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Mechanical ventilation induces inflammation,
lung injury, and extra-puilmonary organ
dysfunction in experimental pneumonia
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Mechanical ventilation (MV) is frequently employed for the management of critically ill patients with respiratory
failure. A major complication of mechanical ventilation (MV) is the development of ventilator-associated
pneumonia (VAP), in which Staphylococcus aureus is a prominent pathogen. Moreover, previous studies
suggest that MV may be an important cofactor in the development of acute lung injury (ALI) and the acute
respiratory distress syndrome (ARDS). S. aureus pulmonary infection was induced in spontaneously breathing
mice (C57BI/6) or mechanically ventilated mice to determine whether MV contributes to the development of ALI
and/or systemic inflammation. The combination of MV and bacteria significantly increased the influx of
neutrophils into bronchoalveolar lavage fluid (BALF), augmented pulmonary production of the proinflammatory
cytokines KC, MIP-2, TNF-«, and IL-6, and increased alveolar-capillary permeability to proteins. MV also induced
proinflammatory cytokine expression in peripheral blood, associated with extrapulmonary hepatic and renal
dysfunction. Surprisingly, bacterial clearance in the lungs and extrapulmonary bacterial dissemination was not
affected by MV. These data indicate that MV exacerbates both pulmonary and systemic inflammation in
response to bacteria and contributes to the pathogenesis of both ALI and the multiple organ dysfunction

syndrome, without necessarily affecting bacterial clearance or extra-pulmonary bacterial dissemination.
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Mechanical ventilation (MV) is a life-saving inter-
vention for patients with respiratory failure from
various underlying problems, including pneumonia,
sepsis, and trauma. Ventilator-associated pneumo-
nia (VAP) is a frequent complication of mechanical
ventilation and an important cause of morbidity and
mortality in critically ill patients.™® VAP results
from oropharyngeal bacterial colonization and sub-
sequent aspiration, develops in up to one-third
of mechanically ventilated patients, and is an impor-
tant risk factor for the development of acute lung
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injury (ALI) and acute respiratory distress syndrome
(ARDS).* A common complication of ALI/ARDS is
multiple organ dysfunction syndrome (MODS),
which occurs in up to 90% of patients.** MODS,
which frequently affects the kidney and liver as
evidenced by biochemical markers of injury such as
serum creatinine, and alanine aminotransferase
(ALT), and aspartate aminotransferase (AST), leads
to significant morbidity and mortality in these
patients, and is a major risk factor for death in
patients with ARDS.>"® Currently, the cellular and
molecular mechanisms responsible for the patho-
genesis of MODS are unclear.

In the absence of established lung injury, conven-
tional MV strategies employing tidal volumes of
10-12mL/kg are often used for the management
of critically ill patients.® However, when bacterial
endotoxin is present in the systemic circulation or
in the alveolar air spaces, experimental studies have



shown that MV may contribute to the development
of ALL'"* Whereas experimental models of ALI
employing injurious ventilation (15-21mL/kg) not
commonly used in clinical practice have resulted in
the development of MODS, experimental studies
with conventional MV in animal models to evaluate
distal, extra-pulmonary organ injury have not been
performed.®**

We hypothesized that conventional MV leads to
an augmented inflammatory response, as well as
delayed bacterial clearance in response to pulmon-
ary bacterial infection. To test this hypothesis, we
developed a clinically relevant model of either
Gram-positive (Staphylococcus aureus, one of the
most common bacterial pathogens implicated in
VAP) or Gram-negative (Escherichia coli) bacterial
infection in mice receiving conventional MV.**" In
this model, MV augmented both pulmonary and
systemic inflammatory responses resulting in acute
lung injury and distal organ dysfunction, without
affecting bacterial clearance in the lung or extra-
pulmonary bacterial dissemination. These results
demonstrate that conventional MV contributes to
the development of ARDS and the progression
to MODS via augmentation of both pulmonary and
extrapulmonary proinflammatory host responses
in bacterial infection.

Materials and methods

Bacteria

S. aureus was originally isolated from a patient
with catheter-related sepsis, expanded, and stored
in frozen aliquots at —70°C."® 100l of S. aureus
from frozen stock was used to seed a 10ml Trypti-
case soy (TS) broth (BD Biosciences; Franklin Lakes,
NJ, USA) and incubated for 6-h at 37°C in a shaking
incubator. Following incubation, 500 ul of incubated
broth was used to seed 50ml TS broth, which was
then incubated overnight at 37°C in a shaking
incubator. Broth was spun at 2000 g, and the pellet
washed three times and resuspended in 1ml sterile
0.9% NaCl. Bacterial concentration of slurry was
confirmed using the pour plate method. Viability of
the bacterial inoculum was determined by its ability
to grow in culture.

E. coli serotype K-1 was originally isolated from
a patient with biliary sepsis. Pathogenicity of
the bacteria was previously verified in mice and
rabbits.’® For each experiment, a separate aliquot
of bacterial stock was thawed, inoculated into 50 ml
LB broth (Sigma; St Louis, MO, USA), and incubated
overnight at 37°C on a shaking incubator. Bacterial
slurry was prepared as described above.

Animal Protocol

The animal protocol was approved by the Animal
Care Committee of the University of Washington
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Medical Center. Male C57BL/6 mice weighing
20-30g were obtained from Jackson Laboratories.

Experimental Design

Six mice were picked randomly from a cage and
assigned on the experimental day to each of follow-
ing groups: (1) PBS aspiration and spontaneous
breathing (PBS); (2) PBS aspiration and MV (MV);
(3) bacterial aspiration and spontaneous breathing
(S. aureus or E. coli); or (4) bacterial aspiration and
MV (S. aureus+MYV or E. coli +MV).

Mice were anesthetized with inhaled 4% iso-
flurane, and suspended by their front teeth. The
instillate was deposited in the oropharynx and
the mice returned to their cages for 30 min."” After
30 min, additional mice were euthanized to deter-
mine initial bacterial deposition and lung responses,
and the remaining mice were reanesthetized with
intraperitoneal ketamine (1.3mg) and xylazine
(0.9 mg) followed by 4% isoflurane. Mice in non-
ventilated groups were returned to their cages,
monitored for recovery from anesthesia, and then
allowed free access to food and water. Mice assigned
to receive MV were intubated endotracheally as
previously described, and ventilated with a tidal
volume of 10ul/g body weight, a respiratory rate
of 150/min, 0cmH,O end-expiratory pressure, and
FiO, of 0.21, using a rodent ventilator (MiniVent,
Harvard Biosciences; Holliston, MA, USA).?? In
preliminary studies, this ventilation strategy pro-
duced normal arterial blood pH values (7.36 +0.08,
n=4). MV was continued for either 6- or 12-h with
anesthesia maintained by 1% isoflurane. Mixed
expired CO, (Novametrix; Wallingford, CT, USA)
and airway pressure were continuously monitored.
Body temperature was monitored by rectal thermistor
and maintained between 37 and 38°C by a heating
lamp. Mechanically ventilated mice received hourly
fluid boluses of 10ul/g body weight warm PBS
subcutaneously.

All mice successfully intubated survived to the
completion of the ventilation period. At the end
of the MV period, mice were euthanized by intra-
peritoneal sodium pentothal and exsanguinated
by cardiac puncture. The thorax was opened,
the trachea was visualized and cannulated with a
20-gauge catheter, the left hilum was sutured, and
the left lung was removed and homogenized in 2 ml
of sterile H,O with protease inhibitor (Complete,
Roche Applied Science; Indianapolis, IN, USA).
Lung homogenate was divided into aliquots for
further processing. The right lung was lavaged with
five separate 0.5-ml aliquots of 0.9% NaCl/0.6 mM
EDTA at 37°C and then fixed by intratracheal
instillation of 4% paraformaldehyde at a trans-
pulmonary pressure of 15cmH,0. The abdomen
was then incised, and the spleen was removed and
homogenized in 1ml protease inhibitor solution.
One lobe of the liver and the right kidney were then
removed and placed in 4% paraformaldehyde.
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Measurements

Cell counts

Total BALF cell counts were performed with a
hemacytometer, and differential cell counts were
performed on cytospin preparations stained with
modified Wright—-Giemsa stain (Diff-Quik, American
Scientific Products, McGaw Park, IL, USA). Remain-
ing fluid was spun at 1200g for 15min, and
supernatant aliquots were stored at —80°C.

Myeloperoxidase activity

Lung homogenate was combined with 2 x myelo-
peroxidase (MPO) lysis buffer (50mM potassium
phosphate (dibasic, anhydrous) pH 6.0, 5% hexa-
decyltrimethyl ammonium bromide (Sigma), and
5mM EDTA), sonicated on ice with four 15-s pulses
(Daigger; Vernon Hills, IL, USA), spun at 10000 g,
and supernatants stored at —80°C. MPO was
measured in supernatants by Amplex Red fluoro-
metric assay (Molecular Probes; Eugene, OR, USA)
according to the manufacturer’s protocol.

Cytokine assays

Lung homogenate was combined with 20 x cytokine
lysis buffer (0.5% Triton X-100, 150mM NaCl,
15mM Tris, 1mM CaCl, 1mM MgCl, pH 7.40),
incubated at 4°C for 30min, spun at 10000g for
10min, and supernatant aliquots stored at —80°C.
Whole blood samples were spun at 1000g, and
supernatant aliquots stored at —80°C. Concentra-
tions of MIP-2, mouse GRO homologue (KC), IL-6,
TNF-¢, IL-10 in BALF, lung homogenates, and serum
were measured by multiplex immunoassay (Lumi-
nex 100; Austin, TX, USA) using mouse Fluorokine
MAP assays (R&D Systems; Minneapolis, MN, USA)
according to the manufacturers’ protocols. Samples
were normalized by volume.

Lung injury

Lung injury was assessed by determination of
alveolar-capillary permeability to IgM as previously
described."* IgM (MV 900 000) is almost completely
excluded from the normal airspace.'® IgM concen-
trations in BALF were determined by using an
enzyme-linked immunoassay (Bethyl Laboratories;
Inc., Montgomery, TX, USA).

Histology

Right lungs were fixed at a transpulmonary pressure
of 15cmH,0 with 4% paraformaldehyde. After
fixation, lungs, livers, and kidneys were embedded
in paraffin, cut into 4 um sections, and stained with
hematoxylin and eosin.

Markers of distal organ dysfunction

Creatinine, ALT, and AST were measured in serum
samples in the clinical laboratory at the University
of Washington using standard techniques for assay
of clinical specimens.
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Bacterial cultures

Quantitative cultures of lung and spleen homo-
genates were performed by pour plate method.
Colony-forming units (CFU) were counted after
24 h incubation at 37°C.

Statistical analysis

The investigator was not blinded during the experi-
ments; however, cytokine measurements, histology,
ELISAs, and other assays were performed in a
blinded manner. For all end points, differences
among the groups were evaluated by one-way
analysis of variance (ANOVA), using Tukey’s post
hoc analysis. For all statistical tests, a P-value <0.05
was considered significant. Baseline considered was
PBS alone. Results are presented as mean + standard
error of the mean (s.e.m.). InStat (GraphPad; San
Diego, CA, USA) was used for statistical analysis.

Results

MV Augments Lung Inflammation and Injury in
Bacterial Infection

Cellular response
At 6h, neutrophil counts in BALF from the
S. aureus + MV group were greater than in the other
groups (S. aureus +MV: 0.87+0.15 x 10° cells; PBS:
0+0 cells; MV: 0.01+0.00 x 10° cells; S. aureus:
0.1+0.06 x 10° cells). Neutrophil counts were fur-
ther increased in the S. aureus+MYV group at 12-h
compared to the other groups (P<0.05, Figure 1a).
Similarly, total cell counts were greater in the
S. aureus+MV group as compared to the other
three groups at both 6 and 12h (P<0.05, Figure 1b).
MPO activity in lung homogenates was measured
to determine neutrophil recruitment to the vascular,
parenchymal, and alveolar spaces in the lung.
At 6h, MPO activity was significantly greater in
the S. aureus+MV group (16.68+0.56 AU) com-
pared to PBS (1.14+0.47 AU), MV (6.42+1.70 AU),
and S. aureus (5.91+1.54 AU) (P<0.05, Figure 1c).
At 12h, MPO was not statistically different among
the four groups.

Pulmonary cytokine production
Cytokine concentrations in BALF and lung homo-
genates were measured at 6 and 12 h. KC concentra-
tions in BALF were significantly greater in the
S. aureus + MV group (797.1+59.1 pg/ml) compared
to the other three groups (P<0.001, Figure 2a). KC
concentrations in lung homogenates were also
significantly greater at 6h in the S. aureus+MV
group (862.9+41.3 pg/ml) compared to the other
groups (P<0.05, Figure 2b). KC concentrations in
both BALF and lung homogenates were also signi-
ficantly greater at 12 h compared to the other groups
(P<0.05, Figure 2a and b).

MIP-2 concentrations in BALF were significantly
greater in the S. aureus+MYV group at 6h (844.7 +
97.8pg/ml) and at 12h (1501.2+130.9 pg/ml)
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Figure 1 Neutrophil counts in BALF (a); total cell counts in BALF
(b); MPO activity in lung homogenates (c). n=6 mice/group.
P<0.05 compared with all three other groups (*), MV-only and
control groups (f), and S. aureus-only and control groups (#).

compared to the other groups (P<0.05, Figure 2c).
Similarly, in lung homogenates, MIP-2 concentra-
tions were greater in the S. aureus+ MYV group at 6 h
(1812.8+195.9 pg/ml) and 12 h (1592.0 +276.6 pg/ml)
(P<0.05, Figure 2d).

Additionally, the cytokine concentrations of TNF-
o and IL-6 in both BALF and lung homogenate were
greatest in the mice with S. aureus infection that
received MV (S. aureus + MV, Figure 2e—g).

Cellular and cytokine responses in E. coli infection
Neutrophil counts and cytokine concentrations
were measured at 6 h in mice with E. coli infection.
Neutrophil counts were significantly increased in
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BALF from mice that received both E. coli and MV
compared to the other groups (PBS: 0 cells; MV:
9.44+2.6 x 10® cells; E. coli: 270.5+54.3 x 10° cells;
E. coli+MV: 662.8+87.9 x 10* cells. Cytokines in
BALF and serum were increased in the E. coli + MV
group in a similar pattern observed in the S. aureus
infection model (data not shown).

Lung injury
Alveolar-epithelial permeability was measured by
the presence of murine IgM in the BALF. At
12h, BALF IgM was significantly increased in the
S. aureus + MV group (281.4 +55.3 ng/ml) compared
to the other groups (PBS: 23.5+5.9ng/ml; MV:
112.2+13.8ng/ml: and S. aureus: 20.4+3.3ng/ml)
(P<0.05, Figure 3). At 6 h, no significant differences
in the BALF concentrations of IgM were present.
Increased cellularity, predominantly neutrophils,
and fibrin stranding were noted in lungs by light
microscopy at 12h in mice in the S. aureus+MV
group (Figure 4d). Mice in the other groups did not
have significant alterations in lung structure by light
microscopy.

MYV Augments Systemic Inflammation in Bacterial
Pneumonia

Systemic cytokine production

Serum cytokines were measured at 6 and 12h. At
6-h, serum IL-6 concentrations were significantly
greater in the S. aureus+MV group (2195.5+
463.8 pg/ml) compared to the three other groups
(P<0.05, Figure 5a). Results were similar for IL-6
at 12h. Serum KC concentrations were also signi-
ficantly increased in the S. aureus+ MV group at
6h (2430.8+379.1pg/ml) compared to the PBS
(66.9+11.9 pg/ml) and S. aureus (566.8+190.9 pg/ml)
groups. At 12h, serum KC concentrations were
not statistically different (Figure 5b). Similarly,
MIP-2 concentrations at 6-h in the S. aureus+ MV
group (125.6+21.6 pg/ml) were significantly increa-
sed compared to PBS (7.5 +1.5 pg/ml) and S. aureus
(23.3+6.5 pg/ml), but not compared to MV (92.2 +
19.3 pg/ml) (Figure 5c). At 12h, serum MIP-2 con-
centrations among the groups were not significantly
different.

MYV Promotes Distal, Extra-Pulmonary Organ
Dysfunction in Bacterial Infection

Serum creatinine and ALT were measured as
markers of kidney and liver injury, respectively.
Serum creatinine concentrations were significantly
greater in the mechanically ventilated groups
(Figure 6a). ALT concentrations in the S. aureus—+
MV group were significantly greater than in the
S. aureus alone group (P<0.05) and increased
compared to the MV group (Figure 6b). Histological
sections of the kidneys and livers did not reveal
injury or neutrophil influx (data not shown).
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Figure 2 Lung chemokines and cytokines. KC in BALF (a) and lung homogenate (b) and MIP-2 in BALF (c) and lung homogenate (d).
TNF-o in BALF (e) and lung homogenate (f). IL-6 in BALF (g) and lung homogenate (h). n=6 mice/group. P<0.05 compared with all
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Laboratory Investigation (2006) 86, 790—799



MV does not Alter Bacterial Clearance and
Dissemination

Bacterial counts were measured from lung homo-
genates in mice that received S. aureus with and
without MV. Lung bacterial clearance was rapid and
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Figure 3 IgM concentration in BALF. n=6 mice/group. P<0.05
compared with all three other groups (*), MV-only and control
groups (1), and S. aureus-only and control groups (#).
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did not differ at 6 or 12 h between the groups (Figure
7a). No bacteria were recovered from the spleen
at 6h; however, at 12h, bacteria were recovered
from the spleen, but recovery was not significantly
different in the MV group (451.7 +94.5 CFU) com-
pared to the nonventilated group (241.6 +66.8 CFU),
(Figure 7b). Similar results were obtained at 6 h with
the E. coli infection groups (data not shown).

Discussion

The goal of this study was to determine whether MV
alters the inflammatory response in a mouse model
of pulmonary bacterial infection. We hypothesized
that MV augments inflammation and lung injury in
bacterial infection. The major findings were that MV
not only augments lung inflammation and injury
but also systemic inflammation and distal organ
dysfunction, without impairment of bacterial clear-
ance. These results validate this murine model as a
clinically relevant in vivo experimental system to
study the cellular and molecular mechanisms that

T
L]
\

2
L XL

Figure 4 Representative photomicrographs of lung sections from control (a), MV-only (b), S. aureus-only (c), and S. aureus+ MV
(d) mice at 12h. Magnification x 60. Panel (d) reveals increased cellularity, predominantly neutrophils, and fibrin stranding in the lung
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Figure 5 Serum cytokines and chemokines: IL-6 (a); KC (b); MIP-2
(c). n=6 mice/group. P<0.05 compared with all three other
groups (*), MV-only and control groups (f), and S. aureus-only
and control groups (#). None detected (ND)—the concentration
of cytokine was below the limits of detection in the assay (KC
<13.1; MIP-2 <5.57; IL-6 <8.2).

play pathogenic roles in both pneumonia and
progression of ALI to MODS.

ALI is an important cause of morbidity and morta-
lity in critically ill patients who receive MV for
respiratory failure resulting from a variety of causes,
including sepsis, pneumonia, and trauma." The
pathogenesis of ALI, however, remains obscure. MV
has been shown to be an important cofactor in the
development of ALL A large randomized clinical
trial has shown that MV strategy impacts overall
mortality in patients with ARDS.?° Specifically, in
patients with established ARDS, higher tidal volume
ventilation was associated with increased mortality
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compared to low tidal volume ventilation.?® Mecha-
nically ventilated patients without evidence of
ARDS are generally placed on MV with conven-
tional tidal volumes of 10-12ml/kg. In a recent
retrospective study, conventional tidal volume MV
in patients without ALI was associated with an
increase in development of ALI compared to low
tidal volume ventilation.?® Determining the role
of MV in the development of pneumonia, ALI, and
MODS is essential for understanding the patho-
genesis of these clinically important disorders.

MV leads to inflammation by altering cellular
processes in the lung via mechanical stress.?*** This
process generally does not occur in healthy indivi-
duals with normal lungs.?**® However, in the setting
of previous injury or infection, MV may lead to
inflammation and injury of the alveolar epithelial
membrane and the development of ALL'**® Several
studies have reported increased levels of proinflam-
matory cytokines in BALF and serum in patients
with ARDS.?”7*° Previous studies have also shown
that MV augments lung inflammation when animals
are primed with either systemic or intratracheal
endotoxin.'®* Whereas these studies are relevant
for patients who aspirate bacterial cell wall products
into the lungs, an important question has been the
effect of mechanical ventilation in actual bacterial
infection.

In this study, the combination of MV and bac-
terial infection resulted in increased pulmonary and
systemic inflammation. Neutrophil counts, MPO
activity, and proinflammatory cytokines from BALF
and lung parenchyma were all increased with the
combination of MV and bacteria. Interestingly, MPO
activity in the lung parenchyma was increased at
6h in the combination group, but the differences
were not significant at 12h, despite an increase in
the number of neutrophils present in the BAL fluid.
This decrease in MPO activity at 12h may result
from diminished neutrophil function as a result of
neutrophil apoptosis.*®

Previous experimental models of bacterial pneu-
monia have shown that injurious MV (21 ml/kg)
leads to the development of ALI, impairs bacterial
clearance, and increases mortality.”> However, in
the present study, which used conventional tidal
volumes, MV did not alter bacterial clearance
(Figure 7a). Bacterial clearance was not affected by
the addition of mechanical ventilation. The inoculum
of bacteria was small, and innate immune defenses in
the lung likely cleared the bacteria fairly rapidly. At
the 6-h time point, most of the bacteria were cleared.
Studies by Skerrett et al have shown that MyD88-
deficient mice with an attenuated cytokine response
to S. aureus are still able to effectively clear the
organism.®*' Another recent study found that MV for
4h with moderate tidal volumes of 8 ml/kg did not
alter the inflammatory response to Pseudomonas
aeruginosa pneumonia.®” Shorter time periods of
ventilation in that study may not have been sufficient
to appreciate the development of lung injury.
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The present study also evaluated the systemic
inflammatory response to bacterial infection and
MV. Serum cytokine concentrations were signi-
ficantly increased in the S. aureus+MV group
(Figures 5a—c). Interestingly, these increases were
not associated with impaired bacterial clearance or
enhanced bacterial dissemination, suggesting that
lung inflammation leads to systemic inflammation
by mechanisms other than the direct effects of live
bacteria (Figures 7a and b).

An increase in systemic cytokines has been
reported both in animal models of lung injury and
in humans with ARDS.?®*® Bacterial products in
the systemic circulation may account for increased
serum cytokine concentrations in certain circum-
stances.’* Bacterial components such as peptidogly-
can of S. aureus and lipopolysaccaride of E. coli
contribute to the proinflammatory process through
initiation of signaling via the toll-like receptor (TLR)
pathway.*>*® Moreover, MV per se may activate
common downstream components of the TLR path-
way, such as nuclear factor kB (NF-«B) or c-Jun
N-terminal kinase (c-JNK), leading to an augment-
ation in the inflammatory response.?”-*®* Oxidative
stress from increased neutrophil activation has also
been purposed as a mechanism of systemic inflam-
mation.*® Currently, the precise mechanisms respon-
sible for MV-induced proinflammatory responses
remain unclear.

Upregulation of inflammatory cytokine responses is
thought to be important for the progression of ALI to
MODS.**** MV leads to the release of these inflam-
matory mediators. Therefore, this study examined
not only the production of proinflammatory cytokines
but also the effect of MV on extra-pulmonary organ
dysfunction. Serum levels of creatinine and ALT,
employed as measures of kidney and liver function
and/or injury, respectively, were increased in the
mechanically ventilated mice (Figure 6a and b).
Apoptosis has also been suggested as a mechanism
for the development of MODS.** Although a previous
study revealed that injurious MV can lead to epithelial
cell apoptosis in the kidney as well as organ dysfunc-
tion in an animal model, the precise mechanisms
involved in the progression of lung injury to extra-
pulmonary organ dysfunction are currently unknown.”

Several issues must be considered when inter-
preting the results of study. The murine model of
lung injury that we have developed results from
live bacterial infection and mechanical ventilation.
The ventilatory parameters simulate reflect settings
used in clinical practice. In mechanically ventilated
patients, positive end-expiratory pressure (PEEP) is
often used to improve oxygenation, presumably via
alveolar recruitment.*®* PEEP was not used in the
experiments performed in the present study; how-
ever, subsequent experiments employing 3 cmH,O
PEEP did not significantly alter the observed results
(data not shown). We have shown in previous
experiments that this MV strategy does not lead
independently to inflammation or lung injury.**
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Perhaps most importantly, this murine model
provides a clinically relevant in vivo experimental
system to study the mechanisms by which MV con-
tributes to the progression of pulmonary bacterial
infection to ALI/ARDS and MODS. The develop-
ment of a murine model simulating the clinical
progression from ARDS to MODS is an important
advance in the field, which will greatly facilitate
detailed studies of the immunopathogenesis of this
common clinical scenario in the intensive care
unit (ICU). Using this model, we have found that
MV with conventional tidal volume augments lung
inflammation and injury in bacterial infection with-
out impairing bacterial clearance or promoting
bacterial dissemination. Furthermore, the combina-
tion of MV and bacterial infection leads to increased
systemic inflammation and distal organ injury.

In summary, the results of this study demonstrate
that conventional MV can contribute to the patho-
genesis of MODS. Understanding the mechanisms
that connect lung inflammation and injury to syste-
mic organ dysfunction is fundamentally important
for the development of rational strategies for the
treatment of sepsis and prevention of its associated
complications, such as ALI/ARDS and MODS.
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