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Abstract 

To investigate the effect of cyclooxygenase inhibition in experimental Gram-negative sepsis, indomethacin was administered to mice 
at different times (1 or 5 days, or 1 h) before sublethal infection with an intravenous inoculum of Pseuabmonas aeruginosu. Early 

indomethacin exposure did not alter the outcome of infection, yet treatment at the time of bacterial challenge resulted in a high mortality 
rate. Polymerase chain reaction-assisted mRNA amplification in the spleens of infected mice revealed that tumor necrosis factor (Y 
(TNF-a) messenger was selectively expressed by the drug-treated and infected mice during the 24 h preceding death. Higher TNF-a 
levels were found in sera from these mice, whose macrophages produced increased levels of nitric oxide in vitro. Both pentoxifylline, an 
inhibitor of TNF-ol synthesis, and an inhibitor of nitric oxide production improved survival in the indomethacin-treated and infected mice, 
although no such effect followed the administration of TNF-neutralizing antibodies. These data support the notion that cyclooxygenase 
inhibitors may exert both positive and negative effects in Gram-negative sepsis, the latter presumably involving overprodttction of 
TNF-a. 
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1. Introduction 

The ability of tumor necrosis factor (Y (TNF-LY) to 
induce production of arachidonic acid metabolites, such as 
prostaglandin E2 and prostaglandin I?, may be an impor- 
tant effector function of this proinflammatory cytokine in 
the pathogenesis of septic and endotoxic shock (Beutler, 
1992; Stevens et al., 1993). Accordingly, experimental 
evidence indicates that cyclooxygenase inhibitors, such as 
indomethacin or ibuprofen, may prevent hypothermia, 
changes in blood glucose, acidosis, and lethality in rats 
given an intravenous injection of human recombinant TNF 
(Kettclhut et al., 1987). In endotoxic shock of experimental 
animals, indomethacin does not reduce the levels of circu- 
lating TNF-(u, but may prevent sickness and death, corre- 
lating with a reduction in circulating levels of cyclooxy- 
genase products (Mazes et al., 199 1; Johnson and Von 
Borell, 1994). Evidence, however, for a protective role of 
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indomethacin or other cyclooxygenase inhibitors in live 
sepsis models is scant (Parant et al., 1980; Horgan et al., 
1990; Stevens et al., 1992). Much of the data indicates that 
cyclooxygenase inhibitors mitigate at most the hemody- 
namic and metabolic effects of shock, without depressing 
the endogenous production of proinflammatory cytokines 
(Mazes et al., 1991; Coran et al., 1992). 

Substances that increase CAMP levels, such as prosta- 
glandin Et and phosphodiesterase inhibitors, can suppress 
the production of different cytokines, including TNF-a 
(Beutler, 1992). Presumably due to inhibition of prosta- 
glandin E, synthesis, indomethacin may increase cytokine 
transcription and synthesis. We have previously shown that 
exposure of murine macrophages to indomethacin in vitro 
results in enhanced expression of transcripts specific for 
granulocyte-macrophage colony-stimulating factor, and that 
the drug is protective in vivo when administered several 
days before infection of neutropenic mice with Gram-nega- 
tive bacteria (Campanile et al., 1993). However, recent in 
vivo (Sironi et al., 1992; Utsunomiya et al., 1994) and 
vitro (Griswold et al., 1993: Simpson et ti., 1994) evi- 
dence indicates that co-exposure to indomethacin may 
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strongly enhance TNF-cv production in response to lipo- 
polysaccharide or other inflammatory stimuli, and the abil- 
ity of the drug to inhibit prostaglandin H synthase 1 
correlates with its potency to induce TNF-cy (Griswold et 
al., 1993). Therefore. cyclooxygenase inhibitors, in addi- 
tion to modulation of prostaglandin effector function, may 
enhance the release. of cytokines with either protective or 
pathogenetic roles, and this could be particularly important 
in endotoxic and septic shock. 

In he present study, we have addressed the issue of the 
possible balance between beneficial and detrimental effects 
of cyclooxygenase inhibition in experimental shock. Using 
a live sepsis model, we have examined the effect of 
indomethacin administration on the resistance of mice to 
sublethal challenge with Pseudomonas aeruginosa. We 
found that a vast majority of animals given the drug at the 
time of infection developed fatal sepsis, which was charac- 
terized by an enhanced production of TNF-a. Based on 
proposed mechanisms of pathogenesis in shock, which call 
for a major role of TNF (Stevens et al., 1993) and the 
potent vasodilator nitric oxide (NO) as a mediator of its 
toxicity (Moncada et al., 1991) we have tested the effects 
of the administration of inhibitors of TNF-(Y or NO syn- 
thesis on indomethacin-induced lethality in infected mice. 
Both phosphodiesterase inhibitors (Fletcher et al., 1992; 
Sekut et al., 1995) and inhibitors of NO synthase 
(Thiemermann and Vane, 1990; Kilboum and Griffith, 
1992; Teale and Atkinson, 1992; Evans et al., 1994) have 
indeed been shown by previous studies to improve out- 
come in experimental sepsis. 

2. Materials and methods 

2. I. Mice 

Hybrid (BALB/cCr X DBA/2Cr)F, (CD2F,) mice 
were purchased from Charles River Breeding Laboratories 
(Calco, Milan, Italy). Mice of both sexes, ranging in age 
from 2 to 4 months, were used. 

2.2. Organism and infection 

The origin and characteristics of the P. aeruginosa 
strain used in this study have been described elsewhere 
(Campanile et al., 1990, 1993, 1994). The organism was 
routinely cultured in tryptic soy broth (Difco Laboratories, 
Detroit, MI, USA) and incubated at 37°C for 18-24 h with 
constant aeration. For infection, overnight cultures were 
centrifuged, the soft pellet was resuspended in phosphate- 
buffered saline (PBS), and 10” cells were injected intra- 
venously. Portions of suitable dilutions were also inocu- 
lated onto agar plates for precise enumeration of colony- 
forming units. All deaths resulting from infection, as proven 
by clinical signs and histopathological examination, OC- 

cwd within 3 days of microbial challenge and mostly 

within the first 24-48 h (mortality was routinely recorded 
for up to 7 days from challenge). No or minimal mortality 
occurred as a rule in control mice not given indomethacin 
and challenged with the same inoculum of bacterial cells. 
Likewise, no deaths occurred in uninfected mice given 
indomethacin alone. 

2.3. Drugs and reagents 

Indomethacin (Liometacen; Chiesi Farmaceutici, Parma, 
Italy) was dissolved in PBS and administered to mice as a 
single subcutaneous injection of 4.2, 7, or 12 mg per kg of 
body weight at different times before microbial challenge. 
These dosages have been previously shown to up-regulate 
the production of colony-stimulating factors and the 
myelopoietic response of neutropenic mice treated with 
human recombinant interleukin- 1 p (Campanile et al., 199 1, 
1992) and to improve survival of Pseudomonas-infected 
mice when the drug was given shortly after myelosuppres- 
sion (i.e. several days before infection) (Campanile et al., 
1993). Prostaglandin E, (Sigma, St. Louis, MO, USA) was 
given as a single intraperitoneal injection in PBS at 2 
mg/kg a few minutes apart from indomethacin treatment. 
Pentoxifylline (Sigma) was administered intraperitoneally 
in PBS at 30 mg/kg 1 h before infection. In selected 
experiments mice received a second injection of pentoxi- 
fylline 3 h after challenge. No-monomethyl-t.-arginine 
(NMLA; Sigma) was given as a single intraperitoneal 
injection in PBS at 40 mg/kg 0.5 h before infection. In 
most experiments, negative controls for drug treatments 
received vehicle alone. Neutralization of endogenous TNF- 
LY was achieved by administering 1 mg/mouse of neutral- 
izing rat anti-mouse TNF-cy monoclonal antibody MP& 
XT3 (PharMingen, San Diego, CA, USA) intraperitoneally 
15 min before infection. 

2.4. RNA preparation and detection of cytokine transcripts 
by polymerase chain reaction (PCR) 

These procedures have been previously described in 
detail (Campanile et al., 1993, 1994). Briefly, 5 x IO6 
cells (pooled from 2-3 animals) were subjected to RNA 
extraction by the guanidium thiocyanate-phenol-chloro- 
form procedure. Purified total RNA was incubated with 
0.5 pg of oligo(dT) (Pharmacia, Uppsala, Sweden) for 3 
min at 65°C and chilled on ice for 5 min. Each sample was 
then incubated for 2 h at 42°C after addition of 20 U 
RNase inhibitors (Boehringer-Mannheim Italia, Milan, 
Italy), 1.5 mM deoxynucleoside triphosphates, 7.5 U avian 
myeloblastosis virus reverse transcriptase (Boehringer- 
Mannheim) and reverse transcriptase buffer (50 mM Tris- 
I-ICI pH 8.3, 8 mM MgCl,, 30 mM KC1 and 10 mM 
dithiothreitol, final concentrations) in a final volume of 20 
~1. The cDNA was diluted to a total volume of 75 ~1 with 
TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and 
frozen at -2O’C until use. Amplification of synthesized 



cDNA was carried out using interferon-y (S-TG AAC 
GCT ACA CAC TGC ATC TTG G-3’ and 5’-CG ACT 
CCT TTT CCG CTT CCT GAG-3’). interleukin-I (Y (5’- 
ATG GCC AAA CTT CCT GAC TTG TTT-3’ and 5-C 
CTT CAG CAA CAC GGG CTG GTC-3’) inteileukin-6 
(5’-ATG AAG TTC CTC TCT GCA AGA GAC T-3’ and 
S-CA CTA GGT TTG CCG AGT AGA TCT C-3’). 
TNF-a! (T-ATG AGC ACA GAA AGC ATG ATC CGC-3’ 
and 5’-CC AAA GTA GAC CTG CCC GGA CTC-3’) or 
j?-actin specific 5’ sense and 3’ antisense primers from 
Clontech Laboratories (Palo Alto, CA, USA). Briefly, l-5 
~1 of cDNA was. added to a reaction mixture containing 50 
mM KCl, 10 mM Tris-HC1 (pH 8.3), 3.0 mM MgCl,, 
0.01% gelatin, 0.2 mM deoxynucleoside triphosphates, 1 
PM of each primer, and 0.5 U AmpliTaq polymerase 
(Perkin-Elmer, Hayward, CA, USA). Each 20 PI sample 
was overlayed with 25 ~1 mineral oil (Sigma) and incu- 
bated in a DNA Thermal Cycler 480 (Perkin-Elmer) for a 
total of 30 cycles: 1 min at 94”C, 1 min at 67°C or 60°C 
(for interferon-r and p-actin), and 1 min at 72°C. The 
amplified DNA size, as compared to a positive control 
(Clontech Laboratories), was 460 bp for interferon-y, 625 
bp for interleukin-I (Y, 638 bp for interleukin-6,692 bp for 
TNF-a, and 540 bp for p-actin. The &actin primers were 
used as a control for both reverse transcription and the 
PCR itself, and also for comparing the amount of products 
from samples obtained with the same primer. The PCR 
fragments were analyzed by 1.5% agarose gel elec- 
trophoresis and visualized by ethidium bromide staining. 
PCR-assisted mRNA amplification was repeated at least 
twice for at least two separately prepared cDNA samples 
for each experiment. Data are representative of three dif- 
ferent experiments. Under the employed conditions, con- 
trol samples from naive mice showed, as a rule, no back- 
ground cytokine mRNA levels, so that the magnitude of 
the response to infection and/or treatment could be easily 
demonstrated. 

2.5. Macrophage crdtwes and prodwtioiz of TNF-a in 
ritro 

Monolayers of plastic-adherent macrophages, obtained 
by standard techniques from peritoneal exudate cells of 
naive or infected mice, were exposed overnight to viable 
Pseudomonas cells (105/ml) or 1 pg/ml lipopolysaccha- 
ride (Sigma), with or without the addition of toe6 M 
indomethacin. Supematants were then assayed for TNF 
content. 

2.6. TNF assay 

TNF bioactivity in supematants and sera was measured 
as cytotoxic activity to WEHI 164 clone 13 murine fi- 

brosarcoma cells (Espevik and Nissen-Meyer, l986), ob- 
tained through the courtesy of P. van der Bruggen (Ludwig 
Institute for Cancer Research, Brussels, Belgium). The 
assay was performed as described, in the presence of LiCl 
to optimize sensitivity to TNF-mediated cytotoxicity (Be- 
yaert et al., 1989; Traversari et al., 1992) and using a 
tetrazolium-based calorimetric assay to estimate mortality 
of WEHI cells (Campanile et al., 1993) The spe%city of 
the assay was determined by incubating samples with the 
neutralizing rat anti-mouse TNF-a monoclonal antibody, 
MP6-XT3. TNF titers were expressed as pg/ml, calculated 
by reference to a standard curve constructed with known 
amounts of recombinant TNF-a (Genzyme, Cambridge, 
MA, USA). Data are the means + S.E. of triplicate deter- 
minations. For measurements of circulating TNF, data are 
the means for 4 individual mice, each assayed in triplicate. 

2.7. Nitrite deterknation 

Monolayers of plastic-adherent macrophages were ob- 
tained from peritoneal exudate cells of naive or 2-h in- 
fected mice, treated or not with the different drugs. Adher- 
ent cells were gently scraped off and resuspended in RPM1 
1640 medium containing 10% fetal calf serum, L-gluta- 
mine (2 mM), 2-mercaptoethanol (50 FM), and antibi- 
otics. 5 X lo5 cells/O.1 ml/well were plated in 96-well 
flat-bottom microtiter plates (Costar, Cambridge, MA, 
USA) and incubated overnight (at 37°C in 5% CO,) in the 
presence of 100 U recombinant interferon-y (Genzyme) 
and IO ng/ml lipopolysdccharide (Sigma). Fifty ~1 of 
supematant was removed from each well and kept at 
- 20°C for determination of nitrite content. Nitrite concen- 
tration, a measure of NO synthesis, was assayed by a 
standard Griess reaction adapted to microplates, as de- 
scribed previously (Romani et al., 1994). The Griess 
reagent was prepared by mixing equal volumes of sulfanil- 
amide (1.5% in 1 N HCl) and naphthylethylene diamine 
dihydrochloride (0.15% in HzO). A volume of 50 ~1 of 
reagent was mixed with 50 ~1 of supematant and incu- 
bated for 30 min in the dark. Absorbance of the Chfo- 

mophore formed was measured at 540 nm in an automated 
microplate reader. Nitrite was quantitated using NATO, as 
a stamiard. The data represent the means 1 SE. of quad- 
ruplicate determinations and are expressed as PM 
NO;/ IO6 macrophages. 

2.8. Statistical artalwis 

In the in vivo infection experiments, each experimental 
group consisted of 6-8 animals and mortality data were 
analyzed using the Mann-Whitney &test. Student’s t-test 
was used for the results of the in vitro determinations. 
Each experiment was performed 3-6 times. 
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3. Results 

3.1. Eflect of indomcthacin administered at the time of 
Pseudomonas challenge 

To clarify the effect of indomethacin treatment on 
&s*;?ce of mice to Gram-negative infection, the animals 
received the drug at 4.2,7, or 12 mg/kg 1 h or 1 or 5 days 
before sublethal challenge with P. aeraginosa, and were 
then examined for course and outcome of disease. Fig. 1 
shows that the administration of any dosage of the drug 1 
or 5 days before challenge had no effect on resistance to 
microbial challenge. in contrast, 7 or 12 mg/kg of indo- 
methacin given 1 h before challenge significantly wors- 
ened the survival of the treated mice (P < 0.01). with 
nearly 95% mortality at the highest drug dosage. Course of 
disease, clinical signs, and histopathologic examination all 
suggested the occurrence of septic shock similar to that 
found in mice given lethal intravenous inocula of the 
bacterium (Campanile et al., 1994). In an attempt to clarify 
the mechanisms of indomethacin toxicity in sublethally 
infected mice, 12 mg/kg of indomethacin was adminis- 
tered 1 h before infection in all subsequent experiments. 

3.2. Cytokine gene expression in indomethacin-treated and 
infected mice 

We evaluated the qualitative expression of genes coding 
for proinflammatory cytokines in Pseudomonas-infected 
mice treated or not with indomethacin. At 2, 4, 8, or 24 h 
of infection, we measured mRNA for interferon-y, inter- 
leukin-1, interleukin-6, and TNF-(w in the spleens of drug- 
treated and untreated mice. Uninfected control (naive) 
mice and mice given the drug in the absence of infection 
were also assayed (Fig. 2). No significant levels of mRNA 

4.2 7.0 120 m&g 

Fig. 1. Effect of indomethacin administration on survival of mice infected 
with a sublethal inoculum of P. aeruginosa. The animals received single 
injections of 3 different indomethacin dosages 1 or 5 days or 1 h before 
intravenous challenge with the bacterium. Compiled data from 6 experi- 
ments, each consisting of 6-8 animals per group per experiment. Shown 
in parentheses are total numbers of animals tested per group. The overall 
survival rate of infected controls not receiving indomethacin (or receiving 
vehicle alone) was 92.9%. 

Oh 2h 4h 8h 24h 
L 

TNFa 
692 bp 

Fig. 2. Interferon-y (IFN-y), interleukin-1 (IL-I), interleukind (IL-6), 
and TNF-TV mRNA expression in spleen cells from Pseudowonas-in- 
fected mice revealed by PCR normalized to p-actin. RNA was isolated 
from control (-) or indomethacin-treated (+I mice either uninfected 
(time 0) or infected for different times, and the resulting cDNA was used 
in the PCR with cytokine-specific primers. After amplification, 10 ~2531 
of the reaction mix was removed, analyzed by 1.56 agarose gel elec- 
trophoresis and visualized by ethidium bromide staining. m, marker track 
(kb ladder consisting of pBR322 DNA cut with HueHI); N, no DNA 
added to the amplification mix during PCR. 

coding for any cytokine were expressed by uninfected 
mice, regardless of drug treatment. Transcripts specific for 
interleukin- 1, interleukin-6, and interferon-y were readily 
detected at 2, 4, 8, and 24 h after infection, with no 
apparent differences between indomethacin-treated and un- 
treated mice. In contrast, TNF-cu mRNA was virtually 
undetectable in the spleens from the latter mice under the 
conditions of PCR amplification, but was continuously 
expressed by animals receiving indomethacin at the time 
of infection. In several independent experiments, maximal 
and comparable expression of TNF mRNA was observed 
at 2 and 4 h after Pseudomonas challenge. 

3.3. Induction of TNF-(w activity in oitro by indomethacin 

To investigate whether indomethacin might actually 
enhance the synthesis of biologically active TNF-a in 
response to Pseudomonas, peritoneal macrophages were 
exposed overnight to live bacteria (or lipopolysaccharide) 
with or without the addition of indomethacin. TNF-o 
activity was measured in culture supematants. Table 1 
shows that in contrast to lipopolysaccharide, live bacterial 
cells alone would not induce significant production of 
TNF-LU under the adopted assay conditions. However, in 
the presence of indomethacin, lipopolysaccharide and 
Pseudomonas resulted in an increased and comparable 
expression of TNF-lo activity. Of interest, indomethacin 
per se increased TNF-cy production in the absence of any 
stimulus. 
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Table 1 zw 

Effect of indomethacin on production in vitro of TNF-(Y 

Stimulus a TNF-m (pg/mll 

Control Indomethacin 

None 0.16&0.09 0.45 -I_ 0.23 b 
Lipopolysaccharide 0.4 I * 0.07 b 3.51 +0.69 
P. aerzzgifzosa 0.15*0.07 3.90+ 1.07 c 

’ Peritoneal macrophages from naive mice were exposed overnight to 
medium alone, viable F’sezzdomonas (10’ cells/ml1 or Iipopolysaceharidc 
(I yg/miI, with or without the addition of 10T6 M indomcthacin. and 
supernata l s were assayed for TNF content. 
b P < 0.U I Gpopolysaccharlde or indomethacin vs. no treatment). 
’ P < OkI iindomethacin-treated vs. untreated cultures). 

3.4. Detection of TNF-(Y in set-a of indomethacin-treated 
and infected mice, and effect of pentox@lline 

We next examined the levels of circulating TNF-(Y in 
sera of infected mice either untreated or pretreated with 
indomethacin, indomethacin plus prostaglandin E,, or 
indomethacin and pentoxiphylline, a phosphodiesterase in- 
hibitor. Preliminary experiments had shown that pentoxi- 
fylline, when administered at 30-50 mg/kg before infec- 
tion, can significantly improve survival of mice given a 
lethal intravenous inoculum of Pseudomonas, this effect 
being reversed in a dose-dependent fashion by co-adminis- 
tration of indomethacin (data not shown). Therefore, mice 
infected with a sublethal bacterial inoculum were treated 
with indomethacin either alone or in combination with 2 
mg/kg prostaglandin E? or 30 mg/kg pentoxifylline, and 
serum levels of TNF-a! were measured at 2-h post-infec- 
tion (Fig. 3). The results showed that higher cytokine 
levels were present in indomethacin-treated mice, but co- 
treatment with prostaglandin E2 or pentoxifylline resulted 
in TNF-a levels significantly lower than those of infected 
mice that did not even receive indomethacin. A kinetic 
analysis (not included in Fig. 3) showed that the 4-h 

1 l t 
IO 

Fig. 4. Upper panel: Production of NO in viiro by macrophps from 
infected mice treated with indomcthacin (Ind~oi~ either alone or in combi- 
nation with pentoxifylline @TX) or anti-TN5 unibody. Cuhrnes were 
exposed overnight to interferon-y and Iipopoiy ..?~&aridc prior to assay 
of their nitrite content. Results (means&SE.! se c:.p-~~d as pM 
NOi/lO’ cells. * P < 0.005 (drug treatment vs. ~ontrolt. k*‘&er panel: 
Macrophagc cultures were also assayed for TNF production 4pg/ml of 
supcmatantl. ’ * P < 0.05 (Indo vs. control). NT, not tested. Con::& for 
NO production included macrophagcs from infected mice cultured in the 
absence of interferon-y and lipopolysaccharide ( < 5 FM NCG/106 
cells) as well as interferon-y + Iipopolysaccharide-primed macrophages 
from naive mice (approximately 50 PM NO;/lO’ cells). 

expression (11.6 + 2.31 pg/ml) of circulating TNF in 
indomethacin-treated and infected mice was comparable to 
that (12.8 + 1.83) found at 2 h, but that circulating TNF 
had considerably declined at 8 h (3.75 f I .25). 

El Indo+PGEz 
Indo+IlX 

Fig. 3. Levels of TNF-u in sera of Pseudomortos-infected mice after 
treatment with indomcthacin (Indo) or Indo + prostaglandin E, @GE, 1 or 
pentoxifylline @‘TX). At Z-h post-infection scra from individual mice (4 
per group) were assayed in triplicate for TNF-a bioactivity. Results are 
means + S.E. * P < 0.001 (Indo vs. control): and * * P < 0.005 Undo+ 
PGE, or PTX vs. control). 

? C PmAwrtinn af NO in vitm hx. . Annmothnriit_trontoA -._. a ,VIl”C.‘Y.I “J &.V .*a “..,Y “_, :.m-.T.......l. _*,. . . _s..s.. 

and infected mice, and efSect of pentoxifjllline or anti-TNF 
antibody 

We also measured the release of NO and TNF-cy in 
vitro by macrophages from infected mice treated with 
indomethacin either alone or in combination with a single 
injection of pentoxifylline or anti-TNF antibody. At 2-h 
post-infection, macrophage cultures were established and 
exposed overnight to interferon-y and lipopolysaccharide. 
Fig. 4 shows that higher levels of NO were released by 
macrophages from infected mice treated with indo- 
methacin, although co-treatment with pentoxifylline or an- 
tibody to TNF completely blocked the enhancing effect of 
indomethacin or, for anti-TNF, impaired the NO expres- 
sion of control mice not treated with indomethacin. The 
pattern of NO production was paralleled by the TNF 
secretion profile in culture supematants. 
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al Indo+NtaA 
iW Ind~+pTx+~ 
~ q Indo + Antibody to TNF 

(20) (18) (241 (24) (18) (24) 

Fig. 5. Effect of pentoxifylline @TX), N8VILA. or anti-TNF antibodies on 
survival of indomethacin (Indo)-treated and infected mice. Indo-treated 
animals received 2 injections of PTX (I h before and 3 h after infection) 
and/or a single NMLA administration (0.5 h before infection). or 
anti-TNF antibodies to be challenged intravenously with the bacterium. 
Compiled data from 3 experiments. Shown in parentheses are total 
numbers of animals tested per group. * P < 0.05 (PTX or NMLA treat- 
ment vs. indomethacin alone). 

When NO production was measured in macrophage 
cultures established from naive mice and treated as in the 
experiment of Table 1, we found that exposure to indo- 
methacin in vitro resulted in a 21.3% increase (P < 0.05) 
in NO release in response to Pseudomonas. However, the 
baseline production of NO induced by bacterial cells was 
quite limited (12.0 + 1.6 mM NO;/ 10” cells), reflecting 
the need for externally added interferon-y to obtain signif- 
icant NO production by macrophage cultures (see also 
legend to Fig. 4). 

3.6. Eflects of pentoxifylline and/or NMLA on indo- 
methacin-induced mortality 

Experiments were performed to ascertain whether the 
administration of pentoxifylline and NMLA (an inhibitor 
of NO synthase), either separately or in combination, can 
counteract the adverse effects of indomethacin in sub- 
lethally infected mice. Pentoxifylline was given twice at 30 
mg/kg, whereas NMLA was given as a single injection at 
40 mg/kg, a relatively low dose within the range of doses 
over which the drug has therapeutic activity (Nava et al., 
1992). An additional group of mice was treated with 
TNF-neutralizing antibodies. We found that either pentoxi- 
fylline or NMLA treatment significantly improved survival 
of the indomethacin-treated and infected mice (Fig. 5). 
Rather unexpectedly, combined treatment with pentoxi- 
fylline and NMLA was without beneficial activity in 2 out 
of 3 experiments, while in a third, the level of protection 
afforded was not superior to that of either treatment alone. 
Although the 2-h expression of circulating TNF-a was 
greatly reduced by the administration of anti-TNF antibody 
in the indomethacin-treated and infected mice (from to 

14.3 t_ 1.31 to 0.35 + 0.11 pg/ml in one experiment), this 
anti-TNF strategy did not result in an overall significant 
protection in 3 different experiments. 

3.7. Effects of NMLA on TNF production 

Despite the therapeutic activity of early NMLA admin- 
istration, circulating nitrite could not be measured in indo- 
methacin-treated mice at any time post-infection (data not 
shown). We examined whether early inhibition of NO 
synthesis by NMLA might affect Pseudomonas-induced 
TNF production. Mice were treated with indomethacin or 
indomethacin plus NMLA, as described above. At 2-h 
post-infection, the levels of circulating TNF were mea- 
sured in sera and macrophage cultures were established 
from the same animals. These cultures were exposed 
overnight to interferon--y and lipopolysaccharide before 
measurement of NO and TNF levels in supematants. We 
found that NMLA administration decreased the serum 
levels of TNF-CI by an average 10% in 3 independent 
experiments (from 13.8 + 1.4 to 12.2 * 1.2 pg/ml in 1 
experiment, P = 0.41). The decrease was more evident 
(> 25%) when the effects of NMLA were examined on 
TNF-cr production in vitro by macrophage cultures. Of 
interest, the cultures also exhibited a considerable impair- 
ment of NO production following exposure of the donor 
mice to NMLA (Fig. 6). 

ZCQJ 

Fig. 6. Upper panel: Production of TNF in vitro by macrophages from 
infected mice ireated witb indomethacin (Indo) either alone or in combi- 
nation with NMLA. Cultures were exposed overnight to interferon-y end 
lipopolysaccharide prior to assay of TNF production (pg/ml of super- 
natant). Lower panel: Macrophage cultures were also assayed for NO 
release. Results (means* SE.) are expressed as PM NO;/lOe cells. 
* P < 0.01 (drug treatment vs. control). 



4. Discussiortl 

The present study confirms previous observations in the 
literature that indomethacin may enhance TNF-rw produc- 
tion in vitro and in vivo in response to lipopoiysaccharide 
or other inflammatory stimuli (Sironi et al., 1992; Gris- 
wold et al., 1993; Simpson et al., 1994; Utsunomiya et al,, 
1994). In addition, these data provide evidence for indo- 
methacin-mediated toxicity and TNF-a induction in a live 
sepsis model, suggesting that TNF-a may contribute to 
drug-mediated lethality in mice that would otherwise resist 
systemic challenge with a Gram-negative bacterium. 

Of the four different proinflammatory cytokines (inter- 
leukin- 1, interleukin-6, interferon-y, and TNF-a I whose 
message levels were assessed after drug treatment and 
Pseud~~nonas infection, the pattern of TNF-(u mRNA 
expression appeared to be qualitatively different from that 
of the other cytokines in indomethacin-treated and un- 
treated mice. Although spleen cells may not be the optimal 
target for monitoring TNF mBNA, transcripts for this 
cytokine could not be detected in the untreated mice under 
the adopted assay conditions, yet these transcripts were 
continuously expressed by the drug-treated animals. As a 
result, higher levels of TNF-ok were found in the circula- 
tion of indomethecin-treated mice, and were also found in 
supematants from macrophage cultures exposed to Pseu- 

domonas in vitro in the presence of indomethacin. The in 
vivo effect of the drug on TNF production was reversed by 
co-administration of prostaglandin E2 or pentoxifylline, an 
inhibitor of TNF gene transcription. This demonstrates that 
the TNF-a-promoting effect of indomethacin was depen- 
dent, at least in part, on newly synthesized TNF mRNA. 

Pentoxifylline was also capable of inhibiting one func- 
tional property of indomethacin-induced TNF-a in vivo, 
namely the ability to prime peritoneal macrophages for 
interferon-y-dependent production of NO in vitro (Oswald 
et al., 1992). In fact, higher levels of NO were released by 
macrophages from infected mice treated with indo- 
methacin. The increase in NO production correlated with 
TNF levels in culture supematants, and the addition of 
interferon-y as co-stimulus was required for the cultures to 
fully express their NO-producing potential. However, con- 
current exposure of donor mice to pentoxifylline or anti- 
TllF antibody blocked the enhancing effect of the cyclo- 
oxygenase inhibitor on NO production, suggesting that the 
effect was TNF dependent. 

Co-injection of pentoxifylline or NMLA with indo- 
methacin resulted in significant and reproducible protec- 
tion against Pseudomonas challenge. Yet, the administra- 
tion of TNF-neutralizing antibodies resulted in no protec- 
tion. Similarly ineffective was the combined use of 
pentoxifylline and NMLA. The protection afforded by the 
phosphodiesterase inhibitor indicates that overproduction 
of TNF may be an important mechanism of indomethacin 
toxicity in our model. However, other anti-inlhunmatory 
effects in addition to inhibition of TNF/NO synthesis may 

have contributed to the beneficial activity of pentoxifyljine 

(Bdut et al., 1993; Sekut et al., 1995). The ineffectiveness 
of antibody therapy. wb’ .:ch nevertheless depleted TNF 

befs, suggests that a baseline production of TNF may be 

necessary for the host to cope with infection. .An altema- 
tive explanation would be that the biologically relevant 
TNF-cu in our model was not readily accessible to antibod- 
ies. A critical impairment of the host antimicrobial re- 
sponse, combined with a degree of vasoconstriction detri- 
mental to tissue perfusion (DarviPle et al., 1993), may also 
underlie the ineffectiveness of pentoxifylline plus NMLA 
therapy. Of interest, nitrite production by macrophages 
from infected mice treated with indomethacin and pentoxi- 
fylline was similar to that of mice receiving a sublethal 
challenge alone, but was greatly impaired in mice on 
antibody therapy. 

Although blockade of the effector function of NO in- 
duced by TNF could contribute to the efficacy of NMLA 
therapy, we were unable to measure circulating nitrite 
throughout the course of infection. Furthermore, because 
of its short biological half-life, NMLA would be expected 
in our mode1 to act primarily via inhibition of the constitu- 
tive NO synthase activated by Pseudomonas, rather than 
via inhibition of the inducible NO synthase activated by 
TNF (Moncada et a!., 1991). Because bidirectional influ- 
ences are known to occur between TNF and NO synthesis 
(Eigler et al., 1993, 19951, we examined the effect of 
NMLA treatment on TNF release. Although the inhibition 
of TNF release was rather limited in vivo, macrophage 
cultures from mice receiving NMLA were found to pro- 
duce lower amounts of nitrite and TNF. These data, while 
confirming the enhancing effect of NO on TNF synthesis 
(Eigler et al., 1993), strengthen the previous suggestion 
that NO released by endothelial and vascular smooth mus- 
cle cells may exert a paracrine effect on neutrophils and 
augment the inflammatory response in sepsis by increasing 
the production of cytokines (Van Dervort et al., 1994). 
According to this view, the protective effect of NMLA in 
our model might involve early modulation of the enhanc- 
ing effect of NO on TNF synthesis. 

Because the peak in TNF production induced by indo- 
methacin was a rather early event (2-4 h) in the course of 
lethal sepsis, it is possible that TNF-(u in our system was 
acting early, or was even acting as an initiator, in the 
cascade of endogenous mediators that would di.rect the 
inflammatory and metabolic responses eventually leading 
to severe shock and organ failure. This may help to explain 
the therapeutic efficacy of maneuvers that were eXpeCted 

to affect TNF synthesis only in the initial phase of the 
syndrome. 

The complex timing of mediator release and balance 
during sepsis makes it difficult to develop successful theta- 
peutic interventions for this syndrome, and the strategy of 
inhibiting the host inflammatory response may not be 
entirely beneficial because immune cells and cytokines 
have both pathogenetic and protective activities (Natanson 
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et al., 1994). Because of the aforementioned evidence that 
cyclooxygenase inhibition may be useful in the therapy of 
experimental sepsis syndromes (Kettelhut et al., 19871, the 
present study underlines the possible ambivalent role of 
pmsuglandin E2 in the synthesis and cellular transduction 
effects of TNF-cu. Whether the balance between these two 
opposing effects is different in local or systemic pathology 
involving TNF, is unclear. Given ,he beneficial effects of 
cyclooxygenase inhibition in disease states, such 3s 

&umatoid arthritis, where local ‘;Sq production con- 
tributes to pathology (Arend and Dayer, 199% it is possi- 
ble that the role of prostaglandin E2 in mediating TNF 
toxicity mpy be dominant in local disease over its effect on 
TNF syntrrzsis. 

In conclusion, the data of the present study emphasize 
the potentially dual role of cyclooxygenase inhibition in 
sepsis, calling attention to the possibility that increased 
TNF production may result from impaired prostaglandin 
synthesis. The effect is specific for TNF compared to the 
uninfluenced synthesis of interleukin- 1 (also largely pro- 
duced by macrophages), thus resembling the selective 
induction of TNF by NO-releasing agents in human 
mononuclear cells (Eigler et al., 1993). The described 
system of live sepsis may represent a sensitive model for 
estimating the efficacy of anti-TNF specific approaches 
when evaluating drug candidates for the treatment of sep- 
sis. 
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