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Bleomycin-induced lung injury triggers a profound and durable
increase in tissue inhibitor of metalloproteinase (TIMP)-1 expres-
sion, suggesting a potential role for this antiproteinase in the regu-
lation of lung inflammation and fibrosis. TIMP-1 protein induction
is spatially restricted to areas of lung injury as determined by immu-
nohistochemistry. Using TIMP-1 null mutation mice, we demon-
strate that TIMP-1 deficiency amplifies acute lung injury as deter-
mined by exaggerated pulmonary neutrophilia, hemorrhage, and
vascular permeability compared with wild-type littermates after
bleomycin exposure. The augmented pulmonary neutrophilia ob-
served in TIMP-1–deficient animals was not found in similarly
treated TIMP-2–deficient mice. Using TIMP-1 bone marrow (BM)
chimeric mice, we observed that the TIMP-1–deficient phenotype
was abolished in wild-type recipients of TIMP-1–deficient BM but
not in TIMP-1–deficient recipients of wild-type BM. Acute lung in-
jury in TIMP-1–deficient mice was accompanied by exaggerated
gelatinase-B activity in the alveolar compartment. TIMP-1 deficiency
did not alter neutrophil chemotactic factor accumulation in the
injured lung nor neutrophil migration in response to chemotactic
stimuli in vivo or in vitro. Moreover, TIMP-1 deficiency did not modify
collagen accumulation after bleomycin injury. Our results provide
direct evidence that TIMP-1 contributes significantly to the regula-
tion of acute lung injury, functioning to limit inflammation and
lung permeability.
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The response to acute lung injury is characterized by a series of
events, including inflammation and extracellular matrix (ECM)
revision, that can result in loss of the normal alveolar architec-
ture. Throughout this process, ECM components are deposited,
removed, or remodeled, enabling cell migration, neovasculariza-
tion, and restructuring of the alveolar–capillary interface. The
matrix metalloproteinase (MMP) gene family, a group of neutral
proteinases collectively capable of degrading all components of
the ECM, is thought to make important contributions to the
inflammation response (1). Patients with acute respiratory dis-
tress syndrome (ARDS) or idiopathic pulmonary fibrosis (IPF)
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express increased levels of MMPs, suggesting their participation
in the response to lung injury (2, 3). In experimental models of
lung injury, MMPs contribute to leukocyte influx and altered
vascular permeability at sites of inflammation (4–8).

The proteolytic activities of MMPs must be tightly controlled
to restrict inflammation and ECM revision to areas of lung dam-
age and to avoid destruction of healthy tissue. An important
mechanism of MMP regulation is provided by the tissue inhibi-
tors of metalloproteinases (TIMPs), which block MMP proteo-
lytic activity. TIMPs are the major endogenous regulators of
MMP activities in the tissue microenvironment. Four homolo-
gous TIMPs have been well characterized: TIMP-1,-2, -3, and
-4 (reviewed by Gomez and coworkers [9]). Each inhibitor non-
covalently binds to the MMP with 1:1 stoichiometry. Members
of the TIMP family are distinguished by differences in their
efficiency of MMP inhibition, their transcriptional regulation,
and in their patterns of expression. In addition, TIMPs have
been shown to possess biological functions that are independent
of MMP-inhibitory activity, including stimulation of cell prolifer-
ation, induction or inhibition of apoptosis, and induction of MMP
expression in vitro (10–13).

Indirect evidence suggests that members of the TIMP gene
family may make important contributions to the response to
lung injury. Levels of TIMP-1 are increased in the bronchoal-
veolar lavage (BAL) fluid recovered from patients with ARDS
(2). Increased TIMP-1 immunoreactive protein levels have been
identified in the lung biopsies of patients with ARDS or IPF (3,
14). Experimental models also suggest a potential role for TIMPs
in the response to lung injury. We and others have found a
significant and durable increase in TIMP-1 expression in bleomycin-
induced lung injury (15, 16). However, direct evidence for the
contribution of TIMP-1 in the response to acute lung injury has
yet to be demonstrated.

To directly investigate the importance of TIMP-1 in acute
lung injury, we have compared the inflammatory and fibrotic
responses of TIMP-1 null mutation mice with those of wild-
type littermates after bleomycin- or lipopolysaccharide-induced
injury. The use of mice made deficient of TIMP-1 by targeted
mutagenesis enables definitive evaluation of the role of TIMP-1
in the response to lung injury. We observed that TIMP-1 defi-
ciency amplifies acute lung injury as determined by increased
pulmonary neutrophilia, hemorrhage, and vascular permeability.
TIMP-1 deficiency did not, however, alter the development of
pulmonary fibrosis in the injured lung. Our results provide direct
evidence that TIMP-1 contributes significantly to the regulation
of acute lung injury, acting to limit inflammation and to preserve
pulmonary vascular integrity.

MATERIALS AND METHODS

Mice
TIMP-1 null mutation (TIMP-1�/�) and wild-type (TIMP-1�/�) mice
were bred from C57BL/6 mice heterozygous for a targeted disruption of
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exon 3 of the TIMP-1 gene (17). TIMP-2 null mutation (TIMP-2�/�)
mice were bred from C57BL/6 mice heterozygous for a targeted disruption
of exon 1 of the TIMP-2 gene (18). The genotypes of wild, TIMP-1�/�

and TIMP-2�/� mice were confirmed by polymerase chain reaction (PCR)
analysis performed on DNA prepared from the tails of 3-wk-old animals
as previously described (17, 18). The null mutation phenotype was con-
firmed at the level of mRNA by quantitative real-time PCR using
mouse TIMP-1– and TIMP-2–specific primer–probe sets and an ABI
Prism 7000 Sequence Detection System following the manufacturer’s
protocols (Applied Biosystems Inc., Foster City, CA). All procedures
involving the mice were approved by the Fred Hutchinson Cancer
Research Center Institutional Animal Care and Use Committee.

Bone Marrow Transplantation

To study in vivo effects of lung structural cell TIMP-1 deficiency or hemato-
poeitic cell TIMP-1 deficiency in bone marrow (BM) chimeric mice,
TIMP-1�/� C57BL/6 (Ly5.2) mice were transplanted with TIMP-1�/�

C57BL/6 (Ly5.1) BM and TIMP-1�/� C57BL/6 (Ly5.1) mice were trans-
planted with TIMP-1�/� C57BL/6 (Ly5.2) BM, respectively. The BM
chimeras were prepared as previously described (19). In brief, recipi-
ent mice received 900 cGy of total body irradiation (TBI) in a single
fraction from a linear accelerator at an exposure rate of 20 cGy/min
on the day before transplantation. Donor marrow was obtained by
femur flush. Chimerism was validated by FACS analysis of peripheral
blood leukocytes using mAbs specific for Ly5.1 or Ly5.2 on Day 60
(Pharmingen, San Diego, CA). On Day 80 after transplantation, BM
chimeric mice were treated with a single intratracheal injection of bleo-
mycin (0.007 U/g body weight).

Bleomycin-Induced Lung Injury

Specific pathogen–free male 8- to 12-wk-old homozygous TIMP-1�/�,
TIMP-2�/�, and wild-type mice received a single dose of 0.007 U/g body
weight of bleomycin sulfate (Pharmacia, Inc., Kalamazoo, MI) in 50 �l
of sterile saline via a tracheotomy under intraperitoneal avertin anesthe-
sia (15). Control mice received saline alone. In experiments designed
to assess survival to Day 30 or the development of lung fibrosis, a single
intratracheal bleomycin dose of 0.0035 U/g body weight or saline was
administered.

Lipopolysaccharide-Induced Lung Injury

TIMP-1�/� and wild-type mice received a single dose of 1 �g/g body
weight of lipopolysaccharide (LPS) (Escherichia coli serotype 055:B5;
Sigma Chemical Co., St. Louis, MO) in 50 �l of sterile saline via a
tracheostomy under avertin anesthesia. Control mice received vehicle
alone. The animals were killed at 4 h after instillation and the degree
of lung inflammation was determined as described below.

BAL

The animals were killed by exsanguination under deep anesthesia at
0, 1, 2, 3, 5, and 7 d after instillation. After killing, the thorax was
rapidly opened, the trachea cannulated with a 20-gauge catheter, and
the lungs lavaged in situ with 1.0 ml sterile phosphate-buffered saline
(PBS). The pulmonary circulation was perfused with 10 ml sterile PBS
and the lungs were then either homogenized for cytokine or myeloper-
oxidase analysis, or inflation fixed in 4% paraformaldehyde for histo-
logic examination.

An aliquot of the BAL fluid was immediately processed for total
and differential cell count determination using a hemocytometer before
and after hypotonic lysis of the red blood cells. The remainder of the
BAL fluid was centrifuged at 500 � g to pellet cells, and the supernatants
were stored in individual aliquots at �70 �C. Leukocyte differential cell
counts were performed on Wright-stained cytocentrifuge preparations
(Leukostat; Fisher Scientific, Pittsburgh, PA), counting a total of 600
cells. BAL erythrocyte concentrations were calculated by subtracting
the total leukocyte concentration from the total cell concentration for
each specimen. BAL cell concentrations were expressed as cells per ml
BAL fluid. IgM and albumin concentrations in the BAL fluid were
quantified by ELISA (Bethyl Laboratories, Montgomery, TX).

Chemokine and Myeloperoxidase Measurement

The lungs were weighed and then homogenized in 1.0 ml of protease
inhibitor cocktail (Roche Diagnostics Corp., Indianapolis, IN) using a
hand-held homogenizer. The homogenate was divided into aliquots

for cytokine or myeloperoxidase (MPO) measurements. For cytokine
measurements, the aliquot was vigorously mixed with a buffer con-
taining 0.5% Triton X-100, 150 mM NaCl, 15 mM Tris, 1 mM CaCl2,
and 1 mM MgCl2 (pH 7.40), incubated for 30 min at 4 �C, and then
centrifuged at 10,000 � g for 20 min. The supernatants were stored at
�70 �C. Cytokine-induced neutrophll chemoattractant (KC), macro-
phage inflammatory protein (MIP)-2, tumor necrosis factor (TNF)-�,
and LPS-induced CXC chemokine (LIX) concentrations in the BAL
fluid and lung homogenates were quantified by ELISA (R&D Systems,
Minneapolis, MN).

For MPO measurements, the homogenate aliquot was vigorously
mixed with 50 mM potassium phosphate (pH 6.0), 5% hexadecyltri-
methyl ammonium bromide (Sigma Chemical Co.), and 5 mM EDTA.
The mixture was sonicated and spun at 12,0000 � g for 15 min at 25 �C.
The supernatants were stored at �70 �C. The MPO activity of lung and
skin was measured as previously described (20). Lung tissue was homo-
genized and sonicated in 2 ml of cold homogenization buffer (50 mM
KH2PO4, 5 mM EDTA, 0.5% hexadecyl trimethylammonium bromide
[HTAB; Sigma Chemical Co.]). After centrifugation (44,000 � g 15 min,
4 �C) 200 �l supernatants were reacted with H2O2 (0.0005%) in the
presence of 0-dianisidine dihydrochloride (0.167 mg/ml) for 15 min.
The reaction was stopped by the addition of 50 �l of 10% sodium azide,
and the optical density at 570 nm was measured. Protein concentrations
of the tissue extracts were determined by the bicinchoninic acid assay
(Pierce, Rockford, IL). The assays were performed in triplicate and
MPO activity was expressed as the change in optical density/mg protein.

Morphometric Studies

For histologic analysis, the left lung was inflated with 4% neutral buf-
fered paraformaldehyde instilled at 20 cm H2O pressure for 120 min.
Lung sections from bleomycin-injured and control mice were stained
with hematoxylin and eosin (H&E) or Masson trichrome stains. To
confirm the identity of neutrophils, chloroacetate ester stain was per-
formed on representative tissue sections. Total neutrophils, mononu-
clear inflammatory cells, and red blood cells within a 200 � 200 �m2

area of bronchovascular bundles were counted by light microscopic
analysis of chloroacetate ester–stained sections using morphometric
software (MetaMorph 4.6; Molecular Devices Corp., Sunnyvale, CA)
to tabulate cells within 6,800 �m2 fields located around medium-sized
airways (� 100 �m airway diameter). A total of three areas each
measuring 40,000 �m2 were counted per specimen under �1,000 magni-
fication and the mean value calculated for each specimen. The morpho-
metric studies were performed by an observer who was blinded to the
experimental treatment groups.

Immunohistochemistry

Antigen retrieval was performed on 5-�m sections of mouse lung tissue
using citrate buffer pH 6.0 at 85–90 �C for 20 min. Tissue sections were
blocked for endogenous avidin/biotin, endogenous peroxidase activity,
and nonspecific protein (see online supplement). Sections were treated
with affinity-purified goat polyclonal antibody to mouse recombinant
TIMP-1 (1:40; R&D Systems) followed by biotinylated donkey anti-
goat antibody (1:200; Jackson ImmunoResearch), which was visualized
using an RTU Vectastain kit (Vector Laboratories, Burlingame, CA)
and the Envision DAB kit (Dako Cytomation; Dako Corp., Carpinteria,
CA). The sections were counterstained with hematoxylin. Digital photo-
micrographs were produced with a Nikon E600 photomicroscope and
MetaMorph 4.6 software (Molecular Devices Corp.).

Gelatin Zymography

Gelatin zymography of BAL fluid (40 �l) was performed by electropho-
resis on 10% SDS-polyacrylamide gel containing 1 mg/ml gelatin as
previously described (21). The gel was washed in 2.5% Triton X-100
for 1 h and then incubated for 18 h in 50 mM Tris (pH 7.5), 200 mM
NaCl, 5 mM CaCl2, and 0.02% Brij-35 at 37 �C before staining with
Coomasie blue. Digital images of the gels were captured (EagleEye
System; Stratagene, La Jolla, CA) and the relative intensities of the
lytic bands were determined using Image Quant software (Molecular
Dynamics, Sunnyvale, CA).

PMN Emigration in the Skin

Intradermal injection of interleukin (IL)-8 induces the accumulation
of neutrophils at the site of injection (22). A single intradermal injection
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of recombinant human IL-8 (50 ng in 50 �l saline; R&D Systems) was
given to TIMP-1�/� and wild-type mice as previously described (22).
In a separate site, each mouse received an injection of 50 �l of saline.
After 4 h, the skin at each injection site was excised and either analyzed
for MPO activity as a measure of neutrophil accumulation or fixed in
4% buffered paraformaldehyde for histologic assessment.

PMN Migration through Matrigel

The ability of murine BM-derived neutrophils to migrate in response
to 5 nM recombinant KC through prototypic extracellular matrix se-
creted by the Engelbreth-Holm-Swarm tumor was evaluated using Bio-
coat Matrigel Cell Invasion Chambers (Becton Dickinson Labware,
Bedford, MA) as previously described (23) (see online supplement).
The number of cells that migrated to the underside of the filter in four
random high-power fields (�400) was quantified for each of five filters
for each genotype and condition. In addition, the total number of cells
recovered from the lower compartment were counted on a hemocytome-
ter in duplicate for each of five chambers for each genotype and condition.

Neutrophil Chemotaxis Assay

Neutrophil chemotaxis was measured with a fluorescent chemotaxis
assay as previously described using calcein-labeled human neutrophils
as the chemotactic targets (24) (see online supplement). All procedures
using human neutrophils were approved by the Fred Hutchinson Cancer
Research Center Human Subjects Committee.

Hydroxyproline Quantification

The mice were killed at Days 7, 28, 45, or 60 after instillation, and the
degree of lung fibrosis was quantified by measurement of the lung
hydroxyproline content of the right lung and by histologic analysis of
the left lung. Total lung collagen content was measured by assaying
lung hydroxyproline content after hydrolysis with 6 N HCl as previously
described (25). Whole lung hydroxyproline values were measured in
triplicate and expressed as �g/lung.

Blood Leukocyte Counts

Blood was collected by retro-orbital venous plexus sampling in silica-
treated tubes containing sodium citrate. Complete blood counts were
performed using a Celldyn 3500 automated cell counter (Abbott Labs,
Santa Clara, CA). Leukocyte differentials were determined on Wright-
stained blood smears.

Data Presentation and Statistical Analysis

All data are expressed as means � SEM. Statistical differences between
groups were determined using Student’s t test assuming unequal vari-
ances. Differences were considered significant at the P � 0.05 level.

RESULTS

Neutrophil Inflammation Is Amplified in Bleomycin-Injured
Lungs of TIMP-1–Deficient Mice

TIMP-1 mRNA and protein expression is selectively and mark-
edly increased in bleomycin-induced lung injury (15). To deter-
mine whether the inflammatory response to lung injury was
altered in the absence of TIMP-1, we measured the BAL leuko-
cyte concentrations in TIMP-1–deficient and wild-type lit-
termates after intratracheal bleomycin administration. Un-
treated mice of both genotypes had very low concentrations of
neutrophils in the BAL (Figure 1). In the wild-type mice, there
was a marked increase in the percentage and concentration of
neutrophils in the BAL after bleomycin treatment. The neutro-
phil percentage and concentration in the BAL recovered from
TIMP-1�/� mice were significantly higher than those of wild-type
animals at comparable times after bleomycin instillation. By
Day 3 after bleomycin treatment, the percentage and concentra-
tion of neutrophils in the BAL of TIMP-1�/� mice were � 2.0-
fold higher than those of similarly treated wild-type litter-
mates. At Day 7 after bleomycin administration, the percentage
and concentration of neutrophils in the BAL recovered from

TIMP-1�/� mice were 1.5-fold and over 3.5-fold higher than that
of the wild-type mice. We measured MPO concentrations in
whole lung to quantify neutrophil accumulation in the lung pa-
renchyma itself. At Day 7 after bleomycin exposure, the mean
MPO activity in the lung homogenates of TIMP-1�/� mice was
1.9 � 0.46 compared with 0.6 � 0.13 OD/mg protein of wild-
type animals (P 	 0.03).

In contrast, we found no significant difference in the concen-
trations of alveolar macrophages or lymphocytes recovered in
the BAL from injured TIMP-1�/� versus wild-type mice. Further-
more, there was no difference in the total circulating leukocyte
counts and the percentages of neutrophils, lymphocytes, mono-
cytes, and eosinophils in the peripheral blood between the two
genotypes at baseline or Day 7 after bleomycin administration
(Table 1).

The exaggerated pulmonary neutrophilia observed in the in-
jured TIMP-1�/�animals was not found in TIMP-2�/� mice. At
Day 7 after bleomycin administration, the BAL neutrophil percen-
tage and concentration of TIMP-1�/� mice were 3-fold and 10-fold
higher, respectively, than those of similarly treated TIMP-2�/�

animals (Figure 2). By comparison, the concentration and per-
centage of neutrophils recovered in the BAL of TIMP-2�/� mice
were not statistically different from those of wild-type mice at

Figure 1. Temporal changes in neutrophil percent and concentration
in the BAL recovered from wild-type and TIMP-1�/� mice after bleomycin
administration. Mean values (� SE) for neutrophil percent (A ) and
neutrophil concentration (B ) in the BAL of TIMP-1�/� (open squares)
and TIMP-1�/� (filled diamonds) mice before or after a single intratracheal
dose of bleomycin. Six TIMP-1�/� and six TIMP-1�/� mice were analyzed
at each time point. *P � 0.05, **P � 0.01. Saline-instilled mice had
� 6,000 PMN/ml recovered in the BAL at Day 7 for each genotype.
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Day 7. Our results suggest that the exaggerated pulmonary
neutrophilia is specific for TIMP-1 deficiency.

Lung histology performed on tissue sections recovered at
Day 7 after bleomycin treatment showed a striking increase in
neutrophil accumulation in TIMP-1�/� mice compared with wild-
type animals (Figure 3). As anticipated, TIMP-1�/� mouse lungs
had little evidence of inflammation after saline instillation (Fig-
ure 3A). In contrast, extensive inflammatory cell accumulation
was observed in the peri-airway regions of TIMP-1�/� lungs after
bleomycin treatment (Figure 3B). Neutrophil-specific granule
staining with chloroacetate ester of bleomycin injured TIMP-1�/�

mouse lungs showed abundant neutrophil accumulation in the
areas surrounding bronchovascular bundles and in the alveolar
compartment (Figure 3C). By comparison, wild-type mouse
lungs at Day 7 after bleomycin administration showed pre-
dominantly a mononuclear cell infiltration in the same regions
(Figure 3D).

Morphometric studies were performed to quantify the differ-
ences in neutrophil accumulation found in the lung tissue of
TIMP-1�/� compared with wild-type mice after bleomycin injury.
We counted the total number of inflammatory cells and erythro-
cytes that were present in 40,000 �m2 areas centered around
medium-sized bronchovascular bundles (airway diameters �
100 �m). We found a 2.5-fold increase in the number of neutro-
phils per unit area of lung tissue in the bronchovascular regions
of injured TIMP-1�/� mice compared with similarly treated wild-
type animals (Figure 4). In contrast, we found no significant
difference in the number of mononuclear inflammatory cells per
unit area in the injured lungs of TIMP-1�/� compared with wild-
type mice. These results were consistent with the exaggerated
pulmonary neutrophilia found in the BAL and lung homogenate
specimens of injured TIMP-1�/� mice.

Our previous in situ hybridization studies demonstrated that
TIMP-1 transcripts localized to inflammatory leukocytes as well
as structural cells of the lung after bleomycin injury (15). To
examine the location of TIMP-1 protein in the injured lung, we
performed immunohistochemistry on lung tissue recovered from
saline- or bleomycin-treated wild-type mice. At 5 d after saline
instillation we found infrequent, faint TIMP-1 staining of alveo-
lar macrophages (data not shown). In contrast, we observed
strong TIMP-1 protein staining of alveolar macrophages, airway
epithelial cells, and lung interstitial cells in areas of injury at 5 d
after bleomycin treatment (Figures 5A and 5B). In areas remote
from bleomycin damage, faint TIMP-1 staining was detected
infrequently in alveolar macrophages (Figure 5C). Specificity of
the TIMP-1 antibody was confirmed using an irrelevant isotype
antibody (Figure 5D).

TIMP-1 Expression by Parenchymal Cells Is Crucial in
Regulating Pulmonary Neutrophilia

To determine whether TIMP-1 deficiency in either inflammatory
cells or in lung parenchymal cells was sufficient to produce exag-

TABLE 1. CIRCULATING LEUKOCYTES IN TIMP-1–DEFICIENT AND WILD-TYPE MICE (MEAN � SEM).

Total Number of
Genotype Condition Leukocytes (� 10�3/�l) Neutrophils (% ) Lymphocytes (% ) Monocytes (% ) Eosinophils (% )

TIMP-1 WT (n 	 6 ) Control 7.6 � 0.47 16.0 � 3.4 78.0 � 2.7 0 5.0 � 1.1
TIMP-1 KO (n 	 8 ) Control 6.8 � 0.36 16.0 � 1.5 81.0 � 1.6 0 3.0 � 0.7
P value 0.2 0.83 0.38 NS 0.10
TIMP-1 WT (n 	 5 ) Day 7 Bleomycin 5.4 � 0.76 50.0 � 8.5 47.6 � 8.5 1 � 0.8 0.8 � 0.5
TIMP-1 KO (n 	 6 ) Day 7 Bleomycin 5.2 � 0.78 52.3 � 7.9 44.7 � 6.8 1.8 � 0.9 1.2 � 0.7
P value 0.82 0.87 0.79 0.50 0.66

Definition of abbreviations: KO, knockout; TIMP-1, tissue inhibitor of metalloproteinase-1; WT, wild type.

gerated pulmonary neutrophilia, bleomycin lung injury was per-
formed in BM chimeric mice that lacked TIMP-1 either in the
hematopoeitic cell compartment or in the lung structural cells.
At Day 7 after bleomycin instillation, TIMP-1�/� recipient mice
of TIMP-1�/� BM had a 
 3-fold increase in BAL neutrophil
concentration compared with wild-type recipient mice of wild-
type BM, consistent with our previous observations (Figure 6).
We found a 
 5-fold increase in BAL neutrophil concentration
at Day 7 after bleomycin administration to TIMP-1�/� recipient
mice of wild-type BM compared with similarly exposed wild-
type recipient mice of wild-type BM. Moreover, there was a 1.6-
fold increase in BAL neutrophil concentration of TIMP-1�/�

recipient mice of wild-type BM compared with TIMP-1�/� recipi-
ent mice of TIMP-1�/� BM, although this difference was not
statistically significant. In contrast, the BAL neutrophil concen-
tration found in wild-type recipients of TIMP-1�/� BM was no
different than that of wild-type recipient mice of wild-type BM
after bleomycin treatment. From these data, we conclude that
TIMP-1 production by lung parenchymal cells at sites of bleomy-
cin injury is crucial in regulating the inflammatory response
characteristic of the TIMP-1–deficient phenotype. Furthermore,
TIMP-1 expression by inflammatory cells may facilitate neutro-
phil egress into the alveolar compartment when parenchymal
cells are deficient of TIMP-1.

Pulmonary Neutrophilia Is Exaggerated in LPS-Injured
Lungs of TIMP-1–Deficient Mice

An exaggerated pulmonary neutrophilia was also observed in
TIMP-1–deficient mice after the intratracheal administration of
LPS. At 4 h after a single intratracheal dose of LPS, the concen-
trations of total leukocytes and neutrophils in the BAL recov-
ered from TIMP-1�/� mice were 
 3-fold higher than those
of similarly treated wild-type animals (Figure E1 in the online
supplement). We found no significant difference in the concen-
tration of BAL macrophages or lymphocytes between the two
genotypes after LPS exposure. These results indicate that the
amplified pulmonary neutrophilia observed in TIMP-1–deficient
lungs occurs in response to different inflammatory stimuli.

Lung Hemorrhage Is Increased in the Injured Lungs
of TIMP-1–Deficient Mice

To determine whether TIMP-1 deficiency increases the intensity
of the lung injury, we measured erythrocyte concentrations in the
BAL recovered from control and bleomycin-injured TIMP-1�/�

and wild-type mice. As expected, animals that received saline
alone had very low concentrations of erythrocytes recovered in
the BAL (data not shown). In the injured wild-type mice we
observed a marked increase in the BAL erythrocyte concentra-
tion at Day 7 after bleomycin instillation (Figure E2). At the
same time point after injury, the erythrocyte concentration in
BAL recovered from TIMP-1�/� mice was 
 3-fold higher than
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Figure 2. Neutrophil percent and concentration in the BAL of wild-type,
TIMP-1�/�, and TIMP-2�/� mice at Day 7 after bleomycin administration.
Mean values (� SE) for neutrophil percent (A ) and neutrophil concentra-
tion (B ) in the BAL of wild-type (white column), TIMP-1�/� (black column),
and TIMP-2�/� (striped column) mice at Day 7 after a single intratracheal
dose of bleomycin. Six mice were analyzed for each genotype. *P �

0.05, comparison of TIMP-1�/� with TIMP-1�/�;**P � 0.001 comparison
of TIMP-1�/� with TIMP-2�/�.

that of the wild-type animals. Likewise, the number of erythro-
cytes within alveoli per unit area of lung was 
 4-fold higher in
bleomycin injured lungs of TIMP-1�/� versus wild-type mice at
Day 7 (Figure 4).

Pulmonary Vascular Permeability Is Increased in
the Injured Lungs of TIMP-1–Deficient Mice

Changes in pulmonary vascular permeability were evaluated by
quantifying the concentrations of the serum macromolecules
albumin and IgM in the BAL after bleomycin exposure of
TIMP-1�/� and wild-type mice. As expected, there was a large
increase in BAL albumin and IgM in the injured lungs of wild-
type mice as compared with saline control animals, reflecting
increased vascular permeability. BAL fluid from TIMP-1�/� mice
had a significantly higher concentration of serum macromole-
cules compared with wild-type animals after bleomycin instilla-
tion. Albumin concentrations in the BAL fluid of TIMP-1�/�

mice were increased 
 1.5-fold at Days 2, 5, and 7 after bleomycin
instillation compared with similarly treated wild-type mice
(Figure 7). Likewise, there was an increase in IgM concentrations
in the BAL of TIMP-1�/� mice during the first week after bleo-
mycin treatment compared with wild-type mice; however, this
difference did not reach statistical significance (Figure E3). The
observed differences in BAL albumin and IgM concentrations
between TIMP-1�/� and wild-type mice are consistent with in-

Figure 3. Lung histology for TIMP-1�/� and wild-type mice at Day 7
after saline or bleomycin administration. (A ) TIMP-1�/� mouse lung at
Day 7 after saline instillation shows little evidence of inflammation. a,
airway; v, blood vessel (H&E, magnification: �400; bar 	 50 �m).
(B ) TIMP-1�/� mouse lung at Day 7 after bleomycin instillation shows
extensive inflammatory cell accumulation in the peri-airway regions
(H&E, magnification: �400; bar 	 50 �m). (C ) Higher magnification of
image in B stained with chloroacetate ester shows extensive neutrophil
accumulation (arrowheads) in the alveolar compartment at Day 7 after
bleomycin administration to TIMP-1�/� mice. (Leder stain, magnifica-
tion: �1,000; bar 	 10 �m). (D ) Wild-type mouse lung at Day 7 after
bleomycin instillation shows predominantly mononuclear cell infiltration
(arrows) rather than neutrophil accumulation (arrowheads) in the alveolar
compartment. (Leder stain, magnification: �1,000; bar 	 10 �m).

creased vascular permeability for serum macromolecules in the
injured lung when TIMP-1 is absent.

Weight Loss and Mortality Are Increased in
TIMP-1–Deficient Mice after Lung Injury

To determine the biological significance of TIMP-1 deficiency
after acute lung injury, we tracked weight changes and survival

Figure 4. Morphometric analysis of leukocyte and erythrocyte concen-
trations in the lungs of TIMP-1�/� and wild-type mice at Day 7 after
bleomycin instillation. Mean values (� SE) for neutrophils, mononuclear
inflammatory cells, and erythocytes within 40,000 �m2 areas centered
on medium-sized bronchovascular bundles (airway diameter � 100 �m)
for TIMP-1�/� (white columns) and TIMP-1�/� (black columns) at Day 7
after bleomycin instillation. Three 40,000 �m2 areas were analyzed for
each of five TIMP-1�/� and five TIMP-1�/� mice. *P � 0.001, **P � 0.01.
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Figure 5. Localization of TIMP-1 protein by immunohistochemistry in
bleomycin-injured and control mouse lung. (A ) Wild-type mouse lung
at Day 5 after bleomycin instillation incubated with antibody to murine
TIMP-1 demonstrates strong TIMP-1 immunostaining of airway epithe-
lial cells, alveolar macrophages (arrows), and lung interstitial cells (arrow-
heads) within a focus of injury in the peri-airway region. a, airway; v,
blood vessel (magnification: �400; bar 	 50 �m). (B ) Higher magnifica-
tion of A shows that TIMP-1 protein localizes to alveolar macrophages
(arrows) and lung interstitial cells (arrowheads) within the focus of lung
injury (magnification: �1,000; bar 	 10 �m). (C ) Wild-type mouse lung
at Day 5 after bleomycin instillation incubated with murine TIMP-1
antibody demonstrates only occasional immunostaining of macro-
phages (arrow) in an area of lung remote from damage (magnification:
�400; bar 	 50 �m). (D ) Wild-type mouse lung at Day 5 after bleomycin
administration incubated with isotype control antibody shows no back-
ground staining within a focus of injury (magnification: �400; bar 	

50 �m).

following bleomycin exposure. TIMP-1�/� mice developed a
33.3 � 0.8% reduction in body weight compared with a 26.6 �
3.0% decrease for wild-type animals at Day 7 after bleomycin
administration (P � 0.05) (Figure E4A). Likewise, TIMP-1�/�

mice had a survival of 76% compared with 100% for wild-type
littermates by Day 30 after bleomycin treatment (P 	 0.056)
(Figure E4B). The differences in weight loss and survival ob-
served between TIMP-1�/� and wild-type mice were consistent
with the exaggerated lung injury of the TIMP-1�/� animals.

Gelatinase B Activity Is Amplified in the Alveolar
Compartment of Injured TIMP-1–Deficient Mice

To assess the presence of gelatinase A and B in the alveolar
compartment of bleomycin-injured TIMP-1–deficient and wild-
type mice, we analyzed BAL fluid by substrate gel electrophore-
sis using gelatin. At Day 3 after bleomycin instillation, low levels
of the pro- and mature isoforms of gelatinase B (MMP-9) were
identified in the BAL fluid recovered from both genotype mice
(Figure E5). At this time point no gelatinase A (MMP-2) was
detectable in the samples. By Day 7 after bleomycin exposure,
gelatinase B levels in the BAL fluid recovered from TIMP-1 �/�

mice were more than twice that recovered from comparably
treated wild-type littermates. Likewise, we observed 3-fold
higher levels of gelatinase B proenzyme in the BAL specimens
collected from injured TIMP-1�/� mice compared with wild-
type animals; however, this difference did not achieve statistical
significance (P 	 0.07). Gelatinolytic activity was inhibited by
development of the zymogram in the presence of 10 mM 1,10

Figure 6. Neutrophil concentration in the BAL of TIMP-1 BM chimeric
mice at Day 7 after bleomycin administration. Mean values (� SE)
for neutrophil concentration in the BAL of TIMP-1�/� recipients of
TIMP-1�/� BM (white column), TIMP-1�/� recipients of TIMP-1�/� BM
(black column), TIMP-1�/� recipients of TIMP-1 �/� BM (striped column),
and TIMP-1�/� recipients of TIMP-1�/� BM (checked column) at Day 7
after a single intratracheal dose of bleomycin. At least seven mice were
analyzed per group. *P � 0.05, **P � 0.01, ***P � 0.005.

phenathroline, confirming the presence of metalloproteinase ac-
tivity in the BAL fluids (data not shown). In contrast to gelatinase
B, BAL fluid from wild-type mice contained 1.3-fold higher (P �
0.03) levels of gelatinase A compared with TIMP-1�/� mice at
Day 7 after bleomycin administration. Thus, acute lung injury
in TIMP-1–deficient mice was accompanied by exaggerated gela-
tinase B but diminished gelatinase A activity in the alveolar
compartment relative to similarly treated wild-type littermates.

TIMP-1 Deficiency Does Not Affect Neutrophil
Chemotactic Activity

To determine if the exaggerated neutrophil accumulation ob-
served in the absence of TIMP-1 was due to differences in neutro-
phil chemotactic activity, we quantified KC, MIP-2, TNF-�, and
LIX concentrations in the BAL fluid and lung homogenates of
bleomycin-injured wild-type and TIMP-1�/� mice at Days 1, 2,

Figure 7. Temporal changes in albumin concentration in the BAL recov-
ered from wild-type and TIMP-1�/� mice after bleomycin administration.
Mean values (� SE) for albumin concentration in the BAL of TIMP-1�/�

(open squares) and TIMP-1�/� (solid diamonds) mice before or after a
single intratracheal dose of bleomycin. Six TIMP-1�/� and six TIMP-1�/�

mice were analyzed at each time point. *P � 0.03.
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3, 5, and 7 (Figure E6). The concentrations of KC and MIP-2
in the BAL and lung homogenates increased significantly at
Day 1 after bleomycin administration, but were similar for the
wild-type and TIMP-1�/� mice. The concentration of TNF-�
in the BAL increased significantly at Day 2 after bleomycin
treatment; however, the increase was comparable for wild-type
and TIMP-1�/� animals. Likewise, the concentrations of TNF-�
in lung homogenates were similar for wild-type and TIMP-1�/�

mice after bleomycin exposure. The concentrations of LIX in
the BAL and lung homogenates also were comparable between
the two genotypes at baseline and after bleomycin injury. These
results were consistent with our observation that the in vitro
neutrophil chemotactic activity present in the BAL fluid at Days
3 and 7 after bleomycin instillation was similar for TIMP-1�/�

and wild-type mice (data not shown).
A second possible explanation for the exaggerated pulmonary

neutrophilia found in the injured lungs of TIMP-1–deficient mice
might be due to differences between the two genotypes with
respect to chemotactic responses of the neutrophils. To address
this possibility, we measured neutrophil recruitment into the
skin after intradermal injection of recombinant human IL-8, a
well-established neutrophil chemoattractant. Neutrophil recruit-
ment at 4 h in response to IL-8 was predominantly extravascular,
so measurement of whole skin MPO activity was considered
indicative of neutrophil emigration. Skin MPO activity increased
more than 5-fold by IL-8 injection and was comparable for both
wild-type and TIMP-1�/� mice (data not shown). These results
suggest that the in vivo chemotactic response of neutrophils in
uninjured tissue is unaffected by TIMP-1 deficiency. Similarly,
the in vitro migration of neutrophils through matrigel membrane
in response to the chemoattractant KC was no different for
TIMP-1–deficient compared with wild-type neutrophils (data not
shown).

Pulmonary Fibrosis Is Unaltered in the Absence of TIMP-1

To determine if the fibrotic response to lung injury was altered
in the absence of TIMP-1, we measured lung hydroxyproline
content of the injured lungs at Days 7, 28, 45, and 60 after
bleomycin administration. The lung hydroxyproline content of
bleomycin-injured lungs was significantly higher than that of
saline-treated controls at Days 28, 45, and 60 for both genotypes.
However, there was no significant difference in lung hydroxypro-
line content for TIMP-1�/� mice compared with similarly treated
wild-type mice at any time point (Figure E7). These results
suggest that TIMP-1 deficiency does not significantly alter colla-
gen accumulation after bleomycin-induced lung injury.

DISCUSSION

The major goal of this study was to investigate the role of TIMP-1
in the response to acute lung injury. Our strategy was to deter-
mine whether inflammatory cell and serum macromolecule accu-
mulation in the acutely injured lung were amplified in mice
genetically engineered to lack TIMP-1. We found that pulmo-
nary neutrophilia, hemorrhage, and vascular permeability were
significantly higher after bleomycin injury in TIMP-1–deficient
mice than in wild-type littermates. We demonstrated that
TIMP-1 expression by lung parenchymal cells, but not inflam-
matory cells, was crucial in limiting the response to acute injury.
Furthermore, the TIMP-1–deficient phenotype in response to
acute lung injury was not found in TIMP-2–deficient mice. We
observed that the level of gelatinase B activity in the alveolar
lining fluid of injured lungs was significantly greater in the ab-
sence of TIMP-1. In contrast, there was no significant difference
in collagen accumulation and lung fibrosis between TIMP-1–
deficient and wild-type mice after bleomycin treatment. Finally,

we found that the absence of TIMP-1 did not alter neutrophil
chemotactic factor accumulation in the alveolar lining fluid of the
injured lung nor neutrophil migration in response to chemotactic
stimuli in vitro or in vivo.

Our study provides direct evidence that TIMP-1 contributes
significantly to the regulation of the response to acute lung injury.
The increase in neutrophil, erythrocyte, and serum macromole-
cule accumulation in injured TIMP-1�/� lungs supports the con-
cept that TIMP-1 functions to limit the injury response. Our
finding that TIMP-1 deficiency results in increased lung perme-
ability and hemorrhage after injury is novel. These results are
consistent with our previous findings that TIMP-1 expression
was induced in bleomycin-exposed mouse lungs and localized
to areas of acute injury (15).

Our finding of amplified pulmonary neutrophilia after bleomy-
cin injury in TIMP-1�/� mice is consistent with the observation
that TIMP-1 deficiency augments the corneal response to infection.
Kernacki and coworkers reported increased corneal opacifica-
tion and neutrophil accumulation in response to Pseudomonas
aeruginosa infection in mice treated systemically with anti–
TIMP-1 neutralizing antibody (26). Osiewicz and colleagues ob-
served that TIMP-1�/� mice were hyper-resistant to corneal in-
fection with P. aeruginosa and that the increased resistance
to infection was neutrophil and complement dependent (27).
Similar to our study, these authors found that TIMP-2�/� mice
did not display the hyper-resistant phenotype. However, in con-
trast to our findings, Osiewicz reported that the hyper-resistance
to corneal infection was suppressed by TIMP-1 expression by
either hematopoeitic cells or ocular parenchymal cells. In that
model, the hyper-resistant phenotype was dependent on the
presence of gelatinase B, stromelysin-1, and matrilysin (28).

The enhanced response to lung injury in the absence of
TIMP-1 was the opposite of the effect observed in animals with
targeted disruption of matrix metalloproteinase genes. Bleomy-
cin lung injury in matrilysin (MMP-7)-deficient mice significantly
reduced neutrophil recruitment to the alveolar compartment by
blocking the release of neutrophil chemotactic factor KC from
the epithelial cell surface (4). Mice deficient in stromelysin-1
(MMP-3) or gelatinase B (MMP-9) developed less severe lung
injury, as determined by pulmonary hemorrhage and changes
in vascular permeability, compared with wild-type animals after
immune complex instillation (5). The reduction in lung injury
observed in stromelysin-deficient mice was associated with re-
duced neutrophil accumulation in the injured lungs. Similarly,
gelatinase A (MMP-2)–deficient mice developed less inflamma-
tory cell accumulation and lower concentrations of the chemo-
kine CCL11 in the alveolar compartment compared with wild-
type animals after allergen challenge (6). In contrast to animals
deficient in matrilysin or gelatinase A, TIMP-1�/� mice did not
show a difference in BAL chemotactic activity for neutrophils
nor chemotactic factor concentrations compared with wild-type
littermates after lung injury.

The increased levels of gelatinase B in the BAL fluid of
injured TIMP-1�/� mice compared with wild-type littermates
suggest the presence of increased proteinase activity in the alveo-
lar compartment. The TIMP-1–deficient phenotype observed
following lung injury may be due, in part, to increased gelatinase
B activity, because this MMP has been shown to contribute
to pulmonary hemorrhage and edema in the injured lung (5).
However, the exaggerated neutrophilia found in injured TIMP-
1�/� lungs cannot be attributed to increased gelatinase B activity,
because neutrophil influx is independent of this proteinase (5,
29). The amplified neutrophil accumulation is more likely the
result of increased proteolytic activity of other MMPs in the
absence of TIMP-1.
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The amplified pulmonary neutrophilia, hemorrhage, and vas-
cular permeability observed in injured TIMP-1�/� lungs suggests
that TIMP-1 functions to preserve the alveolar–capillary barrier,
possibly by inhibiting proteolytic degradation of intercellular
junctions or the alveolar basement membrane. MMP inhibitors
are thought to enhance cell adhesion by preventing cadherin
ectodomain cleavage, thus stabilizing cadherin-mediated cell–
cell contact. In support of this possible mechanism, MMP inhibi-
tors have been shown to reduce VE cadherin shedding by cul-
tured endothelial cells (30) and to induce cadherin expression
and cell–cell contact by fibroblasts in vitro (31). In response
to bleomycin injury, matrilysin has been shown to mediate E
cadherin shedding from airway and alveolar epithelia (32). MMP
inhibitors have also been reported to stabilize focal adhesion
contacts and promote p125FAK phosphorylation, suggesting that
TIMP-1 may also function to preserve integrin–extracellular ma-
trix adhesion and focal contact assembly (31).

TIMP-1 deficiency did not alter lung collagen accumulation
or pulmonary fibrosis after bleomycin injury. This finding was
not unanticipated because other investigators have reported that
the lack of TIMP-1 did not alter renal interstitial fibrosis in
murine models (33). We have previously shown that bleomycin
injury induces the durable expression of both TIMP-1 and
TIMP-2 in the alveolar and interstitial compartments (15). The
production of TIMP-2 by TIMP-1�/� mice may serve a compen-
satory function in regulating collagenase activity in bleomycin-
injured TIMP-1–deficient lungs.

The TIMP-1–deficient phenotype we observed after bleomy-
cin lung injury differed from that reported by Osiewicz and
coworkers (27) after pseudomonal corneal infection with respect
to suppression of the phenotype only by TIMP-1 expression by
lung parenchymal cells. This distinction suggests that the injury
response differs with respect to the organ involved and the cellu-
lar sources of TIMP-1. We infer from our results that parenchy-
mal cell TIMP-1 plays a crucial role in regulating the response
to lung injury. Our previously published work using in situ hy-
bridization indicated that lung fibroblasts were a prominent
source of TIMP-1 expression in areas of bleomycin-injured lung
(15). In addition, TIMP-1 is expressed by fibroblasts in the lung
biopsies of patients with ARDS (3). Taken together, these find-
ings suggest that fibroblast-derived TIMP-1 is important in the
regulation of the response to acute lung injury.

Our results also suggest that TIMP-1 expression by inflam-
matory cells may facilitate neutrophil egress into an area of injury
when parenchymal cells are deficient of TIMP-1. In support of
this possibility, Anthwal and colleagues have shown that TIMP-1
is inducibly expressed on the neutrophil surface and is required
for MMP-9 binding to the neutrophil cell surface (34). Their
results indicate that membrane-bound TIMP-1 functions to an-
chor MMP-9 to the leukocyte surface, thereby enhancing MMP-9
activity in the pericellular environment of the neutrophil. In our
chimeric mice that expressed inflammatory cell–derived TIMP-1
in the absence of parenchymal cell–derived TIMP-1, neutrophil
extravasation may have been amplified by enhanced MMP-9
activity in the pericellular environment that was unopposed in
the absence of lung structural cell TIMP-1 secretion.

Our finding that TIMP-2�/� mice displayed the same level
of pulmonary neutrophil accumulation as wild-type mice after
bleomycin exposure stands in contrast to the observation of
Gipson and coworkers (35). In their study, antibody-induced
neutralization of endogenous TIMP-2 resulted in intensified lung
damage as measured by lung albumin and neutrophil accumula-
tion after immune complex instillation in rats. The apparent
discrepancy between these studies may be due to differences in
the species and injury models used.

In conclusion, our studies demonstrate that TIMP-1 defi-
ciency amplifies acute lung injury as manifested by increased
pulmonary neutrophilia, hemorrhage, and serum macromolecule
extravasation. The amplification of acute lung injury is specific
to TIMP-1 deficiency and suggests that TIMP-1 functions to
preserve the alveolar–capillary barrier. TIMP-1–deficient paren-
chymal cells appear to be primarily responsible for this amplified
response to acute injury, indicating that TIMP-1 expression by
lung structural cells makes a crucial contribution to limiting acute
injury of the lung.
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