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Research Article

Hepatic lipocytes appear to be central to the pathogenesis of hepatic fibrosis, undergoing activation during inflammation
to a matrix-producing, proliferative cell type. We have studied the activation process in culture by examining the response
of lipocytes to conditioned medium from hepatic macrophages (Kupffer cells). Lipocytes exposed to Kupffer cell medium
(KCM) exhibited cellular and nuclear enlargement associated with up to a threefold increase in collagen and total protein
synthesis per cell. Cell proliferation was also stimulated as measured by [3H]thymidine incorporation and direct cell
counting. The latter effect was serum dependent and inhibited by antibodies to platelet-derived growth factor (PDGF).
Proliferation could be stimulated by recombinant PDGF, but only after preincubation of cells with KCM. These findings
suggested that KCM was eliciting expression of the PDGF receptor in lipocytes, and this was confirmed by immunoblot
analysis with antibodies to the PDGF receptor. DNA synthesis in lipocytes exposed to KCM occurred at 48 h, which
reflected the time required for PDGF receptor expression (24 h) plus initiation of [3H]thymidine incorporation (24 h).
These results indicate that KCM has multiple stimulatory effects on cultured lipocytes similar to activation of these cells
observed in vivo.
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Activation of Cultured Rat Hepatic Lipocytes by Kupffer Cell Conditioned Medium

Direct Enhancement of Matrix Synthesis and Stimulation of Cell Proliferation
via Induction of Platelet-derived Growth Factor Receptors

Scott L. Friedman and Michael J. P. Arthur

The Liver Core Center and Medical Service, San Francisco General Hospital, and Department of Medicine,

University of California, San Francisco, California 94110

Abstract

Hepatic lipocytes appear to be central to the pathogenesis of
hepatic fibrosis, undergoing activation during inflammation to
a matrix-producing, proliferative cell type. We have studied
the activation process in culture by examining the response of
lipocytes to conditioned medium from hepatic macrophages
(Kupffer cells). Lipocytes exposed to Kupffer cell medium
(KCM) exhibited cellular and nuclear enlargement associated
with up to a threefold increase in collagen and total protein
synthesis per cell. Cell proliferation was also stimulated as
measured by [*H]thymidine incorporation and direct cell
counting. The latter effect was serum dependent and inhibited
by antibodies to platelet-derived growth factor (PDGF). Pro-
liferation could be stimulated by recombinant PDGF, but only
after preincubation of cells with KCM. These findings sug-
gested that KCM was eliciting expression of the PDGF recep-
tor in lipocytes, and this was confirmed by immunoblot analy-
sis with antibodies to the PDGF receptor. DNA synthesis in
lipocytes exposed to KCM occurred at 48 h, which reflected
the time required for PDGF receptor expression (24 h) plus
initiation of PH]thymidine incorporation (24 h). These results
indicate that KCM has multiple stimulatory effects on cultured
lipocytes similar to activation of these cells observed in vivo.

Introduction

Activation and accumulation of lipocytes (Ito, stellate, fat-
storing, and vitamin A-storing cells) after liver injury are mor-
phologic hallmarks of ongoing hepatic fibrogenesis (1, 2). Ac-
tivation is characterized by prominent rough endoplasmic re-
ticulum, reduced intracellular vitamin A content, and
increased pericellular collagen (1, 3, 4). Accumulation may
result from both local proliferation and directed migration (5).

Primary culture of lipocytes is an important tool for exam-
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ining mechanisms of activation, which have thus far been
poorly understood. Cultured lipocytes on uncoated plastic
display a matrix phenotype remarkably similar to that of fi-
brotic liver (6, 7), producing collagens (type I > type IV > type
III), laminin, and sulfated glycosaminoglycans (dermatan
> chondroitin > heparan sulfates; 8-10). Moreover, their re-
lationship to endothelium in situ and positive staining for des-
min (11, 12) suggest that they belong to a group of organ-spe-
cific pericytes (capillary smooth muscle cells) that includes
kidney mesangial cells (13), lung fibroblasts (14), and retinal
capillary pericytes (15).

We have focused on the potential activation of cultured
lipocytes by hepatic macrophages (Kupffer cells) because tis-
sue macrophage products in lung and other tissues are potent
modulators of mesenchymal proliferation and matrix produc-
tion (16-19). For example, exaggerated release of platelet-de-
rived growth factor (PDGF)' by lung macrophages may be an
important mechanism of fibroblast proliferation in chronic
idiopathic pulmonary fibrosis (20). The involvement of PDGF
in hepatic fibrogenesis has not been studied.

PDGEF is a 28,000-35,000 mol wt peptide that can exist as
either A,A or B,B homodimers or A,B heterodimer (21). It
exerts its biologic effects by binding to specific cellular recep-
tors. The receptor for PDGF is a 160,000-180,000 mol wt
anionic glycosylated protein belonging to the superfamily of Ig
receptors that includes the receptor protein for colony-stimu-
lating factor (CSF-1/c-fms; 22). It is a transmembrane mole-
cule whose intracellular portion contains a tyrosine kinase do-
main (23). Ligand binding activates an array of intracellular
events, including phosphorylation of the receptor itself (24).
Modulation of the response to PDGF could thus be regulated
either by the availability of PDGF, by the level of expression of
PDGEF receptor, or by the specificity of the receptor for a given
PDGEF isoform. To date, few examples of modulation of the
level of PDGF receptor have been identified, although this is a
potentially important mode of regulation.

We report here that conditioned medium from primary
cultures of rat Kupffer cells has broad stimulatory activity
towards lipocytes, causing transition to an activated appear-
ance, enhanced protein and collagen synthesis, and induction
of responsiveness to PDGF. The acquisition of responsiveness
to PDGF is due to de novo expression of the receptor for
PDGF.

Methods

Cell culture. Lipocytes and Kupffer cells were isolated from male re-
tired breeder Sprague-Dawley rats (450-600 g) by in situ perfusion and

1. Abbreviations used in this paper: KCM, Kupffer cell medium;
PDGEF, platelet-derived growth factor.



Larex density gradient centrifugation as previously described (25), ex-
cept that Kupffer cells were further purified by centrifugal elutriation
(26). Lipocytes were > 99% pure as assessed by specific fluorescent
markers for lipocytes, endothelial cells, and Kupffer cells (25, 27).
Kupffer cell isolates were > 90% pure, the main contaminant being
lipocytes (27). Cells were plated on uncoated plastic at a density of 10°
cells/well in 24-well plates or 1.5-1.8 X 10° cells/dish in 35-mm dishes,
and maintained in medium 199 with 20% serum (10% horse/10% calf;,
Flow Laboratories, Inc., McLean, VA) except where indicated.
Serum-free medium 199 contained 0.5% BSA (Sigma Chemical Co.,
St. Louis, MO). Medium was changed 24 h after plating and every 48 h
thereafter. All studies of cultured lipocytes used cells in primary culture
for 4-5 d, maintained in the presence of serum. Lipocytes were photo-
graphed with an inverted microscope (Diaphot; Nikon Inc., Garden
City, NY) using ASA 400 film (Ilford, Cheshire, UK). Balb ¢/3T3 cells
were grown in DME with 10% calf serum, penicillin, and streptomycin
on uncoated plastic 6-well plates and harvested 5 d after plating (28).

Conditioned medium for Kupffer cells was harvested every 48 h,
beginning 96 h after plating, pooled with previous collections, and
replaced by fresh medium. For serum-free incubations cells were
washed twice with serum-free medium before conditioning. Recovered
medium was filtered (0.2 um) and frozen at —20°C. Kupffer cells were
maintained for up to 28 d in primary culture as a source of conditioned
medium.

Measurement of collagen and protein synthesis. Collagen and total
protein synthesis were determined as the incorporation of [*H, ;4]
proline into peptide-bound proline and hydroxyproline, respectively
(29). Cells in 35-mm dishes were incubated 24 h with radiolabel and
cells and media were harvested with protease inhibitors at 4°C, dia-
lyzed to remove unincorporated radioactivity, hydrolyzed, and ana-
lyzed by amino acid analysis and liquid scintillation spectrometry, all
as previously described (25). Final data were normalized for cell num-
ber by measuring cellular DNA content determined fluorimetrically
(30). DNA content of lipocytes correlated closely with cell number (r
= 0.9934) in resting and proliferating cells (25). In some experiments
total protein synthesis was assessed as incorporation of [*H]leucine
into TCA-insoluble proteins (31). For these studies, cells in 24-well
plates were washed in L-15 salts, then incubated for 2 h in serum-free
medium 199 containing 50 uxCi/ml [*H]leucine. The medium was
discarded and cells were washed three times in cold 10% TCA, dried in
cold ethanol/ether (1:1), and incubated for 30 min in 2% Na,CO; in

0.1 N NaOH (Lowry reagent). The cell layers were harvested after
sonication, neutralized with glacial acetic acid, and suspended in Eco-
lite (ICN Radiochemicals, Irvine, CA) for quantitation by liquid scin-
tillation spectrometry. Final data were expressed as disintegrations/
minute [*H]leucine per well per 2 h.

Measurement of DNA synthesis and cell proliferation. Replicative
DNA synthesis by lipocytes was measured as incorporation of [*H]-
thymidine (32) with modifications (33). In initial experiments (Fig. 3)
data were normalized for DNA content (30); thereafter they were ex-
pressed as disintegrations/minute [*H]thymidine per well. Indepen-
dent assessment of cell proliferation was determined by direct cell
counting using an automated cell counter (Sysmex; TOA Medical
Electronics, Kobe, Japan). Recombinant PDGF (v-sis) was purchased
from Amgen Biologicals (Thousand Oaks, CA), anti-PDGF from Col-
laborative Research Inc. (Lexington, MA), and nonimmune IgG from
Cappell Laboratories (Cochranville, PA).

Immunoblot analysis of PDGF receptor expression. Lipocytes
maintained in 35-mm plates in the presence or absence of conditioned
medium were harvested in Ripand/Triton/BSA buffer containing 10
mM Tris-HCl (pH 7.4), 50 mM NaCl, 50 nM NaF, 30 mM sodium
pyrophosphate, 100 uM orthovandate, 5 mM EDTA, 1% Triton
X-100, I mg/ml BSA, and 1 mM PMSF, all as previously described
(34). The extracts were centrifuged at 10,000 g at 4°C for 15 min,
resuspended in Laemmli buffer, incubated at 95°C for 5 min, then
separated by SDS-PAGE. After electrophoresis, proteins were trans-
ferred to nitrocellulose filters and immunoblotted using a rabbit re-
ceptor antibody (28) followed by a horseradish peroxidase—conjugated
goat anti-rabbit IgG (Bio-Rad Laboratories, Richmond, CA).

Statistical methods. Data were analyzed by the ¢ test for paired
data.

Resuits

Effects of Kupffer cell conditioned medium KCM on lipocyte
morphology, collagen, and total protein synthesis. Lipocytes
exposed to KCM demonstrated marked nuclear enlargement,
cytoplasmic spreading, and apparent loss of retinoid vesicles
(Fig. 1). These changes were not present in cells exposed to
fresh (control) medium and occurred independently of serum.
They could first be observed at 48 h.

Figure 1. Effects of KCM on lipocyte morphology. Lipocytes in primary culture at equal plating density were exposed to control medium or

KCM (both with serum) for days 3—6 as described in Methods. 4, Cells maintained in control medium have a compact cytoplasm (thin white
arrows) containing retinoid droplets, small nuclei (¢hick white arrows), and distinct cell borders. B, Cells exposed to KCM have expanded cyto-
plasm (thin white arrows) with an apparent decrease in retinoid droplet size and greatly enlarged nuclei (thick white arrows). A dividing cell is

evident (arrowhead). Each panel has an equal number of cells. X712.
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Figure 2. Collagen and
total protein synthesis
in lipocytes exposed to
KCM. Cells grown in
35-mm culture dishes
for 3 d were exposed to
either control medium
(containing 20% serum)
or serum-containing
KCMfor1,3,0or5d
and analyzed for colla-
gen and protein synthesis as described in Methods. Data from three
experiments (each in triplicate) were normalized for DNA content
per plate as disintegrations/minute [*H]proline per microgram DNA
and are depicted here as percent of synthesis in control cultures.
Bars, Mean+SEM.
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The morphologic response to KCM was accompanied by
increased fibrogenesis. Synthesis of both collagen and total
cellular protein normalized for cell number increased progres-
sively, reaching three times the control level after 5 d (Fig. 2).
These changes were not serum dependent, in that total protein
synthesis increased twofold in KCM-treated lipocytes under
serum-free conditions (in disintegrations/min [*H]leucine per
well for three experiments+SD): control lipocytes, 1,970+74;
KCM-treated lipocytes, 4,060+71 (P < 0.03). Hepatocyte-
conditioned medium, like fresh medium, had no effect on
lipocyte morphology, protein synthesis, or DNA synthesis
(data not shown).

Effects of KCM on lipocyte DNA synthesis. DNA synthesis
per cell increased strikingly with KCM-treated lipocytes in the
presence of serum as assessed by incorporation of [*H]-
thymidine (Fig. 3). This incorporation was inhibited 90-95%
(n = 4, data not shown) by 10 mM hydroxyurea, confirming
that DNA synthesis was replicative. Enhanced DNA synthesis
was accompanied by a progressive increase in cell number with
increasing KCM exposure (Table I).

Mechanism of KCM-induced lipocyte proliferation. In the
above studies KCM contained 20% serum. When KCM was
collected under serum-free conditions it failed to stimulate
proliferation. However, when serum was added back to KCM
DNA synthesis could be stimulated, suggesting that a serum
factor was essential for this effect of KCM. We directed our
attention to PDGF as the likely serum factor, in part because
of evidence that PDGF may play a role in fibrosis of the lung
and kidney (17, 20). Preincubation of serum-containing KCM
with polyclonal antibody to PDGF blocked DNA synthesis

- Figure 3. Effects of
" +p<0.01 .
L e KCM on lipocyte DNA
’; synthesis. Lipocytes in
s primary culture in 24-
® well uncoated plates for
% 4 d were incubated in
ENEY) control medium or
£ KCM (both with
0 serum) for an addi-
Control KCM tional 48 h and ana-
lyzed for DNA synthe-

sis by 4-h incubation with [*H]thymidine. Data from three experi-
ments, each normalized for cellular DNA content, are shown. Bars,
Mean+SEM.
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Table I. Effect of KCM on Lipocyte Number

Cells per well Percent increase
(meanxSD) (mean)
x10*
Control 9.3+1.5 —
KCM X 2d 13.7+0.5* 32.1
KCM X 5d 15.7+0.5% 68.8

Lipocytes in primary culture for 4 d were incubated in either plain
(control) medium or KCM for 2 or 5 d (all with 20% serum), har-
vested in L-15 salts, and counted by automated cell counter. Data
shown represent duplicate determinations of three cultures for each
condition.

*P<002;+P<00l.

76-93% (n = 3; Fig. 4); in addition, serum-free KCM to which
pure PDGF was added stimulated DNA synthesis (Fig. 5).
PDGEF alone in the absence of KCM had no effect on DNA
replication in lipocytes (three experiments in triplicate, data
not shown).

In aggregate, the results suggested that KCM induced re-
sponsiveness to PDGF, and that PDGF was not produced by
Kupffer cells but had to be provided exogenously. A potential
explanation was that KCM induced expression of PDGF re-
ceptors. We examined this possibility by performing immuno-
blot analysis of lipocyte extracts (Fig. 6). Receptor for PDGF
was not detectable in resting lipocytes in the presence of
serum, but was clearly apparent within 24 h after treatment
with KCM (with or without serum). The cells displayed both
mature and precursor forms of the receptor, of molecular
weights nearly identical to those of Balb ¢/3T3 cells. Further-
more, cells stimulated to express PDGF receptor by KCM in
the absence of serum began to incorporate [*H]thymidine 24 h
after addition of serum (Fig. 7 A). In lipocytes exposed only to
serum-containing KCM, DNA synthesis occurred at 48 h (Fig.
7 B); this interval corresponded to the time required for ex-
pression of the PDGF receptor (24 h) followed by initiation of
[*H]thymidine in response to serum (PDGF; 24 h).

Discussion

The cellular responses to liver injury have been well character-
ized morphologically. Activation of hepatic lipocytes is con-
sistently observed regardless of the hepatotoxin. Recruitment

2 Figure 4. Effect of anti-
PDGF on KCM-in-
duced lipocyte DNA
synthesis. Lipocytes in
early primary culture
were exposed for 48 h
to either control me-
dium, KCM, KCM
0 preincubated for 2 h at
Control  KCM keM+  keM+1g6 37°C with anti-PDGF
enti-POGF (50 pg/ml), or KCM
preincubated under identical conditions with nonimmune IgG (50
ug/ml), and assessed for incorporation of [*H]thymidine as described
in Methods. A single experiment performed in triplicate is shown. In
three separate experiments the range of inhibition by anti PDGF was
76-93%.
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Figure 5. Combined effect of KCM and PDGF on lipocyte DNA
synthesis. 4-d-old lipocytes in primary culture were incubated for 48

h in nonconditioned serum-containing medium (control), serum-
containing KCM, or serum-free KCM with or without PDGF. Up-
take of [*’H]thymidine was assessed as in previous figures. Pure

PDGEF in the absence of KCM (not shown here) had no effect on [*H]-
thymidine incorporation (see Results).

and activation of Kupffer cells are also prominent features of
liver injury in man (35) and animals (26). The mechanisms
underlying these events are not well understood.

We have demonstrated that conditioned medium from
cultured Kupffer cells of normal rats stimulates hepatic lipo-
cytes in a manner closely parallel to changes observed in he-
patic fibrogenesis. Moreover, the activation occurs both by a
direct effect on morphology and matrix synthesis and by an
indirect effect of PDGF after induction of receptor expression
for this growth factor. PDGF is an important mitogen and

Control KCM -
Time 72h 72h 72h 24h 12h
Cell Type 373 LIPO Serum  + - + + +

mn —-—M
. —P

A B

Figure 6. Effect of KCM on PDGEF receptor expression. 4, Plasma
membrane extracts from Balb ¢/3T3 cells (positive control) or KCM-
treated lipocytes were separated in SDS-PAGE, transferred to nitro-
cellulose, and blotted with antibody to the PDGF receptor as de-
scribed in Methods. Both glycosylated mature (M) and nonglycosyl-
ated precursor (P) forms are evident in lipocytes. B, Equal numbers
of lipocytes (3-3.5 X 10° cells) in 35-mm dishes were analyzed after
incubation in plain medium (with serum) or KCM (with or without
serum) for 12-72 h. Receptor expression is evident only in KCM-
treated cells and occurs within 24 h.
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Figure 7. Time course of lipocyte DNA synthesis in response to
KCM. 4, Day 3 cells were pretreated for 48 h in serum-free KCM to
induce PDGF receptor expression (see Fig. 6), serum was added at
time 0, and [*H]thymidine incorporation was assessed at the times
indicated, as described in Methods. Incorporation of radiolabel
began 12-24 h after addition of serum. Data shown represent tripli-
cate determinations at each time point. B, Day 5 cells maintained in
plain medium were exposed to serum-containing KCM and assayed
at 12, 36, 48, and 72 h. In the absence of pretreatment [*H]thymi-
dine incorporation began 36-48 h after addition of KCM. Data
shown represent triplicate determinations at each time point.

-36

chemoattractant for vascular smooth muscle cells and proba-
bly contributes to cell proliferation in atherosclerosis and fi-
brogenesis of lung (19, 20). Its potential participation in he-
patic fibrogenesis has not previously been reported. While li-
pocytes stimulated by KCM are responsive to PDGF, the
source of this peptide in liver fibrogenesis is uncertain. Under
the present experimental conditions Kupffer cells, unlike lung
macrophages, fail to release biologically active PDGF, since
addition of serum or recombinant PDGF was required to in-
duce thymidine incorporation in KCM-treated lipocytes. In
addition, serum-free KCM failed to induce receptor phos-
phorylation in Balb ¢/3T3 cells (Escobedo, J., and S. Fried-
man, unpublished observations). It is possible that additional
activation of Kupffer cells is required before PDGF release
occurs. It is also possible that Kupffer cells release an isoform
of PDGF not recognized by lipocytes. Alternatively, PDGF
may derive from circulating platelets, which are present in
hepatic inflammation (36).

The induction of PDGF receptor expression by macro-
phage-conditioned medium (KCM) is a potentially relevant
mode of regulating PDGF responsiveness in vivo. Enhanced
PDGEF receptor expression accompanies vascular inflamma-
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tion of the kidney (37) and synovium (38). The PDGF recep-
tor in membrane extracts of cultured lipocytes stimulated by
KCM is similar in molecular weight to that of Balb ¢/3T3 cells.
Moreover, its expression occurs independently of serum, but is
enhanced by serum. The possibility that KCM merely acceler-
ates regeneration of extracellular receptors removed during
cell isolation is excluded by the absence of the receptor pre-
cursor in untreated cells. This lower molecular weight form
exists only intracellularly and would not be accessible to en-
zymes used during isolation.

Recent studies suggest that the PDGF receptor can exist as
either an aa (39), af (23, 40), or 88 form (41). Our study does
not establish which form of the receptor is expressed in lipo-
cytes since the antibody we used does not distinguish receptor
forms, and also because the responsiveness of lipocytes to re-
combinant PDGF BB homodimer could be mediated by more
than one receptor type. In our system PDGF BB homodimer
(v-sis) largely reproduced the mitogenic effect of serum; the
slightly lower magnitude of response may reflect a higher con-
centration of PDGF in serum-containing medium (42). Alter-
natively, KCM might also induce receptor expression for other
mitogens present in serum.

The ability to modulate the level of PDGF receptors in
cultured cells has only recently been observed. Terracio et al.
have shown that freshly isolated myometrial cells do not ex-
press PDGF receptors, whereas receptors are present on cells
in early primary culture on uncoated plastic (43). The en-
hanced expression of PDGF receptors may in part be a sponta-
neous response to the culture substratum. We have recently
demonstrated that isolated lipocytes maintained on a base-
ment membrane gel remain morphologically and functionally
quiescent, whereas cells on uncoated plastic are activated and
begin proliferating in the presence of serum after 10-12 d in
primary culture (33). It seems likely, therefore, that lipocytes
in prolonged primary culture (25, 33) or after subculture (44)
proliferate in response to serum because expression of the re-
ceptor has occurred. This possibility underscores the impor-
tance of performing studies on lipocytes in early primary cul-
ture or on a basement membrane gel if the goal is to recapitu-
late the response of quiescent lipocytes to activating stimuli.
These results also suggest that expression of PDGF receptor
results from an interplay of soluble stimuli (i.e., KCM) and
extracellular matrix.

The enhancement of lipocyte matrix synthesis by KCM
has been observed previously (45, 46). The proportionate in-
crease in collagen and total protein synthesis in our study sug-
gests that this activation process is generalized and may result
in enhanced synthesis of other matrix constituents such as
laminin and proteoglycans. Moreover, it supports the conten-
tion that lipocytes are the principal matrix-producing cell in
hepatic fibrogenesis (8, 47). The mechanism for increased ma-
trix synthesis is not apparent from our experiments; however,
in contrast to the proliferative response, it is not PDGF de-
pendent.

The activating factor(s) in KCM responsible for these ef-
fects are not fully characterized. Our preliminary findings sug-
gest that both matrix-stimulating and receptor-inducing activ-
ity reside in a single low molecular weight species (48) that is
distinct from any previously characterized growth factors.

In summary, we have presented evidence that KCM en-
hances lipocyte matrix production and stimulates proliferation
via induction of PDGF receptors. These results suggest that

1784 S. L. Friedman and M. J. P. Arthur

Kupffer cell-mediated lipocyte activation may be an impor-
tant mechanism of hepatic fibrogenesis.
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