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Abstract

Recent studies suggest that vitamin A plays an inhibitory role
with respect to "activation" of the hepatic Ito cell, a likely
effector of hepatic fibrogenesis. Ito cell "activation" during
fibrogenesis is characterized by a decrease in intracellular vi-
tamin A and an increase in cellular proliferation and collagen
production. To explore the hypothesis that retinoids have the
capacity to diminish Ito cell activation, cultured Ito cells were
exposed to retinoic acid and its effects assessed on three key
features: cell proliferation, collagen protein production and
mRNAabundance, and transforming growth factor j9 protein
production. Retinoic acid was 100-1,OOOX more potent than
retinol with respect to inhibition of Ito cell proliferation. Inter-
stitial collagen and transforming growth factor f production
were also reduced by 10-6 Mretinoic acid. The relative abun-
dance of type I collagen mRNAhowever, was not significantly
altered. By contrast, retinoic acid administration to rats caused
a marked reduction in the abundance of type I collagen mRNA
in both total hepatic and purified Ito cell RNA. The relative
abundance of rat hepatic fibronectin or apolipoprotein E
mRNAwas not significantly altered. These studies demon-
strate that retinoic acid can differentially modulate several key
features of hepatic fibrogenesis in vitro and in vivo. (J. Clin.
Invest. 1990. 86:2062-2070.) Key words: hepatic fibrosis * vi-
tamin A * cirrhosis * nodule formation * cytokines

Introduction

The factors that potentially modulate hepatic collagen over-
production and cellular proliferation in vivo, the key features
of hepatic cirrhosis, are poorly understood. Recent molecular
studies of models of hepatic regeneration or fibrosis suggest
that a variety of cytokines including transforming growth fac-
tors (TGF)' alpha and beta may play a key role in some of

Portions of this work were presented at the May 1989 American Feder-
ation of Clinical Research meeting in Washington DC and at the
October 1989 American Association for the Study of Liver Disease
meeting in Chicago IL, and were published in abstract form in Clin.
Res. 37:367a. (Abstr.) and Hepatology. 10:630.

Address reprint requests to Dr. Bernard H. Davis, Gastroenterol-
ogy Section, Department of Medicine, University of Chicago Medical
Center, Box 400, 5841 South Maryland Avenue, Chicago, IL 60637.

Receivedfor publication 4 December 1989 and in revisedform 24
July 1990.

1. Abbreviations used in this paper: BAPN, beta-aminoproprionitrile;
TGF, transforming growth factor.

these processes (1-3). While the cellular source(s) of these reg-
ulatory cytokines are unknown, several studies suggest that
mesenchymal cells in general have the capacity to produce
these factors (4, 5). In the liver, several laboratories have found
that the non-parenchymal sinusoidal Ito cell (or lipocyte, fat-
storing or stellate cell) has the capacity to produce the majority
of the extracellular matrix proteins that accumulate during
fibrosis and cirrhosis as well as significant amounts of TGF,
mRNA(6-10). During fibrosis, the Ito cell loses its abundant
vitamin A stores and appears to proliferate and transform into
a synthetically active cell resembling a myofibroblast (11-14).
Recent in vitro evidence indirectly suggests that this loss of
vitamin A may play a causal role in the cellular transformation
since (1) a Kupffer cell-derived "activating" factor promotes
the loss of the intracellular vitamin A and an increase in colla-
gen production, (2) the passive loss of the intracellular vitamin
A in early tissue culture occurs coincident with the morpho-
logic transformation and cellular proliferation, and (3) reex-
posure of the cells to retinol, the physiologic form of vitamin A
metabolized by Ito cells in vivo, results in intracellular retinol
uptake with the formation of predominantly retinol palmitate
(as in vivo) and the concomitant depression of cell prolifera-
tion and collagen production (1-5-21). In addition, exposure of
Ito cells to the aforementioned TGF,B cytokine upregulates the
amount of interstitial collagen produced as well as depressing
the cell's ability to store vitamin A (1 9, 21). These observations
generally suggest that "activated" Ito cells in vivo or in vitro
may undergo large shifts in the relative amount of intracellular
vitamin A. It is currently unclear whether the physiologic ef-
fector molecule is actually retinol or the more potent retinoic
acid. Work in other cell systems suggests furthermore that
absolute measurements of intracellular retinol or retinoic acid
may be less critical than the subtle balance between the relative
amount of cytoplasmic and nuclear retinoids that are being
shuttled between the two cell compartments by highly specific
binding proteins (22-27). While the above work demonstrated
that retinol can modulate Ito cell behavior, the possible direct
contribution of retinoic acid is unknown. The Ito cell has been
shown to contain the cytoplasmic binding proteins for both
retinol and retinoic acid which suggests its normal capacity to
metabolize or respond to both forms of the vitamin (22, 23).
Retinoic acid has been shown to modulate differentiation in a
wide variety of cell types, an effect whose mechanism(s) may
involve interaction with distinct, specific forms of nuclear re-
ceptors (24-27). Accumulated evidence suggests that retinoic
acid is internalized by the cell, transported to the nucleus
bound specifically to cellular retinoic acid binding protein, and
then interactions occur with a variety of nuclear retinoic acid
binding proteins with shared structural features, suggesting
their capacity to function as DNAbinding proteins (25-27).

This study examined the effects of retinoic acid upon the
modulation of hepatic and Ito cell gene expression in vivo and
in vitro. The goal was to determine whether exposure to reti-
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noic acid could effectively alter some of the key events asso-
ciated with hepatic fibrogenesis. Since retinoic acid has gener-
ally been found to be more potent than retinol, this retinoid
was studied as a potential probe that could then be used to
dissect the regulatory factors involved in these central patho-
genic processes. It was found that the proliferation of cultured
Ito cells together with collagen and TGF,3 production can be
significantly inhibited by the addition of retinoic acid in vitro.
Modulation of collagen production, however, after in vivo ad-
ministration of retinoic acid, was associated with a decrease in
type I collagen mRNAabundance, whereas in cultured Ito
cells, retinoic acid administration does not appear to change
the relative abundance of the collagen mRNA.This study sug-
gests that retinoic acid has the capacity of altering collagen
production by different mechanisms in vivo and in vitro.

Methods

Animals. Sprague-Dawley male rats (> 500 g) were routinely used for
cell isolation or in vivo retinoic acid administration (Harlan Inc., In-
dianapolis, IN). For in vivo administration of retinoic acid, C57BL/6J
mice (The Jackson Laboratory, Bar Harbor, ME) were also used.

Chemicals. Retinoic acid or 1 3-cis retinoic acid (Sigma Chemical
Co., St. Louis, MO) used in the cell culture experiments were prepared
as stock 1 o-' Msolutions in 100% ethanol and stored under nitrogen in
brown bottles at -20°C for < 1 wk. When retinoic acid was used for in
vivo intraperitoneal injections (1 gg/g), it was prepared from a freshly
opened vial by sonication in olive oil. All work with retinoic acid was
performed under reduced lighting conditions.

Cell isolation/cell culture. Hepatic Ito cells were isolated as pre-
viously described in detail (8). The only modification was that the use
of older and larger rats eliminated the need for pretreatment of the
animals with retinol acetate. When the cells were used for RNAex-
traction after fresh isolation, the use of pronase was avoided to mini-
mize the degree of contaminating cellular debris. The cells were rou-
tinely cultured and subcultured (one to two passages) on tissue culture
flasks precoated with calf type I collagen as previously described (8).

Collagen quantitation. Using previously described ELISAs for rat
type I and type III collagen, the amount of accumulated collagen was
separately quantitated for the cell culture media and the cell layer
collagen (8). The collagen quantitation experiments were performed in
tissue culture media containing 10% fetal calf serum supplemented
with ascorbic acid (50 jg/ml) and beta-aminoproprionitrile (BAPN)
(100 ,ug/ml). Confluent monolayers of cells (in groups of 4 parallel
wells in 24-well plates) were incubated in this media for an initial 48 h
supplemented twice daily with ascorbic acid and BAPN. The media
contained retinoic acid (final concentration: 10-6_10-8 M) or an
equivalent amount of ethanol (0.1%). Preliminary studies suggested
that this amount of ethanol had no effect on baseline collagen quanti-
tation or cell proliferation (data not shown). Addition of retinoic acid
was performed under reduced lighting conditions. This dose of retinoic
acid did not cause any loss of cell number or any alteration in cell
morphology as assessed by phase contrast or Hoffman optic micros-
copy (Olympic Corp., Woodbury, NY). After this initial incubation,
the media was changed and the amount of collagen in a final 48-h
incubation was quantitated in duplicate and expressed per well of cells.
In contrast to earlier studies in which shorter incubation periods were
used, the current protocol includes a final 48-h period of collagen
accumulation which has consistently yielded a collagen type I/type III
ratio = 3.8±1.7 (n = 35 cultures) (8, 19). Type IV collagen has consis-
tently contributed < 10% of total collagen (data not shown). The ex-
periments were performed in serum-containing media, as preliminary
studies demonstrated that cell viability is rapidly lost in serum-free
media during prolonged incubations (data not shown), and prior work
involving retinol metabolism demonstrated that these tissue culture

conditions permitted retinol uptake and retinol esterification, which
are characteristics of the in vivo response (21). The absolute amount of
DNA/well varied between experiments in the range of 0.5-1.0 jig
DNA/well, but with no significant trend within any one experimental
group.

Cell proliferation. Ito cells (groups of 2-4 parallel wells) were cul-
tured on 24-well plates precoated under sparse conditions ( 50%
confluent) in media containing 10% fetal calf serum±retinoic acid (or
the equivalent amount of ethanol [0.1%] diluent) for 24-48 h. [3H]-
Thymidine incorporation was then determined via the method of
McGowanet al. (28). Preliminary work suggested that the use of sparse
cultures maximized [3H]thymidine incorporation versus confluent
cultures. Control groups included cells exposed to 0.4% fetal calf serum
that reduced [3H]thymidine incorporation to a baseline level typical of
mesenchymal cells. In addition, cells were exposed to 10% fetal calf
serum in the presence of hydroxyurea to determine the contribution of
DNArepair to apparent DNAsynthesis (28).

RNAquantitation. The in vitro effects of retinoic acid on Ito cell
type I collagen mRNAabundance were assessed by exposing confluent
monolayers (2-4 75-cm2 flasks/condition, precoated with calf type I
collagen as stated above) of cells to retinoic acid (1o-6 M) for 48 h. The
tissue culture media contained ascorbic acid (50 Ag/ml) to promote
collagen secretion and had either 10 or 0.4% fetal calf serum. RNA
extraction was performed directly into 4 Mguanidinium thiocyanate
as described below. To assess the potential in vivo alterations in the
relative abundance of type I collagen, fibronectin and apolipoprotein E
transcripts, animals were given intraperitoneal doses of retinoic acid (1
jug/g) 72 and 24 h before being killed. Control animals were given an
equivalent amount (0.5 ml/animal) of olive oil. This dose and adminis-
tration frequency were based on a previously determined rate of Ito cell
vitamin A accumulation, after in vivo administration, with the inten-
tion of maximizing the amount of intracellular vitamin A in the liver
(unpublished observations) (22, 23). In addition, this dose of vitamin A
did not induce any changes in animal weight or liver histology and it
approximated the dose used therapeutically in dermatologic disorders
(29-31).

Animals were killed after terminal exsanguination and portions of
the liver were snap frozen in liquid nitrogen and stored at -70°C for
later RNAextraction. For quantitation of fresh Ito cell mRNA, rats
were prepared for portal vein perfusion as stated above. Immediately
after the initiation of perfusion with PBS, a portion of the right hepatic
lobe was isolated, excised, and snap frozen as above. The remaining
liver was perfused, the Ito cells purified, and the cell pellet used imme-
diately for RNAextraction. RNAextraction was performed by homog-
enization in 4 Mguanidinium thiocyanate followed by phenolchloro-
form extraction (32). The RNAwas quantitated spectrophotometri-
cally and was then analyzed by formaldehyde/agarose electrophoresis
and transblotted to nylon (Zeta-probe; Bio-Rad Laboratories, Rich-
mond, CA) membranes. Ethidium bromide staining was used to assess
the relative amount and the intact nature of the RNA. Northern blots
containing whole liver RNAwere loaded with 25 jig/lane while those
with either cultured or fresh Ito cell RNAcontained 2 or 5 jg, respec-
tively. Subsequent probing of the Northern blot hybridizations was
performed using cDNAs labeled to a specific activity of 1-2 X 109
cpm/jig by random priming (33). The cDNAs used include a fl-actin,
apolipoprotein E, fibronectin, and an 18s ribosomal probe as well as a
rat alpha, (1) collagen probe (34-38). Nylon filters were prehybridized
and hybridized at 42°C in 50% formamide containing 6x SSC, 50 mM
Na phosphate pH7, I mMEDTA, I X Denhardts solution, 50 ,ug/ml
sheared single-stranded salmon sperm DNA, and 10% dextran sulfate.
Prehybridization was for 4 h and hybridization was for 24 h in the
presence of 1 X 106 cpm/ml cDNA. Washing stringencies for these
cDNAs included four room temperature incubations with 0.1%
SDS/I x SSCand two washes at 50°C in 0.1X SSC. Autoradiograms
were developed using Kodak XAR-5 film and intensifying screens at
-80°C. For Northern blots comparing whole liver RNA, the relative
signal intensities were compared with the abundance of an 1 8s ribo-
somal probe.
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TGFf, quantitation. To estimate the relative amount of the TGF,
protein produced by Ito cells in culture, the cells were grown to con-
fluence in 24-well plates precoated with calf type I collagen as stated
above. The cultures were then maintained in media containing 0.4%
fetal calf serum±retinoic acid (10-6 Mor the equivalent amount of
ethanol diluent) for 48 h. Studies were done in media containing re-
duced serum to minimize the potential modulation by other mediators
present in serum as well as to limit the relative amount of alpha-2-mac-
roglobulin that might bind the TGF,B (40). Media was aliquoted and
stored at -70°C and defrosted just before quantitation. The relative
amount of secreted TGF,3 was adjusted for the amount of DNA/well.

TGF,B was quantitated via ELISA. The TGF#3I protein and a rabbit
polyclonal anti-TGF,B antiserum used in the development of an ELISA
were kindly provided by Dr. Roberts and Dr. Danielpour National
Institutes of Health (4, 5). It was stored, lyophilized at -70°C, and was
reconstituted and kept at 4°C for 2-3 wk only. The antiserum was used
in an ELISA at a 1:500 dilution using PBS containing 0.06% Triton-
X-100 and 0.05% BSAas diluent. The TGF(3 used was stored as a stock
concentration of either 20 or 2,000 ng/ml in 4 mMHCI/0. 1%BSAat
-70°C and was defrosted before use and kept at 4°C for < I wk.

To quantitate the TGF,B, 96-well microtiter plates were coated with
varying amounts of TGF , in duplicate wells (100 ,l/well). The TGF(#
was serially diluted with a bicarbonate buffer (0.015 MNa2CO3/0.03
MNaHCO3) and neutralized in the microtiter wells with an appro-
priate amount of 40 mMNaOH. Control wells included an equal
amount of 0.1% BSA. The samples were similarly diluted in the bicar-
bonate buffer and 3-4 dilutions were made for each sample (starting
dilutions at 1:5 or 1:10). The plates were wrapped in Saran wrap and
kept at 4°C for 1-3 d before use (similar results were obtained if the
plates were coated, incubated at 37°C for 4 h, and then assayed di-
rectly). Preliminary work suggested that preincubating the diluted an-
tiserum in microtiter wells coated with TGFf) at 2 ng/well completely
eliminated the anti-TGF, activity. The coated plates were initially
washed 3 times in PBSwith 0.06% Triton and then incubated with the
diluted anti-TGF(B serum for 2 h at room temperature. This was fol-
lowed by 3 additional washes with all subsequent steps similar to
previously published collagen ELISA techniques (8). The final color-
containing agent was incubated for 2-4 h in the dark at room tempera-
ture. The absorbance detection at 492 nm was performed using a
Bio-Rad Laboratories ELISA reader interfaced with the Macreader
program and a Mac-Plus computer. The absorbance slopes from log-
linear graphing were calculated using linear regression generated lines
from the Macreader or Cricket Graph programs. The slopes obtained
for the standard TGF,3 curve and the cell media samples were parallel
within 10-20% (Fig. 1).
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Figure 1. TGF,B ELISA. Representative ELISA of TGF , (with BSA-
containing diluent) and serial dilution of Ito cell media. The initial
dilution of cell media was 1:5. Linear regression-generated slopes are
parallel. The background absorption to BSA-coated (1I sg/well) wells
is shown as "No antigen."
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Figure 2. Retinoic acid
modulation of Ito cell
proliferation. Subcon-
fluent cultures of early
passage Ito cells main-
tained on type I colla-
gen coated wells in
media containing 10%
fetal calf serum were ex-
posed to varying con-
centrations of retinoic
acid for 48 h and the

degree of [3H]thymidine incorporation was subsequently determined.
The degree of thymidine incorporation was contrasted to cells made
quiescent by culturing with 0.4% fetal calf serum for the 48 h (n
= 4). *P < 0.001 (vs. 10% serum).

Statistical analysis. Unpaired Student's t test was used to evaluate
differences between various subgroups.

Results

Modulation of Ito cell proliferation. As shown in Figs. 2 and 3,
retinoic acid caused a marked inhibition of Ito cell growth as
assessed by [3H]thymidine incorporation. Preliminary work
with retinoic acid (data not shown) demonstrated that it addi-
tionally prevented an increase in cell number, an effect similar
to that previously observed with retinol (20). In contrast to
retinol, however, which had a submaximal effect at a 10-6 M
concentration and no effect at a l0-7 Mconcentration, reti-
noic acid still had a significant inhibitory effect at a 10-10 M
concentration (20). Recent estimates of circulating retinoic
acid levels in human serum suggest that culture media con-
taining 10% fetal calf serum may have < 10-10 Mretinoic acid
(38). However, due to retinoic acid's relative instability, we
speculate that the effective retinoic acid concentration in cul-

1.2

1.0

R.RA.
8 0.6i - 113-cis
0 mR.A.

10% hu. 10- 6M 108M ; 1 0

reinoic acid p<.005 (vs. 10% FCS)

(n=4)

Figure 3. Modulation of Ito cell proliferation: trans-retinoic acid vs.
1 3-cis-retinoic acid. Cells were treated as described in Fig. 2, except
for additional cells exposed to parallel levels of 1 3-cis-retinoic acid.
Due to different degrees of absolute stimulation between separate ex-
periments, the data is expressed as a percentage of the control cells
maintained in 10% fetal calf serum. To estimate the contribution of
DNArepair (versus DNAsynthesis) to [3H]thymidine incorporation,
some wells were exposed to 10% fetal calf serum (FCS) + hydroxy-
urea (h.u.).
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ture media may be considerably lower (24). Using previously
described HPLCmethodology with a 25 ng limit of detection,
retinoic acid was undetectable in the fetal calf serum used in
these experiments (< 25 ng/500 ,l whole serum), correspond-
ing to a maximum concentration of 10-8 Min 10% fetal calf
serum and 4 X 10-10 Min 0.4% fetal calf serum (20).

The marked difference in the potency of retinol versus
retinoic acid has been previously noted and parallels the ob-
served differences in their serum concentrations (retinol 10-6
Mversus retinoic acid < 10-9 M) as well as the intracellular Ito
cell concentrations of the respective cytosolic binding proteins
(22, 24, 42). The medically used and related 13-cis-retinoic
acid caused similar inhibition of cell proliferation at the
10-6- lo-8 Mrange. Thus, while some work has indicated that
the intracellular metabolism of 13-cis isomer may differ from
the all-trans isomer, it appears that Ito cell proliferation re-
sponds similarly to both compounds (43).

In vitro modulation of collagen production. As shown in
Fig. 4, retinoic acid treatment caused a marked decrease in the
amount of total and secreted type I and type III collagen over a
48-h period. As noted previously, in this "activated" Ito cell
culture system, the amount of type I collagen exceeds the
amount of type III collagen and the majority of the collagen is
secreted directly into the culture media (19). Fig. 5 demon-
strates a concentration-dependent effect of retinoic acid upon
collagen secretion with a significant level of inhibition demon-
strable at a 10-8 M retinoic acid concentration. Steady-state
levels of the type I collagen transcript were not altered in RNA
extracted from confluent monolayers of Ito cells cultured in
the presence of 10-6 M retinoic acid (24-48 h) using media
containing either 10 or 0.4% fetal calf serum (Fig. 6). Equiva-
lence of RNA transfer was independently confirmed by re-
probing the same Northern blot with an 1 8s ribosomal probe.
This suggests that in vitro retinoic acid may alter collagen
production at a translational or posttranslational level.

In vitro modulation of TGFI3 production. TGFj3 mRNA
abundance has been shown to be elevated in vivo during he-
patic fibrogenesis and during certain phases of hepatic regen-
eration (1-3). While the passaged Ito cell retains its native
ability to esterify and hydrolyze vitamin A, it best reflects the

type Figure 4. Retinoic acid
modulation of Ito cell
type I and type III colla-
gen production. Con-

1600 - | | type lil fluent cell cultures ex-
posed to 10-6 Mreti-

t 1200 - noic acid were assayed
& 800 | .for the amount of se-
O 800- | | | { creted and cell-asso-

l ciated type I and III col-
400- B ll l l+ lagen by ELISA. As pre-

o- _EE Lididll viously reported, the
0

CONTROLRETINOIC CONTROLRETINOIC majority of the intersti-
ACID ACID,A66M) (*6'M) tial collagen is secreted

(8). The amount of
total (secreted + cell

layer) or secreted collagen was significantly reduced by retinoic acid.
All wells had comparable amounts of DNA. X Type I collagen, se-
creted; e type I collagen, cell layer; * type III collagen, secreted; m
type III collagen, cell layer. *Secreted: P < .009 vs. CONTROL,cell
layer. NS; + secreted: P < .001 vs. CONTROL,cell layer. NS (n = 4).

Figure 5. Type I colla-
<1.2- Tgen secretion versus ret-

@ | I , inoic acid concentra-
m c 0.8 -l tion. The effect of two

8- T| | retinoic acid concentra-
tions were examined

K 0.4 with respect to type I
collagen secretion, as

o.0 I 1described in Fig. 4. Due
ACID ACID to different degrees of

(10 6M) (10 8M) absolute collagen pro-
duction between differ-

ent experiments, the data is expressed as a percentage of the control
wells exposed to 10% FCS. *P < 0.01 vs. Control; +P < 0.05 vs. Reti-
noic acid (106 M) (n = 4-8).

fibrogenic "activated" Ito cell with dilated rough endoplasmic
reticulum, prominent microfilaments, the production of pre-
dominantly interstitial collagen type I, and active proliferation
(8, 17). It was found that these Ito cells produced 31±15 pg/
well (n = 4) TGF,B when cultured under "quiescent" condi-
tions with 0.4% fetal calf serum. This is comparable to levels
previously reported for macrophages (44). The ability to pro-
duce significant quantities of this cytokine represents an addi-
tional key feature that makes the in vitro Ito cell a likely mirror
of many of the features of an in vivo hepatic fibrogenic effector
cell. Ito cells exposed to 106 Mretinoic acid for 48 h in the
presence of 0.4% fetal calf serum had undetectable levels of
TGF,B (10 pg detection limit) (n = 4). It is possible that the
normal (nonactivated) in vivo Ito cell with its relatively high
intracellular retinoid concentration may have its endogenous
capacity to produce TGF,B suppressed.

In vivo modulation of collagen production. To parallel
some of these studies in vivo, rats and mice were exposed to
retinoic acid in concentrations that approximated the doses
used clinically for dermatologic disorders (29-31). The relative

Retin Acid - + Figure 6. Retinoic acid
1 2 modulation of alpha I

(1) collagen mRNA
abundance in vitro.
Confluent cultures of

Collagen Ito cells maintained on
type I collagen-coated
flasks in 0.4% FCSwere

2 8S exposed to lO6 Mreti-
noic acid for 24 h. The
cells received ascorbic
acid 2X/day during the
incubation period.

18s Comparable amounts of
1 8 S _ total RNAfrom control

(lane 1) or retinoic acid-
treated (lane 2) cells
were subjected to

Northern blotting and then exposed to a 32P-labeled cDNA for the
rat alpha 1 (1) collagen gene. The blot was then stripped and subse-
quently rehybridized with an 18s ribosomal probe to assess the rela-
tive amounts of RNAloaded per lane. Arrows indicate the position
of the 28s and 18s ribosomal RNA. The RNAwas obtained by ini-
tially pooling the RNAfrom four 75-cm2 flasks for control or reti-
noic acid-treated cells. The data was representative of 5 separate ex-
periments each involving three to four 75-cm2 flasks/condition.
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Figure 7. Retinoic acid modulation in vivo. (A) Total hepatic
RNAor (B) rat RNAwas extracted from animals treated with
noic acid or olive oil vehicle alone (as indicated) and then No
blotted and exposed to a 32P-labeled cDNAfor the rat alpha 1

collagen gene. The same blots were then sequentially stripped
separately rehybridized with cDNAs for fibronectin, apolipopi
E, actin, and an 1 8s ribosomal probe as indicated. There was

tectable rat collagen transcript despite prolonged (5 d) exposui

Figure 8. Retinoic acid modulation of Ito cell mRNAin vivo.
Freshly isolated Ito cell RNAwas extracted from animals treated
with retinoic acid or olive oil vehicle alone (as indicated) and then
Northern blotted and exposed to a 32P-labeled cDNA for the rat
alpha 1 (1) collagen gene. The same blot was then sequentially
stripped and separately rehybridized with cDNAs for fibronectin,
apolipoprotein E, and an 1 8s ribosomal probe. Despite a prolonged 5

d exposure, there was no detectable transcript for fibronectin or apo-

lipoprotein E (data not shown). The comparable ethidium bromide
stained gel is shown on the right. Arrows indicate the position of the
28s and 1 8s ribosomal RNA. Each lane represents a separate animal.
Comparable collagen transcript abundance was observed in 3 other
Northern blots involving fresh Ito cell isolates from other untreated
rats.

abundance of type I collagen mRNAwas determined in whole
liver RNAand in purified fresh rat Ito cell RNAand compared
wtih that for fibronectin and apolipoprotein E mRNAs. Equiv-
alence of RNAtransfer was independently confirmed by re-

probing the same Northern blots with an 1 8s ribosomal probe.
3B As shown in Fig. 7 A, retinoic acid-treated mice had a signifi-

cant reduction in the relative abundance of total hepatic type I
collagen mRNA. The relative abundance of the actin tran-
script is shown for comparison. By contrast, type I collagen

18s mRNAwas undetectable in samples of total hepatic RNA
from either retinoic acid-treated or control rats despite pro-

longed autoradiograph exposures (similar analysis of total
RNAfrom fibrotic rat livers demonstrated the expected colla-
gen transcript size data not shown). However, using RNA
from isolated rat Ito cells, type I collagen mRNAwas readily
detectable in untreated rats, while retinoic acid treatment re-

sulted in a reduction to undetectable levels (Fig. 8). There was

no detectable fibronectin or apolipoprotein E transcript in the
purified Ito cell Northern blots even after prolonged autora-
diograph exposure. In contrast to the consistent alterations in

mouse collagen transcript abundance produced by retinoic acid ad-
reti- ministration in both mice and rats, a qualitative assessment of

rthern
I (1)
and

rotein
no de-
res

(data not shown). A photograph of the comparable ethidium bro-
mide stained gel for the mouse RNAis shown on the right. Arrows
indicate the position of the 28s and 1 8s ribosomal RNA. Each lane
represents a separate animal.
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the abundance of the fibronectin transcript in mice suggested a
small (< 40% after normalization to 18s RNAabundance)
diminution secondary to retinoic acid, but this modulation
was not seen after examining a large number of similarly
treated rats (Fig. 7 A and B). There was also no change in the
relative abundance of the apolipoprotein E transcript in the
rats (Fig. 7 B) treated with retinoic acid.

Discussion

This study demonstrates that retinoic acid modulates Ito cell
proliferation and collagen and TGF,3 production in vitro and
in vivo. This work suggests that retinoic acid should prove to
be a useful tool in future in vitro or in vivo studies designed to
consider the molecular factors that are altered during the
pathologic fibrogenic state. Additional work would also clearly
be needed to explore how retinoic acid modulates intracellular
processes to prevent cell proliferation. Since previous studies
involving retinol metabolism and the identical Ito cell culture
system described herein have demonstrated that [3H]retinol is
internalized by the cell, esterified to the predominant physio-
logic form, retinol palmitate, and is then capable of subsequent
retinol ester hydrolysis, we speculate that retinoic acid, used in
the current experiments, was effectively internalized by the Ito
cells (21). This speculation is further supported by other work
with Ito cells and retinoic acid in which microscopic lipid
droplet formation was detected (a presumed storage form)
after incubation of Ito cells in serum-containing media sup-
plemented with retinoic acid (45). Similar analogies between
retinol and retinoic acid metabolism are further supported by
recent molecular analyses involving a comparison of cellular
retinol binding protein and cellular retinoic acid binding pro-
tein metabolism and the corresponding retinol and retinoic
acid (39). This work involved the well studied retinoid respon-
sive embryonal carcinoma cell line, and demonstrated parallel
retinol and retinoic acid shuttling between the cytoplasm and
the nucleus, requiring the specific participation of the corre-
sponding retinoid binding protein (39). This study and other
recent work involving retinoid receptor anti-sense oligodeox-
ynucleotide methodology and the observations that epidermal
growth factor receptor, laminin, and transglutaminase gene
expression are transcriptionally regulated by retinoic acid, all
support the speculation that the current study's observed alter-
ations of Ito cell behavior may be mediated by the intracellular
(and intranuclear) effects of retinoic acid (27, 46-51). Further-
more, the work with the embryonal carcinoma cell line under-
scores the complex nature of the intracellular handling of reti-
noic acid and suggests that measurements of total intracellular
retinoic acid concentrations would not explain alterations in
cell behavior but instead, the precise shuttling of retinoic acid
bound to cellular retinoic acid binding protein to the nucleus
and its interactions with nuclear binding proteins are likely to
be the determining factors (39). Due to the very low concen-
trations of intracellular and intranuclear retinoic acid, it is
likely that further work in this specific area will be done pri-
marily in cell lines where sufficient cell material (> 109 cells) is
readily available. Previous studies of Ito cell proliferation in-
volving freshly isolated Ito cells suggest that increased cell
growth begins to occur only after several days in primary cul-
ture coincident with the loss of the cell's vitamin A stores (20).
After this initial lag in proliferation, however, Ito cells con-
tinue to proliferate in passaged culture in the presence of 10%

serum for > 6 passages over a 3-4-mo period. These cells
maintain their differentiated phenotype through at least pas-
sage No. 3, as evidenced by their capacity to store vitamin A as
retinol ester and hydrolyze retinol ester (21). As previously
stated, the passaged cells maintain their biological responsive-
ness to retinol, the main circulating form of vitamin A (8, 19,
20). This work demonstrates that retinoic acid inhibits cell
proliferation and collagen production at . lOOX lower molar
concentrations than used in previous studies with retinol ( 19,
20). This difference in sensitivity to retinol versus retinoic acid
has been previously noted in other cell systems and may be
especially important in any potential applications in vivo (24,
42). In other cell systems, however, the response to retinoic
acid may differ considerably. For example, some work suggests
that retinoic acid actually augments cell growth (24). Previous
in vitro work with 10-fold higher concentrations of retinoic
acid had found, similar to Ito cells, that collagen over produc-
tion by human keloid skin fibroblast cultures was inhibited,
but the effect appeared to be at a pretranslational level (42).

This study found that TGF,3 production was markedly re-
duced by retinoic acid, analogous to the reduction in collagen
protein. A similar preliminary study found that 10-fold higher
concentrations of retinol depressed Ito cell TGF,B mRNA
abundance by > 90% (10). Accumulating evidence suggests
that collagen production may be causally linked to TGF,B in
many cell systems (4, 52). It is possible then, that one of the
mechanism(s) of retinoid modulation of collagen production
relates to its effect on TGF,i accumulation. Future work, how-
ever, is needed to explore this potential causal link. These
studies were extended to an initial characterization of the ef-
fects of retinoic acid administration in vivo to normal animals.
By avoiding the use of animals with hepatic fibrosis or cirrho-
sis, the effect of retinoic acid on hepatic collagen gene expres-
sion was thereby assessed in the apparent absence of inflam-
matory or fibrogenic cytokines. In vivo administration of reti-
noic acid markedly reduced total hepatic and Ito cell type I
collagen mRNAabundance, but was without significant effect
upon rat hepatic fibronectin or apolipoprotein E mRNA
abundance. An unexpected finding in this study was encoun-
tered in our analysis of total hepatic RNAfrom rats where no
detectable transcript for type I collagen could be demon-
strated. While this may partly reflect the relative sensitivity of
the hybridization method, it also suggests a very low transcript
abundance in normal rat liver. Nevertheless, it bears emphasis
that RNAisolated from purified Ito cells recovered from these
same animals revealed abundant type I collagen mRNAand
that, additionally, appeared responsive to administration of
retinoic acid. These findings may relate to (a) the use of differ-
ent aged animals (rats, 9- vs. mice, 2-mo-old) or (b) differences
in the relative total hepatic or Ito cell vitamin A content (53,
54). Recent work comparing 6- vs. 36-mo-old rats suggested
that the vitamin A content of the Ito cells significantly in-
creased without an apparent change in Ito cell number (- 6%
of total liver cells) (22, 53, 54). Future studies are needed to
resolve these apparent species or age related differences.

The factors that potentially modulate these key hepatic
proteins in vivo are unknown, but one study has suggested that
retinoic acid administration can diminish fibronectin mRNA
abundance when animals have profound vitamin A deficiency
(55). It is difficult, however, to extrapolate this finding to the
current work that involved animals with normal vitamin A
containing diets. Recent work with vitamin A replete rats

Retinoic Acid Modulation of Ito Cell Function 2067



found that retinoic acid can increase hepatic transglutaminase
levels within 12 h of administration, an effect that appeared to
be exerted at a pretranslational level (46-48). This suggests
that retinoic acid can stimulate as well as inhibit hepatic pro-
tein production. Another recent study using human skin fibro-
blast cultures to analyze collagen and fibronectin gene expres-
sion found a differential effect of gamma-interferon resulting
in a decrease in collagen mRNAabundance but a marked
increase in the mRNAfor fibronectin (56). Data from these
types of experiments are also difficult to apply to the in vivo
setting where the cellular source of the two proteins may be
different. Though in vitro work suggests that "activated" Ito
cells may have the capacity of producing fibronectin, most
studies suggest that in normal liver, the hepatocyte and the
Kupffer cell are the likely sources of fibronectin (55, 57, 58).
Similarly, the hepatic source of apolipoprotein E is felt to be
the hepatocyte and the Kupffer cell (59, 60). This work could
not detect any fibronectin or apolipoprotein E mRNAin the
purified fresh Ito cell mRNAdespite their marked abundance
in total liver mRNA. This supports the contention that the
normal Ito cell is probably not a significant source of either of
these proteins. The source of hepatic interstitial collagen in
contrast appears to be the Ito cell and/or the hepatocyte,
though each cell's relative contribution to total hepatic colla-
gen remains somewhat controversial (6, 61-63). Therefore, the
current study's finding of in vivo differential modulation of
hepatic collagen versus rat fibronectin and apolipoprotein E
mRNAabundance may be due to differences in retinoid re-
sponsive elements (i.e., nuclear binding proteins) present in Ito
cells versus hepatocytes and Kupffer cells and/or differences in
the factors that regulate the relative abundance of the three
mRNA's.

While the molecular mechanism(s) of retinoic acid action
appear to be at a nuclear level involving specific nuclear bind-
ing proteins, it is still unknown what determines this ubiqui-
tous regulator's relative specificity (25-27). In the complex in
vivo setting, it is possible that much of the retinoic acid selec-
tively accumulates in the liver and perhaps in the Ito cell frac-
tion. A retinoic acid metabolite may also be involved in the
observed effect (64). The accumulated data involving the phys-
iologic retinoid, retinol, at least strongly suggests that the he-
patocyte and its adjacent Ito cell have developed an elaborate,
incompletely understood mechanism of shuttling the retinoid
predominantly to the Ito cell for both short- and long-term
storage (22, 23). It seems unlikely that the retinoic acid effect
was due to an increase in intracellular retinol because these
animals were vitamin A sufficient, had abundant intracellular
vitamin A stores, and most studies actually suggest that retinol
may be converted to retinoic acid for the dominant mode of
retinol action (65, 66). Future work will be needed to consider
whether retinoic acid functions directly or indirectly by sec-
ondarily altering low levels of cytokine production (i.e., TGF,B)
or cytokine responsiveness (i.e., cytokine receptor expression,
affinity, or more distal cytokine-induced effects). In this latter
regard, we have recently observed that retinoic acid has the in
vitro capacity of markedly reducing Ito cell cytokine respon-
siveness (67).
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