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To determine whether the presence of Matrix metalloproteinases (MMPs) is associated with acute lung injury following
cardiopulmonary bypass (CPB), we evaluated the activity and gene expression of matrix metalloproteinases-9 (MMP-9)
and tissue inhibitor of metalloproteinase-1 (TIMP-1) of lungs using rat model of CPB. Adult male Sprague-Dawley rats
were randomly divided into three groups: Group I (underwent cannulation þ heparinization only); group II (underwent
60 min of normothermic CPB); and group III (underwent 60 min of normothermic of CPB, which rats received doxycycline
treat by filling stomach 1 week ahead of CPB). Lung injury was evaluated histologically. The enzyme activity of MMP-9 and
TIMP-1 in the bronchoalveolar lavage fluid was detected by western-blot analysis. The expression of MMP-9 and TIMP-1 in
lung tissue was assessed using reverse transcriptase–polymerase chain reaction method. We found there was significantly
pulmonary edema and lung injury in groups II and III compared with group I, and the histological markers of pulmonary
edema in the Group III were less pronounced in comparison with Group II. The MMP-9 activity and gene expression were
increased significantly, but the TIMP-1 increased slowly in group II, and the ratio of MMP-9/TIMP-1 was imbalanced
severely. More significantly, the MMP-9 decreased significantly and the TIMP-1 mRNA increased gradually in group III
compared with group II, and the ratio of MMP-9/TIMP-1 was improved significantly. We concluded MMP-9 might have an
important role in acute lung injury following CPB. TIMP-1 increased in the rats treated with doxycycline ahead and might
compensate for the activity of MMP-9. The doxycycline might have the protective effect against acute lung injury
following CPB.
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Cardiac surgical procedures with cardiopulmonary bypass
(CPB) are known to be associated with inflammatory re-
sponse leading to several postoperative complications. Post-
operative respiratory dysfunction is a well-recognized side
effect of cardiac operations. About 25% of patients following
open heart surgery are reported to have a significant
respiratory impairment for at least 1 week after operation.1

However, the most significant proportion of this impair-
ment is due to CPB, which usually leads to excessive
interstitial pulmonary edema and subsequent abnormal
gas exchange.2,3

One essential step in the pathogenesis of respiratory im-
pairment is the disruption of the pulmonary membrane and

the infiltration of polymorphonuclear neutrophil granulo-
cytes (PMNs) across the basement membrane into the pul-
monary tissue. In this process, degradation of both base-
ment membrane and extracellular matrix (ECM) is required.
Matrix metalloproteinase-9 (MMP-9), a subgroup of zinc
endopeptidases, has been identified to degrade basement mem-
brane components including collagen type IV, fibronectin
and gelatine.4 MMP-9 is therefore considered essential for
PMN migration and alveolar capillary leakage and MMP-9
inhibition is a promising target for reduction or prevention
of lung impairment. Increased MMP activity had been de-
monstrated in bronchoalveolar lavage fluid (BALF) following
CPB in swine model.5
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MMPs are inhibited by specific tissue inhibitors of
metalloproteinases (TIMPs), which are ubiquitous natural
inhibitors and form complexes with MMPs.6 Doxycycline is
a tetracycline derivate, have nonspecific MMP inhibitory
effects that are distinct from their antimicrobial action.7

Several studies in other pathological conditions have now
demonstrated positive effects of MMP-9 inhibition by doxy-
cycline on diseases that are accompanied by degradation of
the basement membrane and ECM.8

We evaluated the enzyme activities of MMP-9 and TIMP-1
using western-blot analysis and their gene expressions using
reverse transcriptase–polymerase chain reaction (RT-PCR)
method in a rat model with CPB, which showed severe lung
injury by histology.

MATERIALS AND METHODS
Animals and Groups
Male Sprague-Dawley rats (450–550 g) were used in the
present study. All animals were housed in cages individually
at standard conditions (12-hour light/dark cycle and
21 1C±1 1C). Animals received humane care in compliance
with Principles of Laboratory Animal Care, formulated by
the National Society for Medical Research, and the Guide for
the Care and Use of Laboratory Animals, prepared by the
National Academy of Sciences and published by the National
Institutes of Health (NIH Pub. No. 85–23, revised 1996). The
following experimental protocol was approved by local
ethical committee.

Rats were randomized into three groups (n¼ 12 for each
group): Group I (control group, animals only cannulated for
CPB but not underwent CPB); group II (CPB group, animals
received 60min of normothermic CPB procedure only);
group III (CPB þ Dox group, animals received doxycycline
30mg/kg/day by orogastric tube for 7 days before 60min of
normothermic CPB procedure).

Rat Model of CPB
The rat CPB model was built as designed by Dong et al9 with
some modifications. The methods for anesthesia, surgery,
instrumentation of the heart, and physiological monitoring
have been described previously. Rats were anesthetized with
butaylone (60mg/kg, intraperitoneal administration), and
anesthesia was maintained with additional butaylone. The
right femoral artery was cannulated for arterial pressure
monitoring. Following administration of heparin (250U/kg),
a 16-gauge catheter, modified to a multiside-orifices cannula
in the forepart, was inserted into the right atrium through
the right jugular vein approach for vein drain line. A 22-
gauge catheter for arterial infusion was introduced into tail
artery. The mini-CPB circuit comprised a venous reservoir
(10ml), a specially designed membrane oxygenator (Micro-1,
Kewei Medical Instrument, Guangzhou, China), a roller
pump (BT00-300M, Lange, Shanghai, China). All compo-
nents were connected with polyethylene tubing. Rectal tem-
perature was monitored and kept at 37–38 1C by a heat lamp

placed around the animal and the equipments. The circuit
was primed with 10ml of heparin 1ml (250U/kg), synthetic
colloid 8ml and sodium bicarbonate 1ml. The flow rate was
gradually added to 100ml/kg/min and maintained for
60min. Throughout the experiment, mean arterial pressure
was maintained about 60 to 80mm Hg. The right jugular
vein was decannulated as soon as CPB was accomplished.
According to the blood pressure, part of the remaining
priming was infused through the tail artery. The tail and
femoral artery catheters were removed and the incisions were
sutured after procedure.

Specimen Collection
The rats were killed at the termination of CPB (T1), 6 h after
termination of CPB (T2), respectively, in group II and III. In
group I, rats were killed at the corresponding time points.
Chest was opened and both lungs were removed intact and
washed by PBS buffer when rats were killed. Right upper lung
was served at �70 1C for RT-PCR. Left lungs were cannulated
for bronchoalveolar lavage after weighted.

Lung Water
Left lungs were sharply dissected free of nonparenchymal
tissue, with care taken to avoid contact with the tissue.
Samples were placed in a dish and weighed. After bronch-
oalveolar lavage, the specimen was then oven-dried at 65 1C
for 24 h and reweighed. Lung water was expressed as a ratio
of wet to dry weight.

Bronchoalveolar Lavage
The left main bronchus was cannulated and secured so that
the fluid didn’t overflow. Ice saline (2ml) was then injected as
three aliquots of 6ml each. Each aliquot was injected quickly
and then withdrawn slowly three times to obtain an optimal
BALF specimen. Combined aliquots of BALF were spun at
1000 g for 10min to remove cells. Supernatant was frozen at
�70 1C for subsequent chemical analysis and neutrophil was
counted.

Western Blot Analysis for MMP-9 and TIMP-1
Activity in BALF
All rats BALF samples were electrophoresed on SDS-poly-
acrylamide gels (30 mg protein/sample was loaded for each
immunoblot lane) according to a modified method by
Laemmli10 and electroblotted onto Immobilon-P PVDF
membranes. Membranes were blocked in Tris buffer
(pH¼ 7.4) containing 5% powdered milk for 1 h, washed
and incubated with primary antibody of interest overnight at
4 1C. After incubation, samples were washed with borate
saline (100mM boric acid, 25mM Na borate, 75mM NaCl)
and incubated with species-specific IgG horseradish perox-
idase conjugates (at dilutions of 1:5000) for 1 h. Immuno-
blots were then developed using NEN chemiluminescent kits
and the gel scanning imaging system.
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RT-PCR for MMP-9 and TIMP-1 Gene Expression
Total cytoplasmic RNA was extracted from homogenized
frozen lung tissue with RNA extraction solution (KGA1303,
Nanjing KeyGen Biotech., China) according to the manu-
facturer’s instruction and frozen at �70 1C until analysis. We
used NCBI/ Primer-BLAST to design PCR primers from
previously reported rat MMP-9, TIMP-1 and actin cDNA to
arrange optimal annealing temperatures to the same degree.
RT-PCR was performed with three-step cycling protocol
using RT-PCR beads (Fermentas Maxima SYBR Green/ROX
qPCR Master Mix, USA). We submitted 5 mg of RNA to the
sterilized and no nuclease PCR tubes (0.2ml) containing
Oligo dT(18) (10 mM) 1.5 ml, nuclease-free double-distilled
water (total volume 10 ml) at 70 1C for 10min. Then, RNase
inhibitor (40U/ml) 0.5 ml, 10�AMV Reaction Buffer 2.5 ml,
dNTPs (10mM) 1 ml, DTT (1M) 1.5 ml, reverse transcriptase
(AMV) 1 ml, and nuclease-free double-distilled water 8.5 ml
were added into PCR tubes. Gently mixed the reactions
without creating bubbles and centrifuged briefly. The mixed
solution was incubated at 42 1C for 45min, 72 1C for 10min
for reverse transcription. Gently mixed the reactions con-
taining RT Mix (10 mL), template DNA (samples were diluted
10 times, 1 ml), forward primer (5 pmol/ml 1 ml), reverse
primer (5 pmol/ml 1 ml), and nuclease-free double-distilled
water 7 ml (total volume 20 ml). Placed the samples in the
cycler and start the thermal cycling. We carried out 40 cycles
of amplification, consisting of 95 1C for 25 s, 60 1C for 30 s,
and 72 1C for 30 s on a thermal cycler (DA7600 Real-time
Nucleic Acid Amplification Fluorescence Detection System,
China), followed by a final extension at 72 1C for 10min.
After the PCR was completed, PCR products were analyzed
by electrophoresis on a 2.0% agarose gel. Gene expression of
rat MMP-9 and TIMP-1 was expressed in the relative density
using the ratio of the band for the optical densities of rat
MMP-9, and TIMP-1/rat b-actin.

Ultrastructure of Lung Tissue
Ultrastructure of lung tissue was observed by transmission
electron microscopy (JEM-1200, Japan). Fresh lung speci-

mens were fixed quickly in 2.5% cold glutaraldehyde solution
for 2 h, in 1% osmium tetroxide for 1 h, then gradient de-
hydrated in acetone, embedded by Epon-812 resin, orientated
by semi-thin section, sliced into 70 nm ultra-thin sections,
and double electron stained by uranyl acetate–lead citrate,
observed by transmission electron microscope.

Statistical Analysis
All values were expressed as mean±deviation. Data were
analyzed using a commercially available statistics software
package (SPSS for Windows v. 13.0, Chicago, IL, USA). We
used one-way analysis of variance (ANOVA) with multiple
comparisons for repeatedly measured parameters. Differences
were considered significant at Po0.05.

RESULTS
Lung Water and Neutrophil Counts in BALF
The mean ratio of W/D and neutrophils counts in BALF in
Groups I, II, and III were showed in Table 1. We noted sig-
nificant differences between groups. At T2 time point, the
W/D of group II was significantly higher than Groups I and III
(8.9±0.9 vs 4.0±0.3, 5.6±0.8, Po0.01). At both two time
points, the W/D of group III was lower than group II
(4.5±0.7, 5.6±0.8 vs 6.7±0.8, 8.9±0.9, Po0.05), but higher
than Group I, respectively, (4.5±0.7, 5.6±0.8 vs 3.6±0.4,
4.0±0.3, Po0.05). The change of neutrophils counts in BALF
was similar with W/D.

Histology of Lung Injury Study
In group I, lungs showed normal pathological findings
(Figure 1a). The alveolar epithelial walls were well maintained.
Alveolus was lined fully with polygonal or cuboidal epithelial
cells. There were abundant desmosomes between cells. Rich
microvilli were observed at the alveolus cavity surface. Cyto-
plasm was rich in mitochondria and reticulum. In group II and
III, the acute lung injury was marked by alveolar epithelial cell
shedding, matrix exposure, vascular congestion, mitochondria
of epithelial cells swelling obviously (Figures 1b and c), but
the histological markers were less pronounced in III.

Table 1 The ratio of lung W/D and neutrophils counts in BALF

Group I Group II Group III

T1 (n¼ 6) T2 (n¼ 6) T1 (n¼ 6) T2 (n¼ 6) T1 (n¼ 6) T2 (n¼ 6)

W/D 3.6±0.4 4.0±0.3 6.7±0.8* 8.9±0.9* 4.5±0.7** 5.6±0.8**

Neutrophils (� 109/l) 4.5±0.3 4.7±0.5 10.7±1.2* 13.9±1.9* 8.6±0.9** 10.9±1.1**

Abbreviations: BALF, bronchoalveolar lavage fluid; W/D, ratio of wet to dry weight.

Values are expressed as mean±s.d. Group I (underwent cannulation + heparinization only); group II (underwent 60 min of normothermic CPB); and group III
(underwent 60 min of normothermic of CPB, which rats received doxycycline treat by filling stomach 1 week ahead of CPB). T1, at the termination of CPB or
operation; T2, 6 h after termination of CPB or operation.

*Po0.01 group II compare with group I.

**Po0.05 group III compare with group II.
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The Activity of MMP-9 and TIMP-1 in BALF
The expression of activity of MMP-9 and TIMP-1 in the
BALF by western-blot analysis was measured in all groups. In
group II, activity of MMP-9 was significantly increased
compared with control group (T1: 1.04±0.06 vs 1.19±0.09,
Po0.01; 0.86±0.01 vs 1.14±0.04, Po0.01). In group III, the
MMP-9 activity in BALF decreased significantly than group
II at T2 time point (1.11±0.11 vs 0.86±0.01, Po0.01); but
at T1 time point, there was no difference between them
(1.09±0.04 vs 1.04±0.06, P¼ 0.274). The change of TIMP-1
activity in BALF among three groups was similar with MMP-9.
The activity of TIMP-1 in group II was higher significantly
than group I (T1: 1.11±0.12 vs 1.15±0.08, Po0.01; T2:
1.01±0.09 vs 1.15±0.08, Po0.01), and lower significantly
than group III (T1: 1.13±0.12 vs 1.11±0.12, Po0.05; T2:
0.98±0.02 vs 1.01±0.09, Po0.01; Table 2, Figure 2).

The Expression of MMP-9 and TIMP-1 mRNA in Lung
Tissue by RT-PCR
To see whether the observed changes in MMP activity reflect
the level of mRNA for the enzyme we performed semi-
quantitative biplex RT-PCR assay, in which cDNA for b-actin,
MMP-9 and TIMP-1 were simultaneously amplified. The levels
of gene expression of rat MMP-9, and TIMP-1 were expressed
as the ratio of the density of the band for the rat MMP-9, or
TIMP-1 mRNA relative to that of rat b-actin.

The level of MMP-9 gene expression in Groups I, II and III
were 0.96±0.23, 1.09±0.24, 4.90±0.90, 10.03±1.16,
3.51±0.49, and 8.87±1.20, respectively (Figure 3a). In group
II, MMP-9 gene expression showed a dramatic increase at the
late phase of termination of CPB compared with group I and
III (Po0.001).

The level of TIMP-1 gene expression in Groups I, II
and III were 0.91±0.20, 1.09±0.31, 3.08±0.63, 4.02±0.87,
3.11±0.91, and 4.62±0.85, respectively (Figure 3b). In
group II and III, TIMP-1 gene expression showed a sig-
nificant increase at the two time points, respectively, com-
pared with group I (Po0.001), but there was no difference at

the two time points, respectively, between group II and III
(T1 P¼ 0.957; T2 P¼ 0.140).

The ratios of MMP-9 to TIMP-1 gene expression in three
groups were 1.06±0.16, 1.07±0.25, 1.62±0.34, 2.59±0.66,

Figure 1 Pathological finding (� 1200): (a) Group I, alveolar walls were

well-maintained, abundant desmosomes and rich microvilli were observed

at the alveolus cavity surface. (b) Group II, acute lung injury was observed.

Alveolar epithelial cell shed, matrix exposure, vascular congestion and

mitochondria of epithelial cells swell obviously. (c) Group III, acute lung

injury was ameliorated by pretreatment with doxycycline. Fresh lung

specimens were fixed quickly in 2.5% cold glutaraldehyde solution for 2 h,

in 1% osmium tetroxide for 1 h, then gradient dehydrated in acetone,

embedded by Epon-812 resin, orientated by semi-thin section, sliced into

70 nm ultra-thin sections, and double electron stained by uranyl acetate–

lead citrate, observed by transmission electron microscope (JEM-1200,

Japan). Group I (underwent cannulation þ heparinization only); group II

(underwent 60 min of normothermic cardiopulmonary bypass (CPB)); and

group III (underwent 60 min of normothermic of CPB, which rats received

doxycycline treat by filling stomach 1 week ahead of CPB).
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1.17±0.21 and 1.94±0.19, respectively (Figure 3c). In group
II, the ratio was significantly higher than in the other groups
(Group II vs Groups I, III: 1.62±0.34 vs 1.06±0.16,
1.17±0.21; 2.59±0.66 vs 1.07±0.25, 1.94±0.19, respec-
tively, P¼ 0.01, 0.03, 0.000, 0.003, respectively).

DISCUSSION
CPB has been shown to exert an inflammatory response
within the lung, often resulting in postoperative pulmonary
dysfunction that includes endothelial injury and increased
microvascular permeability.11 The essential steps in the
pathogenesis of lung injury depend on neutrophils and are
mediated by the local release of oxygen radicals and proteases
from PMNs.12 Activated neutrophils contribute to endo-
thelial disruption, increased alveolar capillary permeability
and pulmonary edema.13

The basement membrane is composed of the ECM mole-
cules, which consist of a complex of type IV collagens. De-
gradation of ECM is controlled primarily by MMPs like
MMP-9 (92 kDa, type IV collagenase).14

Low levels of MMPs are constitutively produced by
stromal cells. Following injury or infection, proinflammatory
cytokines (eg, interleukin (IL)-1 and tumor necrosis factor
(TNF)-a ) stimulate an increase in stromal cell MMP pro-
duction. During inflammation, alveolar macrophages and
neutrophils constitute a significant additional source of
MMPs in the lung. The major MMPs produced by alveolar
macrophages are interstitial collagenase or MMP-1, the ge-
latinases A and B (MMP-2 and MMP-9), and a metalloelas-
tase (MMP-12). MMP-9 is produced mainly by inflammatory
cells, such as neutrophils, monocytes, macrophages, eosino-
phils, and lymphocytes.15

MMPs are inhibited by specific TIMPs, which are ubi-
quitous natural inhibitors and form complexes with MMPs.16

TIMP-1 is a main inhibitor for MMP-9. Evaluated TIMP-1
may be helpful to investigate the correlation between MMP-9
and pulmonary injury.

In the present study, we evaluated the activity and gene
expression of MMP-9 and TIMP-1 in BALF and lung tissue in

the rat model of CPB. In our model of rat lung injury fol-
lowing CPB, severe lung injury was apparent pathologically
after CPB, concomitant with the appearance of interstitial
edema and neutrophil infiltration. A large amount of MMP-9
was produced after the termination of CPB. Active MMP-9
enzyme and MMP-9 mRNA level increased significantly
following CPB. Doxycycline therapy could significantly de-
crease MMP-9 activity in BALF compared with CPB group at
T2 time point, and significantly decrease MMP-9 gene ex-
pression in lung tissue compared with CPB group at two time
points, respectively. Several studies in other pathological
conditions have now same demonstrated positive effects of
MMP-9 inhibition by doxycycline on diseases that are ac-
companied by degradation of the basement membrane and
ECM.8 Leukocytes, particularly macrophages, are major
sources of MMP production in lung injury.17 We speculated
that the initial increase of MMP-9 enzyme and MMP-9
mRNA were contributed by the leukocyte recruited to the
pulmonary interstitial spaces.

TIMPs are produced to balance the action of MMPs.18 In
our study, the activity of TIMP-1 in the BALF in group II
increased compared with group I at 6 h after the termination
of CPB, and decreased compared with group III. However,

Table 2 The activity of MMP-9 and TIMP-1 in BALF by western-blot analysis

Group I Group II Group III

T1 (n¼ 6) T2 (n¼ 6) T1 (n¼ 6) T2 (n¼ 6) T1 (n¼ 6) T2 (n¼ 6)

MMP-9 1.19±0.09 1.14±0.04 1.04±0.06* 0.86±0.01* 1.09±0.04 1.11±0.11

TIMP-1 1.15±0.08 1.08±0.02 1.11±0.12** 1.01±0.09** 1.13±0.12 0.98±0.02

Abbreviations: BALF, bronchoalveolar lavage fluid; MMP-9, matrix metalloproteinase-9; TIMP-1, tissue inhibitor of metalloproteinase-1.

Values are expressed as mean±s.d. Group I (underwent cannulation + heparinization only); group II (underwent 60 min of normothermic CPB); and group III
(underwent 60 min of normothermic of CPB, which rats received doxycycline treat by filling stomach 1 week ahead of CPB). T1, at the termination of CPB or
operation; T2, 6 h after termination of CPB or operation.

*Po0.01 group II compare with group I and III.

**Po0.05 group II compare with group I and III.

Figure 2 The activity of matrix metalloproteinase-9 (MMP-9) and tissue

inhibitor of metalloproteinase-1 (TIMP-1) in bronchoalveolar lavage fluid

(BALF) by western-blot analysis. Group I (underwent cannulation þ
heparinization only); group II (underwent 60 min of normothermic

cardiopulmonary bypass (CPB)); and group III (underwent 60 min of

normothermic of CPB, which rats received doxycycline treat by filling

stomach 1 week ahead of CPB). T1, at the termination of CPB or operation;

T2, 6 h after termination of CPB or operation.
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the change was minor compared with TIMP-1 mRNA levels.
The TIMP-1 mRNA levels in lung tissue were significant
after CPB. In group II and III, TIMP-1 gene expression showed
a significant increase at the two time points, respectively,

compared with group I. But the TIMP-1 mRNA growth rate
and the rates were significantly lower than MMP-9 mRNA. So
the ratio of MMP-9 mRNA to TIMP-1 mRNA level peaked
after CPB in group II when lung injury was most severe. In
group III, although MMP-9 gene expression increased com-
pared with control group, the expression of MMP-9 was in-
hibited by doxycycline and the increase in TIMP-1 gene
expression may have compensated for the MMP-9 activity and
reduced the extent of lung injury. The ratio of MMP-9 mRNA
to TIMP-1 mRNA level became minimal. It may be possible to
propose this ratio as an early marker of lung injury.

This study has several limitations. A control group would
allow assessment of the relative importance of CPB in lung
injury and MMP production, because anesthesia and surgical
interventions like the thoracotomy might at least partly
contribute to these changes. A more detailed investigation,
including more clinical and inflammatory parameters, espe-
cially markers of neutrophil and endothelial activation,
would help to elucidate the mechanism of post-CPB lung
injury more precisely.

In conclusion, we demonstrate increased MMP-9 activity
and gene expression in the lung injury following CPB. Our
data suggest that MMP-9 and the ratio of MMP-9 mRNA to
TIMP-1 mRNA level may have an important role in lung
injury following CPB. Our study does not exclude the role of
other MMPs and proteases in lung injury. However, sup-
pressing MMP-9 or increasing TIMP-1 may be a target for
preventing or treating lung injury post-CPB.
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