
276

Cell Stress & Chaperones (2006) 11 (3), 276–286
� Cell Stress Society International 2006
Article no. csac. 2006.CSC-195R

Exogenous heat shock protein 70
mediates sepsis manifestations and
decreases the mortality rate in rats
Gul’sara A. Kustanova,1 Arcady N. Murashev,1 Vadim L. Karpov,2 Boris A. Margulis,3
Irina V. Guzhova,3 Izabella R. Prokhorenko,4 Sergei V. Grachev,4 and Michael B. Evgen’ev2,5

1Branch of Shemyakin and Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Pushchino, Moscow Region, 142290, Russia
2Engelhardt Institute of Molecular Biology, Moscow, 119991, Russia
3Institute of Cytology, St Peterburg, 194064, Russia
4Institute of Fundamental Problems in Biology, Pushchino, Moscow Region, 142290, Russia
5Institute of Cell Biophysics, Pushchino, Moscow Region, 142290, Russia

Abstract Mammalian responses to bacterial lipopolysaccharide (LPS) from the outer membrane of Gram-negative
bacteria can lead to an uncontrolled inflammatory reaction that can be deadly for the host. We checked whether heat
shock protein 70 (Hsp70) protein is able to protect animals from the deleterious effects of bacterial LPS by monitoring
the effect of exogenous Hsp70 injections before and after LPS administration. Our research with rats demonstrates for
the first time that administration of exogeneous Hsp70 before and after LPS challenges can reduce mortality rates and
modify several parameters of hemostasis and hemodynamics. Hsp70 isolated from bovine muscles showed significant
protective effects against the impaired coagulation and fibrinolytic systems caused by LPS, and reduced the mortality
caused by Escherichia coli and Salmonella typhimurium LPS injections significantly. Characteristically, Hsp70 prepa-
rations used in the experiments result in different effects when administered before and after an LPS challenge, and
the effects of Hsp70 injections also differ significantly depending on the origin of the LPS (E coli vs S typhimurium).
Based on our data, mammalian Hsp70 appears to be an attractive target in therapeutic strategies designed to stimulate
endogenous protective mechanisms against many deleterious consequences of septic shock by accelerating the func-
tional recovery of susceptible organs in humans.

INTRODUCTION

Gram-negative bacteria are responsible for 45–60% of
sepsis caused by bacterial infection when mixed-organ-
ism infections are included. Lipopolysaccharide (LPS) or
endotoxin plays a pivotal role in the initiation of a variety
of host responses caused by Gram-negative bacterial in-
fection. In spite of the fact that multiple clinical trials ex-
ploring various agents that antagonized LPS have been
performed, none of them has so far been successful and
hospital mortality from sepsis has ranged from 25% to
80% over the last few decades (Angus and Wax 2001).
The lungs, kidneys, liver, cardiovascular system, central
nervous, and coagulation system are commonly involved
in multiple organ dysfunction syndrome (MODS) often
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observed after Gram-negative bacterial infection (Karima
et al 1999).

There is abundant evidence that when in circulation
bacterial endotoxins released from host cells activate a
systematic inflammatory reaction, a complex of cellular
and humoral responses in the host (Van Amersfoort et al
2003). It was also demonstrated that mortality of patients
who have 3 or more types of organ failure is particularly
high (Riedemann et al 2003), and, therefore, a search for
agents that antagonized several sepsis-associated symp-
toms is needed.

Despite a growing understanding of the molecular
mechanisms and pathogenesis of sepsis-induced damage,
to the best of our knowledge the known antagonists of
endotoxemia usually only partially suppress the mani-
festation of specific consequences of sepsis such as intra-
vascular coagulation and cardiac dysfunction (Salkowski
et al 1997; Karima et al 1999; Kutuzova et al 2001).
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Heat-shock proteins (Hsp) are a family of highly con-
served proteins that play a role in many physiological
processes and protect cells and whole organisms from
multiple stressors that would otherwise result in injury
and death (Giffard et al 2004; Kiang 2004). Intracellular
Hsp70 expression is induced by a wide variety of stimuli
including heat, fever, hypoxia, oxygen radicals, endotox-
ins, cytokines, and heavy metal ions, and this protein
shows strong immunotherapeutic potential (Hartl and
Hayer-Hartl 2002; Todryk et al 2003; Kiang 2004).

The members of Hsp70 family of stress proteins are
cytosolic and nuclear chaperones that prevent the aggre-
gation of denatured or newly synthesized polypeptides
and help them to adopt a native conformation. There are
several chaperone mechanisms based on the inducible
Hsp70 and constitutive Hsc70 members of Hsp70 family.
Some of these machines serve for the correction of the
structure of misfolded proteins, whereas others involving
Hsp70 and Hsc70 with Bag-1 and CHIP proteins are fo-
cused at the proteolytic degradation of irreversely dam-
aged polypeptides (Hartl and Hayer-Hartl 2002).

Another particular property of Hsp70 is its protective
activity that was proven using numerous experimental
systems both in vitro and in vivo. It is generally assumed
that, once being induced, Hsp70 by interacting and in-
hibiting different regulatory pathways is able to protect
both cells and the whole organism from a great variety
of stressors (Todryk et al 2002; Novoselova et al 2005;
Robinson et al 2005; Johnson and Fleshner 2006).

In addition to multiple intracellular functions of Hsp70
family members, there was considerable interest in their
interaction with the immune system (Kumaraguru et al
2002; Tsan and Gao 2004). Recent evidence suggests that
Hsps can stimulate cytokine production in immune cells
by activating monocytes-macrophages similar to the ef-
fect of bacterial LPS (Asea et al 2000; Kol et al 2000; Flohe
et al 2003). Thus, it was demonstrated that proinflam-
matory cytokines such as tumor necrosis factor � (TNF-
�) and interleukin 1� (IL-1�) were activated by a very
small quantity of Hsp70. There are, however, data sug-
gesting that cytokine effects of Hsp70 may be due to con-
tamination of the Hsp70 samples by LPS or/and LPS-
associated proteins (Tsan and Gao 2004).

There are an increasing number of studies reporting
the presence of Hsp70 in human serum after stress and
under normal physiological conditions (Walsh et al 2001;
Campisi et al 2003; Hunter-Lavin et al 2004). The evi-
dence is accumulating showing that a marked increase in
Hsp70 within peripheral circulation induced by an acute,
relatively intense physical stressor or various other stim-
uli seems to facilitate recovery from bacterial challenge.
Extensive studies in the past 10 years suggest that pre-
induction of Hsp70 may provide therapeutic strategies for
Gram-negative sepsis-induced organ or tissue injury in

various mammals including humans (Lau et 2000;
Bruemmer-Smith et al 2001; Paidas et al 2002). Further-
more, there are data demonstrating Hsp70 induction after
LPS administration (Zhang et al 1994; Heine et al 1999).
It was also shown that LPS is able to stimulate the for-
mation of Hsp70 and Hsp90 clusters, with Toll-like re-
ceptor 4 molecules being 1 of the 2 major LPS-binding
receptors (Triantafilou and Triantafilou 2004).

In spite of all of the scattered and sometimes contra-
dictory facts and observations, it is clear that the nature
of complex interaction between bacterial endotoxins and
Hsps is far from being resolved. So far, clinical anti-LPS
or anticytokine trials to block sepsis cascade have not
been successful (Karima et al 1999). This might, in part,
be the result of delays between the onset of sepsis and
the beginning of treatment, and thus, new approaches
targeting the mediators of the later stages of sepsis might
be more effective.

In the experiments described herein, we have examined
the protective effects of exogenous mammalian Hsp70
isolated from bovine muscles with various level of puri-
fication on endotoxin-induced damage by studying vari-
ous clinical symptoms of sepsis induced in rats by intra-
venous injections of LPS originating from 2 bacteria spe-
cies (Salmonella typhimurium and Esherichia coli). The data
presented here show that Hsp70 with its protective power
and ability to bind LPS can be a good candidate for the
role of LPS antagonist when delivered to an organism
affected by bacterial endotoxin.

MATERIALS AND METHODS

Animal use

Adult male Wistar rats weighing 300–350 g were used in
all experiments. The animals were maintained in their
home cages in a climate-controlled room with a 12:12
hour light-dark cycle and had free access to water and
food. All procedures involving animals were reviewed
and approved by the Animal Care and Use Committee
of Branch of Shemyakin and Ovchinnikov Institute of Bio-
organic Chemistry.

Measurement of arterial blood pressure and mortality
rate

Animals were anesthetized with chloral hydrate (400
mg/kg, intraperitoneally) and catheterized. Catheters
were placed in the inferior vena cava (through the left
femoral vein) for administration of drugs and in abdom-
inal aorta (through the left femoral artery) for the moni-
toring of blood pressure. The experiments were started
24 hour after the implantation. Blood pressure was mea-
sured by SR-01 electro manometer. Mean arterial blood
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pressure (MAP) and heart rate (HR) were monitored be-
fore the experiments and during 5 hours after LPS and
Hsp70 administration. Rats were randomly assigned to
either LPS treatment groups (n � 10) or HSP70 and LPS
treatment groups (n � 10). All reagents were dissolved
in 0.9% NaCl.

In the first series of experiments, the effect of Hsp70
injection per se (unpurified and LPS-free samples) on var-
ious parameters of hemodynamics and hemostasis was
monitored. HSP70 isolated from bovine muscle was ad-
ministered (dose, 266 �g/kg). Animals injected with
physiological solution were used as a control.

In the second series of experiments, the antagonizing
and therapeutic role of unpurified and LPS-free HSP70
against endotoxemia caused by E coli LPS (Sigma, St Lou-
is, MO, USA) intravenous injections (2 mg/kg) was mon-
itored essentially as described above. HSP70 isolated
from bovine muscle was administered 10 minutes before
LPS injections (antagonizing role) or 10 minutes after LPS
injections (therapeutic role). Animals injected with E coli
LPS following physiological solution administration
served as a control in this series of experiments. Blood
samples were collected as described in order to get serum
for endogenous Hsp70 level determination.

In the third series of experiments, in order to assess the
antagonizing (preventive) role of unpurified and LPS-free
Hsp70 against endotoxemia caused by Salmonella LPS in-
jections, HSP70 isolated from bovine muscle was admin-
istered 10 minutes before LPS injections. S typhimurium
LPS (Sigma) was administered to rats intravenously (4
mg/kg). Animals injected with Salmonella LPS following
physiological solution administration served as a control
in this series of experiments. In order to evaluate the pos-
sible therapeutic effect of Hsp70 preparation, the reagent
(only LPS-free Hsp70 sample was used in this series) was
administered 10 minutes after Salmonella LPS injections.
The same doses of LPS were used (see above). Mortality
of the animals after LPS administration was monitored
during 24 hours after the injection.

Proteins isolation and measurements

Hsp70/Hsc70-containing samples used in this study
were isolated from bovine red muscle, as described else-
where, with a few modifications (Guzhova et al 1998).
Briefly, extract from bovine muscle in a solution of 20 mM
NaCl, 20 mM Tris-HCl, pH 7.5, 0.2 mM ethylenediamine-
tetraacetic acid (EDTA), and 0.2 mM dithiothreitol was
passed through a diethylaminoethyl-Sepharose column
(Amersham, Uppsala, Sweden) followed by elution with
0.35 M NaCl; the eluate fraction was thereafter subjected
to affinity chromatography on an adenosine triphosphate
(ATP)-agarose gel (Sigma). After the elution, the protein
was removed by the addition of 5 mM EDTA, followed

by ammonium sulfate precipitation (65% of saturation).
After resuspension, the protein was dialyzed against
phosphate-buffered saline using Pierce Slide-a-Lyzer Cas-
settes (Pierce, Rockford, IL, USA). This non-detoxicated
preparation was named ‘‘Hsp70-ND.’’ Removal of possi-
ble endotoxin contamination was further attained by us-
ing polymyxin B-agarose gel, and the resulting LPS-free
preparation was named ‘‘Hsp70-DT.’’ Before use the pro-
tein solution was sterilized by ultrafiltration with the help
of 0.2-�m pore microfilter (Sarstedt, Numbrecht, Ger-
many). The purity of Hsp70/Hsc70 preparations from bo-
vine muscle was confirmed by polyacrylamide gel elec-
trophoresis followed by staining with Coomassie Blue
and by the immunoblotting using monoclonal 3B5 anti-
Hsp70 and N69 anti-Hsc70 antibodies (Guzhova et al
1997; Demidov et al 1999). Protein concentration was
measured according to Bradford’s protocol (Bradford
1976).

To measure the levels of Hsp70, blood samples were
subjected to the analysis with the aid of a novel diagnos-
tic developed by the authors (B.A.M., I.G.), Russian Patent
N 2242764. It is based on the high affinity of Hsp70 to
immobilized ATP. ATP was conjugated with the ovalbu-
min and the latter was immobilized on the surface of a
96-well enzyme immunoassay plate (Greiner, Microlon,
Germany).

Immobilization was performed at 37�C for 1 hour in
buffer T (20 mM Tris-HCl, pH 7.5, 140 mM NaCl, 10 mM
MgCl2). Buffer T containing 0.2% Tween 20 (T-Tw) was
used for all latter steps and for washes. After blocking of
nonspecific binding with T-Tw, calibration standards of
pure Hsp70 and cell extracts in T-Tw were applied to the
wells. After 1-hour incubation, the wells were washed
and anti-Hsp70 rabbit polyclonal antibodies R2 generated
in the same laboratory were added, followed by goat anti-
rabbit antibody conjugated with peroxidase (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA). o-
Phenylenediamine (Sigma) served as the chromogen in
reaction with hydrogen peroxide. The reaction was
stopped by the addition of 0.2 M sulfuric acid and the
optical density was measured at 450 nm using UNIPLAN
AIFR-01 reader (ZAO Pikon, Moscow, Russia). Hsp70
quantities were determined using the calibration curve
(0.50–250 ng/mL) obtained from the titrated standards.

Monitoring of hemostasis

Blood samples for hemostasis characteristics were taken
from an arterial catheter before the experiment and 20
minutes and 5 hours after LPS administration. Blood for
coagulometric analysis was collected into the tubes with
Na-citrate in 9:1 ratio. The samples were centrifuged as
described above to get the plasma and the following pa-
rameters were estimated: thromboplastin clotting time,
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Table 1 Background parameters of hemostasis and hemodynamics in Wistar rats used in the study

Group TB (s) PT (s) FC (g/L) TF (s) MAP
HR

(contractions/min)

0.9 % NaCl (n�4) 33.4 � 0.9 29.9 � 1.0 1.5 � 0.1 518 � 31 118 � 3 397 � 31
Detoxic HSP70 (n�6) 33.8 � 4.2 29.3 � 2.5 1.7 � 0.2 519 � 22 119 � 1 414 � 15
Nondetoxic HSP70 (n�5) 33.6 � 3.4 26.8 � 2.9 1.6 � 0.1 531 � 41 117 � 2 387 � 28
LPS E coli (n�10) 32.0 � 2.7 28.0 � 1.8 1.5 � 0.2 605 � 47 120 � 2 436 � 16
Nondetoxic HSP70 before

LPS E coli (n�10) 33.2 � 3.2 28.2 � 1.4 1.5 � 0.1 570 � 36 120 � 5 404 � 14
Detoxic HSP70 before LPS E coli (n�10) 32.3 � 1.3 28.1 � 1.4 1.5 � 0.1 587 � 33 120 � 4 396 � 12
Detoxic HSP70 after LPS E coli (n�9) 32.3 � 3.6 27.0 � 1.1 1.6 � 0.1 540 � 34 117 � 7 397 � 28
LPS S typhimurium (n�10) 33.8 � 2.2 30.8 � 2.2 1.6 � 0.2 605 � 42 118 � 4 423 � 14
Nondetoxic HSP70 before

LPS S typhimurium (n�10) 33.0 � 1.8 28.2 � 1.3 1.1 � 0.1 598 � 35 121 � 2 402 � 17
Detoxic HSP70 before

LPS S typhimurium (n�10) 32.0 � 2.4 28.2 � 2.2 1.5 � 0.2 552 � 38 120 � 3 404 � 16
Detoxic HSP70 after LPS S typhimurium

(n�9) 33.1 � 4.5 28.5 � 1.0 1.1 � 0.3 556 � 82 120 � 3 381 � 10

TB, thromboplastin clotting time; PT, prothrombin clotting time; FC, fibrinogen concentration; TF, time of fibrinolysis; MAP, mean arterial
pressure; HR, heart rate; n, number of animals in the group.

Table 2 Mortality levels in (in percentage) in different experimental
groups

Experimental
group 0.9 % NaCl

LPS
E coli

LPS
S typhimurium

0.9 % NaCl � 0 %
(4)

50 %
(10)

80 %
(10)

Nondetoxic HSP70 � 33 %
(6)

50 %
(10)

40 %
(10)

Detoxic HSP70 � 0 %
(6)

20 %
(10)

40 %
(10)

Detoxic HSP70 after
LPS

67 %
(9)

56 %
(9)

The total number of animals used in each group is shown in pa-
rentheses.

Fig 1. Effects of Hsp70 on LPS-induced mortality in rats. (A) The
influence of Hsp70 preparations administration per se on mortality.
1, NaCl has been injected; 2, Hsp70-ND has been injected; 3,
Hsp70-DT has been injected. (B) The influence of Hsp70 preparation
administration on E coli LPS-induced mortality. 1, NaCl has been
injected 10 minutes before LPS challenge; 2, Hsp70-ND has been
injected 10 minutes before LPS challenge; 3, Hsp70-DT has been
injected 10 minutes before LPS challenge; 4, Hsp70-DT has been
injected 10 minutes after LPS challenge. (C) The influence of Hsp70
preparation administration on S typhimurium LPS-induced mortality.
1, NaCl has been injected 10 minutes before LPS challenge; 2,
Hsp70-ND has been injected 10 minutes before LPS challenge; 3,
Hsp70-DT has been injected 10 minutes before LPS challenge; 4,
Hsp70-DT has been injected 10 minutes after LPS challenge.

prothrombin clotting time, plasma fibrinogen concentra-
tion, and time of fibrinolysis (using a single canal coag-
ulometer, Thrombostat).

Statistics

All data were analyzed statistically using the Statistics for
Windows program. Other analysis was carried out using
the Wilcoxon test and analysis of variance (ANOVA 2)
and the Dunkan range test. Statistical inference is based
on levels of significance (P � 0.05).

RESULTS

It is evident from Table 1 that animals from all of the
experimental groups studied are characterized by similar
background parameters of hemostasis and hemodynam-
ics. The data presented in this table were used as a base-
line in all comparative studies performed herein.

The effect of administration of various Hsp70
preparations on mortality rate and parameters of
hemostasis and hemodynamics in rats

In the first series of experiments, the injection of LPS-free
Hsp70-DT did not induce mortality in the animals,
whereas unpurified by Polymyxin B Hsp70-ND resulted
in the death of 2 animals of 6 tested (Table 2, Fig 1).
Figure 2 shows that Hsp70-DT did not influence the he-
mostasis parameters studied, whereas administration of
Hsp70-ND led to their significant increase. It was also
shown that, although Hsp70-DT does not influence he-
modynamics parameters, the injection of an unpurified
sample of Hsp70 resulted in a significant decrease of
MAP (hypotension) and increase in HR (Fig 3). Charac-
teristically, in the latter case, a significant decrease in
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Fig 2. Changes of hemostasis parameters after administration of
Hsp70-ND and Hsp70-DT preparations of Hsp70 (dose, 266 �g/kg).
1, NaCl (0.9%) (n � 4); 2, Hsp70-DT (n � 6); 3, Hsp70-ND (n � 6).
*P 	 0.05 using Wilcoxon test.

Fig 3. Changes in mean arterial pressure (MAP) (A) and heart rate
(B) after administration of Hsp70-ND and Hsp70-DT preparations of
Hsp70 (dose, 266 �g/kg). *Indicates statistically significant differ-
ences (using ANOVA 2 method) between groups 1 and 3. #Indicates
statistically significant differences (using ANOVA 2 method) between
groups 2 and 3.

MAP was evident 2.5 hours after the Hsp70 administra-
tion, whereas HR increased 2 hours after injection.

Effect of Hsp70 preparations on hemostasis and
hemodynamics parameters under conditions of
endotoxemia induced by E coli LPS

A second series of experiments showed that injection of
E coli LPS led to 50% of mortality in the control (LPS
only) group of animals (Table 2, Fig 1B). Prophylactic
(preventive) administration of the Hsp70-DT before LPS
injection decreases mortality rate to 20%, whereas Hsp70-
ND (contaminated with LPS) has no apparent mortality
suppression effect. Surprisingly, the administration of
LPS-free Hsp70 after E coli LPS injection even slightly
increased the mortality rate (up to 67%).

Monitoring hemostasis parameters after the adminis-
tration of E coli LPS revealed significant increases in all
of the parameters studied (Fig 4). Prophylactic adminis-
tration of Hsp70-ND resulted in the decrease of fibrino-
lysis time and, to a lesser extent, prothrombin clotting
time only. It was not effective in decreasing thrombo-
plastin clotting time and fibrinogen concentration. On the
other hand, prophylactic administration of Hsp70-DT ef-
fectively normalized (decreased) all hemostasis parame-
ters otherwise increased due to E coli LPS administration
(Fig 4). LPS-free Hsp70, injected after E coli LPS admin-
istration (therapeutic action), was also able to normalize
most of the hemostasis parameters, thromboplastin clot-
ting time being an exception. Thus, 20 minutes after E coli
LPS injection, a significant increase in thromboplastin
clotting time was evident independent of Hsp70-DT ad-

ministration. The characteristic feature of thromboplastin
clotting time kinetics in animals injected by Hsp70-DT
after E coli LPS administration is the preservation of the
same (increased) level of this parameter observed in 20
minutes after LPS administration for at least 5 hours (Fig
4). On the other hand, the increase of thromboplastin clot-
ting time in the case when only E coli LPS was adminis-
trated was significantly higher at 5-hour point (Fig 4). The
phenomenon observed implies hypocoaglutination, intra-
vessel clotting time. This increase was still evident 5
hours after LPS administration.

Intravenous E coli LPS injection resulted in a significant
decrease (hypotension) of MAP with the following time
course (Fig 5A): the original drop by 5.9% in comparison
with the baseline value, with a tendency to increase after
20 minutes, followed by a second phase of hypotension
occurring starting at 45 minutes and reaching maximal
drop at 65 minutes (Fig 5A). Preventive administration of
Hsp70-DT did not have a significant effect on MAP (Fig
5A).
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Fig 4. Changes of hemostasis parameters due to administration of
E coli LPS (dose, 2 mg/kg) depending on concomitant introduction
of Hsp70 preparations. 1, E coli LPS (n � 10); 2, Hsp70-ND plus E
coli LPS (n � 10); 3, Hsp70-DT plus E coli LPS (n � 10); 4, E coli
LPS plus Hsp70-DT (n � 9). *P 	 0.05 using Wilcoxon test.

Fig 5. Patterns of mean arterial pressure (MAP) (A) and heart rate (B) after administration of E coli LPS only (group 1) and resulting from
prophylactic action of Hsp70-ND (group 2) and Hsp70-DT (group 3); and patterns of MAP (C) and heart rate (D) after administration of E
coli LPS (group 4) and after therapeutic administration of Hsp70-DT introduced after E coli LPS injection (group 5). *Indicates statistically
significant differences (using ANOVA 2 method) between groups 1 and 2. #Indicates statistically significant differences (using ANOVA 2
method) between groups 1 and 3. **Indicates statistically significant differences (using ANOVA 2 method) between groups 4 and 5.

It is evident from Figure 5, C and D, that E coli LPS
injections resulted in a 2-phasic increase in HR. The first
phase is comparatively short: the HR increased by 10
within the first 10 minutes and normalized at the 20-mi-
nute point. The normal level of HR is preserved till the
80-minute point, followed by another peak of increased
HR, which lasts for 5 hours (Fig 5D).

Hsp70-DT introduced before E coli LPS significantly
modified the HR pattern, and, to some extent, increased
the tachycardia level (Fig 5C). On the other hand, preven-
tive administration of this preparation does not influence
tachycardia kinetics significantly (Fig 5B). Interestingly, in
the experiments where therapeutic administration of
Hsp70-DT (after LPS injection) was carried out, we failed
to observe the 2-phase increase in HR evident in animals
injected with E coli LPS only. Tachycardia in this series
of experiments develops during the first 10 minutes and
lasts during the whole period of registration (Fig 5D).

The effect of Hsp70 preparations on hemostasis and
hemodynamics parameters in rats under conditions of
endotoxemia induced by S typhimurium LPS

Four groups of animals were used in the experiments ex-
ploring Salmonella LPS. The first group was injected with
LPS (dose � 4 mg/kg); in the second group the same
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Fig 6. Changes of hemostasis parameters due to administration of
S typhimurium LPS (dose, 4 mg/kg) depending on concomitant in-
troduction of Hsp70 preparations. 1, S typhimurium LPS (n � 10);
2, Hsp70-ND plus S typhimurium LPS (n � 10); 3, Hsp70-DT plus
S typhimurium LPS (n � 10); 4, S typhimurium LPS plus Hsp70-DT
(n � 9). *P 	 0.05 using Wilcoxon test.

dose of LPS was injected 10 minutes after administering
Hsp70-ND (266 �g/kg); in the third group the LPS was
injected 10 minutes after the administration of Hsp70-DT
(266 �g/kg); finally, in the fourth group Hsp70-DT was
injected 10 minutes after therapeutic LPS administration.

In the first control group where LPS of S typhimurium
was used, an 80% mortality rate was detected (Fig 1, Ta-
ble 2). However, the rate decreased and reached 40% after
prophylactic Hsp70 injection of both forms of Hsp70
preparation (groups 2 and 3). Therapeutic injection of
Hsp70 (group 4) also results in mortality rate decrease
(up to 56%).

Intravenous administration of LPS isolated from Sal-
monella resulted in a significant increase in all hemostasis
parameters monitored, similar to the pattern described
above when E coli LPS was applied. The prophylactic ad-
ministration of Hsp70-ND significantly reduced (normal-
ized) all hemostasis values, with fibrinogen concentration
being an exception (Fig 6). Characteristically, prophylactic
administration of Hsp70-DT preparation resulted in com-
plete prevention of all hemostasis parameters perturba-
tions induced by Salmonella LPS injection (Fig 6). Thera-
peutic administration of this Hsp70 preparation also has
complete protective effect in terms of prothrombin clot-
ting time and time of fibrinolysis, and significantly re-
duced thromboplastin clotting time and fibrinogen con-
centration in comparison with group 1 (Fig 6).

Administration of S typhimurium LPS per se character-

istically changed the MAP pattern. The original rise of BP
by 6.0 (�2%) in 20 minutes after the injection was fol-
lowed by subsequent progressive drop of the average val-
ue and restoration of the original level (Fig 7A).

Prophylactic administration of Hsp70-ND does not in-
fluence the patterns of MAP observed after LPS injec-
tions, whereas prophylactic administration of LPS-free
preparation surprisingly even led to higher degree of hy-
potension (Fig 7A).

Significant increase in HR value after the injection of S
typhimurium LPS was observed with the peak at 255 min-
utes in comparison with the original value. In general,
administration of Hsp70-ND before LPS injection did not
significantly affect MAP and HR parameters. On the oth-
er hand, Hsp70-DT introduced before LPS resulted in 2-
phase pattern of tachycardia development and in general
the level of tachycardia in these animals was lower in
comparison with the group 1 where LPS only was inject-
ed (Fig 7B). Interestingly, Hsp70-DT administrated after
LPS injections resulted in 30-minute delay in tachycardia
development (Fig 7D).

For the interpretation of our results, it was important
to monitor the level of Hsp70 preparations injected into
the experimental animals. The results of such analysis are
depicted in Figure 8.

It is evident that concentration of endogenous Hsp70
in the blood of rats used in the analysis is very low and
reaches only 10–15 ng/mL. Intravenous administration of
Hsp70 preparations at the dose of 266 �g/kg into a rat
with the weight of 300 g should increase the original con-
centration of Hsp70 up to 3000 ng/mL. However, in 20
minutes after injections, the concentration of hsp70 in the
blood reached only 70 ng/mL (2% from theoretically cal-
culated value) and in 60 minutes, only 30 ng/mL. There-
fore, probably more than 90% of injected Hsp70 is elim-
inated from the blood within the first 20 minutes after
injection. Recently, we (B.A.M., I.G.) have obtained simi-
lar data on Hsp70 kinetics in rats subjected to moderate
hypoxia: Hsp70 appeared in blood flow within 30 min-
utes after the treatment and virtually disappeared during
the next 15–20 minutes (personal communications). Rapid
disappearance of Hsp70 from the blood flow has been
also documented by other authors (eg, Fleshner and John-
son, 2005).

DISCUSSION

Injection of endotoxin (LPS) into mammals is a widely
applied model of sepsis to study early host responses to
acute systematic inflammation, resulting in the release of
cytokines, which modify gene expression and induce fe-
ver, increase cardiac output, change arterial pressure, and
alter various blood characteristics (Pajkrt et al 1997; Kar-
ima et al 1999).
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Fig 7. Changes in mean arterial pressure (MAP) (A) and heart rate (B) after administration of S typhimurium LPS (group 1) and after
preliminary administration of Hsp70-ND (group 2) and Hsp70-DT (group 3); and patterns of MAP (C) and heart rate (D) after administration
of S typhimurium LPS (group 4) and after therapeutic administration of Hsp70-DT introduced 10 minutes after S typhimurium LPS injection
(group 5). *Indicates statistically significant differences (using ANOVA 2 method) between groups 1 and 3. **Indicates statistically significant
differences (using ANOVA 2 method) between groups 4 and 5.

Fig 8. Concentration of Hsp70 in the blood of experimental Wistar
rats after administration of exogenous Hsp70 at the dose of 266 �g/
kg. *Significant differences between control (NaCl) and experimental
groups.

In recent years, several investigations were performed
to determine the role of intracellular Hsps in modifying
both cellular and whole-body responses of various mam-
mals to LPS injections (Koh et al 1999; Meldrum et al
1999; Ding et al 2001). Endogenous Hsp70 was proven to
have inhibitory effects on cytokine release and modulate
the fibrinolytic and coagulation systems during endotox-
emia (Ding et al 2001; Suganuma et al 2002; Nakada et
al 2005). The effect of (hsp) on the consequences of LPS
administration has usually been studied by either induc-

tion of Hsps by heat treatment and other stimuli or by
using inhibitors and inducers of certain Hsps (Ding et al
2001; Paidas et al 2002; Vega and De Maio 2003).

It is well known that cytokines released from mono-
cytes and macrophages are major mediators of inflam-
mation. It was shown that LPS-induced increases in the
production of TNF-�, IL-1�, IL-10, and IL-12 in cells were
significantly inhibited by the overexpression of Hsp70
(Ding et al 2001).

In the present study, we investigated various protective
effects of exogenous Hsp70 injections from LPS challenge
in a rat model. It is necessary to emphasize that there is
a growing body of evidence suggesting that, under var-
ious conditions, Hsps are released from peripheral blood
mononuclear cells (Guzhova et al 2001; Walsh et al 2001;
Hunter-Lavin et al 2004; Johnson and Fleshner 2006). It
was also shown that extacellular Hsps are important in
the immune response, and cells can absorb and utilize
Hsps from culture media (Guzhova et al 2001; Wallin et
al 2002; Johnson and Fleshner 2006). Apparently, extra-
cellular Hsp70 (eHsp70) acts as a danger signal to poten-
tiate the nitric oxide (NO) response to bacterial challenge
and facilitate recovery from bacterial inflammation (Cam-
pisi et al 2003). On the other hand, recent evidence sug-
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gests that the reported cytokine effects of Hsps may be
due to the contaminating LPS and LPS-associated mole-
cules (Tsan and Gao 2004).

In a way our data confirmed this conclusion, because
unpurified Hsp70 preparation has essentially the same
enhancing effect on all hemostasis parameters as admin-
istration of LPS per se isolated from both bacteria (Figs
2, 4, 6). However, in all cases the increase was signifi-
cantly higher when LPS per se was used. We also found
that in most cases preventive introduction of Hsp70-ND
did not significantly modify the observed increase of he-
mostasis parameters, with time of fibrinolysis being an
exception (Fig 2).

On the other hand, all effects observed after injection
of Hsp70-ND cannot be attributed to LPS contamination.
Thus, such preparations of Hsp70 induced significant and
consistent decrease in MAP level (hypotension) observed
during at least 5 hours (Fig 3A), whereas administration
of E coli LPS per se lead to the initial drop of this value
(at 20-minute point) with subsequent restoration to the
normal level (Fig 5A). In the group where S typhimurium
LPS was used, a significant increase of this value at the
same time point was observed in all variants (Fig 7A).
Regarding heart rate, preventive administration of
Hsp70-DT either had no visible effect or resulted in par-
tial normalization of this parameter. On the other hand,
therapeutic application of Hsp70-DT in the case of E coli
LPS even led to a significant increase in tachycardia level
(Fig 5D). Characteristically, therapeutic application of
Hsp70-DT contrary to preventive use was not effective in
decreasing mortality level and even slightly enhanced
this parameter when E coli LPS was used. The therapeutic
application of Hsp70 preparation might not be relevant
in improving LPS-induced mortality, because the cascade
of inflammatory mediators is already underway when in-
tervention is started. These observations suggest that pro-
tective effect of Hsp70 preparations is apparently realized
by mobilizing the innate immune effect (danger signal)
rather than by simple absorption of LPS from the blood
due to the high affinity of Hsp70 to LPS.

The data accumulated herein strongly support the con-
clusion that the effects observed were specific to exoge-
nous Hsp70 and were not due to endotoxin contamina-
tion of the protein.

It is well known that LPS may induce hypotension and
tachycardia in model organisms (Lin et al 1999; Van
Amersfoort et al 2003). In our experiments, the reaction
of rats to LPS of 2 bacteria compared in terms of hemo-
dynamics parameters was not identical. Thus, E coli LPS
injections resulted in hypotension and tachycardia,
whereas S typhimurium LPS lead to the development of
hypertension and tachycardia (Figs 5, 7). Furthermore, al-
though the patterns of interaction of injected Hsp70 with
both LPS was rather similar, a few characteristic differ-

ences were also detected (eg, Figs 4, 6). Along these lines,
it was recently demonstrated that in vitro stimulation of
rat splenocytes and macrophages with eHsp70 elevated
NO, tumor necrosis factor-�, and various interleukins.
Stimulation of cells with Hsp70 combined with LPS re-
sulted in a greater NO and cytokine response than that
observed after stimulation with eHsp70 or LPS alone. It
was also demonstrated that stressor exposure elevates
eHsp70, potentiates E coli–induced NO at the inflamma-
tory site, and facilitates recovery from bacterial infection
(Campisi et al 2003).

We cannot speculate at the present time about the ma-
jor cause of death after LPS administration in our model
or at what molecular level the protective action of Hsp70
is realized, primarily because sepsis affects multiple char-
acters and launches a cascade of events at the cellular and
organism level (Karima et al 1999; Angus and Wax 2001).
Correlation analysis using all hemostasis and hemody-
namics parameters and mortality revealed the best cor-
relation between thromboplastin clotting time and mor-
tality level (coefficient of correlation, 0.71). The data on
therapeutic effect of LPS-free preparations also confirm
this conclusion. Thus, it is evident that thromboplastin
clotting time is the only parameter that was not normal-
ized by therapeutic Hsp70 injections that were found in-
effective in increasing survival rate after administering
LPS of E coli. However, it is evident that other effects in-
flicted by administering LPS may also play an important
role in increasing the mortality rate.

Although this is the first demonstration that adminis-
tering exogeneous Hsp70 before and after an LPS chal-
lenge can reduce the mortality rate and modify several
parameters of hemostasis and hemodynamics, the current
studies did not address cellular and molecular signals
responsible for the protective role of the Hsp70 prepa-
rations used. It is noteworthy that previously eHsp70 has
been shown to be effective against various types of stress
at the cellular and organism level (Flerov et al 2003; No-
voselova et al 2005; Robinson et al 2005). Herein, we con-
centrated on the clinical manifestations of the sepsis,
which were significantly modified due to Hsp70 admin-
istration.
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