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Abstract The hyperthermia-induced activation of the
stress protein response allows cells to withstand metabolic
insults that would otherwise be lethal. This phenomenon is
referred to as thermotolerance. Heat shock protein 70
(HSP70) has been shown to play an important role in this
hyperthermia-related cell protection. HSP70 confers pro-
tection against cellular and tissue injury. Our objective was
to determine the effect of heat stress on the histopathology
of pulmonary fibrosis caused by the administration of
lipopolysaccharide (LPS) in Wistar rats. The rats were
randomly divided into three groups. In the control group,
rats were heated to 42°C for 15 min. In the LPS group, rats
were given LPS in 0.9% NaCl solution (10 mg/kg body
weight). In the WH (whole-body hyperthermia) +LPS
group, rats were heated to 42°C for 15 min, and 48 h later
they were injected with LPS dissolved in a 0.9% NaCl
solution (10 mg/kg body weight). We investigated lung
histopathology and performed a Northern blot analysis
daily. Hyperthermia was shown to reduce tissue injury
caused by the administration of LPS. Pulmonary tissue
HSP70 mRNA was found to be elevated at 3 h after
heating. HSP70 protein levels in the serum increased after
whole-body hyperthermia. However, neither the expression
of HSP47 mRNA nor the expression of type I or type III

S. Hagiwara (<)) - H. Iwasaka - S. Matsumoto -

T. Noguchi

Department of Brain and Nerve Science, Anesthesiology, Oita
University Faculty of Medicine, 1-1 Idaigaoka, Hasamamachi,
Yufu City, Oita 879-5593, Japan

e-mail: saku@med.oita-u.ac.jp

H. Yoshioka

Department of Anatomy, Biology and Medicine, Biochemistry,
Oita University Faculty of Medicine, 1-1 Idaigaoka,
Hasamamachi, Yufu City, Oita 879-5593, Japan

collagen mRNA was induced by the administration of LPS
after whole-body hyperthermia. These data indicate that
thermal pretreatment is associated with the induction of
HSP70 protein synthesis, which subsequently attenuates
tissue damage in experimental lung fibrosis.
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Introduction

Heat shock proteins (HSPs), commonly called stress pro-
teins, are a group of proteins induced when living cells are
exposed to temperatures 5°C higher than their optimum
growth temperature [1]. Stress proteins are also induced in
response to environmental stressors such as the exposure to
heavy metals, arsenate, and oxidants. Pathophysiologic
stressors such as microbial infections, ischemia, tissue
trauma, and genetic damage also induce the stress proteins.
Furthermore, even under normal conditions (such as cell
cycle progression, embryonic development, cell differen-
tiation, hormonal stimulation in vertebrate cells, and
growth in microorganisms) stress proteins are induced [2,
3]. The major families of mammalian stress proteins,
HSP90 and HSP70, as well as the smaller HSP28, have all
been well characterized [4, 5].

Acute respiratory distress syndrome (ARDS) is a com-
mon cause of morbidity and mortality. Late ARDS refers to
the clinical stage when the lung attempts to repair an initial
or persistent injury to the endothelial and epithelial linings of
the respiratory apparatus [6]. Histologically, it is character-
ized by the replacement of damaged epithelial cells and the
accumulation of mesenchymal cells. During this re-epithe-
lialization, connective tissue products and matrix deposit in
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the air spaces and walls [7, 8]. Unfortunately, this healing
process is frequently ineffective because it often results in a
worsening of both lung compliance and oxygenation [9].
The fibroproliferative phase of ARDS results in a restrictive
ventilatory defect and impaired alveolar membrane function
characterized by a prolonged reduction in the diffusing
capacity for carbon monoxide. This ultimately leads, either
directly or indirectly, to the patient’s death [10].

In this study we used whole-body hyperthermia to in-
crease the expression of HSP70 before the administration
of lipopolysaccharide (LPS). We then investigated whether
the expression of HSP70 inhibits LPS-induced pulmonary
fibrosis by inducing the expression of collagen mRNAs.

Methods
Animals

All protocols conformed to National Institute of Health
(NIH) guidelines and all animals received care in compli-
ance with the Principles of Laboratory Animal Care. Male
Wistar rats weighing 250-300 g (7 weeks old; Kyudou,
Saga, Japan) were used in all experiments. All animals
were housed with access to food and water ad libitum.

Experimental Protocols

Animals were randomly assigned to one of three groups. In
the control group, the whole bodies of rats were heated to
42°C for 15 min, and saline was administered intratrach-
eally after 48 h. In the LPS group, rats received intratracheal
administration of LPS (Sigma, St. Louis, MO) dissolved in
a 0.9% NaCl solution (10 mg/kg body weight). In the heat
and endotoxin (WH [whole-body hyperthermia] + LPS)
group, the whole bodies of rats were heated to 42°C for 15
min, and LPS dissolved in 0.9% NaCl solution (10 mg/kg
body weight) was administered intratracheally after 48 h.

Body warming was performed on rats anesthetized un-
der 3% sevoflurane with continuous monitoring of rectal
temperature. The rats were heated with a warm water
blanket and the trachea was exposed through an anterior
midline neck incision. The LPS solution was injected into
the trachea using 24-gauge needles. The animals were
sacrificed by clipping the vena cava, transecting the aorta,
and then injecting normal saline intra-atrially. Lung tissue
specimens were thereafter quickly removed and processed
as indicated below.

Histologic Examination

After the LPS injection, the rats were sacrificed by
exsanguination under 3% sevoflurane anesthesia. The lung

@ Springer

was inflated and instilled with 10% formalin. Sections were
cut at 3 pm and embedded into paraffin prior to staining
with hematoxylin and eosin. We compared the severity of
interstitial fibrosis among the groups using the Ashcroft
score. Briefly, paraffin sections of the lung were system-
atically scanned by microscopy. Each successive field was
individually assessed for severity of interstitial fibrosis and
given a score from 0 to 8 using a predetermined scale of
severity [11]. Azan staining was then performed to visu-
alize the collagen fibrils in the tissue.

Northern Blot Analysis

Blood was washed out via a saline perfusion of the right
ventricle. Afterward the lung was homogenized with a
polytron homogenizer (IKA Labortechnik, Staufen, Ger-
many) in isogen regent (Nippon Gene Co., Tokyo, Japan).
After the total cellular RNA was isolated, the precipitated
total RNA pellet was washed with 1 ml of 75% ethanol, air-
dried, and then resuspended in sterile water. The RNA con-
centration was measured by absorbance of light at 260 nm.

The total RNA was separated on a 1% agar gel con-
taining formaldehyde. It was then transferred onto nylon
membranes (Amersham, Buckinghamshire, England) as
recommended by the manufacturer. The blotted filters were
prehybridized for 6 h at 42°C in hybrizol (Interogen Co.,
Purchase, NY). The filter was hybridized in hybridization
solution containing P-labeled DNA at 42°C for 16 h. It was
then washed several times with 2xSSC at room tempera-
ture, 2xXSSC with 0.5% SDS at 65°C, and 2xSSC with 0.5%
SDS at 60°C. The filter was exposed at —80°C overnight
using an RXO-H film with HR-X intensifying screens (Fuji
Photo Film Co., Ltd., Tokyo, Japan).

The following P*? multiprime-labeled probes (Amer-
sham, Buckinghamshire, England) were used. We used a
fragment from mouse HSP47 cDNA, a fragment from mouse
HSP70 cDNA, a fragment from mouse type I collagen
cDNA, and a fragment from mouse type III collagen cDNA.

Immunoblot Analysis

Lungs were obtained from each group of rats. Blood was
cleared with saline. The lung was then homogenized and
centrifuged at 10,000 rpm for 5 min. Thereafter, the
supernatant was collected and concentrations were mea-
sured using the BCA Protein Assay Reagent (Pierce,
Rockford, IL).

Proteins were resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) on a 10%
gel. After running, proteins were immediately transferred
to a PVDF (polyvinylidene difluoride) membrane (Milli-
pore, Bedford, MA) at 30 mA for 2 h. The membrane was
blocked with 5% nonfat dry milk in TBS/Tween (25 mM
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Tris-HCI, 0.14 M NaCl, 2% Tween 20) at 4°C overnight.
Membranes were incubated with monoclonal anti-HSP70
antibody (Stressgen Biotechnology, Temecula, CA), di-
luted 1:1000, for one hour. The secondary antibody against
rabbit IgG was diluted 1:1000 for one hour. Washing be-
tween and after antibody incubation steps was performed
three times for 10 min each with TBS/Tween buffer. Pro-
teins were revealed by enhanced chemiluminescence
(ECL) (Amersham, Buckinghamshire, England) and
exposed to film (Hyperfilm ECL; Amersham). The band
concentration was calculated by quantifying the integrated
optical density using the NIH Image software program
(National Institutes of Health, Washington, DC) The
expression intensities of HSP70 were shown as percentages
of the control.

Statistical Analysis

All data were presented as the mean + standard error of the
mean (SEM). The data were analyzed using a variance
analysis and Scheffe’s post-hoc test (for multiple compar-
isons) and the unpaired ¢ test (for single comparisons). A
p < 0.05 was considered to be statistically significant.

Results

Lung Histology of Rats Treated with
Lipopolysaccharide

In the normal lung, fine fibrous connective tissue was ob-
served in the alveolar wall (Fig 1A, D). After 14 days of
LPS treatment (unheated rats), lung fibrosis was observed.
Fibrotic lung sections showed inflammatory infiltrates and
proliferated alveolar macrophages with alveolar edema
around the fibrotic areas (Fig 1B, E). After 14 days of LPS
in the WH + LPS group, lung fibrosis sections showed that
the inflammatory infiltrates were significantly decreased
compared to unheated rats. A pulmonary architecture with
minimal cellular interstitial infiltrates and alveolar exudates
was observed in the preheated animals (Fig. 1C, F). The
Ashcroft scores in the WH + LPS group were significantly
reduced compared to the LPS group (Fig. 1G). The azan-
stained sections showed an increased amount of connective
tissue in the lung of the LPS group compared with the
WH+LPS group (Fig. 2).

Expression of HSP70 mRNA and Protein

The expression of HSP70 was analyzed by Northern blot
analysis (Fig. 3). HSP70 mRNA levels increased after heat
exposure. The increase was greatest after 3 h of heating.
The HSP70 mRNA levels decreased thereafter. In addition,

the expression of HSP70 was analyzed using immuno-
blotting after 48 h of heat exposure (Fig 4A, B). The
HSP70 protein level in heat-exposed lung significantly
increased after 48 h compared with the control lung.

Expression of HSP47, Type I Collagen, and Type III
Collagen mRNA

The expression of HSP47 was analyzed by Northern blot
analysis (Fig. 3). HSP47 mRNA levels increased after heat
exposure, peaking at 6 h and subsequently decreasing. In
the LPS treatment rats, the expression of HSP47 and type 1
and type III collagens in the lung was also analyzed using
Northern blot analysis (Fig. 5). All three mRNAs were
markedly increased in the lungs of unheated rats treated
with LPS. In contrast, the preheated rats treated with LPS
demonstrated significantly decreased expressions of HSP47
and type I and type III collagens in comparison to the
preheated-only rats.

Discussion

The common pathologic features of pulmonary fibrosis
following acute lung injury involve the production of col-
lagen, the proliferation of elastic and smooth muscle ele-
ments, architectural remodeling, and the onset of chronic
inflammation [12]. In addition, increased expression of
proinflammatory mediators, expansion of the pulmonary
extracellular matrix, and upregulation of genes induced by
transforming growth factor-f§ (TGF-f) are all seen in pul-
monary fibrosis [12].

Recently, HSP47 was discovered as a unique collagen-
binding stress protein [13]. HSP47 is the only stress protein
described to date that is capable of binding a specific
substrate. HSP47 is localized to the endoplasmic reticulum
(ER) and binds specifically to newly synthesized procol-
lagen there [13—15]. In addition to these functions, HSP47
plays an important role in various fibrotic diseases by
regulating the increased synthesis and assembly of colla-
gens [16]. We have previously reported that the upregu-
lation of HSP47 plays a critical role in the fibrotic process
in an animal model of acute lung injury [17]. Thus, we
surmise that the upregulation of this collagen-specific
chaperone stress protein plays an important role in the
fibrotic process. One possible explanation for this is that
HSP47 regulates the increased synthesis and assembly of
collagens [16].

The present study demonstrates that LPS significantly
increases the expression of HSP47 and type I and type III
collagens. We found that the increase in HSP47 is corre-
lated with the presence of pulmonary fibrosis. On the other
hand, exogenously administered pretreatment hyperthermia
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Fig. 1 A, D A micrograph of
the lung from an animal killed
14 days after saline injection.
Hematoxylin & eosin stain;
original magnification: A: x40,
D: x200. B, E A micrograph of
the lung from an animal killed
14 days after injection with 10
mg/kg LPS, showing diffuse
consolidation of the lung
parenchyma with a loss of
alveolar architecture and
increased cellularity.
Hematoxylin & eosin stain;
original magnification: B: x40,
E: x200. C, F A micrograph of
the lung from an animal that
was pretreated with whole-body
heat and then killed 14 days
after injection with 10 mg/kg
LPS. This shows an
improvement of the LPS-
induced lung lesions.
Hematoxylin & eosin stain;
original magnification: C: x40,
F: x200. G Histopathologic
assessment of pulmonary
fibrosis using the Ashcroft
score. Comparison of lung
tissue on day 14 for the control,
LPS, and WH + LPS groups.
Data are expressed as the mean (
SEM. “p < 0.05 vs. control
group. *p < 0.05 vs. WH + LPS

group

Ashcroft score

LPS
Heat

Days

decreased the expression of HSP47 and type I and type I1I
collagens following LPS administration. As such, the
presence of an HSP might improve the pulmonary fibrosis
induced by LPS. These results suggest that a transient
hyperthermia induces biological changes that render lungs
less susceptible to a highly toxic agent. This, in turn, may
prevent the development of pulmonary fibrosis.
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Furthermore, the exogenously administered pretreat-
ment hyperthermia attenuated the toxicity of LPS despite
the 48-h interval between hyperthermia exposure and LPS
administration. This finding suggests that the protection
afforded by hyperthermia does not reflect a direct thermal
effect on any specific defense mechanisms. In addition,
there was an association between thermal treatment and an
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Fig. 2 A The lung of a rat treated with LPS for two weeks was
stained with azan to visualize collagen fibrils (x200). B The whole
body was heated before LPS administration. The lung of the rat was

HSP 70 ... -

HSP 47 -

28S

188

1 2 3 4

Fig. 3 Northern blot analysis of HSP70 and HSP47 mRNA from
lungs of whole-body-heated rats. Ten micrograms of total RNA were
loaded in each lane, electrophoretically resolved, transferred to nylon
membranes, and hybridized with P**-labeled probes for HSP70 and
HSP47. 28S and 18S ribosomal RNA bands on ethidium bromide-
stained gel were used to control the RNA loading. Lane 1: control;
lanes 2-5: 3, 6, 12, and 24 h after LPS treatment, respectively

increased transcription and translation of the HSP70 gene
product. These both correlated with significant protection
from subsequent lung injury after the administration of
LPS. Furthermore, there are significant data that link
in vitro HSP induction [18-20] and in vivo HSP induction
with cytoprotection [21]. The results of this study suggest
that the antifibrotic effects of hyperthermia observed herein
are related to the induction of HSP.

The current study establishes a relationship between
exogenously administered hyperthermia-induced HSP
synthesis and protection from LPS. The main effects of
HSP and other anti-inflammatory enzymes include exoge-
nously administered hyperthermia-induced interactions
with the host inflammatory response. Some of these inter-
actions include, for example, glucocorticoid release or
metabolism [22, 23], gut permeability in response to
endotoxin [24], and the response of the antioxidant enzyme
Cu, Zn superoxide dismutase [25].

The relationship between in vivo hyperthermia, HSP
induction, and organ protection in mammals does require

treated with LPS for two weeks and then the lung was stained with
azan to visualize the collagen fibrils (x200)

A
HSP 70 | —
Heat -
Days 2 2
B 6 - *
5 i
4 -
3 -
2 <
1 -
0 -
Heat - +
Days 2 2

Fig. 4 A An immunoblot analysis of HSP70 protein in the LPS-
treated rat lung. One hundred micrograms of protein in each lane was
electrophoretically separated, blotted onto nylon membranes, and
hybridized with anti-rat HSP70 antibody. Lane 1: control; lane 2: 2
days after LPS treatment. B The signal intensities for the density
based on an immunoblot analysis of the HSP70 protein. HSP70 was
quantified using an image analyzer. The expression intensities of
HSP70 were shown as percentages of the control. Data are expressed
as the mean ( SEM. “p < 0.05 vs. control group

further investigation. However, the in vitro data strongly
suggest a relationship between HSP induction and protec-
tion against subsequent cellular injury. In vitro thermotol-
erance can be reduced by blocking HSP70 synthesis at the
level of gene transcription [26] or by microinjection with
antibodies specific for HSP70 [27]. The mechanisms
whereby HSP70 confers cytoprotection are still not clearly
known. The role of HSPs in both normal and damaged cell
function must be studied further. HSPs have been impli-
cated in protein folding and assembly and in the stabil-
ization of proteins. HSP70, in particular, has been
implicated in the refolding and reassembly of damaged
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Fig. 5 Northern blot analysis of HSP47 and type I collagen and type
IIT collagen mRNA in the lung of the LPS-treated rats. Ten
micrograms of total RNA were loaded in each lane, electrophoret-
ically resolved, transferred to nylon membranes, and hybridized with
P*-labeled probes for HSP47, type I collagen (Col I), and type III
collagen (Col III). 28S and 18S ribosomal RNA bands on ethidium
bromide-stained gel were used to control the RNA loading. Lane 1: 14
days after treatment of preheated alone; lanes 2 and 3: 7 and 14 days
after LPS treatment; lanes 4 and 5: 7 and 14 days after LPS treatment
of preheated rats

proteins and in the stabilization of damaged proteins [28].
HSP47, on the other hand, is known to be a collagen-
specific molecular chaperone in the endoplasmic reticulum
[29, 30]. We showed that the expression of HSP47 mRNA
was different from HSP70 mRNA. The degree of HSP47
induction by heat stress was not as prominent as that of
HSP70 [31]. Lele et al. [32] demonstrated that the different
inducible regulatory mechanisms for these genes operate in
a cell- and stress-specific manner. Further studies are
necessary to examine the roles played by HSPs (HSP70 and
HSP47) as well as the mechanism of the interaction with
HSPs.

This study offers clear implications for the mechanism
through which hyperthermia protects against injury caused
by noxious exposure. However, these observations are also
of interest from the perspective of the pathophysiology of
fever. Core temperatures similar to the ones used in this
study are seen in the upper range of fever in humans [33]. It
remains unclear as to whether such temperatures benefit or
harm the host. Exogenously induced hyperthermia may not
be physiologically identical to endogenously derived fever.
Nevertheless, the observed correlation between hyperther-
mia and cytoprotection is consistent with the observation
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that the failure to mount an appropriate febrile response to
infection is associated with increased mortality [34]. The
development of strategies to increase HSP concentrations
might provide novel methods of minimizing the morbidity
and mortality associated with various toxic exposures.
Whether the therapeutic benefits of fever are mediated
through HSP production remains to be seen, however. As
such, further research is needed on the effects of HSP
production in the various toxic exposures. Furthermore,
both adenovirus-mediated delivery of the HSP70 gene and
drug-induced HSP70 protein production are both expected
to become useful therapies in the future.

The present study demonstrates that exogenously
administered hyperthermia protects the lungs from LPS
toxicity through the induction of HSPs. Exogenously
administered hyperthermia may possibly lead to a systemic
endotoxemia or similar effects which, in turn, precondition
the host response to the subsequent challenge. This possi-
bility remains unknown, however, and requires further study.
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