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Activation of the Heat Shock Response Attenuates the IL-1β-
mediated Inhibition of the Amiloride-Sensitive Alveolar Epithelial
Ion Transport

Marybeth Howard†, Jérémie Roux†, Karen E. Iles*,#,⌘, Byron Miyazawa†, Sarah Christiaans*,
Naseem Anjum*, Dale A. Dickinson†, Arnaud Goolaerts†, Michael A. Matthay£,¶, and Jean
Francois Pittet*
†Laboratory of Surgical Research, Department of Anesthesia, University of California, San
Francisco, CA
§Laboratory of Surgical Research, Department of Surgery, University of California, San Francisco,
CA
£Laboratory of Surgical Research, Department of Medicine, University of California, San
Francisco, CA
¶Cardiovascular Research Institute, University of California, San Francisco, CA
*Department of Anesthesiology, University of Alabama at Birmingham, Birmingham AL.
⌘Department of Nutrition, University of Alabama at Birmingham, Birmingham AL.
#Environmental Health Sciences, University of Alabama at Birmingham, Birmingham AL.

Abstract
Acute lung injury (ALI) is a clinical syndrome characterized by hypoxia which is caused by the
breakdown of the alveolar capillary barrier. IL-1β a cytokine released within the airspace in ALI,
down-regulates αENaC transcription and protein expression via p38 MAP kinase-dependent
signaling. While induction of the heat shock response can restore alveolar fluid clearance
compromised by IL-1β following the onset of severe hemorrhagic shock in rats, the mechanisms
are not fully understood. In this study, we report that the induction of the heat shock response
prevents IL-1β-dependent inhibition of αENaC mRNA expression and subsequent channel
function. Heat shock results in IRAK1 detergent insolubility and a disruption of Hsp90 binding to
IRAK1. Likewise, TAK1, another client protein of Hsp90 and signaling component of the IL-1β
pathway is also detergent insoluble after heat shock. Twenty-four hours post-heat shock, both
IRAK1 and TAK1 are again detergent soluble, which correlates with the IL-1β-dependent p38
activation. Remarkably, IL-1β-dependent p38 activation 24-hour post-heat shock did not result in
an inhibition of αENaC mRNA expression and channel function. Further analysis demonstrates
prolonged preservation of αENaC expression by the activation of the heat shock response that
involves inducible Hsp70. Inhibition of Hsp70 at 24 hours post-heat shock results in p38-
dependent IL-1β inhibition of αENaC mRNA expression while over-expression of Hsp70
attenuates the p38-dependent IL-1β inhibition of αENaC mRNA expression. These studies
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demonstrate new mechanisms by which the induction of the heat shock response protects the
barrier function of the alveolar epithelium in acute lung injury.

Keywords
Lung; Stress Protein Response; αENaC; p38 MAP Kinase; IRAK-1; TAK-1

INTRODUCTION
Acute lung injury (ALI) is a clinical syndrome characterized by alveolar flooding of a
protein rich edema due to the breakdown of the alveolar capillary barrier (1). In severe lung
injury, the alveolar epithelial vectorial fluid transport is inhibited by the development of the
inflammatory response within the airspace of the lung (2). IL-1β, one of the most
biologically active cytokines in the airspace of patients with acute lung injury (3–5),
contributes to ALI development by downregulating expression of the apical epithelial
sodium channel (ENaC) α-subunit through a p38 MAP kinase-dependent signaling thereby
impairing vectorial sodium transport and removal of edema fluid from the alveolar space
(6).

The heat shock or stress protein response (SPR) has been classically defined as a highly
conserved cellular defense mechanism characterized by increased expression of stress
proteins (7). This allows the cell to withstand a subsequent insult or “second hit” that would
otherwise be lethal, a phenomenon referred as "thermotolerance" or "preconditioning" (8).
The activation of SPR is characterized by an early phase defined by the inhibition of
proinflammatory cell signaling pathways within minutes after onset of SPR. The inhibition
of these intracellular pathways early after onset of SPR is due in a large part to the
dissociation of Hsp90 from its client proteins, as we have published previously (9–11).
Indeed, Hsp90 functions as a positive regulator of multiple cell signaling pathways by
modifying the conformation of its client proteins into active signaling proteins (12).
Blocking the ATPase site of Hsp90 by geldanamycin inhibits the function of these client
proteins making them detergent insoluble and targeting them for degradation via the
proteasome (13).

SPR is also associated with the expression of inducible heat shock proteins such as Hsp70.
Several studies that include our own work have shown that the lung inflammatory response
is inhibited in animals or cells that have been preconditioned by stress (14–19). For
example, prior SPR induction with either heat or geldanamycin inhibits the development of
ALI due to ischemia reperfusion, hemorrhagic shock or sepsis (2,20,21). In addition, the
inhibitory effect of SPR can be reproduced in part by the adenoviral gene transfer of Hsp70
into the distal airspace of the lung, suggesting that the expression of intracellular Hsp70 may
participate to the anti-inflammatory effect induced by SPR (22).

Previous work from our laboratory has shown that some patients with ALI undergo SPR
activation that is associated with the maintenance of the alveolar epithelial fluid transport
(23). We have also found that prior SPR activation prevents the IL-1β-mediated decrease in
transepithelial current by maintaining the expression of αENaC in alveolar epithelial type II
cells, although the mechanism by which SPR activation prevents the inhibition of alveolar
fluid clearance by IL-1β is still unknown. In the present study, we show that the attenuation
of IL-1β signaling by SPR activation is due to the detergent insolubility of IRAK-1 and
TAK1 as well as disruption of Hsp90 from IRAK1. However, the IL-1β signaling pathway
leading to p38 MAP kinase activation is reconstituted within 24 hours post-heat shock and
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yet αENaC transcription is still preserved. Further analysis showed the prolonged
attenuation of IL-1β signaling by SPR activation is due to up-regulation of inducible Hsp70.

MATERIAL AND METHODS
Isolation and culture of rat ATII cells

Rat alveolar type II (ATII) cells were isolated as described previously (24) after obtaining
approval from the UCSF Committee on Animal Research or the UAB IACUC committee.
Male Sprague-Dawley rats (150–200g) were used for the isolation of ATII cells.

Isolation and culture of human ATII cells
Human alveolar ATII cells were isolated by a modification of methods previously described
(24) after obtaining approval from the UCSF Committee on Human Research.

SPR activation using heat (heat shock)
The incubation time for cells placed in a 43°C CO2 incubator was determined based on the
absence of cell death, using the Alamar blue assay, and the efficiency of SPR activation by
measuring the intracellular increase in inducible Hsp70 protein by western blotting (data not
shown). Type II alveolar epithelial cells were heat shocked for 45 minutes and returned to
37°C, as previously published (23).

Short circuit measurements
Freshly isolated rat or human ATII cells (0.75 × 106) were seeded on polycarbonate
Snapwell membranes (pore size 0.4 µm, surface area 1.13 cm2). At 120–144 h, the Snapwell
inserts were mounted in an Ussing chamber system (Physiologic Instruments Inc., San
Diego, CA) as we have done before (24).

ELISA
p38 phosphorylation was measured using ELISA (eBioscience, San Diego, CA) following
the manufacturer's instructions.

Western Blotting
Cells were washed three times with phosphate buffered saline (PBS) on ice, and either lysed
with 25 mM Tris buffer (pH 7.5) containing 100 mM NaCl, 5mM MgCl2, 1 mM EDTA, 1%
Triton, 1 mM sodium orthovanadate, 1 mM NaF, and protease inhibitors to determine
solubility/insolubility of IRAK1 and TAK1 or lysed in 1x Laemmli sample buffer (LSB).
Nuclei were pelleted at 14,000 × g for 5 minutes when cells were lysed in the Tris/Triton
buffer. When cells were lysed in LSB, the DNA was sheared using an 18G needle. The
protein concentrations of the samples were determined in triplicate using an adaptation of
the Bradford protein assay (BioRAD, Hercules, CA). The O.D.595 was determined using a
Wallac Victor2 counter (Perkin Elmer, San Jose, CA) and the protein concentrations
determined using a standard curve. Equal amounts of protein were separated by gel
electrophoresis using SDS-polyacrylamide for all experiments including both detergent
soluble and insoluble fractions, as we have done before (11). Proteins were visualized using
the Odyssey Infrared Imaging System from LI-COR®. Antibodies: inducible Hsp70
(StressGen clone 92, Plymouth Meeting, PA), Hsp90 (Assay Designs #SPA-830F, Plymouth
Meeting, PA), IRAK1 (Santa Cruz #SC5288, Santa Cruz, CA), TAK1 (Cell Signaling
#4505, Danvers, MA), phosphop38 (Cell Signaling #9211S), p38 (Cell Signaling #9212)
and actin (Cell Signaling #4967). IRAK1 1:500, TAK1 1:500, Hsp70 1:1,000, Hsp90 1:500,
phosphorylated p38 1:500, p38 1:1,000, actin 1:1,000. LICOR Goat anti-rabbit and anti-
mouse secondary antibodies were used at a dilution of 1:10,000.
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Isolation of membrane enriched fraction
Type II cells were scraped into a hypotonic buffer (10 mM HEPES, 10 mM NaCl, 5 mM
MgCl2, 1 mM DTT, protease inhibitors, phosphatase inhibitors). Cells were allowed to swell
by rotation for 30 minutes at 4°C. Cells were broken by dounce using a loose fitting pestle
and 18 strokes. Nuclei were removed by centrifugation 1,000 rpm for 3 minutes at 4°C. The
supernatant was subjected to centrifugation at 15,000 × g for 15 minutes at 4°C to pellet an
enriched membrane fraction (9). This pelleted fraction was either resuspended in LSB and
further analyzed by SDS-PAGE and Western blotting or resuspended in 50 mM Hepes, 150
mM NaCl, 1%NP40, 1mM EDTA, 10% glycerol and 1mM DTT for immunoprecipitation
prior to SDS-PAGE and Western blotting analysis.

Immunoprecipitations
Rat primary type II alveolar epithelial cells were lysed as described above for isolation of
membrane enriched fraction with the addition of 40mM sodium molybdate for the
immunoprecipitation of IRAK1/Hsp90 complexes. The membrane-enriched fraction was
incubated with primary antibodies to Hsp90 for 1 hour at 4°C. Antigen-antibody (Ag-Ab)
complexes are captured using protein G sepharose. The protein G sepharose-Ag-Ab
complex was pelleted at 3,000 rpms for 4 seconds. The Ag-Ab complexes were washed
three times and subjected to SDS-PAGE and Western blotted for the presence of the IRAK1
protein prior to stripping and re-probing for Hsp90.

Adenovirus infection
Rat type II alveolar epithelial cells grown on transwell permeable supports were incubated in
PBS containing 5.3 mM EDTA on both the basolateral and apical compartments for 60
minutes. The PBS/EDTA solution was removed and cells were placed in 1ml of PBS in the
basolateral compartment and 0.3ml of PBS in the apical compartment containing
recombinant adenovirus expressing Hsp70 subcloned downstream from the CMV promoter
(Clifford S. Deutschman, MD, University of Pennsylvania); MOI 50. Plates were incubated
at 37°C for 1 hour with rocking to evenly distribute the virus over the cells every 10
minutes. Viral inoculum was removed after 1 hour and cells were placed in media
containing heat-inactivated serum. Cells were lysed 48 hours post-infection and analyzed for
protein and mRNA expression.

siRNA transfections
Primary rat type II alveolar epithelial cells were transfected with siRNA using X-
tremeGENE transfection reagent (Roche, Indianapolis, IN) according to manufacturers’
instructions. The ratio of lipid to siRNA was 10 µl to 150 pmoles. Cells seeded on transwells
were heat shocked for 45 minutes at 43°C and allowed to recover for 1 hour prior to the
addition of the lipid/siRNA transfection complex on the cells. Twenty-four hours post-
transfection, cells were lysed and inducible Hsp70 expression determined by SDS-PAGE
and Western blotting. For analysis of ENaC mRNA, cells were stimulated with IL-1β from
21–24 hours post-transfection prior to RNA isolation. siRNA sequence to inducible Hsp70
(Ambion, Austin, TX): sense 5’-AACAAGAUCACCAUCACCAACtt-3’. Silencer®
Negative control siRNA (Ambion #AM4635).

Measurement of αENaC mRNA
Real-time RT-PCR primers and probes were designed using Primer Express software (PE-
Applied Biosystems (PE-ABI), Warrington, UK). The real-time RT-PCR probes were
labeled with a fluorophore reporter dye (6–carboxy-fluorescein, FAM) at the 5' end and a
quencher dye (BHQ, Biosearch Technologies, Inc., Novato CA) at the 3' end. Quantitative
real time RT-PCR was performed as previously published. RT-PCR was carriedout in a 25-
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µl reaction mixture containing 1x TaqMan UniversalPCR Master Mix (PE-Biosystems,
Foster City, CA), 10 pmol ofprimers, 5 pmol of TaqMan probe, and an equivalent of 100
ngof total RNA for 40 cycles at 95 °C for 15 s and 60 °C for 1 minute. The number of cycles
to threshold (CT) of fluorescence detection was normalized to the CT of glyceraldehydes 3-
phosphate dehydrogenase (GAPDH) for each sample tested. Rat RT-PCR GAPDH primers:
TAGF: CTGCCAAGTATGATGACATCAAGAA, TAGR:
AGCCCAGGATGCCCTTTAGT, TAGP: TCGGCCGCCTGCTTCACCA. Rat RT-PCR
primers: αENaC TAGF: TGATTGAATTCCACCGCTCC, αENaC TAGR:
CCCGTGGATGGTGGTGTT, αENaC TAGP: CGGGAGCTCTTCCAGTTCTTCTGCAA.

Statistical analysis
For the statistical analysis we used Statview 5.0® (SAS Inc.) and MedCalc® 7.2.0.2
(MedCalc Software Inc., Mariakerke, Belgium). All data were tested for normality and due
to non-uniform distribution the data were subsequently analyzed with nonparametric tests.
Data were calculated as medians ± interquartile ranges. The data are presented in the figures
as box plots with interquartile ranges and lower and upper ranges. The Kruskal-Wallis test
followed by the Dunn’s test were used to compare three or more experimental groups. The
Mann-Whitney test was used to compare two experimental conditions. A p value of <0.05
was considered statistically significant.

RESULTS
SPR activation prevents IL-1β-dependent inhibition of amiloride-sensitive current in rat
and human alveolar epithelial type II cell monolayers

In our prior studies, we reported that IL-1β, a biologically active cytokine in patients with
ALI, decreased the amiloride-sensitive transepithelial current as well as mRNA expression
of the α subunit of the epithelial sodium channel (ENaC) via a p38-dependent pathway (6).
Further studies also showed that SPR activation prevented the IL-1β–mediated decrease in
transepithelial current across ATII cell monolayers, although the mechanism of this effect is
not fully understood (23). In the current study, we first determined the time required for
attenuation of IL-1β inhibition of the amiloride-sensitive ENaC current in alveolar epithelial
cells following activation of the stress protein response. A time-course of recovery after heat
shock shows that the preservation of the amiloride-sensitive ENaC current in the presence of
IL-1β stimulation persists as long as 24 hours showing a range of 40-90% protection (Figure
1A). By 48 hours after heat shock, the preservation of the amiloride-sensitive ENaC current
was reversed, as IL-1β inhibited the transepithelial current at the same extent as that seen in
the non-heat shock control monolayers (Figure 1A). The same time-course of protection was
also observed in human type II alveolar epithelial cells, indicating that the protection due to
heat shock was not unique to rat alveolar epithelial type II cells (Figure 1B).

The stress protein response can also be activated in ATII cell monolayers with
pharmacological agents, such as 17-allylamino-17-demothoxy-geldanamycin (17–AAG)
(11). Thus, we tested whether 17-AAG would attenuate IL-1β-mediated down-regulation of
the amiloride-sensitive ENaC current across ATII cell monolayers. Incubation of both rat
and human type II alveolar epithelial cell monolayers with 10 µg/ml of 17-AAG showed a
25% protection as early as 1 hour pre-treatment and demonstrated a time-dependent increase
in protection of ENaC channel function from IL-1β inhibition with the maximum level of
protection of 50–60% of control (Figure 1C&D). These results support the hypothesis that
attenuation of IL-1β inhibition of the amiloride-sensitive current is due to SPR activation
and not to a non-specific effect of heat.
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SPR activation with heat and 17-AAG preserves αENaC mRNA expression from IL-1β-
dependent inhibition in rat alveolar epithelial type II cell monolayers

As the amiloride-sensitive fraction of the vectorial current across the alveolar epithelium is
largely ENaC-dependent, we examined the effect of prior SPR activation on IL-1β-mediated
inhibition of αENaC mRNA expression in ATII cell monolayers. The preservation of
αENaC mRNA expression induced by SPR activation followed a similar time course to that
observed for the preservation of the amiloride-sensitive ENaC current. αENaC mRNA
expression after heat shock and in the presence of IL-1β averaged 75% of the mRNA
expression of the non-heat shocked control for time points up to and including 24 hours.
However, by 48 hours post-heat shock, this protection was reversed, as IL-1β inhibited
αENaC mRNA expression at a level comparable to that seen in cells that were not heat
shocked (Figure 2A). Likewise, the preservation of αENaC mRNA expression after 17-
AAG treatment and IL-1β stimulation also showed a time-dependent effect. One hour
incubation with 17-AAG showed a 10% increase in αENaC mRNA expression in the
presence of IL-1β compared to the control (Figure 2B) that continued to increase to 40-60%
after three or six hours exposure to of 17-AAG and IL-1β stimulation. Finally, there was a
good correlation between the protective effect of SPR induced by heat or 17-AAG on the
amiloride-sensitive current and αENaC mRNA expression (Figures 1 and 2).

SPR activation with heat and 17-AAG prevents IL-1β-dependent p38 activation in a time-
dependent manner in rat alveolar epithelial type II cell monolayers

Our previous studies have shown that SPR activation causes the disruption of Hsp90 binding
to its client proteins (9,11). IL-1β-dependent p38 activation is known to signal through both
IRAK1 and TAK1, which are both Hsp90 client proteins (25–27). Analysis of the time
course after SPR activation showed a time-dependent expression of Hsp70 (Figure 3A) and
an attenuation of IL-1β-dependent activation of p38 MAPkinase, as indicated by the
inhibition of the phosphorylation of this MAP kinase at 1 and 6, but not at 24 and 48 hours
after SPR activation with heat (Figure 3B), but at the 24-hour time point, IL-1β-dependent
inhibition of the amiloride-sensitive ENaC current and αENaC mRNA expression was still
attenuated (Figure 1A). This result suggests that 24 hours after SPR activation, the IL-1β
signaling pathway upstream of p38 activation has been reconstituted and that the inhibition
of the effect of IL-1β on ENaC current and mRNA expression involves another cellular
mechanism. Likewise, treatment of type II alveolar epithelial cells with 17-AAG shows a
time-dependent effect of 17-AAG on p38 activation (Figure 3C) that correlates with a time-
dependent preservation of ENaC current and mRNA expression.

SPR activation with heat and 17-AAG promotes the detergent insolubility of IRAK1 and
TAK1 proteins in rat alveolar epithelial type II cell monolayers

Our previous studies have shown that disruption of Hsp90 from its client protein results in
detergent insolubility of the client protein (9, 11). Hsp90 binds both IRAK1 and TAK1, two
proteins that are upstream of p38 activation in the IL-1β signaling pathway (25–27). Both
IRAK1 and TAK1 are shown to be in a Triton X-100 soluble fraction under non-stimulated
(Figure 4A&B) and IL-1β stimulated conditions (data not shown). SPR activation with heat
followed by one-hour recovery resulted in the Triton X-100 insolubility of both IRAK1 and
TAK1 proteins (Figure 4A&B). Treatment with MG132, a proteasome inhibitor, had no
effect on the solubility of TAK1 or IRAK1. Both IRAK1 and TAK1 protein were found in a
detergent soluble fraction 24 hours post-heat shock, a time point at which IL-1β dependent
p38 is activation is restored. Treatment of alveolar epithelial type II cell monolayers with
17-AAG also showed a time-dependent increase in IRAK1 and TAK1 TritonX-100
insolubility (Figure 4C&D). Lastly, co-immunoprecipitation of IRAK1/Hsp90 was
performed from membrane-enriched fractions. IRAK1 was found to bind Hsp90 at basal
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conditions (Figure 5) as previously reported (3). After SPR activation with heat, there was a
disruption of the binding of Hsp90 to its client protein IRAK1 (Figure 5).

Overexpression of Hsp70 and inhibition of SPR-induced Hsp70 expression inversely affect
αENaC mRNA expression in rat alveolar epithelial type II cell monolayers

Our previous studies have shown a role for intracellular inducible Hsp70 in attenuating pro-
inflammatory signaling pathways (9). Due to the fact that 24 hours after SPR activation
IL-1β-dependent p38 activation did not result in a down-regulation of αENaC mRNA, the
role of inducible Hsp70 expression in contributing to this effect was examined. Hsp70 was
overexpressed in rat alveolar epithelial type II cell monolayers using a recombinant Hsp70
adenovirus in the absence of SPR activation (Figure 6A). In the presence of Hsp70
overexpression in ATII cell monolayers, IL-1β phosphorylated p38 MAP kinase (Figure
6A). However, overexpression of Hsp70 resulted in the preservation of αENaC mRNA
expression in the presence of IL-1β stimulation (Figure 6B). Conversely, treatment of the
type II alveolar epithelial cell monolayers with Hsp70 siRNA after heat shock caused the
inhibition of inducible Hsp70 expression and restored the inhibitory effect of IL-1β on
αENaC mRNA expression (Figure 6C&D).

DISCUSSION
In this study, we demonstrate that in rat and human alveolar epithelial type II cells, (a) prior
SPR activation prevents the IL-1β-mediated inhibition of the amiloride-sensitive short-
circuit current and αENaC mRNA expression; (b) SPR-mediated attenuation of IL-1β-
dependent p38 MAP kinase activation is associated with the reversible detergent insolubility
of IRAK-1 and TAK-1 (both Hsp90 client proteins); (c) detergent solubility of IRAK1 and
TAK1 24 hours post-heat stress correlates with p38 MAP kinase activation, but not with
IL-1β-dependent inhibition of αENaC mRNA expression and channel function; (d)
inducible Hsp70 plays an important role in SPR-mediated prolonged attenuation of IL-1β-
dependent inhibition of αENaC mRNA expression.

Activation of the SPR has been shown to attenuate cell and organ response to inflammatory
stimuli induced by several pathological conditions (15–19,28). For example, we previously
reported that prior SPR activation restored the cAMP-mediated stimulation of the vectorial
alveolar fluid transport (2) that was completely inhibited after severe hemorrhagic shock by
an IL-1β-dependent mechanism (29). In further work, we also found that IL-β inhibited
ENaC gene and protein expression and channel function via a p38 MAP kinase-dependent
mechanism (6). However, the molecular mechanism(s) by which SPR activation prevents
the inhibitory effect of IL-1β on ENaC expression and function were still unknown.

In the present study, we found that SPR activated by heat or pharmacologically by 17-AAG,
an Hsp90 inhibitor that is known to activate a heat shock response (and induces up-
regulation of Hps70 in ATII cells (2), prevented the IL-1β-mediated inhibition of the
amiloride-sensitive short-circuit current and αENaC mRNA expression in rat and human
alveolar epithelial type II cell monolayers This indicates that the SPR effect was not due to a
non-specific effect of heat. We have previously reported that there is a good correlation
between the IL-1β-mediated inhibition of αENaC mRNA, plasma membrane protein
expression and ENaC channel function at the cell membrane of ATII cells (6). What are the
mechanisms by which SPR preserves αENaC mRNA expression and function in ATII cells
after exposure to IL-1β? There are several mechanisms that can explain this SPR effect.
First, SPR activation has been shown to cause the dissociation of Hsp90 from its client
proteins resulting in the temporary inhibition of the function of the particular client protein,
its detergent insolubility and thus its degradation via the proteasomal pathway (13,25-27).
We have previously reported that SPR activation inhibits several inflammatory signaling
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pathways via this mechanism (9–11). Importantly, once the client protein becomes detergent
insoluble, the enzymatic activity of this protein is inhibited until the protein becomes
detergent soluble again provided that it is not fully degraded by the proteasomal pathway.
These results are consistent with a mechanism that we have previously reported in alveolar
epithelial cells for the Hsp90 client protein IkappaB kinase (11).

Several proteins that are upstream of p38 MAP kinase in the IL-1β-dependent signaling
pathway, such as IRAK-1 and TAK-1, have recently been shown to be client proteins of
Hsp90 (17,25). We found that activation of SPR using heat, which disrupts Hsp90 binding to
IRAK-1, results in the immediate detergent insolubility of both IRAK-1 and TAK1 with the
concomitant inhibition of p38 MAP kinase phosphorylation and correlates with maximal
preservation of αENaC mRNA expression and amiloride-sensitive current. In contrast, SPR
activation using 17-AAG instead of heat, shows a slower kinetics of attenuation of IL-1β-
dependent p38 MAP kinase activation as a one-hour treatment with 17-AAG prior to
exposure to IL-1β inhibits p38 MAP kinase phosphorylation by 50% compared to the non
heat shocked cell monolayers treated with IL-1β. This reduction in p38 MAP
phosphorylation correlates with a 50% preservation of both αENaC mRNA expression and
amiloride-sensitive current observed in the cell monolayers treated with 17-AAG prior to
exposure to IL-1β. Interestingly, our results indicate that a one-hour treatment with 17-AAG
results in the complete insolubility of IRAK-1 while only a fraction of TAK1 is insoluble
under these conditions. Our data showing partial insolubility of TAK1 is consistent with the
work by Liu et al. (26) that reported that Hsp90 binding to TAK1 is required for its folding
and stability, but is released when TAK1 binds to TAB1. Thus, the soluble fraction of TAK1
likely represents a stable form of TAK1 that does not form a protein complex with Hsp90.
By 24 hours post-heat shock, the IL-1β signaling pathway upstream of p38 MAP kinase is
restored, as both IRAK-1 and TAK1 are found in the detergent soluble fraction and IL-1β
phosphorylates p38 MAP kinase in ATII cell monolayers. However, IL-1β does not inhibit
αENaC mRNA expression and amiloride-sensitive current in ATII cell monolayers up to 48
hours after SPR activation, indicating that other mechanism(s) are implicated in the
inhibition of IL-1β cell signaling by SPR in ATII cells.

What are the mechanism(s) by which SPR preserves αENaC mRNA expression and
function in the presence of p38 MAP kinase activation? It has previously been shown that
heat stress attenuates IL-1β signaling by dephosphorylating p38 MAP kinase through the
induction of MAP kinase phosphatase (MKP-1) expression (30). MKP-1 is indeed
upregulated in response to heat shock via transcriptional and post-transcriptional
mechanisms (31,32). In addition, studies by Lee and colleagues reported that after heat
shock, Hsp70 binds to MKP-1, increasing the levels of phosphorylated MKP-1 and
accelerating MAP kinase inactivation (33). Thus, the simplest model explaining our results
at the 24-hour time point after SPR activation would be that once the p38 MAP kinase is
phosphorylated and translocates to the nucleus, it is dephosphorylated by MKP-1 allowing
transcription of αENaC. For example, Nimah et al. have shown in THP-1 cells, a monocyte
cell line, that there is a significant increase in nuclear MKP-1 protein expression 24 hours
after SPR activation that is associated with an absence of p38 phosphorylation by E. coli
endotoxin in THP-1 cells (34). In contrast, our results demonstrate that IL-1β
phosphorylates p38 MAP kinase 24 hours after SPR activation with the same intensity as in
non-heat shocked cell monolayers. Thus, it is unlikely that the induction of nuclear
expression of MKP-1 protein would fully explain the inhibition of IL-1β signaling during
the late phase of SPR in alveolar epithelial type II cell monolayers. We have previously
reported that the induction of Hsp70 plays an important role in the prolonged SPR-mediated
inhibition of the Stat1-iNOS pathway in alveolar macrophages (9). In the present study, we
found that Hsp70 was expressed up to 24 hours after SPR activation in ATII cell
monolayers. Furthermore, adenoviral gene transfer of Hsp70 prevented the inhibitory effect
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of on ENaC mRNA expression and channel function without inhibiting p38 MAP kinase
activation by IL-1β̃ These results are consistent with those from Shi et al. who reported in
RAW cells that over-expression of Hsp70 had no inhibitory effect on p38 MAP kinase
activation (35). Conversely, the inhibition of Hsp70 protein expression by siRNA in heat
shocked ATII cells prevented the SPR-mediated effect on inhibition of αENaC gene
expression by IL-1β. What mechanism(s) could then explain the effect of Hsp70 protein
overexpression on the attenuation of IL-1β-dependent inhibition of αENaC gene expression
in ATII cells? Published work from Rubenstein’s laboratory has shown that overexpression
of Hsp70, but not Hsc70, increases mENaC channel expression and activity at the plasma
membrane of oocytes (14). Other investigators have reported comparable results for the
effect of HSP70 on CFTR expression and function at the plasma membrane in lung
epithelial cells (36). Taken together, these published studies as well as our present results
suggest that the induction of Hsp70 following SPR activation preserves αENaC mRNA
levels and increases targeting of ion channels to the plasma membrane of lung epithelial
cells without modulating the cell signaling pathways of inflammatory mediators, such as
IL-1β. However, further studies are needed to understand the mechanism(s) by which
HSP70 modulates expression and function of ion channels in lung epithelial cells.

Clinical implications
We had previously reported that the release of extracellular inducible Hsp70, a marker of an
intracellular stress protein response, in the pulmonary edema fluid of patients with ALI
preserves alveolar fluid clearance and is associated with survival (23). The present study
provides a new potentially clinically relevant mechanism to explain the protective effect of
SPR activation on the vectorial alveolar epithelial fluid transport after onset of ALI because
IL-1β is one of the most biologically active cytokines in the distal airspaces of ALI patients
(3–5) and causes increased lung vascular permeability and inhibits the vectorial fluid
transport across the distal lung epithelium (6). However, it should be pointed out that there is
a large body of evidence that IL-1 beta signaling is only one of multiple signaling pathways
that can negatively affect the removal of the pulmonary edema fluid by the alveolar
epithelium after onset of ALI in humans (reviewed in 37). The multiplicity of the signaling
pathways involved in inhibiting the function of the alveolar epithelial ion channels may
explain in part why most of the phase 3 clinical trials that included a single drug to treat ALI
patients have produced negative results.

In summary, our studies demonstrate that SPR activation significantly attenuates IL-1β
inhibition of αENaC mRNA expression and the amiloride-sensitive current via multiple
mechanisms. It has previously been shown that heat shock increases the nuclear expression
of MKP-1, a phosphatase that inhibits the nuclear activity of p38 MAP kinase. Herein, we
found that SPR activation also attenuates IL-1β-dependent p38 MAP kinase activation by
disrupting the binding of IRAK-1 and TAK1 to Hsp90 resulting in their detergent
insolubility and targeting them for degradation via the proteasomal pathway. Furthermore,
SPR activation also causes a prolonged attenuation of p38-dependent inhibition of αENaC
mRNA expression via the expression of the inducible Hsp70. These results provide
additional understanding about the mechanisms by which SPR activation is associated with
better survival in patients with acute lung injury or severe trauma (23, 38).
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Figure 1. SPR activation prevents IL-1β-dependent inhibition of amiloride-sensitive current in
rat and human alveolar epithelial type II cell monolayers
Panel A. Rat alveolar epithelial type II cell monolayers were heat shocked at 43°C and
allowed to recover at 37°C for increasing times prior to the addition of IL-1β for three
hours. The amiloride-sensitive fraction of the short-circuit current was measured in Ussing
chambers (see Methods). Control monolayers were not subjected to SPR activation nor
exposed to IL-1β stimulation. Panel B. Human alveolar epithelial type II cell monolayers
were heat shocked at 43°C and allowed to recover at 37°C for increasing times prior to the
addition of IL-1β for three hours. The amiloride-sensitive fraction of the short-circuit current
was measured in Ussing chambers. Control monolayers were not subjected to SPR
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activation nor exposed to IL-1β stimulation. Panel C. Rat alveolar epithelial type II cell
monolayers were treated with 10µg/ml of 17-AAG for the indicated times prior to the
addition of IL-1β for three hours. The amiloride-sensitive fraction of the short-circuit current
was measured in Ussing chambers. Control monolayers were not exposed to 17-AAG or to
IL-1β. Panel D. Human alveolar epithelial type II cell monolayers were treated with 10µg/
ml of 17-AAG for the indicated times prior to the addition of IL-1β for three hours. The
amiloride-sensitive fraction of the short-circuit current was measured in Ussing chambers.
Control monolayers were not exposed to 17-AAG or to IL-1β. For all panels, the results are
the median ± IQRs of at least n=12 monolayers from 4 experiments; *, p < 0.05 from
monolayers exposed to IL-1β vehicle; **, p < 0.05 from monolayers exposed to IL-1β.
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Figure 2. SPR activation prevents IL-1β-dependent inhibition of αENaC mRNA expression in
rat alveolar epithelial type II cell monolayers
Panel A. Rat alveolar epithelial type II cell monolayers were heat shocked at 43°C and
allowed to recover at 37°C for increasing times prior to the addition of IL-1β for three
hours, the cells lysed, RNA isolated and and αENaC mRNA expression measured using
Real-time PCR. Control monolayers were not subjected to SPR activation nor exposed to
IL-1β stimulation. Panel B. Rat type II cell monolayers were treated with 10µg/ml of 17-
AAG for the indicated times prior to the addition of IL-1β for three hours, the cells lysed,
RNA isolated and αENaC mRNA expression measured by Real-time PCR. Control
monolayers were not exposed to 17-AAG or to IL-1β. The results are the median ± IQRs of
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at least n=12 monolayers from 4 experiments; *, p < 0.05 from monolayers exposed to
IL-1β vehicle; **, p < 0.05 from monolayers exposed to IL-1β.
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Figure 3. SPR activation prevents IL-1β-dependent p38 activation in a time-dependent manner
in rat alveolar epithelial type II cell monolayers
Panel A. Rat alveolar epithelial type II cell monolayers were heat shocked at 43°C and
allowed to recover for increasing times at 37°C prior to the addition of IL-1β for 10 minutes,
the cells lysed and inducible Hsp70 protein expression analyzed by SDS-PAGE and Western
blotting.Panel B. Rat alveolar epithelial type II cell monolayers were heat shocked at 43°C
and allowed to recover for increasing times at 37°C prior to the addition of IL-1β for 10
minutes, the cells lysed and changes in phosphorylated p38 MAP kinase were measured by
ELISA. Panel C. Rat alveolar epithelial type II cell monolayers were treated with 10µg/ml
of 17-AAG for increasing times at 37°C prior to the addition of IL-1β for 10 minutes, the
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cells lysed and changes in phosphorylated p38 MAP kinase protein analyzed using ELISA
(*, p < 0.05 from control; **, p < 0.05 from monolayers exposed to IL-1β alone).
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Figure 4. SPR activation promotes the insolubility of IRAK1 and TAK1 proteins in rat alveolar
epithelial type II cell monolayers
Panel A. Rat alveolar epithelial type II cell monolayers were heat shocked at 43°C and
allowed to recover for 1, 24 and 48 hours at 37°C prior to differential detergent cell lysis
using Triton X-100 and analysis of IRAK1 protein expression by SDS-PAGE and Western
blotting. Panel B. Rat alveolar epithelial type II cell monolayers were heat shocked at 43°C
and allowed to recover for 1, 24 and 48 hours at 37°C prior to differential detergent cell lysis
using Triton X-100 and analysis of TAK1 protein expression by SDS-PAGE and Western
blotting. Panel C. Rat alveolar epithelial type II cell monolayers were treated with 10µg/ml
of 17-AAG for increasing times at 37°C prior to differential detergent cell lysis using Triton
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X-100 and analysis of IRAK1 protein expression by SDS-PAGE and Western blotting.
Panel D. Rat alveolar epithelial type II cell monolayers were treated with 10µg/ml of 17-
AAG for increasing times at 37°C prior to differential detergent cell lysis using Triton
X-100 and analysis of TAK1 protein expression by SDS-PAGE and Western blotting.
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Figure 5. SPR activation disrupts IRAK1/Hsp90 protein binding in rat alveolar epithelial type II
cell monolayers
Rat alveolar epithelial type II cell monolayers were heat shocked at 43°C and allowed to
recover for 12 hours at 37°C prior to hypotonic cell lysis, isolation of a membrane enriched
fraction, immunoprecipitation using a polyclonal antibody to Hsp90 and analysis of IRAK1
and Hsp90 protein expression by SDS-PAGE and Western blotting.
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Figure 6. Overexpression of Hsp70 protein and inhibition of SPR-dependent Hsp70 protein
expression inversely affect αENaC mRNA expression in rat alveolar epithelial type II cell
monolayers
Panel A. Rat alveolar epithelial type II cell monolayers were infected with a recombinant
Hsp70 expressing adenovirus for 48 hours prior to the addition of IL-1β for 10 minutes. The
cells were lysed and phosphorylated and total p38 MAP kinase protein expression analyzed
on the same blot at the same time by SDS-PAGE and Western blotting using the Odyssey
Infrared Imaging System from LI-COR®. One representative blot is shown. Two additional
experiments showed comparable results. Panel B. Rat alveolar epithelial type II cell
monolayers were infected with a recombinant Hsp70 expressing adenovirus or a control
GFP adenovirus for 48 hours prior to the addition of IL-1β for 3 hours. Cells were lysed,
RNA isolated and Real-time PCR performed to determine αENaC mRNA expression. The
results are the median ± IQRs of at least n=9 monolayers from 3 experiments; *, p < 0.05
from monolayers exposed to IL-1β vehicle; #, p < 0.05 from monolayers exposed to IL-1β.
Panel C. Rat alveolar epithelial type II cell monolayers were heat shocked and recovered at
37°C for 1 hour before transfection with siRNA to inducible Hsp70 or a control siRNA for
24 hours. Cells were lysed and Hsp70 protein expression was determined by SDS-PAGE
and Western blotting. Panel D. Rat alveolar epithelial type II cell monolayers were heat
shocked and recovered at 37°C for 1 hour before transfection with siRNA to inducible
Hsp70 or a control siRNA for 24 hours, the last three hours included the addition of IL-1β.
Cells were lysed, RNA isolated and Real-time PCR performed to determine αENaC mRNA
expression. The results are the median ± IQRs of at least n=9 monolayers from 3
experiments; *, p < 0.05 from monolayers exposed to IL-1β vehicle; #, p < 0.05 from
monolayers heat shocked, transfected with control siRNA and exposed to IL-1β.
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