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Metalloprolemases and their speeific inhibitors, believed to play a role in extracellular matrix metabolism, are regulated by mflammatory cylokines,

Here we have addressed the question of whether liver, the major sile of synthesis of plasina proleinase inhibators, is also capable of synthesizing

the tissue inhibitor of metalloprotemnase-1 (TIMP-1) We show at mRINA and protein levels that TIMP-1 15 expressed in differentiated human

hepatoma cells (HepG2) and that 11s syathesis 15 up-régulated by interleukin-6 (IL-6), transforming growth favtor 81 and phorbol 12-myrisiate

13-acetate. The physiologieal role of this phenomenon is underhined by the fact that hpopelysacchande admunistration 1nio rats in vive. as well
as JL-G-simulation of 1t hepalocyles in primary cullure, also leads lo an mcrease ol TIMP-1 mRNA in liver cells

Tissue intubitor of metalloproteinase-1 (TIMP-1), Metalloproteinase, Interleukin-6 (IL-6); Translorming growth factor §1 (TGFS1): Hepaloma
HepG2 cell; Hepatocyte

1. INTRODUCTION

Recently much attention has been paid to proteinases
and their inhibitors involved in tissue remodelling. Par-
ticularly, several metalloproteinases have been shown Lo
play a role in the degradation and turnover of the ex-
tracellular matrix composed of collagens, proteogly-
cans, and glycoproteins like fibronectin and laminin.
The metalloproteinases are synthesized and secreted as
inactive precursors and their activity in the extracellular
milieu is regulated by inhibitors. The major inhibitors
of metalloproteinases are x.-macroglobulin and tissue
inhibitors of metalloproteinases (TIMP-1 and TIMP-2)
(reviewed in [1-4]). TIMP-1 is a glycoprotein with a
molecular mass of about 29 kDa mainly produced by
cells of mesodermal origin [3].

Thus far, TIMP-1 synthesis has been described as
being regulated by growth factors and c¢ytokines such
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as epidermal growth factor (EGF), basic fibroblast
growth factor (bFGF), transforming growth facior-§1
(TGF#1), interleukin-1 (IL-1) and tumor necrosis fac-
tor-o TNFa [5-9]. Recently, iL-6 has been shown to
stimulate TIMP-1 expression in human chondrocytes,
fibrablasts and synoviocytes [10,11]. It has also been
reported that TIMP-1 is present in serum of normal
individuals [12,13].

Since liver is the major site of synthesis of plasma
proteinase inhibitors, we asked whether hepatoeytes
alxa synthesize TIMP-1 and whether this expression is
regulated by cytokines. As a model system for human
hepatocytes, we used the human hepatoma cell line,
HepG2, which has been shown to be capable of synthe-
sizing and secreting essentially the whole spectrum of
human acute-phase proteins [14], Here, we describe for
the first time that HepG2 cells synthesize and secrete
TIMP-1. We also present data on the up-regulation of
TIMP-1 by 1L-6, TGF£] and phorbol 12 myristate 13-
acetate (PMA). Furthermore, we show that TIMP-1
mRNA increases in livers of’ lipopolysaccharide (LPS)-
treated rats, as well as in rat hepatocytes in primary
culture after stimulation with TL-6.

2. MATERIALS AND METHODS

2.1 Cherucals
Restriction enzymes and random primed DNA labelling kit were
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purchised fromi  Boehrmger-Mannhem  (Mannheim, Germuany)
[=-“P]dATP (110 TBg/mmol) was oblained [rom Amersham Inteina-
tional {Ameisham, UK). DMEM and DMEM/F12 was from Gibco
(Eggensiein, Gertnuny) Esefiorichia coh LPS wus [lom Sigma (Mu-
nih, Germany) Human TGEGL was purchascd rom Biermann (Bad
Nauheim, Geinany), Plasnud pTrPCI9 contaiming human TIMP-1
cDNMA was kundly provided by Dr. M Naruto (Toray Industries Inc.,
Japan). A | kb EcoRI fiagment was used for lubelng, Plasmid
pBSMTIMP-| containing mouse TIMP-1 eDNA was a g1t from Dr
D.R. Edwards (University ol Calgary, Cunada) For hybudizition a
825 bp Heudlll-BurHI llagment was used, The plasmid pACT gon-
laining human a,-anlichymat ypsin (&, ACT) ¢cDNA was a gilt from
Dr E Berger (Umversty of Zunch, Switzerlund). For hybridization
a 1.5 kb Pyl fragment was used. Recombinant human [L-6 (rhlL-6)
wus prepared by J Mullberg using a T7 cDINA expression system.

2.2, Amunaly and cet! culture

Male Sprague—Dawley ruts ol 200-300 g body weight weie injected
intraperioneally with 10 mg LPS per Lg body weight Aller the imes
indicated the anmals were killed by asphyxiation and the hvels wele
removed immediately.

HepG2 eglls were obtuned from the American Type Culture Collec-
ton (Rockville, VID. USA) and cultured i1 DMEM/DMEM-Fi2
medium supplemented with 10% FCS, sireptomycin (100 mg/l) and
penicillin (6] mea/l)

Pnmary rat hepalocyles weie prepared by peifusion of the hiver as
described {15}, Hepatoeytes were cultured in M 199 medium supple-
mented with 486 FCS, streplomycin (100 mgi). pemaillin (6! mg/).
dexdmethasone (1077 M) and wsubin (5 107,

13 RNA preparuron aied Norihern biot analyses

Total RNA wus prepared using the phenal extraction method as
desenibed in [16,17] 5 gg of RNA weie heated 10 65°C for 10 min in
50% formanude, 20 inM morpliohnopropane sulphoruc acid (MOPS),
5 mM sodium acetdte, ] mM EDTA, 2.2 M folmaldehyde pnor to gel
electrophoresis 1n 1% agarose containng 2.2 M formaldehyde, 20 mM
MOPS, § mM sodium acetate and 1 mM EDTA Equal toading of the
RNA gel was checked by ethidivm bromide staining of 18 § und 28
S nbosomal RNA The separated RNA was transierred to Gene-
Sereen Plus membranes (DuPont-DeNemiours, Dreieich, Germany)
according 1o the supplier's instructions, The fiers were prehybridized
al 65°C for 3 hin 10% dexiran sullute, 1 M sodium chlonde, 1% SDS,
and hybridized in the same solution with ¢DNA fragments belled by
random priming {18]. After hybridizalion, non-specifically bound ra-
dioactivity was removed by wuslhing in 2x standard saline solution
{85C) al room temperaiure, followed by two subsequent wushes 1n 2
% S5C/1% SDS at 68°C for 30 min each, The fillers were then subjected
1o autoradiograply using inlensifymng sereens,

2.4, Muviabolic labeliing of HepG2 vells and invnwnopr eopitation

HepG2 cells were grown to confluency on 35-mm plastic dishes and
stimulated for 18 h with IL«6 (100 U/ml). TGFS! (5 ng/inl) or PMA
(1077 M) Calls were washed with phosphate-butTer ed saline and 1necu-
bated for 3 b with 150 gl [P*Simettuomne/cysteine (Tran*S-label, ICN.
Meckenheim, Germany) in 500 4! of methionine/cysicine-free DMEM
containing 0.2% bovine serum albumin and 10 mM Hepes, pH 7.3,
Afler addiuen of 10 x the normal concentration of methionine/cyste-
ine, cells were further incubated for 2 h at 37°C.

Mecium was removed and centrifuged lor 3 min wna microfuge The
supernatant was adjusted o 1% Trion X-100 and 0 1% 505 und
preincubated with Pansorbin (Calbiochem, Frunkfurt, Geimany} {1
1 hh at 4°C. After centrifugation for 3 mmn, the supernatant was re-
meved and immunoprecipiiated with a polyclonal rabbil antisenm
raised against human TIMP-1 followed by prowein A-Sephaiose
{Pharmacia, Fretburg, Germany) absorption. Immunoprecpitiles
were eluted by boiling i 3SDS-PAGE sample buifer and subjected to
129 SDS-PACE according to Laecmmh [19]). Gels were fixed and
impregnated with 1 M sodium salieylate (20} and exposed 1o a Cronex-
4 (DuPont-DeMNemours, Dieieich) film at —=80°C.

144

FEBS LETTERS

Movember 1992

Fig. 1. Elfect of IL-6, PMA and TGFf1 on mRNA levels of TIMP-]

4and 2l-ACT. Confluent HepG2 cells in medium contautuing 109 FCS

weie stimulated with 100 BSF-2 U of IL-6 pel ml, 100 ng of PMA per

ml and 4 ng of TGFFI per ml medium for 18 h. Total RNA wa

wolated and 5 4ig were used for Northern blot analysis of TIMP-1 and
xACT-mRNA,

&1 ACT

3. RESULTS

HepG2 cells were incubated with rhIL-6 and the
known stimulators of TIMP-1 synthesis, TGFS1 and
PMA. mRNA levels for TIMP-1 and o ACT were de-
termined by Northern blot analysis. Fig. 1 (upper panel)
shiows that untreated HepG?2 cells constitutively express
TIMP-1 mRNA, Upon incubation with 1L-6 or
TGFAL, TIMP-1 mRNA levels increased 2-3-fold. A
dramatic stimulation of TIMP-1 mRNA was observed
after treatment of HepG2 cells with PMA. For compar-
ison we have included the Northern blot for the well-
known human acute-phase protein, o ACT (Fig. |,
lower panel). As expeclted, o, ACT mRNA levels in-
creased >3-fold and 2-3-fold upon treatment with IL-6
or TGIFA1, respectively. In contrast to TIMP-1, concen-
teations of a; ACT mRNA were slightly reduced alter
PMA. The dose- and time-dependence of TIMP-1
mRNA induction by IL-6 is shown in Fig. 2. A slight
induetion was already observed at an IL-6 concentra-
tion of 10 U/ml, maximal TIMP-1 mRNA levels weie
achieved at 50 U/mi ot 1L-6 (Fig. 2A). TIMP-1 mRNA
was fully induced 4 & after incubation with IL-6 (Fig.
1B).

In order to demonstrate TIMP-1 synthesis and regu-
lation by IL-6 TGFAI and PMA also at the protein
level, we have melabolically labelled HepG2 cells with
[**S]methionine/[**Slcysteine for 3 h and immunoprecip-
itated the newly synthesized and secreted TIMP-1 [rom
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Fig. 2 Dose- and time-dependence of TIMP-1 mRMA induction by

I[L-6. Confluent HepG2 cells in mediun contamming 10% FCS were

stimulated with increasing amounts of IL-6 {A) or with 100 BSFF-2 U

of human recombinant TL-6 per ml for the times indicated in B, As

described in the legend 1o Fip. 1, total RNA was 1solated and used for
Northern blot analysis.

the media, Fig. 3 shows that TIMP-] protein is constitu-
tively produced by Hep(G2 cells and up-regulated by
IL-0, TGFB and PMA. Specificity of the immunopre-
cipitaled protein at a mobility corresponding to an ap-
parent molecular mass of 29 kDa was confirmed by
competition studies with purified unlabelled TIMP-1
{not shown). The band on top of the gel represents high
molecular weight material (non-specifically bound to
the antibody upon immunoprecipitation since it could
not be competed out with an excess of unlabelled TIMP-
1. We also examined TIMP-1 expression in rat liver in
vivo and in rat hepatocytes in vitro. LPS was injected
intraperitoneally into male rats. Such an experimental
approach has been widely used to mimic inflammatory
conditions becanse it leads to the secretion of inflamma-
tory eytokines such as 1L-1, TNFa and IL-6 by mon-
ocyles [21]. Total RNA was isolated from livers afier 24
h and subjected to Morthern blot analysis. It is evident
from Fig. 4A that LPS administration strongly induced
TIMP-1 mRNA expression in rat liver. An induction of
TIMP-1 mRNA was also found in rat hepatocytes in
primary culture after stimulation with IL-6 (Fig. 4B).

4. DISCUSSION

We have shown in the present study that TIMP-1 is
constitutively synthesized and secreted by human
hepatoma cells {(HepG2). Qur major finding is the stim-
ulation of TIMP-1 synthesis by IL-6 in hepatic cells.
[L-6 is characterized by a pleiotropic spectrum of action
(22,23]. Besides its function in the inunune system and
during hematopoiesis, 1L-6 has been shown to be a
major regulator of acute~-phase protein synthesis in liver
cells [24-29]). Most of the acute-phase proteins which
are induced by I1.-6 in hepatic cells are proteinase inhib-
itors such as a,-antitrypsin, o,-ACT, x,-macroglobulin
and Cl-inhibitor {21,30,31]). Except for o,-macrogiob-
ulin {11, none of these inhibitors is capable of inhibiting
metalloproteinases. Metalloproteinases released during
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Fig. 3. Stimulation of TIMP-1 synthesis by IL-6, TGF#1 and PMA.
Confluent HepG2 cells in medium contamming 10% FCS were stunu-
lated with 100 BSF-2 U of human 1L-6 per nl, with 2 ng of humgn
TGFA1 per ml, or 100 ng of FMA per ml of medium for 18 h.
Subseguenlly, cells were labelled with [*S]methiomine/]*Sleysicine as
deseribed 1in secoon 2. Radicactively labelled TIMP-1 was im-
munoprecipitated from ihe supernatants with a polyclonal anliserum
1o human TIMP-1, The immunoprecipilaied TIMP-1/aniibody com-
plexes were subjected 10 SDS-PAGE and fluoreradiography.

tissue injury or inflammatory processes from mon-
ocytes, macrophages, neutrophils, fibroblasts or endo-
thelial cells need to be controlled by specific inhibitors
to prevent damage of extracellular matrix of healthy
tissue [1]. TIMP-1 and TIMP-2 have been found and
characterized as highly specific inhibitors of metal-
loproteinases [12,32]. Thus far, IL-¢ stimulation of
TIMP-1 expression has only been shown in fibroblasts,
synoviocytes and chondroeytes [10,11]. In all three
cases, the stimulation was performed under low serum
(<1%)conditions. In the presence of 109% FCS, we could
not induce TIMP-1 synthesis in human chondrocytes
by IL-6 (Graeve et al., unpublished work). However, in
HepG?2 cells TIMP-1 up-regulation by IL-6 was ob-
served in the presence of 10% FCS. The increase in
TIMP-1 mRNA and secreted protein after [L-6 stimula-
tion was abmit 2-3-fold. Comparable moderate stimu-
latory effects were observed in various other cell lines
and primary cuiwures aficr induction of TIMP-1 synthe-
sis by 1L-18, TGFf1, bFGF, EGF, TNFa and LPS
[5-9).
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Fig. 4. Eficet of LPS and [L-6 on TIMIP1 mRMA expressivn iu ral fiver and in rat hepatoeyles in primary culture. (A) Rats were injected

trapentoneally wath 10 mg LPS per kg body weight After 24 h RNA wits prepared from rl livers and subjected to Northern blot analysis using

1 cIDNA probe fo; muiine TIMP-1. (B) Primary rat hepatocytes were stimulated with differenl umounts of iL=6 for L8 h. Isolated RNA was analyzed
by Northern blottug

Among tre various stimulators tested in HepG2 cells,
PMA exhibited by far the most dramatic induction of
TIMP-1 mRNA., This observation has also been made
in other systems [5,8]. The TIMP-1 gene has recently
been cloned and its promoter characterized [33,341 A
PMA-responsive element was identified. It should be
noted that the huge increase in TIMP-1 mRNA after
PMA siimulation was not followed by a comparable
increase in newly synthesized TIMP-1 protein (see Fig.
3). A similar observation has been made by other inves-
tigators in human fibroblasis [7] and synovial cells [8).
Presently the nature of the physiological mediator
whose action is mimicked by PMA is unknown.

In addition to the results obtained with human
hepatoma cells we performed in vivo and in vilro exper-
iments with rat hepatoeytes. A strong increase in TIMP-
1 mRINA concentrations was observed in rat liver after
intraperitoncal LPS injection. This clearly shows that
TIMP-1 expression is induced in liver under inflamma-
tory conditions. At present we cannot rule out the pos-
sibility that besides hepatocytes endothelial cells,
Kupffer and [to cells which are minor cell populations
in the liver, also contribute to this effect, Furthermore,
additional mediators may play a role in TIMP-1 induc-
tion in vivo, particularly because LPS triggers the re-
lease of a whole spectrum of eytekines {rom monocyies/
macrophages. This question is currently under investi-
gation. However, in preliminary experiments we have
found that IL-6 stimulated TIMP-1 expression in rat
hepatocytes (see Fig, 4B). In conclusion we propose
TIMP-1 to be an acute-phase reactant inducibie by 1L-6
in vitro and by L?PS in vivo.
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