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An imbalance between matrix metalloproteinases
(MMPs) and inhibitors of MMPs (TIMPs) may contrib-
ute to tissue destruction that is found in various in-
flammatory disorders. To determine in an in vivo
experimental setting whether the inflammatory reac-
tion in the course of lipopolysaccharide (LPS)-in-
duced endotoxemia causes an altered balance in the
MMP/TIMP system, we analyzed the expression of a
number of MMP and TIMP genes as well as MMP en-
zymatic activity in the liver, kidney, spleen, and
brain at various time points after systemic injection of
different doses of LPS in mice. Injection of sublethal
doses of LPS led to an organ- and time-specific pattern
of up-regulation of several MMP genes and the TIMP-1
gene in the liver, spleen, and kidney, whereas in the
brain only TIMP-1 was induced. Injection of a lethal
dose of LPS caused similar but more prolonged ex-
pression of these MMP genes as well as the induction
of additional MMP genes in all organs. In LPS-treated
mice in situ hybridization revealed collagenase 3 gene
induction in cells resembling macrophages whereas
TIMP-1 RNA was detected predominantly in parenchy-
mal cells. Finally, gelatin zymography revealed in-
creased gelatinolytic activity in all organs after LPS
treatment. These observations highlight a dramatic
shift in favor of increased expression of the MMP
genes over the TIMP genes during LPS-induced endo-
toxemia, and suggest that MMPs may contribute to the
development of organ damage in endotoxemia. (Am
J Pathol 2000, 157:197–210)

Sepsis is a disorder with a high lethality even under
appropriate treatment with antibiotics and complete
eradication of bacteria. This suggests that ongoing re-
sponses of the immune system once started may direct
the course of the disease. Lipopolysaccharide (LPS)-
induced endotoxemia is a well-established model of an
infection with gram-negative bacteria.1,2 LPS induces

symptoms such as fever, hypotension, disseminated in-
travascular coagulation, and multiple organ system fail-
ure and thus mimics sepsis caused by bacteria.3 LPS
binds to several receptors on leukocytes4,5 resulting in a
cascade of events6 including synthesis and release of
cytokines such as tumor necrosis factor-a (TNF-a), inter-
feron-g, and interleukin-1 (IL-1).2,7

MMPs are a family of matrix-degrading proteases in-
cluding collagenases, gelatinase A and B, stromelysins,
macrophage metalloelastase, and others.8–11 A variety of
cell types, including leukocytes such as macrophages12

and lymphocytes,13 tumor cells,14 or neural cells15,16

have been shown to produce MMPs. These proteases
are involved in the degradation of otherwise very stable
extracellular matrix proteins such as collagens or elas-
tin13,17,18 as occurs during organogenesis, inflammatory
processes, and tumor infiltration. Cytokines,15,16,19–21 as
well as other factors (ie, such as lectins, hormones, vi-
ruses, bacteria, and LPS22–24), have been shown to play
a crucial role in the regulation of MMP expression in vivo
and in vitro. However, cytokine/MMP interactions are bi-
directional because further functions of MMPs include the
degradation of IL-1b,25 the cleavage of proTNF-a26 and
proIL-1b27 to yield their active forms, the shedding of the
80-kd TNF receptor,28 and the release of cytokines that
are bound to the extracellular matrix.29 Significantly in-
creased MMP activity has been observed in a variety of
inflammatory disorders such as rheumatoid arthritis, mul-
tiple sclerosis30 and its experimental counterpart exper-
imental autoimmune encephalomyelitis,31–33 periodontal
disease,17 and in bacterial sepsis,24 implicating a role for
the MMPs in the tissue injury that accompanies these
diseases.

The physiological counterregulators of MMPs are the
MMP inhibitors. Besides four specific tissue inhibitors of
MMPs (TIMPs)34,35 nonspecific inhibitors such as a2-
macroglobulin (a2-M) have been reported.34 A variety of
TIMPs are, albeit at different levels, constitutively ex-
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pressed in virtually all organs.36 Similar to the MMP
genes, a number of factors are involved in the regulation
of TIMP gene expression including cytokines.37 However,
the individual TIMP species are differentially regulated.38

Ultimately, the biological actions of MMPs are deter-
mined by several factors. The first is the level of expres-
sion and the type of MMP that is/are expressed. The
second is the activation of the inactively secreted zymo-
gens by MT1-MMP, a membrane-bound member of the
MMP family, or other proteases. The third is the ratio
between MMP protein and inhibiting TIMPs, because this
ratio determines the net activity of MMP protein.39 The
fourth is the secretion of MMP-9 from preformed granules
of neutrophils under the influence of LPS and chemotac-
tic factors such as IL-8, a mechanism that does not
require direct de novo synthesis of MMP-9.40

In view of their regulation and functions, the MMP/TIMP
system is likely to play an important role in LPS-induced
endotoxemia. Despite this, most work concerning LPS- or
cytokine-induced MMP expression has been done in
vitro.16,41–44 In vitro findings suggest that multiple MMP
and TIMP genes could be activated in vivo during endo-
toxemia. However, to date, this issue has rarely been
addressed.24 In a recent study, Solorzano and cowork-
ers45 demonstrated an ameliorative effect of the synthetic
MMP inhibitor GM-6001 in LPS-induced endotoxemia.
The MMP inhibitor increased the survival of LPS-treated
mice and inhibited plasma levels of TNF-a. However, the
effects of the MMP inhibitor on MMP activity were not
studied.

In the present study, experiments were performed in
LPS-responsive and LPS-resistant mice (C3H/HeJ)2 to
investigate the expression pattern and the regulation of
various MMPs and TIMPs in endotoxemia. To elucidate
the role of the complex MMP and TIMP network in this
model of inflammation, we used RNase protection assays
for the simultaneous and semiquantitative determination
of MMP and TIMP gene expression. The cellular localiza-
tion of RNAs was revealed by in situ hybridization. Fur-
thermore, we analyzed the activity of gelatinases in the
organs using gelatin polyacrylamide gel electrophoresis
(PAGE) zymography and in situ zymography.

Materials and Methods

Mice

C57BL/SJL F1 mice used in this study were maintained
under specific pathogen-free conditions in the closed
breeding colony of the Scripps Research Institute. Exper-
iments were performed in 8- to 10-week-old mice of both
sexes. LPS-resistant C3H/HeJ and LPS-sensitive C3H/
FeJ mice as controls were obtained from Jackson Labo-
ratories (Maine, VT) and used at 10 to 14 weeks of age.

Induction of Endotoxemia

Endotoxemia was induced by intraperitoneal injection of
different doses of LPS (Escherichia coli 026:B6; Sigma, St.
Louis, MO) ranging from 20 mg (sublethal dose) to 1 mg

(lethal dose). In an initial experiment, two mice at each
time point were injected with 20 mg of LPS and were killed
at various times ranging from 15 minutes to 24 hours. In
another experiment, a lethal dose of 1 mg of LPS was
administered and mice were killed 2, 8, or 16 hours later
(three mice at each time point). Experiments with LPS-
resistant (C3H/HeJ) mice and the respective LPS-sensi-
tive control (C3H/FeJ) mice were performed with a single
injection of 20 mg of LPS and the mice were killed 8 hours
later. In all experiments, the brain, kidney, spleen, and
liver were removed and immediately snap-frozen in liquid
nitrogen and stored at 280°C until RNA isolation or pro-
tein extraction. For in situ hybridization, mice were in-
jected with 1 mg of LPS and were killed 8 hours later.
Organs were removed, fixed in 4% formaldehyde, and
embedded in paraffin. For in situ zymography, mice were
injected with 100 mg of LPS and were killed 16 hours
later, organs were removed and snap-frozen in liquid
nitrogen.

RNase Protection Assay (RPA)

The production of RPA probe sets for the detection of
MMP and TIMP gene expression was described previ-
ously.31,46 Briefly, the MMP probe set included probes for
stromelysins 1, 2, and 3, matrilysin, metalloelastase, ge-
latinase A and B, collagenase 3, and membrane type1-
MMP (MT1-MMP; MMP probe set). The MMP probe set
used for RPAs in the experiment in which 20 mg of LPS
was used did not contain the gelatinase A probe. In later
experiments, the gelatinase A probe was added to the
probe set. These experiments showed that there was no
gelatinase A gene expression detectable at the LPS
doses tested (20 mg to 1 mg). The probe set for the
inhibitors of MMPs (TIMP probe set) included probes for
TIMPs 1, 2, and 3, and a2-M. A fragment of the RPL32–4A
gene47 served as an internal loading control. Poly(A)1

RNA was prepared as described.48 RNase protection
assays were performed as described previously.49

In Situ Hybridization

In situ hybridization was performed as described by Sim-
mons et al50 with modifications. Briefly, paraffin sections
were deparaffinized and rehydrated in graded alcohols.
After postfixation in 4% formaldehyde, proteinase K treat-
ment (2.4 mg/100 ml 53 Tris-EDTA buffer at 37°C for 15
minutes), and acetylation in 250 ml acetic anhydride in
100 ml phosphate-buffered saline (PBS) for 10 minutes,
the slides were dehydrated in graded alcohol and dried.
Templates for the probes for collagenase 3, gelatinase B,
stromelysin 1, and TIMP-1 were generated by reverse
transcriptase-polymerase chain reaction and cloned into
the pGEM-4 plasmid (Promega, Madison, WI). Cloned
products were sequenced to confirm their identity with
the published sequences. [33P]-labeled sense or anti-
sense probes were hybridized to the tissue overnight at
56 to 59°C. After digestion with RNase A (Promega),
slides were washed in decreasing concentrations of stan-
dard saline citrate. After dehydration in graded alcohol,
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slides were air dried and exposed for 5 days to Ultra
Vision G film (Sterling, Newark, DE). Then, slides were
dipped in Kodak NTB-2 emulsion (Eastman Kodak Co.,
Rochester, NY), dried, and stored in the dark for 4 weeks.
Subsequently, slides were developed, counterstained
with Mayer’s hematoxylin, and examined by dark- and
bright-field microscopy.

PAGE Zymography

Protease activity was determined as described previous-
ly.31 Briefly, frozen organs were homogenized (1/10, w/v)
on ice in Tris buffer (pH 7.6) containing the serine and
cysteine protease inhibitors aprotinin, leupeptin, leusta-
tin, and phenylmethyl sulfonyl fluoride. Lysates were cen-
trifuged and supernatants used for zymography. Sam-
ples were electrophoresed on 10% polyacrylamide gels
containing 0.1% gelatin (Sigma). After electrophoresis,
sodium dodecyl sulfate was removed by soaking the gels
for 20 minutes each in buffers containing 50 mmol/L Tris
(pH 7.6), 10 mmol/L CaCl, and 2.5% Triton X-100 fol-
lowed by the same buffer with 1% Triton. Protease activity
was restored in the same buffer without Triton. Digestion
was performed at 37°C for 36 hours. Gels were stained
with Coomassie brilliant blue and destained until clear
bands became evident.

In Situ Zymography

In situ zymography was performed as described by Oh
and co-workers.51 Briefly, cryostat sections (10 mm) of
brain, spleen, liver, and kidney of control mice and of
endotoxemic mice were overlaid with assay solution (50
mmol/L Tris-HCl, 5 mmol/L CaCl, 0.2 mmol/L NaN3, pH
7.5) containing 40 mg/ml fluorescein isothiocyanate-la-
beled DQ gelatin (Molecular Probes, Eugene, OR). Sec-
tions were incubated at 37°C for 18 hours and examined
by fluorescence microscopy. Gelatinolytic proteases
cleave quenched DQ gelatin resulting in fluorescent
breakdown products that thereby allow for the localiza-
tion of net gelatinolytic activity. Addition of 10 mmol/L
ethylenediaminetetraacetic acid (EDTA) (a chelating
agent that inhibits metal ion dependent proteases such
as MMPs) to the assay solution or omission of DQ gelatin
served as negative control and abolished the fluores-
cence.

Results

MMP and TIMP mRNA Expression in
LPS-Sensitive Mice

The expression of transcripts for the MMPs: collagenase
3, gelatinase A and B, stromelysins 1, 2, and 3, met-
alloelastase, matrilysin, and MT1-MMP; and the inhibi-
tors: TIMP-1, 2, and 3 and a2-M was determined after
injection of different doses of LPS. After injection of 1 mg

of LPS, three of six mice died between 15 and 18 hours.
Charts showing the quantitative analysis of MMP and TIMP
mRNA expression are given for RNAs that were either
induced or were more than twofold up-regulated after
challenge with 20 mg or 1 mg of LPS (Figures 1 and 2).

In control liver, expression of MT1-MMP and low levels
of gelatinase B was observed (Figure 1). After injection of
20 mg of LPS, changes in MMP gene expression first
became evident by 1 hour. At 2 hours there was induction
of collagenase 3 mRNA that peaked at 8 hours and then
declined rapidly during the next 8 hours back to below
detectable levels. In contrast, expression of gelatinase B
mRNA showed a more delayed response that peaked by
16 hours. MT1-MMP gene expression showed an up-
regulation that peaked by 12 hours. A different time
course of MMP gene expression was observed after in-
jection of 1 mg of LPS (Figure 1). Whereas the levels of
collagenase 3 and gelatinase B gene expression during
the first 8 hours was similar to that seen after injection of
20 mg LPS, the expression of these genes then remained
elevated until the mice died. Moreover, injection of 1 mg
LPS induced the expression of additional MMP genes
including macrophage metalloelastase and stromelysin 2
that peaked by 8 hours and also remained elevated until
the mice died. There was no significant change in MT1-
MMP gene expression after 1 mg of LPS.

Analysis of the TIMP gene expression, revealed con-
stitutive expression at very high levels of a2-M with no
detectable change after LPS challenge (Figure 1). In
contrast, TIMP-1 mRNA, which was not detectable in
controls, was induced 2 hours after LPS injection and
increased further to maximum levels between 8 and 16
hours before declining by 24 hours. TIMP-3 mRNA, which
was expressed constitutively, increased by 4 hours and
peaked by 12 hours before declining to baseline levels
by 24 hours. Similar changes of TIMP-1 and -3 mRNA
were observed after 1 mg of LPS (Figure 1). At 8 hours
there were no differences observed in the TIMP mRNA
induction between the different LPS doses.

Constitutive expression of MT1-MMP and gelatinase B
mRNAs and to a lesser extent, metalloelastase mRNA
was observed in control spleen. After LPS injection, MT1-
MMP mRNA showed a prolonged increase (Figure 2). In
addition, a rapid induction of collagenase 3 mRNA ex-
pression was observed which peaked by 4 hours and
declined slowly to baseline levels by 16 hours (20 mg),
whereas after 1 mg LPS, these mRNA levels remained
high until the mice died. After 20 mg LPS, gelatinase B
mRNA expression showed a modest up-regulation be-
tween 4 hours to 12 hours, followed by a stronger up-
regulation that peaked by 16 hours. After 1 mg of LPS
there was a similar modest up-regulation as seen after 20
mg of LPS, however there was no further increase of
gelatinase B expression after 12 hours. In contrast to the
liver, in the spleen stromelysin 1 mRNA levels were sig-
nificantly elevated after LPS treatment. Stromelysin 1
mRNA, which was induced 1 hour after 20 mg LPS in-
creased slowly to peak by 8 hours and then declined
slowly by 24 hours (Figure 2). After treatment with 1 mg of
LPS, stromelysin 1 mRNA expression reached similar
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levels as after 20 mg of LPS, however, expression re-
mained at elevated levels until the animals died. Addi-
tionally, injection of 1 mg LPS caused an induction of
metalloelastase mRNA by 8 hours that increased until the
animals died.

TIMP-2 and TIMP-3 mRNAs were constitutively ex-
pressed in the spleen. After LPS injection only minor
changes were observed with less than twofold increases
of TIMP-2 and 3 mRNAs (Figure 2). However, after LPS
injection, expression of TIMP-1 mRNA was induced in this
organ with peak expression by 4 hours which then de-
creased slowly (20 mg) or remained elevated until the
mice died (1 mg). Peak expression of TIMP-1 mRNA was
similar after treatment with 20 mg and 1 mg LPS.

Constitutive expression of low levels of MT1-MMP
mRNA was observed in the kidney. After LPS injection the
earliest changes in MMP expression were observed in
the kidney (Figure 2). Expression of MT1-MMP mRNA
was up-regulated during the entire experimental period.
Induction of collagenase 3 mRNA was detectable 15
minutes after LPS challenge, then increased rapidly to

peak by 4 hours, followed by a rapid decrease to low
levels. After injection of 1 mg of LPS there was a second
peak of collagenase 3 mRNA expression at 16 hours at
which time some of the mice died. Induction of gelatinase
B mRNA was observed after 15 minutes; however, in
contrast to collagenase 3 expression, the expression of
gelatinase B was lower and more prolonged (Figure 2).
Stromelysin 2 mRNA was also induced with detectable
mRNA levels 2 hours after LPS-injection which peaked by
8 hours before declining slowly to 24 hours (20 mg), while
remaining at high levels after 1 mg LPS (Figure 2). Low
levels of metalloelastase mRNA were also induced be-
tween 4 and 8 hours after LPS injection. Only after the
injection of 1 mg of LPS was an induction of stromelysin
1 mRNA observed.

The kidney showed high constitutive expression of
TIMP-3 mRNA and low levels of TIMP-2 and a2-M mRNAs
which remained unaltered after LPS (Figure 2). After LPS
injection, rapid induction of TIMP-1 mRNA was observed
within an hour reaching maximum levels by 12 hours,
before slowly declining to a third of these levels at 24

Figure 1. Time course of MMP and TIMP gene expression in the liver after LPS injection. Mice were given a single i.p. injection of LPS (20 mg or 1 mg in 100 ml
of PBS). Poly(A)1 RNA was isolated from the liver at the times shown and 1 mg used to determine MMP or TIMP mRNA levels by RPA as described in Materials
and Methods. A: Time course of gene expression after injection of 20 mg of LPS. Autoradiograms showing the RPA-labeled probe sets used in this analysis are
shown at the sides. The RPL 32 probe does not appear in the part of the RPA shown here. Note that the hybridized liver target mRNAs that lack the cloning site
of the probe migrate at a lower molecular size. Two animals were used for each time point. The autoradiographic exposure times were 16 hours (MMP) and 6
hours (TIMP). B: Quantitative analysis of MMP and TIMP gene expression shown in A (20 mg LPS, fine curve) and after 1 mg of LPS (bold line, three mice were
used at each time point, X MMP and TIMP gene expression in three mice that died at 15 to 18 hours after LPS). Charts are given for RNAs that are either induced
or up-regulated more than twofold. For constitutively expressed RNAs that are up-regulated after LPS injection, here MT1-MMP and TIMP-3, the y axis label shows
the fold up-regulation. For induced genes, the y axis label indicates arbitrary units.
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hours. Similar changes were seen with both doses of LPS
tested.

In the brain, constitutive expression of MT1-MMP and
lower levels of gelatinase B mRNAs were observed (Fig-
ure 2). Although injection of 20 mg of LPS caused no
significant alterations in the expression of MMP mRNAs,

injection of 1 mg LPS resulted in an induction of strome-
lysin 1 and metalloelastase mRNAs.

In control brain, constitutive expression of high levels
of TIMP-2 and of TIMP-3 mRNAs was found. In contrast to
the MMP mRNAs, injection of 20 mg LPS induced TIMP-1
mRNA, which became detectable after 4 hours, peaked

Figure 2. Quantitative analysis of MMP and TIMP gene expression the organs of mice after injection of different doses of LPS (20 mg LPS, fine curve) and after
1 mg of LPS (bold line, three mice were used at each time point, X MMP and TIMP gene expression in three mice that died at 15 to 18 hours after LPS). A: MMP
and TIMP gene expression in the spleen after different doses of LPS. B: Quantitative analysis of MMP and TIMP gene expression in the kidney after different doses
of LPS. C: Quantitative analysis of MMP and TIMP gene expression in the brain after different doses of LPS. The RPAs and quantitative analysis was performed
as described in Materials and Methods and the legend to Figure 1.
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at 8 hours, with a slow decline thereafter. A similar change
in TIMP-1 mRNA expression was seen after 1 mg LPS.

MMP and TIMP Expression in LPS-Resistant
Mice

In the basal state, expression patterns of the MMP and
TIMP genes in LPS-sensitive C3H/FeJ and LPS-resistant
C3H/HeJ mice were similar to C57BL/SJL mice (Figure
3). After LPS injection in LPS-responsive mice, with some
exceptions, similar changes in MMP and TIMP gene ex-
pression were observed to those seen in C57BL/SJL
mice. Stromelysin 2 mRNA was induced in the liver, a

change that was not observed in the C57BL/SJL mice. In
contrast with LPS-sensitive mice, and with the exception
of stromelysin 1 mRNA induction and slight up-regulation
of gelatinase B in the spleen, LPS-resistant C3H/HeJ
mice showed no significant alterations in MMP gene ex-
pression after LPS administration (Figure 3).

The expression of the TIMP mRNAs in both strains of
C3H mice showed similar patterns to those found in
C57B/SJL mice (Figure 4). After LPS injection, in LPS-
sensitive mice, TIMP-1 mRNA was up-regulated in a sim-
ilar fashion to C57B/SJL mice, whereas in LPS-resistant
mice, similar to the MMP gene expression, the only
change in TIMP mRNA expression was found in the

Figure 3. Comparison of MMP gene expression in LPS-resistant C3H/HeJ and LPS-sensitive C3H/FeJ mice. Mice were given an i.p. injection of LPS (20 mg) and
were killed 8 hours later. RPA was performed using 1 mg poly(A)1 RNA from each organ as described in Materials and Methods.

Figure 4. Comparison of TIMP gene expression in LPS-resistant C3H/HeJ and LPS-sensitive C3H/FeJ mice. Mice were given an i.p. injection of LPS (20 mg) and
were killed 8 hours later. RPA was performed using 1 mg poly(A)1 RNA from each organ as described in Materials and Methods.

202 Pagenstecher et al
AJP July 2000, Vol. 157, No. 1



spleen. Here an induction of TIMP-1 mRNA was ob-
served, although this was not as pronounced as in the
LPS-sensitive control animals.

Cellular Localization of MMP and TIMP RNAs in
LPS-Sensitive Mice

The cellular source of MMP and TIMP gene expression
during LPS-induced endotoxemia is unknown. Therefore,
here we performed in situ hybridization experiments to
determine the cell types that express these genes.

In the liver from control mice, there was no detectable
expression in any cells of the collagenase 3, gelatinase
B, or TIMP-1 RNAs. However, after LPS injection strong
expression of collagenase 3 RNA was detected in paren-
chymal cells with smaller nuclei than hepatocytes that
resembled liver macrophages (von Kupffer cells) (Figure
5). Some of the cells hybridizing with the collagenase 3
probe were also found around small vessels. These cells
also resembled cells of the macrophage phagocyte sys-
tem. In contrast to RPA analysis that showed induction of
gelatinase B in endotoxemia, we were not able to detect
signals above background for gelatinase B RNA by in situ
hybridization. After LPS treatment, hybridization with a
probe for TIMP-1 revealed a diffuse signal in a majority of
liver cells including hepatocytes (not shown).

In spleens from control mice, constitutive expression of
gelatinase B and stromelysin 1 RNA was detected in the
red pulp in cells resembling macrophages (not shown).
Although there were many cells positive for gelatinase B
only a few cells expressed stromelysin 1 RNA. After LPS
injection there was severe hyperemia in the red pulp.
Furthermore, the number of cells expressing gelatinase B
and stromelysin 1 RNAs was increased. In addition, ex-
pression of the collagenase 3 (Figure 5) and TIMP-1
(Figure 6) RNAs was detectable in cells in the vicinity of
the sinus endothelia that resembled phagocytic cells.

In kidneys from control mice, expression of the colla-
genase 3, stromelysin 1, gelatinase B, and TIMP-1 RNAs
was not detectable by in situ hybridization. In contrast,
strong expression of collagenase 3 RNA was observed in
stromal cells of the renal medulla of endotoxemic mice
(Figure 5). Labeled cells had spindle-shaped nuclei indi-
cating that these cells were likely vascular endothelial
cells or phagocytic cells. Interestingly, expression of col-
lagenase 3 RNA co-localized with areas of renal hemor-
rhage (Figure 5). TIMP-1 RNA expression was found in
the glomeruli, in perivascular macrophages, and over-
lapped with areas of collagenase 3 RNA expression in
the renal medulla (Figure 6).

In brain from control mice, there were no cells positive
for gelatinase B, collagenase 3, stromelysin 1, and

Figure 5. Cellular localization of collagenase 3 RNA in various organs of control and LPS-treated mice. In situ hybridization was performed as described in
Materials and Methods. Liver: control (A), LPS-injected (B and C). The probe hybridizes to cells resembling von Kupffer-cells (arrowheads). Original
magnification: 320 (A and B), 360 (C). Spleen: control (D); LPS-injected (E). Original magnification 320. Kidney: control (F); hemorrhage after LPS injection
(G; arrowheads). H&E; original magnification, 310. Control (H); LPS-injected (I). Original magnification, 310.
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TIMP-1 RNAs. In the brain of endotoxemic mice expres-
sion of collagenase 3 RNA was detectable in a few cells
in the meninges and in the choroid plexus (Figure 5).
Expression of the gelatinase B or stromelysin RNAs was
not detectable by this method. TIMP-1 RNA-expressing
cells were found in the meninges, the choroid plexus, and
scattered through the parenchyma (Figure 6).

MMP Enzyme Activity in Organs

To determine whether the increased expression of MMP
mRNAs after LPS injection correlated with MMP enzymatic
activity in the respective organs, gelatin PAGE-zymography
was performed. Figure 7 shows the gelatinolytic activity in
the different organs of control or LPS-injected animals
(note the different protein loading for the different or-
gans). All organs showed low constitutive gelatinolytic
activity at ;60 kd. This activity was not altered by LPS
treatment. In contrast to the 60-kd gelatinase, a second
activity with a molecular weight of 92 kd corresponding to

the inactive form of gelatinase B was increased in all
organs from LPS-treated mice. However, major differ-
ences between the organs were observed. The brain
showed only very low activity whereas spleen and liver
had high activity of the 92-kd gelatinase. The 92-kd ge-
latinase activity in the spleen remained unchanged after
LPS treatment, however, several additional activities with
molecular weights of approximately 80 kd, 110 kd, and
160 kd were apparent after LPS treatment. All organs had
diffuse gelatinolytic activity of different levels at a molec-
ular weight of ;200 kd.

To identify the cellular source of gelatinolytic activity, in
situ zymography was performed. In control liver a diffuse
gelatinolytic activity was observed that could not be lo-
calized to particular cells (Figure 8). In good correlation
with the findings in PAGE zymography strongest consti-
tutive gelatinolytic activity was observed in the spleen.
Gelatinase-producing cells that resembled macrophages
were found dispersed in the red pulp. In the kidney, no
constitutive gelatinolytic activity was observed. In control

Figure 6. Cellular localization of TIMP-2 RNA in various organs of control and LPS-treated mice. In situ hybridization was performed as described in Materials
and Methods. Spleen: control (A); LPS-injected (B). Original magnification, 340. Kidney: control (C); glomerulum, LPS-injected, note the labeled cells around a
glomerulum (D, arrows). Original magnification, 340. Brain: control (E); expression of TIMP-1 RNA in the meninges after LPS-injection (F; arrows). Original
magnification, 310.
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brain, gelatinolytic activity was observed in neurons of
the hippocampus, the cerebellum, and the frontal cortex.
In LPS-treated mice, an increased gelatinolytic activity
was observed in spleen, liver, and occasionally in the
kidney whereas in the brain no alterations were detected
(Figure 8). In the spleen, plaques of gelatinolytic activity
became apparent in the follicles, whereas the pattern of
gelatinolytic activity in the red pulp remained similar to
control spleens. In the liver, perivascular cells resembling
macrophages showed gelatinolytic activity. In the kidney,
blood vessel walls occasionally showed fluorescence,
indicative of the presence of gelatinolytic activity.

Discussion

A number of reports have demonstrated the effects of
LPS on MMP and TIMP expression in different cell types
in vitro.15,16,41,52 However, there have been few, if any
reports that have examined the spatiotemporal regulation
of MMP and TIMP gene expression in vivo after LPS
administration. Here we showed that in mice, after LPS
administration, increased expression of various MMP and
the TIMP-1 genes was observed in kidney, liver, spleen,
and brain. Compared with nonlethal doses, lethal doses
of LPS were associated with the induction of a larger
repertoire of MMP genes for a more prolonged period of
time. Furthermore, we showed that the increased MMP
mRNA expression was associated with elevated MMP
enzymatic activity in the different organs. Finally, we
demonstrated localization of the MMP gene expression to
parenchymal cells in many tissues, which in some cases
(eg, kidney) co-localized with sites of tissue injury. To-
gether these findings suggest that the MMP/TIMP system
may play an important role in the pathogenesis of endo-
toxemia.

Control animals showed organ-specific patterns of
constitutive expression of MMP and TIMP genes. These
findings confirm previous reports on the constitutive ex-
pression of gelatinase B, MT1-MMP, and TIMP-1, -2, and
-39,31,36,37,53–55. MT1-MMP is a membrane-bound MMP
that activates gelatinase A and collagenase 3, which, in
common with most other MMPs, are secreted as inactive
zymogens.14,56 Furthermore, activated gelatinase A has
been shown to activate progelatinase B.57 Thus, the con-
stitutive expression of MT1-MMP in all organs tested
highlights a possible alert state of the MMP system that
would permit the immediate activation of newly synthe-
sized MMPs as they are secreted. In liver, kidney, and
brain there was a strong constitutive expression of differ-
ent TIMP and a2-M mRNAs. Similar to the brain, the
kidney had a high constitutive expression of TIMP-3. The
glomerular basement membrane which is an important
structure for the ultrafiltration function of the kidney is
composed of matrix proteins that can be degraded by
MMPs.58 Breakdown of the glomerular basement mem-
brane leads to loss of the ultrafiltration function of the
kidney resulting in proteinuria. Therefore, the tendency
toward low MMP activity observed in both the brain and
the kidney would favor protection of important structures
against injury, thus maintaining undisturbed function.59

After LPS injection, all organs had alterations of MMP
and TIMP gene expression. However, in the case of the
brain, higher LPS doses as compared to the other organs
were necessary to induce MMP expression. To some
extent it is likely that the blood brain barrier prevents
central nervous system entry of LPS or other soluble
factors such as cytokines that can induce MMP expres-
sion and thus accounts for the considerably restricted
expression of these genes after LPS injection. Interest-
ingly however, in the present study low-dose LPS injec-

Figure 7. MMP activity in different organs of mice after LPS-injection. Mice were killed 12 hours after i.p. LPS injection (20 mg) and organs were frozen in liquid
nitrogen. Frozen organs were homogenized in lysis buffer and protein content determined as described in Materials and Methods. Unreduced samples were
fractionated on 10% acrylamide gels containing 1 mg/ml gelatin. Subsequently, gelatin zymography was performed as described in Materials and Methods. Protein
loading was 50 mg for brain, 20 mg for kidney, 6 mg for spleen, and 7 mg for liver. The constitutive gelatinolytic activity in the brain is not easily visible in this
reproduction.
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Figure 8. Localization of gelatinolytic activity in different organs of mice after LPS-injection. Mice were killed 16 hours after i.p. LPS-injection (100 mg) and organs
were frozen in liquid nitrogen. Cryostat sections were over-laid with a solution containing quenched fluorescent gelatin and sections were examined 16 to 20 hours
later. Gelatinolytic activity becomes apparent as fluorescence. Liver: control (A); LPS-injected (B). Original magnification, 340. Spleen: control (C); follicle (f),
the border between the follicle and red pulp is demarcated by the dotted white line; LPS-injected (D). Note the fluorescent plaques in the follicle (f) after
LPS injection (arrows). Original magnification, 340. Kidney: control (E), note the autofluorescence of the vessel walls; LPS-injected (F). Original magnification, 320.
Brain (dentate gyrus): control (G); control, addition of 10 mmol/L EDTA to the assay solution abolished the neuronal fluorescence (H). Original magnification, 320.
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tion was sufficient to induce TIMP-1 mRNA in the brain.
This finding suggests that there may be a different regu-
lation for this inhibitor by a factor or factors that enter the
brain more easily or induce TIMP-1 mRNA at lower con-
centrations than do factors that regulate MMPs. Together
with the high constitutive expression of TIMP-2 and -3 this
finding highlights an exaggeration of TIMP expression in
the brain which may represent an important protective
mechanism against the potentially harmful conse-
quences of excessive MMP activity.

There was a significant difference in the kinetics of
MMP gene expression after LPS treatment and organ-
specific patterns of MMP expression were observed.
These findings highlight possible differential regulatory
mechanisms for the MMPs over time as well as in the
different organs. It is well known that in the course of
endotoxemia distinct phases can be differentiated in
which cytokine production is an early event whereas
acute phase proteins such as C-reactive protein or fibrin-
ogen are elevated at later stages.2 A number of reports
have documented that a variety of factors (eg, LPS itself
or cytokines such as IL-1; TNF-a; interferon-a, -b, or -g; or
GM-CSF) may act as possible MMP and/or TIMP regula-
tors in endotoxemia.2,60,61 Moreover, a number of regu-
latory sites in the upstream regions of the MMP and TIMP
genes are known that may be activated by transcriptional
factors induced by cytokines.9,60–63 However, the regu-
lation of MMP and TIMP gene expression is complex and
more than one transcription factor may be involved in the
activation of several of these genes.60,61 All in all, the
mechanisms responsible for the differential time course
and organ expression patterns of the MMP and TIMP
genes in LPS-induced endotoxemia are not well under-
stood and remain to be elucidated.

After LPS treatment TIMPs were up-regulated or in-
duced in all organs. The importance of TIMP-1 in MMP
inhibition in vivo is underlined by findings in a transgenic
(tg) model. Martin and co-workers64 demonstrated that
the tg expression of TIMP-1 under control of the MHC
class I promoter inhibited the development of hepatocel-
lular carcinoma induced by tg expression of the SV40
TAg in double-tg mice. Moreover, metastasis to the brain
by fibrosarcoma cells was significantly reduced in
TIMP-1 transgenic mice.65 These studies demonstrated
that TIMP-1 inhibits MMPs in vivo leading to a significant
decrease of tumor progression and metastasis, respec-
tively.

In LPS-resistant mice, LPS injection led to changes
only in the spleen, the other organs were not responsive
to LPS treatment in terms of MMP and TIMP gene expres-
sion. In the spleen, induction of stromelysin 1 and TIMP-1
mRNA was evident. In a recent report a mutation of the
gene encoding the Ran/TC4 GTPase was implicated in
conferring LPS hyporesponsiveness in C3H/HeJ mice.66

However, not all cells from these animals seem to be
LPS-resistant because alveolar macrophages, but not
peritoneal macrophages, secrete TNF on endotoxin stim-
ulation.67 Moreover, treatment of peritoneal macro-
phages of C3H/HeJ mice with interferon-g rendered
these cells LPS-sensitive.68 This latter finding is of partic-
ular interest because a recent report demonstrated a

defect in IL-12 responsiveness with impaired induction of
interferon-g in endotoxin resistant mice.69 In addition, it
was confirmed that LPS-treated peritoneal macrophages
of C3H/HeJ mice do not produce TNF, however, produc-
tion of gelatinase B was demonstrated.70 Thus, the in-
duction of stromelysin 1 and TIMP-1 as well as the up-
regulation of gelatinase B mRNA we observed in the
spleen of C3H/HeJ mice after LPS injection may be ac-
counted for, at least in part, by LPS-responsive cells in
the spleen.

In control animals, PAGE zymography revealed high
levels of gelatinolytic activity corresponding to the inac-
tive form of gelatinase B and gelatinase A in liver and
spleen and lower levels in kidney and brain. Accordingly,
we were not able to detect the cellular source of gela-
tinolytic activity in control liver and kidney, a finding that
corresponded to our observations by in situ hybridization
for gelatinase B RNA. In the brain neurons were the
source of cerebral gelatinolytic activity. Immunoreactivity
as well as RNA transcripts for gelatinase B have been
demonstrated in neurons of humans and rats71,72 indicat-
ing that neuronal gelatinase B might be the source of the
gelatinolytic activity shown here. Gelatin PAGE zymogra-
phy revealed that the increased MMP mRNA expression
in the various organs after LPS treatment correlated with
changes in enzymatic activity. However, the enzymatic
activity in brain and kidney was orders of magnitude
below that in spleen and liver. Moreover, in the spleen
several new gelatinolytic bands became apparent that
might indicate activated forms of gelatinase B or they
could represent other MMPs (eg, neutrophil collagenase,
MMP8). The identity of the diffuse gelatinolytic activity at
200 kd observed by us and other groups73,74 is not fully
understood. In a recent report this diffuse activity has
been identified as dimers of gelatinase B,75 however
other reports demonstrated that complexes of gelatinase
A and integrins might account for such a gelatinolytic
activity.76 In situ zymography revealed the cellular source
of the gelatinolytic activity in all organs, however there
was a disparity between the gene expression of gelati-
nase A and B and the gelatinolytic activity in PAGE zy-
mography and in situ zymography. Several factors might
account for these differences: 1) in PAGE zymography
TIMP-MMP complexes are dissociated in denaturing so-
dium dodecyl sulfate loading buffer and accordingly the
total MMP activity is detected by this technique. In addi-
tion, sodium dodecyl sulfate has been shown to activate
the pro form of MMPs and thus the normally inactive
forms of gelatinases appear gelatinolytic in PAGE zymog-
raphy.77 In contrast, in situ zymography in contrast is not
performed with denaturing agents and thus might reflect
the actual gelatinolytic activity within the tissue. 2) Low
levels of gelatinolytic activity might be present in most
cells of the liver and kidney and thus would appear as
high background fluorescence. 3) In situ zymography is
not specific for gelatinases or even MMPs and the ob-
served gelatinolytic activity might be because of any
EDTA-inhibitable enzyme with gelatinolytic capacity. The
increased MMP activity after LPS injection was observed
despite concurrent up-regulation of TIMP mRNA expres-
sion and might indicate that there is insufficient expres-
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sion of TIMP proteins in relation to MMP proteins. To
completely inhibit MMP enzymatic activity a more than
10-fold excess of the inhibitor is necessary.39 Our RPA
data for TIMP expression during endotoxemia show that
although TIMP mRNAs are up-regulated, this up-regula-
tion is not excessively higher as compared to the MMP
mRNA increases. Moreover, it has been shown that neu-
trophils are an important source of gelatinase B after
stimulation with substances such as phorbol 12-myristate
13-acetate or IL-8.40,78 Importantly, these cells secrete
preformed gelatinase B and thus de novo synthesis that
would require mRNA transcription is not necessary. All in
all, further studies are needed to investigate the effective
MMP activity in different tissues after induction or up-
regulation of MMP gene expression.

The increased MMP activity present in the organs
might have a significant impact on the tissue damage that
occurs in the course of LPS-induced endotoxemia, for
example by degrading the basal membrane of capillar-
ies,58 by releasing ECM-bound cytokines,29 or by shed-
ding of membrane-bound TNF-a or its receptor.26,28 In
particular, MMP activity has been shown to increase the
permeability of vessel walls20,21,58,79 and thus may con-
tribute to the observed hemorrhage and direct damage to
the organs in which they are synthesized in the course of
endotoxemia. This notion is supported by our results
showing that after a lethal dose of LPS more MMP genes
were induced for longer periods of time than after a
nonlethal dose. Together with the observed co-localiza-
tion of hemorrhage and collagenase 3 gene expression in
the kidney this finding suggests a causal role of MMPs in
the generation of lesions in endotoxemia. Two recent
studies demonstrated in LPS-induced models of shock
the ameliorative effect of a hydroxamate MMP-inhibi-
tor.45,80 In the experimental settings, treatment with the
MMP inhibitor reduced mortality significantly. This de-
crease was attributed to inhibition of the cleavage of the
26-kd membrane-bound TNF-a to soluble 17-kd TNF-a
by MMPs. Considering the results of the present study,
we suggest that the ameliorative effects of MMP inhibitors
in endotoxemia are only in part because of an inhibition of
the cleavage of membrane-bound TNF-a. The known in
vitro and in vivo functions of MMPs, the co-localization of
tissue damage and the increased enzymatic activity of
MMPs suggest that MMPs are important effectors in the
pathogenesis of symptoms in endotoxemia. Therefore,
the development and application of more specific inhib-
itors of MMPs might offer a rational therapeutic approach
to ameliorate the harmful consequences of endotoxemia.
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