ISSN 0006-2979, Biochemistry (Moscow), 2006, Vol. 71, No. 4, pp. 376-383. © Pleiades Publishing, Inc., 2006.
Original Russian Text © E. G. Novoselova, O. V. Glushkova, D. A. Cherenkov, S. B. Parfenyuk, T. V. Novoselova, S. M. Lunin, M. O. Khrenov, 1. V. Guzhova, B. A. Margulis,

E. E. Fesenko, 2006, published in Biokhimiya, 2006, Vol. 71, No. 4, pp. 471-480.

Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BM05-157, February 12, 2006.

Production of Heat Shock Proteins, Cytokines,
and Nitric Oxide in Toxic Stress

E. G. Novoselova'*, O. V. Glushkova', D. A. Cherenkov!, S. B. Parfenyuk!, T. V. Novoselova',
S. M. Lunin', M. O. Khrenov', 1. V. Guzhova?, B. A. Margulis?, and E. E. Fesenko!

!Institute of Cell Biophysics, Russian Academy of Sciences, Institutskaya ul. 3, 142290 Pushchino,
Moscow Region, Russia; fax: (0967) 33-0509; E-mail: elenanov@ich.psn.ru
2Institute of Cytology, Russian Academy of Sciences, Tikhoretskii pr. 3, 194064 St. Petersburg,
Russia; fax: (812) 247-0341; E-mail: margulis@mail.cytspb.rssi.ru

Received June 30, 2005
Revision received September 29, 2005

Abstract—Expression of heat shock proteins Hsp27, Hsp90, and Hsp70 and production of tumor necrosis factors (TNF-a,
TNEF-B), interferon-y (IFN-y), interleukin-2, -3, -6, and nitric oxide (NO) were studied under conditions of acute and
chronic intoxication of animals with lipopolysaccharides. Injection of endotoxin increased expression of heat shock proteins
Hsp70 and Hsp90-a. in mouse cells. Acute toxic stress also provoked a sharp increase in the production of TNF-o, TNF-f3,
and NO in mouse cells. The production of other cytokines (interleukins and IFN-y) was changed insignificantly. In the
model of chronic toxic stress, changes in the production of Hsp70, Hsp90, TNF, and NO were followed during 11 days after
the beginning of the toxin injections. The expression of Hsp70 and Hsp90 in acute stress was significantly higher than at the
final stage of the chronic exposure. The changes in the TNF and NO productions, on one hand, and the production of heat
shock proteins, on the other hand, were synchronous. The findings indicate that repeated injections of increasing endotox-
in doses result in a decreased ability of the body cells to respond to stress by overproduction of heat shock proteins, TNF,

and NO.
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Studies on the body’s adaptation mechanisms to
toxic agents are important not only for fundamental biol-
ogy but also for clinical medicine. In the present work,
toxic stress was modeled by injection of lipopolysaccha-
rides (LPS) isolated from outer walls of gram-negative
bacteria. Endotoxic shock caused by LPS is usually man-
ifested by elevation of body temperature, disorders in the
system of hypophysis—thyroid gland, dysfunctions of liver
and adrenals, and can have irreversible after-effects, up to
the death of the animal. Some molecular and cellular
mechanisms are known which are associated with the
LPS-initiated cascade of reactions based on the innate
antimicrobial resistance of mammals. LPS are transferred
by the LPS-binding serum protein (LBP) and bound to

Abbreviations: FCS) fetal calf serum; Hsp) heat shock proteins;
IFN-y) interferon-y; IL) interleukin; LPS) lipopolysaccha-
rides; LBP) LPS-binding serum protein; TNF-a) tumor necro-
sis factor a.

* To whom correspondence should be addressed.

the CD14 and TLR4 receptors, which are present on the
membranes of neutrophils, monocytes, B-lymphocytes,
and macrophages [1]. The LPS-activated cells produce
bioactive molecules, such as tumor necrosis factor o
(TNF-a), some interleukins, proteases, and nitric oxide
[2, 3]. The overproduction of proinflammatory cytokines
and reactive oxygen species results in intoxication of the
body leading to septic shock that accompanies the appli-
cation of LPS.

There are indirect indications on involvement of
heat shock proteins in the cell response to endotoxin.
Thus, LPS were found to catalyze synthesis of TNF-a,
induced by heat shock protein Hsp70 [4]. Stimulation
with LPS was recently shown to result in formations of
clusters of Hsp70 and Hsp90 proteins with the TLR4
receptor, which is known to be one of two main LPS-
binding receptors [5]; there are also data that LPS acti-
vate synthesis of Hsp70 [6].

Considering the bulk of recent experimental data, it
was reasonable to suggest that not only Hsp70 but also
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heat shock proteins from other families produced under
the influence of other damaging factors, such as high
temperature, ionizing and non-ionizing radiation, neuro-
toxins, and heavy metals, could be also involved in the
body’s defense against endotoxic shock. The protective
mechanism of heat shock proteins is based on their chap-
erone activity, i.e., the ability to prevent degradation and
polypeptide adhesion of functional proteins. Heat shock
proteins are known to execute motor functions in translo-
cation of badly folded proteins, facilitate protein folding,
transfer proteins between intracellular components, pro-
mote formation of protein multimers, and all these
processes are directed for “repair” of the cell protein
component. Heat shock proteins were recently shown to
play a key role in the immune response of the body to
viral, microbial, and tumor antigens [7, 8].

In the present work the role of heat shock proteins
from different families (Hsp70, Hsp27, and Hsp90), some
cytokines, and nitric oxide was studied in the protective
reaction of the cells and whole body against toxic stress.
Models of acute and chronic stress caused by injection of
LPS were used. One of the main purposes of the work was
to study changes in the body’s response to the toxin dur-
ing long-term intoxication. Results of such investigation
can be important for development of a new strategy in
treatment of severe inflammation and sepsis.

MATERIALS AND METHODS

Animals and models of toxic stress. Male mice of the
NMRI strain with body weight of 25-30 g were used.
Acute toxic stress was induced by a single intraperitoneal
injection of 250 ng LPS from Escherichia coli (026.B6
serotype; Sigma, USA) per 100 g body weight. The
chronic exposure consisted of daily injections of LPS for
11 days, elevating the LPS dose every 2 days, the first dose
being 25 pg and the last dose 250 pg/100 g body weight.
Such a model of chronic toxic stress was used earlier [9,
10]. A gradual increase in the dose of the injected toxin is
necessary for modeling a real picture of chronic inflam-
mation when bacteria are progressively multiplying in the
body.

Three groups of mice were used in all experiments:
intact, injected with saline, and injected with LPS.
Altogether 48 mice were used in the experiment, 12 in the
acute stress model and 36 in the model of chronic stress.
None of the LPS-injected animals died before the begin-
ning of the experiments. Animals injected intraperi-
toneally with saline were used as control.

Culture of cells and determination of their functional
activity. Isolation of lymphocytes. Animals were sacrificed
by cervical dislocation. All subsequent procedures were
performed under sterile conditions. The spleen was
homogenized in a glass homogenizer, and the cells were
precipitated by centrifugation at 1500 rpm for 5 min.
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After selective hemolysis of the erythrocytes with isoton-
ic solution of ammonia chloride, the lymphocytes were
washed thrice in large volumes of DMEM medium
(Sigma), and the heterogeneous population of lympho-
cytes was fractionated by positive selection [11]. To do
this, the lymphocyte suspension was incubated for 1 h in
plastic Petri dishes (100 x 15 mm; Costar, USA) with rab-
bit affinity-purified antibodies to mouse IgG (200 pg/ml)
preapplied onto their surface from the calculation of
10° cells per cm? of the plastic. The nonadhered cells
(95% of them were T-lymphocytes) were carefully resus-
pended and decanted into sterile tubes. The adhered anti-
gen-positive cells were mainly B-lymphocytes and phago-
cytes. The resulting cell populations enriched with T- and
B-lymphocytes were washed, counted, and diluted to the
concentration of 2.5:10° cell/ml in RPMI 1640 medium
(Sigma) supplemented with 0.02% gentamycin, 1% L-
glutamine, 5-10° M B-mercaptoethanol (Sigma), and
10% fetal calf serum (FCS) (Sigma).

Isolation of macrophages. Macrophages were isolated
from peritoneal exudate of the mice. The peritoneal cells
were precipitated, washed thrice in DMEM medium, sus-
pended (1.5:10° cells/ml) in RPMI 1640 medium con-
taining gentamycin, HEPES (Sigma), and 10% FCS,
placed into 24-well plates (1 ml per well), and left for 2 h
at 37°C in the presence of 5% CO,. The supernatant fluid
was carefully removed, the adhered cells were washed in
RPMI 1640 medium, and the monolayer of macrophages
was left for incubation in 1 ml of the medium for 24 h at
37°C in the atmosphere with 5% CO,. After the incuba-
tion, either the supernatant fluid or cell lysates prepared
by the triple freezing—thawing were used as specimens.

Determination of TNF production. Production of
TNF was determined by cytotoxic effect of the specimens
on target cells of the L-929 line. The L-929 cells were cul-
tured in 96-well plates, 2-10* cells in 0.1 ml per well, in
RPMI 1640 medium supplemented with 10% FCS, 1%
L-glutamine, and 0.02% gentamycin, at 37°C in the
atmosphere with 5% CO,. Twenty-four hours later, to the
resulting monolayer of the L.-929 cells 1 pg/ml actinomy-
cin D (Sigma) was added and then 0.1 ml of the
macrophagal lysates. Into the control wells, only the
medium was added. The plates were incubated for 24 h,
stained with Crystal Violet (Sigma), and the cell survival
was determined after the crystals had been dissolved in
1% SDS. The optical density was determined at 546 nm
with a spectrophotometer for plates (Titertec Multiscan
MCC/340; Labsystems, Finland). The specificity of the
cytotoxic effect of TNF-o was tested using the reaction of
neutralization with monoclonal antibodies (anti-mouse
TNF-a; StressGen, Canada).

The cytotoxicity index was calculated by the formu-
la:

optical density in the experimental wells
1- ) x100.
optical density in the control wells
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In some experiments, the concentration of TNF-a.
was determined in parallel by enzyme immunoassay as
described below. The results were fully coincident with
those obtained by the cytotoxicity test. We had to use the
cytotoxicity test for determination of the TNF-f3 produc-
tion due to lack of commercial anti-mouse antibodies.
TNF-o and TNF-f are known to be equally cytotoxic for
target cells, and by this approach are different in their ori-
gin: TNF-a is mainly synthesized by macrophages and
TNF-p is produced by T-lymphocytes.

Determination of production of interleukins and inter-
feron-y. To determine the production of cytokines, T-
Ilymphocytes were suspended in RPMI 1640 medium
containing 1% L-glutamine, HEPES, 0.5% gentamycin,
510 M B-mercaptoethanol (Sigma), and 10% FCS,
stimulated by addition of 50 pg/ml phytohemagglutinin P
(PGA) (DIFCO Laboratories, USA), and 1.5-10° cell/ml
were incubated in 24-well plates for 72 h at 37°C in the
atmosphere with 5% CO,. After the incubation, the
supernatants were stored at —20°C.

Concentration of cytokines in the supernatants of
the PGA-stimulated T-cells and in the mouse blood
serum was determined by enzyme immunoassay
(ELISA). Rabbit polyclonal antibodies to mouse TNF-a,,
mouse interleukin-2 (IL-2), mouse IL-3, mouse IL-6,
and mouse interferon-y (IFN-y) were used. All antibodies
and cytokines were obtained from PeproTech (USA).
Goat IgG with biotin to rabbit immunoglobulins
(StressGen) were used as secondary antibodies; then the
biotin-containing solution was conjugated with horserad-
ish peroxidase (IMTEK, Russia). After incubation with
the secondary antibodies, 100 ul of an ABTS green dye
(Sigma) dissolved in 0.05 M citrate buffer (pH 4.0) with
0.01% H,0, was applied, and after the development of a
stable staining the reaction was stopped by addition of
1.5 mM NaN; dissolved in 50 mM citrate buffer (pH 4.0).
The optical density was measured at 405 nm with the
plate spectrophotometer. Every stage of ELISA was fol-
lowed by multiple washing of the wells with phosphate-
buffered saline (PBS) containing 0.05% Tween 20.

Determination of nitric oxide. Macrophages (10° cells)
were placed into 1 ml of DMEM medium without Phenol
Red supplemented with 1 mM sodium pyruvate, 25 mM
HEPES, 2 mM L-glutamine, and 3% FCS and incubated
in a 24-well plate at 37°C for 24 h in a humid atmosphere
with 5% CO, in the presence of LPS (5 ug/ml). The pro-
duction of NO was determined by the concentration of
nitrites, which are the end product of metabolism of the
short-living compound NO. The amount of nitrites in the
supernatants was measured using the Griss reagent which
contained a mixture of 0.1% solution of N-naphthyleth-
ylenediamine dihydrochloride in 2.5% phosphoric acid
and 1% solution of sulfanilamide in 5% phosphoric acid
at the ratio of 1 : 1. Specimens of the supernatants result-
ing in cultures of macrophages for 20 h were placed into a
96-well plate, 100 ul per well, the wells were supplement-
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ed with 100 pl of a freshly prepared Griss reagent, and
incubated for 10 min at room temperature. The optical
density was measured with a plate spectrophotometer
(Titertek Multiscan MCC/340; Flow Laboratories,
Finland) at 546 nm. The calibration curve was plotted
using standard solutions of NaNO,.

SDS-PAGE electrophoresis and immunoblotting. To
prepare specimens, 50-10° lymphocytes were lysed on ice
with an ultrasonic disintegrator with constant stirring for
2 min. The cell membranes were precipitated, and con-
centration of the cytosol total protein was determined by
the Bradford’s method with a commercial Bradford solu-
tion (Sigma). The protein was precipitated in acetone,
solubilized, boiled for 5 min, and stored at —20°C. The
final protein concentration in the specimens was
1 mg/ml, and 10 pl of the specimens was placed into each
well. Commercial proteins (0.5 pug) Hsp72 and Hsp90
(StressGen) were placed as markers. Heat shock proteins
in the specimens were determined by electrophoresis in
10% polyacrylamide gel, as described in [12]. The speci-
ficity of the analysis was tested by immunoblotting. The
proteins were transferred from the gel onto a nitrocellu-
lose membrane in a transblot chamber [13]. Upon block-
ing, the membrane was applied with monoclonal mouse
antibodies to one of the heat shock proteins: Hsp70 (HSP
72, clone SPA-812, StressGen Biotechnologies,
inducible form), Hsp25 (HSP 25, clone SPA-801,
StressGen), and Hsp90 (HSP 90a, clone SPA-828,
StressGen); then it was placed for 1 h into a biotin-con-
taining solution of polyclonal goat antibodies to rabbit
IgG (StressGen) and incubated with a complex of strep-
tavidin with horseradish peroxidase (Sigma). The pro-
teins were detected using an ECL system (Amersham,
Sweden). Staining intensities of the bands corresponding
to the marker proteins were compared with those of the
bands of the purified heat stress proteins which were
pretitrated before electrophoresis, and the amount of heat
shock proteins in the specimens was assessed.
Quantitative evaluation was performed using the Qapa
program.

Isolation of serum. Blood was collected into tubes
after the decapitation of the animals. The blood samples
were kept for 3-5 h at 4°C, centrifuged at 2000 rpm, and
supernatants were drawn.

Statistical analysis was performed using Student’s #-
test.

RESULTS

Cytokines and nitric oxide in acute stress. Figure 1
presents values of cytokine production in T-lymphocytes
(A), production of cytokines and nitric oxide in
macrophages (B), and also numbers of some lymphoid
cell populations 6 h after injection of LPS (C). All data on
acute stress are shown in white columns. Thus, the
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Fig. 1. Effects of acute and chronic toxic stress on production of
cytokines and nitric oxide and also on the number of producer
cells. The determinations were performed 6 h after the last injec-
tion of LPS. A) Production of cytokines in spleen lymphocytes;
B) production of cytokines and nitric oxide in macrophages; C)
cell number: @) spleen lymphocytes; b) macrophages; c¢) thymo-
cytes. 1) Acute stress; 2) 4th day of chronic stress (ChS); 3) 8th
day of ChS; 4) 11th day of ChS. Each value is the mean of three
or four independent experiments; all measurements were per-
formed in six repeats separately for each animal. The animals
injected with saline were used as control. * Significant difference
from the control, p < 0.05; ** significant difference from the con-

trol, p < 0.01.
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Fig. 2. Effect of acute toxic stress on cytokine concentration in
mouse blood plasma. The determinations were performed 6 h
after the injection of LPS. Each value is the mean of three or four
independent experiments; all measurements were performed in
six repeats separately for each animal. The animals injected with
saline were used as the control. * Significant difference from the
control, p < 0.05.

intraperitoneal injection of a high dose of LPS induced a
dramatic increase in the production of TNF (TNF-a in
macrophages and TNF-$ in T-lymphocytes) and nitric
oxide (Fig. 1, A and B). Under these conditions, the IL-
3 production increased and there was a tendency for
increase in the production of IFN-y in the spleen lym-
phocytes of the mice, which had received a single injec-
tion of LPS (250 pg/100 g body weight). The production
of IL-2 was not significantly changed, whereas the pro-
duction of IL-6 was sharply decreased. Note that the
blood concentration of nearly all cytokines under study,
except IL-3, was increased (Fig. 2). The most pro-
nounced accumulation in the blood was shown for TNF-
a and IL-2.

The progress of acute endotoxic stress during its
early stage was associated with a twofold decrease in the
number of thymus lymphocytes and a slight (statistically
insignificant) decrease in the number of peritoneal
macrophages and spleen lymphocytes (Fig. 1C). Thus,
acute endotoxic stress accelerated involution of the thy-
mus, which is a very sensitive organ to various damaging
factors, such as starvation, infection, trauma, ionizing
radiation, etc. However, the cell numbers in other lym-
phoid organs, spleen lymphocytes and macrophages of
peritoneal exudate, were nearly unchanged. On this back-
ground, the cells manifested a high functional activity,
suggesting adaptive character of the response to acute
toxic exposure.

Cytokines and nitric oxide in chronic stress. Figure 1
also presents parameters of immune status of the animals
under conditions of chronic exposure to the toxin. The
determinations were performed at three stages of the
intoxication development: on the 4th, 8th, and 11th days.
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The production of TNF-a in macrophages was increased
about 1.5-fold on the 4th and 8th days, and on the 11th
day its production was decreased nearly to the control
level (Fig. 1B). Still more demonstrative were changes in
the production of TNF-f in spleen lymphocytes in the
course of chronic intoxication. Thus, the TNF- produc-
tion was significantly higher than in the control on the 4th
day of the intoxication, but on the 8th and especially on
the 11th day the synthesis of TNF-f was noticeably sup-
pressed (Fig. 1A).
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Fig. 3. Hsp70 expression in mouse spleen lymphocytes upon sin-
gle and chronic injections of LPS. The determinations were per-
formed 6 h after the last injection of LPS. The animals injected
with saline were used as control. a) A membrane after
immunoblotting with antibodies to Hsp70; b) results of quantify-
ing Hsp70 in the specimens (in arbitrary units) using the Qapa
program; ¢) Coomassie-stained gel. /) Intact animals; 2) control;
3) acute stress; 4) 4th day of chronic stress (ChS); 5) 8th day of
ChS; 6) 11th day of ChS; 7) recombinant protein Hsp72.
* Significant difference from the control, p < 0.05 (b).
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The NO production in macrophages was signifi-
cantly suppressed on the 8th day, but no significant
changes in the NO production were observed on the
other stages of chronic stress (Fig. 1B). The productions
of three interleukins under study (IL-2, IL-3, IL-6) in T-
lymphocytes changed non-monotonically depending on
the accumulated dose of the injected polysaccharides.
The IL-2 production was increased on the 4th day, the
production of IL-3 was increased on the 4th and 11th
days, and that of IL-6 was increased on the 8th day after
the beginning of LPS injections. The production of IFN-
y was suppressed during the whole period of LPS injec-
tions (Fig. 1A).

It should be noted that the number of producer cells
(macrophages and spleen lymphocytes) mainly remained
increased during the toxic stress development, except the
decrease in the number of splenocytes on the 4th day after
the beginning of the injections (Fig. 1C). Obviously, the
sharp increase in the number of peritoneal exudate cells
was induced by a focal inflammation because of the
intraperitoneal injection of LPS, but the increase in the
number of spleen lymphocytes was associated with a sys-
temic response of the body to the endotoxin. In any case,
an inverse dependence was recorded between the number
of cell-producers and their functional activity: the
increase in the lymphocyte pool in the spleen during the
toxic stress development was accompanied by the
decrease in their ability for producing TNF-f and [FN-y.
On the other hand, the secretion of IL-3 and IL-6 by
these cells was increased. The cell number in the thymus
in the course of the chronic toxic stress development was
decreased, similarly to the case of acute toxic stress.

Thus, a difference in the body’s response to acute
and chronic toxic stress has been found. The response of
the body to acute intoxication is expressed by an adaptive
increase in the functional activity of the cells producing
cytokines and reactive oxygen species, and this activation
occurs alongside with a slight decrease in the number of
producing cells. Another tendency was recorded when
the animal was subjected to the long-term intoxication
with the increasing dose of LPS. At first, the production
of all cytokines, especially TNF-o and TNF-B, was
increasing, although not to the extent recorded in acute
stress. This was associated with a sharp increase in the
number of cell-producers, peritoneal macrophages.
Prolongation of toxic exposure of mice resulted in a
noticeable increase in the number of spleen lymphocytes,
which produced TNF-B, but the production of this
cytokine was twofold decreased. Thus, the compensatory
increase in the number of lymphoid cells in the course of
development of severe intoxication occurred concurrent-
ly with a decrease in the functional activity of these cells
that was manifested by suppression of their ability to pro-
duce TNE

Heat shock proteins in acute and chronic toxic stress.
Studies on production of three heat shock proteins,

BIOCHEMISTRY (Moscow) Vol. 71 No. 4 2006
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Hsp27, Hsp70, and Hsp90, revealed expression of the
Hsp70 protein in both acute and chronic injection of LPS
(Fig. 3). The expression of the inducible form of this pro-
tein was especially high upon the single injection of the
high dose of LPS (acute stress). In the model of chronic
toxic stress, changes in the Hsp70 expression were fol-
lowed during 11 days after the beginning of the toxin
injections. The inducible Hsp70 protein was expressed
during the whole period of observation, but on the 11th
day the Hsp70 expression was slightly decreased as com-
pared to its level measured after the single injection of
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Fig. 4. Hsp90 expression in mouse spleen lymphocytes upon sin-
gle and chronic injections of LPS. a) Membrane after
immunoblotting with antibodies to Hsp90-a.; b) results of quan-
tifying Hsp90 in the specimens using the Qapa program; c)
Coomassie-stained gel. 7) Recombinant protein Hsp90-a. Other
notations as in Fig. 3. * Significant difference from control, p <
0.05 (b).
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LPS. Immunoblotting with mouse monoclonal antibod-
ies to the Hsp27 protein failed to detect expression of this
protein in both acute and chronic toxic stress (data not
shown). As to Hsp90, its expression was recorded in acute
stress and also on the 4th, 8th, and 11th days of the
chronic stress development (Fig. 4). It is interesting, that
on the 11th day the Hsp90 expression was markedly lower
than on the 8th day of development of the LPS-caused
chronic intoxication. Note that antibodies to the
inducible form of Hsp90 were used in the experiments;
nevertheless, this protein was always present in the con-
trols. Our findings indicate that Hsp90 is involved in the
cell response to LPS-caused toxic stress, and during the
development of chronic toxic stress the production of
Hsp90 in the cells is decreasing.

DISCUSSION

Although the LPS model of bacterial infection is
under intensive study by many researchers, the present
work has revealed some unknown regularities in the cell
response to acute and chronic exposure of the whole body
to endotoxin. Among all immunocompetent cell products
under determination, TNF and nitric oxide (their pro-
duction increased nearly threefold) occurred to be main
messengers involved in the response to acute toxic stress.
The production of interleukins (IL-2, IL-6) and IFN-y
was nearly unchanged; only the level of IL-3 was slightly
increased. As expected, acute stress induced a noticeable
accumulation of cytokines in blood, and this suggested a
systemic inflammation in the mice injected with the high
dose of LPS.

Thus, results of the present work obtained on the
model of acute stress do not contradict the earlier find-
ings. In fact, LPS was earlier shown to be a powerful stim-
ulant of macrophagal activity: a single injection of endo-
toxin, as well as the macrophage in vitro culture in the
presence of LPS significantly increased TNF-a secretion
[2, 4].

As differentiated from acute stress, the long-term
injection of LPS was associated with suppression of the
NO production, and the increase in the TNF production
was less than after the single injection of the high dose of
LPS (Fig. 1). Upon further injections with elevating doses
of LPS, the animals’ cells lost the ability of hyperproduc-
ing TNE, and it was especially pronounced in the case of
TNF-B production in spleen cells.

We have found that in chronic toxic stress the IFN-y
production in spleen lymphocytes is suppressed. IFN-y is
known to enhance the toxicity of LPS: non-lethal doses
of LPS become lethal when applied together with IFN-y.
The synergy of LPS and IFN-y effects is due to the prim-
ing effect of IFN-y on the cells via activation of NF-«B
synthesis and increase in the production of TNF-a and
NO [14]. Just this is the cause of formation of a very
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strong response to LPS in the presence of IFN-y, which
leads to the tissue injury and sepsis. It is reasonable to
suggest that a mechanism should exist to limit the biolog-
ical effect of LPS (or any other bacterial material).
Regulation of the IFN-y level, the production of which
was decreased in the presence of high concentration of
LPS, is likely to be a link of such a mechanism, as shown
in our experiments.

Our study is the first to reveal the involvement of
heat shock protein Hsp90 in the body’s response to acute
and chronic exposure to endotoxin. Note that as differ-
entiated from the inducible form of the Hsp70, which we
did not detect in the absence of LPS, Hsp90 was also
expressed under normal conditions. These findings are in
agreement with the data on an important role of Hsp90
in the cell under stress conditions or in the absence of
stress. This protein is known to be an inalienable part of
the cytosol, constitute about 1-2% of the total soluble
protein under normal conditions, and increase under
stress conditions [15]. Hsp90 protein has been earlier
shown to be fundamentally different from other molecu-
lar chaperones because it has a high affinity only to par-
ticular substrates. Thus, the majority of Hsp90 substrates
are proteins of the signaling transduction system, e.g.,
steroid hormone receptors and kinases of the signaling
cascade [16]. The increase in Hsp90 production upon
loading with LPS suggests a possible involvement of
some signaling proteins in pathogenesis of endotoxic
stress.

Among three heat shock proteins studied, only two
of them, Hsp70 and Hsp90, were expressed under condi-
tions of acute and chronic intoxication caused by injec-
tion of LPS. Studies on the development of toxic stress
caused by repeated injections of a powerful inducer of
macrophage secretory activity have shown that under
such conditions production of heat stress proteins, TNF,
and nitric oxide begin to gradually die out. These changes
in the TNF and NO synthesis, on one hand, and in the
Hsp70 and Hsp90 production, on the other hand, were
synchronous to a large extent.

The results of the present work are consistent with
data of other authors. Thus, Hsp70 synthesis is known to
be associated with nitric oxide synthesis in thermal stress
[17]. The interrelation between Hsp70 and nitric oxide
was confirmed by the increase in NO production previ-
ously to the Hsp70 expression caused by heat shock, and
by the complete suppression with an NO synthase
inhibitor of the NO production and significant decrease
in the Hsp70 expression under conditions of heat shock
[18, 19]. Obviously, such regulatory interrelationships
between the enzyme system regulating the production of
reactive nitrogen and the expression of heat shock pro-
teins occur not only in heat shock but also in acute toxic
stress induced by LPS, as shown in the present work.
However, such an interrelation was not found in chronic
toxic stress; on the contrary, the NO production was
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sharply suppressed on the 8th day of chronic stress when
the Hsp70 expression was elevated. Moreover, the corre-
lation between changes in Hsp70 expression and TNF
production found by us in toxic stress is consistent with
earlier findings. Thus, exogenous Hsp70 protein has been
shown to stimulate the production of TNF-a and some
interleukins, and this regulation could be realized either
through binding to the CD14 receptor or via a CD14-
independent pathway [20]. The proof of Hsp70 affinity
for CD14 receptor expressed on monocytes allowed the
authors to conclude that the extracellular Hsp70 protein
manifesting itself as a stimulant of the cell activity may be
assigned to cytokines.

Injection of LPS did not induce expression of Hsp27
in either acute or chronic exposure. This protein seems to
be expressed only on elevation of temperature. In fact,
Hsp27 is shown to play a protective role just under condi-
tions of thermal stress because it inhibits in vitro aggrega-
tion and heat inactivation of some proteins. Moreover, in
vivo studies revealed a specific pathway of regulation
directed to protect polymerization of the actin thread
under conditions of heat shock [21].

Results of the present work once more confirm that
molecular reactions of the cell to stress exposures are
based on universal and rather conservative mechanisms,
which form the T-cell response to various types of exter-
nal damaging signals. This is in agreement with the con-
cept that the function of heat shock proteins is not limit-
ed only to their chaperone activity. The finding of Hsp70
secretion by living cells of the body is also very important
[22, 23]. In these works the mechanism of protein export
with involvement of the cell signaling systems was deter-
mined. Since the secreted protein has been shown to be
captured by other cells and become endogenous for them,
the use of heat shock proteins for treatment of various dis-
eases is very promising. There are already many works in
this line, e.g., the use of hyperthermia. Thus, hyperther-
mia accompanied by hyperexpression of Hsp70 displayed
a noticeable protective effect in the LPS-induced liver
cirrhosis in rats [24] and in pulmonary inflammation also
induced by LPS injection [25].

Since the involvement of signal transduction pro-
teins in the export of heat shock protein is proved, it is
necessary to pay special attention to expression in endo-
toxic shock not only of Hsp70 but also of Hsp90, which
has signaling proteins as substrates. Considering this cir-
cumstance, further studies on mechanisms of Hsp90
involvement in the development of toxic stress are neces-
sary, as well as possibilities of using heat shock proteins to
correct consequences of the body’s intoxication.
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