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Abstract

Asthma occurs in more than 5% of the population in industrialized countries and is now characterized as a chronic
inflammatory disease. The chronic aspiration of gastric fluid is considered by many investigators to be a primary
inflammatory factor exacerbating or predisposing patients to asthma, with more than 50 medical papers per year
linking asthma with gastroesophageal reflux disease (GERD), which can lead to aspiration events. However, the
mechanisms involved in the inflammatory effects caused by gastric-fluid aspiration are not clear at the present time.
The role of macrophages in the pathogenesis of disease seems likely given the involvement of those cells in a variety of
chronic inflammatory diseases. To investigate the potential role of gastric fluid and the mechanisms potentially
underlying chronic aspiration-associated pathogenesis, we examined the activation of murine macrophages (Raw 264.7
cell line) with gastric fluid. Inflammatory cytokine production and activation of the NF-kB signaling pathway were
observed. Toll-like receptor (TLR)-4-dependent activation was observed under some conditions, indicating that
bacterial components within the gastric fluid are involved in macrophage activation. Matrix metalloproteinase-9
(MMP-9) expression by macrophages was enhanced by gastric fluid, suggesting a potential mechanism by which
remodeling of airways might be induced by gastric-fluid aspiration.
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Introduction

Airway inflammation is complex and most likely
involves a variety of factors associated with both innate
and adaptive immunity. Recent work has pointed
toward an important role of matrix metalloproteinases
(MMPs) in regulation of airway remodeling associated
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with pulmonary inflammation (Parks et al. 2004).
MMPs are extracellular matrix degrading proteinases
that regulate extracellular matrix composition, and are
capable of cleaving non-matrix proteins, such as growth
factors, chemoattractants, and cell surface receptors
(Black et al. 2003; Chakraborti et al. 2003). There are 23
different MMPs in humans, which can be classified into
three main categories based on their structure and
choice of substrate: interstitial collagenases (MMPs -1,
-8, -13, and -18, which cleave collagen types I, II, and III),
gelatinases (MMPs -2 and -9, which degrade some form of
collagen type IV), and the stromeolysins (MMPs -3, -10,
and -11, which cleave laminin; Webster and Crowe 2006).
These proteinases have roles in a variety of processes,
including fetal development, normal tissue remodeling,
wound healing, and inflammation.

Given their roles in tissue remodeling and inflammation,
it is not surprising that a number of observations have
implicated MMPs in the pathogenesis of pulmonary
disease. For example, increased expression of MMP-2
and MMP-9 was observed in patients with chronic
obstructive pulmonary disease (COPD) and in asthmatic
patients (Cataldo et al. 2000). MMP-9 was reported to
inhibit neutrophil accumulation, and MMP-12 was found
to contribute to the accumulation of eosinophils and
macrophages in IL-13-induced airway remodeling (La-
none et al. 2002). Differential expressions of MMP-2, 3,
and 9 were reported in asthma patients (Boxall et al. 2006).
The production of MMP-12 was stimulated by IL-1b and
TNF-a, and was found to promote cell migration (Xie et
al. 2005). In addition, deficiency in MMP-9 in a mouse
model was found to be associated with decreased lung or
alveolar injury (Lanone et al. 2002; Proust et al. 2002; Zuo
et al. 2002). Further, increased MMP-2 and -14 activity
was found to be associated with asthmatic airway smooth
muscle (Henderson et al. 2007). These reports are
consistent with the idea that MMP activity is an important
factor in the progression and remodeling processes that
occur during airway injury.

One of the primary cell lines associated with MMP
activity is the macrophage/monocyte cell line. Macro-
phage activation is regulated by four signaling cascades,
two of which are initiated by the bacterial endotoxin
lipopolysaccharide (LPS; Adams 1994), which is a
ligand for Toll-like receptor (TLR)-4 (Huber et al.
2006). The LPS/TLR-4 ligand/receptor combination
triggers a signaling cascade, which results in gene
transcription mediated by the transcription factor NF-
kB (Alberts et al. 2002). The NF-kB family of proteins
consists of the p65 (RelA), RelB, c-Rel, p50, and p52
subunits, which come together to form homo- and
heterodimers (Ghosh et al. 1998). The p50/p65 hetero-
dimer is the combination prevalent in most cells (Ghosh
et al. 1998). Until LPS binds to TLR-4, inhibitor
proteins of NF-kB (IkB) prevent NF-kB from entering
the cell nucleus to initiate gene transcription by binding
to the dimer (Alberts et al. 2002). Binding of LPS to
TLR-4 signals a cascade that frees NF-kB from its
inhibitor, thus allowing it to enter the cell nucleus, where
it can initiate transcription of genes involved in
macrophage activation (Alberts et al. 2002). Once
activated, macrophages produce inflammatory proteins
such as TNF-a (Adams 1994; Alberts et al. 2002),
allowing TNF-a to be used as a measure of macrophage
activation. That LPS activation of the NF-kB pathway
is important in the production of MMP-9 has been
shown (Lu and Wahl 2005; Rhee et al. 2007a).

There is ample evidence that macrophages are
associated with the pathogenesis of pulmonary disease.
For example, airway inflammation induced by allergen
challenge is associated with the recruitment of immature
macrophages to the airway (Lensmar et al. 2006).
Further, recruitment of macrophages and release of
proteolytic enzymes and inflammatory cytokines were
found to be associated with airway inflammatory disease
(Tetley 2005). As another example, macrophage infiltra-
tion, increased MMP-2 and MMP-9 activity, production
of monocyte chemoattractant protein-1 (MCP-1), and
increased levels of TNF-a and macrophage inflamma-
tory protein-2 (MIP-2) were observed in bronchoalveo-
lar lavage fluid (BALF) in LPS-induced airway
inflammation (Delayre-Orthez et al. 2005).

The association of gastroesophageal reflux disease
(GERD) with upper and lower respiratory disease had
been known for decades (Harding et al. 1996; Harmanci
et al. 2001; Mueller et al. 2004; Yuksel et al. 2006).
Chronic gastric-fluid aspiration is considered by many
investigators to be one of the inflammatory factors that
may exacerbate or predispose some patients to asthma
(Rodriguez et al. 2003; Sacco et al. 2000). The fact that
patients with GERD have a higher prevalence of asthma
has been widely reported (Alhabib et al. 2007; Atalay
et al. 2005; Debley et al. 2006), and about 50 papers per
year are currently published describing the link between
asthma and GERD. However, the potential mechanisms
by which chronic aspiration of gastric fluid might affect
respiratory disease are not clear at present. Given the
preponderance of data pointing toward macrophages
and MMPs as important in the pathogenesis of lung
disease, we set out to investigate the effects of gastric
fluid on cultured macrophages as a potential model for
evaluating the underlying mechanisms associated with
the connection between GERD and lower respiratory
disease. In this study, particular attention was paid to
the nature of the MMP produced by gastric-fluid-
activated macrophages, as well as to the potential
pathways involved in activation of the macrophages.
Our experimental results confirm that gastric fluid is a
potent inflammatory mediator in chronic airway in-
flammatory disease, and point toward one potential
mechanism by which aspiration of gastric fluid may
mediate that disease.
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Studies from our laboratory have shown that chronic
aspiration can have a profound effect on the normal rat
lung function (Appel et al. 2007). Further, we have
shown that chronic aspiration can exacerbate asthma-
like hypersensitivity in mice (Barbas et al. 2008). The
wide range of pulmonary pathology that can be
influenced by chronic aspiration is further demonstrated
by the observations that chronic aspiration can induce
either accelerated acute rejection (Hartwig et al. 2006) or
the development of obliterative bronchiolitis (Li et al.
2008) in rat lung transplant models. The studies
described in this manuscript are intended to provide
the first in vitro investigations aimed at elucidating the
mechanisms associated with chronic aspiration in the
pathogenesis of pulmonary disease.
Materials and methods

Mouse gastric-fluid collection and use

All animals were housed in a pathogen free animal
facility. Gastric fluid was collected from 8–12-week-old
male BALB/cJ mice using the following procedure: a
small midline incision was made over the proximal
duodenum. The proximal duodenum was then ligated
with 2-0 silk suture, and the gastric fluid was collected in
a 15ml sterile conical tube. The gastric fluid was then
filtered through a 70 mm strainer (BD Biosciences) to
remove relatively large particulate matter. Gastric fluid
was pooled and frozen until needed in experiments.

It was expected that exposure of cultured macro-
phages to undiluted gastric fluid would prove cytotoxic.
The buffering capacity of gastric fluid is quite sub-
stantial, and the fluid is not readily neutralized. For
example, in a test of the buffering capacity of gastric
fluid from rats, 6 parts of a pooled rat serum (pH 7.88)
were required to raise the pH of 1 part of pooled gastric
fluid from a pH of 3.3 to a pH of 7.0, whereas only 0.2
part of rat serum was required to raise the pH of 1 part
of an unbuffered solution of hydrochloric acid over the
same range. Indeed, exposure of Raw 264.7 cells to 2%
murine gastric fluid diluted in culture medium (see
below for details) resulted in complete cell death. In
contrast, 1% gastric fluid did not prove cytotoxic and
was thus utilized as a maximum working concentration
in experiments. It was noted that the pH of 1% gastric
fluid diluted in culture medium was not substantially
different than the pH of culture medium with no gastric
fluid.

Cell culture

Raw 264.7 cells were cultured in the Dulbecco’s
modified medium with 4mM L-glutamine and 10% fetal
bovine serum, with penicillium/streptomycin to retard
bacterial growth. Cells were grown in 5% humidified
CO2 chambers maintained at 37 1C.
ELISA assay

Raw 264.7 cells were treated with or without mouse
gastric fluid appropriately diluted in tissue culture
medium. Following incubation for a specified amount
of time, the supernatant was collected and appropriately
diluted for evaluation by ELISA. The ELISA assay was
carried out using the mouse TNF-a ELISA assay system
of R&D laboratories. The lower limit of detection for
ELISAs conducted using this format is about 5 pg/ml.
SDS PAGE and Western blot

Cells cultured on 10mm plates were treated with or
without gastric fluid and LPS appropriately diluted in
tissue culture medium. Cells were harvested at appro-
priate time intervals, and the medium was removed.
Nuclear proteins were extracted by first lysing the cells
using a hypotonic solution containing 10mMHEPES,
pH 7.9, 1.5mMMgCl2, 10mMKCl, 0.5mMDTT, a
cocktail of protease inhibitors (BD), and PMSF. Next,
the nucleus was disrupted with a high-salt solution
containing 20mMHEPES, pH 7.9, 25% glycerol,
1.5mMMgCl2, 0.6MKCl, 0.2mMEDTA, 0.5mM
DTT, a cocktail of protease inhibitors (BD), and PMSF.
The nuclear protein extracts were boiled with SDS
sample buffer, and proteins were separated by SDS
PAGE on an 8% polyacrylamide gel. Proteins were then
transferred by Western blotting, and p-65 and p-50, two
proteins associated with the NF-kB signaling pathway,
were identified using antibodies specific for p50
(e-Bioscience) and p65 (Santa Cruz). The proteins were
detected using an ECL kit (Amersham). The anti-PARP
(Santa Cruz) was used as the internal control for total
nuclear protein extracted.
Blocking activation with an anti-TLR-4 antibody

Raw 264.7 cells were plated at a density of 5� 104

cells/well in 96 well dishes. Sixteen to eighteen hours
after plating, fresh culture medium was added to cells
and experiments were initiated. Anti-mouse TLR4
(blocking antibody; e-Bioscience, clone MTS510) and
Isotype control IgG1 (e-Bioscience) were added to the
cells at a concentration of 10 ug/ml prior to treatment
with gastric fluid or LPS. Cells were incubated at 37 1C
for 1 h. Appropriately diluted mouse gastric fluid or LPS
(10 ng/ml) was then added. Cells were incubated at 37 1C
for 6 h, after which time the concentration of TNF-a in
the supernatant was quantified.
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Fig. 1. Anti-TLR-4 antibody blocks stimulation of Raw 264.7

cells by gastric fluid. TNFa production by mouse macrophages

in culture was measured following stimulation by 1 ng/ml LPS

or by 0.1% gastric fluid for 24 h with and without blocking of

the TLR-4 receptor with anti-mouse TLR-4. The experiment

was conducted in duplicate, and the standard errors are

shown.
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Cell migration assay

Raw 264.7 cell migration was assayed by a Boyden
chamber method using a 24-well microchemotaxis cham-
ber and polycarbonate filters (Falcon) with 8mm diameter
pores. Eighty percent confluent cells were starved for 24h,
then collected and re-suspended in serum-free DMEM at a
concentration of 2� 106 cells/ml. These cells were then
placed in equal concentrations on the top of each filter.
Serum-free DMEM or serum-free DMEM with gastric
fluid were placed in the lower compartment. The chamber
was incubated in a humidified incubator at 37 1C and 5%
CO2 for 24h. To evaluate migration in response to
treatment, cells were removed from the top portion of the
filter by scraping with a cotton swab, and the cells that had
migrated to the under surface of the filter were fixed with
100% methanol and stained with 0.95% crystal violet.

Gelatin zymography

Metalloproteinase activity was assayed by gelatin
zymography. Raw 264.7 cells were plated 16–18 h before
treatment in 10mm dishes. Cells were treated with or
without LPS (10 ng/ml) or gastric fluid (1% v/v), and
culture medium was collected 24 h after initiation of the
treatment. The medium was concentrated using an
Amicon Ultra 4 (Millipore). Next, 10 ml of the concen-
trated medium was fractionated by SDS PAGE on a
zymography gel (7.5% acryl amide, 2mg/ml gelatin,
Sigma). Separated protein was renatured by incubating
the gel for 1h with 2.5% Triton-X 100, and then with
renaturing buffer (40mMTris, pH 7.5, 200mMNaCl,
10mMCaCl2) overnight at 37 1C. Finally, the gel was
incubated for 16–18h with gentle shaking at room
temperature with a developing buffer containing 50mM
Tris–HCl, pH7.6, 10mMCaCl2, 50mMNaCl, and 0.05%
Brij35. Gels were stained in 0.1% coomassie blue (R250,
Sigma) for 1h and destained until the bands (unstained
regions that were not stained because of the absence of
gelatin as a result of MMP activity) were evident.

Statistics

Statistical analysis was performed using Prism 4
software (GraphPad Inc., San Diego, CA). A Student’s
t-test was used for two-group comparisons. Data are
expressed as mean7SEM, and po0.05 was considered
statistically significant.

Results

Gastric fluid stimulates TNF-a expression in Raw

264.7 cells

As assessed by TNF-a production, macrophages
(Raw 264.7) are activated for 24 h by gastric fluid
(diluted 1/1000) in a TLR4-dependent manner, since
anti-TLR4 (clone MTS510) but not an Isotype control
blocked gastric-fluid-mediated activation of those cells
(Fig. 1). Anti-TLR2, on the other hand, did not block
activation of gastric-fluid-mediated activation of cul-
tured monocytes (data not shown). Gastric-fluid-diluted
1/100 also activated macrophages, but that activation
was not inhibited by anti-TLR4 antibody (data not
shown.) Gastric-fluid-diluted 1/50 resulted in the killing
of the macrophages.

Gastric fluid stimulates migration of Raw 264.7 cells

Raw 264.7 cells were loaded onto the upper chamber
of the transwell flask with the medium containing 1%
gastric fluid in the bottom chamber. Cells were
incubated in humidified 5% CO2 incubator for 6 h,
and the cells on the lower surface of the filter were fixed
and stained with crystal violet as described in the
Materials and methods. The number of migrated cells in
response to gastric-fluid treatment was increased 5–6
fold when compared to non-stimulated cells (Fig. 2).
This result indicates that exposure to gastric fluid
stimulates macrophage migration, and suggests that
recruitment of inflammatory cells as a result of exposure
to gastric fluid may be involved in the pathogenesis of
airway disease.

Gastric fluid stimulates MMP-2 and MMP-9

expression in Raw 264.7 cells

Since the connections between MMP activation and
inflammatory cell migration have been well established,
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Fig. 2. Gastric fluid stimulates migration in Raw 264.7 cells.

Raw 264.7 cells (8� 104 cells/well) were loaded onto the top

wells of the transwell chamber with the medium with or

without 1% gastric fluid in the bottom chamber. Cells were

incubated in humidified 5% CO2 for 24 h, and the cells on the

lower surface of the filter were fixed and stained with crystal

violet. After staining, random fields of migrated cells were

photographed in triplicate at 40� magnification. Cell migra-

tion was determined as the average number of cells that had

migrated across the filter in the photographed area. Data

shown are the average of three independent studies.

Fig. 3. Gastric fluid stimulates MMP-9 expression and, to a

lesser degree, MMP-2 expression in Raw 264.7 cells. Raw

264.7 cells were plated in a 10mm dish and treated with 100

times of diluted mouse gastric fluid in a serum-free condition.

Culture medium was collected and concentrated for the assay

of gelatin zymography. MMP-9 and MMP-2 activity was

observed after 24 h of gastric-fluid treatment. The optical

density, correlating inversely with MMP-2 and MMP-9

activity, was measured by densitometry using software from

LabworkTM. Data shown are the representative of three

independent studies.
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we evaluated the expression of metalloproteinase
activity after treatment of Raw 264.7 cells with gastric
fluid for 24 h. A substantial increase in MMP-9 activity
was observed following treatment with either gastric
fluid or LPS, although the increase was more substantial
with LPS treatment (Fig. 3). A smaller but perhaps
biologically significant increase in MMP-2 expression
was also observed following treatment with either
gastric fluid or LPS. The relative ratio of MMP-9 to
MMP-2 activity was similar in gastric-fluid-treated and
LPS-treated cells, perhaps indicating that gastric fluid
and LPS induced similar types of activation of the MMP
family of enzymes. This result indicates that MMPs in
macrophages are activated by gastric fluid, and suggests
that increased MMP-9 and perhaps MMP-2 activity
associated with exposure to gastric fluid may be in
involved in the airway remodeling associated with the
pathogenesis of airway disease.
Gastric fluid stimulates an NF-jB signaling pathway

in Raw 264.7 cells

Regulation of MMP-9 expression by the NF-kB
signal transduction pathway has been recently reported
(Lu and Wahl 2005; Rhee et al. 2007a, b) With this in
mind, we evaluated whether the p50/p65-associated NF-
kB pathway might be activated in gastric-fluid-activated
Raw 264.7 cells. For this purpose, Raw 264.7 cells were
stimulated with appropriately diluted gastric fluid for 3,
6, 12 and 24 h. Nuclear protein was extracted, and the
nuclear translocation of p50 and p65 proteins, which is
associated with activation of an NF-kB pathway, was
examined. Complexes p50 and p65 were observed in the
nuclear extract after gastric-fluid treatment. The expres-
sion level of p50 and p65 was increased in a time-
dependent manner (Fig. 4), indicating that the expres-
sion of MMPs and TNF-a induced by gastric fluid may
be regulated through NF-kB transcriptional regulation.
Discussion

Airway inflammation may be induced by multiple
factors. The role of gastroesophageal reflux disease in
pulmonary pathology had been considered for years,
and GERD-associated aspiration is a leading suspect as
an inflammatory factor in asthma (Rodriguez et al.
2003; Sacco et al. 2000). In the present study, we
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Fig. 4. Activation by gastric fluid of NF-kB signals in Raw 264.7 cells. Raw 264.7 cells were stimulated with (GF) or without (con)

1% gastric fluid for 3, 12, and 24 h. Nuclear protein was extracted for the examination of nuclear translocation of p50 and p65

proteins, which are both associated with an NF-kB signaling pathway. The increased expressions of nuclear p50 and p65 and of the

nuclear internal control PARP were measured by densitometry using software from LabworkTM.
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establish an in vitro model to assess the potential role of
gastric fluid in macrophage-mediated inflammation and
tissue remodeling.

Aspiration of undiluted gastric fluid with a pH below
3 or 4 almost certainly leads to cell death and necrosis of
lung tissue. However, following dilution of the gastric
fluid with fluid present in the lung, it is expected that the
concentration of gastric fluid will reach a level at which
it is no longer cytotoxic, but at which it is still
sufficiently concentrated to be pro-inflammatory. The
experiments described in this paper shed light on the
potential nature of that pro-inflammatory action.
Using gastric fluid collected from Balb/C mice, we
demonstrated that secretion of the inflammatory cyto-
kine TNF-a was increased in Raw 264.7 cells stimulated
with as little as 0.1% gastric fluid. This indicates that
gastric fluid may be an important mediator in inflam-
matory process associated with pulmonary injury, and
suggests that microaspiration by gastric fluid in patients
with GERD may be an important triggering factor for
airway chronic inflammation. Further, activation of
MMP-9 and to a lesser extent MMP-2, activation of the
NF-kB signaling pathway, and stimulation of cell
migration were also associated with exposure to gastric
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fluid. The nuclear shuttling p50 was more significant
than p65 in our model, perhaps indicating that the
alternative NF-kB complex, such as c-REL/RELA/p50/
IkBa/e, is probably involved in gastric-fluid activation in
Raw 264.7 cells. Further, activation of an NF-kB
signaling pathway is likely responsible for the observed
stimulation of cell migration since NF-kB is involved in
leukocyte production of the macrophage migration
mediator Monocyte Chemoattractant Protein (MCP)-1
(Cho et al. 2002). All of these factors probably play a
role in asthma and airway remodeling as previously
reported (Liang et al. 2007; Lu and Wahl 2005; Rhee et
al. 2007a), further implicating GERD-associated aspira-
tion as a potential mediator of pulmonary pathology.

Of particular interest is the observation that gastric
fluid at a concentration of 0.1% stimulated macro-
phages in a TLR-4-dependent manner, suggesting that
LPS contained in the gastric fluid is one primary source
of stimulus for macrophages exposed to gastric fluid.
This is of particular importance given the fact that many
patients with GERD are treated with acid blockers,
which in turn may inadvertently lead to increased
growth of bacteria in the stomach (Zavros et al.
2002a, b). On the other hand, more concentrated gastric
fluid (1.0%) stimulated the same cells in a TLR-4-
independent manner, suggesting that gastric fluid con-
tains multiple components that might stimulate macro-
phages. A wide array of microbial components might
account for this TLR-4-independent stimulation. In
addition, protease activity contained in the gastric fluid
may account for stimulation of macrophages through
protease-activated receptors (PARs), which are abun-
dant on a variety of immune cells. Interestingly, PAR-1
has been shown to be necessary for leukocyte recruit-
ment via MCP-1 (Chen et al. 2008). This combined with
the gastric-fluid-induced macrophage migration ob-
served in this study supports the idea that PARs might
play a role in the gastric-fluid-dependent activation of
macrophages. Although the pH of the gastric fluid used
in this study was sufficiently neutralized by dilution in
buffered media such that the primary protease (pepsin)
was inactivated, other gastric proteases have activity at
neutral pH and may stimulate macrophages. However, a
wide range of microbial products in the gastric fluid
seem the most obvious candidates as the primary
activators of the macrophage population. Future studies
should include the effects of gastric fluid on other cells
that may be important in the pathogenesis of chronic
aspiration-induced lung injury. Such cells might include
pulmonary epithelial cells, airway smooth muscle cells,
and a variety of leukocytes other than macrophages. For
example, Zarbock et al. (2006) demonstrated reversal of
acid-induced injury by blocking platelet-neutrophil
aggregation.

Independent of which step is involved in TNF-a
secretion, the finding that more dilute gastric fluid
promotes TNF-a secretion in a TLR-4-dependent
manner suggests a potential avenue for treatment that
might warrant further investigation. The combination of
an agent that neutralizes gastric fluid and a TLR-4
antagonist might be useful in suppressing the airway
inflammation caused by reflux of gastric fluid, especially
since a TLR-4 antagonist has been shown to have anti-
inflammatory effects in mice models of inflammatory
bowel disease (Fort et al. 2005).

In summary, the present study demonstrates for the
first time that gastric fluid is potentially an important
pro-inflammatory mediator. Further, the activation of
MMP-9 activity and macrophage migration by gastric
fluid provides insight into the mechanisms that may be
associated with the processes of inflammation and
airway remodeling in patients with GERD-induced
pulmonary pathology.
References

Adams, D.O., 1994. Molecular biology of macrophage

activation: a pathway whereby psychosocial factors can

potentially affect health. Psychosom. Med. 56, 316–327.

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K.,

Walter, P., 2002. Molecular Biology of the Cell. Garland

Science, New York, NY.

Alhabib, K.F., Vedal, S., Champion, P., Fitzgerald, J.M.,

2007. The utility of ambulatory pH monitoring in patients

presenting with chronic cough and asthma. Can. J.

Gastroenterol. 21, 159–163.

Appel 3rd, J.Z., Lee, S.M., Hartwig, M.G., Li, B., Hsieh, C.C.,

Cantu 3rd, E., Yoon, Y., Lin, S.S., Parker, W., Davis,

R.D., 2007. Characterization of the innate immune

response to chronic aspiration in a novel rodent model.

Respir. Res. 8, 87.

Atalay, F., Dagli, U., Kuran, S., Ozin, Y., Ernam, D., Sahin,

B., 2005. Does acid reflux cause pulmonary disease? Turk J.

Gastroenterol. 16, 199–202.

Barbas, A.S., Downing, T.E., Balsara, K.R., Tan, H.E.,

Rubinstein, G.J., Holzknecht, Z.E., Collins, B.H., Parker,

W., Davis, R.D., Lin, S.S., 2008. Chronic aspiration shifts

the immune response from Th1 to Th2 in a murine model of

asthma. Eur. J. Clin. Invest. 38, 596–602.

Black, J.L., Burgess, J.K., Johnson, P.R., 2003. Airway

smooth muscle – its relationship to the extracellular matrix.

Respir. Physiol. Neurobiol. 137, 339–346.

Boxall, C., Holgate, S.T., Davies, D.E., 2006. The contribution

of transforming growth factor-beta and epidermal growth

factor signalling to airway remodelling in chronic asthma.

Eur. Respir. J. 27, 208–229.

Cataldo, D., Munaut, C., Noel, A., Frankenne, F., Bartsch, P.,

Foidart, J.M., Louis, R., 2000. MMP-2- and MMP-9-

linked gelatinolytic activity in the sputum from patients

with asthma and chronic obstructive pulmonary disease.

Int. Arch. Allergy Immunol. 123, 259–267.

Chakraborti, S., Mandal, M., Das, S., Mandal, A., Chakra-

borti, T., 2003. Regulation of matrix metalloproteinases: an

overview. Mol. Cell. Biochem. 253, 269–285.



ARTICLE IN PRESS
C.M. Cheng et al. / Immunobiology 215 (2010) 173–181180
Chen, D., Carpenter, A., Abrahams, J., Chambers, R.C.,

Lechler, R.I., McVey, J.H., Dorling, A., 2008. Protease-

activated receptor 1 activation is necessary for monocyte

chemoattractant protein 1-dependent leukocyte recruitment

in vivo. J. Exp. Med. 205, 1739–1746.

Cho, N.H., Seong, S.Y., Huh, M.S., Kim, N.H., Choi, M.S.,

Kim, I.S., 2002. Induction of the gene encoding macro-

phage chemoattractant protein 1 by Orientia tsutsugamushi

in human endothelial cells involves activation of transcrip-

tion factor activator protein 1. Infect. Immun. 70,

4841–4850.

Debley, J.S., Carter, E.R., Redding, G.J., 2006. Prevalence and

impact of gastroesophageal reflux in adolescents with

asthma: a population-based study. Pediatr. Pulmonol. 41,

475–481.

Delayre-Orthez, C., Becker, J., Guenon, I., Lagente, V.,

Auwerx, J., Frossard, N., Pons, F., 2005. PPARalpha

downregulates airway inflammation induced by lipopoly-

saccharide in the mouse. Respir. Res. 6, 91.

Fort, M.M., Mozaffarian, A., Stover, A.G., Correia Jda, S.,

Johnson, D.A., Crane, R.T., Ulevitch, R.J., Persing, D.H.,

Bielefeldt-Ohmann, H., Probst, P., Jeffery, E., Fling, S.P.,

Hershberg, R.M., 2005. A synthetic TLR4 antagonist has

anti-inflammatory effects in two murine models of inflam-

matory bowel disease. J. Immunol. 174, 6416–6423.

Ghosh, S., May, M.J., Kopp, E.B., 1998. NF-kappa B and Rel

proteins: evolutionarily conserved mediators of immune

responses. Annu. Rev. Immunol. 16, 225–260.

Harding, S.M., Richter, J.E., Guzzo, M.R., Schan, C.A.,

Alexander, R.W., Bradley, L.A., 1996. Asthma and

gastroesophageal reflux: acid suppressive therapy improves

asthma outcome. Am. J. Med. 100, 395–405.

Harmanci, E., Entok, E., Metintas, M., Vardareli, E., Elbek,

O., 2001. Gastroesophageal reflux in the patients with

asthma. Allergol. Immunopathol. Madrid 29, 123–128.

Hartwig, M.G., Appel, J.Z., Li, B., Hsieh, C.C., Yoon, Y.H.,

Lin, S.S., Irish, W., Parker, W., Davis, R.D., 2006. Chronic

aspiration of gastric fluid accelerates pulmonary allograft

dysfunction in a rat model of lung transplantation. J.

Thorac. Cardiovasc. Surg. 131, 209–217.

Henderson, N., Markwick, L.J., Elshaw, S.R., Freyer, A.M.,

Knox, A.J., Johnson, S.R., 2007. Collagen I and thrombin

activate MMP-2 by MMP-14-dependent and -independent

pathways: implications for airway smooth muscle migra-

tion. Am. J. Physiol. Lung Cell. Mol. Physiol. 292,

L1030–L1038.

Huber, M., Kalis, C., Keck, S., Jiang, Z., Georgel, P., Du, X.,

Shamel, L., Sovath, S., Mudd, S., Beutler, B., Galanos, C.,

Freudenberg, M.A., 2006. R-form LPS, the master key to

the activation ofTLR4/MD-2-positive cells. Eur. J. Im-

munol. 36, 701–711.

Lanone, S., Zheng, T., Zhu, Z., Liu, W., Lee, C.G., Ma, B.,

Chen, Q., Homer, R.J., Wang, J., Rabach, L.A., Rabach,

M.E., Shipley, J.M., Shapiro, S.D., Senior, R.M., Elias,

J.A., 2002. Overlapping and enzyme-specific contributions

of matrix metalloproteinases-9 and -12 in IL-13-induced

inflammation and remodeling. J. Clin. Invest. 110, 463–474.

Lensmar, C., Katchar, K., Eklund, A., Grunewald, J.,

Wahlstrom, J., 2006. Phenotypic analysis of alveolar

macrophages and lymphocytes following allergen inhala-
tion by atopic subjects with mild asthma. Respir. Med. 100,

918–925.

Li, B., Hartwig, M.G., Appel, J.Z., Bush, E.L., Balsara, K.R.,

Holzknecht, Z.E., Collins, B.H., Howell, D.N., Parker, W.,

Lin, S.S., Davis, R.D., 2008. Chronic aspiration of gastric

fluid induces the development of obliterative bronchiolitis

in rat lung transplants. Am. J. Transplant. 8, 1614–1621.

Liang, K.C., Lee, C.W., Lin, W.N., Lin, C.C., Wu, C.B., Luo,

S.F., Yang, C.M., 2007. Interleukin-1beta induces MMP-9

expression via p42/p44 MAPK, p38 MAPK, JNK,

and nuclear factor-kappaB signaling pathways in

human tracheal smooth muscle cells. J. Cell. Physiol. 211,

759–770.

Lu, Y., Wahl, L.M., 2005. Production of matrix metallopro-

teinase-9 by activated human monocytes involves a

phosphatidylinositol-3 kinase/Akt/IKKalpha/NF-kappaB

pathway. J. Leukoc. Biol. 78, 259–265.

Mueller, M.S., Runyambo, N., Wagner, I., Borrmann, S.,

Dietz, K., Heide, L., 2004. Randomized controlled trial of a

traditional preparation of Artemisia annua L. (Annual

Wormwood) in the treatment of malaria. Trans. R. Soc.

Trop. Med. Hyg. 98, 318–321.

Parks, W.C., Wilson, C.L., Lopez-Boado, Y.S., 2004. Matrix

metalloproteinases as modulators of inflammation and

innate immunity. Nat. Rev. Immunol. 4, 617–629.

Proust, B., Lacroix, G., Robidel, F., Marliere, M., Lecomte,

A., Vargaftig, B.B., 2002. Interference of a short-term

exposure to nitrogen dioxide with allergic airways responses

to allergenic challenges in BALB/c mice. Mediators

Inflamm. 11, 251–260.

Rhee, J.W., Lee, K.W., Kim, D., Lee, Y., Jeon, O.H., Kwon,

H.J., Kim, D.S., 2007a. NF-kappaB-dependent regulation

of matrix metalloproteinase-9 gene expression by lipopoly-

saccharide in a macrophage cell line RAW 264.7.

J. Biochem. Mol. Biol. 40, 88–94.

Rhee, J.W., Lee, K.W., Sohn, W.J., Lee, Y., Jeon, O.H.,

Kwon, H.J., Kim, D.S., 2007b. Regulation of matrix

metalloproteinase-9 gene expression and cell migration by

NF-kappa B in response to CpG-oligodeoxynucleotides in

RAW 264.7 cells. Mol. Immunol. 44, 1393–1400.

Rodriguez, D., Keller, A.C., Faquim-Mauro, E.L., de

Macedo, M.S., Cunha, F.Q., Lefort, J., Vargaftig, B.B.,

Russo, M., 2003. Bacterial lipopolysaccharide signaling

through Toll-like receptor 4 suppresses asthma-like re-

sponses via nitric oxide synthase 2 activity. J. Immunol.

171, 1001–1008.

Sacco, O., Fregonese, B., Silvestri, M., Sabatini, F., Mattioli,

G., Rossi, G.A., 2000. Bronchoalveolar lavage and

esophageal pH monitoring data in children with ‘‘difficult

to treat’’ respiratory symptoms. Pediatr. Pulmonol. 30,

313–319.

Tetley, T.D., 2005. Inflammatory cells and chronic obstructive

pulmonary disease. Curr. Drug Targets Inflamm. Allergy 4,

607–618.

Webster, N.L., Crowe, S.M., 2006. Matrix metalloproteinases,

their production by monocytes and macrophages and their

potential role in HIV-related diseases. J. Leukoc. Biol. 80,

1052–1066.

Xie, S., Issa, R., Sukkar, M.B., Oltmanns, U., Bhavsar, P.K.,

Papi, A., Caramori, G., Adcock, I., Chung, K.F., 2005.



ARTICLE IN PRESS
C.M. Cheng et al. / Immunobiology 215 (2010) 173–181 181
Induction and regulation of matrix metalloproteinase-12 in

human airway smooth muscle cells. Respir. Res. 6, 148.

Yuksel, H., Yilmaz, O., Kirmaz, C., Aydogdu, S., Kasirga, E.,

2006. Frequency of gastroesophageal reflux disease in

nonatopic children with asthma-like airway disease. Respir.

Med. 100, 393–398.

Zarbock, A., Singbartl, K., Ley, K., 2006. Complete reversal

of acid-induced acute lung injury by blocking of platelet-

neutrophil aggregation. J. Clin. Invest. 116, 3211–3219.

Zavros, Y., Rieder, G., Ferguson, A., Samuelson, L.C.,

Merchant, J.L., 2002a. Genetic or chemical hypochlorhy-

dria is associated with inflammation that modulates parietal
and G-cell populations in mice. Gastroenterology 122,

119–133.

Zavros, Y., Rieder, G., Ferguson, A., Samuelson, L.C.,

Merchant, J.L., 2002b. Hypergastrinemia in response to

gastric inflammation suppresses somatostatin. Am. J.

Physiol. Gastrointest. Liver Physiol. 282, G175–G183.

Zuo, F., Kaminski, N., Eugui, E., Allard, J., Yakhini, Z., Ben-

Dor, A., Lollini, L., Morris, D., Kim, Y., DeLustro, B.,

Sheppard, D., Pardo, A., Selman, M., Heller, R.A., 2002.

Gene expression analysis reveals matrilysin as a key

regulator of pulmonary fibrosis in mice and humans. Proc.

Natl. Acad. Sci. USA 99, 6292–6297.


	Macrophage activation by gastric fluid suggests MMP involvement in aspiration-induced lung disease
	Introduction
	Materials and methods
	Mouse gastric-fluid collection and use
	Cell culture
	ELISA assay
	SDS PAGE and Western blot
	Blocking activation with an anti-TLR-4 antibody
	Cell migration assay
	Gelatin zymography
	Statistics

	Results
	Gastric fluid stimulates TNF-alpha expression in Raw 264.7 cells
	Gastric fluid stimulates migration of Raw 264.7 cells
	Gastric fluid stimulates MMP-2 and MMP-9 expression in Raw 264.7 cells
	Gastric fluid stimulates an NF-kappaB signaling pathway in Raw 264.7 cells

	Discussion
	References




