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ABSTRACT—Heat shock proteins (Hsps) are a family of highly conserved proteins induced in response to
various stresses. Hsps protect cells against subsequent lethal circumstances. Previous work from our
laboratory has indicated that Hsp72 is not induced during experimental sepsis in rats, but the regulation of
the induction of Hsp72 synthesis in this disease cascade has not been investigated. In the present study, we
evaluated the expression of the hsp72 gene, focusing on the activation and DNA-binding ability of heat shock
factor 1 (HSF1), hsp mRNA accumulation, and Hsp72 synthesis in animal sepsis models induced by cecatl
ligation and puncture procedure. The results were compared with those of sham-treated and heat-shocked
rats. It was shown that the expression of the hsp72 gene in sepsis was a multi-step process, as previously
documented in in vitro studies. Hsp72 synthesis was not induced during sepsis, whereas DNA binding of
HSF was detectable, suggesting that the induction of Hsp72 is blocked downstream to HSF-DNA complex
formation by the metabolic alteration occurring during sepsis. The dissociation failure of the constitutive heat
shock element binding factor (CHBF) from the heat shock element may play an important role in this negative
regutation.
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INTRODUCTION

Sepsis and its sequelae, sepsis syndrome and septic shock,
are life-threatening clinical complications and are mainly re-
sponsible for morbidity and mortality in the intensive care unit.
Clinically, sepsis causes adverse metabolic alterations, tissue
dysfunction, and perfusion abnormalities, and manifests vari-
able stress conditions in the subjects, such as acidosis, hypox-
emia, hypoglycemia, oliguria, hypotension, coagulopathy,
multiple organ dysfunction, and ultimately death (1). Recently,
significant advances in the delineation of the complex patho-
physiology of sepsis have been made using small-animal mod-
els with cecal ligation and puncture (CLP) procedures (2). A
biphasic dynamic change in the disease process has been found
in both animal models and in patients with sepsis (3). Unfor-
tunately, in spite of the advanced knowledge and early thera-
peutic intervention with antibiotics and the more recent anti-
endotoxin antibody therapy (4), mortality remains high (5).
Obviously, our knowledge in preventing the host cell damage
responsible for multiple organ failure and death from sepsis is
insufficient to deal with the disease.

While facing a stress condition, almost all living cells se-
lectively synthesize a family of proteins, called heat shock
proteins (Hsps), that protect the cells or the organism from
subsequent damage (6). Heat shock protein genes (hsp genes)
are highly conserved genes found in all organisms, and highly
activated by various stresses (7). In addition to hyperthermia,

Address reprint requests to Dr. Rei-Cheng Yang, MD PhD. Department of

Physiology, Graduate Institute of Medicine, Kaohsiung Medical College. 100.
Shih-Chuan 1™ Road, Kaohsiung City, Taiwan, Republic of China.

63

Hsps have been proved to be induced by hypoxia. ischemia,
inhibitors of energy metabolism, hemorrhagic shock, hypogly-
cemia, free radicals, heavy metals. and amino acid analogues,
as well as during an inflammation process (7). In some physi-
ological situations, such as in exercise, cells also respond to
internal conditions and synthesize large amount of Hsps (8, 9).
Since the first report of Hsps in 1962, authors have exam-
ined the self-protective role of these proteins in vivo through
cross-tolerance, which is the induction of Hsps in response to
sublethal stress, thereby protecting cells against a subsequent
lethal environment (10-12). Hotchkiss et al. reported that ar-
tificial induction of Hsps by hyperthermia protects mice
against the lethal effects of endotoxin (13). It has also recently
been reported that Hsp72 expression can be induced in the
lungs by sodium arsenite administration, and that this can pro-
tect rats against sepsis (14). Induction of heat shock response
has also been found to reduce mortality rates and organ damage
in a sepsis-induced acute lung injury model (15). In our own
previous study, whole-body hyperthermic pretreatment proved
to decrease the mortality of CLP-induced sepsis in rats (16).
These observations imply that Hsps indeed modulate the pro-
cess of sepsis and significantly influence its outcome.
Recently, we as well as other authors have found that Hsps
cannot be induced through the whole course of sepsis in CLP-
induced animal models (15, 16). The basis for this phenom-
enon remains unclear; but it is reasonable to consider that the
absence of Hsp induction may correlate with the poor outcome
in the disease entity. In fact, many studies now focus on Hsps
for novel therapeutic strategies in sepsis (17). The clinical out-
come, using the protective potential of Hsps. seems promising
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(8, 16). An insight into such a mechanism would help open up
new therapeutic strategies for sepsis treatment. In this study,
we investigate the expression of the Asp72 gene during the late
phase of sepsis and compare it with that occurring in heat
shock treatment.

MATERIALS AND METHODS

Animals

Experiments were performed on adult male Sprague-Dawley rats (weighing
270-350 gm) obtained from the National Experimental Animal Center (Nan-
Kang, Taipei, Taiwan). The animals were divided into the following groups:
intact rats (n = 6); heat-shocked rats 0 h post-treatment (n = 6); 2 h post-
treatment (n = 6); 24 h post-treatment (n = 6)], sham-operated rats (n = 6);
and CLP-operated rats (n = 10). Four CLP-operated rats died before sample
collection, which is an acceptable mortality rate.

Experiments described in this study were approved by the Animal Com-
mittee of the Kaohsiung Medical College, and the authors adhered to the
guidelines of the National Institutes of Health for the use of the experimental
animals.

Heat shock treatment

The heat-shocked groups were heat shocked using a previously described
method (16). The rats were anesthetized by intraperitoneal injection of pento-
barbital (50 mg/kg weight), then whole-body heated using an electric pad to
42°C rectal temperature for 15 min. After heat-shock treatment, rectal tem-
perature was maintained at 37°C until consciousness was completely regained.
Attention was paid to ensure that the airway was free of obstruction. The
heat-treated rats were allowed to recover and had free access to food and water.
Rats of the sham-treated group were anesthetized, but not heat-treated.

Induction of sepsis

Sepsis was induced by cecal ligation and puncture (CLP) as described by
Wichterman et al. (2) with modifications. Briefly, animals were fasted but
permitted water for 6 h prior to the operation. Under light ether anesthesia, a
laparotomy was performed through a midline abdominal incision. The cecum
was pulled out and ligated just below the ileocecal valve. The ligated cecum
was punctured twice at different sites with an 18-gauge needle, and the cecum
gently compressed until feces were extruded. The bowel was then returned to
the abdomen and the incision was closed in two layers. Control animals were
sham operated (a laparotomy was performed and the cecum was manipulated
but neither ligated nor perforated). After closing the abdomen, each animal
received 5 mL/100 g normal saline subcutaneously to provide replacement for
the extracellular fluid sequestered during peritonitis. After conclusion of these
procedures, the animals were transferred to a recovery cage for 1 h and had free
access to water. Animals were sacrificed 18 h after CLP. At this time point,
animals were in late stage of sepsis (18).

Preparation of cell extracts and subcellular fractions
Lymphocytes were collected from CLP-operated and sham-treated animals
18 h post-operation by Ficoll-Paque solution and stored at —20°C. For Hsp72
detection, crude cell extract was used. The cell pellets were suspended in
distilled water containing 1 mM phenylmethyl-sulfonylfluoride (PMSF) and
sonicated using a Ultra-Sonic homogenizer (model X1.2020, Farmingdale
N.Y., USA). The protein was extracted from the supernatant after centrifuging
the mixture (12,000 x g) for 5 min, and quantified by protein assay kit (Bio-
Rad Co., Hercules, USA). For subcellular fraction preparation, lymphocyte
pellets were resuspended in 150 pL of Nonidet P-40 (NP-40)-low-salt buffer
(50 mM Tris-HCI pH8.0, 50 mM NacCl, 0.5 mM PMSF, 1% NP-40). After brief
agitation, the lysed cells were centrifuged at 4°C for 1 min at 12,500 x g. The
lipid layer was discarded, and the supernatant containing cytosolic and solu-
bilized membrane proteins was used as a cytosolic fraction. The pellet was
resuspended in 150 puL of NP-40-high-salt buffer (same as NP-40-low-salt
buffer except for 450 mM NaCl), agitated briefly, and incubated on ice for 10
min. After centrifugation as above, the supernatant fraction (the soluble
nuclear fraction) was removed and the precipitate was solubilized in 100 pL of
Laemmli sample buffer and boiled for 5 min. The supernatant after centrifu-
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gation at 12,500 x g for 10 min was referred as a DNA-binding protein
fraction.

Hsp72 detection by SDS-polyacrylamide gel
electrophoresis and Western blotting

Equal amounts (50 ug) of protein extract were loaded to two sodium
dodecyl sulfate (SDS) polyacrylamide gels (T:10%, C:2.5%), and electropho-
resed at 30 mA/gel on a dual electrophoretic apparatus (Atto Co. Tokyo,
Japan). After electrophoresis, the gels were processed for an immunoblotting
study that was performed as described previously (8). A monoclonal antibody
specific for Hsp72 (Boehringer Mannheim GmbH, Germany) was used as the
primary antibody, and anti-mouse immunoglobulin G conjugated with peroxi-
dase (Boehringer Mannheim GmbH, Germany) was used as the secondary
antibody. The blots were developed with a BM Chemiluminescence Western
blotting kit (Boehringer Mannheim GmbH, Germany) and autoradiographed.
Detection of B-tubulin was executed synchronously as an internal marker.

HSF1 identification

The procedures for protein separation and Western blotting were essentially
identical to those performed for Hsp72 detection. Prestained molecular weight
standards were routinely run in parallel. For immunochemical detection, mem-
branes were washed for 10 min in PBS and blocked in PBS with 5% nonfat dry
milk for 1 h at room temperature. The membranes were then incubated at 4°C
with anti-HSF1 antiserum (1:1000) which was a kind gift from Professor
Morimoto R.I. The membranes were washed extensively in PBS-0.05% Triton
X-100 and incubated at room temperature with a second antibody (anti-rabbit
immunoglobulin G conjugated with peroxidase) at a 0.1% dilution in PBS
containing 1% nonfat dry milk for 2 h. After several washes with PBS-0.05%
Triton X-100, the blots were developed with a BM Chemiluminescence West-
ern blotting kit (Boehringer Mannheim GmbH, Germany) and autoradio-
graphed.

Gel mobility shift assay of DNA-protein complex

The procedure for gel mobility shift assays was modified from a previous
study (19, 20). Whole cell extract was used as the source of protein, because
the oligomer of HSF translocates rapidly to the nucleus after activation.
Samples were prepared by whole-cell extraction buffer (20 mM HEPES, 0.42
M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 25%
glycerol) and centrifugation. Eighty ug of whole cell extract was mixed with
relatively large amount (0.1 ng) of a 5’-end-biotin-labeled, double-stranded
heat-shock element (HSE) oligonucleotide (5'-CTAGAAGCTTC-
TAGAAGCTTGTAG-3") in 20 puL of 50 mM HEPES (pH 8.0), 100 mM
NaCl, 1 mM EDTA, 1 mM PMSF, 1 mg/mL BSA, 50 pg/mL poly[d(1-C)], and
10% glycerol. Following a 30-min incubation at room temperature, samples
were loaded directly onto a 1.2% agarose and electrophoresed in a 1x TBE
buffer at 100V. Protein-DNA complexes in gels were transferred to a nitro-
cellulose membrane by vacuum blotter for 90 min and the membrane was
baked in a vacuum oven at 80°C for 1 h. Biotin-labeled nucleic acid was
detected using a biotin streptavidin blotting kit (Boehringer Mannheim GmbH,
Germany) and the blotted membrane was autoradiographed.

Total RNA extraction and reverse
transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was isolated by an RNA extraction buffer (BNAzol™B, Tel-
Test Inc.). Aliquots of 0.1 ug of total RNA were employed as templates for
RT-PCR using a one-step RT-PCR kit (Boehringer Mannheim GmbH, Ger-
many). The final volume of the amplification reaction was 50 uL (10 mM
Tris-HCI, pH 8.3, 1.5 mM MgCl,, 0.005% NP-40, 100 mM dNTPs, 1%
DMSO, 250 nM of each primer, 2 units of Tag DNA Polymerase). The oli-
gonucleotides, 5'-CTGGGCACCACCTACTCCTG-3' and 5'-CTCC-
TTCATTCTTGGTCAGCA-3', used in amplification reaction were 360 bp
apart. Beta-actin mRNA was chosen as the reference control with the oligo-
nucleotides, 5'-CTACAATGAGCTGCGTGTGG-3' and 5'-TAGCTCTTCT-
CCAGGGAGGA-3' as the primers. Twenty-two cycles of PCR were executed
individually at the following settings: denaturation at 94°C for 60 sec, anneal-
ing at 54°C for 90 sec, extension at 73°C for 120 sec. RT-PCR products were
visualized by electrophoresis on a 1.5% agarose gel containing a trace amount
of ethidium bromide, and quantified by a densitometer and analysis software
(Bio-1D V.97 software, Vilber Lourmat, France).
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RESULTS

Hsp72 detection

Induction of Hsp72 during various conditions was detected
by SDS-PAGE and Western blotting of the crude cell proteins
from the lymphocytes obtained from intact, heat-shocked,
sham-treated, and CLP-operated rats, and probed with a mono-
clonal antibody specific for Hsp72 and -tubulin. The results
showed that B-tubulin was observed in all samples. Hsp72 was
undetectable in lymphocytes from sham-treated and CLP-
operated as well as intact rats, while it was sharply induced 24
h after heat-shock treatment (Fig. ).

Dynamic distribution of HSF1

As shown in Fig. 2, under normal conditions, HSF1 is lo-
calized in cytoplasm and barely observed in the nuclear frac-
tion (left panel). After heat-shock treatment, HSF1 immedi-
ately translocated from cytoplasm to nucleus and started to
bind with DNA fragments (central panel). At 24 h after heat-
shock treatment, the HSFI in the nuclear fraction and cyto-
plasm disappeared, and most was detected in DNA-binding
fraction (right panel). The results from the sham-treated rats
showed that the distribution of HSFI was identical to that of
the intact control group; but the dynamic change of HSF1 from
the CLP-induced sepsis group was similar to that at 0 h after
heat shock (Fig. 3). These results indicate that the HSFI of
lymphocytes obtained from CLP-induced sepsis is activated
and translocated into the nucleus and also in part bound to
DNA.

Gel mobility-shift assay of DNA-protein complex

In order to ascertain that the HSFI was activated and inte-
grated with heat shock element (HSE) to form a HSE-HSF
complex, a gel mobility shift assay was performed. As shown
in Fig. 4, there were two classes of HSE-binding factors, a
constitutive (CHBF) and an inducible HSE-binding factor
(IHBF), easily distinguished by gel mobility shift assays. The
HSE-CHBF complex has a faster migration in 1.2% agarose
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Fic. 1. Hsp72 detection in the lymphocytes by Western blotting
and immuno-chemical study. The biosynthesis of Hsp72 in CLP was
compared with sham, heated and non-heated conditions. NH: intact rat;
H: 24hr after heat shock treatment; SHAM: sham operated rat; CLP18:
18hr after cecal ligation and puncture operation (late sepsis).
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Fig. 2. Dynamic subceliular distribution of HSF1 in the lympho-
cytes before and after heat shock treatment. Left panel indicates
result obtained from intact rat (NH), while those from Ohr and 24 h after
heat shock treatment are shown in middle (Ho) and right (H24) panels,
respectively. Lane 1: cytoplasm extract fraction; 2: nuclear fraction; 3:
DNA-binding protein fraction. M: molecular marker (97.4 Kd and 67 Kd,
from top to bottom).

CLP18
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Fig. 3. Dynamic subcellular distribution of HSF1 in the lympho-
cytes obtained from sham and septic rats. SHAM: sham operated
rat; CLP18, 18hr after cecal ligation and puncture operation (late sep-
sis). Lane 1: cytoplasm extract fraction; 2: nuclear fraction; 3: DNA-
binding protein fraction. M: molecular weight marker (97.4 Kd and 67 Kd,
from top to bottom).

Fic. 4. Gel mobility-shift DNA-binding assay of heat inducible
HSE-binding factor and constitutive HSE-binding factor. Arrow with
HSF indicates the heat inducible HSE-binding factor and arrow with
CHBF indicates the constitutive HSE-binding factor. Lane 1: intact rat; 2:
0 h after heat shock treatment; 3: 24 h after heat shock treatment; 4:
sham operated rat; 5: 18hr after cecal ligation and puncture operation
(late sepsis).

gel compared to HSE-IHBF complexes. In the intact rats, both
the constitutive HSE-CHBF and the HSE-IHBF complexes
were barely visible. When the animals were exposed to heat
stress, the HSE-IHBF complex increased drastically, while
CHBF remained bound with HSE. However, the band of
CHBF-HSE complexes faded away as the time passed, e.g. 24
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h after heat treatment (lane 3, Fig. 4). The HSF1 of the sham-
treated group was similar to that of the intact rats, which
showed insignificant generation of HSE-IHBF complex, while
CHBF was quite apparent. During the late stage of sepsis, the
inducible integration of HSF1 was induced to HSE, similar to
the heat-shocked situation. However, CHBF did not dissociate
from HSE, as shown in lane 5 of Fig. 4.

Detection of hsp72 mRNA

A fragment with 360 bp in length was amplified by 22
reaction cycles from hsp72 mRNA, and a fragment of 420 bp
from beta-actin mRNA. As shown in Fig. 5, it revealed a
scanty level of RT-PCR product in the intact normal control
group, but the amount was increased 6-fold in the 2 h post-
heat-shock group, indicating a successful transcription of the
hsp72 gene. Although the RT-PCR product was also detectable
in the sham-treated group and CLP-operated group, no differ-
ence was noted compared to the intact control group.
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Fic. 5. Detection and quantitative analysis of hsp72 mRNA by
reverse transcription-polymerase chain reaction (RT-PCR). The
products of RT-PCR of hsp72 mRNA is indicated by Hsp72 (360 bp),
while actin mRNA was amplified simultaneously and acted as a refer-
ence marker (420 bp) (upper panel). Values of relative intensities of
hsp72 mRNA to actin mRNA are shown at the lower panel. Vertical bars
indicate S.E.M. Number of experiment is shown in parentheses in each
column. NH: intact rat; H: 2 h after heat shock treatment; SHAM, sham
operated rat; CLP18: 18hr after cecal ligation and puncture operation
(late sepsis).
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DISCUSSION

Two kinds of Asp genes have been reported, constitutive and
inducible. Inducible Asp genes are expressed in response to a
wide range of environmental and pathophysiological stresses
(7). The products of inducible heat shock genes, the Hsps
family, are documented as protective proteins. Among the fam-
ily, Hsp72, a member of the Hsp70 category, is the most in-
ducible one in mammalian cells. The induction of Asp gene
activation and expression is autoregulated (10). The expression
is believed to be mediated by the heat shock factors (HSFs),
which are constitutively expressed in the cytoplasm of eu-
karyocytes (20, 21). In humans, two kinds of HSF genes have
been cloned, HSF1 and HSF2 (22). HSF1 is responsible for
mediating the cellular stress response of induction of inducible
hsp gene expression. During heat shock, the HSF1 monomer
oligomerizes in cytoplasm, to be prerequisite for DNA binding
activity, and translocated to the nucleus in minute (23). The
trimeric or polymeric HSF1 binds to heat shock element
(HSE), a conserved sequence found upstream of all genes en-
coding Hsp (24). In most cases of stress, HSF-HSE complex
formation promotes the expression of the Asp gene and induces
the synthesis of Hsps.

Considering the adverse metabolic changes during sepsis,
including the release of mediators, it is reasonable to propose
that Hsp72 synthesis should be promoted during septic condi-
tions. In earlier studies, as well as in the present study, how-
ever, we found no accumulation of Hsp72 upon sepsis in either
lymphocytes or major vital organs, including the liver, heart,
brain, and kidneys (16). Furthermore, the capability of Hsps
induction of lymphocytes from septic rats, in vitro, is nonethe-
less maintained, by providing a sufficient inducer, e.g., heat at
42°C. It is inferred that the process of the hsp gene expression
is inactivated or blocked by certain substances prevailing dur-
ing sepsis. The inert response of Hsps induction may be due to
suppression of HSF synthesis; failure in activation of HSF;
failure in HSE-HSF binding; failure in transcription or failure
in translation. Our present results show the presence of HSF in
cytosolic as well as nuclear fraction of lymphocytes from heat-
shocked and CLP-induced septic rats, indicating that HSF was
synthesized and activated during the late septic stage. In addi-
tion, utilizing a mobility-shift assay, we have confirmed that
HSE-HSF binding indeed occurred in septic lymphocytes. The
accumulation of mRNA of the hsp gene or Hsp72 synthesis
was however not increased. These data provide clues that a
two-step or multi-step process in expression of the hsp gene
existed during sepsis, and that the protein synthesis was un-
successful despite the presence of heat shock transcription fac-
tor-DNA binding activity.

Similar phenomena have been documented by other inves-
tigators who have found that binding of HSF to HSE had no
direct correlation to the transcription of Hsp70 (25-27). Mo-
rimoto and colleagues revealed that salicylate or indomethacin
induced, in vitro, HSF1-DNA binding activity that was tran-
scriptionally inert, indicating that HSF-DNA binding was nec-
essary but insufficient for transcriptional activation (28). Re-
cently, Bruce et al. showed that oxidative injury rapidly
activated the heat shock transcription factor, but failed to in-
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crease levels of Hsps in NIH-373 cell (29). These observations
suggest that some mechanism(s) or factor(s) other than HSF-
HSE binding are required for the regulation of Asp gene ex-
pression. The dynamic distribution of HSF shows that change
of HSFI from the CLP-induced sepsis group was similar to that
of the 0 h after-heat-shock group. These results indicate that
the HSF1 of lymphocytes obtained from CLP-induced sepsis is
activated and translocated into the nucleus; however it is only
in part bound to DNA. We predict that it is possible a critical
step influencing Hsp expression is associated with the process
of HSF-DNA binding.

Recently, a new concept in regulation of hsp gene expres-
sion focusing on the constitutive HSE-binding factor (CHBF)
partly explains the mystery. In 1993, Liu et al. pointed out the
“dual control” of heat shock response, in which a constitutive
heat-shock element-binding factor is involved (30). The for-
mation of HSE-HSF! DNA-protein complex is a general step
in the activation of heat shock protein genes, but the activation
may be controlled by other DNA-binding proteins. Several
investigators have observed that constitutive HSE-binding fac-
tor (CHBF), a molecule different from HSFI in molecule
weight, exists in mammalian cells at 37°C (30-32). CHBF is
suggested to be involved in the regulation of heat shock re-
sponse and appears to be a negative regulator of hsp70 gene
transcription. Liu et al. reported that heat shock treatment, at
45°C dissociated CHBF from HSE, and that the dissociation
appeared to correlate with the transcription of the hsp70 gene
in Rat-1 cells (30). They also showed that dissociation of HSE-
CHBF complex by a high dosage of arsenite, cadmium. or
salicylate induced significant Hsp70 synthesis. In this study,
we also found CHBF was present in intact rats by gel mobility-
shift assay. Following the heat shock treatment, the HSFI
bound to HSE first, and then CHBF dissociated from HSE
later, coincident with the induction of Hsp72 synthesis. In sep-
sis, DNA-binding of HSF1 was detected; however, HSE-
CHBF complex did not dissociate at all, leading to no accu-
mulation of hsp mRNA and Hsp72. These data afford the
evidence that dissociation of CHBF-HSE complex may play a
decisive role in regulating the /isp70 gene expression during
sepsis.

Our findings are of clinical significance, since we present
fundamental evidence of induction failure of Hsp72 synthesis
in a disease state—sepsis. These observations provide certain
insights into the molecular pathogenesis during sepsis; denot-
ing the necessity for searching for an innovative management
of the disease by increasing the host self-protective defense
capability. In fact, several in vitro studies have been under-
taken in this direction. Nishimura and Dwyer have documented
that addition of 1, 10-phenanthroline (a potent intracellular iron
chelator) to aspirin-cocultured rat astrocytes induces synthesis
of Hsp68 (26). Amici et al. have revealed that high doses of
aspirin enhance Hsp70 synthesis, whereas only HSE-HSF
binding is detected at lower doses (32). These studies have
provided the fundamental data for exploring the therapeutical
potential of Hsps.

In conclusion, multi-step regulation of Hsp synthesis was
revealed in CLP-induced sepsis. HSF-HSE binding occurring
in late sepsis is not sufficient for successful induction of Hsp
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synthesis, which in turn may be due to the failure of dissocia-
tion of CHBF from HSE. Further investigation to identify the
factors responsible for interfering with the dissociation of
CHBF-DNA binding during sepsis may provide better under-

standing of the pathogencsis of the disease entity.
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