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Effects of Heat Shock on Macrophage
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Abstract: The macrophage plays an important role in lipopolysaccharide (LPS)-induced

fever. Fever formation is attributed to macrophage activity. The purpose of this study was
to examine whether induced fever has the characteristics of self-restriction during the pro-
cess of a fever response. The result of methyl-[3H]-thymidine incorporation in RAW 246.7
cells showed that the proliferation of the macrophage was suppressed by a heat load of

39℃ for 2 hr. Enzyme-linked immunosorbent assay (ELISA) showed that the activity of

IL-1 secretion induced by LPS was also suppressed by heat load. Suppression of activities
of the macrophage including proliferation and secretion suggest that negative feedback

loops exist where the end product, heat, may act back on the macrophage and finally result
in the subsiding of a fever. The induction of heat shock protein (hsp 70) by heat shock in
the macrophage was detected by Western-blot and Northern-blot analysis. In U-937 cells,
the increase of hsp 70 band appears to be related to the extent of inhibition of IL-1 secre-
tion. It is assumed that IL-1 secretion from the macrophage which effects the induction of

fever, has a close relationship to the induction of hsp 70.
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INTRODUCTION

It became apparent about 30 years ago that lipopolysaccharide (LPS)-induced fever is
caused by a heat-unstable substance-endogenous pyrogen found in the blood. Since then

manypapers have described that LPS activates the macrophage in the blood to induce syn-
thesis of endogenous pyrogen and releases it into the blood, and fever is caused (Wolff et al,
1965; Snell et al, 1967; Morimoto et al, 1986). The macrophage is the first line of defense in
the immune system, which takes charge of the function of antigen presentation in the im-
munological reaction (Unanue and Allen, 1987). Interleukin-1 (IL-1) is the principal
substance among endogenous pyrogens, which causes varient physiological regulations in-
cluding a fever response. IL- 1 stimulates organum vasculosum laminae terminalis (OVLT)
which exists on the sidewall of third ventricle in the brain, and causes the release of pro-
staglandin E2 (PGE2) there. The nerve impulse conduction from the PGE2 receptor penetrates
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OVLT, reaches to preoptic area and anterior hypothalamus (PO/AH), causes a shift of the
set-point, and thus triggers a fever response. The secretion of IL-1 is an initial response
that intervenes and promotes many other immune responses (Duff and Durum, 1982). The
reaction as follows is important during bacterial infection: LPS -macrophage -IL- 1- PGE2-
fever. One might wonder why even extremely high fevers seldom exceed 41°C or 42°C. It is
postulated that there is a self-limiting mechanism, such as a negative feedback loop.
However, the existence of a negative feedback loop has not yet been proved. It would thus
be quite important to investigate whether or not fever is in charge of this role.

On the other hand, it is well-known that the heat shock protein (hsp 70) can be induced

by heat stress (Hatayama et al, 1985, 1986; Ohtsuka and Kano, 1986). Many reports have
discussed about the relationship between heat tolerance and hsp 70 including our previous
reports (Landry, 1982; Lee et al, 1990, 1991). However, whether hsp 70 relates to a febrile
response or not has been seldom discussed (Ciavarra and Simeone, 1990). The present study,
therefore, investigated influences of heat shock on macrophage proliferation and IL-10
secretion, studied the induction of hsp 70 in macrophage, and examined the correlation bet-
ween them.

MATERIALS AND METHODS

Cells and cell culture: RAW 246.7 cells (mouse macrophage cell line) were obtained
from Dr. J. Unkeless (Rockefeller University). They were cultivated in growth medium,
RPMI 1640 medium containing 10% fetal bovine serum, antibiotics, and glutamine at 37°C
and 5% C02. When they were grown to confluence in a 5cm Falcon flask, the cell passage
(1:4) was accomplished by treatment with 12 mMlidocaine in a growth medium. The culture
medium was replaced every 24 to 48 hr. U-937 cells (human monocyte-like histiocytic lym-
phoma) were obtained from JCRB (Japanese Cancer Research Resources Bank). They were
cultivated in RPMI 1640 medium containing 10% fetal bovine serum, antibiotics, and

glutamine at 37°C and 5% C02. They were grown from the cell density of 2.0 x lO5 cells/ml,
and the passage was performed 5 days later at a cell density of about 1.0 x 106 cells/ml.

Materials: Polyclonal anti-hsp 70 antibody was obtained from Dr. K. Ohtsuka (Aichi
Cancer Center Research Institute). Human hsp 70 CDNA was obtained from Oncogene
Science Inc. LPS, from Escherichia coli 0127:B8, was obtained from Sigma. All reagents for

electrophoresis were electrophoresis pure-grade.
Cell proliferation: RAW 264.7 cells proliferation after exposure to heat were assessed

by methyl-[3H]-thymidine incorporation, as described by Kantengwa et al. (1990). Five hun-
dred p\ of a cell suspension containing 4x 104 cells for each condition were added to each
well of 24-well plates (Falcon), then incubated at 37°C. Subsequently, the medium was
changed.to a serum-free medium 24 hr before treatments. Cells were heated in a water bath
for heat shock (1) at 39°C, 411C, 421C, 44°C for 2 hr and (2) at 391C, 421C, 44°C for 3 hr.

After each treatment, the cells were labelled with 0.25 ml/well methyl-[3H]-thymidine.
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After incubation at 37°C for 4 hr, the cells were washed with PBS 1 ml/well for 3 times and
10% TCA for 2 times. Five hundred pi of 2% SDS was added to each well and incubated at
37°C for 1 hr to lysis. A proper amount of lysate was transferred into vials and counted with
scintillation fluid (Ammersham).

Western-blot Cells, (10-20) x l06, were treated with heat-shock stimuli at 37°C, 39°C,
41°C, 43°C for various time durations. The cells were then lysed with 0.1% SDS solution. Pro-

teins were then quantified using the Bio-Rad Protein Assay. Protein, 25//g, from each cell
population, was separated by 10% SDS-PAGE (Laemmli, 1970) and electro-blotted on
nitrocellulose membrane using ATTO HORIZBLOT. Membranes were then incubated for 2
hr at 37°C with BLOCK ACE (Dainippon Pharm. Co.) for blocking. Thereafter, a final dilu-
tion 1:500 of polyclonal anti-hsp 70 antibody, which recognizes 70 kD and 72 kD hsp, was us-
ed (Welch and Suhan, 1986). The proteins on the membranes reacted with biotin/avidin
system using NECTASTAIN ABC reagent for antigen detection.

Analysis of mRNA levels: Northern-blot analysis was performed according to the stan-
dard procedure (Maniatis et al, 1982). Total RNA was extracted by the acid guanidinium
thiocyanate-phenol-chloroform extraction method (Chomczynski and Sacchi, 1987). Thirty
micrograms of total RNA was analyzed by electrophoresis through 1% agarose/formaldehyde
gels, followed by Northern blot transfer to Hybond nitrocellulose sheets. Human hsp 70
CDNA (from Oncogene Science Inc.), an oligonucleotide probe, was labelled with |j-32P]
ATP using T4 polynucleotide kinase. Membranes were pretreated and hybridized in 50% for-
mamide with 50% Denhardt's reagent and washed 3 times, each time for 5 min with 2 x SSC
(I XSSC: 0.15 mol/1 NaCl, 0.015 mol/1 Sodium citrate) and 0.1% SDS at room temperature.
Finally, they were washed with 0.1 XSSC and 0.1% SDS at 37°C for 30 min. The membranes
were exposed for 24 hr at -80°C with intensifying screens for autoradiography.

IL-1 immunoassay.U-937 cells, 6 x l05, suspended in 1 ml RPMI-1640 medium con-
taining LPS at a final concentration of 500 ^g/ml were added into 4-well plates for each con-
dition. LPS was added to the plates at the begining and incubated at 37°C for the entire 24
hr period. Fifteen hours into the experiment, the plates were subjected to heat shock for 30
min at 39°C, 41 °C, 43°C. After this treatment, the plates were returned to the incubator, still
at 37°C. After a total of 24 hr incubation, cells were transferred to Eppendorf tubes and cen-
trifuged at 2,000x^- for 5 min. Twenty [A of supernatant were taken from each well and
IL- 1/3 assay were performed by enzyme-linked immunosorbent assay (ELISA) using Human
IL- 1/3 ELISA Assay Kit (Otsuka Pharm. Co.). Absorbances at 492 nm for various conditions

of samples were measured, and IL- 1/3 concentrations were determined and compared.

RESULTS

The experiment was performed to test whether heat shock response could effect
IL- 10 secretion during LPS stimulation in U-937 cells. Control cells cultured without LPS
did not secret IL-1/3. U-937 cells, 6x 105, cultured with LPS (500 /ig/ml) for 24 hr at 37°C
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induced 30 pg/ml of concentration of IL-1/3. Quantificaion of IL-10 indicated that at 39°C,
41°C and 431C, IL-10 secretion was respectively 92%, 82% and 74% of the level at 37°C

(Fig. 1).

Elevated temperature inhibits proliferation of RAW 246.7 cells. By the assessment of
methyl - [3H] -thymidine incorporation, the proliferation of macrophage was suppressed by a
heat load of 39°C for 2 hr (Fig. 2). Conditions of high heat load such as 42°C, and 44°C were
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Fig. 2. Inhibition of proliferation by elevated temperature in RAW 246.7 cells. By the
assessment of methyl-[3H]-thymidine incorporation, the suppression of pro-
liferation was observed at heat shock of 39°C for 2 hr. Conditions of high heat
load such as 42°C, 44°C were performed simultaneously for comparison.
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performed simultaneously for comparison. As was expected, the proliferation was also ob-
viously suppressed.

The induction of hsp 70 family by heat shock at 42°C and 44°C for 30 min to 6 hr were
identified in RAW 246.7 cells by the Western-blot method and the Northern-blot method.
Results, indicated in Fig. 3, show immunoprecipitation response using anti-hsp 70 antibody,
which is a polyclonal antibody specifically reacting with 70 kD and 72 kD of the hsp 70 fami-
ly (Ohtsuka, Personal communication). Lane 1, control, incubated at 37°C ; lane 2, heat-shock-
ed RAW 246.7 cells for 30 min at 39°C, had a recovery time of 24 hr at 37°C. Lane 1 and

lane 2 showed only 72 kD protein, constitutional-type of the hsp 70 family, which responded
to this antibody without induction of inducible-type of the hsp 70 family. Heat-shocked cells
for 30 min at 42°C (lane 3), 44°C (lane 4) and recovery time of 24 hr at 37°C showed induc-
tion of hsp 70. The largest quantities of hsp 70 accumulated at 42°C. Lane 5, induction of
hsp 70 in rat liver tissue (Lee et al, 1990) was performed simultanously for reference. As
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Fig. 3. The induction of hsp 70 by heat shock for 30 min at various temperature. RAW
246.7 cells were subjected to a heat shock for 30 min at 39°C, 42°C, 44°C. The
recovery time was 24 hr at 37°C. The largest quantity of hsp 70 accumulated at
421.

/ / / y
y f' <sf */

fa/ £>/ jy/ ^
T v y ^f

--à"à"!à" *£.-. ,.... f

1 2 3 4
(recovepy time:37°C, 24h)

Fig. 4. The induction of hsp 70 by heat shock for 6 hr at various tempera^, re. RAW
246.7 cells were subjected to a long heat load for 6 hr at 391, 42°C, 44°C. The
recovery time was 24 hr at 371C. Hsp 70 induction was positively identified at
39°C and 42°C.
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shown in Fig. 4, RAW 246.7 cells were subjected to a long heat load treatment for 6 hr at
39°C (lane 1), 42°C (lane 2), 44°C (lane 3). Hsp 70 induction was positively identified at 39°C
(lane 1) and 42°C (lane 2). Compared to the control at 37°C, the reduction of 72 kD protein
was recognized at 44°C, due to the general reduction in protein synthesis (data not shown).
For the purpose of examining the induction of hsp 70 in the initial stage, heat shock treat-
ment for 1 hr at various temperatures accompanied by 1.5 hr of recovery time at 37°C was
performed (Fig. 5). It shows phased augmentation of induction of hsp 70 at various
temperatures: control at 37°C (lane 1), 39°C (lane 2), 42°C (lane 3), 44°C (lane 4). Hsp 70 in-
duction was detected at the treatment of 39°C for 6 hr as shown in Fig. 4, but not detected,
at the treatment of 39°C for less than 3 hr (data not shown), at which supression of cell pro-
liferation was observved. The induction of hsp 70 was also identified in U-937 cells. Fig. 6
shows that hsp 70 was induced by heat shock for 30 min at various temperatures: control at
37°C (lane 1), 39"C (lane 2), 42°C (lane 3), 44°C (lane 4). The augmentation of hsp 70 mRNA
expression in RAW 246.7 cells by heat shock for 30 min at 41°C (lane 2), 43°C (lane 3) was
further confirmed (Fig. 7).
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Fig. 5. The induction of hsp 70 by heat shock for 1 hr at various temperature. RAW
246.7 cells were subjected to a heat shock treatment for 1 hr at 39°C, 42°C, 44°C
and had a recovery time for 1.5 hr at 37°C.
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Fig. 6. The induction of hsp 70 by heat shock for 30 min at various temperature.
   U-937 cells were subjected to a heat shock treatment for 30 min at 391!, 42"C,
   44°C and had a recovery time for 24 hr at 37°C.
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Fig. 7. Northern-blot analysis of hsp 70 mRNA in RAW 246.7 cells. The phase augmen-
tation of hsp 70 mRNA expression in RAW 246.7 cells by heat shock for 30 min
at 411, 43°C were identified.

DISCUSSION

The results of methyl-[3H]-thymidine incorporation and ELISA analysis showed that
IL- 1/3 secretion and the proliferation of the macrophage were suppressed upon heat shock.
Simultaneously, induction of hsp 70 by heat shock was identified by the results of Western-
blot and Northern-blot performed in this study. The regulation of hsp 70 induction is at the

mRNAexpression level. The results presented above indicate that LPS-induced fever may
act as a negative feedback control on the macrophage's activity. It is assumed that hsp 70
may play a role correlated to this fever response. The release of IL-1 from macrophage is
an important step which triggers a series of LPS-fever response. A variety of inducing
signals suggests that negative regulatory mechanisms must exist to limit IL - 1 bio-synthesis
but as yet, these are poorly understood. One possibility is that negative feedback loops exist
where the IL-2 bioactivity act back on production. Such a role has been postulated for
PGE2, which is in response to IL-la and /3 (Knudsen, 1986). Schimidt and Abdulla (1988)
reported that the synthesis of LPS induced IL-1/3 precursor protein, p35 (and its mRNA),
were down-regulated by heat shock, compared with control cells at 37°C. From this study, it
was identified that not only the biosynthesis of pre-IL-1, p35, but also the release of the
mature form IL-1/3 was inhibited by heat shock. During heat stress the redistribution of
heat-shock trancription factor (HSTF) to heat shock element (HSE) (Wu et al, 1990) is ac-
companied by binding to many additional chromosomal sites and may act as a represser of
normal gene activity (Westwood et al, 1991). Therefore, it may possible that HSTF binds to
IL-1/3 gene and represses its gene expression. It may possibly be one of the reasons why
IL- 1/3 secretion is inhibited by heat shock. However this hypothesis needs more experimen-
tal evidence in order to be confirmed.

The effect of proliferation suppression was observed at the heat shock 2 hr into the ex-
periment at 39°C, at which the so-called repairing protein, hsp 70, had not yet been detected
within the cells. The correlation between DNA replication and hsp 70 has not yet been really
clarified. However, it was reported that adding blood plasma to a culture of Hela cells in
which blood plasma had been first withdrawn and induced into the stationary phase of the
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cell cycle, increased hsp 70 mRNA parallel to the synthesis of DNA (Morimoto, 1989). The
suppression of the macrophage proliferation by heat shock may be due to a mechanism other
than the active role of hsp 70.

Fromthe viewpoint of Qio value (temperature dependence of chemical reaction), the op-
timal temperature of enzymatic and chemical reaction activities is at 37°C in vivo; therefore,
in the present study, the activities of IL-1/3 secretion and cell proliferation were set at 37°C
as 100%. Thus, the responses of the range around 36°C to 38°C must be precisely determin-
ed in future studies.
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