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Hypoxia aggravates lipopolysaccharide-induced lung injury
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Introduction

Summary

The animal model of inflammatory response induced by intratracheal appli-
cation of lipopolysaccharide includes many typical features of acute lung in-
jury or the acute respiratory distress syndrome. A number of experimental
investigations have been performed to characterize the nature of this injury
more effectively. In inflammatory conditions, hypoxia occurs frequently
before and in parallel with pulmonary and non-pulmonary pathological
events. This current study was designed to examine the in vivo effect of
hypoxia as a potentially aggravating condition in endotoxin-induced lung in-
jury. Lipopolysaccharide, 150 ug, was instilled intratracheally into rat lungs,
and thereafter animals were exposed to either normoxia or hypoxia (10%
oxygen). Lungs were collected 2, 4, 6 and 8 h later. Inflammatory response and
tissue damage were evaluated by quantitative analysis of inflammatory cells
and mediators, surfactant protein and vascular permeability. A significantly
enhanced neutrophil recruitment was seen in lipopolysaccharide-animals
exposed to hypoxia compared to lipopolysaccharide-animals under nor-
moxia. This increased neutrophil accumulation was triggered by inflam-
matory mediators such as tumour necrosis factor-oo and macrophage
inflammatory protein-1p, secreted by alveolar macrophages. Determination
of vascular permeability and surfactant protein-B showed enhanced concen-
trations in lipopolysaccharide-lungs exposed to hypoxia, which was absent in
animals previously alveolar macrophage-depleted. This study demonstrates
that hypoxia aggravates lipopolysaccharide injury and therefore represents a
second hit injury. The additional hypoxia-induced inflammatory reaction
seems to be predominantly localized in the respiratory compartment, under-
lining the compartmentalized nature of the inflammatory response.

Keywords: acute lung injury, acute respiratory distress syndrome, endotoxin,
hypoxia, lung inflammation

distress syndrome (ARDS). Although significant advances
have been made in the treatment of these syndromes, mor-

There is increasing evidence that lipopolysaccharide (LPS)
induces an inflammatory response in the lung. Enhanced
expression of numerous mediators such as adhesion mole-
cules, cytokines and chemokines, increase of vascular
permeability and of polymorphonuclear
neutrophils (PMNs) into the extracellular lung matrix and

recruitment

respiratory compartment are characteristics of this inflam-
matory reaction [1-5]. Endotoxin-induced lung injury is a
useful experimental model for the corresponding clinical
situation of acute lung injury (ALI) and acute respiratory

tality associated with ALI/ARDS still exceeds 40% [6,7].
Alveolar macrophages are situated at the air—tissue inter-
face in the lung. During development of an acute inflamma-
tory lung injury, alveolar macrophages play a very important
role upon their activation. It has been shown in several lung
injury models that activated pulmonary macrophages
secrete the cytokines tumour necrosis factor (TNF)-o and
interleukin (IL)-1B as well as the chemokines monocyte
chemoattractant protein-1 (MCP-1) and macrophage
inflammatory protein (MIP)-1f) [8-10]. These cytokines
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and chemokines, together with adhesion molecules, play a
crucial role in the orchestration of an inflammatory
response, particularly in neutrophil recruitment. A possible
relevance of enhanced expression of these inflammatory
mediators could be shown in a large number of inflamma-
tory and antigen-induced models of lung diseases such as
reperfusion-induced lung injury, asthma, lung damage
caused by immunocomplexes and endotoxin-induced lung
injury [4,11-13]. While inflammatory mediators play a
pivotal role in the evolution of acute lung injury, abnormal
surfactant function is thought to have a central role as well
[14].

Recent studies indicate that the occurrence of ALI
increases with multiple risk factors. The concept of parallel
activation of inflammatory processes altering cellular
responses to a given stimulus has experimental support from
cell and animal studies [15-17]. It is known from previous
studies that hypoxia can exert a proinflammatory effect on
the lung [18-20]. Hypoxia, however, is also a potent form of
cardioprotection in ischaemia/reperfusion [21]. To better
understand the role of hypoxia as a potential additional hit,
a rat model of LPS-induced lung injury combined with
exposure to normobaric hypoxia was used, a model which
reflects more clearly a clinical situation. Lung injury was
assessed by determination of accumulation of neutrophils,
capillary leakage, expression of inflammatory mediators and
production of surfactant proteins. The research hypothesis
was that hypoxia enhances inflammatory reactions.

Materials and methods

Animals

All animals were housed in individual isolator cages within
the Animal Care Facilities at the University of Zurich until
the day of experimentation. The experimental protocols
were approved by the Swiss Veterinary Health Authorities.
Male Wistar rats, 250-300 g, were anaesthetized with
Hypnorm® [fentanyl-fluanisone, 0-25 ml/kg subcutaneously
(s.c.)] and Domitor® (medetomidine hydrochloridum,
0-25 ml/kg s.c.) according to a protocol used previously [20].
Immediately after induction of anaesthesia, 150 pug of LPS
were instilled intratracheally in 300 pl phosphate-buffered
saline (PBS) [4]. Hypoxia and LPS-hypoxia animals were
then placed into a hypoxic chamber with decreasing
oxygen concentrations from 21% to 10% within 60 min,
as described previously [20]. Anaesthetized animals were
exposed to 10% oxygen for 2, 4, 6 and 8 h. LPS-normoxia
animals remained at normoxic conditions. Rats were breath-
ing spontaneously. A modest increase (20%) in breathing
rate was observed. As arterial blood gases were not measured
during our studies, no information is available about pCO,
in our model. Rehydration was assured with intraperitoneal
application of ringer lactate (10 ml/kg every 2 h). At pre-
defined time-points, animals were exsanguinated. For

Two-hit lung injury

bronchoalveolar lavage (BAL), 10 ml of cold PBS were gently
instilled into the lungs, withdrawn and re-instilled four
times and collected. For the various experiments (determi-
nation of extravascular albumin, interstitial neutrophil accu-
mulation, expression of transcriptional factors and mRNA of
various genes) different lobes from the lung were used.

Alveolar macrophage depletion

Clodronate-liposomes were prepared as described previ-
ously [20,22]. Briefly, liposomes composed of soy phosphati-
dylcholine (880 mg), cholesterol (132 mg) and DL-o-
tocopherol (5mg) were added to a clodronate solution
(375 mg clodronate in 10 ml, Ostac®, Boehringer Man-
nheim, Germany) by freeze-thawing and filter extrusion.
Unencapsulated clodronate was removed with an Amicon
ultrafiltration cell, followed by size exclusion chromatogra-
phy on a Sephadex G25 column. For the application of lipo-
somes, animals were anaesthetized and placed in a supine
position. The trachea was exposed surgically and a 25-gauge
needle was inserted into the trachea. Control liposomes or
liposomes containing 500 g clodronate were injected in a
volume of 300 ul into the lungs; 72 h later, depletion rate
varied between 70 and 80% [20]. Control animals received
liposomes without clodronate. Before experiments with
clodronate-liposomes were started, different depletion con-
ditions were evaluated. Depletion time was varied between
24 and 72 h, with the most effective depletion observed after
72h. Several concentrations of clodronate were used
(100 pg, 500 ug, 1000 pg, 1500 pg). Optimal depletion was
seen at a dose of 500 pg, whereas with increased concentra-
tions of clodronate enhanced neutrophil accumulation was
observed. This phenomenon of neutrophil recruitment
induced by clodronate is a known observation [23]. Deple-
tion was verified with macrophage staining in bronchoalve-
olar lavage fluid (BALF) and tissue (data not shown).

Bronchoalveolar lavage

Upon collecting lung material, the vascular system of the
lungs was carefully flushed with PBS. Lungs were then lav-
aged four times with 10 ml PBS, always applying a constant
pressure while lavaging. BAL fluid was centrifuged at 400 g.
Supernatant was aliquoted and frozen at —20°C. Cell pellets
from centrifuged BAL fluid were assessed for differential cell
counts using cytospins and Diff-Quick (Dade Behring,
Duedingen, Switzerland).

Tissue myeloperoxidase (MPO) content

In order to determine the parenchymal content of neutro-
phils, a MPO assay was performed as described previously
[20]. Briefly, lungs were flushed and BAL was performed as
described. Lungs were then homogenized in a buffer con-
taining 50 mM potassium phosphate, 0-5% hexadecyltrime-
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thylammonium bromide and 5 mM ethylenediamine tetra-
acetic acid (EDTA), sonicated and centrifuged as described
earlier. Fifty ul of supernatant was added to 1450 ul of assay
buffer, consisting of 100 mM potassium phosphate, o-
dianisidine hydrochloride and 30% H,0,. The reaction was
assayed by UV at 420 nm and the data were evaluated by
measuring the change of optical density over 360 s.

mRNA extraction and reverse transcription polymerase
chain reaction (RT-PCR)

The vascular and respiratory compartments were flushed
before using the lungs for determination of mRNA of
various genes. Total mRNA from lungs was extracted as
described previously and analysed by RT-PCR (Perkin-
Elmer, Branchburg, NJ, USA) [19]. The primers used for
gene analysis are summarized in Table 1. PCR was also per-
formed with 18S primers to ensure equal loading.

Enzyme-linked immunosorbent assay (ELISA)
quantification of TNF-a and in bronchoalveolar lavage
fluid

TNF-o was assessed in the BAL fluid using a standard sand-
wich ELISA purchased from PharMingen, San Diego, CA,
UISA. The minimum detectable concentration of TNF-a
was 15 pg/ml.

Western blot analysis of MIP-1B and surfactant protein-
B in BAL

BAL fluids obtained from all animals were loaded and elec-
trophoresed in a 7-5% sodium dodecyl sulphate (SDS)-
polyacrylamide gel. After separation, the proteins were
transblotted to a nitrocellulose membrane for 1 h at 150 V
(Bio-Rad, Hercules, CA, USA). Equal loading of proteins was
confirmed by Ponceau S staining. The blot was washed in
PBS and blocked with PBS/5% low fat milk/0-1% Tween-20
for 1h at room temperature, followed by an overnight
incubation with a polyclonal rabbit anti-rat MIP-1B or a

polyclonal goat anti-rat surfactant protein-B (SP-B) anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA, USA) in
blocking buffer. All washing steps were performed three
times with PBS/0-1% Tween-20. A secondary horseradish
peroxidase-labelled anti-rabbit or anti-goat IgG (1 : 5000) in
blocking buffer was added for 1 h at room temperature. Sig-
nals were detected by enhanced chemiluminescence.

Albumin ELISA

For detection of albumin in BAL fluid, a sandwich ELISA was
developed as described and modified previously [20,24].
Briefly, a coating carbonate buffer (0-1 M carbonate, pH 9-5)
was used to dilute samples (1:1000) and a standard curve
was created using recombinant rat albumin (RDI, Flanders,
NJ, USA). A 96-well plate was coated with 100 pl/well and
incubated overnight at 4°C. All washing steps (five times
with 200 pl/well) were performed with PBS/0-05% Tween-
20. To block non-specific binding, 3% dry milk in PBS was
added for 1 h at 4°C. A first polyclonal rabbit anti-rat albu-
min antibody (RDI, Flanders, NJ, USA) was diluted in 3%
dry milk/PBS to a concentration of 10 pg/ml and incubated
for 1 h at 4°C (100 ul/well). A secondary horseradish perox-
idase-labelled goat anti-rabbit antibody (Sigma, Buchs, Swit-
zerland) was added to the wells for 1 h at 4°C (100 pl/well).
To develop colour reaction, o-phenylenediamine dihydro-
chloride (OPD) (Sigma) was added to the wells (200 ul/
well). The reaction was stopped with 3 M H,SO, and optical
density (OD) was determined at 492 nm (ELISA reader, Bio-
concept, Allschwil, Switzerland).

Statistical analysis

All experiments were performed at least five times. For each
data point, two groups of five animals each were treated.
ELISA included three replicates with five different animals.
Each data point in the graphs represents mean + standard
error of the mean (s.e.m.). Analysis of variance (ANova) was
performed to assess the statistical significance of differences.
Differences were considered significant when P <0-05.

Table 1. Optimized conditions for reverse transcription-polymerase chain reaction (RT-PCR).

Gene Primers Size of PCR fragments (bp) Thermocycle conditions Tm

ICAM-1 Sense 5-AGG TAT CCA TCC ATC CCA CA-3’ 660 22 cycles 58°C
Antisense 5'-CTT CAG AGG CAG GAA ACA GG-3’

TNF-o Sense 5’-ACT GAA CTT CGG GGT GAT TG-3" 334 29 cycles 57°C
Antisense 5-GTG GGT GAG GAG CAG GTA GT-3’

MCP-1 Sense 5’-TAT GCA GGT CTC TGT CAC GC-3’ 225 28 cycles 56°C
Antisense 5’-TTC CTT ATT GGG GTC AGC AC-3’

MIP-1B Sense 5'-CGT GTC TGC CTT CTC TCT CC-3’ 220 25 cycles 58°C
Antisense 5'-CAC AGA TTT GCC TGC CTT TT-3’

18S Sense 5-TGA GGC CAT GAT TAA GAG GG-3’ 201 24 cycles 57°C

Antisense 5-AGT CGG CAT CGT TTA TGG TC-3"

ICAM-1, intercellular adhesion molecule-1; TNF-c, tumour necrosis factor-o; MCP-1, monocyte chemoattractant protein-1; MIP-1f, macrophage

inflammatory protein-1.
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A expresses the difference at defined time points between
LPS-normoxia and LPS-hypoxia animals.

Results

Hypoxia-, LPS- and LPS-hypoxia-induced lung injury

Hypoxia-induced lung injury data have been published pre-
viously [20]. Those results showed a mild inflammatory
reaction regarding lung injury compared to LPS-induced
lung injury. The relevant data comparing the three different
groups are summarized in Table 2. In hypoxia animals, the
increase of neutrophils in BALF as well as increase of MPO,
TNF-o, MIP-1f, SP-B and albumin quantitatively was small
compared to the group of LPS-animals. Therefore, we
focused on a comparison between LPS and LPS-hypoxia
animals.

Interstitial neutrophil accumulation

To test the hypothesis of a combined injury of LPS-hypoxia
leading to enhanced neutrophil recruitment compared to
LPS-normoxia, lung MPO was determined. An increase of
MPO was seen at 2, 4, 6 and 8 h in LPS-normoxia and LPS-
hypoxia animals compared to control animals (Fig. la).
When comparing LPS-normoxia animals with LPS-hypoxia
animals, a significant difference in MPO was seen at 2, 4 and
6 h with higher MPO values in the LPS-hypoxia group with
a difference of 80% at 2 h (P <0-05), 80% at 4h (P<0-01)
and 78% at 6 h (P <0-01).

Two-hit lung injury

The impact of the presence of alveolar macrophages on
neutrophil accumulation in the very early injury was studied
through macrophage depletion. Alveolar macrophages
were eliminated with intratracheally applied clodronate-
liposomes 72 h before LPS-injury. LPS-normoxia and LPS-
hypoxia animals were evaluated after 2 and 6 h of injury
(Fig. 1b,c). As described above, in LPS-hypoxia animals pre-
treated with control liposomes MPO increased compared to
LPS-normoxia animals with control liposomes. In LPS-
hypoxia animals without alveolar macrophages, however,
this additional hypoxia-induced interstitial neutrophil influx
was not observed (LPS-hypoxia control liposomes compared
with LPS-hypoxia clodronate P < 0-01 for 2 h and P <0-001
for 6 h). Thus, the presence of alveolar macrophages appears
to be critical for enhanced neutrophil accumulation under
LPS-hypoxia.

Neutrophil accumulation in the respiratory
compartment

After airway instillation of 150 g LPS into rats and exposure
to normoxia or 10% hypoxia, cell accumulation in BAL fluid
was evaluated from 2 h to 8 h after stimulation. As shown in
Fig. 2a, the number of neutrophils rose from 1-6 x 10° cells/
ml in control rats to a peak of 86-3 x 10° cells/ml at 6 h in
LPS-normoxia rat lungs (P < 0-005 compared to control ani-
mals), and to 1350 X 10° cells/ml at 6 h in LPS-hypoxia
lungs, respectively (P <0-0001 compared to control ani-
mals). The following difference was calculated between LPS-
normoxia versus LPS-hypoxia animals: at 2 h, 22 x 10° cells/

Table 2. Summary: hypoxia-, lipopolysaccharide (LPS)- and LPS-hypoxia-induced lung inflammation.

Neutrophils in BALF MPO TNF-o MIP-1B (% SP-B (% albumin
(x10%ml) (arbitrary units) (pg/ml) relative increase) relative increase) (ng/ml)
2h
Control 0-2£0-7 1-0£0-0 26:3+£1-6
Hypoxia 0-5£09 1-8£0-2 1220-6 £ 456 No increase No increase 43-1+51
LPS 10-4+2-3 2:3+£0-5 4224-7+ 592 104-6 +12-3 123-4 +15-7 819+ 48
LPS-hypoxia 31-8 £2-6%* 4-1+0-5* 9800-5 £ 130-8** 104-0 £ 13-5 3354+ 12:9* 958+ 1-6
4h
Control 0-5£0-5 1-0£0-0 19-7 £56
Hypoxia 0-5x0:0 1-53+£0-1 320-5+ 154 No increase 63114 61-2+2.7
LPS 335+126 4-3%£06 1294-2 +269-5 214-7+£9:6 575-8 + 354 114-6 +20-0
LPS-hypoxia 750 + 14-4 7-8 +0-3%* 4124-5 + 409-3* 3152+ 15-3* 7899 £ 26-5* 236-0 £ 17-0*
6h
Control 0-8£0-5 1-0£0-0 36:6 £ 10-4
Hypoxia 0-7£0-0 1.7£0-1 2206 £ 94 No increase 103-2£9-4 39-3+£0-8
LPS 863 £8-0 5-1+0-4 910-3 £ 106-1 380-8 £13-2 5556 = 25-4 218-:3+29-8
LPS-hypoxia 135-4 + 5-4** 8:1£0-7* 4622-2 +990-3* 555:6 & 45:2* 840-4 + 30-5* 349-9 £ 7.2*
8h
Control 0-8+0-6 1-0+0-0 16:3 +3-6
Hypoxia 0-3£0-0 1.7£0-1 220-6 £ 94 No increase 103-2£9-4 39-3£0-8
LPS 72:3£80 42+1-1 1016-3 £ 211-7 280-5+10-5 865-5+ 10-4 43-7+2:9
LPS-hypoxia 89-5+20:0 47+14 1466-8 +1123-7 445-9 222 989-5+ 3-1* 111-4 £ 12-6*

LPS, lipopolysaccharide: *P < 0-05 LPS compared to LPS-hypoxia. BALF, brochoalveolar lavage fluid: **P < 0-01 LPS compared to LPS-hypoxia.

MPO, myeloperoxidase. TNF-0., tumour necrosis factor-c.. MIP-13, macrophage inflammatory protein-1f. SP-B, surfactant protein B.
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Fig. 1. (a) Determination of myeloperoxidase (MPO) activity as a mea-
sure of parenchymal neutrophil content. Lipopolysaccharide (LPS),
150 g, was instilled intratracheally and animals were exposed to nor-
moxia or hypoxia for 2, 4, 6 and 8 h. Lungs were lavaged; the right lung
of each animal was removed and homogenized in sample buffer. Optical
density was measured at 420 nm over 360 s. The value for control ani-
mals was defined as 1 and all other values were adapted. Values are mean
+s.e.m. from five animals. *P < 0-05, **P < 0-01 between LPS-normoxia
and LPS-hypoxia animals. (b) Determination of MPO activity as a
measure of parenchymal neutrophil content. Animals were pretreated
with control liposomes (co lip) or clodronate-liposomes (clodr); 72 h
later 150 ug lipopolysaccharide (L) was instilled intratracheally and ani-
mals were exposed to either normoxia (N) or hypoxia (H) for 2 h. Values
are mean * s.e.m. from five animals. (c) Determination of myeloperox-
idase (MPO) activity as a measure of parenchymal neutrophil content.
Animals were pretreated with control liposomes (co lip) or clodronate-
liposomes (clodr); 72 h later 150 ug lipopolysaccharide (L) was instilled
intratracheally and animals were exposed to either normoxia (N) or
hypoxia (H) for 6 h. Values are mean * s.e.m. from five animals.

(a)

150 - *
— [ LPS normoxia
o Il LPS hypoxia
X
©
S 100 .
-
<
o
£
(2]
= 50 -
o *k
<
5
(]
= J

0

co 2 4 6 8
Time (h)
(b)
25
°N
o
X 20 —E
8
=
3 15 ¢
<
M
£
o 10F P < 0-001
=
Q.
o 5 +
5
(3]
z
0
L+N+ L+N+ L+H+ L+H+
co lip clodr co lip clodr
(c)
150
= B
X
°
2 100
-
<
M
£ P < 0-001
»
Zz 50
Q.
o
5
(]
z
0
L+N+ L+N+ L+H+ L+H+
co lip clodr co lip clodr

Fig. 2. (a) Total cell count in bronchoalveolar lavage (BAL) fluid.
Lipopolysaccharide (LPS), 150 pg, was instilled intratracheally and ani-
mals were exposed to normoxia or hypoxia for 2, 4, 6 and 8 h. Lungs
were lavaged and cells from BAL fluid were analysed using cytospins
and Diff-Quick staining. Values are mean + s.e.m. from five animals.
*P < 0-05 and **P < 0-01 between LPS-normoxia and LPS-hypoxia ani-
mals. (b) Total cell count in BAL fluid. Animals were pretreated with
control liposomes (co lip) or clodronate-liposomes (clodr); 72 h later
150 pug LPS (L) was instilled intratracheally and animals were exposed
to either normoxia (N) or hypoxia (H) for 2 h. Values are mean * s.e.m.
from five animals. (c) Total cell count in BAL fluid. Animals were pre-
treated with control liposomes (co lip) or clodronate-liposomes (clodr);
72 hlater 150 pglipopolysaccharide (L) was instilled intratracheally and
animals were exposed to either normoxia (N) or hypoxia (H) for 6 h.
Values are mean + s.e.m. from five animals.
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ml (120%) (P<0-01), at 4h, 41x10° cells/ml (164%)
(P<0-05) and at 6 h, 49 x 10° cells/ml (57%) (P < 0-01).
The kinetics of neutrophil recruitment observed in BAL
fluid of macrophage-depleted animals were similar to inter-
stitial neutrophils (Fig. 2b,c). Respectively, in 2 h, 6 h LPS-
hypoxia animals with alveolar macrophages neutrophil
count in BAL fluid was 20 x 10° cells/ml (135 x 10° cells/ml),
while upon macrophage depletion neutrophil count
remained in a range with 7-:3 x 10° cells/ml (50 x 10° cells/
ml) (P<0-001 for 2 and 6h): the same cell count was
observed in LPS-hypoxia animals without alveolar macroph-
ages as in LPS-normoxia animals with alveolar macrophages.

mRNA expression of inflammatory mediators in
whole lung

Due to the apparent involvement of the respiratory compart-
ment in the inflammatory process of this two-hit injury, we
were interested, furthermore, to evaluate a potential role of
the interstitial compartment. To reveal a difference of mRNA
expression between the LPS-normoxia and LPS-hypoxia ani-
mals, lavaged lungs were homogenized at time-points 2, 4, 6
and 8 h. RT-PCR and gel electrophoresis were performed to
determine mRNA for possibly active inflammatory media-
tors such as ICAM-1, TNF-o,, MCP-1 and MIP-1f in whole
lung (Fig. 3). mRNA was then quantified through densito-
metry (data not shown). Although there was an increase in
mRNA expression within the LPS-normoxia and LPS-
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s’ - 4 + + + + + R
hypoxia — - + - + - + - +
ICAM-1 - e e - s - -
TNF-o . 5 e B S o &8 -
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Fig. 3. Changes in expression of intercellular adhesion molecule-1
(ICAM-1), tumour necrosis factor-o. (TNF-a), monocyte chemoattrac-
tant protein-1 (MCP-1) and macrophage inflammatory protein-1
(MIP-1B) mRNA in lipopolysaccharide (LPS)-normoxia and LPS-
hypoxia animals. LPS, 150 ug, was instilled intratracheally and animals
were exposed to normoxia or hypoxia for 2, 4, 6 and 8 h. Lungs were
lavaged, and whole lung RNA was extracted. Reverse transcription-
polymerase chain reaction (RT-PCR) was performed according to the
primers and annealing thermocycle conditions shown in Table 1. Equal
loading was shown with 18S bands.

Two-hit lung injury

hypoxia group, no intergroup difference was detected during
the time course.

TNEF-a content in bronchoalveolar lavage fluid

TNF-o is a known inflammatory mediator responsible for
neutrophil recruitment. The concentration of this cytokine
was determined in BAL fluid and related to the presence of
neutrophils (Fig. 4a). No TNF-o was detectable in BAL fluid
of control PBS animals. In LPS-normoxia animals TNF-a
concentration peaked with 4224 pg/mlat 2 h (P <0-05 com-
pared to control animals). For the LPS-hypoxia group the
concentrations at 2 h was 9800 pg/ml (P < 0-0001 compared
to control animals). Therefore, additional exposure to
hypoxia led to an increased concentration of TNF-ot in BAL
fluid at 2 h (A=5576 pg/ml, P<0-01), at 4 h (A=2830 pg/
ml, P<0-05) and 6 h (A=3712 pg/ml, P < 0-05).

To elucidate further the role of the presence of TNF-a
secreted by alveolar macrophages in the respiratory com-
partment, lungs were evaluated after depletion of alveolar
macrophages. As shown in Fig. 4b and ¢, TNF-o. concentra-
tion in 2 h and 6 h LPS-hypoxia animals decreased signifi-
cantly compared to LPS-hypoxia animals with alveolar
macrophages (P < 0-001). Without alveolar macrophages the
same amount of TNF-o was found in LPS-hypoxia animals
than in LPS-normoxia animals with alveolar macrophages.
These data strongly suggest that alveolar macrophages are
the source of TNF-o secretion in LPS injury under addi-
tional stimulation by hypoxia.

MIP-1f3 content in BALF

LPS-normoxia and LPS-hypoxia animals demonstrated
enhanced increase with a peak at 6 h of injury (Fig. 5a). LPS-
hypoxia animals, however, showed higher concentrations
between 4 h and 8 h than LPS-normoxia animals (at 4 h
A=110%, at 6h A=180% and at 8h A=160%, all
P <0-05).

Elimination of alveolar macrophages did not affect the
response in MIP-1f expression within and between the LPS-
normoxia and LPS-hypoxia group at 2 h (figure not shown).
At 6 h, MIP-1B expression in macrophage-depleted LPS-
hypoxia animals was similar to the findings in LPS-normoxia
animals with macrophages (P < 0-01 LPS-hypoxia animals
without alveolar macrophages compared to LPS-hypoxia
animals with alveolar macrophages) (Fig. 5b).

Effect of LPS and hypoxia on surfactant protein-B

Surfactant proteins are essential for full expansion of the
alveoli. SP-B was determined to evaluate whether additional
hypoxia might influence SP-B production. Western blot
analysis for SP-B showed an increase in LPS-normoxia ani-
mals of 120% at 2 h up to 860% at 8 h, compared to LPS-
hypoxia animals with an increase of 340% up to 1000% at
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the same time-points (Fig. 6a). LPS-hypoxia values were sig-
nificantly higher than LPS-normoxia with A=220% at 2 h,
A=210% at 4h, A=280% 6h and A=140% at 8h
(all P-values < 0-05).

As shown in Fig. 6b and ¢, alveolar macrophages depletion
affected SP-B concentrations in BAL fluid of LPS-hypoxia
animals. The additional hypoxia-induced secretion of SP-B
in LPS-hypoxia animals with alveolar macrophages was not
observed in LPS-hypoxia animals without alveolar macroph-
ages (for 2 h P<0-05, for 6 h P<0-01).

Fig. 4. (a) Tumour necrosis factor-o. (TNF-o.) protein concentration
in bronchoalveolar lavage (BAL) fluid of lipopolysaccharide (LPS)-
normoxia and LPS-hypoxia animals. LPS, 150 ug, was instilled intratra-
cheally and animals were exposed to normoxia or hypoxia for 2, 4, 6
and 8 h. Lungs were lavaged, and TNF-o was determined using a
standard enzyme-linked immunosorbent assay (ELISA). Values are
mean + s.e.m. from five animals. *P < 0-05 and **P < 0-01 between LPS-
normoxia and LPS-hypoxia animals. (b) TNF-o protein concentration
in BAL fluid of alveolar macrophage-competent and -depleted animals,
exposed to lipopolysaccharide (LPS)-normoxia and LPS-hypoxia. Ani-
mals were pretreated with control liposomes (co lip) or clodronate-
liposomes (clodr); 72 h later 150 pg LPS (L) was instilled intratracheally
and animals were exposed to either normoxia (N) or hypoxia (H) for
2 h. TNF-o was determined using a standard ELISA. Values are mean +
s.e.m. from five animals. (c) TNF-a protein concentration in BAL fluid
of alveolar macrophage-competent and -depleted animals, exposed to
LPS-normoxia and LPS-hypoxia. Animals were pretreated with control
liposomes (co lip) or clodronate-liposomes (clodr); 72 h later 150 ug
LPS (L) was instilled intratracheally and animals were exposed to either
normoxia (N) or hypoxia (H) for 6 h. TNF-o was determined using a

standard ELISA. Values are mean * s.e.m. from five animals.
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Effect of LPS and hypoxia on capillary leakage

Exposure of LPS-animals to hypoxia had also a significant
effect on capillary permeability. Figure 7a shows albumin
concentrations in BAL fluid. Control animals showed a con-
centration of 40-3 ng/ml. Capillary leakage peaked at 6 h
with 218 ng/ml in the LPS-normoxia animals compared
to 350 ng/ml in the LPS-hypoxia animals. The leakage
was significantly higher in LPS-hypoxia compared to
LPS-normoxia animals (4 h: A=121 ng/ml, P<0-05; 6 h:
A =132 ng/ml, P <0-05; 8 h: A=67 ng/ml, P <0-05).

Macrophage depletion did not affect capillary leakage at
2 h of injury (figure not shown). However, at 6 h after injury
(Fig. 7b), albumin concentration in BAL fluid of LPS-
hypoxia animals without alveolar macrophages was similar
to LPS-normoxia animals with alveolar macrophages
(P<0-01 LPS-hypoxia animals without alveolar macroph-
ages compared to LPS-hypoxia animals with alveolar
macrophages).

In summary, the joint action of LPS and hypoxia results in
a more than additive effect when comparing LPS and
hypoxia with LPS-hypoxia values.

Discussion

Current knowledge about the role of hypoxia in LPS-induced
lung inflammation is limited. The present study underlines
the aggravating effect of hypoxia on acute endotoxin-
induced lung injury in vivo. The damage in endotoxin-
induced lung injury is characterized by increased expression
of inflammatory mediators, extensive neutrophil accumula-
tion and increased vascular permeability. The main findings
of this study provide evidence that hypoxia has a substantial
effect on LPS-induced inflammation, increasing the magni-
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tude of lung injury. Macrophage depletion was performed in
order to test the research hypothesis that alveolar macroph-
ages might be key effector cells in this two-hit injury. Based
on the present results, alveolar macrophages appear to play
an important role in modulating the severity of injury.
Animal studies mimicking human ALI have been useful to
provide valuable observations regarding the mechanisms
underlying the pathogenesis of this injury. However, the
endotoxin-induced lung injury model in animals has its lim-
itations in reflecting a human clinical syndrome such as ALI
or ARDS. The presence of multiple predisposing disorders in

Two-hit lung injury

Fig. 5. (a) Macrophage inflammatory protein-1f (MIP-1f) protein
determination in bronchoalveolar lavage (BAL) fluid of lipopolysaccha-
ride (LPS)-normoxia and LPS-hypoxia animals. LPS, 150 g, was
instilled intratracheally and animals were exposed to normoxia or
hypoxia for 2, 4, 6 and 8 h. Lungs were lavaged, and proteins were
electrophoresed on a sodium dodecyl sulphate-polyacrylamide gel and
transblotted to a nitrocellulose membrane. The blot represents one of
five experiments. Densitometry was performed. Value for control ani-
mals was defined as 1 and all other values were adapted. Values are mean
* s.e.m. from five animals. *P < 0-05 between LPS-normoxia and LPS-
hypoxia animals. (b) MIP-1f protein concentration in BAL fluid of
alveolar macrophage-competent and -depleted animals, exposed to
LPS-normoxia and LPS-hypoxia. Animals were pretreated with control
liposomes (co lip) or clodronate-liposomes (clodr); 72 h later 150 pug
LPS (L) was instilled intratracheally and animals were exposed to either
normoxia (N) or hypoxia (H) for 6 h. BAL fluid proteins were electro-
phoresed on a SDS-polyacrylamide gel and transblotted to a nitrocellu-

lose membrane. The blot represents one of five experiments.

4
9

patients substantially increase the risk for ALL Direct pul-
monary disorders such as pneumonia, aspiration or pulmo-
nary contusion as well as non-pulmonary risk factors such as
sepsis or severe trauma with shock are well-known risk con-
stellations [25]. It was suggested in a workshop from the
NHLBI Working Group that two-hit models might be more
appropriate to reflect common comorbidities and risk fac-
tors in patients [26]. Recent studies have supported the
hypothesis of a ‘two-hit’ model in the pathogenesis of lung
injury: an initial insult priming for subsequent organ dam-
age in response to a second stimulus. This has been observed
in haemorrhagic shock and also in a model of acid aspiration
in combination with sepsis. In these models it was possible to
show an enhanced inflammatory answer upon the two hits
[24,27-29]. Most convincingly, our results demonstrated
that hypoxia, in combination with another injury, has to be
considered as an inductor of enhanced inflammatory reac-
tions. In addition, there is evidence from earlier studies that
alveolar pO, is a potent immunomodulatory signal, whose
reductions early after endotoxaemia enhance lung inflam-
mation in ARDS, corroborating our data [30].
LPS-normoxia produced an increase of 400% in neutro-
phil accumulation compared to control PBS-normoxia ani-
mals, which is consistent with previous observations [4]. A
combination of LPS and hypoxia, however, resulted in a
700% increase of lung neutrophils, which represents an
almost twofold neutrophil influx in the presence of hypoxia.
Activated PMNs are known to release neutral proteases,
such as leucocyte elastase or myeloperoxidase, and they also
produce oxygen metabolites. These mediators are mainly
responsible for decomposition of alveolar matrix in associa-
tion with several pulmonary diseases. It is known in the
ARDS that neutrophil sequestration and migration within
the lung remain histological hallmarks of this lung injury
[31,32]. Agorreta et al. demonstrated enhanced nitric oxide
synthase-2 expression in LPS-hypoxia-injured lungs [17].
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Therefore, hypoxia might further contribute to the develop-
ment of acute lung injury or ARDS. Although this two-hit
injury model reflects a possible clinical situation much more
effectively, it has its limitations. A wide variety of different

Fig. 6. (a) Surfactant protein-B (SP-B) protein determination in bron-
choalveolar lavage (BAL) fluid of lipopolysaccharide (LPS)-normoxia
and LPS-hypoxia animals. LPS, 150 pg, was instilled intratracheally and
animals were exposed to normoxia or hypoxia for 2, 4, 6 and 8 h. Lungs
were lavaged, and proteins were electrophoresed on a sodium dodecyl
sulphate-polyacrylamide gel and transblotted to a nitrocellulose mem-
brane. The blot represents one of five experiments. Densitometry was
performed. Value for control animals was defined as 1 and all other
values were adapted. Values are mean * s.e.m. from five animals.

*P < 0-05 between LPS-normoxia and LPS-hypoxia animals. (b) SP-B
protein concentration in BAL fluid of alveolar macrophage-competent
and -depleted animals, exposed to LPS-normoxia and LPS-hypoxia.
Animals were pretreated with control liposomes (co lip) or clodronate-
liposomes (clodr); 72 h later 150 pg LPS (L) was instilled intratracheally
and animals were exposed to either normoxia (N) or hypoxia (H) for
2 h. BAL fluid proteins were electrophoresed on a sodium dodecyl
sulphate-polyacrylamide gel and transblotted to a nitrocellulose mem-
brane. The blot represents one of five experiments. (c) SP-B protein
concentration in BAL fluid of alveolar macrophage-competent and
-depleted animals, exposed to LPS-normoxia and LPS-hypoxia. Animals
were pretreated with control liposomes (co lip) or clodronate-liposomes
(clodr); 72 h later 150 pg LPS (L) was instilled intratracheally and ani-
mals were exposed to either normoxia (N) or hypoxia (H) for 6 h. BAL
fluid proteins were electrophoresed on a sodium dodecyl sulphate-
polyacrylamide gel and transblotted to a nitrocellulose membrane.
The blot represents one of five experiments.
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factors causes ARDS, while our model deals only with locally
applied LPS.

Macrophage depletion by intratracheal application of
dichloromethylene  diphosphonate-(Cl,MDP)-liposomes
(clodronate liposomes) as phagolysozymes is a well-
established method [33]. Phagocytosis of clodronate-
liposomes has been shown to result in the selective elimina-
tion of macrophages at a rate of up to 80% However, it is
known that a mild accumulation of neutrophils is induced
directly by this procedure [23]. This observation was also
confirmed in our study. In addition, it is obvious that the
number of cells in BAL fluid is much higher in liposome
studies. A potential contamination of liposomes with endot-
oxin was excluded using a limulus test. Application of lipo-
somes in this model might slightly trigger an inflammation,
although mechanisms are not clear.

LPS has been shown to stimulate increased production of
TNF-o in the lung. Xing et al. found that increased levels of
whole lung TNF-o were present after 30 min of LPS-induced
lung injury and peaked within 6 h [34]. At an early time-
point alveolar macrophages were the major source of TNF-o,
while at later time-points neutrophils were the predominant
cell, releasing TNF-o. In 2 h LPS-normoxia animals of this
study, TNF-o. in the respiratory compartment seems to be
macrophage-independent. This is a surprising finding, as
most of the depletion studies showed a response of TNF-a.
upon macrophage depletion [23,35,36]; but all these studies
focused at later time-points of an injury, and therefore
no information exists about this very early phase of the

256 © 2005 British Society for Immunology, Clinical and Experimental Immunology, 141: 248-260



D
&

400

= [1 LPS normoxia *

% Il LPS hypoxia

(=

= 300

o *

8

€

® 200 f

c

o

o *

£

g 100

Ee)

<

o L1
co 2 4 6 8
Time (h)
(b)
350 1

£ 300 | En

>

£ L

s 250

';3 200 F mET P <0-01

<

8 150

8

c 100 r

S

3 50

<

0

L+N+ L+N+ L+H+ L+H+
co lip clodr co lip clodr

Fig.7. Enzyme-linked immunosorbent assay (ELISA) for albumin con-
tent in bronchoalveolar lavage (BAL) fluid. Lipopolysaccharide (LPS),
150 ug, was instilled intratracheally and animals were exposed to nor-
moxia or hypoxia for 2, 4, 6 and 8 h. Lungs were lavaged and albumin
was analysed in BAL fluid. Values are means + s.e.m. from five animals.
*P < 0-05 between LPS-normoxia and LPS-hypoxia animals. (b) ELISA
for albumin content in BAL fluid of alveolar macrophage-competent
and -depleted animals, exposed to LPS-normoxia and LPS-hypoxia.
Animals were pretreated with control liposomes (co lip) or clodronate-
liposomes (clodr); 72 h later 150 ug LPS (L) was instilled intratracheally
and animals were exposed to either normoxia (N) or hypoxia (H) for
6 h. The blot represents one of five experiments.

inflammation. In addition, different experimental models
were used. At 6 h of LPS injury, however, alveolar macroph-
ages seem to be the major source for TNF-o. To verify the
role of alveolar macrophages in the two-hit injury, alveolar
macrophage depletion was performed and TNF-o content in
BAL fluid was analysed at 2 h and 6 h of inflammation. At
both time-points, TNF-o was thoroughly secreted by these
effector cells, underlining the pivotal role of these cells.
Previous studies have shown that the chemoattractant
MIP-1B might be involved in neutrophil recruitment in
acute lung injury [10]. At 2 h of LPS-hypoxia injury MIP-1§
expression, however, was not congruent with neutrophil
recruitment. There were significantly more neutrophils
recruited in hypoxia-LPS than in normoxia-LPS animals,

Two-hit lung injury

while MIP-1B concentrations in BAL fluid were similar in
both groups. Interestingly, at 6 h after injury, MIP-1B could
be a driving force for neutrophil accumulation secreted
by alveolar macrophages as MIP-1f concentration was
decreased in alveolar macrophages depleted LPS-hypoxia
animals compared to LPS-normoxia animals.

In many injury models, ICAM-1 plays a key role in medi-
ating neutrophil adhesion to endothelial cells and thereby
triggering transmigration of neutrophils to the site of
inflammation [37,38]. MCP-1 is an important chemoattrac-
tant, not only for mononuclear cells but also for neutrophils,
as shown previously [39-41]. Interestingly, in our model
expression of both inflammatory mediators in whole lung
were not enhanced in LPS-hypoxia compared to LPS-
normoxia, assuming that they were not involved in the
additional neutrophil recruitment upon LPS-hypoxia injury.

An interesting observation was the fact that injury param-
eters decreased after 6 h of injury. Acute lung injury com-
prises a complex cascade of inflammatory reactions. Upon
stimulation — as shown in this study — different inflamma-
tory mediators are up-regulated. Beside activation of proin-
flammatory mediators, expression of mediators with anti-
inflammatory characteristics such as IL-10 is also triggered
[42]. The observed decrease of injury in the hypoxia, LPS
and LPS-hypoxia model might reflect a role of the latter.

The results of these experiments suggest strongly that
release of the inflammatory mediator TNF-o by alveolar
macrophages in the respiratory compartment appears to be
critical for additional neutrophil accumulation in LPS-
hypoxia animals compared to LPS-normoxia animals. As
shown previously in a model of acute hypoxia-induced lung
inflammation, alveolar macrophages play a central role upon
decreased levels of oxygen [20]. In vitro data from Hempel
et al. have demonstrated that exposure of alveolar macroph-
ages to hypoxia increased LPS-stimulated expression of the
cytokines IL-1 and TNF-o [43]. Leeper-Woodford et al. also
observed altered cytokine secretion in vitro in alveolar mac-
rophages and indicated that acute exposure to hypoxia up-
regulated LPS-induced TNF-a release from lung macroph-
ages [44]. Our in vivo results not only support these previous
in vitro observations that hypoxia induces increased TNF-a.
release, but also demonstrate alveolar macrophages to be the
major source of this cytokine in this experimental system of
two-hit injury.

With the depletion of alveolar macrophages it was possible
to show that other cells than alveolar macrophages are
involved in the inflammatory response upon stimulation
with LPS or exposure to hypoxia as a significant production
of mediators was observed even after macrophage depletion.
An important contribution can be expected from alveolar
epithelial cells as previously shown [19,45]. Although not
defined as effector cells, they produce cytokines, chemokines
and adhesion molecules. Therefore, it can be implied that
respiratory epithelial cells also play an important role in the
LPS-hypoxia-induced injury.
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There is a complex interaction of cytokines and vascular
permeability in acute lung injury. TNF-a has a wide range of
biological pathological properties that include changing the
integrity of endothelium [46,47]. In in vitro studies TNF-o
increased permeability of endothelial and epithelial cell
monolayers [48,49]. Our data at 6h confirm that the
observed changes in permeability in LPS-hypoxia compared
to LPS-normoxia animals could be linked to macrophage-
derived TNEF-oL.

The present studies demonstrate that inflammatory reac-
tions in the lung might be compartmentalized events. No
difference in cytokine and chemokine expression in the
interstitial space was measured between LPS-normoxia and
LPS-hypoxia animals. However, in the respiratory compart-
ment, LPS-hypoxia animals had higher concentrations of
inflammatory mediators than LPS-normoxia animals. Lung
compartmentalization as evidenced by cell recruitment or
cytokine production has also been hypothesized by other
authors [13,50].

Alveolar stability is maintained by the formation and
maintenance of a surfactant film at the air-liquid interface of
the alveolus. Key components of this film are phospholipids
associated with surfactant protein such as SP-B. The present
findings show an enhanced SP-B accumulation in LPS-
hypoxia animals compared to LPS-normoxia animals. Sim-
ilar data of increased levels of SP-B upon injury were also
shown in lungs exposed to silica and hyperoxia [51-54]. In
endotoxin-induced lung injury, Sugahara et al. confirmed
these results with enhanced mRNA expression for SP-B in
alveolar epithelial type II cells [55]. On the other side,
Ingenito et al. showed a clear decrease of SP-B protein con-
centration in BAL fluid of LPS-injured animals [56]. How-
ever, the two studies used very different LPS doses and
modes of administration. In addition, different time-points
were evaluated. Increases of SP-B in LPS-hypoxia compared
to LPS-normoxia animals in our study may most probably
reflect increased SP-B secretion in order to counteract the
more accentuated injury with LPS and alveolar hypoxia [57].

In summary, parameters of lung injury such as inflamma-
tory mediators, neutrophil recruitment and permeability
increased in a model of ALI combining LPS-induced injury
with exposure to hypoxia. We suggest that this model of a
two-hit injury reflects more clearly the situation of human
ALI with common comorbidities and risk factors. Although
neutrophils predominate in this lung injury, alveolar mac-
rophages seem to have a critical role.
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