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Implications for Regulation of Matrix Degradation in Liver

John P. Iredale, Gillian Murphy,* Rosalind M. Hembry,* Scott L. Friedman,* and Michael J. P. Arthur
Department ofMedicine II, University ofSouthampton, United Kingdom; *Strangeways Laboratory, Cambridge, United Kingdom;
and tLiver Center Laboratory, San Francisco, California 94110

Abstract

Hepatic lipocytes play a central role in the pathogenesis of liver
fibrosis, both via production of extracellular matrix proteins
and through secretion of matrix metalloproteinases. In this
study, we have characterized lipocyte expression and release of
tissue inhibitor of metalloproteinases-1 (TIMP-1), an impor-
tant inhibitor of metalloproteinase activity, whose role in liver
has not previously been examined.

TIMP-1 was immunolocalized to human lipocytes, and se-
cretion of TIMP-1 was confirmed by ELISA of culture media;
(mean±SD) 159±79 ng of TIMP-1/106 cells per 24 h. Evi-
dence for functional inhibitory activity of released TIMP-1 was
obtained by (a) reverse zymography that demonstrated a single
inhibitor band, M, 28 kD, that co-migrated with a TIMP-1-pos-
itive control sample; and (b) unmasking of inhibited gelatinase
activity in lipocyte medium by separating it from TIMP-1 using
gelatin sepharose chromatography; gelatinase activity in chro-
matographed medium increased more than 20-fold, compared
with unfractionated medium, and could be reinhibited by adding
back fractions that contained inhibitor. By Northern analysis,
freshly isolated human lipocytes exhibited low levels ofmRNA
expression for TIMP-1, but this increased markedly relative to

#l-actin expression with lipocyte activation during cell culture.
We conclude that human hepatic lipocytes synthesize

TIMP-1, a potent metalloproteinase inhibitor, and that TIMP-
1 expression increases with lipocyte activation. These data indi-
cate that hepatic lipocytes can regulate matrix degradation in
the liver, and suggest that expression of TIMP-1 by activated
lipocytes may contribute to the progression of liver fibrosis. (J.
Clin. Invest. 1992. 90:282-287.) Key words: metalloproteinase
* liver fibrosis

Introduction

In normal liver, hepatic lipocytes (fat-storing or Ito cells) are
located in the space of Disse. They comprise approximately
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one third ofnonparenchymal cells and are distributed through-
out the liver (1).

Accumulating evidence has established a prominent role
for lipocytes in hepatic fibrogenesis. In liver injury of humans
and experimental animals, lipocytes transform to a myofibro-
blast-like phenotype, proliferate, and are most abundant in re-
gions of active fibrosis (2, 3). By in situ hybridization, mRNA's
for interstitial collagens are localized predominantly to acti-
vated lipocytes both in animal models ofliver fibrosis (4, 5) and
human liver disease (6). In culture, rat and human lipocytes
synthesize interstitial collagens (7, 8), laminin (9), fibronectin
(10), and proteoglycans ( 11).

Recent evidence demonstrates that under certain condi-
tions hepatic lipocytes also synthesize matrix metalloprotein-
ases and may contribute to matrix degradation in liver. We
have shown that cultured rat and human lipocytes synthesize
and release 72 kD type IV collagenase/gelatinase (12, 13).
Myofibroblast-like cells derived from human liver explants of
presumed lipocyte origin have been reported to release intersti-
tial collagenase activity when exposed to IL- 1 or tumor necro-
sis factor-a (14). Hepatic lipocytes have also been shown by in
situ hybridization to express mRNA for transin after carbon
tetrachloride liver injury (15). Other nonparenchymal cells can
also synthesize metalloproteinases; for example, interstitial col-
lagenase (16) and 92 kD type IV collagenase/gelatinase, by
Kupffer cells (17).

Mechanisms for the control and regulation ofmatrix degra-
dation in liver have not been documented. In general, metallo-
proteinases are regulated by three mechanisms (18): regulation
of metalloproteinase gene expression, activation of proen-
zymes, and inhibition of active forms by the specific tissue
inhibitors of metalloproteinases, (TIMP-l)' and TIMP-2. In
view of their central role in both matrix synthesis and degrada-
tion, we have examined whether hepatic lipocytes synthesize
and release metalloproteinase inhibitors. Our studies have con-
centrated primarily on the synthesis and inhibitory activity of
released TIMP- 1.

Our data demonstrate that activated human lipocytes ex-
press the gene for TIMP- 1, synthesize and release immunoreac-
tive TIMP- 1, and that the released TIMP- 1 exhibits inhibitory
activity against metalloproteinases. The significance of our
findings to regulation of matrix degradation in liver is dis-
cussed.

1. Abbreviation used in this paper: TIMP- 1, tissue inhibitors ofmetallo-

proteinases- 1.
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Methods

Human hepatic lipocyte isolation and culture. Hepatic lipocytes were

obtained from normal human liver tissue by pronase/collagenase per-

fusion and purified by arabinogalactan density gradient centrifugation,
as previously described (8). Lipocytes were harvested from the <6% or

6-8% arabinogalactan interface and identified by phase contrast mi-
croscopy (Fig. 1 A) and endogenous vitamin A autofluorescence (8).
Cell purity consistently exceeded 90%, with Kupffer cells as the main
contaminant.

Cells were cultured on uncoated plastic 35-mm dishes (Lux; Miles
Scientific Div., Miles Laboratories, Naperville, IL) in medium 199,
supplemented with 10% fetal calf and 10% horse serum (Flow Labs.,
Inc., Irvine, CA). Media were changed every 24 h.

Immunostainingfor TIMP-J. To optimize intracellular protein ac-

cumulation, cultured lipocytes (day 14) were incubated in medium 199
containing 5 Amol monensin (Sigma Chemical Co., Poole, UK) for 4 h.
Cells were fixed and immunostained as previously described (19), using

a polyclonal sheep anti-human TIMP IgG (50 ,g/ml) or nonimmune
sheep IgG (50 ug/ml; Sigma Chemical Co.) in controls and FITC-con-
jugated donkey anti-sheep secondary antibody (Sigma Chemical Co.)
diluted 1:100 in PBS, pH 7.4. Dual immunostaining was performed
with either murine anti-human desmin antibodies (1:50 dilution;
Dako Ltd., High Wycombe, UK) or MAC-387 1:12,000 dilution (a
monoclonal antibody that stains Kupifer cells and other macrophages
[20], kindly provided by Dr. D. Flavell, Southampton General Hospi-
tal), using RITC-conjugated rabbit anti-mouse secondary antibody
(Dako Ltd.) at dilutions of 1:25-1:100.

Media collection for analysis ofproteinase and inhibitor release.
Cell cultures maintained in serum-containing media for 7-14 d were
washed threefold in serum-free medium 199 and preincubated for 4 h
in the same medium, which was then discarded. The cells were then
incubated in fresh medium 199 without serum, which was harvested
after 24 h. The media were clarified by centrifugation and stored at
-20'C before lyophilization. Blank medium not added to cells was
included as a negative control. Samples were transported to the UK

loc,.ra
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Figure 1. Phase contrast micrograph (A) of
human lipocytes at day 14 in primary cul-
ture. The cells were cultured in monensin 5
iAmol for 4 h and then immunostained as
described in Methods for TIMP-1. Positive
fluorescence for TIMP-1 is demonstrated in
the same field in B.

Human Lipocytes Synthesize Tissue Inhibitor ofMetalloproteinases-J 283



lyophilized, reconstituted to original volume on arrival, and stored at
-20'C before analysis of TIMP content, proteinase, and proteinase
inhibitor activity, as described below.

ELISA for TIMP-J. Immunoreactive TIMP-1 in crude human Ii-
pocyte medium was determined by ELISA as previously described (21).

Reverse zymography. 10 ,d of crude human lipocyte media were
subjected to reverse zymography as described by Ward et al. (22).

Gelatin sepharose chromatography. Gelatinase activity in human
lipocyte media was separated from metalloproteinase inhibitors by gela-
tin sepharose chromatography, according to the method of Overall et
al. (23), with modification. In brief, I ml ofgelatin sepharose (Pharma-
cia-LKB Biotechnology, Milton Keynes, UK) was packed into a 1-ml
tuberculin syringe and equilibrated with chromatography buffer (0.05
M Tris, pH 7.6, 0.2 M NaCl, 0.02% NaN3, 10 mM CaC12). 20 ml of
lipocyte media were applied to the column and unbound inhibitors
eluted by gravity with 20 ml of chromatography buffer (eluate A), fol-
lowed by an equal volume of chromatography buffer containing 1 M
NaCl (eluate B). Bound gelatinases were eluted from the column with
20 ml of chromatography buffer containing 1 M NaCl and 5% DMSO
(eluate C). Eluates A and B were concentrated 10-fold over a YM10
25-ml ultrafiltration membrane (Amicon Corp., Scientific Sys. Divi-
sion, Danvers, MA). After dialysis into chromatography buffer, total
gelatinase activity was determined in the original lipocyte medium and
in eluates A, B, and C as previously described (12). Samples were as-
sayed after activation by incubation with 1 mM aminophenylmercuric
acetate (Sigma Chemical Co.) at 37°C for 1 h. Inhibitory activity in
eluates A and B was assayed by adding lOx concentrates ofthese frac-
tions to gelatinase activity in eluate C.

RNA extraction and Northern blotting. Total RNA was extracted
and purified from freshly isolated lipocytes, and from the same prepara-
tion of cells after 4 d in primary culture, using the method of Chom-
cynzski and Saachi (24). Equal quantities of RNA from each experi-
mental condition were subjected to Northern analysis using (a) a full-
length 0.9-kb cDNA probe to TIMP-l (25) labeled with [32P]ATP by
random priming using the Klenow enzyme (Amersham Int., Ayles-
bury, UK); and (b) antisense RNA to ,l-actin, labeled with [32P]UTP by
in vitro transcription of a pSP6-f-actin antisense control template
(Ambion Inc., Austin, TX). After each hybridization, membranes were
washed at 70°C in 0.1% standard saline citrate (SSC)/0.1% SDS and
exposed to Kodak X-omat S film for 24-48 h at -70°C.

Figure 2. Co-localization of TIMP- I to desmin-positive,
MAC-387-negative cells. Lipocytes at day 14 in primary culture were
immunostained for TIMP-l (a and c) using FITC conjugate as de-
scribed in Methods. Dual immunostaining was performed for either
desmin (b) or MAC-387 (d) as described in Methods, using RITC
conjugate. TIMP- I -positive cells stained positively for desmin (a and
b, respectively), but were MAC-387 negative (c and d, respectively).

Results

Immunolocalization of TIMP-I in cultured human hepatic li-
pocytes. TIMP-1 was immunolocalized in monensin-treated
cultures of human lipocytes. The fluorescence was concen-
trated in the perinuclear cytoplasm (Fig. 1 b), consistent with
the distribution ofthe Golgi. Without monensin pretreatment,
immunostaining for TIMP- 1 was either negative or barely de-
tectable in cultured human lipocytes (not shown). No fluores-
cence was demonstrable in nonimmune sheep IgG controls.
The identity ofTIMP- 1-positive cells was confirmed by several
means. The cells had the typical phase contrast morphology of
lipocytes in primary culture (Fig. 1 a) and displayed vitamin A
autofluorescence (8). TIMP-1-positive cells stained positive
for desmin (Fig. 2, a and b) and negative for MAC-387 (a mac-
rophage cell marker) by dual immunofluorescence (Fig. 2, c
and d).

Quantitation of immunoreactive TIMP-J release by cul-
tured lipocytes. Human lipocytes cultured in serum-free media
released 173 ± 74 ng (mean±SD) of free TIMP-1/106 cells per
24 h (n = 5) as determined by ELISA. TIMP- 1 was not detected
in cell-free blank medium. For human lipocytes cultured in the
presence ofcycloheximide 10 gg/ml, TIMP- 1 release was inhib-

ited more than 90% compared to control, implying that TIMP-
1 was either synthesized de novo or that cellular protein synthe-
sis is necessary for its subsequent extracellular release.

Detection of TIMP-1 activity by reverse zymography. Me-
dia from cultured human hepatic lipocytes demonstrated a dis-
tinct band of metalloproteinase inhibitor activity by reverse
zymography. This inhibitor band migrated at 28 kD and co-
migrated with a positive control sample of TIMP-1 (derived
from human fetal lung fibroblasts; Fig. 3). In contrast, the
TIMP-2-positive control sample migrated as a distinct band at
22 kD. Thus, the inhibitor activity secreted by cultured human
hepatic lipocytes is of identical molecular size to TIMP- 1. In
the experiments reported here, we have found no evidence of
TIMP-2 secretion, or of secretion of other smaller or larger
proteinase inhibitors. No inhibitory activity was demonstrated
in cell-free blank media.

Quantitative analysis ofmetalloproteinase inhibitory activ-
ity in human lipocyte medium. Before separation of inhibitors
by gelatin-sepharose chromatography, there was a low but de-
tectable gelatinase activity (2.44 ug gelatin degraded/1 8 h) in
lipocyte medium. Chromatography of this medium markedly
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2 3 Figure 3. Reverse zy-
mography of human li-
pocyte media. Serum-
free media were har-
vested after 24 h
collection from 14-d-old
primary cultures ofhu-
man lipocytes, and ana-

_ 28 kD lyzedbyreversezymo-
graphy as described in

22 kD Methods. This figure
demonstrates one repre-
sentative example of

five separate experiments. Media from human lipocytes (lane 1) is
compared with a positive control for TIMP-2, (lane 2); and TIMP- 1,
(lane 3). A band of inhibitory activity is demonstrated at 28 kD in
the human lipocyte media that co-migrates with the TIMP- 1, and not
the TIMP-2-positive control.

increased detectable gelatinase activity more than 20-fold com-
pared to intact medium. Gelatinase activity in eluates A (chro-
matography buffer wash: 0.313 qg gelatin degraded/18 h) or B
(chromatography buffer wash + 1 M NaCi: 0.939 #ug gelatin
degraded/ 18 h), were minimal. In contrast, markedly increased
gelatinase activity was detected in eluate C (chromatography
buffer + 5% DMSO wash: 46.8 jug gelatin degraded/18 h).

The high gelatinase activity detected in eluate C could be
reinhibited by adding back dialyzed lOx concentrates ofeither
eluate A (chromatography buffer wash) or eluate B (chromatog-
raphy buffer wash + 1 M NaCI). Inhibition of gelatinase activ-
ity by eluates A and B were 69% and 56%, respectively, com-
pared with control (see Table I).

Expression of TIMP-1 mRNA by cultured human hepatic
lipocytes. Total cellular RNA prepared from cultured human
hepatic lipocytes and examined by Northern analysis with high
stringency washing revealed a single hybridization signal of0.9
kb (Fig. 4). This transcript size corresponds with that reported
for TIMP-1 mRNA in other human fibroblast cell lines (23,
26). Moreover, increasing duration ofprimary lipocyte culture
was associated with a specific increase in TIMP-1 mRNA ex-

Table I. Inhibitory Activity ofEluates Obtainedfrom Gelatin-
Sepharose Affinity Chromatography ofHuman Lipocyte Medium

Inhibition
Gelatinase activity of control

Eluate C containing 10% (vol/vol) 20.2 jg gelatin 0%
chromatography buffer (control) degraded/ 18 h

Eluate C containing 10% vol/vol) 6.24 ug gelatin 69.2%
of lOx eluate A degraded/18 h

Eluate C containing 10% (vol/vol) 8.78 gug gelatin 56.5%
of lOx eluate B degraded/18 h

Eluates A and B from gelatin-sepharose chromatography of lipocyte
medium (see Methods) were concentrated lOx using a YM10 25ml
ultrafiltration membrane (Amicon Corp.). The concentrates were
then dialyzed against chromatography buffer before being added to
eluate C (see Methods) as a 10% (vol/vol) solution. Gelatinase activi-
ties were determined as described in the text. Results are expressed as
percentage of inhibitory activity compared with the control sample
(chromatography buffer alone).

a.b. c. d.
Figure 4. Northern blot analy-
sis of total RNA prepared from
freshly isolated and cultured
human hepatic lipocytes. Total
RNA was prepared from hu-
man lipocytes and analyzed by
Northern blotting using a full-
length cDNA probe for human
TIMP- 1. After autoradiogra-
phy, the TIMP-1 probe was re-
moved by washing membranes

- iHiO*9 Kb inTEwith0.I%SDSat80'C.
Membranes were then rehybrid-
ized with an antisense RNA
probe for d actin (see Meth-
ods). (Lanes a and b) 10 and 5
Ag, respectively, ofRNA pre-
pared from freshly isolated
cells. (Lanes c and a) 10 and 5
jg, respectively, ofRNA from

*11W X 8 4k Act.in the same cell preparation after4 d in primary culture.

pression relative to f3-actin mRNA. In total RNA prepared
from freshly isolated lipocytes, a signal was barely detectable,
whereas expression ofTIMP- 1 mRNA was markedly increased
after 4 d in primary culture (Fig. 4).

Discussion

TIMP- 1 is a 28-kD glycoprotein that is secreted by a wide vari-
ety of fibroblasts and other cell types (27, 28), but synthesis and
release ofTIMP- 1 by cells of hepatic origin has not previously
been described. Our data demonstrate that primary cultures of
hepatic lipocytes (fat-storing or Ito cells) purified from human
liver express mRNA for TIMP- 1 and synthesize immunoreac-
tive TIMP- 1, as determined by immunolocalization ofTIMP- 1
to the Golgi ofmonensin-treated cells. Moreover, we have dem-
onstrated by ELISA that cultured human lipocytes secrete im-
munoreactive TIMP- 1, and have used reverse zymography to
demonstrate metalloproteinase inhibitory activity, of appro-
priate molecular size for TIMP-1 (Mr 28 kD). We therefore
conclude that cultured human lipocytes express the gene for,
synthesize, and secrete biologically active TIMP- 1.

The marked increase in gelatinase activity after removal of
inhibitor by gelatin sepharose chromatography suggests that
TIMP- 1 is an important regulatory mechanism for matrix deg-
radation in liver. Since by reverse zymography the same media
contained no other metalloproteinase inhibitors, the observed
gelatinase inhibitory activity can be ascribed to TIMP- 1. The
20-fold increase in gelatinase activity after separation from in-
hibitors by chromatography suggests that TIMP- 1 is a major
factor regulating matrix metalloproteinase activity of hepatic
lipocytes.

Our results indicate that the relative expression ofTIMP- 1
is determined in part by the state of activation of lipocytes,
because TIMP- 1 expression increased with duration ofprimary
culture (Fig. 4). Accumulated evidence has demonstrated that
lipocytes grown on uncoated plastic adopt an activated pheno-
type with increasing duration of cultures that closely parallels
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their transition to myofibroblast-like cells in vivo during liver
injury. Features of this activation have been well characterized
for both rat and human lipocytes in primary culture on plastic,
and include cell spreading (8, 29), loss ofretinoid droplets (30),
induction of cytokine receptors (31), proliferation (8, 29), ex-
pression ofsmooth muscle-specific actin (32), increased matrix
production (33, 34), and gene expression (8). Although acceler-
ated by Kupffer cell-derived factor(s) (31), activation of cul-
tured lipocytes is not dependent on this mechanism. Recent
studies have emphasized that lipocyte activation occurs as a
feature ofduration ofculture and have suggested that autocrine
secretion of transforming growth factor-#3l may be important
in this process (33). Whatever the mechanism, increased ma-
trix production by activated lipocytes is particularly relevant to
our current study of matrix metalloproteinase regulation.

Taken together, these data suggest a working hypothesis of
how matrix deposition may be altered as a result of lipocyte
activation. Transformation of lipocytes to myofibroblast-like
cells is associated with a marked increase in matrix secretion (7,
9, 11, 33, 34), which is accompanied by increases not only in
matrix-metalloproteinase secretion (12, 13) but also TIMP-1
release. The net effect of these alterations may be reduced ma-
trix degradation resulting in marked increases in matrix deposi-
tion in liver. This view does not account for the potential con-
tributions of other regulatory mechanisms or of other sinusoi-
dal cells to matrix homeostasis. Nonetheless, the findings
clearly indicate that lipocytes can regulate matrix turnover at
many levels and, therefore, provide additional support for a
critical role for these cells in liver injury and repair.

Previous experimental evidence supports a role for metallo-
proteinases and their inhibitors in pathological liver fibrosis. In
animal models of liver injury, as fibrosis progresses, total colla-
genase activity decreases relative to liver collagen content (35,
36). Moreover, experimental models such as carbon tetrachlo-
ride suggest that early on, fibrosis is reversible, but that after
repeated exposure liver fibrosis progresses to cirrhosis, even if
the original hepatotoxin is withdrawn (37). The explanation for
these phenomena is unknown, but our observation that lipo-
cytes with a myofibroblast-like phenotype synthesize and re-
lease TIMP-l suggests one potential mechanism. We hypothe-
size that release ofTIMP-l by activated hepatic lipocytes may,
by inhibition ofmetalloproteinases (particularly interstitial col-
lagenase), contribute to the progression of liver fibrosis.
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