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Low Levels of Tissue Inhibitors of Metalloproteinases With a High
Matrix Metalloproteinase-9/Tissue Inhibitor of Metalloproteinase-1

Ratio Are Present in Tracheal Aspirate Fluids of Infants
Who Develop Chronic Lung Disease

Ikechukwu I. Ekekezie, MD*; Donald W. Thibeault, MD*; Stephen D. Simon, PhD‡; Michael Norberg*;
Jeffrey D. Merrill, MD§; Roberta A. Ballard, MD§; Philip L. Ballard, MD, PhD§; and

William E. Truog, MD*

ABSTRACT. Objective. The pathogenesis of chronic
lung disease (CLD) involves inflammation with proteo-
lytic damage to lung extracellular matrix. Matrix metal-
loproteinases (MMPs) are zinc-dependent endopepti-
dases that, acting in concert with their tissue inhibitors,
tightly orchestrate extracellular matrix morphogenesis
and repair after injury. Imbalances in their levels relative
to that of their inhibitors have been implicated in dis-
eases characterized by matrix disruption and remodeling.
We investigated the possibility that imbalances in
MMP-9 and MMP-2 relative to their tissue inhibitor of
metalloproteinase-1 (TIMP-1) and TIMP-2, respectively,
in tracheal aspirates of preterm infants may be involved
in the development of CLD.

Methods. Serial tracheal aspirates collected from
birth until extubation in 49 ventilated preterm infants
(24-32 weeks’ gestations) were analyzed for MMP-2,
MMP-9, TIMP-1, and TIMP-2. Data normalized by TA
values of free secretory component of immunoglobulin A
were compared for CLD (n � 22) versus no CLD (n � 27).
Also, known clinical predictors of CLD (gestational age,
birth weight, and sex) were assessed for both groups.
Association of predictors with the outcome CLD was
assessed by logistic regression.

Results. Mean gestational age was lower in CLD in-
fants, but birth weight and gender were comparable for
both groups. CLD infants had significantly lower
TIMP-1 level with higher MMP-9/TIMP-1 ratio during
the first 2 weeks of life and low TIMP-2 and MMP-2
levels during the first 3 days of life compared with no-
CLD infants. Logistic regression analysis indicated that
the findings are predictive of CLD.

Conclusions. We conclude that low tracheal aspirate
levels of TIMPs, with a high MMP-9/TIMP-1 ratio early
in life, are associated with subsequent development of
CLD. Pediatrics 2004;113:1709–1714; MMPs, TIMPs,
chronic lung disease.

ABBREVIATIONS. CLD, chronic lung disease; MMP, matrix met-
alloproteinase; TIMP, tissue inhibitor of metalloproteinase; RDS,
respiratory distress syndrome; TAF, tracheal aspirate fluid; EIA,
enzyme immunoassay.

Chronic lung disease (CLD) remains the most
prevalent chronic morbidity afflicting the pre-
maturely born infant. Although advances in

therapy have improved survival rates for extremely
low birth weight infants, an unfortunate conse-
quence has been the rising incidence of CLD with its
serious morbidity implications.1

The mechanisms underlying pathogenesis of CLD
are not fully understood, but proteolytic injury to the
lungs, from the actions of enzymes released by an
influx of activated inflammatory cells, is a major
contributing early event.2–4 There is evidence that the
proteolytic injury is facilitated through triggering of
an imbalance in lung proteinase versus antiprotein-
ase defense.3,4 Studies of this concept to date have
focused almost exclusively on the levels of serine
proteases, such as elastase, relative to those of their
inhibitors �-1-antitrypsin and secretory leukocyte in-
hibitor.4,5 Therapeutic and prophylactic intervention
strategies for CLD derived from these studies have
yielded disappointing results in trials.6

Matrix metalloproteinases (MMPs) are zinc-de-
pendent endopeptidases with crucial roles in extra-
cellular matrix remodeling as occurs during lung
morphogenesis, growth, and repair after injury.7–9

They are involved in angiogenesis, cell migration,
tissue inflammation, degradation, and wound heal-
ing.7–9 MMPs proteolytically cleave extracellular ma-
trix components, with some members demonstrating
near-total substrate specificity in their actions. MMPs
are secreted as zymogens (pro-MMPs) that require
proteolysis for activation, and their activities are
tightly regulated by specific inhibitors, tissue inhib-
itors of metalloproteinases (TIMPs) that bind to ac-
tive MMPs in a 1:1 stoichiometric ratio.7–9

MMP-2 (72-kDa gelatinase or gelatinase A) is se-
creted mainly by noninflammatory cells (fibroblasts
and endothelial and epithelial cells), whereas MMP-9
(92-kDa gelatinase or gelatinase B) is secreted by
inflammatory cells (neutrophils, monocyte-macroph-
ages).7–9 TIMP-1 is the specific inhibitor of MMP-9
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but has overlapping inhibitory effects on other
MMPs, including MMP-2. TIMP-2, however, is the
specific inhibitor for MMP-2. The production of
MMPs is under transcriptional modulation by sev-
eral factors, including cytokines, growth factors, and
extracellular matrix components.7–9

Imbalance between MMPs and their TIMPs have
been implicated in the pathologic tissue degradation
and remodeling that occurs in diseases such as
asthma, acute respiratory distress syndrome (RDS),
pulmonary fibrosis, and emphysema.10–13 However,
characterization of MMPs and their TIMPs beyond
the first few postnatal days of life in the tracheal
aspirate of ventilated preterm infants with evolving
CLD has not been reported. The current study was
undertaken to investigate the concentrations of
MMPs and TIMPs in tracheal aspirates of ventilated
preterm infants and the possibility that imbalances in
their relative levels may be involved in the develop-
ment of CLD.

METHODS

Patients
The study was prospective with enrollment of infants who

were �32 weeks’ gestation, had birth weight of �1500 g, required
mechanical ventilation for respiratory failure, and were admitted
into the neonatal intensive care unit at Children’s Hospital of
Philadelphia and the Children’s Mercy Hospital in Kansas City.
The infants underwent serial tracheal aspirate fluid (TAF) collec-
tions according to standardized protocols. Infants with proven
sepsis as evidenced by a positive blood culture, perinatal as-
phyxia, or major congenital anomalies were excluded from the
study. All infants in the study received prenatal steroids for lung
maturation, antibiotics for presumed sepsis, surfactant for RDS,
and indomethacin for patent ductus arteriosus closure. Gesta-
tional age was derived from a combination of pregnancy duration
from last menstrual period and physical examination using mod-
ified Ballard assessment. Infants who were still dependent on
supplemental oxygen to maintain satisfactory oxygen saturation
beyond 36 weeks’ completed gestation were given a diagnosis of
CLD. Forty-nine preterm infants were enrolled in the study; 22
subsequently developed CLD, and 27 did not. Seven infants died,
5 with CLD and 2 without CLD. The dead were included in the
data analysis according to their CLD status at the time of death. A
summary of the patient characteristics is presented in Table 1. The
study was approved by the Institutional Review Boards of both
institutions, and informed consent was obtained as recommended.

Tracheal Aspirate Collection
Beginning on day 0, serial tracheal aspirate samples were ob-

tained at time of routine tracheal suctioning on days 0 to 3, 4 to 10,
11 to 17, 18 to 24, and 25 to 31 of life or until extubation, according
to a previously reported method but with minor modifications.14

Briefly, with infant in the supine position and head brought to
midline, 1.0 mL of sterile isotonic saline solution was instilled into
the endotracheal tube, followed by 3 to 4 manual breaths. There-
after, suction was applied at �80 cm H2O and the effluent was
collected in a Leukens trap. The samples were centrifuged at 500

� g for 15 minutes to remove the cells and the surfactant fraction,
with the remaining supernatant stored at �70°C until analyzed.

Measurement of TIMP-1 in Tracheal Aspirate
TIMP-1 levels in the tracheal aspirates was measured using a

commercially available enzyme immunoassay (EIA) kit (Amer-
sham, Piscataway, NJ) according to manufacturer’s protocol. A
total of 100 mL of serial dilutions of standards and samples was
incubated in a 96-well microtiter plate, precoated with monoclonal
anti–TIMP-1 antibody for 2 hours at 20°C to 25°C. After washing
4 times, 100 �L of peroxidase-labeled anti–TIMP-1 antibody was
added to the wells, followed by additional incubation for 2 hours
at 20°C to 25°C. The plate was then aspirated and washed 4 times,
followed by detection of bound antibody by incubation with tetra-
methyl benzidine substrate. The reaction was quenched after 30
minutes at 20°C to 25°C by addition of 100 �L of 1 M sulfuric acid.
The optical density was read at 450 nm using a microplate reader.
TIMP-1 concentration in the samples was determined by interpo-
lation from the standard curve. Assays were run in duplicate, and
the results were averaged. The assay sensitivity level was 1.25
ng/mL, and the interassay coefficient of variation was 13.6%.

Measurement of TIMP-2 in Tracheal Aspirate
TIMP-2 was measured using a commercially available “double

sandwich” EIA kit, Biotrak (Amersham), per the manufacturer’s
protocol. A total of 100 mL of peroxidase-conjugated secondary
antibody to TIMP- 2, assay buffer, and standard or sample were
mixed in a tube, then 100 �L of the mixture was added to a 96-well
microtiter plate precoated with monoclonal anti–TIMP-2 antibody
and incubated for 2 hours at 20°C to 27°C. Next, the plate was
aspirated and washed 4 times, followed by additional incubation
for 30 minutes after addition of tetra-methyl benzidine substrate.
The reaction was quenched with 100 �L of 1 M sulfuric acid, and
the color was read at 450 nm in a plate reader. The concentration
of TIMP-2 in the samples was determined by interpolation from
the standard curve. Assays were performed in duplicate, and the
results were averaged. The assay sensitivity was 3.0 ng/mL, and
the interassay coefficient of variations was 4.8%.

Assay of MMP-2 and MMP-9
MMP-2 and MMP-9 were measured with a commercially avail-

able EIA kit, Biotrak (Amersham). The kits are designed to mea-
sure total, active, or free MMP-2 and MMP-9, respectively, in
biological fluids. A total of 100 mL of samples and standards per
well of a microtiter plate was assayed according to the manufac-
turer’s protocol in duplicate, and the results were averaged. The
assay sensitivity for MMP-2 and MMP-9 are 0.19 and 0.125 ng/
mL, respectively. The interassay coefficient of variations were
17.9% and 20.9% for MMP-2 and MMP-9, respectively.

EIA Soluble Secretory Component of
Immunoglobulin A

The concentration of free secretory component of immunoglob-
ulin A (IgA) in the tracheal aspirate samples was assayed using a
method established in our laboratory.15 The values obtained were
used to normalize that of the MMPs and TIMPs in the samples as
previously reported,16 because, unlike albumin, free secretory
component of IgA levels in tracheal aspirate are unaffected by
increases in lung capillary leak.

Albumin Measurement
Albumin was assayed in the samples using a commercially

available kit according to the manufacturer’s protocol (BCA kit;
Sigma, St. Louis, MO).

Statistics
Data from the TAF measurements were grouped according to

postnatal age at time of collection into days 0 to 3, 4 to 10, 11 to 17,
18 to 24, and 25 to 31 for analysis. Patient characteristic data
include gender, birth weight, gestation, surfactant, steroids, indo-
methacin use, and number of deaths. Categorical data were ex-
pressed as percentages and continuous data as mean � standard
deviation unless noted otherwise.

Characteristics of the CLD and the no-CLD groups were com-
pared using �2, Fisher exact, t, or Mann Whitney U tests as

TABLE 1. Patients’ Characteristics

Characteristic CLD
(n � 22)

no-CLD
(n � 27)

P Value
(Exact)

Birth weight, g 829 � 265 910 � 263 .29
Gestation, wk 26.6 � 2.0 27.9 � 1.8 .02
Male/female 12/10 9/18 .15
Surfactant therapy 100% 100%
Prenatal steroids 100% 100%
Prophylactic indomethacin 100% 100%
Died 5 2
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appropriate. Bivariate and multivariate logistic regression analysis
was used to assess the effect of the predictors TIMP-1 and TIMP-2
and their ratios with MMPs as well as gestational age, birth
weight, and gender at the selected time points, on the risk for
developing CLD, the outcome variable. Data on TIMPs and MMPs
did not seem to be normally distributed but followed a more
normal distribution when transformed to log-2 values. Each level
was expressed in a box plot as the median, 25th to 75th percentiles,
and 10th to 90th percentiles. We used Pearson linear correlation on
normalized data to assess the relationship between variables at the
time points. P � .05 was considered significant for all statistical
tests.

RESULTS

Infant Characteristics
A total of 220 tracheal aspirate samples were ob-

tained from 49 infants in the study. Twenty-two in-
fants developed CLD (CLD group), and 27 infants
did not (no-CLD group). There were 7 deaths, 5 in
the CLD group and 2 in the no-CLD group. The
number of serially sampled infants declined with
extubation over time to 41 at days 4 to 10; 18 with
CLD versus 23 without; and to 22 at days 11 to 17; 12
with and 10 without CLD. The clinical characteristics
of infants in both groups were similar, except for
mean gestational age, which was significantly lower
in the CLD group (Table 1).

Characterization of MMPs and TIMPs in TAF
MMP-2 and MMP-9, as well as their specific inhib-

itors TIMP-2 and TIMP-1, respectively, were de-
tected in all of the tracheal aspirate samples. Serial
measurements from the same patients showed great
variability for levels of MMP-2 and MMP-9, as well
as TIMP-1 and TIMP-2. TIMP-1 protein had the high-
est concentration with levels severalfold that of
TIMP-2 in the same sample (Fig 1). Also, TIMP-1 was
present at concentrations significantly higher than
that of MMP-9, but MMP-2 versus TIMP-2 levels
were not different. The ratio of MMP-9 to its specific
inhibitor TIMP-1 was 10- to 50-fold less than that of
MMP-2 to TIMP-2 in individual TAF samples.

TIMP-1 and MMP-9 in CLD Versus No-CLD
TIMP-1 concentration was significantly lower in

infants who developed CLD versus those who did

not when compared at days 0 to 3, 4 to 10, and 11 to
17 of life (P � .05; Fig 2). The ratio MMP-9/TIMP-1
was significantly greater in infants who developed
CLD than in those who did not when compared at
these same time points (P � .05; Fig 3). No significant
difference was detected at days 18 to 24 and 25 to 31,
respectively, but this may be attributable to sample
size limitations as fewer infants remained intubated
at these later time points. MMP-9 levels did not differ
in the CLD versus no-CLD groups at any of the time
points studied.

TIMP-2 and MMP-2 in CLD Versus No-CLD
TIMP-2 and MMP-2 levels at baseline (days 0-3)

were significantly lower in infants who developed
CLD versus those who did not develop CLD (P �
.05; Figs 4 and 5). However, there was no significant
difference in the ratio MMP-2/TIMP-2 between these
clinical groups. Also, differences in MMP-2 and
TIMP-2 levels were not detected at later time points.

Fig. 1. Graph showing relative levels of MMP-2, MMP-9, TIMP-1,
and TIMP-2 in TAF samples of all of the infants on days 0 to 3, 4
to 10, and 11 to 17 without regard to CLD status. Note that TIMP-1
concentration is the highest. MMP-2 versus TIMP-2 levels were
not different.

Fig. 2. TAF concentrations of TIMP-1 during the first 2 weeks of
life in CLD versus no-CLD infants. Infants who developed CLD
had significantly lower levels of TIMP-1 at days 0 to 3, 4 to 10, and
11 to 17 compared with those who did not. *P � .05 CLD versus
no-CLD.

Fig. 3. TAF MMP-9/TIMP-1 ratio during the first 2 weeks of life
in infants who developed CLD versus no-CLD. Note the signifi-
cantly higher MMP-9/TIMP-1 ratios in the CLD group at days 0 to
3, 4 to 10, and 11 to 17 relative to the no-CLD group. *P � .05 CLD
versus no-CLD group.
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Association Between MMPs and TIMPs and Their
Ratios and Development of CLD

For determining whether the levels of TIMPs and
MMPs or their ratios at the time points correctly
predicted CLD status at 36 weeks’ postconceptional
age, a logistic regression model with CLD as the
outcome was developed. Predictors were TIMP-1
and TIMP-2 and their ratios with MMPs as well as
gestational age, birth weight, and gender at days 0 to
3, 4 to 10, and 11 to 17. The odds of developing CLD
at 36 weeks’ postconceptional age was first assessed
in univariate logistic models using each predictor
separately at the different time points. The results are
summarized in Table 2. There was a significant and
inverse association between TIMP-1 at days 0 to 3, 4
to 10, and 11 to 17 and the risk for CLD, whereas for
the MMP-9/TIMP-1 ratio, the association was direct
at these same time points. In contrast, TIMP-2 and
MMP-2 levels showed only an association with risk
for CLD at days 0 to 3. The risk for CLD was signif-
icantly associated with lower gestational age but not
with birth weight and gender. When all of the pre-
dictors were tested jointly for a combined logistic

model that best predict CLD, TIMP-1 remained an
important factor. Addition of the other predictors to
the model did not improve ability to predict CLD
beyond that using TIMP-1 alone except at days 0 to 3,
when TIMP-2 level was a better predictor.

DISCUSSION
In this work, we have characterized the presence

and defined the relationships between MMP-2 and
MMP-9 and their specific tissue inhibitors TIMP-2
and TIMP-1, respectively, in tracheal aspirates of
ventilated preterm infants with evolving CLD. We
found low levels of TIMP-1 with high MMP-9/
TIMP-1 ratios during the first 2 weeks of life and low
levels of TIMP-2 and MMP-2 during the first few
days of life in TAFs of infants at risk for CLD. These
markers reliably predict CLD at 36 weeks’ postcon-
ceptional age.

The findings are of clinical importance because
they suggest that imbalance in the protease antipro-
tease system constituted by MMP-9 and its specific
tissue inhibitor TIMP-1 may have a role in the patho-
genesis of CLD. This has important clinical implica-
tions as it raises the prospect of therapeutic and/or
prophylactic intervention with anti-MMP agents or
TIMP supplementation for CLD.

Previous investigators, including us, have re-
ported data describing the presence of MMPs and
TIMPs in TAFs from ventilated preterm infants dur-
ing the first few days of life.16–20 However, this is the
first report characterizing MMP-2, MMP-9, TIMP-1,
and TIMP-2, as well as the relationships among these
variables, from birth until extubated or development
of CLD. Our finding of no difference in TAF MMP-9
level in CLD versus no-CLD infants is consistent
with that of Schock and Sweet et al in their recent
study but differs from that of Sweet et al in a previ-
ous work.17,20

We found lower levels of TIMP-2 and MMP-2 but
similar MMP-2/TIMP-2 ratios in TAF samples ob-
tained during the first 3 days of life from infants who
later developed CLD compared with those who did
not. The observation of low TIMP-2 levels is consis-
tent with that of Cederqvist et al.16 In their study of
TAF samples obtained within the first 5 postnatal

Fig. 4. TAF TIMP-2 levels on days 0 to 3, 4 to 10, and 11 to 17 in
infants who developed CLD versus no-CLD infants. Note the
significantly lower TIMP-2 level at days 0 to 3 in infants who
developed CLD compared with the no-CLD infants. *P � .05.

Fig. 5. TAF MMP-2 levels on days 0 to 3, 4 to 10, and 11 to 17 in
infants who developed CLD versus no-CLD infants. Note the
significantly lower MMP-2 level at days 0 to 3 in infants who
developed CLD compared with the no-CLD infants. *P � .05.

TABLE 2. Association Between Predictor Variables and the
Outcome CLD at 36 Weeks’ Corrected Age as Determined by
Logistic Regression

Predictor Variable Days Odds Ratio
(95% Confidence

Interval)

P
Value

LG_TIMP-1 0–3 0.42 (0.24–0.75) .003
4–10 0.03 (0.001–0.637) .025

11–17 0.27 (0.08–0.92) .036
LG_MMP9/TIMP-1 Ratio 0–3 2.16 (1.26–3.68) .005

4–10 2.23 (1.01–4.92) .047
11–17 1.87 (1.0–3.53) .054

LG_TIMP-2 0–3 0.38 (0.19–0.74) .005
4–10 1.001 (0.630–1.59) .998

11–17 1.037 (0.66–1.64) .876
LG_MMP-2 0–3 0.55 (0.35–0.88) .012

4–10 1.06 (0.63–1.76) .835
11–17 1.29 (0.74–2.25) .375

Data were transformed to log 2 values for variables.
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days in infants with RDS, they reported low TIMP-2
levels in those who either had a poor respiratory
outcome or later received a diagnosis of bronchopul-
monary dysplasia. Danan et al19 in their study of
preterm infants reported a link between low MMP-2
levels at birth and development of CLD. They did
not assess TIMP-2 levels and did not detect any
association between MMP-9 and TIMP-1 level with
development of CLD. Although methodologic differ-
ences preclude direct comparison, our findings for
MMP-2 and MMP-9 are consistent with their obser-
vation but differ with respect to TIMP-1. Our finding
of similarity in MMP-2/TIMP-2 ratio of the CLD and
no-CLD groups despite lower MMP-2 and TIMP-2
levels in the CLD infants indicates that there was a
proportionate decline in the protease and its inhibi-
tor. This finding contrasts with that observed for
MMP-9 and TIMP-1, whereby the difference in
MMP-9/TIMP-1 ratio between the groups seems to
be a consequence of the decreased levels of TIMP-1
in CLD infants. One possible explanation is the ab-
solute dependence of MMP-2 and TIMP-2 produc-
tion on transcriptional regulation, thus allowing for
changes in the levels of both proteins to be tightly
controlled. The production of MMP-9 and TIMP-1 is
also under transcriptional modulation. However,
MMP-9 also exists preformed in neutrophil storage
granules that can be released in response to inflam-
matory stimuli, which would make maintenance of
the MMP-9/TIMP-1 ratio a more challenging task.

Extracellular matrix turnover is dependent on the
net balance between synthesis and degradation of its
constituent proteins such that increased degradation
would be expected if the level of proteases rises
relative to that of antiproteases, and vice versa. In-
deed a high MMP-9/TIMP-1 ratio and low TIMP-1
level have been implicated in the pathogenesis of
several pulmonary disorders characterized by extra-
cellular matrix degradation and extensive tissue re-
modeling, whereas the reverse situation is associated
with lung repair and fibrosis.10–13 Increased elastoly-
sis and elevated levels of extracellular matrix constit-
uent proteins including laminin, fibronectin, and
elastin breakdown fragments have also been re-
ported in various biological fluids obtained from
infants who developed bronchopulmonary dyspla-
sia.21–23 These findings have been attributed to im-
balance between elastase and its inhibitors � 1 anti-
trypsin and secretory leukocyte inhibitor.24

However, the current study has shown, for the first
time, that infants who develop CLD have a higher
MMP-9/TIMP-1 ratio and lower TIMP-1 levels in
their TAFs compared with those who do not.

MMPs and their TIMPs have a recognized physi-
ologic role in orchestration of tissue morphogenesis
but have also been implicated in pathologic roles in
a growing list of disorders that now seems to include
CLD. This has important clinical implications be-
cause it presents the possibility for therapeutic/pro-
phylactic intervention for CLD using MMP inhibitors
or by supplementation of the tissue inhibitor. This
approach has demonstrated encouraging results in
experimental models of bronchial asthma and lung
injury.25

There are several limitations of this study that
need to be considered. First, although we have data
for total MMP-2 and MMP-9 immunoreactivity in all
of the samples, we obtained data for MMP-2 and
MMP-9 activity in only a limited number of samples
because of insufficient sample volumes. The total
level as detected by immunoreactivity includes MMP
that is fragmented, bound to TIMPs, or still in the
proenzyme form and thus does not reflect activity
level. However, other studies implicating imbalance
in MMP/TIMP ratio as the basis for disease condi-
tions have relied on the total values.

Second, we restricted the study to preterm infants
who were treated with endotracheal intubation be-
cause of the need to obtain tracheal aspirate samples
for analysis. However, infants who were treated with
only continuous positive airway pressure for respi-
ratory support are also at risk for developing CLD. It
is not known whether conclusions drawn from our
data extend to this population of infants.

Next, is the difficulty presented by the lack of a
totally reliable reference protein for normalization of
TAF measurements to correct for sample variations
that stem from the increased capillary leak that is
present in inflamed lungs. The free secretory compo-
nent of IgA has been used to normalize TIMP and
MMPs in tracheal aspirate.16 Although it has its lim-
itations as a reference protein,26 it has been shown to
be superior to albumin in this regard and, therefore,
was used in this study.27 Furthermore, we also com-
pared values obtained when our data were normal-
ized by TAF albumin, and the results and conclusion
were the same.

In summary, we have provided data describing
the presence of MMP-2, MMP-9, TIMP-1, and
TIMP-2 from birth to the development of CLD in
TAF of ventilated preterm infants. Our findings in-
dicate that there is a low level of TIMP-1 with a high
MMP-9/TIMP-1 ratio in the first 2 weeks of life, in
addition to low levels of TIMP-2 and MMP-2 in the
first few days of life in TAF of infants who develop
CLD. This suggests that insufficient inhibition of
MMP-9 as a result of a low level of TIMPs may be a
contributory mechanism to development of CLD in
preterm infants; of note, elevated MMP occurs
within a few days of birth, a finding consistent with
the prevailing view that early lung inflammation is
involved in the pathogenesis of CLD. The implica-
tions are that early postnatal intervention with MMP
antagonists or supplementation of TIMPs could be
an effective strategy in the treatment and prophy-
laxis of CLD. Additional studies are warranted to
validate this work and to explore the therapeutic and
prophylactic prospects for CLD raised by these find-
ings.

ACKNOWLEDGMENTS
This study was supported in part by National Institutes of

Health Grant K-23HL04264 and Children’s Mercy Hospital Clini-
cal Scholar Award (Dr Ekekezie); by the Children’s Mercy Hospi-
tal Research Education Fund (Dr Thibeault); by National Institutes
of Health Grant HL 56401 (Dr Ballard); and by a Physician Scien-
tist Award from the Children’s Mercy Hospital and NIH R-01 HL
58125 (Dr Truog).

We thank Avital Cnaan, PhD, for statistical assistance; Theresa

ARTICLES 1713
 by on November 12, 2009 www.pediatrics.orgDownloaded from 

http://www.pediatrics.org


McDevitt for technical assistance; and Mary S. Bailey for admin-
istrative assistance and patience in preparation of this manuscript.

REFERENCES
1. Parker RA, Lindstrom DP, Cotton RB. Improved survival accounts for

most, but not all, of the increase in bronchopulmonary dysplasia. Pedi-
atrics. 1992;90:663–668

2. Abman SH, Groothius JR. Pathophysiology and treatment of broncho-
pulmonary dysplasia: current issues. Pediatr Clin North Am. 1998;41:
277–315

3. Ogden BE, Murphy SA, Saunders GC, et al. Neonatal lung neutrophils
and elastase/proteinase inhibitor imbalance. Am Rev Respir Dis. 1984;
130:817–821

4. Merritt TA, Cochrane DG, Holcomb K, et al. Elastase and � 1-proteinase
inhibitor activity in tracheal aspirates during respiratory distress syn-
drome. Role of inflammation in the pathogenesis of bronchopulmonary
dysplasia. J Clin Invest. 1983;72:656–666

5. Watterberg KL, Carmichael DF, Gerdes JS, et al. Secretory leukocyte
protease inhibitor and lung inflammation in developing bronchopul-
monary dysplasia. J Pediatr. 1994;125:264–269

6. Stiskal JA, Dunn MS, Shennan AT. Alpha-1-proteinase inhibitor therapy
for the prevention of chronic lung disease of prematurity: a random-
ized, controlled trial. Pediatrics. 1998;101:89–94

7. Nagase H. Matrix metalloproteinases. In: Hooper NM, ed. Zinc Metal-
loproteases in Health and Disease. London, United Kingdom: Taylor &
Francis Ltd; 1996:153–204

8. Infeld MD. Cell-matrix interactions in gland development in the lung.
Exp Lung Res. 1997;23:161–169

9. Buisson AC, Zahm JM, Polette M, et al. Gelatinase B is involved in the
in vitro wound repair of human respiratory epithelium. J Cell Physiol.
1996;166:413–426

10. Mautino G, Oliver N, Chanez P, et al. Increased release of matrix
metalloproteinase-9 in bronchoalveolar lavage fluid and by alveolar
macrophages of asthmatics. Am J Respir Cell Mol Biol. 1997;17:583–592

11. Ricou B, Nicod L, Lacraz S, et al. Matrix metalloproteinases and TIMP
in acute respiratory distress syndrome. Am J Respir Crit Care Med.
1996;154(suppl):346–352

12. Lemjabbar H, Gosset P, Lechapt-Zalcman E, et al. Overexpression of
alveolar macrophage gelatinase B (MMP-9) in patients with idiopathic
pulmonary fibrosis: effects of steroid and immunosuppressive treat-
ment. Am J Respir Cell Mol Biol. 1999;20:903–913

13. Finlay GA, Russell KH, McMahon KJ, et al. Elevated levels of matrix
metalloproteinases in bronchoalveolar lavage fluid of emphysematous
patients. Thorax. 1997;52:502–506

14. Clark PL, Ekekezie II, Kaftan HA, et al. Safety and efficacy of nitric
oxide in chronic lung disease. Arch Dis Child Fetal Neonatal Ed. 2002;86:
F41–F45

15. Goil S, Barnes C, Thibeault D, et al. A simplified method of purification
of colostrum to obtain secretory components of IgA, using secretory
component as a reference protein in tracking aspirate blood. J Chro-
matogr B. 1998;704:203–211

16. Cederqvist K, Sorsa T, Tervahartiala T, et al. Matrix metalloprotein-
ases-2, -8, and -9 and TIMP-2 in tracheal aspirates from preterm infants
with respiratory distress. Pediatrics. 2001;108:686–692

17. Sweet DG, Pizzoti J, Wilbourn M, et al. Matrix metalloproteinase-9
(MMP-9) in the airways of infants at risk of developing chronic lung
disease (CLD). Eur Respir J 1999;14(suppl 30):248s

18. Ekekezie II, Thibeault DW, Truog WE, et al. Characterization of matrix
metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) in the
tracheal aspirate (TA) of ventilated infants. Pediatr Res. 2001;49:386A

19. Danan C, Jarreau PH, Franco ML, et al. Gelatinase activities in the
airways of premature infants and development of bronchopulmonary
dysplasia. Am J Physiol Lung Cell Mol Physiol. 2002;283:L1086–L1093

20. Schock BC, Sweet DG, Ennis M, et al. Oxidative stress and increased
type-IV collagenase levels in bronchoalveolar lavage fluid from new-
born babies. Pediatr Res. 2001;50:29–33

21. Alnahhas MH, Karathanasis P, Kriss VM, et al. Elevated laminin con-
centrations in lung secretions of preterm infants supported by mechan-
ical ventilation are correlated with radiographic abnormalities. J Pediatr.
1997;131:555–560

22. Watts CL, Fanaroff AA, Bruce MC. Elevation of fibronectin levels in
lung secretions of infants with respiratory distress syndrome and de-
velopment of bronchopulmonary dysplasia. J Pediatr. 1992;120:614–620

23. Bruce MC, Wedig KE, Jentoft N, et al. Altered urinary excretion of
elastin cross-links in premature infants who develop bronchopulmo-
nary dysplasia. Am Rev Respir Dis. 1985;131:568–572

24. Gipson TS, Bless NM, Shanley TP, et al. Regulatory effects of endoge-
nous protease inhibitors in acute lung inflammatory injury. J Immunol.
1999;162:3653–3662

25. Kumagai K, Ohno I, Okada S, et al. Inhibition of matrix metalloprotein-
ases prevents allergen-induced airway inflammation in a murine model
of asthma. J Immunol. 1999;162:4212–4219

26. Pilette C, Ouadrhiri Y, Dimanche F, et al. Secretory component is
cleaved by neutrophil serine proteinases but its epithelial production is
increased by neutrophils through NF-kappa B- and p38 mitogen-
activated protein kinase-dependent mechanisms. Am J Respir Cell Mol
Biol. 2003;28:485–498

27. Watts CL, Bruce MC. Comparison of secretory component for IgA with
albumin as reference points in tracheal aspirate from preterm infants.
J Pediatr. 1995;127:113–122

1714 METALLOPROTEINASES AND TISSUE INHIBITORS IN LUNG DISEASE
 by on November 12, 2009 www.pediatrics.orgDownloaded from 

http://www.pediatrics.org


DOI: 10.1542/peds.113.6.1709 
 2004;113;1709-1714 Pediatrics

Jeffrey D. Merrill, Roberta A. Ballard, Philip L. Ballard and William E. Truog 
Ikechukwu I. Ekekezie, Donald W. Thibeault, Stephen D. Simon, Michael Norberg,

 Tracheal Aspirate Fluids of Infants Who Develop Chronic Lung Disease
inMetalloproteinase-9/Tissue Inhibitor of Metalloproteinase-1 Ratio Are Present 

Low Levels of Tissue Inhibitors of Metalloproteinases With a High Matrix

 & Services
Updated Information

 http://www.pediatrics.org/cgi/content/full/113/6/1709
including high-resolution figures, can be found at: 

 References

 http://www.pediatrics.org/cgi/content/full/113/6/1709#BIBL
at: 
This article cites 25 articles, 11 of which you can access for free

 Citations

 les
http://www.pediatrics.org/cgi/content/full/113/6/1709#otherartic
This article has been cited by 10 HighWire-hosted articles: 

 Permissions & Licensing

 http://www.pediatrics.org/misc/Permissions.shtml
tables) or in its entirety can be found online at: 
Information about reproducing this article in parts (figures,

 Reprints
 http://www.pediatrics.org/misc/reprints.shtml

Information about ordering reprints can be found online: 

 by on November 12, 2009 www.pediatrics.orgDownloaded from 

http://www.pediatrics.org/cgi/content/full/113/6/1709
http://www.pediatrics.org/cgi/content/full/113/6/1709#BIBL
http://www.pediatrics.org/cgi/content/full/113/6/1709#otherarticles
http://www.pediatrics.org/misc/Permissions.shtml
http://www.pediatrics.org/misc/reprints.shtml
http://www.pediatrics.org

