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Effects of radiodetoxified endotoxin
on nitric oxide production in J774
macrophages and in endotoxin shock
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Summary Radiodetoxified lipopolysaccharide (RD-LPS) is a Co-gamma-irradiated LPS with a modified structure,
which decreases its toxic effects. To obtain a better understanding of the mechanism of the reduced‘toxicity of RD-LPS,
here we studied the effect of RD-LPS on the regulation of nitric oxide (NO) production in vitro and in vivo. In control
cells, stimutation by native LPS (10 pg/ml) induced the expression of the inducible NO synthase (iNOS) and praduction
of NQ, as measured by increase in the concentration of nitrite, breakdown product of NO. Pre-exposure of the cells for
24 h to a subthreshold concentration of RD-LPS {10 ng/ml) induced a complete desensitization to the L.PS-induced NO
production in comparison to control cells (P < 0.01). On the contrary, pre-exposure of the cells with native LPS {10
ng/ml) did not reduce LPS-induced NO synthesis. RD-LPS induced a smaller production of tumor necrosis factor (TNF)
than native LPS, but did not induce a desensitization against subsequent LPS-induced TNF synthesis. In in vivo
studies, pretreatment of rats with repeated doses of sublethal RD-LPS (1 mg/kg/day i.p. for 4 days) inhibited increase
of plasma nitrate/nitrite levels, NO production in peritoneal macrophages ex vive and induction of lung iINOS activity, in
response to a high-dose LPS challenge (15 mg/kg i.p.) given at the fifth day. Pretreatment with repeated sublethal
doses of the native LPS (1 mgfkg/day i.p.} did not affect NO production in rats subjected to endoloxic shock. The results
demonstrate that RD-LPS induces tolerance to the stimulatory effect of LPS on NO synthesis. Suppression of iNOS
induction was only observed with RD-LPS, but not with native LPS in the models used herein. It remains to be further
investigated whether suppression of INOS induction by RG-LPS contributes to the protective effects of this compound
in shock and inftammation.

septic shock.! Most of the biological effects elicited by

INTRODUCTION
endotoxin are, in part, mediated by the activation of

The lipopolysaccharide (LPS) component of the cell wall of
Gram-negative bacteria is known as a major trigger of
hypotension, multiple organ failure and death during
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macrophages and the subsequent release of proinflamma-
tory mediators. Among them, nitric oxide (NO) has been
demonstrated to contribute importantly to the hemo-
dynamic and metabolic response during infection? LPS
and pro-inflammatory cytokines induce the production of
NO from L-arginine by the inducible isoform of NO-syn-
thase (iNOS) in a variety of cell types, including macro-
phages and in various tissues and organs such as spleen,
lung, liver, heart and blood vessels.? An enhanced forma-
tion of NO acts as a cytostatic and cytotoxic molecule
against fungal, bacterial, helminthic and protozoal organ-
isms* and also contributes to the regulation of specific
lymphocyte functions* Overproduction of NO by NQOS,
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however, also plays a crucial role in the pathophysiologic
manifestation of peripheral vascular failure associated
with septic shock .25

The induction of tolerance to systemic effects of endo-
toxin has been proposed as a potential form of immuno-
modulatory therapy. Prior exposure to small sublethal
concentrations of LPS renders humans and laboratory
animals resistant to otherwise lethal effects of LPS.57 This
acquired state of hyporesponsiveness has been attrib-
uted to reduction of the synthesis of proinflammatory
mediators like TNF-¢, IL-1, IL-6, arachidonic acid
metabolites®!° and increased production of antiinflam-
matory mediators like IL-10 and transforming growth
factor p.1

Endotoxin toxicity can be also abolished by detoxifying
procedures.’? Recently, a radiodetoxified endotoxin (RD-
LPS) obtained by “Co-y-ixradiation, has been shown to
elicit non-specific tolerance both in vivo and in vitro stud-
ies.1>777 RD-LPS has been found to have reduced lethal
and hemodynamic effects,® to prevent leukocyte infiltra-
tion in lungs’? and hepatic* and pancreatic’® damage
after challenge with endotoxin, while it retains its capac-
ity to increase the natural immune resistance.!®

The aim of present experiments was, therefore, to com-
pare the effect of pre-exposure to RD-LPS or its native
form on NO synthesis in LPS-stimulated J774 macro-
phages and in in vivo experiments in rats subjected to
endotoxic shock. Our results demonstrate that RD-LPS
induces tolerance to the stimulatory effect by LPS of NO
synthesis in vitro and in vivo.

MATERIALS AND METHODS

Cell culture

The murine macrophage line J774 was cultured in
Dulbecco’s modified Eagle's Medium (DMEM) containing
10% fetal calf serum in 96-well plates (90~100% conflu-
ence in 0.2 ml final volume)} under standard conditions.
Cells were pretreated for 24 h with different concentra-
tions (1 ng to 10 ug/ml) of Escherichia coli 089 lipopoly-
saccharide (LPS) and its radiodetoxified form (RD-LPS) in
order to determine an optimal subthreshold concentra-
tion. After the pretreatment period, the cefls were washed
twice with fresh medium and treated for a further 24 h
period with a higher concentration of LPS (10 pg/ml),
that is sufficient to stimulate NO production in J774
cells.'® For the second treatment regimen, the same
serotype of LPS (E. coli 089) was used, which was also
used during the pretreatment protocols. Supernatant was
collected for the measurement of nitrite and of tumor
necrosis factor alpha (TNF) after the first 24 h incubation,
- as well as after the second 24 h stimulation period.
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Cell viability

Mitochondrial respiration, an indicator of cell viability,
was assessed using the mitochondrial dependent reduc-
tion of 3-(4,5-dimethyl-thiazol-2-y])-2,5-diphenyl-tetra-
zolium bromide (MTT) to formazan.'® At the end of each
experiment, cells in 96-well plates were incubated with
MTT (0.2 mg/ml) for I h at 37°C. The culture medium
was removed and the cells were solubilized in dimethyl-
sulphoxide (0.1 ml). The extent of reduction of MTT to
formazan within cells was quantitated by measurement
of OD,, by using the Spectramax microplate reader.
¢

TNF production

TNF production in cell culture supernatants was deter-
mined by an ELISA kit specific against murine TNF
(Genzyme Corp.,, Boston, MA, USA). Assays were per-
formed according to the manufacturer's instructions and

the colorimetric results quantified using the Spectramax

microplate reader.

Nitrate/nitrite production

Nitrite production, an indicator of NO synthesis, was
measured in the supernatant of J774 macrophages by
using the Griess reaction,® Aliquots of supematant (0.1
ml) were mixed with 0.1 ml of Griess reagent (1% sul-
fanilamide and 0.1% naphthyl ethylenediamine in 5%
phosphoric acid). The optical density at 550 nm (0D,
was measured using the Spectramax microplate reader.
Nitrite concentrations were calculated by comparison
with OD,,, of standard solutions of sodium nitrite pre-
pared in cultured medium.

In plasma samples, nitrate is the major degradation
product of NO. Nitrate was converted to nitrite as
described'® by incubation with 60 mU nitrate reductase
and 25 mM NADPH for 180 min. Nitrate was then mea-
sured as described above by the Griess reaction.

In vivo experiments

Male Wistar rats weighing 215-290 g were used for the
experiments (from Charles River, Wilmington, MA, USA).
Rats were maintained under controlled temperature and
light cycle and fed ad libitum. All experiments were per-
formed according to the National Institutes of Health
guidelines for the use of experimental animals.

Animals were pretreated with a sublethal dose of LPS
(1 mg/kg) or RD-LPS (1 mg/kg) intraperitoneally {i.p)
once a day for four consecutive days. At day 5, rats
received a lethal dose of LPS (15 mg/kg ip.). Rats were
then sacrificed 6 h after the lethal injection of LPS and
plasma samples, peritoneal macrophages and lungs were
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Fig. 1 Nitrite production (A} and iNOS activity (B} by J774
macrophages stimulated with DMEM only (controf), RD-LPS or
native LPS {10 ng/ml) for 24 h. Each value represents the mean %
SEM of n = 18 wells from three independent expenments P«
0.01 versus control,

collected. Rats were sacrificed by exsanguination under
sodium thiopentol (120 mg/kg, ip) anesthesia.

Plasma samples were obtained for nitrite/nitrate mea-
surement {performed as described -above).

Peritoneal macrophages were harvested by peritoneal
lavage with DMEM containing penicillin (100 units/md),
streptomycin (100 pg/ml) and heparin sodium (10 units/
ml} and plated in 24-well plates at a concentration of 1 x
106 cells/ml and incubated for 2 h at 37°C under standard
conditions. After incubation, the supernatant was col-
lected for nitrite measurement.

Lungs were collected and stored at ~70°C for iNOS
activity measurement (see below).

© Pearsornt Professional Ltd 1996

NO synthase activity

The activity of inducible NOS was measured in J774
macrophages or in lungs harvested from rats by conver-
sion of [*H]-L-arginine to [*H]-L-citrulline.'® Briefly, after
homogenization, samples were incubated in the presence
of [*H-L-arginine (10 uM, 5 kBg/tube), NADPH (1 mM),
calmodulin (30 nM), tetrahydrobiopterin (5 uM), and EGTA
(2 mM) for 20 min at 22°C. Reactions were stopped by
dilution with 0.5 ml of ice cold” N-2-hydroxyethylpiper-
azine-N*-2-ethanesulfonic (HEPES) buffer (pH 5.5) con-
taining EGTA (2 mM) and EDTA (2 mM). Reaction mixtures
were applied to Dowex 50W (Na* form) columns and the
eluted {*H]-L-citrulline activity was measureq by a Wallac
scintillation counter (Wallac, Gaithersburg, MD, USA).

Materials

Bacterial lipopolysaccharide of E. coli 089 and its
radiodetoxified form were prepared at the Frédéric Joliot
Curie National Research Institute for Radiobiology and
Radiohygiene, Budapest, Hungary as previously des-
cribed.’ DMEM and fetal calf serum were obtained from
Gibco (Grand Island, NY, USA) [Hj-L-Arginine was
obtained from DuPont/NEN (Boston, MA, USA). All other
compounds and reagents were obtained from Sigmma (St
Louis, MO, USA).

Statistical analysis

All values in the text and in the figures are expressed as
mean + SEM on n observations, where # stands for num-
ber of animals or samples. Student’s £ test {(unpaired) cor-
rected by Fisher's test was used to compare means
among and between groups. A Pvalue of <0.05 was con-
sidered to be statistically significant.

RESULTS

Effect of a subthreshold LPS or RD-LPS ireatment on NO
synthesis and NOS activily in J774 macrophages in vitro

In preliminary experiments, cells were treated for 24 h
with various concentrations of LPS or RD-LPS (1 ng to 10
pg/ml) in order to determine an optimal subthreshold
concentration to use for the induction of tolerance. At a
concentration of 10 ng/ml, RD-LPS did not elicit a signifi-
cant increase of nitrite production, while the native LPS
induced a moderate but significant (P < 0.01) increment
in comparison to control unstimulated cells (2.3 + 1.9
uM, 8.6 + 3.1 uM and 0.9 £ 0.8 uM, in RD-LPS, LP$ and
vehicle-treated cells, respectively; Fig. 14). The increase
of nitrite levels was associated with an increased expres-
sion of the iNOS enzyme in LPS-stimulated J774 cells. In
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Fig. 2 Effect of RD-LPS or LPS pre-exposure on nitrite production
by J774 macrophages. Cells were pretreated with DMEM only
(control}, RD-LPS or native LPS (10 ng/mi) for 24 h. After
pretreatment, cells were stimulated with increasing concentrations
of LPS (10 nM to 10 ug/mi). Each value represents the mean +
SEM of n = 18 wells from three independent experiments. 32.<
0.01 versus control.

contrast, INOS activity of RD-LPS-stimulated cells was
not significantly different from control (baseline) iNOS
activity (Fig. 1B).

Effect of a subthreshold LPS or RD-LPS pretreatment
on LPS-induced NO production in J774 macrophages
in vitro

In subsequent studies, cells were pretreated with 10
ng/ml concentration of LPS or RD-LPS for 24 h. Cells
were then washed with fresh medium and stimulated for
a further period of 24 h with different concentrations of
the same serotype of native LPS (1 ng to 10 pg/ml). As
shown in Figure 2, pretreatment with a subthreshold
concentration of RD-LPS caused a hyporesponsiveness
to subsequent stimulation of LPS, since nitrite levels
were similar to unstimulated cells at all LPS concentra-
tions tested. In contrast, subthreshold concentration of
LPS, applied as a pretreatment was not able to inhibit
LPS-induced increase in nitrite levels, but, on the con-
trary, it even caused at enhancement of nitrite produc-
tion, when lower concentrations of LPS {{0.01~0.1 mg/ml)
were used in the second 24 h stimulation period (Fig. 2; P
< 0.01 versus unstimulated and RD-LPS pretreated cells).
Cell viability, as assessed by the measurement of mito-
chondrial respiration, was always 295% (data not
shown}.
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Effect of a subthreshold LPS or RD-LPS pretreatment
on LPS-induced TNF production in J774 macrophages
in vitro

To investigate the specificity of the suppression of NO
production by RD-LPS, we have also investigated the
effect of RD-LPS pretreatment on the production of TNE,
First, and identical to the experiments on NO production,
cells were pretreated with a 10 ng/ml concentration of
LPS or RD-LPS for 24 h. At this time point, TNF was mea-
sured in the supernatant. Cells were then washed with
fresh medium and stimulated for a further period of 24 h
with a second, higher dose of LPS (10 ug/ml). As shown
in Figure 3, during the first 24 h, RD-LPS (10 ng/ml)
caused a significantly lower production of TNF when
compared to LPS. However, after washouts, and over the
second 24 h incubation period, both LPS and RD-LPS
caused an enhancement of the production of TNF in
response to LPS (Fig. 3}. Thus, while pretreatment with
RD-LPS rendered the cells hyporesponsive to NO pro-
duction, the same pretreatrnent caused a hyperrespon-

“siveness to TNF production.

NO synthesis in control and LPS or RD-LPS pretreated
rats subjected to endotoxic shock

Since RD-LPS pret}:eatment in J774 cells altered the LPS-
induced NO synthesis, in further experiments we sought
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Fig. 3 Effect of RD-LPS or LPS pre-exposure on TNF production
by J774 macrophages. Left bars: TNF production in cells
pretreated with DMEM only (control), RD-LPS or native LPS (10
ng/mi) for 24 h. Right panels: TNF production in response to LPS
(10 pg/mil) in cells pretreated with vehicle for 24 h, in cells
pretreated with RD-LPS (10 ng/mi) for 24 h, followed by washouts,
and in cells pretreated with LPS (10 ng/mi) for 24 h, followed by
washouts. Each value represents the mean + SEM of n = 6 wells
from two independent expetiments. *F < 0.01 versus conirol.
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to determine whether in vivo treatment with sublethal
dose of LPS or RD-LPS modifies NO production during
induction of endotoxic shock. For this purpose, rats were
subjected to repeated administrations of LPS or RD-LPS
(1 mg/kg/day i.p.) for four consecutive days. At the fifth
day, rats were subjected to endotoxic shock by adminis-
tration of a high dose of native E. ¢olf LPS (15 mg/kg ip.,
LD, ). 6 h after lethal LPS administration, animals were
sacrificed and changes in NO synthesis were evaluated.
Induction of endotoxic shock induced a significant eleva-
tion in plasma nitrate/nitrite levels and nitrite/nitrate
production from peritoneal macrophages, in endotoxic
shocked rats, when compared to control rats (Fig. 4AB; P
< 0.01). The increase in plasma and macrophage
nitrate/nitrite levels was also associated with a significant
induction of the inducible iNOS activity in the lungs of
endotoxin shocked rats (Fig. 4C).

Pretreatment with repeated sublethal doses of RD-LPS
inhibited increase of plasma nitrate/nitrite levels, NO
production in peritoneal macrophages and induction of
lung iNOS activity after lethal LPS challenge (Fig. 4). On
the other hand, pretreatment with repeated sublethal
doses of native LPS did not affect NO production during
endotoxic shock (Fig. 4A~C). i

DISCUSSION

Tt has been shown that ionizing (*°Co-y} radiation signifi-
canily diminishes the undesirable toxic properties of
native endotoxin while maintaining its well known
immunoadjuvant, shock-preventing and nonspecific
resistance enhancing capacities.'? Pretreatment of experi-
mental animals with RD-LPS has proven to be effective in
preventing cardiovascular derangements and lethality in
animal models of endotoxic and septic shock.!>5
Furthermore, an interesting feature 6f RD-LPS pretreat-
ment is its ability to induce tolerance to LPS-unrelated
noxious stimuli. The latter include cross-tolerance to
hemorrhagic shock and splanchnic ischemia and reperfu-
sion injury.*? The cellular mechanism of this non-specific
host resistance is not yet completely defined. It is gener-
ally accepted, however, that the different biological activ-
ities of endotoxin {LPS) are initiated by a number of
endogenous mediators, including NO, released from
macrophages and other cell types.? The data described in
this paper suggest that nonspecific resistance induced by
RD-LPS may be acquired through modification of
macrophage function. Our results show that pretreat-
ment with RD-LPS reduces the ability of a toxic dose of
LPS to induce iNOS activity and, consequently, NO pro-
duction in the murine J774 macrophages. The down-reg-
ulation of NO synthesis was also observed in in vivo
experiments in endotoxic shocked rats. Prior exposure to
repeated sublethal doses of RD-LPS inhibited the plasma
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Fig. 4 Effect of in vivo pretreatment with RD-LPS or LPS on
plasma nitrate/nitrite levels {A}, peritoneal macrophage (Me)
nitrate/nitrite levels (B) and lung iNOS activity (C} in rats subjected
to endotoxic shock, Rats, given sublethal doses of RD-L.PS, LPS (1
mg/kg i.p.) or saline solution only {control) for four days, were
challenged with a high dose of LPS (15 mg/kg i.p.) at the fifth day.
Closed columns represent basal values before lethal LPS
challenge; hatched columns represent values obtained 6 h after
high-dose LPS challenge. Each value represents the mean + SEM
of five rats for each group. *P < 0.01 versus control, #F < 0.01
versus LPS pretreatment. ‘

elevation of NO metabolites in rats challenged with a
lethal dose of LPS. In vivo pretreatment with small doses
of RD-LPS was also associated with a reduced capacity of
LPS to induce iNOS in the lung and to trigger NO synthe-
sis in peritoneal macrophages ex vivo.

Journal of Endotoxin Research (1996) 3(6), 513-519
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It is noteworthy, that in comparative in vitro and in
vivo experiments, pretreatment with a small dose of
native LPS was not able to blunt down the induction of
iNOS in J774 macrophages and in endotoxic-treated rats.
It appears that the RD-LPS and the native preparations
tested in this study can function qualitatively in a differ-
ent way. Several mechanisms could be at the basis of the
phenomenon. The radiation alters the chemical structure
of the endotoxin in the lipid fraction mainly, in the glu-
cosamine contents and in the peptide fraction.’>" It is
probable that these structural changes are the principal
cause of the modification of RD-LPS-macrophage inter-
actions at different levels such as at: (i) endotoxin inter-
action with LIPS binding proteins and then with
appropriate receptors; (if} transmission of the intracellu-
lar signal through different biochemical pathways (i.e.
tyrosiné kinase activity or G protein involvement); and
(iii) activation of transcription factors, such as nuclear
factor kappa B. Another possibility is that RD-LPS may
prevent LPS-induced NO synthesis by a simple competi-
tive inhibition of native LPS activity with LPS-binding
proteins or LPS receptors. The mechanism by which RD-
LPS desensitizes LPS to induce iNOS in response to LPS
requires further investigations. )

To investigate the specificity of the suppression by RD-
LPS of iNOS induction, we have also investigated
whether or not RD-LPS renders the J774 macrophages
tolerant to the LPS-induced production of TNE Our
results demonstrated that, in contrast to NO production,
there was no tolerance against LPS-induced TNF produc-
tion by RD-LPS pretreatment (Fig, 3). This is not entirely
surprising, since the production of TNF and the induc-
tion of iNOS do not utilize the same intracellular path-
ways. Moreover, in cultured macrophages in vitro (as
opposed to the in vivo situation in endotoxemia), the
production of TNF does not precede or does not mediate
the induction of iNOS? Nevertheless, the finding that
RD-LPS pre-exposure renders cells hyporesponsive to the
production of one (NO) but not another (INF) proinflam-
matory mediator, indicates that the current protocol does
not cause a generalized state of hyporesponsiveness to
the production of inflammatory mediators, and thus it
may not be considered as “classical’ endotoxin tolerance.

In experimental models of in vitro or in vivo LPS toler-
ance, the role of NO is a siibject of controversy. It has
been demonstrated that NO synthesis can be up-regu-
lated or down-regulated in murine macrophages simply
modifying LPS concentration and the period of expo-
sure *'? Similar discrepancies have been observed after in
vivo pretreatment with sublethal doses of LPS. Pre-expo-
sure to repeated injections of LPS in rats attenuated the
induction of iNOS by LPS in lungs;** whereas pretreat-
ment with a single dose of LPS upregulated NO synthesis,

Joumal of Endotoxin Research (1998) 3(8), 513-519

the latter effect closely paralleled by an improvement in
survival of tolerant rats subjected to endotoxic shock 2425
Therefore, it appears that repeated ddministration of LPS
can exert ejther stimulatory or suppressive effects on NO
synthesis depending on the experimental conditions
(time and dose of exposure and, possibly, the type of Lps
used). In the present model of endotoxemia, RD-LPS pre-
treatment caused a massive reduction in the induction of
iNOS by LPS. There are now several reports that isoform-
selective inhibition of iNOS offers a protection against
the cardiovascular changes and lethality in rodent mod-
els of endotoxic shock.2?¢ Although it is tempting to spec-
ulate that suppression of iNOS induction by RD-LPS may
contribute to the previously established protection con-
ferred by RD-LPS administration against systemic inflam-
mation and lethality in experimental endotoxin shock,'
several other points should also be considered.

1, While in the current study, we have demonstrated

. that RD-LPS can render cells hyporesponsive to NO
production, similar effects on TNF production were
not observed. Thus, in vivo, the suppression of iNOS
induction may have been associated with opposite
changes in the production of other proinflammatory
mediators. Clearly, the effect of RD-LPS on a variety
of proinflammatory (and also antiinflammatory)
mediators remains to be investigated.

2. While in the current study, we have observed that
pretreatment of rats with RD-LPS reduces the
induction of iNOS by LPS, similar reduction was not
seen by pretreatment by native LPS. On the other
hand, it is well known that native LPS pretreatment
{similar to RD-LPS pretreatment) can also decrease
mortality in response to subsequent, higher doses of
LPS. Thus, there may not be a simple relationship
between iNOS induction and mortality in endotoxin
tolerance, inasmuch as endotoxin-induced mortality
can be influenced by a variety of pro- and anti-
inflammatory factots, iNOS being only one of them.

In conclusion, in the present report, we demonstrate
that in vitro or in vivo pre-exposure to RD-LPS (but not
to its native form) reduces the induction of NO synthesis
in response to stimulation by a high-dose LPS in vitro
and in vivo. It remains to be further investigated whether
this effect may contribute to the previously observed
beneficial effects of RD-LPS pretreatment in shock and,
possibly, in other models of injury. Further delineation of
the cellular mechanisms of this desensitization will pro-
vide important insights in understanding the develop-
ment of the RD-LPS-mediated non-specific resistance.
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