation [(Sambrook et al.,
1989)]. The DNA was cut with appropriate restriction
enzymes, resolved in 1% agarose gel and the insert portion
was purified using Qiaex Il kit and subsequently used for
the synthesis of the probe.

2.6. Determination of endothelin-1 and TGF-B1

Cells were washed three times, and placed in DMEM
containing 0.1% bovine serum albumin and the test agents.
After incubation for 24 h at 37°C, the medium was aspi-
rated for the extraction and determination of endothelin-1
and TGF-B1 by ELISA as described previously (Gabriel et
al., 1999).

2.7. Collagen synthesis

The synthesis of collagen was determined by a previ-
ously described procedure (Shina et al., 1989) with some
modifications. Cells were washed and placed in
DMEM /0.1% bovine serum abumin containing 5 wCi /ml
[®H]proline and various agents at concentrations indicated
in the figure legends. After incubation for 24 h at 37°C, the
medium was aspirated, mixed with chick embryo extract
(GibcoBRL) (50 wl/ml) and proteins were precipitated
with 10% trichloroacetic acid. After centrifugation, the
pellet was washed twice with 10% trichloroacetic acid
followed by HBSS and dissolved in 0.6 ml 0.2 N NaOH.
An aliquot (0.2 ml) of this solution was neutralized with
HCI, mixed with 0.1 ml 50 mM Tris—ClI, pH 7.4, contain-
ing 5 mM CaCl, and 10 mM N-ethylmaleimide, and the
reaction was stimulated with 20 units/ml collagenase (type
VIl from Clostridium histolyticum, Sigma). The total vol-
ume of the reaction mixture was 0.5 ml. After incubation
for 3 hat 37°C, 50 p.l of 10 mg,/ml bovine serum albumin
and 50 .| of 100% trichloroacetic acid were added to each
tube. After centrifugation, an aliquot of the supernatant
was aspirated for determination of radioactivity. Negative
controls (i.e. without enzyme) were used in each assay for
determination of nonspecific release of [*H]proline.
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2.8. Katistical analysis

Results are averages of duplicate or triplicate determina
tions with S.E.M. shown for triplicates. Each experiment
was repeated at least three times using separate cell prepa
rations. Paired samples were compared using Student’s
t-test. A P value of <0.05 was considered statistically
significant.

3. Results

We use phenobarbital to enhance the toxicity of CCl,
and establishment of uniform cirrhosis (Gandhi et al.,
1996h, 1998). However, considering the effects of pheno-
barbital aone on the liver tissue, we compared various
parameters described in this paper between the cells iso-
lated from untreated rats (these cells are routinely used in
our laboratory) and rats treated with phenobarbital. No
difference was observed in the morphologica and im-
munohistochemical characteristics, as well as endothelin
biology between these cells.

3.1. Morphologic characteristics of cirrhotic stellate cells

Fig. 1 shows control and cirrhotic stellate cells after
overnight culture. Control stellate cells (A) are roundish
and loaded with fat droplets, whereas the cirrhotic cells (B)
are already flattened and demonstrate morphologic charac-
teristics of myofibroblasts.

3.2. Synthesis of endothelin-1 by cirrhotic stellate cells

The expression of preproendothelin-1 mRNA was two-
fold higher in cirrhotic stellate cells as compared to the
control cells (Fig. 2A,B). Consistent with this observation,
the basal release of endothelin-1 by cirrhotic stellate cells
(422 + 51 pg/mg protein) was greater than by the control
cells (271 + 42 pg/mg protein) (Table 1). The release of
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Fig. 2. Preproendothelin-1 (ppET-1), endothelin, (ET,) receptor and
endotheling (ETg) receptor mRNAs in control and cirrhotic stellate cells.
(A) PCR products resolved in agarose gel. The level of B-actin expres-
sion is similar in various samples indicating similar quantities of mMRNA
in them. (B) Graphical presentation of the ratios of the intensity of
ppET-1, ET, or ETg mRNA and B-actin mRNA. M, 100-bp DNA
ladder; CT, control stellate cells; CR, cirrhotic stellate cells. Vaues
shown are averages of six determinations+S.EM. "P <0.05and * “P
< 0.01 vs. control.

endothelin-1 by both control and cirrhotic stellate cells
increased by 2.5-3-fold upon stimulation with TGF-31
(Table 1).

Fig. 1. Morphology of control and cirrhotic stellate cells. Phase contrast micrographs of control (A) and cirrhotic (B) stellate cells on day 2 of culture are
shown. Magnification: X 100.

¥ .F
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Table 1
Release of endothelin-1 in response to TGF-B1 by cultured control and
cirrhotic stellate cells

Endothelin-1 released (pg,/mg protein)

Vehicle TGF-B1
Control cells 271+ 42 663+ 232
Cirrhotic cells 422+ 5130 1276+ 10120

The cells were placed in serum-free medium+ TGF-B1 (2 ng/ml). After
24 h, the medium was aspirated and endothelin-1 concentration was
determined. Vaues shown are means+ S.E.M. of triplicate determina
tions from three experiments.

#P < 0.01 vs. vehicle.

®P < 0.01 vs. control stellate cells.

3.3. Endothelin-1 receptors and their mRNA expression in
cirrhotic stellate cells

Scatchard analysis of the saturation binding data re-
vealed about four-fold increase in [***I]endothelin-1 bind-
ing capacity in cirrhotic stellate cells as compared to the
control cells (6350 + 656 vs. 1700 + 202 fmol /mg) (Fig.
3A). The affinity of the receptors was not dtered by the
cirrhotic condition (K, of 24 +5 pM for the control and
28 + 6 pM for the cirrhotic cells).

Competition binding assay demonstrated that the in-
crease in the endothelin-1 receptor density in control stel-
late cells occurred both in endothelin ET, and endothelin
ET, receptor subtypes athough their relative proportion
(approximately 20% endothelin ET, and 80% endothelin
ETg) did not change from that in control stellate cells (Fig.
3B).

Endothelin, receptor mRNA expression was very low
in control stellate cells and was 20-fold higher in cirrhotic
cells (Fig. 2A,B). On the other hand, significant expression
of endothelin ET, receptor mRNA was found in control
stellate cells, with a five-fold increase in its expression in
the cirrhotic cells (Fig. 2A,B).

3.4. Endothelin-1-induced TGF-B1 synthesis in stellate
cells

Stellate cells are known to be a major source of TGF-81
during liver cirrhosis (Pinzani and Abboud, 1991). Since
endothelin-1 stimulates TGF-B1 synthesis in cultured vas-
cular smooth muscle cells (Hahn et d., 1991), whether
similar response to endothelin-1 occurs in stellate cells was
determined. The basal release of TGF-B1 by the cirrhotic
cells was nearly eight-fold higher than by the control cells
(2561 + 106 vs. 333 + 12 pg/mg protein) (Table 2). This
effect was consistent with increased TGF-B1 mRNA tran-
script in the cirrhotic cells (Fig. 4). Endothelin-1 caused an
increase in TGF-B1 mRNA transcript (Fig. 4) and stimu-
lated the release of TGF-B1 in control stellate cells. This
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Fig. 3. [**®I]Endothelin-1 binding to control and cirrhotic stellate cells.
(A) Saturation binding. Scatchard plots of the data derived from specific
binding of 5-800 pM [*?®I]endothelin-1 as described in Section 2. (B)
Competition binding. Binding assay was performed in the presence of 20
pM [*2®I]endothelin-1+ increasing concentrations of unlabeled endothe-
lin-1, BQ-123 or sarafotoxin S6¢ as described in Section 2. Specific
binding of [***1]endothelin-1 to endothelin-1 receptor subtypes is shown.
“P < 0.01 vs. control.

effect was mediated via endothelin, receptor as evident by
its inhibition with endothelin ET, receptor antagonist
BQ123 (Table 2). However, endothelin-1 did not affect

Table 2
Endothelin-1-induced release of TGF-B1 from control and cirrhotic stel-
late cells

TGF-B1 released (pg,/mg protein)

Control cells Cirrhotic cells
Vehicle 333+12 2561+ 1062
Endothelin-1 (50 nM) 777+40° 2698 + 682
BQ123 (10 wM) + endothelin-1 370+9 2559+ 547
BQ788 (10 uM) + endothelin-1 666 + 40° 2275+ 512

The cells were placed in serum-free medium =+ the indicated agents. After
24 h, the medium was aspirated and TGF-B1 was determined. Values
shown are means+ S.E.M. of triplicate determinations from three experi-
ments.

4P < 0.001 vs. control stellate cells.

PP < 0.01 vs. vehicle.
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CT CR
-+ -+ ETA1
» TGF-p1

" GAPDH

Fig. 4. Effect of endothelin-1 on the expression of TGF-3 mMRNA in
control and cirrhotic stellate cells. Total RNA was extracted after a 24-h
stimulation of the cells without (—) or with (+) 50 nM endothelin-1.
Northern analysis was performed as described in Section 2. The experi-
ment was performed on three separate cell preparations with similar
results. CT, control stellate cells; CR, cirrhotic stellate cells.

TGF-B1 synthesis in the cirrhotic cells (Table 2) athough
it caused increase in TGF-B1 mMRNA expression in them
(Fig. 4).

3.5. Yynthesis and mMRNA expression of collagen

The basal level of synthesis and release of collagen (as
determined by [*H]proline incorporation) was more than
six-fold higher in cirrhotic stellate cells than the control
cells (38835 + 2955 vs. 5917 + 412 c.p.m./mg protein)
(Table 3). This effect was consistent with a great increase
in the mRNA expression of both type-1 and type-ll colla
gen « in the cirrhotic cells (Fig. 5). The expression of the
mMRNA transcripts of both types of collagen was barely
detectable in the control cells, and endothelin-1 did not
appear to cause any noticeable change in their expression.
However, endothelin-1 stimulated collagen synthesis only
in control stellate cells via endotheling receptor as illus-
trated by its inhibition with endotheling antagonist BQ-788
(Table 3) without having any effect on the mRNA expres-

Table 3
Endothelin-1-induced synthesis of collagen in control and cirrhotic stel-
late cells

[*Hlproline released (c.p.m. /mg protein)

Control cells Cirrhotic cells
Vehicle 5917+ 412 38835+ 2955%
Endothelin-1 (50 nM) 12672+ 1739° 41829+ 1085%
BQ123 (10 uM) 112114 1222° 38572+ 41242
+endothelin-1
BQ788 (10 M) 61754531 43154+ 51452
+endothelin-1

The cells were placed in serum-free medium containing 5 pnCi/ml
[®H]proline and indicated concentrations of the various agents. After 24 h
of incubation, the medium was aspirated and proteins precipitated with
trichloroacetic acid. The precipitated proteins were reconstituted and
collagenase-induced release of [*H]proline was determined as described
in Section 2. Values shown are means of triplicate determinations+ S.E.M.
The experiment was repeated three times with essentially similar results.

4P < 0.001 vs. control stellate cells.

®p < 0.01 vs. vehicle.

cr cr
- + e + ET-1
.' Col. o type- |
.' Col. a type-lll

Fig. 5. Effect of endothelin-1 on the expression of collagen « type-l and
type Il in control and cirrhotic stellate cells. Total RNA was extracted
after a 24-h stimulation of the cells without (—) or with (+) 50 nM
endothelin-1. Northern analysis was performed as described in Section 2.
The experiment was performed on three separate cell preparations with
similar results. CT, control stellate cells; CR, cirrhotic stellate cells.

sions of collagen « type-l and type-lll (Fig. 5). Similar
results were also obtained by semiquantitative RT-PCR
assay (data not shown).

4, Discussion

The present investigation was performed considering
the evidence that interactions between endothelin-1 and
stellate cells can be of significant importance in physiol-
ogy and pathology of the liver. Although all of the hepatic
cell types synthesize endothelin-1 (Gandhi et a., 1996b;
Housset et al., 1993; Kuddus et a., 2000; Laura et a.,
1998; Pinzani et al., 1996) and react to its agonistic
activities in cell culture (Caligiuri et al., 1998; Gandhi et
al., 1992ab; Housset et al., 1993; Pinzani et al., 1992,
1996), the physiological role of endothelin-1 in the liver is
not clear. Particularly, the role of endothelin-1 in the
regulation of hepatic vascular tone, despite its potent vaso-
constrictor action (Gandhi et a., 1990; Tran-Thi et al.,
1993), was questioned by the failure of the antagonism of
endothelin-1 receptors to affect portal resistance in normal
rats (Gandhi et a., 1998). Our results demonstrate that
endothelin-1-stimulates synthesis of TGF-B1 as well as
collagen in control stellate cells via distinct endothelin-1
receptor subtypes. Furthermore, TGF-B1 stimulates en-
dothelin-1 synthesis in control stellate cells (Table 1) and
hepatic endothelial cells (Rieder et a., 1991). Thus, au-
tocrine as well as paracrine actions of endothelin-1 on
control stellate cells appear to be important in the mainte-
nance of hepatic architecture.

Transdifferentiation of stellate cells into highly contrac-
tile and excessively fibrogenic myofibroblast-like cellsis a
hallmark of the development of liver cirrhosis and its
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complications (Blomhoff and Wake, 1991; Geerts et 4.,
1994; Nakata and Shibayama, 1987). Endothelin-1 has
been reported to enhance transdifferentiation of stellate
cells (Rockey and Chung, 1996), to modulate their prolif-
erative activity (Mallat et a., 1996; Pinzani et al., 1996),
and to exert potent contractile actions on them (Housset et
a., 1993; Kawada et a., 1993; Pinzani et a., 1992).
Therefore, augmentation of the already enhanced synthesis
of endothelin-1 by TGF-B1 in cirrhotic stellate cells (Table
1), and increased endothelin-1 receptor density in them,
(Fig. 3) suggest that a mechanism of increased vascular
resistance in the cirrhotic liver may involve autocrine
actions of endothelin-1 on stellate cells. Indeed, endothe-
lin-1 receptor antagonism ameliorates portal hypertension
in cirrhotic rats (Gandhi et al., 1998).

The molecular mechanisms of hepatic fibrosis are not
fully described, although overexpression of TGF-B1 may
play acritical role in the progression of fibrosis (Blomhoff
and Wake, 1991; Friedman, 1993). TGF-31 mRNA ex-
pression as well as protein concentration (as determined by
immunohistochemistry) were reported to increase during
CCl s-induced liver injury (Armendariz-Borunda et al.,
1993). Kupffer cells were shown to be the main producers
of TGF-B1 during the acute inflammatory phase
(Armendariz-Borunda et al., 1993). During the chronic
phase of liver injury, stellate cells aso produce large
quantities of TGF-B1 (Pinzani and Abboud, 1991). Consis-
tent with these findings, increased concentration of TGF-81
mMRNA transcript and nearly eight-fold higher basal release
of TGF-B1 were observed in cirrhotic stellate cells than in
the control cells. However, endothelin-1 caused an in-
crease in TGF-B1 mRNA expression, but not the protein
synthesis in the cirrhotic cells. These results suggest that
TGF-B1 synthesis in cirrhotic stellate cells may be imper-
vious to an additional stimulus because it is already maxi-
mally stimulated.

The higher level of basal synthesis of collagen in
cirrhotic stellate cells aso was consistent with robust
increases in the collagen o type-l and type-lll mRNA
transcripts in them as compared to the control cells. These
results indicate that stellate cells may be the major cell
type responsible for the positive correlation observed be-
tween TGF-B1 mRNA expression and mRNAs encoding
procollagens in animal models of liver fibrosis
(Armendariz-Borunda et al., 1993; Czaja et al., 1989) and
humans with chronic liver disease (Castilla et al., 1991).
However, similar to its inability to stimulate TGF-B1
synthesis in cirrhotic stellate cells, endothelin-1 did not
affect the collagen synthesis in these cells. Again, the
MRNA expression and the synthesis of collagen are greatly
increased in unstimulated cirrhotic stellate cells relative to
the control cells, and this may be the reason why endothe-
lin-1 is unable to produce a further enhancement of this
process. A previous study reported decreased mMRNA ex-
pression and protein concentration of collagen o type-l in
stellate cells isolated from CCl ,-treated rats, that received

a mixed endothelin ET, 5 receptor antagonist bosentan
(Rockey and Chung, 1996). Contrarily, chronic treatment
of rats with bosentan during CCl ,-induced liver injury was
shown to cause an increase in procollagen type-l mRNA
expression in rats (Poo et al., 1999). These observations
and our results, showing inability of endothelin-1 to stimu-
late the synthesis of collagen in stellate cells isolated from
CCl ,-induced cirrhotic rats, indicate that the effect of
endothelin-1 reported in vivo (Rockey and Chung, 1996) is
indirect, possibly through fibrogenic mediators such as
TGF-B1 and platelet-derived growth factor.

In conclusion, our work has demonstrated that endothe-
lin-1 plays an important regulatory role in maintaining
hepatic architecture by stimulating TGF-1 and collagen
synthesis in stellate cells. These effects of endothelin-1 are
mediated via distinct receptors (endothelin, and endo-
theling, respectively). However, inability of endothelin-1
to exert similar actions in stellate cells from cirrhotic liver
suggests an indirect mechanism of its involvement in
fibrosis.
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