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Stress preconditioning attenuates oxidative injury to the
alveolar epithelium of the lung following haemorrhage in

rats
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Inhibition of cAMP-dependent stimulation of vectorial fluid transport across the alveolar
epithelium following haemorrhagic shock is mediated by reactive nitrogen species released within
the airspaces of the lung. We tested here the hypothesis that the prior activation of the cellular heat
shock or stress response, via exposure to either heat or geldanamycin, would attenuate the release of
airspace nitric oxide (NO) responsible for the shock-mediated failure of the alveolar epithelium to
respond to catecholamines in rats. Rats were haemorrhaged to a mean arterial pressure of
30-35 mmHg for 60 min, and then resuscitated with a 4% albumin solution. Alveolar fluid
clearance was measured by change in concentration of a protein solution instilled into the airspaces
5h after the onset of haemorrhage. Stress preconditioning restored the cAMP-mediated
upregulation of alveolar liquid clearance after haemorrhage. The protective effect of stress
preconditioning was mediated in part by a decrease in the expression of iNOS in the lung.
Specifically, stress preconditioning decreased the production of nitrite by endotoxin-stimulated
alveolar macrophages removed from haemorrhaged rats or by A549 and rat alveolar epithelial type
IT cell monolayers stimulated with cytomix (a mixture of TNF-e, IL-14 and IFN-7y) for 24 h. In
summary, these results provide the first in vivo evidence that stress preconditioning restores a
normal fluid transport capacity of the alveolar epithelium in the early phase following

haemorrhagic shock by attenuating NO-mediated oxidative stress to the lung epithelium.
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Major trauma associated with haemorrhagic shock is one
of the most important causes of acute lung injury and
pulmonary oedema in critically ill patients (Hudson et al.
1995). Upregulation of alveolar epithelial fluid transport by
endogenous catecholamines is a major mechanism that
prevents alveolar flooding following septic or haemorrhagic
shock (Pittet et al. 1994, 1996; Modelska et al. 1997).
However, after severe haemorrhage, this protective
mechanism is compromised by the development of an
inflammatory response mediated by neutrophils that
accumulate in the lung (Modelska e al. 1999). Sequestration
of neutrophils in the lung causes the release of oxygen
radicals, proinflammatory cytokines (tumour necrosis
factor-a (TNF-o) and interleukin-14 (IL-14)) and nitric
oxide (NO) through the activation of inducible NO synthase
(iNOS) (Pittet et al. 2001). The production of a large amount
of NO during sustained haemorrhagic shock may contribute
to lung damage via two different pathways: (a) NO may
further activate the inflammatory cascade via the activation
of nuclear factor kB (NF-«B) that stimulates recruitment
and sequestration of more neutrophils to the lung
(Hierholzer et al. 1998); (b) NO may inhibit f-adrenergic
receptor and ion channel activities in the lung epithelium

through the production of peroxynitrite, a strong oxidant
that arises due to the reaction between NO and superoxide
(Pittet et al. 2001). Thus NO released within the airspaces
secondary to the NF-«xB-dependent activation of iNOS is
one of the major proximal mediators of the oxidant-
mediated decrease in the fluid transport capacity of the
alveolar epithelium after prolonged haemorrhagic shock.

The heat shock or stress response is a highly conserved
defence mechanism characterized by the increased
expression of stress proteins that provide cellular protection
via increased chaperone activity (Morimoto et al. 1990;
Minowada & Welch, 1995). Activation of the stress
response by mild hyperthermia allows cells to withstand a
subsequent metabolic insult that would otherwise be
lethal, a phenomenon referred to as ‘thermotolerance’ or
‘preconditioning’. Recent experimental work indicates that
an important feature of the stress response in the lung is
the modulation of the inflammatory response by transient
inhibition of the expression of pro-inflammatory mediators.
For example, activation of the stress response inhibited
cytokine-mediated iNOS expression in rat pulmonary
smooth muscle cells (Wong et al. 1996) and murine lung
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epithelium without affecting the expression of constitutively
expressed genes, such as those of surfactant proteins (Wong
et al. 1997a). Therefore we hypothesized that the activation
of the stress response could decrease the release of NO within
the airspaces of the lung following haemorrhagic shock. This
is turn would lead to a decrease in the oxidative stress
experienced by the alveolar epithelium and potentially
restore a physiological response of this lung barrier to
catecholamines following haemorrhage.

Our first objective was to determine whether stress
preconditioning with whole body hyperthermia or
geldanamycin, a benzoquinone ansamycin that activates
stress protein expression (Hedge et al. 1995), would prevent
the shock-mediated failure of the alveolar epithelium to
respond to catecholamines. Stress preconditioning with
whole body hyperthermia or geldanamycin did indeed
help to restore the cAMP-mediated upregulation of
alveolar liquid clearance after haemorrhage.

We have recently reported that the inability to increase
alveolar epithelial fluid transport in response to
catecholamines was mediated by the release of NO within
the airspaces of the lung after haemorrhagic shock in rats
(Pittet eral. 2001). In addition, both alveolar macrophages
and alveolar epithelial cells have been shown to be a major
source of NO production within the airspaces of the lung
(Warner et al. 1995). Thus the second objective was to test
the hypothesis that stress preconditioning would attenuate
the production of NO both in vivo and in vitro. Stress
preconditioning decreased the production of nitrite by
endotoxin-stimulated alveolar macrophages removed
from haemorrhaged rats or by A549 and rat alveolar
epithelial type II cell monolayers stimulated with cytomix
(a mixture of TNF-a, IL-14 and IFN-y) for 24 h. These
results provide the first in vivo evidence that stress
preconditioning restores a normal fluid transport capacity
of the alveolar epithelium in the early phase following
haemorrhagic shock by attenuating NO-mediated
oxidative stress to the lung epithelium.

METHODS

The protocol for these studies was approved by the University of
California at San Francisco (UCSF) Animal Research Committee.

Lungbarrier function studies

Surgical preparation. Male Sprague-Dawley rats weighing
300-350 g were anaesthetized with pentobarbitone sodium
(60 mg kg ™' 1.p.), and anaesthesia was maintained with 30 mg kg ™'
of pentobarbitone sodium .. every 2 h. An endotracheal tube
(PE 220) was inserted through a tracheostomy. The rats were
maintained in lateral decubitus position and were mechanically
ventilated with a constant-volume pump (Harvard, Millis, MA,
USA) throughout the experiment. The rats were ventilated with
an inspired oxygen fraction of 1.0, peak airway pressure of
8-12 cmH,0 supplemented with a positive end-expiratory pressure
of 3 cmH,0. The respiratory rate was adjusted to maintain a P, oo,
between 35 and 40 mmHg. During the experiment, the level of
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anaesthesia was constantly monitored for signs of distress,
response to noxious pinch, arterial hypertension and changes in
arterial blood gases to determine whether additional doses of
anaesthetic were necessary, as done previously (Modelska et al.
1997, 1999). At the end of the experiment, an additional dose of
anaesthetic was given and the animals were killed by transection of
the abdominal aorta.

Vascular and alveolar protein tracers, 'I- and '*I-labelled human
albumin, were used as previously described (Modelska et al. 1997,
1999). At the end of the experiment, an alveolar fluid sample from
the distal airspaces (0.1-0.2 ml) was obtained by gently passing
the sampling catheter (PE-50 catheter, 0.5 mmi.d.) into a wedged
position in the instilled area of the left lower lobe. After
centrifugation, the total protein concentration and the
radioactivity of the liquid sampled were measured. The right and
left lungs were homogenized separately for water : dry weight ratio
measurements and radioactivity counts.

Specific protocols

Group 1. Effect of prolonged haemorrhagic shock and fluid
resuscitation (n =20). The rats were haemorrhaged and
resuscitated in order to determine the effect of haemorrhagic
shock and fluid resuscitation on fluid transport across the lung
epithelium. Five hours after the onset of haemorrhagic shock,
3mlkg" of the 5% bovine albumin solution with 1 uCi of
'”I-labelled albumin were instilled into the left lung (1 = 6). Since
there was no upregulation of alveolar fluid clearance after
haemorrhagic shock, adrenaline was added to the protein solution
instilled into the distal airspaces at a concentration of 107 M
(n=05). This concentration of intra-alveolar adrenaline has
previously been shown to be sufficient to upregulate alveolar fluid
clearance in pilot experiments. The first series of control studies
included rats that underwent the same surgical preparation, were
studied for the same period of time, but were neither
haemorrhaged nor fluid resuscitated (n = 6). The second series of
control studies included rats that were not haemorrhaged nor
fluid resuscitated, but had their distal airspaces instilled with an
albumin solution containing 10~ M adrenaline for the last hour of
the experiment (n = 3).

Group 2. Stress preconditioning with heat (n =15). Stress
preconditioning was induced with whole body hyperthermia by
slowly increasing the rectal temperature of anaesthetized (1.p.
pentobarbitone) rats to 42 °C with heating lamps and heating pads
16 h before onset of haemorrhage. The rectal temperature was
maintained at 42 °C for 20 min, then the rats were slowly cooled to
a physiological body temperature. Haemorrhagic shock and fluid
resuscitation were performed as described previously (n=5).
Controls studies included rats that were neither haemorrhaged
nor fluid resuscitated, but were preconditioned with whole body
hyperthermia and were instilled with a protein solution
containing adrenaline (10°M) (n=4). In pilot experiments
(n = 6), we found that activation of the stress response with whole
body hyperthermia did not affect basal alveolar fluid clearance in
rats.

Group 3. Stress preconditioning with geldanamycin (n = 14).
Stress preconditioning was induced with geldanamycin
(1mgkg" 1.p. 48 and 24 h before onset of haemorrhage).
Haemorrhagic shock and fluid resuscitation were performed as
described previously (n = 4). Controls studies included rats that
were neither haemorrhaged nor fluid resuscitated, but were
preconditioned with geldanamycin and were instilled with a
protein solution containing adrenaline (10~ M) (1 = 4). In pilot
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experiments (n=6), we found that activation of the stress
response with geldanamycin did not affect basal alveolar fluid
clearance in rats.

Measurements

Haemodynamics, pulmonary gas exchange and protein
concentration. Systemic arterial, central venous and airway
pressures were continuously measured. Arterial blood gases were
measured at 1h intervals. Samples from the instilled protein
solution, from final distal airspace fluid, and from initial and final
blood were collected to measure total protein concentration with
an automated analyser (AA2 Technicon, Tarrytown, NY, USA).

Albumin flux across endothelial and epithelial barriers. Two
different methods were used to measure the flux of albumin across
the lung endothelial and epithelial barriers, as done previously
(Pittet et al. 1994; Modelska et al. 1997, 1999). The first method
measures residual '“I-labelled albumin (the airspace protein
tracer) in the lungs as well as accumulation of '*I-labelled
albumin in plasma. The second method measures "*'I-labelled
albumin (the vascular protein tracer) in the extravascular space of
the lungs (Pittet et al. 1994; Modelska et al. 1997,1999).

Alveolar fluid clearance. Changes in the concentration of the
non-labelled bovine albumin and the instilled '*’I-labelled
albumin over the study period (1 h) were used to measure fluid
clearance from the distal airspaces, as done previously (Pittet et al.
1994; Modelska et al. 1997, 1999). There is a good correlation
between the changes in the concentration of instilled non-labelled
bovine albumin and '*’I-labelled albumin.

Tracer binding measurement. To determine '®I binding to
albumin, trichloracetic acid (20 %) was added to all tubes, which
were then centrifuged to obtain the supernatant for measurement
of free "I radioactivity. The results are expressed as a percentage
of the unbound 'I radioactivity to the total amount of
P labelled albumin radioactivity instilled. These fluid samples
always had less than 1 % of unbound iodine present.

Production of nitrite by alveolar macrophages

To determine the effect of stress preconditioning on the
production of nitrite by alveolar macrophages after prolonged
shock, a first series of experiments included rats (n = 4) that were
haemorrhaged and fluid resuscitated as described above. Then the
rats were exsanguinated and their lungs inflated to total lung
capacity with sterile phosphate-buffered saline (PBS, 10 ml) and
lavaged once.

A second series of experiments included rats that were
preconditioned with whole body hyperthermia (n=4) 16h
before they underwent prolonged haemorrhagic shock and fluid
resuscitation using the protocol described above. At the end of the
experiments, the lungs were inflated to total lung capacity with
sterile PBS (10 ml) and lavaged once.

Control studies included: (1) rats (n=4) that were neither
haemorrhaged nor fluid resuscitated and had their airspaces
lavaged once at the end of the studies with sterile PBS (10 ml);
(2) rats that were preconditioned with whole body hyperthermia
but were neither haemorrhaged nor fluid resuscitated and had
their airspaces lavaged once at the end of the studies with sterile
PBS (10 ml).

In all experiments, the lavage samples were then centrifuged at
800¢ for 10 min at 4°C to remove cells, and quickly frozen at
—70°C. The cell pellet was resuspended in 1 ml of sterile red blood
cell lysis buffer (Sigma, USA) for 10 min at room temperature.

Preconditioning and oxidative epithelial injury 585

The cells were again recovered by centrifugation at 800¢ for
10 min at 4 °C. Then viable cells were counted and a small aliquot
was removed for cytospin and cell differential staining
(Diff-Quick, Dade Diagnostics, Aguada, PR, USA). Cell
concentration was adjusted by dilution in serum-free RPMI-1640
medium (UCSF Cell Culture Facility) to 5 x 10° cells mI™" and
equal numbers of cells (1 x 10°) were plated on 96-well tissue
culture plates (Falcon, Lincoln Park, NJ, USA). Cells were treated
with a range of lipopolysaccharide concentrations from 0 to
10 ng ml™" (E. coli 055:B5, Sigma). The alveolar macrophages were
then incubated at 37°C (5% CO,) for 24 h and cell supernatants
were collected. Nitrite production was quantified in the harvested
supernatant using a modified Griess Reagent (Sigma) with
measurement of visible light absorption at 540 nm. Results are
expressed as nitrite production (#M) over 24 h x 10° cells.

Production of nitrite by A549 and alveolar epithelial type II
cell monolayers

A549 cells, an alveolar epithelial cell line, were plated at a
concentration of 1.0 x 10° cells cm™ and maintained in a room
air-5% CO, incubator at 37°C using DMEM-H21 medium
containing 10% fetal calf serum and penicillin/streptomycin
(Gibco BRL). Rat alveolar epithelial type IT (ATII) cells were
isolated by elastase digestion and selective adhesion plating on rat
immunoglobulin G, as done previously (Folkesson et al. 1996).
The cells were plated onto tissue culture-treated wells at a
concentration of 1.0 x 10° cells cm™ in DMEM-H21 medium
with 10% fetal calf serum and penicillin/streptomycin (Gibco
BRL). Twenty-four hours later, A549 and ATII cell monolayers
were stress preconditioned with heat (43 °C for 60 min for A549
cells and 30 min in for ATII cells). In each series of experiments,
we verified the activation of the stress response by measuring the
expression of the heat shock protein Hsp72 in cell monolayers by
Western blotting. Cell monolayers recovered for 12 h at 37°C,
then were stimulated by a mixture of pro-inflammatory cytokines
(cytomix) (IL-18, TNF-a, IFN-y) at a concentration of
10 ngml™" for 24 h (Boehringer Mannheim, Indianapolis, IN,
USA). This concentration of cytomix induced a significant
increase in the production of nitrite by ATII cell monolayers
without increasing cell death measured by Trypan Blue exclusion
assay or dimethylthiazol-diphenyl tetrazolium bromide (MTT)
assay (Gutierrez et al. 1995). Nitrite production was quantified in
the harvested supernatant using a modified Griess Reagent
(Sigma) with measurement of visible light absorption at 540 nm.
Results are expressed as nitrite production (4m) over 24 h x 10°
cells.

Transient transfection and luciferase assay

To determine whether stress preconditioning would affect NF-«<B
regulation in response to pro-inflammatory stimuli, A549 or ATII
cells were transiently transfected with a plasmid in which the
luciferase gene was driven by three tandem NF-«B binding motifs
followed by a minimal interferon-y promoter (3NF-«B-Luc, a
kind gift from Dr H. Wong, University of Cincinnati, Cincinnati,
OH, USA). This plasmid has previously been demonstrated to be a
sensitive tool for specifically evaluating NF-«B activation (Wong
etal. 1997).

Cells were transfected in triplicate, in 6-well plates, at a density of
300000 cells per well by incubation with cationic liposomes
(Fugene, Roche Biochemicals, Indianapolis, IN, USA) for 48 h in
DMEM. Then the cells were exposed to a mixture of pro-
inflammatory cytokines (TNF-a, IL-1f, IEN-y; Boehringer
Mannheim) or its vehicle at a concentration of 10 ng ml™".
A group of cells were stress preconditioned with heat (43 °C for
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Table 1. Effect of preconditioning either with heat or geldanamycin on changes in mean systemic arterial pressure
in control and haemorrhaged rats

Before End of Before End of
Baseline shock shock instillation  experiment

Experimental conditions n (mmHg) (mmHg) (mmHg) (mmHg) (mmHg)
No preconditioning
Controls—no shock 6 101 £7 106 £7 100 £ 4 9+4 103£5
Controls + alveolar adrenaline 3 105+ 6 102£6 108 £ 4 100 £5 108 £7
Haemorrhagic shock 6 110£5 108 £3 35+ 4% 103£6 102£9
Haemorrhagic shock + alveolar adrenaline 5 108 +5 105+ 6 36 = 4* 97 +5 101 +5
Stress preconditioning with heat
Controls + alveolar adrenaline 4 105£5 108 £ 6 104 £ 4 98+£5 102 £ 12
Haemorrhagic shock + alveolar adrenaline 5 108 + 7 102 + 4 37 £ 5* 99 + 4 99+5
Stress preconditioning with geldanamycin
Controls + alveolar adrenaline 4 114 £5 97 £4 106 £3 100£3 101 £4
Haemorrhagic shock + alveolar adrenaline 4 114+ 8 103+ 8 36 + 2% 102 £5 107 £5

Data are given as means * S.E.M.; *P < 0.05 vs. baseline.

60 min for A549 cells and 30 min for ATII cells) 12 h before
exposure to pro-inflammatory cytokines. Twenty-four hours
later, cellular proteins were extracted and analysed for luciferase
activity according to the manufacturer’s instructions (Promega)
using a luminometer. Luciferase activity was corrected for total
cellular protein and reported as fold-induction over the control
cells (cells that were transfected and treated with cytokine vehicle
alone).

Western blot measurements (iNOS, Hsp72)

Lungs from haemorrhaged and control rats that underwent or did
not undergo stress preconditioning with either whole body
hyperthermia or geldanamycin (# = 5 in each group) were thawed
in a tissue homogenization buffer, homogenized and the samples
were immediately boiled for 5 min at 95-100 °C. Then the samples
were centrifuged at 14 000 gat 4 °C for 30 min and the supernatant
was quickly frozen at =70 °C.

A549 or ATII cell monolayers were lysed, centrifuged at 14000g at
4°C for 30 min and the supernatant was quickly frozen at —=70°C.
The protein concentration of lung tissue and cell lysates was
measured using the bicinchoninic acid assay kit with bovine serum
albumin as the standard (Pierce Chemical Co., Rockford, IL, USA).
A portion of the lung tissue or cell lysate was then boiled in Laemmli
sample buffer for 5 min at 95-100°C prior to loading 5 ug (Hsp72)
or 25 pug (iNOS) of total protein per lane on a 10 % Tris-glycine SDS-
polyacrylamide gel. The electrophoretically separated proteins were
subsequently transferred to nitrocellulose membranes, which were
blocked with 5% milk protein in PBS for 120 min. To detect iNOS
protein, nitrocellulose membranes were immunoblotted using a
commercially available 1:500 or 1:1000 dilution of a monoclonal
anti-mouse iNOS antibody overnight at 4°C (Transduction
Laboratories, Lexington, KY, USA). The blot was then incubated
with horseradish peroxidase-labelled goat anti-mouse immuno-
globulin (dilution 1:2000). To detect Hsp72 protein, nitrocellulose
membranes were immunoblotted using a 1:1500 dilution of a
monoclonal anti-mouse Hsp72 antibody for 1h (gift from W.J.
Welch, UCSF). The blot was then incubated with horseradish
peroxidase-labelled goat anti-rabbit immunoglobulin (dilution

1:2000). Protein bands were visualized using a chemiluminescence
method (SuperSignal, Pierce Chemical Co.) and quantified using a
digital image analysis system (Chemilmager, Alpha Innotech).

Myeloperoxidase activity assay

Myeloperoxidase (MPO) activity in the lung was measured using a
modification of the method described by Mullane et al. (1985) as
done previously (Modelska et al. 1997).

Statistics

All data are summarized as means * s.e.M. One-way analysis of
variance and the Fisher’s exact f test were used to compare
experimental and control groups. A P value of <0.05 was
considered statistically significant.

RESULTS

Haemorrhagic shock decreases alveolar epithelial
fluid transport

In order to induce haemorrhagic shock, 39 £ 2% of the
blood volume was withdrawn (9.8 £ 0.6 ml of blood),
causing systemic arterial hypotension (Table 1) and
metabolic acidosis (Table 2) at the end of the ischaemic
phase of shock. In addition, there was a significant 3-fold
increase in the lung MPO activity in rats that were
haemorrhaged and fluid resuscitated compared with
controls (Fig. 2) . In contrast, arterial Po, and Pco, were not
statistically different between the experimental groups
throughout the study (data not shown).

Haemorrhagic shock was associated with a failure of the
alveolar epithelium to increase vectorial fluid transport in
response to catecholamines, despite the absence of any
increase in the alveolar epithelial permeability to protein.
Protein flux ('*I-labelled albumin) from the airspaces to
the plasma was comparable in haemorrhaged and control
rats (0.5 % 0.1 vs. 0.6 = 0.2%, n.s.). The final-to-initial
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Table 2. Effect of preconditioning either with heat or geldanamycin on changes in arterial pH and calculated base
deficit in control and haemorrhaged rats

Baseline End of haemorrhagicshock  End of experiment
Experimental conditions n pH BE pH BE pH BE
No preconditioning
Controls—no shock 6 7.41 +£0.02 1.1+£0.6 7.39%0.02 09+0.7 738%+0.01 1.8%£0.8
Controls + alveolar adrenaline 3 7424003 05+£03 7.41%0.03 1.0£04 7.39£0.02 20=x1.0
Haemorrhagic shock 6 7.44 £0.02 1.2+06 7.24+0.01* -133+1.0* 739+0.05 24=*1.3
Haemorrhagic shock + alveolar adrenaline 5  7.41+0.02 1.0+05 7.25+0.02% -12.3+1.2% 740+0.03 20+1.2
Stress preconditioning with heat
Controls + alveolar adrenaline 4 743+10.02 05%0.8 7.40 £ 0.03 07+0.7 739%+0.02 05*+14
Haemorrhagic shock + alveolar adrenaline 5  7.42+0.04 0.6+05 7.26+0.02* -12.0+1.4* 740£0.02 13+£0.38
Stress preconditioning with geldanamycin
Controls + alveolar adrenaline 4 741+£001 0.8%0.5 7.41£0.04 09+04 7.38+0.02
Haemorrhagic shock + alveolar adrenaline 4 ~ 7.43+£0.02 0.7+05 7.23+0.04* -13.2+1.2% 7.40+0.02

Data are given as means + s.E.M.; *P < 0.05 vs. controls. BE, base excess.

distal airspace unlabelled protein concentration did not
increase in haemorrhaged rats, despite adding adrenaline
to the instilled protein solution in order to maximize the
response of f-adrenergic receptors (Table 3). In contrast,
the expected normal increase in airspace unlabelled
protein concentration did occur in control rats instilled
with a protein solution containing adrenaline (Table 3).
In response to catecholamines, alveolar fluid clearance
significantly increased in control rats, but not in

haemorrhaged rats (Fig. 3A). Comparable values were
obtained when alveolar fluid clearance was measured with
the ®I-labelled albumin (control rats: 31 + 2 to 43 = 1 %,
P <0.05; haemorrhaged rats: 34 £2 to 32 £ 3%, n.s.).
Finally, haemorrhagic shock was associated with a small
increase in lung endothelial permeability to protein, as
indicated by the significant increase in extravascular
plasma equivalents of non-instilled lung in haemorrhaged
rats compared with controls (Table 4).

Alveolar Fluid
Whole Body Hemorrha.gic Shock . Instillation
Hyperthermia (60 min ) Fluid
y (420C) Sur'gery I Resuscitation 131 I-albumin 125 I-albumin
20 min (30 min ) ‘
16 h 30 min ” 3h 30 min 60 min
baseline
B Alveolar Fluid
Geldanamycin Hemorrhagic Shock I‘Ilfs‘:i;;ti 011111
(1 mg/kg i.p.) (60 min ) Fluid
Surgery Resuscitation ! [_albumin '* I-albumin
l (30 min)
: @&
24 h 24 h 30 min 3h 30 min 60 min

Figure 1. Schematics outlining the general experimental protocols used in the studies

See Methods section for further explanation.
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Table 3. Effect of preconditioning either with heat or geldanamycin on alveolar fluid protein concentration
after haemorrhagic shock

Alveolar protein concentration (g (100 m1)™)

Experimental conditions n Initial Final F/Iratio
No preconditioning

Controls—no shock 6 4.50 £0.12 6.45£0.22 1.37 £ 0.05
Controls + alveolar adrenaline 3 4.40 £0.30 7.05£0.30 1.59 + 0.07*
Haemorrhagic shock 6 4.42 +0.07 6.02 £ 0.15 1.34 £ 0.02
Haemorrhagic shock + alveolar adrenaline 5 4.44 +0.04 5.98 £0.12 1.32 £ 0.03
Stress preconditioning with heat

Controls + alveolar adrenaline 4 4.42+0.12 6.99 £0.15 1.58 £ 0.03*
Haemorrhagic shock + alveolar adrenaline 5 4.39 £ 0.02 6.45+0.13 1.48 + 0.02%F
Stress preconditioning with geldanamycin

Controls + alveolar adrenaline 4 4.37 £0.12 6.63 £ 0.15 1.54 + 0.02*
Haemorrhagic shock + alveolar adrenaline 4 4.40 +£0.07 6.52 £ 0.11 1.49 +0.03%t

Data are given as means + s.E.M.; F/I ratio: final over initial alveolar protein concentration ratio;
*P < 0.05 vs. controls, TP < 0.05 vs. shock.

Stress preconditioning with heat or geldanamycin
restores normal alveolar epithelial fluid transport
after haemorrhagic shock

Recent work indicates that activation of the cellular stress
response in the lung results in the modulation of the
inflammatory response (Wong et al. 1997a—d). Thus our
second series of experiments was designed to determine
whether stress preconditioning, either with whole body
hyperthermia or via pharmacological activation of the
stress response (geldanamycin), would attenuate the
shock-mediated failure of the alveolar epithelium to
respond to catecholamines. Rats preconditioned with heat
or geldanamycin (as described in Fig. 1) underwent a
haemorrhagic shock similar to that of non-pretreated rats.
The quantity of blood removed, systemic arterial hypo-
tension, metabolic acidosis and calculated base deficit of
the arterial blood at the end of the ischaemic phase of
haemorrhagic shock were comparable in all experimental
groups (Tables 1 and 2). However, stress preconditioning

Control :'—1
Shock
Control Heat i—«
Hemorrhagic Heat |
ShOCk ] ea 1 1 = 1 1

]
0 2 4 6 8 10 12

Myeloperoxidase
(units/g lung tissue)

with heat was associated with a significant reduction in the
lung MPO activity compared with haemorrhaged, but
non-preconditioned rats (Fig. 2).

Stress preconditioning with heat or geldanamycin was
associated with a significant increase in the expression of
Hsp72 protein in the lung (Figs 4 and 5). Vectorial fluid
transport across the alveolar epithelium was not affected
by stress preconditioning in control non-haemorrhaged
rats (data not shown). Moreover, stress preconditioning
preserved the ability of the alveolar epithelium to
upregulate vectorial fluid transport in response to
catecholamines in control rats (Table 3, Fig. 3A and B).
Comparable values were found when alveolar fluid
clearance was measured with '*I-labelled albumin (data
notshown).

Activation of the cellular stress response restored the
normal catecholamine-mediated upregulation of alveolar

Figure 2. Increase in the lung
myeloperoxidase (MPO) activity following
haemorrhage is significantly reduced by
stress preconditioning with heat

MPO activity (mean + s.E.M.) is shown for control
(n = 4) and haemorrhaged rats (n = 4) that were or
were not stress preconditioned with heat (42 °C for
20 min, 16 h before haemorrhage). *P < 0.05 from
control rats; **P < 0.05 from haemorrhaged and
resuscitated rats that were not stress preconditioned
with heat.
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Table 4. Preconditioning either with heat or geldanamycin attenuates lung endothelial permeability to protein
after haemorrhagic shock

Experimental condition n Extravascular PE (ml)
No preconditioning

Controls —no shock 6 0.07 £ 0.01
Controls + alveolar adrenaline 3 0.08 £ 0.01
Haemorrhagic shock 6 0.30 + 0.08*
Haemorrhagic shock + alveolar adrenaline 5 0.28 £ 0.07*
Stress preconditioning with heat

Controls + alveolar adrenaline 4 0.06 = 0.02
Haemorrhagic shock + alveolar adrenaline 5 0.10 £ 0.03
Stress preconditioning with geldanamycin

Controls + alveolar adrenaline 4 0.07 £ 0.03
Haemorrhagic shock + alveolar adrenaline 4 0.11 £0.02

Data are given as means * s.e.M. Extravascular PE, extravascular plasma equivalents. *P < 0.05 from controls. Lung
endothelial permeability to protein was measured as accumulation of the vascular tracer “'I-labelled albumin in
extravascular spaces of the non-instilled lung, and was expressed as extravascular plasma equivalents.

liquid clearance in haemorrhaged rats (Table 3, Fig. 3A
and B). Comparable values were found when alveolar fluid
clearance was measured with '*I-labelled albumin (whole
body hyperthermia: 33 £2 to 42 + 3 %; geldanamycin:
33+2 to 41 £3%). This protective effect was not
observed when haemorrhaged rats were pretreated with

Figure 3. Stress preconditioning restores the
ability of alveolar epithelium to respond to
catecholamines by upregulating alveolar
fluid clearance after haemorrhage

Rats were anaesthetized and then either subjected to
whole body hyperthermia (42 °C for 20 min 12-16 h
before onset of haemorrhage) or injected with
geldanamycin (1.p., 1 mg kg™', 48 and 24 h before
onset of haemorrhage). Half of the animals were left
untreated while the other half were subjected to
haemorrhagic shock as described in Methods.
Measurement of alveolar liquid clearance was
performed as described in Methods. A, alveolar fluid
clearance (% ofinstilled liquid) (mean * s.e.m.) is
shown for control and haemorrhaged rats that were
or were not pretreated with whole body
hyperthermia; B, alveolar fluid clearance (% of
instilled liquid) (mean + s.e.m.) is shown for control
and haemorrhaged rats that were or were not
pretreated with geldanamycin; *P < 0.05 from
haemorrhaged and resuscitated rats that did not
receive any adrenaline in their airspaces.

L.p. DMSO, the vehicle by which geldanamycin was
delivered (data not shown). Finally, stress preconditioning
with heat or geldanamycin also significantly attenuated the
increase in lung endothelial permeability to protein in
haemorrhaged rats (Table 4).
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Stress preconditioning attenuates the release of NO

by alveolar macrophages and alveolar epithelial cells
We have recently reported that the inability to increase
alveolar epithelial fluid transport in response to a cAMP-
dependent stimulation was mediated by the release of NO
within the airspaces of the lung after haemorrhage in rats
(Pittet, 2001). Therefore, our third series of experiments
was to test the hypothesis that stress preconditioning with
heat or geldanamycin would attenuate the shock-
mediated expression of iNOS protein in the lung. As is
shown in Fig. 6, stress preconditioning with either
whole body hyperthermia or geldanamycin did indeed
significantly reduce the expression of iNOS protein in the
lung of haemorrhaged rats. Hence a restoration of the
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Figure 4. Stress preconditioning via whole
body hyperthermia leads to increased
expression of Hsp72 protein in the lung

Rats were left untreated or preconditioned via whole
body hyperthermia. Some of the animals were then
subjected to haemorrhagic shock. Animals were
killed, the lungs removed and then examined for their
expression of Hsp72 by Western blotting. A, Western
blot analysis for Hsp72. One representative lung is
shown for each experimental condition. Three
additional experiments gave comparable results.

B, densitometry analysis of four comparable Western
blots for detection of Hsp72 protein showed a
significant increase in the expression of Hsp72
protein in lung homogenate from rats that
underwent whole body hyperthermia compared with
non-pretreated rats; *P < 0.05 from control rats that
did not receive any pretreatment; **P < 0.05 from
haemorrhaged and resuscitated rats that did not
receive any pretreatment.

cAMP-dependent upregulation of alveolar fluid clearance
in haemorrhaged rats that have been stress preconditioned
with whole body hyperthermia or geldanamycin may be
due, in part, to reduced iNOS expression.

Alveolar macrophages and alveolar epithelial cells have
both been shown to be a major source of NO production
within the airspaces of the lung (Warner et al. 1995). Thus
in our fourth series of experiments we examined whether
stress preconditioning would attenuate the production of
NO in either alveolar macrophages or rat alveolar
epithelial type II cells.

Rats were left untreated or preconditioned via whole body
hyperthermia as described above. Some of the animals

Figure 5. Stress preconditioning using
geldanamycin leads to increased expression of
Hsp72in the lung

Rats were left untreated or injected with geldanamycin.
Then the animals were killed and the lungs, liver and
kidneys were removed and examined for their expression
of Hsp72 by Western blotting. Equal amounts of total
protein were applied to the gel. A, Western blot analysis
for Hsp72 protein in control rats that have or have not
been pretreated with geldanamycin. One representative
experiment is shown for each experimental condition.
Three additional experiments gave comparable results.

B, densitometry analysis of four comparable Western blots
for detection of Hsp72 protein showed a significant
increase in the expression of Hsp72 protein in lung
homogenate from rats that were pretreated with
geldanamycin compared with non-pretreated rats;

*P < 0.05 from control rats that did not receive any
pretreatment; **P < 0.05 from the values measured in the
lung.
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Figure 6. Stress preconditioning with whole
body hyperthermia or geldanamycin results in
an attenuation of iNOS protein levels in the
lung

Rats were left untreated or preconditioned via whole
body hyperthermia or geldanamycin. Some of the
animals were then subjected to haemorrhagic shock.
Animals were killed, the lungs removed and then
examined for their expression of iNOS by Western
blotting. A, Western blot analysis for iNOS protein in
control and haemorrhaged rats that have or have not
been pretreated with whole body hyperthermia or
geldanamycin. One representative experiment is shown
for each experimental condition. Four additional
experiments gave comparable results. B, densitometry
analysis of five comparable Western blots for detection
of iNOS protein showed a significant reduction in the
expression of INOS protein in lung homogenate from
stress preconditioned and haemorrhaged rats compared
with non-pretreated haemorrhaged rats; *P < 0.05 from
control rats that did not receive any pretreatment;

**P < 0.05 from haemorrhaged and resuscitated rats
that did not receive any pretreatment.

were then subjected to haemorrhagic shock. Animals were
killed, alveolar macrophages were recovered from
bronchoalveolar lavage (BAL) fluid and were cultured ex
vivo for 24 h with or without stimulation with lipo-
polysaccharide (LPS; 0, 0.01, 0.1, 1 and 10 ng ml™"). There
was a significant increase in the production of nitrite, one
of the major end-products of NO metabolism, by alveolar
macrophages removed from haemorrhaged rats 6 h after
onset of haemorrhagic shock and then cultured ex vivo for
24 h in the presence of increasing concentrations of LPS.
Stress preconditioning significantly decreased this LPS-
induced production of nitrite by the alveolar macrophages
(Fig. 7).

In order to determine if stress preconditioning attenuates
NO production in alveolar epithelial cells, we utilized

Figure 7. Stress preconditioning with whole body
hyperthermia attenuates the increase in nitrite
production following endotoxin stimulation of
alveolar macrophages from haemorrhaged rats

Rats were left untreated or preconditioned via whole body
hyperthermia. Some of the animals were then subjected to
haemorrhagic shock. Animals were killed, alveolar
macrophages were recovered from BAL fluid and were
cultured ex vivo for 24 h with or without stimulation with
LPS(0,0.01,0.1, 1 and 10 ng ml™"). Nitrite production
(um per 24 h) (mean * s.e.M.) is shown for control (O)
and haemorrhaged and resuscitated rats (@), and control
(O) and haemorrhaged and resuscitated rats (m)
pretreated with whole body hyperthermia; *P < 0.05 from
control rats.
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A549 cells, a human alveolar epithelial cell line, as well as
primary cultures of rat ATII cells. A549 and ATII cell
monolayers were stimulated for 24 h with cytomix (a
mixture of TNF-«, interferon-y and IL-1£), an in vitro
model representative of the oxidative stress to the alveolar
epithelium observed after haemorrhagic shock. There was
a 5- to 6-fold increase in the production of nitrite, a stable
end-product of NO, in the medium of both cell
monolayers 24 h after stimulation with cytomix (Fig. 8A
and B). Under these conditions, cell death measured
by Trypan Blue exclusion was less than 29%. Stress
preconditioning with heat reduced, by 50 and 70 %,
respectively, the production of nitrite by A549 and ATII
cell monolayers (Fig. 84 and B). That cell exposure to heat
was effective in eliciting a stress response was confirmed by

501
—O— Controls

40- —— Heat *
—@— Shock

—&— Heat + Shock

%)
'

Nitrite production
(uM/24h)
[\e]
e

5

0 0.01 0.1 1 10
LPS (ng/ml)




592 J.F. Pittet, L. N. Lu, T. Geiser, H. Lee, M. A. Matthay and W. J. Welch J. Physiol. 538.2

A -

Control j

Cytomix *
(10 ng/ml)

Figure 8. Stress preconditioning reduces

Control Heat cytokine-stimulated nitrite production by
A549 or primary cultures of rat alveolar
Cytomix T}— . s epithelial type Il cell monolayers
(10 ng/ml) + . . ' Control cells were maintained in basal growth media.
0 100 200 300 400 Cytokine-treated cells were exposed to a mixture of

pro-inflammatory cytokines (TNF-a, IL-14, IFN-y)

Nitrite content for 24 hata concentration of 10 ng ml™". A group of

6
B (pg/ml/10° cells) cells were stress preconditioned with heat (43 °C for
- 60 min for A549 cells and 30 min for ATII cells) 12 h
Control i before exposure to pro-inflammatory cytokines.

Nitrite production in the cell culture medium 24 h

Cytomix after exposure to cytomix or its vehicle is shown for

(10 ng/ml) _ * cell monolayers that were (1 = 4) or were not stress
preconditioned (n = 4) with heat. *P < 0.05 from

controls; **P < 0.05 from cell monolayers that were

Control :l‘ Heat exposed to cytomix, but not stress preconditioned

with heat.
Cytomix '- x % Heat
(10 ng/ml) T T T T 1
0 100 200 300 400 500
Nitrite content
(ng/ml/10° cells)
A B
Positive control Positive control
70kDa- =~ - - - —
300 - * 500 - *
=3 250 EE 400
*g'g 200 - *gg 00
= J
22 150 1 28
%E 100 4 §=.s 209
RE AE 100 ’—\
50 4
Heat Shock - + Heat Shock - +
(60 min) (30 min)

Figure 9. Increased expression of Hsp72 protein production by A549 or primary cultures of
rat ATl cell monolayers after stress preconditioning with heat

Control cells were maintained at 37°C. A group of cells were stress preconditioned with heat (43 °C for
60 min for A549 cells and 30 min for ATII cells) 12 h before being harvested. A, Western blot analysis for
Hsp72 protein expression in A549 cell monolayers that were or were not stress preconditioned with heat.
One representative experiment is shown for each experimental condition. Three additional experiments gave
comparable results. B, Western blot analysis for Hsp72 protein expression in primary cultures of rat ATII cell
monolayers that were or were not stress preconditioned with heat. One representative experiment is shown
for each experimental condition. Three additional experiments gave comparable results; *P < 0.05 from cell
monolayers that were not stress preconditioned with heat.
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an increased expression of Hsp72 protein in both A549
and ATII cell monolayers (Fig. 9A and B). The reduction in
the production of nitrite in thermotolerant cells was not
associated with any significant change in cell death as
measured by Trypan Blue exclusion (less than 2 %).

Activation of the pro-inflammatory transcriptional factor,
NF-«B, occurs early (15 min) after the onset of septic
(Blackwell et al. 1996) and haemorrhagic shock (Shenkar
etal. 1996). In vivo inhibition of NF-«B activation prevents
endotoxin-dependent iNOS expression in the lung (Liu et
al. 1997). Thus the fifth series of experiments was designed
to determine whether the attenuation of NO release by
thermotolerant cells would be mediated by an inhibition
of cytokine-induced activation of NF-«B pathway.
Exposure to pro-inflammatory cytokines significantly
increased luciferase activity in A549 and ATII cells
transiently transfected with a k-dependent luciferase
reporter construct (3IgkBLuc) (Fig. 10A and B). In
contrast, stress preconditioning with heat significantly
reduced NF-«B activation of this k-dependent luciferase
reporter construct in both A549 and ATII cell monolayers
(Fig. 10A and B).

Figure 10. Stress preconditioning with heat
attenuates cytokine-mediated activation of
NF-«<B in A549 (A) or primary cultures of rat
ATIl cell monolayers (B)

Cells were transiently transfected with luciferase
reporter plasmid containing three tandem NF-«<B
motifs. Control cells were maintained in basal
growth media. Cytokine-treated cells were exposed
to a mixture of proinflammatory cytokines (TNF-a,
IL-15, IFN-y) for 24 h at a concentration of

10 ng ml™". A group of cells were stress
preconditioned with heat 12 h before exposure to
pro-inflammatory cytokines. Luciferase activity was
corrected for total cellular protein and reported as
fold-induction over the control cells (cells that were
transfected and treated with cytokine vehicle alone).
Data represent the means + s.e.M. of four separate
experiments with each condition carried out in
triplicate; *P < 0.05 from control cells not treated
with cytokine; ** P < 0.05 from cytokine-treated
cells that were not stress preconditioned with heat.
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DISCUSSION

Because the preservation of the capacity of the alveolar
epithelium to actively remove fluid from the airspaces is
critical for the survival of patients with acute lung injury
(Matthay & Wiener-Kronish, 1990; Ware & Matthay,
2001), we developed an experimental animal model to
investigate the effect of haemorrhagic shock on the
vectorial fluid transport across the alveolar epithelium.
Under pathological conditions that predispose to the
development of increased permeability pulmonary oedema
(septic or haemorrhagic shock), upregulation of alveolar
epithelial fluid transport by endogenous catecholamines is
a major mechanism that prevents alveolar flooding (Pittet
et al. 1994, 1996; Modelska et al. 1997). After severe
haemorrhage, however, this protective mechanism is
abolished by the development of an inflammatory response
mediated by neutrophils that accumulate in the airspaces
of the lung (Laffon et al. 1999; Modelska et al. 1999). The
primary objective of these studies, therefore, was to
determine whether stress preconditioning would restore
the catecholamine-mediated upregulation of alveolar
liquid clearance after haemorrhage, one of the common
causes of acute lung injury and pulmonary oedema in
humans (Hudson et al. 1995).
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The heat shock or stress response is a highly conserved
cellular defence mechanism that is characterized by the
increased expression of heat shock or stress proteins.
Increased levels of the stress proteins, for example by mild
hyperthermia, allow cells to withstand a subsequent thermal
insult that would otherwise be lethal, a phenomenon
referred to as ‘thermotolerance’ or ‘preconditioning’.
Non-thermal forms of cellular stress, such as exposure to
heavy metals or geldanamycin, also increase heat shock
protein expression and thereby confer upon cells a
thermotolerant phenotype (Li, 1983; Hedge et al. 1995;
Zou et al. 1998). Perhaps most relevant for our studies
described here are previous observations showing that
increased stress protein expression imparts protection
against other injuries, including oxidant and endotoxin
exposure (Bellmann et al. 1995). We therefore hypothesized
that the activation of the stress response could decrease the
oxidative stress to the alveolar epithelium and help to
restore a normal physiological response of the lung to
catecholamines following haemorrhage.

As we have shown here, activation of the stress response,
either by whole body hyperthermia or geldanamycin,
resulted in a substantial increase in the expression of
Hsp72 protein in the lung. Normally present in cells at
relatively low levels, increased expression and accumulation
of Hsp72 is a reliable indicator that activation of the
cellular stress response has occurred. Moreover and
consistent with our hypothesis, stress preconditioning did
in fact help to restore cAMP-dependent upregulation of
vectorial fluid transport across the alveolar epithelium in
haemorrhaged rats.

Our work adds to a growing number of studies showing
that stress preconditioning mediates cytoprotection in cell
and animal models of acute lung injury. For example, prior
activation of the stress response protected rats against a
subsequent and acute lung injury caused by intratracheal
administration of phospholipase Al (Villar et al. 1993) or
by systemic administration of endotoxin (Villar et al.
1994). Induction of the stress response was shown to
protect lung grafts from reperfusion injury after
transplantation in rats (Hiratsuka ef al. 1999). Increased
expression of stress proteins, either by heat or sodium
arsenite treatment, attenuated endotoxin-mediated injury
to cultured sheep pulmonary artery endothelial cells
(Wong et al. 1996). Finally, in cultured murine lung
epithelium and bovine pulmonary endothelial cells,
induction of the stress response was shown to confer
added protection against oxidant injury (Wong et al.
1997a,b). Results presented herein provide the first
experimental evidence that stress preconditioning can
have an effect on ion transport activities across the alveolar
epithelium and thereby help to restore the ability of this
barrier to upregulate fluid transport in response to cAMP-
dependent stimulation after severe haemorrhage. Thus
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stress preconditioning appears to provide protection to
thelung against various forms of acute injury.

The mechanisms by which activation of the stress response
confers cytoprotection in the lung are likely to be multi-
fold. First, in their role as molecular chaperones, stress
proteins help stabilize and/or refold proteins damaged as a
consequence of the particular stress event. In addition,
when present at higher levels, the stress proteins
collectively facilitate the synthesis and maturation of new
proteins needed to replace those irreparably damaged by
the earlier metabolic insult. Finally, a specific role for the
most highly stress inducible protein, Hsp72, in cellular
protection has been suggested from experiments utilizing
molecular means to increase its intracellular levels. For
example, overexpression of Hsp72 was demonstrated to
protect cultured lung cells against NO- (Wong et al
1997b), endotoxin- (Wong et al. 1996) or hyperoxia-
mediated cell death (Wongetal. 1998).

Recent data indicate that another important feature of the
stress response in the lung is a corresponding decrease in
the inflammatory response. For example, activation of the
stress response has been reported to inhibit endotoxin-
mediated expression of TNF-a and IL-1f in cultured
mononuclear cells (Schmidt & Abdulla, 1988) and in vivo
in the lung (Ribeiro et al. 1996). Furthermore, inhibition
of cytokine-mediated iNOS expression and the
subsequent release of NO in either rat pulmonary smooth
muscle cells (Wong et al. 1995) or in murine lung epithelium
(Wong et al. 1997a) following stress preconditioning has
been reported. Recent work from our laboratory has
provided in vivo evidence that NO is the proximal mediator
of the inflammatory response that limits the rate of
alveolar epithelial transport after prolonged haemorrhagic
shock. Increased levels of NO appeared to directly alter the
function of membrane proteins involved in f-adrenergic
receptor—cAMP signalling pathways (Pittet et al. 2001).
Consistent with our previous observations, we have shown
in the present study that stress preconditioning, using
either whole body hyperthermia or administration of
geldanamycin, was associated with a significant attenuation
in the shock-mediated expression of iNOS and subsequent
release of NO in the lung. There are several mechanisms
that may explain why attenuation of NO induction helps
to restore the response of the alveolar epithelium to
f-adrenergic agonists after prolonged haemorrhagic
shock. First, abnormally high levels of NO may result in
the inhibition of cation channels present on rat alveolar
type I cells (DuVall et al. 1998; Guo et al. 1998). Secondly,
high concentrations of NO may inhibit membrane proteins
involved in the f#-adrenergic receptor—cAMP signalling
pathway of the alveolar epithelium (Pittet et al. 2001).
Finally, increased levels of NO could lead to an increase in
chloride secretion by lung epithelial cells. Consistent with
this idea are studies showing that NO can activate non-
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cystic fibrosis transmembrane regulator (CFTR) chloride
channels in human lung epithelial cells by a ¢cGMP-
dependent mechanism (Kamosinska et al. 1997). Thus
the release of induced NO within the airspaces of
haemorrhaged rats could result in an unopposed chloride
secretion by the alveolar epithelium in the event that
sodium absorptive pathways are perturbed by the effect of
NO on the apical alveolar epithelial cation channels.
Whatever the exact mechanism(s), stress preconditioning
may provide protection via an impact on some aspect of
the immune response leading to lower NO levels.

That this may be the case was supported by our in vitro
studies examining alveolar macrophages and alveolar
epithelial cells, two types of cell known to be a major
source of NO production within the airspaces of the
lung (Warner et al. 1995). Our results showed that stress
preconditioning with heat did in fact cause a significant
decrease in the production of NO by alveolar macro-
phages removed from the airspaces of preconditioned and
haemorrhaged rats when compared with the control,
haemorrhaged animals not provided with a pre-
conditioning treatment. Similarly, stress preconditioning
resulted in a significant decrease in the production of NO
by either A549 cells, an alveolar epithelial cell line, or
primary cultures of rat ATII cells upon their subsequent
exposure to pro-inflammatory cytokines. These results are
in line with prior studies showing that induction of
the heat shock response inhibited cytokine-mediated
expression of iNOS in pulmonary artery smooth muscle
cells (Wong et al. 1995) and lung epithelial cells (Wong et
al. 1997a). Moreover, stress preconditioning has also been
reported to inhibit the expression of a variety of other pro-
inflammatory genes including IL-8 (Thomas et al. 1998),
RANTES (Ayad et al. 1998), TNF-a (Snyder et al. 1992)
and IL-14 (Schmidt & Abdulla, 1988). This effect may be
rather specific to pro-inflammatory genes since the
expression of other products, such as the surfactant
proteins, was largely unaffected (Wong et al. 1997a). Thus
activation of the cellular stress response may provide
protection in the lung via its attenuation of pro-
inflammatory mediators, explaining (at least in part) why
the stress preconditioning protects against various forms
ofacute lunginjury.

Exactly how stress preconditioning might inhibit cellular
inflammatory responses is still under investigation. One
study reported that the transcription factor controlling the
expression of the heat shock genes (HSF) might act as
a repressor, binding to regulatory sequences of the
promoter of the genes encoding certain proinflammatory
cytokines, such as IL-14 (Cahil et al. 1996). Yet other
studies have suggested a more general mechanism,
involving the inhibition of the whole NF-«B pathway
(Feinstein ef al. 1996; Wong et al. 19974; Pritts et al. 2000).
For example, it has been reported that the heat shock-
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mediated inhibition of NF-«B activation was associated
with a decrease in the phosphorylation and ubiquitination
of IkBa, thereby leading to the stabilization of this NF-«B
inhibitor (Wong et al. 1997¢,d; Pritts et al. 2000). In
addition, activation of the stress response itself was
suggested to result in an increase in the expression of the
IkB gene and a corresponding increase in the level of the
IkB protein (Wong et al. 1997d; Thomas et al. 1998; Wong
et al. 1999). It is important to note, however, that these
effects of heat on the NF-«B pathway appear to be
restricted to only the early time periods following the
heating regimen. Thus how NF-«B activities might be
attenuated in cells preconditioned via heat shock
treatment 12—24 h prior to cytokine stimulation is still not
clear and therefore represents a major focus of our
ongoing work.

In summary, our studies provide in vivo evidence that
stress preconditioning, by whole body hyperthermia or
geldanamycin  exposure, attenuates NO-mediated
oxidative stress to the alveolar epithelium following
haemorrhagic shock. This protective effect, at least in part,
was mediated by an attenuation of the NF-«<B pathway and
resulted in a restoration of normal fluid transport capacity
of the alveolar epithelium in the early phases following
haemorrhagic shock. These results are of potential clinical
importance. Results of a recent study in critically ill
patients revealed an increased production of reactive
oxygen-nitrogen intermediates in the distal airspace of
patients with acute lung injury. In turn these changes were
associated with impaired alveolar fluid clearance (Zhu et
al. 2001), an early predictor of prolonged duration of
mechanical ventilation and higher hospital mortality in
patients with acute lung injury (Ware & Matthay, 2001).
Whether we can exploit the protective effects of cellular
stress preconditioning to attenuate these sorts of changes
in the lung remains an important but still unanswered
question.
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