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ABSTRACT 

To elucidate the role of stress response during macrophage activation, the effects of heat shock and the amino 
acid analog, 5-azacytidine on nitric oxide (NO) production, tumor necrosis factor-alpha (TNF-a) secretion, and heat 
shock protein (HSP) synthesis have been studied in murine peritoneal macrophages (C57BL/6). Heat shock (1 hr 
at 43°C) or 5-azacytidine markedly inhibited the release of N O into the medium from interferon-y (IFN-y) plus 
lipopolysaccharide (LPS)-stimulated macrophages. Although heat shock significantly decreased TNF-a secretion 
only at the initiation stage of macrophage stimulation, 5-azacytidine treatment resulted in a more prolonged re­
duction in the secretion of TNF-a. When heat-shocked cells were stimulated with IFN-y plus LPS under normal 
culture conditions at 37°C, the heat shock-induced inhibition of N O release reversed progressively with increas­
ing recovery time. Although the total amount of cellular HSP72 measured by Western blot increased time-depen-
dently over 7 hr, newly synthesized HSP72 measured by [35S]methionine incorporation was evident only after 1 
and 3 hr of recovery time after heat shock treatment. At these time points, the lowest nitrite accumulation and 
TNF-a secretion into the medium was evident. It is concluded that signaling pathways related to newly synthe­
sized HSP such as HSP72 are implicated in the down regulation of N O synthesis and TNF-a secretion in 
macrophages. Antiox. Redox Signal. 1, 297-304. 

I N T R O D U C T I O N by the action of inducible N O synthase (iNOS). 

N O is an important intracellular and intercel-

M a c r o p h a g e s perform specific immuno- lular regulatory molecule of multiple biologi-

logic and nonspecific inflammatory cai functions, including macrophage-mediated 

functions (Unanue and Allen, 1987). These cytotoxicity, neurotransmission, and smooth-

functions of macrophages m a y be mediated by muscle relaxation (Moncada et al, 1991; Yui et 

reactive nitrogen species (Stuehr and Nathan, al, 1991; Lowenstein and Snyder, 1992). The ac-

1989), reactive oxygen species (ROS) (Fischer tivity of iNOS in macrophage is regulated by 

and Bostick-Bruton, 1982), or tumor necrosis mediators such as interleukin-2 (IL-2), inter-

factor-a (TNF-a) (Larrick and Wright, 1990). feron-y (IFN-y), and inflammatory stimuli such 

Activated macrophages can generate large as bacterial lipopolysaccharide (LPS) (Stuehr 

amounts of nitric oxide (NO) from L-arginine and Marietta, 1987; Narumi et al, 1990). It has 
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also been shown that the production of TNF-a 

is crucial for the synergistic induction of N O 

synthesis in IFN-y and/or LPS-stimulated 

murine macrophages (Green et al, 1990; Jun et 
al, 1995). 

Stress response is a primitive defense pro­

gram that is induced in cells exposed to toxic 

insults such as heat, amino acid analogs, heavy 

metals, and ischemia-reperfusion. Induction of 

the stress response leads to the synthesis of var­

ious heat shock proteins (HSP). Because the 

H S P are highly conserved through evolution, 

it has been assumed that H S P serve some 

universally important functions. In particular, 

H S P of the 70-kDa family such as HSP72/73 

not only confers thermotolerance but also pro­

tects against ultraviolet light-induced injury, 

oxygen radical toxicity, myocardial ischemia, 

Escherichia coli sepsis, and acute lung injury. 

Moreover, recent studies suggest that H S P par­

ticipate in crucial phenomena such as protein 

import and assembly, protection from envi­

ronmental stress, immunity, autoimmunity, 

and cancer (Ayala et al, 1992; Jaattela and Wiss-
ing, 1992). 

Despite considerable data describing the bi­

ological activities of N O , the molecular mech­

anisms of macrophage activation involving N O 

and TNF-a remain unknown. Therefore, ex­

tensive research on the interaction and cellular 

regulation of N O and TNF-a synthesis is nec­

essary to develop an understanding of the var­

ious processes that regulate inflammation. In 

this study, the effect of stress response on N O 

synthesis was investigated in murine peri­

toneal macrophages stimulated with IFN-y 

plus LPS. W e also tested whether this stress re­

sponse is associated with an inhibitory effect 

on the production of TNF-a. 

MATERIALS A N D METHODS 

Materials 

Thioglycollate (TG) broth (Brewer) was pur­

chased from DIFCO (Detroit, MI). Murine 

rTNF-a (1 X 106 U/ml), rabbit anti-murine 

TNF-a polyclonal antibody (neutralizing), 

and hamster anti-murine TNF-a monoclonal 

antibody were purchased from Genzyme 

(Miinchen, Germany). Anti-murine iNOS and 

anti-HSP antibodies were purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA). 

LPS (phenol extracted Salmonella enteritidis), 

5-azacytidine (5-Aza), sodium nitrite, sulfa­

nilamide, A/-(l-naphthyl)-ethylenediamine di-

hydrochloride, protease inhibitor cocktail, 

Tween-20, bovine serum albumin (BSA), phos-

phatase-conjugated goat anti-rabbit immuno­

globulin G (IgG), and p-nitrophenyl phosphate 

were purchased from Sigma Chemical Co. (St. 

Louis, M O ) . R P M I containing L-arginine (200 

mg/L), fetal calf serum (FCS), Hanks' balanced 

salt solution (HBSS), and other tissue culture 

reagents were purchased from Life Technolo­

gies (Gaithersburg, M D ) . 

Macrophage culture and metabolic labeling 

The original stock of C57BL/6 mice was pur­

chased from The Dae Han Animal Center (Seoul, 

Korea) and the mice were maintained in the De­

partment of Molecular Biology, Pusan National 

University. TG-elicited macrophages were har­

vested 3 days after intraperitoneal (i.p.) injection 

of 2.5 ml of T G into mice and isolated as reported 

previously (Narumi et al, 1990). Then, cells were 

suspended in R P M I 1640, which was supple­

mented with 1 0 % (vol/vol) FCS, in either 24-

well tissue culture plates (5 X 105 cells/well) or 

60-mm-diameter plastic petri dishes (5 X 106 

cells/well), incubated for 3 hr at 37°C in an at­

mosphere of 5 % C02. Nonadherent cells were 

removed by suction, and then freshly prepared 

complete medium was added with the indicated 

experimental reagents. To induce the heat shock 

(HS) response, cells were incubated for 1 hr at 

43°C and then recovered to normal growth tem­

perature (37°C) for up to 1 hr. For [35S]methio-

nine labeling, cells were washed in methionine-

free RPMI three times and labeled in 

methionine-free R P M I plus [35S]methionine 

supplemented with 2 % dialyzed FCS for the last 
1 hr of recovery time. 

Nitrite concentration 

NO secretion in cultured macrophages was 

measured by a microplate assay method, as de­

scribed earlier (Green et al, 1982). To measure 

nitrite (N02"), 100 ML of the supernatants in 

cultured macrophages were collected and 
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mixed with an equal volume of the Griess 

reagent (1% sulfanilamide, 0.1% N-(l-naph-

thyl)-ethylenediamine dihydrochloride, 2.5% 

H3PO4) and incubated for 10 min at room tem­

perature. Nitrite concentration was determined 

by measuring the absorbance at 540 n m in a 

Titertek Multiskan spectrophotometer (Flow 

Laboratories, North Ryde, Australia). NaN02 

was used for external calibration. Cell-free 

medium alone contained 5-8 /xM of nitrite; this 

value was determined in each experiment and 

subtracted from the value obtained for the cells. 

Western blot analysis of iNOS and HSP 

The cell lysates were separated elec-

trophoretically using 10% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) as described by Laemmli (1970), 

and then the gel was transferred to 0.45 ixM 

nitrocellulose paper. The blot was blocked 

with 5% nonfat milk in phosphate-buffered 

saline (PBS) containing 0.1% Tween-20 (PBS-

T) for 1 hr at room temperature, washed, and 

incubated with anti-iNOS and anti-HSP anti­

bodies (HSP72, HSP73) for 1 hr (Towbin et al, 

1979). After washing in PBS-T four times, the 
blot was developed using horseradish perox-

idase-conjugated secondary antibody. After 

washing four times, bands corresponding to 

iNOS and HSP were visualized using en­
hanced chemiluminescence (ECL) detection 

system according to the recommended proce­

dure (Amersham). 

TNF-a secretion 

TNF-a secretion was measured by modifica­

tion of an enzyme-linked immunosorbent as­

say (ELISA), as described earlier (Scuderi et al, 

1986). For the ELISA, 96-well plates were 

coated with 6.25 ng/well of murine mono­
clonal antibody with specificity for murine 

TNF-a. Before use and between subsequent 

steps in the assay, coated plates were washed 
twice with PBS containing 0.05% Tween-20 and 

twice with PBS alone. For the standard curve, 

rTNF-a was added to serum previously deter­
mined to be negative for endogenous TNF-a. 

After exposure to medium, assay plates were 

sequentially exposed to rabbit anti-TNF-a, 

phosphatase-conjugated goat anti-rabbit IgG, 
and p-nitrophenyl phosphate. Optical density 

readings at 410 n m were taken using a Emax 
96-well microtest plate spectrophotometer 

(Molecular Devices, Menlo Park, CA). 

RESULTS 

To assess the role of stress response in 
macrophage activation, first the effects of 
HS or the amino acid analog 5-Aza on N O 

synthesis in murine peritoneal macrophages 
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FIG. 1. Effect of H S on the synthesis of N O by IFN-y plus LPS-stimulated murine peritoneal macrophages. A. 
TG-elicited macrophages (5 X 105) were incubated at 43°C for 1 hr, and recovered at 37°C for 1 hr. Then, the cells 
were stimulated with IFN-y (5 U/ml) plus LPS (10 ng/ml), and incubated for another 24 hr. The amount of N O re­
leased by macrophages was measured by the method of Griess (nitrite). Results are presented as the means ± S D of 
five independent cell preparations. B. Macrophages (5 X 106 cells/60-mm diameter petri dishes) were incubated as 
described in A. Then, the cell lysates were analyzed by SDS-PAGE, and iNOS and HSP were detected by Western 

blot analysis. 
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FIG. 2. Effect of 5-Aza on the synthesis of N O by IFN-y plus LPS-stimulated macrophages. A. TG-elicited 
macrophages (5 x 105) were incubated for 1 hr in the presence or absence of various concentrations of 5-Aza. Then, 
the cells were stimulated with IFN-y (5 U/ml) plus LPS (10 ng/ml), and incubated for another 24 hr. The amount of 
N O released by macrophages was measured by the method of Griess (nitrite). Results are presented as the means 
± S D of five independent cell preparations. B. Macrophages (5 X 106 cells/60-mm diameter petri dishes) were incu­
bated as described in A. Then, the cell lysates were analyzed by SDS-PAGE, and iNOS and H S P were detected by 
Western blot analysis. 

( C 5 7 B L / 6 ) w e r e investigated. TG-elicited 

macrophages were exposed to H S (1 hr at 43°C) 

or 5-Aza to induce the stress response followed 

by the treatment of IFN-y plus LPS. The 

amount of N O released was measured as ni­

trite by the method of Griess. Stimulation of the 

cells with IFN-y plus LPS resulted in an in­

creased accumulation of nitrite in the medium. 

However, nontreated control cells produced 

negligible amounts of N O (<5 /xM). As shown 

in Fig. 1A, H S inhibited the production of N O 

released by stimulated macrophages. To deter­

mine whether the decreased nitrite accumula­

tion was correlated with changes in iNOS ex­

pression, the amount of iNOS was analyzed at 

the protein level by Western blotting (Fig. IB). 

In unstimulated macrophages, iNOS was not 

detectable. Similarly, when macrophages were 

preincubated in medium containing 5-Aza for 

1 hr, and then stimulated with IFN-y plus LPS 

for 24 hr, the amount of N O secreted into cul­

ture supernatant was significantly reduced in 

a dose-dependent manner (Fig. 2A,B). 

TNF-a secretion, which can be induced by 

IFN-y and/or LPS, is known to be crucial for 

the synergistic induction of N O synthesis in 

murine peritoneal macrophages. To examine 

whether stress response evoked a reduction of 

N O synthesis by regulation of the TNF-a pro­

duction, the amount of TNF-a secreted from 

macrophages pretreated with H S or 5-Aza was 

assessed quantitatively. Although the amount 

of N O released was decreased both by H S or 

5-Aza, present data demonstrate a discrepancy 

in TNF-a secretion from macrophages after 

treatment with H S or 5-Aza. After 24 hr of stim­

ulation the level of TNF-a secretion in the cul­

ture medium was decreased by 5-Aza but no 

effect of H S on TNF-a secretion at this time-

Con HS 5-Aza HS 5-Aza 
IFN-v+LPS 

FIG. 3. Effects of HS or 5-Aza on the secretion of TNF-
a by rIFN-y plus LPS-stimulated macrophages. TG-
elicited macrophages (5 X 105) were pretreated with HS 
or 5-Aza (3 m M ) as described in Figs. 1 and 2. Then, the 
cells were stimulated with IFN-y (5 U/ml) plus LPS (10 
ng/ml). After 24 hr of stimulation, supernatants were 
collected, and the amount of TNF-a secreted by 
macrophages was determined by specific ELISA. Values 
are means ±SD of three experiments. 
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point was evident (Fig. 3). However, H S 

markedly decreased TNF-a secretion at the ini­

tiation stage of macrophage stimulation (Fig. 

4). In addition, to determine the role of recov­

ery time in the HS-induced inhibition of N O , 

cells were stimulated with IFN-y plus LPS af­

ter various time points (1, 3, 5, or 7 hr) of re­

covery under normal culture conditions of 

37°C. Interestingly, it w a s observed that the 

HS-induced inhibition of N O release w a s pro­

gressively reversed with increasing recovery 

time (Fig. 5). T h e possibility that the inhibition 

of N O release b y H S w a s related to the syn­

thesis or expression of H S P w a s then investi­

gated. Macrophages w e r e labeled with [35S]me-

thionine for the last 1 hr of recovery time. 

Although the total a m o u n t of existing cellular 

H S P 7 2 measured b y Western blot increased at 

later stages of recovery, newly synthesized 

H S P 7 2 w a s only evident after 1 and 3 hr of re­

covery after H S treatment (Fig. 6A,B). 

Con 

FIG. 5. Reversibility of the HS-induced reduction of 
N O release from IFN-y plus LPS-stimulated 
macrophages. TG-elicited macrophages (5 X 105) were in­
cubated at 43°C for 1 hr and allowed to recover at 37°C 
for 1, 3, 5, or 7 hr. Then, cells were stimulated with IFN-
y (5 U/ml) plus LPS (10 ng/ml), and incubated for an­
other 24 hr. The amount of N O released by macrophages 
was measured by the method of Griess (nitrite). Results 
are presented as the means ±SD of three experiments. 
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FIG. 4. Effect of HS on rIFN-y plus LPS-induced TNF-
a secretion at the early stage of stimulation. TG-elicited 
macrophages (5 X 105) were incubated at 43°C for 1 hr, 
and recovered at 37°C for 1 hr. Then, the cells were stim­
ulated with IFN-y (5 U/ml) plus LPS (10 ng/ml). At the 
indicated time points, supernatants were collected and as­
sayed for TNF-a with an ELISA. Values are means ± S D 
of three experiments. 

DISCUSSION 

In macrophages, NO is a cytotoxic mediator 

and contributes to the antimicrobial and tu-

moricidal activity of these cells (Stuehr and 

B 

C R1 R3 R5 R7 

R1 R3 R5 R7 

FIG. 6. 
covery 

Synthesis and expression of HSP during re­
time. A. TG-elicited macrophages (2 X 106 

cells/33-mm diameter petii dishes) were incubated at 
43°C for 1 hr and allowed to recover at 37°C for 1, 3, 5, 
or 7 hr. Then, the cells were labeled with [35S]methionine 
for the last 1 hr and the proteins were analyzed by SDS-
P A G E and fluorography. B. Macrophages (5 X 106 
cells/60-mm diameter petri dishes) were incubated as de­
scribed in A. After recovery time, the cell lysates were an­
alyzed by SDS-PAGE, and HSP were detected by West­
ern blot analysis. 
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Nathan., 1989; Nathan and Hibbs, 1991; Yui et 

al, 1991). However, high N O production has 

been associated with oxidative stress and with 

the pathophysiology of various diseases such 

as arthritis, diabetes, septic shock, and autoim­

mune and chronic inflammation (Liu et al, 
1993; Bo et al, 1994; Sakurai et al, 1995). The in­

duction of iNOS gene expression is tightly reg­
ulated by mediators such as IL-2, IFN-y, and 

LPS. Furthermore, it is well documented that 
the proinflammatory cytokine TNF-a is crucial 

for the synergistic induction of N O synthesis in 
IFN-y and LPS-stimulated macrophages (Hir-
vonen et al, 1996). Cells exposed to various en­

vironmental stresses such as heat, amino acid 
analogs, heavy metals, and ultraviolet light re­

spond by synthesizing a unique set of polypep­
tides termed heat shock or stress proteins. The 
heat shock response often includes rapid ex­
pression of HSP, which may protect cells either 
by facilitating the renaturation of partially de-
naturated proteins or by restricting inflamma­

tory responses themselves. In addition, over-
expression of HSP70 has been shown to protect 
tumor cells against cytokine cytotoxicity (Jaiit-
tela, 1993; Jacquier-Sarlin et al, 1994). However, 
the underlying mechanisms by which HSP 
modulate N O synthesis and TNF-a secretion 
are still unclear. Therefore, in the present study, 
the effect of stress response on HSP, NO, and 
TNF-a synthesis as well as its interrelationship 
in IFN-y plus LPS-stimulated macrophages 
was investigated. 
Present results clearly demonstrate that 5-

Aza and HS markedly inhibited the IFN-y plus 
LPS-induced N O production in macrophages 
and possibly thereby decreased TNF-a secre­
tion via an autoregulatory loop (Lis and Wu, 
1993). In comparison to HS, the cytidine ana­
log 5-Aza, known to be capable of altering the 
expression of certain genes, resulted in a 
longer-lasting decrease in TNF-a secretion, 
which was still evident after 24 hr (Andrews et 
al, 1989). A possible explanation for the differ­

ent kinetics in the inhibition of the secretion of 
TNF-a between HS and 5-Aza-treated cells 
may be provided by differences in the duration 
of the stress exposure. Whereas HS treatment 
lasted only for 1 hr, cells were continuously ex­

posed to the amino acid analog 5-Aza. The 
observed decrease in N O production and 

TNF-a secretion in the 5-Aza or HS-treated 

macrophages seems to be an important cellu­

lar response that might reflect the attempt of 

the cell to protect itself from deleterious envi­

ronmental stimuli (Maulik et al, 1994). More­

over, recent data have shown that HSP may 

protect from TNF-a toxicity by inhibiting the 

action of reactive oxygen species on mitochon­

drial membrane potential and D N A damage 

(Cossarizza et al, 1995). 
Similar to our findings in macrophages, it has 

been also reported in brain glial cells that HS 

reduced N O synthesis by impairing cytosolic 
iNOS activity, steady-state m R N A levels, and 
gene promotor activity (Feinstein et al, 1996). 

It should be considered that the presence of a 

consensus sequence in the promoter region of 
iNOS for the binding of nuclear factor kappa B 

(NF-kB) and the inhibition of iNOS expression 
with the inhibition of NF-kB establishes an es­

sential role of NF-kB activation in the induc­
tion of iNOS. Because HS reduced LPS-induced 
nuclear accumulation of the transcription fac­
tor NF-kB p65 subunit, it is suggested that the 

perturbation of NF-kB activation suppress 
iNOS expression, thereby limiting destructive 

inflammation (Baeuerle and Henkel, 1994). 
Furthermore, it known that different proin­
flammatory cytokines such as TNF-a bind to 
their respective receptors and induce iNOS 
gene expression via activation of NF-kB (Klein-
ert et al, 1996). Under the conditions investi­

gated, HS resulted in a significant decrease in 
TNF-a secretion at the initiation stage of 

macrophage activation. Therefore, it is possible 
that the impaired TNF-a secretion under HS 
conditions might lead to an inhibition of NF­
kB activation, thereby subsequently down reg­
ulating iNOS gene expression, which might be 

one possible factor for the observed decrease in 
iNOS protein levels and nitrite accumulation in 

the present study. It is also hypothesized that 
HSP of the 70-kDa family can enter the nucleus, 

after which a simple competition for nuclear 
pore complexes may occur. Although the pre­

cise molecular mechanisms are not known, it is 

alternatively postulated by Feinstein and co­
workers (1996) that HSP could impede NF-kB 

activation by a direct interaction with ankyrin 
domains present in IkB. 

As described previously (Snyder et al, 1992), 
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in HS-treated macrophages newly synthesised 

HSP72 measured by [35S]methionine incorpo­

ration was apparent only after 1 and 3 hr of re­

covery time and was no longer apparent at later 

stages after thermal shock. Interestingly, dur­

ing the first 1-3 hr after HS treatment, the low­

est nitrite accumulation and TNF-a secretion 

into the medium were evident, suggesting that 

signaling pathways related to newly synthe­

sized HSP such as HSP72 are important deter­

minants of the down regulation of N O synthe­

sis and TNF-a secretion. However, the exact 

nature of the primary signal that regulates the 

heat shock response in macrophages remains 

to be clarified. 

The results of this study clearly demonstrate 

that stiess response can significantly block N O 

synthesis and TNF-a secretion. This might be 

an important cellular mechanism by which 

macrophages defend themselves from further 

damage. Signaling pathways related to the de 

novo synthesis of HSP appear to have a key role 

in regulating N O and TNF-a secretion in acti­

vated macrophages. 
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ABBREVIATIONS 

5-Aza, 5-azacytidine; BSA, bovine serum albu­

min; ECL, enhanced chemiluminescence; ELISA, 

enzyme-linked immunosorbent assay; FCS, fetal 

calf serum; HBSS, Hanks' balanced salt solution; 

HS, heat shock; HSP, heat shock protein; IFN-y, 

interferon-y; IgG, immunoglobulin G; IL-2, in-

terleukin-2; LPS, lipopolysaccharide; NF-kB, nu­

clear factor kappa B; N O , nitric oxide; iNOS, in­

ducible N O synthase; PBS, phosphate-buffered 

saline; ROS, reactive oxygen species; SDS-PAGE, 

sodium dodecyl sulfate polyacrylamide gel elec­

trophoresis; TNF-a, tumor necrosis factor-alpha; 

TG, thioglycollate. 
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