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Objective

The authors hypothesized that TNF would induce eicosanoid synthesis, and a cyclooxygenase
inhibitor would attenuate both eicosanoid synthesis and improve survival in an LD90 TNF-induced
(150 ng/kg/IV/5 min) mortality model.

Summary Background Data
Tumor necrosis factor is a cardinal mediator in sepsis; however, little is known about its effects
on arachidonate metabolism.

Methods

Conscious male rats with carotid arterial and jugular venous catheters were randomized for
mortality: group |, TNF alone (150 kg/IV/15 min, n = 30); group I, ibuprofen (30 mg/kg/IV at t
= —20 and +240 min), plus TNF, (n = 28); and for hemodynamics, eicosanoid synthesis, blood
gases: group lll, TNF alone, (n = 8); group IV, ibuprofen + TNF (n = 8); group V, monoclonal
antibody to TNF plus TNF (n = 8). Mortality was determined at 4-72 hr. Other parameters
determined over 4 hours (0, 5, 60, 120, 240 min).

Results

TNF stimulated synthesis of (a) TXB, (71 + 30 pg/ml, mean + SE at base vs. 117 + 18 at 4 hr, p
< 0.02); (b) PGE, (70 + 6 pg/ml at base vs. 231 + 68 at 4 hr, p < 0.02); (c) 6PGF (52 + 6
pg/ml at base vs. 250 + 80 at 4 hr, p < 0.02). Ibuprofen significantly (p < 0.05) inhibited
eicosanoid synthesis from TNF. TNF-induced mortality (87 %, 26/30) was dramatically decreased
with Ibuprofen (11%, 3/28), at 4, 24, and 72 hr (p < 0.01). Monoclonal antibody to TNF
prevented all abnormalities and had 100% survival. Hemodynamic events were similar in both
groups, but metabolic acidosis was attenuated with ibuprofen.

Conclusions

TNF stimulates arachidonic acid metabolism in vivo. A cyclooxygenase inhibitor attenuates
eicosanoid synthesis and dramatically improves survival. TNF appears to have different effect
on tissues that synthesize certain eicosanoids. Hypotension from TNF is not mediated via the
eicosanoids. TNF-induced mortality, like endotoxemia/sepsis may be mediated, in part, via
arachidonic acid metabolites. These new findings support the notion that cyclooxygenase
inhibitors may be used as adjunctive therapy in clinical sepsis.
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That tumor necrosis factor (TNF) occupies a pivotal
role in the pathogenesis of endotoxemia/sepsis is sup-
ported by an increasing volume of literature.!~> The sup-
port for the central role of TNF in endotoxemia/sepsis is
derived from several lines of evidence: a) TNF is present
in the serum of man and animals with endotoxemia/sep-
sis;®° b) Injection of TNF in animals induces pathophysi-
ological events (hypotension, multiple organ failure, vas-
cular permeability) which are similar to those observed
with endotoxemia/sepsis in man;'®'? and c) anti-TNF
antibodies enhance the survival and reduce physiologic
abnormalities after endotoxemia/sepsis in animals.!>4
These reports demonstrate that TNF is an important con-
tributor to endotoxemia/sepsis; however, these studies
do not identify the mechanism(s) by which TNF exerts
its systemic effects.

The mechanisms by which TNF produces patho-
physiologic events is uncertain. /n vitro, TNF releases
interleukin 1,'* phospholipase A,,'¢ free fatty acids,'” ar-
achidonic acid,'® cyclic Amp,'® changes in signal trans-
duction,® and stimulates prolactin synthesis,?' to enu-
merate a few of the proposed mechanisms of its effects.
These observations suggest that TNF has a myriad of
effects depending on the type of cells used, the species of
animal chosen, and the insult being evaluated (dose).

Two recent studies in vivo suggested that the eicosan-
oids may have a substantive role in mediating TNF-in-
duced injury. Michie et al.? reported an increase in TNF
plasma values after intravenous administration of E. coli
endotoxin in human volunteers. The investigators used
ibuprofen pretreatment (800 mg) at 90 minutes before
and at the time of injection of endotoxin. The ibuprofen
attenuated the symptoms and other responses after en-
dotoxin. The eicosanoids have been reported to have a
regulatory role in TNF synthesis.?>?3

This study specifically determined the effects of TNF
on eicosanoid synthesis in vivo and the effects of a cy-
clooxygenase inhibitor on eicosanoid synthesis and on the
pathophysiologic events and mortality induced by TNF.

METHODS

Male Sprague-Dawley rats (250 to 300 g) (Charles
River Laboratories) were stabilized from 2 to 4 days be-
fore experimentation. They were maintained in a 12-
hour light-dark sequence and allowed water and antibi-
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otic-free chow ad libitum. On the day of the experiment,
animals were placed in individual cages. Each animal
was lightly anesthetized with halothane/oxygen mixture,
had an anterior neck incision, followed by insertion of
catheters (PE50) into the left carotid artery and left jugu-
lar vein. Catheters were flushed with heparinized saline,
tunneled to the dorsal neck of the rat, and secured. The
jugular vein catheter was used for injections of saline or
pharmacologic agents. Rats were allowed to recover
from the effects of anesthesia for at least 1 hour before
baseline parameters were measured. At the completion
of the experiments, animals were killed.

Hemodynamic measurements were obtained by con-
necting the carotid catheters to a Gould Bush physio-
graph (RS2300) via a PE23 transducer (Statham, Ox-
nard, CA). Thromboxane (TxB,), PGE,, and 6-keto-
PGF1, (6PGF) were measured in plasma samples
collected at baseline, then at 5, 60, 120, and 240 minutes
after TNF infusion in coincidence with hemodynamic
measurements. Eicosanoid analyses were performed by
radioimmunoassay in batches. Crossreactivity of the an-
tibodies used was less than 3% with other eicosanoid me-
tabolites. Radiolabeled TXB,, PGE,, 6PGF were ob-
tained from New England Nuclear (Boston, MA). Au-
thentic eicosanoids were supplied by Dr. John Pike
(Upjohn Co., Kalamazoo, MI). Tumor necrosis factor
(TNF) was obtained from Peninsula Laboratories (Bel-
mont, CA) and diluted with sterile saline on the day of
the experiment. Monoclonal antibody to TNF was ob-
tained as a rabbit anti-murine polyvalent antiserum that
contained no endotoxin and no preservative and did not
cross react with human TNFa (Biotrans, Inc., Los An-
geles, CA). Arterial blood gases were determined using
an automated blood gas analyzer (Radiometer, model
ABL-30, Copenhagen). Ibuprofen was kindly supplied
by the Upjohn Company (Kalamazoo, MI) as a sterile
solution, 50 mg/ml.

EXPERIMENTAL DESIGN

All experiments were performed in an American Asso-
ciation for Accreditation for Laboratory Animal Care
approved facility and according to the National Insti-
tutes of Health guidelines for animal use. Animals were
studied in individual cages with free access to food and
water. Indwelling catheters were flushed with sterile hepa-
rinized saline. There was a 20-minute basal period (—20
to 0 min) and a 4-hour (0-240 min) experimental period
during which hemodynamics, eicosanoids, arterial blood
gases were determined at designated time intervals. At
time 0, the animals received an IV infusion of TNF«
over 5 minutes. In studies in which the effects of a cycloox-
ygenase inhibitor were examined, ibuprofen (30 mg/kg)
was administered at t = —20 min and t = +240 min.
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For the survival studies, rats were randomized into
two groups. Group I received TNF alone, 150 ng/kg/IV/
5 min (n = 30). Group II received ibuprofen, 30 mg/kg/
IV att = —20 min and t = +240 min, then TNF, 150
ng/kg/IV/5 min at t = —0 min (n = 28). Group III was
treated with monoclonal antibody to TNF, 1 mg/kg at t
= —60 min, plus TNF, 150 ng/kg/IV/5 min att = 0 min
(n = 8). Mortality rates were determined at 2, 4, 24, 72
hours and reported as a percentage.

The animals used for hemodynamic, eicosanoid, and
blood gas analyses were randomized in two groups after
catheter insertion. Group IV received TNF alone, 150
ng/kg/IV/S min, (n = 8) and group V was administered
ibuprofen, (30 mg/kg/IV, at t = —20 min and t = +240
min, plus TNF, 150 ng/kg/IV/5 min, (n = 8). Blood
samples for eicosanoid analyses were collected in hepa-
rinized tubes containing indomethacin (100 ug); the
blood was centrifuged, the plasma was removed and
stored at —80 C until assayed. Arterial blood gas samples
were collected in heparinized tubes and immediately an-
alyzed. For each milliliter of blood removed, 1 ml of
sterile 0.9% saline (w/v) was returned to the animal via
the arterial catheter.

The selection of the dose of TNF utilized and the ob-
servation time for mortality was determined in a series of
pilot dose response studies in our laboratory. Prior to
these experiments, control studies in animals not given
TNF were performed in rats with the following groups:
anesthesia alone (n = 4), anesthesia plus incision and
ligation of vessels (n = 5); anesthesia, incision, catheter
placement and vehicle administration (saline) for TNF
(n = 5). Since none of these groups had any significant
perturbations on either the hemodynamic or eicosanoid
changes, these studies were not repeated.

Data analysis was accomplished using ANOVA for re-
peated measures within and between groups with a least

Table 1.

Ann. Surg. « June 1993

squares difference test (Sheffe) as a follow up test. Differ-
ences in survival were determined by the chi squared
method. A value of p < 0.05 was considered significant.

RESULTS

TNF-induced hemodynamic events in conscious rats
are seen in Table 1. TNF alone significantly decreased
MAP by 240 minutes when compared with the baseline
values. Even with ibuprofen pretreatment, there was a
significant decrease in MAP at 240 minutes, when com-
pared with the baseline; however, this decrease was signif-
icantly less than with TNF alone. Monoclonal antibody
to TNF prevented any significant changes in MAP.
There were no significant differences in the observed
heart rates between the groups at any observation point
during the study.

Arterial blood gases and serum bicarbonate values are
shown for the groups studies in Table 2. Animals that
received TNF alone had a significantly greater metabolic
acidosis than did the other groups by 240 minutes. Even
though the animals decreased their pCO, to compensate
for the changed metabolic events, animals that received
TNF alone had the greater difficulty in respiratory com-
pensation and the greatest decrease in serum bicarbon-
ate. Interestingly, the lowest pCO, values were observed
at 240 minutes in the TNF group and the lowest pO,
values were seen in the Ibu/TNF group at 60 and at 240
minutes. Both of these values were significantly less than
the baseline and significantly less than the corresponding
values in the other groups. Serum bicarbonate values at
240 minutes in both the TNF alone and the Ibu/TNF
group were significantly less than the baseline values;
however, Ibu/TNF values of HCO,- were greater than
TNF alone.

EFFECTS OF TNF ON MEAN ARTERIAL PRESSURE AND HEART RATE WITH AND

WITHOUT CYCLOOXYGENASE INHIBITION

Mean arterial blood pressure, torr

Time/min 0

Control 110+ 5
TNF alone 108+ 5
Ibu/TNF 118 £ 10
Mab/TNF 110+ 7

Heart rate, beats/min

Time/min 0

Control 378 + 13
TNF alone 372+ 7
Mab/TNF 380 £ 20

60 120 240
125+ 7 1107 108 + 8
127+ 5 110+8 40 + 4
123+ 4 113+8 86 + 6*t
11210 106 + 9 114+6

60 120 240
404 + 20 418 + 22 440 + 18
378 + 10 447 + 21 440 + 30
410 + 15 400 + 14 420 + 30

* Significantly different from baseline p < 0.01.
1 Significantly different from TNF alone p < 0.05.
Mean + SEM, n = 8.
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Table 2. EFFECTS OF TNF ON ARTERIAL BLOOD GAS AND SERUM BICARBONATE WITH

AND WITHOUT CYCLOOXYGENASE INHIBITOR

Time/min
0 60 240
pH
Control 7.34 £ 0.09 733+ 0.03 7.36 + 0.04
TNF alone 732+ 0.01 730+ 0.01 7.1 +£0.01*
Ibu/TNF 733+ 0.01 727 + 0.01 7.20 £ 0.01
Mab/TNF 735+ 0.03 736 + 0.02 7.32 +£0.01
*p < 0.01 vs. control and Mab/TNF.
pCO, torr
Control 212+ 1.2 28+ 2 22 +1.6*
TNF alone 207+ 14 259+ 2 17.8 + 2.6t
lbu/TNF 198+ 19 21+ 2 207 £1.2
Mab/TNF 196+ 14 21+ 2 207 £1.2
*p < 0.005 vs. TNF; tp < 0.05 vs. baseline.
pO, torr
Control 98+ 4 110+ 3 108 + 6
TNF alone 104 + 10 119+ 10 137 £ 8
Ibu/TNF 102+ 6 90 + 13 81 +9*
Mab/TNF 100+ 6 106 £ 4 102 +7
*p < 0.05 vs. TNF.
HCOj3- units/ml
Control 10+ 0.05 11+ 04 9+03
TNF alone 93+ 006 108+ 0.7 6.8 + 0.8t
Ibu/TNF 102+ 06 85+ 11 79 + 1.5t

*p <0.05 vs. TNF; tp < 0.05 vs. baseline.

Mean + SEM, n = 7.

The effect of TNF on synthesis of the eicosanoids is
shown in Table 3. TNF stimulated the synthesis and/or
release of thromboxane (TxB,), prostaglandin E,, and
prostacyclin gradually, but significantly during the 4-
hour observation period. The values of prostacyclin
(PGF) and PGE, increased 3-5-fold at 240 minutes,
whereas thromboxane values had increased significantly

but modestly. Ibuprofen significantly attenuated the syn-
thesis/release of TXB,, 6PGF, and PGE, after TNF infu-
sion although there was a gradual rise in both PGF and
PGE, over time.

The dose response effects of TNF on mortality are
shown in Table 4. The dose of 150 ng/kg/IV was chosen
for this study versus the 600 ng/kg/IV dose to preclude

Table 3. EFFECTS OF TNF ON TXB,, PGF, PGE, SYNTHESIS/RELEASE WITH AND WITHOUT

CYCLOOXYGENASE INHIBITOR IN VIVO (PG/ML)

Time/Min
0 5 60 120 240

TXB,

TNF alone 71 +£17 102 £ 10 102 = 28 158 + 65 117 = 18*

Ibu/TNF 148 £ 20 46+ 5 63+ 7 N2+ 7 41 £ 61
6-Keto-PGF,,,

TNF alone 54 + 18 166 + 93 77 £ 47 151 £ 72 250 + 80*

Ibu/TNF 3B+ 6 37+ 5 32+ 5 79+ 3t 71 £17¢
PGE,

TNF alone 70+ 6 84+ 3 7%+ 5 210 £ 85 230 + 68*

Ibu/TNF 3B+ 6 37+ 5 32+ 5 79+ 3t 71 £ 19t

*p < 0.02 vs. baseline; tp < 0.01 vs. TNF alone.
Mean + SEM, n = 8.
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Table 4. EFFECTS OF TNF ON MORTALITY WITH OR WITHOUT CYCLOOXYGENASE

INHIBITOR OR WITH MONOCLONAL ANTIBODY TO TNF

Mortality %

2hr 4 hr 24 hr 72 hr
TNF 60 ng/kg/IV 0 (0/6) 0 (0/6) 0 (0/6) 0(0/6)
150 ng/kg/IV 70 (21/30) 87 (26/30) 100 —
600 ng/kg/IV 70 (4/6) 85 (5/6) 100 -
Ibu/TNF 11 (3/28)* 11 (3/28)* 11 (3/28)* 11 (3/28)*
Mab/TNF 1 mg/kg/IV 0 (0/8)* 0 (0/8)* 0 (0/8)* 0 (0/8)*

*p < 0.01 vs. TNF alone.

an overwhelmingly lethal model. Even with the 150 ng/
kg dose, 87% of the animals died in 4 hours. Cyclooxy-
genase inhibition dramatically decreased the mortality
as early as 2 hours after TNF infusion and produced
permanent effects. There were no deaths with the use of
a TNF monoclonal antibody as pretreatment.

DISCUSSION

The findings in this investigation are that a) TNF pro-
duces significant hypotension, metabolic acidosis, in-
creased eicosanoid synthesis, and dramatic mortality in
4 hours; b) cyclooxygenase inhibition attenuates the
TNF-induced hypotension, metabolic acidosis and sub-
stantively reverses TNF-induced mortality; ¢) monoclo-
nal antibody to murine TNF prevented the effects of the
synthetic TNF and demonstrates the recognition of the
TNF by the antibody in vivo; d) the variability of TNF on
eicosanoid synthesis indicates that some cells are more
sensitive than others to the effects of TNF in inflamma-
tory mediator release.

That TNF induces hypotension, metabolic derange-
ments and death similar to that which occurs with endo-
toxemia/sepsis is consistent with results reported by
others.2*?" This study supports the previous in vitro find-
ings that show that TNF stimulates eicosanoid synthesis
and release?®?® and suggests a major role TNF has in
inflammatory mediator release. Most in vitro studies
have determined prostaglandin E, (PGE,) concentra-
tions and have not reported TNF effects on the synthesis
of other arachidonic acid metabolites. The rationale for
determining other eicosanoids was that vascular endothe-
lial cells (prostacyclin) and platelets (thromboxane), in
addition to macrophages (PGE,), are rich sources of
these mediators and might indicate a generalized inflam-
matory response in vivo rather than a limited one.

It is well known that the eicosanoids participate in the
inflammatory response of sepsis/endotoxemia.’’ If TNF
occupies a central role in the pathophysiology of sepsis,
then it could enhance eicosanoid synthesis and release as

demonstrated in this study. The reasons that TNF had
greater effects on PGE and PGF synthesis when com-
pared with TXB, synthesis are speculative, but suggest
vascular endothelial cells and macrophages in this model
may be more sensitive to TNF than the rat platelet.
Feuerstein et al. demonstrated little change in rat platelet
counts after TNFa injection.!

The decision to administer the nonsteroidal anti-
inflammatory drug (NSAID) ibuprofen, was based
on observations reported by Michie et al.,® Kettlebut et
al.,>? Talmadge et al.,>* Evans et al.,* and Carey et al.>
These investigators demonstrated beneficial aspects of
NSAIDS therapy related to TNF actions. Michie et al.
showed the NSAIDS attenuated the constitutional and
other systemic effects in human endotoxemia. Kettlebut
reported improved survival in TNF-induced mortality
similar to the present study. Evans and Talmadge dem-
onstrated beneficial effects of ibuprofen on other effects
of TNF. That ibuprofen attenuated the respiratory burst
from neutrophils and decreased TNF levels in a pig
model of bacteremia was shown by Carey, et al. In addi-
tion to these studies, a large body of evidence that sup-
ports the efficacy of NSAID in endotoxemia/sepsis ex-
ists.3>-3 The above findings suggest that the eicosanoids
are likely to be a major effector of TNF in vivo and that
nonsteroidal anti-inflammatory drugs will be useful in
the therapy of disease states in which TNF has a putative
role.

TNF has been heralded as the cardinal mediator of
sepsis/endotoxemia. A review of pertinent literature on
the possible mechanisms by which it exerts its effects is
relevant.’> TNF alters procoagulant activity,* induces
expressions of specific antigens on endothelial cells,*' in-
creases the expression of intracellular adhesive mole-
cules,” induces synthesis of platelet-activating factor,*
and induces superoxide anion(O,-) generation.*> These
findings indicate that TNF has a multitude of effects on
the cell, including our findings of effects on eicosanoid
synthesis. The complexity of these scientific inquires and
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interrelationships are uncertain at the present time and
remain a challenge for further investigation.

That a cyclooxygenase inhibitor would have such dra-
matic effect on survival in this severe model was unex-
pected. The dose of cyclooxygenase inhibitor used was
determined from studies in which this dose inhibited ei-
cosanoid synthesis from endotoxin injection. The dose
of TNF used was selected from the dose-response curve
presented in the results. The TNF used was synthetic
TNF, which contains the highly conserved amino
acids''*!3 that are common to rabbit, rat, and human
TNF. A rabbit raised murine monoclonal antibody to
TNF was administered to ensure the antibody recog-
nized the TNF and prevented the effects of the synthetic
TNF. Others have questioned the benefit of cyclooxy-
genase inhibition on survival** in TNF-induced mor-
tality. There are several studies that report that pas-
sive immunization with monoclonal antibody will im-
prove survival in systemic sepsis.”!3!432 In addi-
tion, cyclooxygenase inhibition in studies related to TNF
effects/plasma values TNF produce variable results
depending on the models used and species se-
leCted. 18,20,23,29,33,34

This study and others support the notion that TNF
stimulates the synthesis/release of the cyclooxygenase
end products. Further, the effects of cyclooxygenase inhi-
bition on TNF-induced mortality indicate there may be
a close relationship between TNF effects and the cy-
clooxygenase products. These findings are consistent
with the effects of cyclooxygenase inhibitors on eicosan-
oid release and mortality in endotoxemia/sepsis. Addi-
tional studies are needed to determine the significance of
these observations.
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Discussion

DRrR. EDWARD M. COPELAND, III (Gainesville, Florida): In
your study, the majority of animals died in the initial 2 hours
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after the administration of TNF, yet the measured maximal
effects of TNF occurred at the four-hour time point or later.
Why were not death and the maximal effects of TNF more
closely correlated? TNF induces arachidonic acid which is me-
tabolized to eicosanoids via the cyclooxygenase pathway as you
told us. You chose to block this pathway with ibuprofen. Has
selective blockade been done to dissect out the relative impor-
tance of the various end products of the cyclooxygenase path-
way, in other words, thromboxane, prostaglandins, and prosta-
cyclin? The other pathway for the metabolism of arachidonic
acid is via the 5-lipoxygenase pathway, which leads to the pro-
duction of leukotrienes. Can you block this pathway, and if so,
speculate on the results as related to your experiments. TNF
directly induces the gene for nitric oxide synthase resulting in
nitric oxide production, which likely was responsible for the
hypotension in your model. What role would nitric oxide syn-
thase inhibitors have in this model? Finally, have you used
ibuprofen in a more relevant model of sepsis such as cecal
ligation and puncture or endotoxemia to see if eicosanoids can
be blocked and the outcome improved?

DR. ALDEN H. HARKEN (Denver, Colorado): A number of
mediators like endotoxin, Dr. Fletcher has now indicated that
TNF can also do it, many of the neuroendocrine hormones like
norepinephrine, epinephrine, adenosine can activate a receptor
right here. Schema reperfusion can also do it. Multiple separate
second messengers can then activate the phospholipases. The
endothelial cell membrane is made up of phospholipids, there-
fore when you activate a phospholipase, that is a big problem.
The phospholipase A2s act on the second position in the glyc-
erol backbone with a bunch of fatty acids hanging off it. When
the fatty acid is a 20-carbon fatty acid, it then comes down as
arachidonate and is metabolized by cycloxoygenase into eico-
sanoids. That is part of the problem. The other problem is that
lysolipids are an obligate byproduct of this reaction and these
lysolipids when acted on by in situ acetyltransferase produce
platelet-activating factor from endothelial cells. There is both a
calcium-dependent and calcium-independent stimulator of ni-
tric oxide development from NO synthase, but how can block-
ade of arachidonate into eicosanoids by cyclooxygenase at this
point feed back on a PLA2 system that may well then promote
PAF elaboration? We are looking at multiple different opportu-
nities for TNF activation of a cell surface receptor to play
through intracellular calcium then onto NO synthase activat-
ing PLA2, either relating through eicosanoids or PAF to pro-
duce the septic MOF kind of picture. What is the mechanism?
Why do the eicosanoids impact either directly on foreign ele-
ments in the blood to produce ectopic organ injury, or do they
relate to the production of PAF nitric oxide themselves in pro-
ducing this syndrome?

DR. J. RAYMOND FLETCHER (Closing Discussion): This is a
complex area. Our work has been in the eicosanoids for a long
period, and our work in the past S years has been trying to look
at the relationship of platelet-activating factor, tumor necrosis
factor, and the eicosanoids. Therefore it is not easy to explain
the observations. We hope that will come down the pike. If
death occurred early and the maximum effects of TNF were at
4 hours, why couldn’t we see a more closely related effect?
Interestingly enough, in those animals that died early, it ap-



