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Abstract
Fever is common in critically ill patients and is associated with worse clinical outcomes, including
increased intensive care unit mortality. In animal models, febrile-range hyperthermia (FRH) worsens
acute lung injury, but the mechanisms by which this occurs remain uncertain. We hypothesized that
FRH augments the response of the alveolar epithelium to TNF-α receptor family signaling. We found
that FRH augmented LPS-induced lung injury and increased LPS-induced mortality in mice. At 24
h, animals exposed to hyperthermia and LPS had significant increases in alveolar permeability
without changes in inflammatory cells in bronchoalveolar lavage fluid or lung tissue as compared
with animals exposed to LPS alone. The increase in alveolar permeability was associated with an
increase in alveolar epithelial apoptosis and was attenuated by caspase inhibition with zVAD.fmk.
At 48 h, the animals exposed to hyperthermia and LPS had an enhanced lung inflammatory response.
In murine lung epithelial cell lines (MLE-15, LA-4) and in primary type II alveolar epithelial cells,
FRH enhanced apoptosis in response to TNF-α but not Fas ligand. The increase in apoptosis was
caspase-8 dependent and associated with suppression of NF-κB activity. The FRH-associated NF-
κB suppression was not associated with persistence of IκB-α, suggesting that FRH-mediated
suppression of NF-κB occurs by means other than alteration of IκB-α kinetics. These data show for
the first time that FRH promotes lung injury in part by increasing lung epithelial apoptosis. The
enhanced apoptotic response might relate to FRH-mediated suppression of NF-κB activity in the
alveolar epithelium with a resultant increase in susceptibility to TNF-α–mediated cell death.

Fever is common in critically ill patients, with an estimated prevalence at admission to the
intensive care unit of 30–70% (1–3). However, the effect of fever in critically ill patients is not
fully understood. Some evidence suggests that fever augments innate immune responses and
benefits humans and animals by enhancing antimicrobial defenses (4–8). Yet, clinical studies
suggest that fever in critically ill patients is associated with worse outcomes, including
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increased mortality (1,2,9). Moreover, animal studies suggest that febrile-range hyperthermia
(FRH) has a direct effect on critical illness-related end-organ damage, worsening acute renal
failure and acute lung injury (ALI) (10–15).

Several groups have shown that mild hyperthermia in the range of clinically observed fever
augments lung injury in animal models (11–14). However, the biological mechanisms by which
FRH enhances lung injury are incompletely understood. Inflammatory and apoptotic responses
in the alveolar epithelium are critical contributors to the development of ALI (16). The TNF-
α receptor (TNFR) superfamily, a group of receptors related by the extracellular expression of
cysteine-rich repeats and that includes the TNF-α, Fas ligand, and TRAIL receptors, has been
implicated in both inflammation and apoptosis in ALI (17,18). Matute-Bello et al. (19–23)
showed that activation of the Fas pathway in the lungs of mice causes experimental ALI through
a mechanism that is associated with alveolar epithelial apoptosis. In addition, activation of the
Fas receptor yields inflammation. Intratracheal (IT) administration of Fas ligand or a Fas-
activating Ab results in a neutrophilic alveolitis, and blocking the Fas receptor results in
attenuated neutrophil recruitment and tissue injury after IT exposure to LPS or bacteria (24–
29). Others have shown that TNF-α mediates both type II cell alveolar epithelial apoptosis and
inflammation and participates in the pathogenesis of ALI in lung injury models (30). The
concentration of TRAIL is increased in the bronchoalveolar lavage (BAL) fluid of patients
with ALI, and this ligand has been implicated in respiratory syncytial virus-associated ALI in
children (31,32). In nonpulmonary organ systems, mild hyperthermia alone or as a concomitant
exposure with a death receptor ligand, such as TNF-α, Fas ligand, or TRAIL, enhances TNFR
signaling, including apoptotic cell death (33–37). Collectively, these data suggest that
modification of TNFR family signaling could be an important mechanism by which FRH
augments both apoptosis and inflammation in ALI.

Therefore, we hypothesized that FRH augments the response of the alveolar epithelium to
TNFR family signaling. We studied the effect of FRH on the severity of LPS-induced lung
injury in vivo and the response of alveolar epithelial cells to the two major members of the
TNFR family, TNF-α and Fas ligand. We found that FRH augments the innate immune
response after lung injury by enhancing alveolar epithelial apoptosis. The data show that
enhanced caspase-dependent apoptosis contributes to FRH-augmented lung injury. We
observed that FRH enhances TNF-α–mediated apoptosis of alveolar epithelial cells, which
occurs as a result of FRH-mediated suppression of NF-κB activity. These data provide new
insights into the mechanisms by which FRH augments lung injury.

Materials and Methods
Reagents

Proteins—Recombinant murine TNF-α was obtained from R&D Systems (Minneapolis,
MN). Human Fas ligand was obtained from Alexis Biochemicals (San Diego, CA). Total IκB-
α Ab was purchased from Cell Signaling Technology (Danvers, MA). Peroxidase-conjugated
goat anti-rabbit IgG Ab was obtained from Pierce (Rockford, IL). Peroxidase-conjugated
donkey anti-goat IgG Ab, Abs to TNF-α receptors 1 and 2, and FITC-labeled anti-rabbit IgG
were obtained from Abcam (Cambridge, MA). Biotin-conjugated anti-mouse CD16/32 Ab was
purchased from Biolegend (San Diego, CA). Collagen IV, Dispase, and biotin-conjugated anti-
mouse CD45 and anti-mouse TER-119 Abs were purchased from BD Biosciences (San Jose,
CA). DNase I from bovine pancreas was obtained from Sigma-Aldrich (St. Louis, MO).

Chemicals—The broad caspase inhibitor zVAD.fmk, caspase-8 inhibitor zIETD.fmk, and
the inactive chemical analog of the caspase inhibitors, FA. fmk, were purchased from BD
Pharmingen (San Jose, CA). The caspase-9 inhibitor, zLEHD.fmk, was purchased from
Biovision (Mountain View, CA). Inhibitors of p38, MEK1/2, and JNK (SB-202190, U0126,
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and SP-600125, respectively) were obtained from Biomol International (Plymouth Meeting,
PA). The IκB-α kinase inhibitor III, BMS 345541, was obtained from Calbiochem (La Jolla,
CA).

Plasmids and RT-PCR—PCR probe primers for KC and TNF-α were purchased from
Applied Biosciences (Foster City, CA). The NF-κB–inducible firefly luciferase plasmid was
obtained from Invivogen (San Diego, CA). The renilla luciferase plasmid was obtained from
Promega (Madison, WI).

Animal protocols
The animal protocols were approved by the Animal Care Committee of the VA Puget Sound
Medical Center, Seattle, WA. Briefly, male C57BL/6 mice aged 6–8 wk (20–30 g) (The
Jackson Laboratory, Bar Harbor, ME) were treated with IT bacterial LPS (Escherichia coli
O111: B4 LPS, List Biological Laboratories, Campbell, CA) or PBS at either normal or febrile-
range core body temperature. The core body temperature was monitored using a telemetry
system composed of an implantable temperature transponder and an external receiver
(Respironics Mini-mitter E-mitter G2 probe and receiver, Mini-Mitter, Bend, OR). The
transponders were placed in the peritoneal cavity of anesthetized mice via a small abdominal
incision. Following the transponder implantation, mice were monitored daily to ensure
abdominal wound healing, and then studied 7 d or later post-implantation. On the day of the
study, and immediately after the IT instillation of PBS with or without LPS (below), the mice
were placed in cages at room temperature (23°C) or inside a heated, humidified infant incubator
(35°C) (Airshields C2000, Hill-Rom, Batesville, IN). These ambient temperatures resulted in
core temperatures of 37°C or between 39.5 and 40°C in sentinel animals, respectively. At least
one sentinel animal carrying an implantable temperature transponder was placed in each
temperature-exposure cage to confirm that the target core temperature had been reached. The
core temperature data from the sentinel animals were transmitted at 1-min intervals from the
i.p. probes to receivers located below each cage, and the signal was recorded using digital
telemetry software (VitalView, Mini-Mitter). The core body temperatures of the sentinel mice
were considered to be representative of all of the mice within the same cage.

To induce lung injury, mice were anesthetized with inhaled 4% isoflurane in 0.5 l/min O2 and
endotracheally intubated with a gavage tube as previously described (38). Once tracheal
intubation had been confirmed, the mice were treated with E. coli LPS or PBS in a volume of
50 µl. Following instillation, the gavage tube was removed, and the mice were immediately
transferred to their designated temperature exposure environments and allowed to recover from
anesthesia with free access to food and water. The animals were monitored hourly for the initial
6 h and afterward every 6 h until the end of the experiment. At each monitoring time, the mice
were evaluated for the following criteria: panting or other respiratory difficulty, abnormal
posture, ruffled fur, pale eyes, or loose stools. Mice were euthanized if they met three or more
endpoint criteria or one endpoint criterion if severe.

To evaluate the role of caspase activity in FRH-augmented lung injury, we administered
zVAD.fmk, a broad caspase inhibitor, to animals exposed to a sublethal dose of IT LPS (100
ng) at normal or febrile-range core body temperatures. Mice received either zVAD.fmk (10
mg/kg in 10% DMSO) or vehicle s.c. every 16 h for 48 h or until meeting euthanasia criteria.
The experimental conditions, including induction of lung injury, modification and monitoring
of core body temperature, and euthanasia criteria were as described above.

At the end of each experiment, the mice were euthanized with an i.p. injection of pentobarbital
(120 mg/kg) and exsanguinated by closed cardiac puncture. Blood was collected in heparinized
syringes, and the plasma fraction was stored in individual aliquots at −80°C. Immediately after
death, the thorax was opened, and the left hilum was clamped. The left lung was removed,
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weighed, flash frozen, and stored at −80°C. At a later date, the frozen lung was homogenized
in sterile water, and aliquots were stored at −80°C. BAL was performed in the right lung with
four separate 0.5 ml aliquots of 0.9% NaCl containing 0.6 mM EDTA. For histological
processing, the right lung was fixed in 4% paraformaldehyde at 15 cm H2O transpulmonary
pressure. An aliquot of BAL fluid was used immediately for cell counts and differential. The
remaining BAL fluid was spun for 10 min at 200 × g, 4°C, and supernatants were stored at
−80°C.

Experimental design
The main experimental variables were the core temperature, dose of LPS, and duration of the
exposure following LPS instillation. We tested two core temperatures, 37°C (euthermic) and
39.5 to 40°C (hyperthermic), doses of LPS (0, 5, 25, or 50 µg), and two different exposure
times (24 or 48 h). The resulting groups are shown in Table I. To evaluate the effect of caspase
inhibition, zVAD.fmk 10 mg/kg or vehicle alone was administered s.c. every 16 h to mice
exposed to IT LPS (100 ng), at normal or elevated body temperature, for 24 or 48 h.

Measurements
Histological examination—Postfixation, lungs were paraffin-embedded, cut at 4-µm
thickness, and stained with H&E.

Lung injury—The alveolar permeability was assessed by measurement of BAL fluid total
protein and BAL IgM concentrations. BAL fluid IgM was assessed on BAL fluid using an
immunoassay (Bethyl Laboratories, Montgomery, TX). BAL fluid total protein was assessed
using the bicin-choninic acid method (Pierce).

Lung inflammation—The lung inflammatory response was assessed using BAL cell counts
and differentials performed in a blinded manner. Total cell counts were performed on an aliquot
of BAL fluid using a hemacytometer. The cell differentials were counted on cytospin
preparations using the Quick-diff method. Tissue polymorphonuclear cells (PMNs) were
assessed by myeloperoxidase (MPO) activity measured in lung homogenates using the Amplex
Red Peroxidase Assay Kit (Invitrogen, Carlsbad, CA).

Apoptosis—The TUNEL assay was performed on 4-µm thickness sections of paraffin-
embedded lung tissue according to the manufacturer’s instructions (Roche Diagnostics,
Mannheim, Germany). Fluorescence and differential interference contrast microscopy were
performed using a Nikon Eclipse 80i microscope (Nikon, Melville, NY). Measurement of
TUNEL-positive cells was performed in a blinded manner on 10 randomly generated visual
fields at ×400 magnification.

Tissue culture and protocols
MLE-15 cells (provided by J. Whitsett, Cincinnati Children’s Hospital, Cincinnati, OH) were
grown in RPMI 1640 media (Cellgro, Manassas, VA) supplemented with 4% heat-inactivated
FCS at 37°C, 5% CO2. LA-4 cells, purchased from American Type Culture Collection (ATCC
number CCL-196; Manassas, VA), were grown in F12K media (American Type Culture
Collection) supplemented with 15% heat-inactivated FCS at 37°C, 5% CO2. The cells were
kept in passage for 4–6 wk. Prior to any experimental exposure, cells were grown to 80%
confluence at 37°C, 5% CO2. Unless otherwise noted, experimental conditions lasted 18 h. For
temperature modification, cells were incubated at 34, 37, or 39.5°C with 5% CO2.
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Cell survival
MLE-15 cells and LA-4 cells were exposed to 34, 37, or 39.5°C and to TNF-α at 1, 10, or 100
ng/ml or to Fas ligand at 2, 55, or 500 ng/ml. Cell survival was assessed with alamar Blue
(Biosource, Camarillo, CA), which fluoresces in response to the reduction of culture media
caused by cell growth. At the conclusion of cell survival experiments, alamar Blue was added
to the media of the cells to be evaluated, and plates were incubated at 37°C for 4 h. The
fluorescence produced was quantified using a Cytofluor II plate reader (PerSeptive Biosystems,
Foster City, CA) at an excitation of 530 nm and emission of 590 nm. Viability was expressed
as the fluorescence of treated cells divided by the fluorescence of untreated cells.

Isolation of primary murine type II cells
Type II alveolar epithelial cells were isolated from C57BL/6 mice, aged 6–8 wk, using a
protocol based on the method of Corti et al. (21,39). Animals were euthanized with i.p.
Beuthanasia-D (Schering-Plough, Kenilworth, NJ). The ventral surface of the mouse was
cleansed with 70% ethanol and betadine and the mouse exsanguinated by aortic transsection.
The right ventricle was exposed and perfused with PBS/0.5 mM EDTA to clear the pulmonary
vasculature. Dispase was then instilled into the airspaces via a tracheal cannula and followed
by 1% low-melting agarose. The lungs were then removed, briefly covered with crushed ice,
and incubated in Dispase at room temperature for 45 min with rotation. The lungs were then
placed in media-I (Ham’s F12, American Type Culture Collection) containing DNase I 0.01%
and manually teased from the trachea and major airways using forceps. The resulting slurry
was then filtered through 100 µM and 25 µM Millipore mesh filters (Millipore, Billerica, MA).
The filtered suspension was then spun at 130 × g for 10 min at 8°C, the pellet resuspended in
media-I, and cells quantified. Biotinylated anti-CD16/32 (0.65 µg/million cells), anti-CD45
(1.5 µg/million cells) and anti-mouse TER-119 (1 µg/million cells) were added to the cell
suspension and incubated at 37°C, 5% CO2 for 30 min. The cells were then pelleted at 200 ×
g, resuspended in media-I, and combined with PBS-washed streptavidin beads for 30 min at
room temperature while rocking. The suspension was placed in a magnetic bead separator, the
supernatant was removed and pelleted, and the cells were resuspended in media-II (Ham’s F12
supplemented with 2% FCS). The cell suspension was then placed in a tissue culture Petri dish
and incubated for 16 h at 37°C, 5% CO2. Postincubation, the nonadherent cells were collected,
pelleted at 200 × g, and resuspended in media-II. The cells were then plated in collagen IV–
coated 96-well plates at a seeding density of 2 × 105 cells/cm2 and incubated at 37°C, 5%
CO2, until the cells reached 80% confluence. The type II alveolar epithelial cell phenotype
from this protocol has been confirmed with Papanicolaou staining showing lamellar bodies
and RT-PCR studies showing mRNA for surfactant protein C, but not for vimentin, fibroblast-
specific protein 1, podoplanin, or cytokeratin-8/18. The isolated cells were exposed to TNF-
α or Fas ligand and 34, 37, or 39.5°C, 5% CO2, for 18 h, and viability was evaluated with the
alamar Blue assay in the same manner used for the MLE-15 and LA-4 cell lines.

Caspase activity
For caspase-3/7, 8, and 9 activity assays, MLE-15 cells were exposed to TNF-α at 34, 37, or
39.5°C, 5% CO2, for 2 h. Caspase 3/7, −8, and −9 activity assays were obtained from Promega.
For caspase-3/7 activity, a DEVD cleavage assay was performed according to the
manufacturer’s instructions on MLE-15 cells. The fluorescence was measured at excitation of
485 nm and emission of 530 nm using a Cytofluor II plate reader. To evaluate caspase-8 and
caspase-9 activities, luminescence assays were performed according to the manufacturer’s
instructions. Luminescence was determined using a Veritas microplate luminometer
(Promega).
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Caspase inhibitor treatment
MLE-15 cells were exposed to TNF-α 5 ng/ml and incremental doses of inhibitors of caspase-8
(zIETD.fmk), caspase-9 (zLEHD.fmk), a broad caspase inhibitor (zVAD.fmk), or the inactive
chemical analog of the inhibitors (FA.fmk) at 34, 37, or 39.5°C, 5% CO2. Control cells were
exposed to concentrations of DMSO equivalent to experimental exposures. Viability was
assessed using the alamar Blue assay.

Flow cytometry
To measure apoptosis, MLE-15 cells were dual stained for Annexin V-FITC and propidium
iodide postexposure to 34, 37, or 39.5°C, 5% CO2, for 4 h in the presence or absence of TNF-
α 100 ng/ml. Staining was performed according to the manufacturer’s instructions (BD
Biosciences).

For evaluation of surface expression of TNF-α receptors on MLE-15 cells, the cells were
exposed to 34, 37, or 39.5°C. The cells then released from the culture plate using trypsin 0.05%/
0.53 mM EDTA, spun, and then 1 × 106 cells were incubated first with anti-TNFR1 or 2 Abs
and then with FITC-labeled secondary Ab for 30 min each. All flow cytometry analysis was
performed using a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ).

RT-PCR
Quantitative mRNA evaluation was performed by RT-PCR. Posttreatment with TNF-α 50 ng/
ml and incubation temperature of 34, 37 or 39.5°C for 1 or 3 h, MLE-15 cells were lysed. After
RNA extraction using the Absolutely RNA Microprep kit (Stratagene, La Jolla, CA), PCR was
performed using primers for KC and TNF-α and an ABI Prism 7000 Taqman machine (Applied
Biosciences). The results were quantified using the δ-δ Ct method (40).

Signaling pathways
MLE-15 cells were exposed to one of the MAPK inhibitors at 1 µM, TNF-α 5 ng/ml, and 34,
37, or 39.5°C. Survival was assessed by alamar Blue assay. NF-κB activity was assessed using
transient transfection with an NF-kB–driven luciferase reporter construct. MLE-15 cells were
dually transfected with a plasmid containing an NF-κB–inducible promoter for firefly
luciferase and a plasmid containing constitutively active renilla luciferase. Postincubation with
the plasmids in lipofectamine for 4 h at 37°C, 5% CO2, the MLE-15 cells were treated with
TNF-α. The luminescence was measured using the Dual-Luciferase Reporter Assay System
(Promega) according to manufacturer’s instructions using a PerkinElmer Victor3 V
fluorescence plate reader (PerkinElmer, Waltham, MA). NF-κB activity was expressed as
firefly luminescence divided by renilla luminescence to correct for transfection efficiency and
cell viability.

An IκB-α kinase inhibitor was added to MLE-15 cells at concentrations of 1 or 33 µM treated
with or without TNF-α 5 ng/ml and 34, 37, or 39.5°C. Survival was assessed at 18 h.

The effect of temperature on TNF-α–induced depletion of IκB-α was assessed with Western
blotting for total IκB-α in cell lysates, which were not treated with a proteasome inhibitor.
MLE-15 cells were exposed to TNF-α 100 ng/ml and 34, 37, or 39.5°C for 5, 15, 30, or 60
min. Given the brief temperature exposure time, the media and TNF-α solution were kept in
water baths at the intended temperature, and the plates were placed in direct contact with heat
blocks at 34, 37, or 39.5°C. The cells were then lysed in a solution of 50 mM Tris (pH 8), 150
mM NaCl, and 1% Tergitol-type NP-40 with protease inhibitors and spun for 15 min at 200,000
× g at 4°C. The supernatants were collected, and proteins were separated using SDS-PAGE.
Densitometry to correct for differences in protein loading was performed using Image J
software (National Institutes of Health, Bethesda, MD).

Lipke et al. Page 6

J Immunol. Author manuscript; available in PMC 2010 May 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistics
All experiments were performed at least three times. The data were analyzed using GraphPad
Prism 4.0 software (GraphPad, San Diego, CA). Among multiple groups, comparisons of
means were performed using one-way ANOVA. Comparisons between the means of two
groups were performed using an unpaired t test. Survival curves were compared with a log-
rank test. Data are shown in the figures as the mean with notation of the SE in a bar. A p value
<0.05 was considered significant.

Results
FRH enhances LPS-induced lung injury

The effect of FRH was evaluated in a mouse model of LPS-induced lung injury. Animals were
treated with IT LPS 5, 25, or 50 µg in 50 µl sterile PBS and then exposed to room temperature
(23°C) or FRH (35°C) (Table I). Independent of LPS instillation, exposure to ambient
hyperthermia caused an elevation in the animals’ core body temperature to between 39.5–40°
C, which was maintained for up to 48 h (Fig. 1A). Animals treated with IT LPS and
hyperthermia had an elevated mortality rate compared with those animals treated with LPS or
hyperthermia alone (Fig. 1B). Mice with febrile-range core body temperature that were treated
with IT LPS 50 µg had a mortality rate of 62%, whereas euthermic animals treated with 50 µg
IT LPS had a mortality rate of 0% over 48 h. Similar increases in mortality were seen in
hyperthermic animals treated with IT LPS doses of 5 or 25 µg (data not shown), whereas all
euthermic animals exposed to LPS survived.

Hyperthermic animals treated with LPS had elevated lung weight as well as elevated BAL
concentrations of IgM and total protein at 24 h (Fig. 2A–C). However, the total cell and PMN
counts in the lavage fluid were not different between the hyperthermic and euthermic groups
at 24 h. These data show that hyperthermia increases LPS-induced alveolar permeability at 24
h without changing PMN recruitment as compared with euthermic animals. At 48 h, the
accumulation of PMNs in BAL fluid and the lung tissue MPO activity, which is considered
representative of total lung PMN content, were significantly increased in the mice exposed to
LPS and hyperthermia as compared with mice treated with LPS alone, suggesting that the
hyperthermia enhances late PMN responses (Fig. 2D, 2F).

FRH augments alveolar epithelial apoptosis in vivo
The lungs of mice treated with LPS and hyperthermia for 24 h showed thickening of the alveolar
septa, with increased pyknotic nuclei in the epithelium and microvascular congestion as
compared with euthermic LPS-treated animals (Fig. 3). At 24 h, the lung inflammatory
infiltrates were similar in LPS-treated animals exposed to either hyperthermic or euthermic
conditions. In contrast, by 48 h, the lungs of the hyperthermic LPS-treated animals had
increased inflammatory cells, predominantly neutrophils, as compared with the euthermic
LPS-treated animals.

At 24 h, the animals treated with LPS and hyperthermia had more TUNEL-positive cells in the
lungs as compared with animals treated with LPS and euthermia (hyperthermic 23.88 ± 2.36
versus euthermic 5.65 ± 0.64; p < 0.0001) (Fig. 4). The TUNEL-positive cells localized to
corners of alveoli, suggesting that the TUNEL-positive population largely represents apoptotic
type II alveolar epithelial cells. This suggests that increased alveolar epithelial apoptosis is an
initial pathophysiological event in FRH-augmented lung injury. After 48 h, the hyperthermic
animals continued to have more TUNEL-positive cells than euthermic animals.

To determine whether caspase-dependent apoptosis is important in the augmented lung injury
seen in the hyperthermic mice, we administered a broad caspase inhibitor, zVAD.fmk, or
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vehicle alone to animals exposed to a sublethal dose of IT LPS at either normal or febrile-range
core body temperature. Animals exposed to LPS and hyperthermia had enhanced alveolar
permeability as compared with animals exposed to LPS and euthermia. The administration of
zVAD.fmk attenuated the FRH-enhanced alveolar permeability induced with IT LPS, as
evaluated by BAL total protein and IgM, but did not affect the cellular inflammatory response,
as reflected by total cells and total PMNs in lung BAL fluids (Table II). Treatment with
zVAD.fmk did not, however, attenuate FRH-augmented lung injury induced by high-dose IT
LPS (50 µg).

These findings suggest that FRH-augmented lung injury is associated with increased epithelial
apoptosis prior to FRH-generated changes in the neutrophilic inflammatory response in the
lungs and that caspase-dependent apoptosis participates in the pathogenesis of FRH-augmented
lung injury.

Incubation temperature modifies TNF-α–induced cell death
Next, we investigated whether temperature modifies apoptosis of epithelial cells exposed to
the TNFR family members, TNF-α or Fas ligand. MLE-15 and LA-4 cells were exposed to
TNF-α or Fas ligand at 34, 37, or 39.5°C for 18 h; survival was assessed by the alamar Blue
assay. Cell death induced by TNF-α was enhanced in both cell lines as the incubation
temperature increased (Fig. 5A, 5C). In contrast, mild hypothermia protected MLE-15 cells
from TNF-α–mediated cell death, and this trend was seen in LA-4 cells, although the change
did not reach statistical significance. Interestingly, the MLE-15 cells were resistant to death
mediated by Fas ligand. Increased incubation temperature did not sensitize the MLE-15 cells
to Fas ligand-mediated death (Fig. 5B). In contrast, LA-4 cells were sensitive to Fas ligand-
mediated death. However, as with MLE-15 cells, incubation temperature had no effect on the
LA-4 cell response to Fas ligand (Fig. 5D). To determine the relevance of the cell line findings
for primary cells, we isolated type II cells from normal mice. The cells were exposed to TNF-
α or Fas ligand and 34, 37, or 39.5°C for 18 h. As seen with the MLE-15 cells, hyperthermia
enhanced cell death in response to TNF-α (viability after TNF-α 100 ng/ml as compared with
cells exposed to media only at the same incubation temperature: at 34°C, 105 ± 23.2%; at 37°
C, 76.6 ± 13.4%; at 39.5°C, 41.7 ± 4.8%; p < 0.01). As with MLE-15 cells, Fas ligand did not
cause cell death in murine primary type II alveolar epithelial cells at any of the temperatures
studied. Therefore, the modification of cellular responses to TNF-α by temperature is seen with
several different types of lung epithelial cells, including primary type II alveolar epithelial
cells, and appears to be specific to the TNF-α receptors.

To confirm that the mechanism of cell death was apoptosis, MLE-15 cells exposed to TNF-α
and temperatures of 34, 37, or 39.5°C for 6 h were evaluated for membrane exposure of
phosphatidylserine, a marker of apoptosis, by labeling with Annexin V-FITC. In the absence
of TNF-α, the MLE-15 cells did not change phosphatidylserine expression as a function of
temperature (Fig. 6A). The Annexin V-FITC labeling of MLE-15 cells exposed to TNF-α
increased as a function of temperature and was highest at 39.5°C as compared with cells at 37°
C or 34°C (Fig. 6B). As an additional measure of apoptotic pathways, we also determined
caspase-3/7 activity in MLE-15 cells exposed to TNF-α at various incubation temperatures.
Cells exposed to TNF-α at 39.5°C had a 2-fold increase in caspase-3/7 activity compared with
cells incubated at 37°C, and a 6-fold increase over cells treated with TNF-α at 34°C (Fig.
6C). These data suggest that FRH enhances cell death by augmenting TNF-α–induced
apoptosis.

FRH enhances TNF-α–mediated cell death in a caspase-dependent manner
We used zVAD.fmk, a broad caspase inhibitor, to evaluate the role of caspases in temperature-
dependent TNF-α–mediated cell death. Low concentrations of zVAD.fmk suppressed
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caspase-3/7 activity, as assessed by DEVD cleavage (Fig. 7A). FA.fmk, an inactive chemical
analog of zVAD.fmk, did not affect DEVD cleavage (data not shown). Next, the alamar Blue
assay was used to assess the effect of zVAD.fmk on MLE-15 cell survival postexposure to
TNF-α and FRH. zVAD.fmk protected cells from the augmented cell death associated with
hyperthermia and TNF-α (Fig. 7B). There was a strong dose-response relationship between
zVAD.fmk and cell survival in MLE-15 cells exposed to TNF-α and 39.5°C (Fig. 7C). FA.fmk
did not affect cell survival (Fig. 7C). Therefore, hyperthermia augments MLE-15 cell death
postexposure to TNF-α, and this effect depends upon enhanced caspase activity.

Hyperthermia augments TNF-α–induced cell death via the death-receptor pathway
Ambient phenomena such as temperature are commonly thought to effect apoptosis by
modulating the mitochondrial pathway. However, our studies showed modulation of the
receptor-mediated pathway. Therefore, we next investigated the effect of hyperthermia on
caspase-8 and caspase-9 activity. Caspase-8 activity is associated with death receptor (e.g.,
TNF-α, TRAIL, Fas receptor) activation; caspase-9 activity increases as a consequence of
direct mitochondrial injury or by caspase-8–dependent cleavage of Bid. Therefore, the pattern
of proximal caspase activity during exposure to hyperthermia and TNF-α reflects whether
hyperthermia enhances TNF-α–mediated cell death by enhancing signaling through death
receptors or by causing direct mitochondrial injury. Caspase-8 and −9 activities were greatest
in MLE-15 cells exposed to TNF-α 5 ng/ml and 39.5°C (Fig. 8A, 8B). In contrast, mild
hypothermia decreased the amount of caspase-8 and −9 activities in MLE-15 cells after TNF-
α exposure as compared with 37°C. To demonstrate that hyperthermia-enhanced TNF-α–
mediated cell death depends on caspase-8 activity, chemical inhibitors of caspase-8 or −9 were
added to MLE-15 cells exposed to TNF-α 5 ng/ml and 34, 37, or 39.5°C. The caspase-8
inhibitor, zIETD.fmk, protected MLE-15 cells from hyperthermia-enhanced cell death after
TNF-α exposure (Fig. 8C). Neither the caspase-9 inhibitor, zLEHD.fmk (Fig. 8D), nor the
inactive chemical analog of these inhibitors, FA.fmk (Fig. 7C), protected MLE-15 cells during
TNF-α exposure at 37 and 39.5°C. Therefore, hyperthermia enhances TNF-α–mediated
apoptosis by increasing death-receptor signaling via caspase-8, whereas the mitochondrial
pathway, in which cas-pase-9 is an effector, is less important.

The mechanisms by which hyperthermia enhances the death receptor pathway were then
examined. First, to determine whether TNF-α acted in trans by causing the release of a soluble
factor that then enhanced cell death, the media of MLE-15 cells exposed to TNF-α and 34, 37,
or 39.5°C for 18 h were collected and transferred to MLE-15 cells, which were then incubated
at 37°C for 18 h. The cell-conditioned media did not cause significant differences in recipient
cell mortality. However, supernatants of cells exposed to 34°C and TNF-α tended to cause
more cell death in the recipient MLE-15 cells than cell-conditioned media of cells treated with
37 or 39.5°C (Fig. 9A). The conditioned media of MLE-15 cells treated with TNF-α at 34°C
contained a higher TNF-α concentration than the media of cells treated with TNF-α at 37 or
39.5°C, although this also did not reach statistical significance (Fig. 9B, 9C). The data suggest
the induction of cell death by hyperthermia is not mediated by a temperature-dependent
autocrine factor.

Next, the effect of incubation temperature on surface expression of TNFR1 and TNFR2 in
MLE-15 cells was examined by flow cytometry. Neither mild hypothermia nor mild
hyperthermia affected the surface expression of TNFR1 or TNFR2 in MLE-15 cells (Fig. 10).

The role of the MAPKs in the temperature modification of TNF-α–induced cell death was then
examined using chemical inhibitors of p38 (SP202190), MEK1/2 (U0126), and JNK
(SP600125). Neither MEK1/2 nor p38 inhibitors significantly altered the response of the
MLE-15 cells to TNF-α and various incubation temperatures (Fig. 11). However, the JNK
inhibitor significantly improved survival.
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Finally, the role of NF-κB activity in the temperature dependence of TNF-α–induced cell death
was examined using transient transfection of MLE-15 cells with an NF-κB–inducible firefly
luciferase. The TNF-α–dependent NF-κB activity was enhanced by mild hypothermia and
suppressed by hyperthermia (Fig. 12A). To confirm that temperature modified the NF-κB
pathway, we measured KC production, a chemokine produced under control of NF-κB. KC
production was assessed in the cells by RT-PCR and in cell-conditioned media by ELISA. The
KC concentration in cell supernatants decreased as a function of incubation temperature at each
concentration of TNF-α (Fig. 12B), and KC mRNA transcript copy number was also suppressed
by increasing incubation temperature (data not shown). To evaluate whether changes in NF-
κB activity modified cell survival after TNF-α exposure, the effect of an IκB-α kinase inhibitor
(BMS 345541) on cell survival was evaluated using the alamar Blue assay. The IκB-α kinase
inhibitor prevents the dissociation of IκB-α and NF-κB and therefore inhibits nuclear
translocation and activity of NF-κB. The addition of an IκB-α kinase inhibitor (33 µM)
enhanced TNF-α–mediated cell death at all temperatures (Fig. 12C). Therefore, when NF-κB
activity is inhibited, cells exposed to TNF-α die regardless of incubation temperature. In the
absence of TNF-α, the IκB-α kinase inhibitor did not affect MLE-15 cell viability (data not
shown). Finally, the total IκB-α level in MLE-15 cells treated with TNF-α 100 ng/ml at 34, 37,
or 39.5°C for 5, 15, 30, or 60 min without a proteasome inhibitor was evaluated by Western
blot (Fig. 12D). Total IκB-α levels are typically inversely proportional to NF-κB nuclear
translocation and activity. Interestingly, the total IκB-α levels in MLE-15 cells exposed to TNF-
α were similar in all incubation temperatures. Therefore, hyperthermia enhances MLE-15 cell
death after TNF-α exposure in part by reducing NF-κB activity. The mechanism of altered NF-
κB activity appears independent of changes in IκB-α kinase activity or cellular concentrations
of IκB-α.

Discussion
The primary goal of this study was to evaluate the effect of FRH on LPS-induced lung injury
and to define the mechanisms of FRH-enhanced injury. We hypothesized that FRH augmented
lung injury by enhancing apoptotic and inflammatory signaling through the TNFR superfamily.
We found that 24 h after LPS exposure, FRH enhanced alveolar permeability without affecting
inflammatory cell responses. This was associated with a dramatic increase in TUNEL-positive
cells in the alveolar epithelium, which indicates DNA fragmentation, suggesting apoptosis.
Additionally, we observed that treatment with a broad caspase inhibitor attenuated FRH-
augmented alveolar permeability induced with a sublethal dose of LPS. Interestingly, caspase
inhibition with zVAD.fmk did not attenuate lung injury induced by FRH at a high dose of LPS
(50 µg). We infer from these data that low-dose LPS activates apoptosis pathways in the
alveolar epithelium in vivo, whereas the higher dose LPS combined with FRH results in
activation of multiple injurious pathways, so that caspase inhibition alone is not protective in
this circumstance. The ability of zVAD.fmk to suppress the alveolar permeability effects of
FRH at a lower dose of LPS shows that caspase-dependent pathways are involved in FRH-
augmented lung injury. After 48 h, the animals exposed to LPS and hyperthermia had enhanced
inflammatory cell recruitment to the lungs as compared with animals exposed to LPS alone.
Additionally, FRH increased the mortality associated with LPS-induced lung injury when a
higher dose of LPS was used. Notably, in the absence of LPS, FRH did not affect measures of
lung injury or mortality of mice.

In lung epithelial cell lines and in primary type II alveolar epithelial cells, we found that
hyperthermia enhanced TNF-α–mediated apoptosis. The hyperthermia-enhanced TNF-α–
mediated death occurs by a mechanism involving augmented caspase-8 signaling and reduced
NF-κB activity. Interestingly, these findings were specific to the TNF-α receptors, as
temperature-dependent modification of Fas-mediated death was not observed. These findings
suggest that FRH and the innate immune system act synergistically to enhance lung injury and
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that increased alveolar epithelial apoptosis is one mechanism by which FRH causes enhanced
tissue injury. The augmented apoptotic response in the alveolar epithelium may occur in part
by FRH-mediated suppression of NF-κB activity, which sensitizes epithelial cells to TNF-α–
mediated apoptosis.

Other groups also have shown that FRH augments lung injury in animal models, although the
mechanisms that drive FRH-enhanced lung injury are not fully understood (11–14). Hasday et
al. (12) examined the relationship between hyperthermia and ALI by comparing the severity
of lung injury in hyperthermic versus euthermic mice exposed to hyperoxia, live bacteria, or
exogenous bacterial products. In each model, the hyperthermic animals showed higher
mortality and more severe lung injury than the euthermic animals. PMN recruitment was
enhanced in hyper-thermic animals, and PMN recruitment continued even after the decline of
MIP2a and KC in BAL fluid, leading to the speculation that increased PMN-induced
inflammation and necrosis caused worsening lung injury. The cellular mechanisms by which
FRH augmented total neutrophil recruitment and generated a delayed neutrophilic alveolitis
were not clarified.

Suzuki et al. (13) and Akinci et al. (14) studied the effect of core body temperature on ventilator-
induced lung injury. The latter group ventilated temperature-controlled rabbits (33, 37, or 41°
C) with normal or high-pressure ventilation for 2 h (13). The results showed that in both an in
vivo model and in an isolated-perfused lung model, the development of pathologic alveolar
permeability as a result of an injurious ventilator strategy was significantly worse in
hyperthermic rabbits. Changes in inflammatory cell accumulation in the BAL fluid were not
evaluated. However, the development of increased edema in the isolated-perfused lung model
at higher temperature suggests that augmented ventilator-induced lung injury associated with
FRH is not entirely dependent on circulating leukocytes.

To integrate observations about FRH-enhanced alveolar permeability related to resident
pulmonary cells and FRH-enhanced PMN recruitment, we hypothesized that members of the
TNFR superfamily, such as TNF-α and Fas ligand, participate in FRH-enhanced lung injury
via their proapoptotic and proinflammatory effects in the lungs. The TNFR family is central
to the development of alveolar epithelial apoptosis and to neutrophilic alveolitis in ALI.
Matsuda et al. (41) showed the importance of the TNFR superfamily signaling in experimental
lung injury using an small interfering RNA approach to knock down Fas-associated death
domain protein, a signaling protein required for caspase-8 recruitment to the death domain of
the TNFR superfamily. This protected mice from the effects of cecal ligation and puncture,
including lung injury, alveolitis, and death (41). Matute-Bello et al. (19–23) showed that
activation of the Fas pathway in the lungs of mice causes ALI through a mechanism that is
dependent upon alveolar epithelial apoptosis. Although TNF-α is known to have both
proinflammatory and proapoptotic functions, data regarding the proinflammatory capacity of
Fas are still accumulating. Fas ligand is capable of causing neutrophil infiltration independent
of caspase-1 activity in a peritoneal exudate model (42), and the Fas pathway can also be
proinflammatory in the lungs. The IT administration of Fas ligand or a Fas-activating Ab results
in a neutrophilic alveolitis within 24 h postinstillation (18,21,23,24,27–29). The Fas receptor
is also critical to the development of the delayed neutrophilic alveolitis after LPS exposure, as
lpr mice, which lack a functioning Fas receptor, have a less robust delayed PMN recruitment
after IT LPS compared with Fas-normal mice, and less tissue injury (25,26). Thus, TNFR
superfamily signaling in the alveolar epithelium generates both apoptotic and inflammatory
responses that are critical to the development of lung injury.

Therefore, we hypothesized that FRH augments lung injury by enhancing TNFR family
signaling in the alveolar epithelium, with increases in both inflammatory and apoptotic events.
The exposure of animals to IT LPS and FRH yielded an increase in BAL concentrations of

Lipke et al. Page 11

J Immunol. Author manuscript; available in PMC 2010 May 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



IgM and total protein at 24 h without increasing BAL inflammatory cells or tissue MPO
activity. Animals exposed to LPS and hyperthermia developed microvascular congestion by
24 h that was not observed in euthermic animals. This may reflect FRH-enhanced thrombosis,
as described by Hernandez-Espinoza et al. (43) in addition to FRH-enhanced lung injury. Our
study did not address this issue directly. The TUNEL assay on lung sections revealed a large
increase in the number of TUNEL-positive alveolar epithelial cells and caspase inhibition via
administration of zVAD.fmk attenuated FRH-augmented alveolar permeability. This suggests
that FRH enhanced TNFR superfamily signaling in the alveolar epithelium, which increased
alveolar epithelial cell death and increased alveolar permeability. At 48 h, animals exposed to
LPS and hyperthermia demonstrated an exaggerated neutrophilic alveolitis as compared with
mice exposed to LPS alone. As TNFR family members are required for delayed neutrophil
recruitment, the observed increases in the inflammatory response at 48 h might also reflect
FRH-enhanced TNFR signaling. These data suggest that the pathogenesis of FRH-augmented
lung injury includes not only enhanced PMN-associated injury, as described previously, but
also FRH-enhanced alveolar epithelial apoptosis. These findings significantly extend prior
work and provide new mechanistic insight into pathogenesis of FRH-augmented lung injury.

Interestingly, FRH is not directly cytotoxic. However, FRH has been associated with increased
sensitivity of death receptors in lymphocytes as well as a number of malignant cell lines (33,
36,37,44–47). The mechanisms by which fever enhances apoptosis are cell-type dependent and
include enhanced clustering of membrane receptors due to alterations in membrane fluidity,
enhanced activity of various caspases, and alterations in intracellular proteins and kinases that
regulate caspase activity. Kokura et al. (48) found that hyperthermia (42°C) induces TNF-α–
mediated apoptosis in a human gastric cell line and suggested that this is related to suppression
of NF-κB activity. NF-κB activity determines cellular sensitivity to apoptosis by TNF-α
receptor activation (49–55). The ability of NF-κB to suppress apoptosis has been linked to the
transcription of a number of antiapoptotic proteins, such as X-linked inhibitor of apoptosis
protein and FLIP, as well as to suppression of TNF-α–mediated JNK activation (49,53,56–
63). JNK-mediated apoptosis is not completely understood, but both the intrinsic
(mitochondrial) and extrinsic (TNFR family-mediated) pathways have been implicated (64–
66). Hence, NF-κB– deficient cells are particularly sensitive to TNF-α–mediated apoptosis,
but inhibitors of JNK rescue these cells from TNF-α–mediated death (49,52,53,57,59).
Moreover, chronic signaling via JNK, modeled by transfection of Chinese hamster ovary cells
with a constitutively active MKK7-JNK fusion protein is sufficient to induce cell death without
modification of NF-κB activity (67). JNK has been linked to cell death following stress signals,
including heat shock, but has not previously been associated with modification of apoptosis
by FRH (68,69).

We examined the effect of FRH on the response of alveolar epithelial cells to two of the major
representatives of the TNFR family, TNF-α and Fas. Interestingly, the receptors showed
different responses to hyperthermia. Hyperthermia enhanced TNF-α–mediated death in two
different cell lines and in primary type II alveolar epithelial cells, whereas FRH neither
sensitized cells to Fas-mediated death nor enhanced Fas-mediated death in cells that are
susceptible to Fas stimulation. This suggests that the effects of hyperthermia on cell death are
conserved and are specific to the TNF-α receptor(s). We found that hyperthermia-enhanced
cell death depends upon caspase signaling through the receptor-mediated pathway and that
caspase-8 is more important than caspase-9. In addition, NF-κB activity is strongly suppressed
in cells exposed to FRH and TNF-α. Through inhibitor studies, we demonstrated that increased
JNK activity participates in enhanced cell death and that NF-κB activity is protective against
hyperthermia-enhanced TNF-α–mediated cell death. However, FRH did not cause preservation
of total IκB-α levels in cells exposed to TNF-α. Therefore, the suppression of NF-κB appears
to be more complex than a simple alteration of the kinetics of IκB-α. We speculate that FRH-
mediated suppression of NF-κB results in an alteration of the balance between pro- and
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antiapoptotic proteins and involves an increase in JNK activity, which favors apoptosis
following TNF-α stimulation. The mechanism by which NF-κB activity is suppressed appears
to occur after dissociation from IκB-α in the cytoplasm, as FRH does not markedly affect the
cytoplasmic concentrations of IκB-α. The suppression of NF-κB has been linked with enhanced
apoptosis in lymphocytes and other cell lines (50–52,55). However, our data provide the first
evidence that hyperthermia suppresses NF-κB activity in the alveolar epithelium and provide
important new insights about the mechanisms of FRH-induced tissue damage. Interestingly,
NF-κB activation and the resultant inflammatory response have been identified as central
pathophysiologic mechanisms in critical illness-related end-organ damage (69). Suppression
of NF-κB activation ameliorates systemic hypotension, disseminated intravascular
coagulation, and other end-organ dysfunction caused with experimental sepsis and has been
proposed as an intervention to improve outcomes from sepsis and septic shock (70,71).
Therefore, our data not only provide a new understanding of the mechanism of FRH-enhanced
tissue damage, but also support a dual role for NF-κB in the pathogenesis as well as protection
from critical illness-associated end-organ damage.

Our study has several limitations. First, more information is needed to determine whether the
observed increase in TNF-α sensitivity in the lung epithelial cells is the mechanism of the
increased alveolar epithelial apoptosis in our animal model. Moreover, alternative mechanisms
of increased epithelial apoptosis, including alterations in proximal signaling patterns generated
by fever, have not been explored in this model. Lastly, the animal model of FRH allows direct
study of the effects of hyperthermia without the complicating cluster of cytokines that generate
clinical fever. This system is necessarily simplified to evaluate the effects of fever and not
pyrogens and therefore may overlook the effect of pyrogenic cytokines on the in vivo responses
to hyperthermia.

In summary, the results show that FRH acts synergistically with innate immune system
activation by LPS to enhance lung injury. In this model, FRH is associated with increased
mortality and increased lung injury after LPS exposure. Hyperthermia causes an early increase
in alveolar permeability, which is mediated by caspase-dependent epithelial apoptosis, and a
later increase in neutrophil recruitment in LPS-treated mice. In lung epithelial cell lines, FRH
enhances caspase-dependent cell death in response to TNF-α, but not Fas, stimulation. This is
associated with suppression of NF-κB activity without significant alterations in IκB-α levels
and is associated with increased JNK activity. We conclude that FRH-enhances lung injury by
a mechanism involving increased TNFR family signaling that results in augmented alveolar
epithelial apoptosis and that this is related to FRH-enhanced sensitivity of alveolar epithelial
cells to TNF-α–mediated apoptosis.
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MPO myeloperoxidase

PMN polymorphonuclear cell

TNFR TNF-αreceptor
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FIGURE 1.
FRH is associated with increased LPS-induced mortality in an animal model. A, Exposure to
ambient hyperthermia (35°C) generates febrile-range core body temperatures (39.5–40°C) in
mice as compared with animals that were maintained at room temperature (23°C) independent
of LPS exposure. B, Exposure to IT LPS and FRH results in increased mortality in mice.
Animals treated with LPS alone or FRH alone had no mortality by 48 h, whereas animals
treated with FRH plus LPS had 62% mortality. The FRH plus LPS survival curve shown reflects
an LPS dose of 50 µg. Data from 5 and 25 µg doses LPS plus FRH are not shown but also
demonstrate increased mortality. †p< 0.0001.
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FIGURE 2.
FRH augments alveolar permeability and delayed neutrophil recruitment in an LPS injury
model. Lung weight (A), total protein in BAL fluid (B), and IgM concentration in BAL fluid
(C) are increased in animals exposed to FRH and LPS as compared with animals exposed to
LPS and euthermia. The changes in alveolar permeability precede FRH-associated changes in
LPS-induced inflammation. Total cells in BAL fluid (D), total BAL fluid neutrophils (E), and
tissue MPO activity in lung homogenates (F) are increased in animals exposed to FRH and
LPS as compared with LPS alone after 48 h. For all groups, *p< 0.05; **p< 0.01; †p< 0.001.
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FIGURE 3.
FRH causes histologic evidence of LPS-induced lung injury prior to neutrophil recruitment.
H&E stains of paraffin-embedded lungs of animals exposed to LPS 50 µg and euthermia for
24 h, original magnifications ×200 (A) and ×400 (B), or hyperthermia, ×200 (C) and ×400
(D). The animals exposed to LPS and hyperthermia have more airway edema, alveolar septal
thickening, and pyknotic nuclei (arrows) in the alveolar walls as compared with LPS alone.
After 48 h, the lungs of animals exposed to LPS 50 µg and euthermia, original magnifications
×200 (E) and ×400 (F), or hyperthermia, ×200 (G) and ×400 (H) show that hyperthermia
exaggerates delayed neutrophil recruitment.
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FIGURE 4.
FRH enhances alveolar epithelial apoptosis. The lungs of mice exposed to LPS 50 µg and FRH
(B) show an increase in TUNEL-positive cells as compared with LPS alone (A), original
magnification ×100. Differential interference contrast microscopic images merged with the
fluorescent TUNEL images (original magnification ×400) in euthermic (C) or hyperthermic
(D) mice show that the fluorescence localizes to the alveolar walls. E, At 24 and 48 h, the
number of TUNEL-positive cells per high-power field in hyperthermic animals exposed to
LPS is significantly higher than in euthermic animals exposed to LPS. F, Many of the TUNEL-
positive cells localize to the corners of alveoli, original magnification ×1000. †p< 0.0001;
**p< 0.01.
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FIGURE 5.
Incubation temperature modifies TNF-α, but not Fas-mediated, death in alveolar epithelial cell
lines. Both MLE-15 (A) and LA-4 cells (C) exposed to TNF-α show increased sensitivity to
TNF-α mediated death as incubation temperatures increase. B, MLE-15 cells are insensitive
to Fas ligand-mediated cell death, and incubation temperatures do not affect the sensitivity.
D, LA-4 cells are sensitive to Fas-mediated cell death, and this response is not affected by
incubation temperatures. *p< 0.05; **p< 0.01; †p< 0.001.
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FIGURE 6.
Febrile-range temperature enhances apoptosis in MLE-15 cells exposed to TNF-α. A,
Temperature alone does not affect Annexin V-FITC binding in MLE-15 cells. B, MLE-15 cells
exposed to TNF-α 100 ng/ml and 34, 37, or 39.5°C for 6 h demonstrate Annexin V-FITC
binding increases as a function of temperature. C, Caspase-3/7 activity in MLE-15 cells
exposed to TNF-α and 34, 37, or 39.5°C for 2 h shows that caspase-3/7 activity generated by
cells exposed to TNF-α increases as a function of incubation temperature. †p< 0.05.
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FIGURE 7.
FRH enhances TNF-α–mediated cell death in a caspase-dependent manner. A, zVAD.fmk
suppresses caspase-3/7 activity in MLE-15 cells exposed to TNF-α 5 ng/ml, 34, 37, or 39.5°C
at low doses. B, zVAD.fmk improves MLE-15 survival posttreatment with TNF-α 5 ng/ml and
39.5°C. C, A strong dose response exists between zVAD.fmk and MLE-15 cell survival at
39.5°C. FA.fmk does not improve MLE-15 cell survival after TNF-α exposure at 39.5°C.
**p< 0.01.
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FIGURE 8.
FRH augments TNF-α–mediated cell death via the death-receptor pathway. Caspase-8 (A) and
caspase-9 (B) activity increase as a function of TNF-α dose and incubation temperature. C,
The chemical caspase-8 inhibitor, zIETD, rescued MLE-15 cells from FRH-augmented death
at TNF-α 5 ng/ml. Neither the chemical caspase-9 inhibitor, zLEHD (D), nor the inactive
chemical analog of the inhibitors, FA.fmk (Fig. 7C), improved MLE-15 survival postexposure
to TNF-α 5 ng/ml and FRH. *p< 0.05; **p< 0.01; †p< 0.001.
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FIGURE 9.
FRH-augmented cell death is not mediated by a soluble factor. A, The media of MLE-15 cells
exposed to TNF-α and various incubation temperatures for 18 h was collected and transferred
to MLE-15 cells and then incubated at 37°C for 18 h. No difference in the cell survival at each
conditioning dose of TNF-α exists, although a trend for increased mortality from the cell-
conditioned media of cells at 34°C exists. This reflects increased production (B) of and
increased stability (C) of the TNF-α at 34°C compared with 39.5°C.
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FIGURE 10.
Temperature does not modify expression of TNFRs on MLE-15 cells. MLE-15 cells were
exposed to 34, 37, or 39.5°C, 5% CO2, and then evaluated for surface expression of TNFR1
and 2. No difference in surface expression of TNFR1 (A) or 2 (B) exists.
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FIGURE 11.
JNK, but not other MAPKs, contributes to FRH-augmented cell death by TNF-α. Chemical
inhibitors of the MAPKs, MEK1/2 (U0126), JNK (SP600125), and p38 (SB202190) at 1 µM
concentration were added to MLE-15 cells exposed to TNF-α 5 ng/ml and 34, 37, or 39.5°C.
The MAPK inhibitors for MEK1/2 and p38 did not affect cell survival. The JNK inhibitor
protected MLE-15 cells from exposure to TNF-α and 39.5°C. **p< 0.01; †p< 0.001.
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FIGURE 12.
FRH suppresses NF-κB activity, which increases MLE-15 susceptibility to TNF-α–mediated
death. A, MLE-15 cells were transiently dually transfected with an NF-κB–inducible firefly
luciferase and a constitutively active renilla luciferase and then exposed to TNF-α at 34, 37,
or 39.5°C. NF-κB activity in MLE-15 cells generated by TNF-α exposure is strongly
suppressed as a function of increasing incubation temperature. B, KC production from MLE-15
cells after TNF-α exposure is suppressed by increasing incubation temperatures. C, The IκB-
α kinase inhibitor BMS 345541 renders the MLE-15 cells at all incubation temperatures more
sensitive to TNF-α–mediated cell death. In the absence of TNF-α, the IκB-α kinase inhibitor
does not affect cell viability (data not shown). D, Total IκB-α levels in MLE-15 cells exposed
to TNF-α 50 ng/ml fluctuate similarly in all temperature exposures. A representative Western
blot is shown with densitometry from three Western blots for total IκB-α normalized for protein
loading. **p< 0.01; †p< 0.001.
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Table I

Experimental groups

IT Instillationa

LPS

Temperature Exposure PBS Only 5 µg 25 µg 50 µg

Euthermia 24 h 8 4 6 6

Euthermia 48 h 2 10 5

Hyperthermia 24 h 8 5 10 7

Hyperthermia 48 h 2 6 4

a
All IT instillations performed in 50 µl of sterile PBS.
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Table II

Effect of caspase inhibition on FRH-augmented lung injury

Measurements of Lung Injury in BAL

Total Cells (× 105 cells/ml) Total PMN (× 105 cells/ml) Total Protein (µg/ml) IgM (ng/ml)

Euthermia 8.5 ± 1.1 1.9 ± 0.46 133.8 ± 13.9 44.4 ± 12.2

FRH 7.3 ± 0.53 2.53 ± 0.41 481 ± 143.4a 364.4 ± 162b

FRH plus caspase inhibitorc 6.6 ± 0.54 1.7 ± 0.37 129.4 ± 25.1d 47.1 ± 10.5e

Lung injury induced by LPS IT 100 ng.

a
LPS plus FRH versus LPS; p = 0.02.

b
LPS plus FRH versus LPS; p< 0.01.

c
zVAD.fmk 10 mg/kg s.c. every 16 h used as broad caspase inhibitor.

d
With zVAD versus without zVAD; p = 0.02.

e
With zVAD versus without zVAD; p< 0.01.
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