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Our understanding of the mechanisms of initiation 
and propagation of local and systemic inflammatory 
processes is clearly imperfect if one uses the 
available therapeutic modalities as a yardstick. While 
glucocorticoids are potent anti-inflammatory drugs, the 
pharmacologic target of this class of agents has not 
been identified with certainty, and the use of steroids 
is fraught with the risk of considerable and 
potentially dangerous side effects. On the other hand, 
non-steroidal anti-inflammatory drugs (NSAIDS), while 
more specific, are relatively weak anti-inflammatory 
compounds and frequently require the addition of more 
potent agents. Cytotoxic drugs or anti-metabolites 
effectively suppress acute and chronic inflammatory 
reactions, but also predispose to infection and 
initiate the development of neoplasms following 
long-term exposure. The inadequacy and relative 
non-specificity of these approaches underscore the 
deficiencies in our understanding of the principles 
that govern these responses. A better understanding of 
these processes will be applicable to broad categories 
of human disease including autoimmunity, the collagen 
vascular diseases, aberrations in host defense and the 
response to trauma and infection. 

Many of the distal mediators of inflammation, 
leading to direct tissue damage, are well known. These 
include the metabolites of arachidonic acid 
(prostaglandins, thromboxanes, leukotrienes, lipoxins), 
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kinins, histamine, the toxic oxygen radicals and 
platelet activating factor (PAF). However, the 
proximal mediators of inflammation responsible for 
initiation of many of the cascade systems have only 
recently come to light. The proximal limb of the 
inflammatory response includes those autacoids that 
signal the presence of microbial infection. These 
signals in~lude interleukin-1 (IL-1), tumour necrosis 
factor (TNF) and phospholipase A2 (PLA2). It is 
noteworthy that these factors share a multitude of 
biologic activities. Moreover, in assessing the 
contributions of each of these factors to inflammatory 
responses in light of Koch's postulates, it is evident 
that each of these factors fulfills the postulates in a 
compelling manner. While these signals may 
individually be significant co-contributors to the 
propagation of inflammation, this review will attempt 
to construct a unifying framework showing an intimate 
inter-relationship amongst them. The mediators of the 
proximal limb (ie pre-PLA2) and those of the distal 
limb (post-PLA2) will be considered individually and 
the body of evidence that unites them into a single 
common effector pathway will be examined. 

A. PROXIMAL (PRE-PLA2) SIGNALS 

i) Tumour Necrosis Factor 

The existence of TNF was inferred as early as 1893 
(1) with the observation of infection-associated tumour 
necrosis. Over subsequent years, the concept was 
elaborated by demonstration of an endotoxin shed from 
the walls of gram-negative bacteria (2). Rodents 
challenged with bacterial endotoxin had a circulating 
serum factor which, when transferred to tumour-bearing 
recipients, induced the hemorrhagic necrosis of the 
tumours (3). While it became apparent that TNF 
mediated the endotoxin-induced regression of tumours, 
it was only with the work of Cerami 14) and Beutler (5) 
that TNF was identified as the cachexia-inducing factor 
of chronic infection and neoplasia. 

Human TNFa is a small non-glycosylated peptide of 
157 residues with a pI of 5.3 and a single disulphide 
bond bridging residues 67 and 101 (6). The gene 
encoding TNFa was mapped to the short arm of chromosome 
6 near the gene encoding TNFb and in close proximity 
to the MHC (7). While tne major source of TNFa 
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(cachectin) in man is the activated 
monocyte/macrophage, messenger transcript for TNFa has 
been identified in natural cytotoxic cells, NK cells 
and bone-marrow derived mast cells (8). 

End~toxin is the single most potent signal for TNF 
transcripti~n and translation. TNF mRNA levels may 
increase by 100-fold or more in response to LPS (9) 
and extracellular secretion of the mature peptide may 
increase by several thousan9 fold (10). TNF levels are 
further augmented by IFN- ''"( and by GH-CSF (9), although 
neither is sufficient to initiate TNF secretion in the 
absence of endotoxin. 

Anti-inflammatory glucocorticoids down-regulate 
gene expression of TNF both pre- and post-transcription 
(10). It may be this effect of steroids which 
represents one of the major loci of anti-inflammatory 
activity. However, the early administration of 
steroids is required in order to achieve significant 
blockade. Since peak mRNA levels are attained as early 
as 30 min. after endotoxin administration, delay of as 
little as 20 min. post-LPS results in loss of 
inhibitory effect (11). 

The extent to which TNF is the intermediary signal 
for the manifestations of endotoxemia is reflected by 
the virtually complete absence of toxicity of endotoxin 
in C3H/HeJ mice (12). Due to a single autosomal 
mutation at the lpsd allele on chromosome IV, C3H/HeJ 
mice are unable to secrete TNF in response to 
endotoxemia, suggesting that TNF (and not LPS) is the 
injurious agent. However, the administration of 
exogenous TNF will reproduce many of the manifestations 
of endotoxemia. Intravenous infusion of TNF induces 
hypotension, generalized increased vascular 
permeability with resultant hemoconcentration, acute 
lung injury, acut~ tubular necrosis, 
hypertriglyceridemia and intestinal necrosis (reviewed 
in 13, 14). In phase I clinical trials of recombinant 
human TNF in patients with metastatic cancer (15), the 
commonly encountered adverse effects were fever, 
chills, non-specific constitutional symptoms and in 
10% of patients, acute respiratory insufficiency. 

Healthy human volunteers challenged with E. coli 
endotoxin 0127:B8 consistently developed constitutional 
symptoms as well as circulatory instability which 
qualitatively resembled the hemodynamic changes 
characteristic of septic shock (16). TNF levels rose 
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8-fold above controls, with peak levels at 90 - 120 
min. post-endotoxin and a return to baseline levels by 
4 hrs. (17). Ibuprofen abrogated the fever, 
tachycardia and release of stress hormones after 
endotoxin, suggesting involvement of the 
cyclo-oxygenase pathway. The half-life of TNF in 
rabbits is 6 - 7 min. and in man is 14 - 18 min. (18, 
15). Its clearance from the circulation is regulated 
by receptor-mediated endocytosis. 

The hemodynamic and counter-regulatory responses 
evoked by endotoxin are abolished in animals passively 
immunized against TNF. Mice pretreated with polyclonal 
anti-TNF antibodies were protected against lethal doses 
of LPS (19). Similarly, passive immunization of 
baboons with murine monoclonal anti-TNF protected 
against endotoxin-induced shock and mUlti-system organ 
failure (20). 

ii) Interleukin-1 

Like TNF, IL-1 administration appears to reproduce 
many of the manifestations of endotoxemia (21). 
However, the role of IL-1 in the propagation of 
endotoxin-induced homeostatic changes is unclear. 
IL-1a and IL-1b are structurally related proteins of 
Mr 17500. The genes encoding IL-1 are found on 
chromosome 2. IL-1b is the predominant form in human 
monocytes (22). Unlike TNF, the exon encoding mature 
IL-1 is not preceded by a propeptide signal sequence 
for extracellular export (21). Hence, most newly 
synthesized IL-1 remains cell-associated (23). While 
endotoxin is a potent signal for IL-1 synthesis (24) as 
it is for TNF, serum levels of IL-1 do not measurably 
increase in man following experimental endotoxin 
challenge (17), although the presence of circulating 
IL-1 has been correlated with a fatal outcome in 
meningococcemia (25). 

IL-1 derives from a wide spectrum of cellular 
sources. These include mononuclear phagocytes, 
lymphocytes of both T and B lineages, vascular smooth 
muscle and endothelial cells and fibroblast-like cells 
(21). In addition to LPS, IL-1 synthesis may be 
induced by TNF, GM-CSF, IFN-l! and C5a (26,27). 
Glucocorticoids block both the transcription of IL-1 
mRNA and post-transcriptional IL-1 synthesis via cAMP 
(28). 
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The parenteral administration of IL-1 in 
experimental animals results in hypotension (26,29), 
fever (30), endothelial cell-leukocyte adhesion (31) 
with the resultant sequestration of circulating 
leukocytes in the pulmonary vascular bed and acute lung 
injury (32). While IL-1 is clearly not as injurious as 
TNF, coadministration of the two cytokines results in a 
marked synergism of effects (26, 32). Indeed, when 
sub-threshold amounts of IL-1 or TNF were infused in 
rabbits, no hemodynamic changes were observed (32). 
The combination of the two agents led to profound 
shock. Everaerdt et al (33) have suggested that 
endogenous IL-1 may act as a prlmlng or sensitizing 
agent to the actions of TNF. Therefore, in a clinical 
setting, low grade endotoxemia or bacteremia may be 
sufficient to cause the synthesis of a sensitizing (but 
sub-clinical) amount of IL-1, which if followed by a 
second bout of endotoxemia, will cause the release of 
circulating TNF in an appropriately primed individual, 
leading to the usual manifestations of septic shock. 

B. DISTAL (POST-PLA2) SIGNALS 

i) Platelet Activating Factor 

Platelet activating factor or PAF-acether is a 
phospholipid-derived terminal mediator of inflammation. 
The precursor of PAF-acether, 
alkyllysoglycerophosphocholine (alkyllyso-GPC) is 
formed by deacylation of the parent compound, 
1-alkyl-2-acyl-GPC, by phospholipase A2, with 
subsequent acetylation by acetyltransferase. In 
fact, the simultaneous formation of PAF-acether and 
arachidonate metabolites is linked through the common 
intermediate, 1-alkyl-2-arachidonoyl-sn-GPC (34). This 
arachidonyl- -containing intermediate may be an 
obligatory precursor of PAF-acether in platelets and 
stimulated polymorphonuclear leukocytes (35). An 
alternative pathway of PAF-acether biosynthesis 
involvea COP-choline and 1-0-alkyl-2-acetyl-sn
glycerol as precursors (36). 

While many cell types are capable of synthesizing 
and releasing PAF-acether, the principle contributors 
in shock are still undefined (37). It is produced by 
both polymorphonuclear and mononuclear phagocytes, mast 
cells, basophils, eosinophils, platelets, endothelial 
cells and even gram-negative bacteria (38). As with 
TNF and IL-1, endotoxin has proven to be a major 
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stimulus for PAF generation (39). Rats challenged with 
Salmonella enteritidis endotoxin responded with a rise 
in serum PAF levels of greater than 100-fold over a 10 
min. period (39). Other stimuli include IgE-binding 
antigens, anti-IgE, calcium ionophores, aggregated IgG, 
C5a and C5a-des-Arg, fMLP, intact bacteria, opsonized 
zymosan and immune complexes (reviewed by Braquet and 
Rola~Pleszczynski [37]). Some of the important 
biologic effects of TNF, such as hypotension and 
ischemic bowel necrosis, are reversed by PAF 
antagonists (40), suggesting that PAF may be a terminal 
mediator of many TNF-induced events. 

Infusion of PAF in canine gastric, mesenteric and 
femoral arteries caused local vasodilatation with an 
accompanying fall in vascular resistance (41). 
Similarly, the topical application of PAF on rat 
mesentery resulted in local hyperemia (42). This 
effect was reversed by the PAF antagonists, BN 52021 
and WEB 2086. Intravenous infusion of PAF in rats, 
rabbits, dogs and guinea pigs has produced 
fundamentally similar results (39). Typically, these 
animals displayed profound systemic hypotension, 
increased vascular permeability, hemoconcentration, 
thrombocytopenia, leukopenia, myocardial depression, 
bowel necrosis and metabolic derangements. These 
changes are attenuated or abolished by pretreatment of 
animals with PAF antagonists. Similarly, the 
pathophysiologic changes of endotoxemia are also 
reversed by pretreatment with PAF antagonists (39, 43, 
44) . 

ii) Eicosanoids 

A summary of the numerous studi~s documenting 
changes in arachidonic acid metabolism during the 
course of sepsis is beyond the scope of this chapter. 
The extensive literature on the generation of 
eicosanoids during the course of experimental 
endotoxemia and clinical septic shock has been 
summarized in several comprehensive reviews (45 - 49) 
to which the interested reader is referred. 

C. PHOSPHOLIPASE A2 

PLA2 occurs 
enzyme and as 

in man as both a soluble, secretory 
a membrane-associated non-secretory 
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enzyme. The inter-relationship between these two 
compartments and the extent to which a dynamic 
equilibrium may exist (50, 51) are currently unknown. 
Neither has the physiologic function of either PLA2 
been satisfactorily defined. In fact, there is an 
ongoing debate as to which of these PLA2s may be the 
more relevant to pathologic processes. However, the 
weight of current evidence would suggest that secretory 
PL~2 best correlates with local and systemic 
infla~matory responses and reproduces the 
eharaci~~~stic facets of these responses. 

Human inflammatory (or non-pancreatic) PLA2 is a 
basic, calcium-requiring peptide of 124 amino acids and 
MW 13939 (52). It contains 7 intra-chain disulphide 
bonds in an extremely stable tertiary structure. A 20 
residue signal sequence encoding for membrane 
translocation has been identified upstream from the 
mature coding sequence (53). Multiple forms of this 
enzyme are distinguishable on the basis of altered 
activities in the presence of detergents or Tris buffer 
(54). The secretory enzymes from synovial fluid, 
platelets and placenta are all identical (55, 56). 
Secretory PLA2 has been cloned and the recombinant cDNA 
clone has been expressed in two different systems, 
namely CV-1 cells infected with recombinant vaccinia 
virus and in Chinese hamster ovary cells (53). 

Secretory non-pancreatic PLA2 derives from 
osteoblasts (57), 'chondrocytes (58), synoviocytes (59), 
mesangial cells (60), platelets (55), polymorphonuclear 
leukocytes (61) and macrophages (62). Northern 
blotting has identified mRNA transcript of PLA2 in 
inflamed synovial tissue and peritoneal cells in 
bacterial peritonitis (53), and in human tonsil, 
placenta, kidney and rheumatoid synovial fluid cells 
(55). Extracellular PLA2 secretion has been described 
for endotoxin as-~werf-as the products of gram-positive 
bacteria (63), viruses (64), zymosan (65), fMLP (61) 
and concanavalin A (62). The cytokines IL-l and TNF 
both induce the synthesis and secretion of PLA2 (57 -
60); the combination of the two agents is strongly 
synergistic (57, 60). While glucocorticoids protect 
against endotoxin-induced PLA2 release in vivo (66), 
they have not proven to be inhibitory under defined 
conditions in vitro (57). 

Exogenous PLA2 is vasoactive locally (67) 
subsequent to intradermal injection and systemically 
subsequent to intravenous injection in cats, dogs, rats 
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and rabbits (66). Concomitant with the profound and 
sustained fall in mean arterial pressure is a rise in 
pulmonary vascular resistance (68). Intratracheal 
instillation of venom PLA2 induced acute lung injury 
(69). Using an LD30 dose of Naja naja PLA2, Edelson et 
al noted the development of an acute inflammatory 
infiltrate with increased pulmonary vascular 
permeability and formation of hyaline membranes, 
leading to impaired gas exchange (70). The acute lung 
injury was followed by fibrotic changes characteristic 
of resolving ARDS. Injection of human synovial fluid 
PLA2 in joints induced an acute synovitis (71) while 
injection in mouse foot pads caused marked edema which 
was attenuated by pBPB and aristolochic acid (72, 73). 
The early vascular permeability has been attributed to 
mast cell degranulation with release of serotonin and 
formation of PAF (74). 

A large number of clinical conditions has been 
surveyed (75) but the release of non-pancreatic PLA2 
appears to be most marked in septic shock, with over 
lOO-fold increases documented (63). Serum levels Of 
circulating PLA2 correlate with the severity and 
duration of circulatory collapse in endotoxin shock in 
rabbits (66) and in septic shock in man (63). During 
the acute hypotensive phase of sepsis, serum PLA2 
levels were highest in patients with ARDS (76) as were 
PLA2 levels in bronchoalveolar lavage fluid (77). 

The mode of endogenous regulation of serum PLA2 
levels is undefined, although plasma proteins 
non-specifically modulate its activity (78, 79). There 
is a temporal relationship between changes in serum 
cortisol and PLA2 in survivors (but not non-survivors) 
of sepsis (80). However, administration of large doses 
of glucocorticoids during sepsis does not alter the 
rate of production or clearance of PLA2 (81). Thus, 
the association of PLA2 and cortisol may be 
epiphenomenal rather than causal. 

D. INDUCTION OF PLA2 BY CYTOKINES 

Exposure of target cells to ~"L-l and TNF results 
in the formation of metabolites of arachidonic acid, 
principally PGE2 (58), as well as release of 
plasminogen activator and neutral proteinases (59). 
Chang et al (58) described IL-l induced activation of 
cell-associated PLA2 in rabbit articular chondrocytes 
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as well as enhanced extracellular release. PLA2 
.activation was specific for IL-.1; no response was seen 
with tL-2, IL-3 or TNF (82). Enhanced extracellular 
PLA2 secretion was evident by 6 hrs after stimulation. 
A similar response was observed with human synovial 
fibroblasts (59), with resultant extracellular PGE2, 
PLA2 and plasminogen activator secretion over 48 hrs. 
These results were extended by Pfeilschifter et al (60) 
who found that .IL-1 and TNF interacted synergistically 
.t:_Q ___ .in<tuce PLA2 secretion from rat renal mesangial 
cells. Stimulated PLA2 release was blocked by 
actinomycin D and cycloheximide. Rat fetal calvarial 
osteoblasts in primary culture also constitutively 
secrete PLA2. Recombinant human IL-1 and TNF 
synergistically enhanced PLA2 secretion following a 
short pulse exposure (57). The cytokine effect was 
blocked by inhibitors of protein synthesis but not by 
dexamethasone. The extracellular PLA2 secreted by each 
of chondrocytes, fibroblasts, renal mesangial cells and 
osteoblasts was neutral active and calcium-dependent, 
as is the human non-pancreatic pro-inflammatory PLA2 
( 83) . . 

Clearly, cytokines induce the synthesis and 
extracellular secretion of PLA2 from a variety of cell 
types in vitro. A number of stUdies suggest that PLA2 
secretion is a cytokine-mediated event in vivo. New 
Zealand white rabbits injected with E. coli endotoxin 
0127:B8 manifested a rise in serum TNF levels within 15 
min of LPS injection (18). Peak serum TNF levels were 
seen at approximately 2 hrs after LPS injection with a 
return to baseline levels by 5 hrs. In an earlier 
study, also using E. coli endotoxin 0127:B8 in New 
Zealand white rabbits, increased levels of PLA2 were 
detected in serum by 30 - 60 min. post-LPS with ongoing 
increase during the 5 hr observation period (66) as 
shown in Figure 1. The e~u::ly appearance and rapid 
~learance of .TNF followed by increasing PLA2 levels is 
consistent with the in vitro observations. Identical 
results have been obtained in human volunteers injected 
with 4 ng. of E. coli endotoxin (17). TNF levels were 
highest at 90 min. after LPS challenge and remained 
elevated for 180 min. The same sera were assayed for 
PLA2 activity (84). PLA2 levels increased above 
baseline by 60 90 min. post-LPS, and were still 
increasing at the end of the 5 hr. sampling period~ 
The changes seen in the human volunteers were identical 
to those seen in rabbits challenged with endotoxin. 
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E. SUMMARY 

Several candidates have been proposed in the 
literature as plausible mediators of septic shock. 
There are compelling data implicating each of these 
agents as contributing to the shock syndrome. 
Certainly, the entity of septic shock is a complex 
syndrome in which many host defense, counter-regulatory 
and other homeostatic mechanisms come into play. It 
is, therefore, not unreasonable to suggest that each of 
TNF, IL-l, PLA2 and PAF (inter alia) play a 
contributory role. However, one may invoke the 
principle of parsimony and suggest that each of these 
signals is mechanistically linked through a common 
effector pathway. Indeed, it is evident from this 
review that endotoxin induces the rapid synthesis and 
secretion of TNF in both animal models and in man. .TNF 
in turn induces the synthesis and intravascular 
secretion of PLA2 from the appropriate target cells. 
The products of PLA2 hydrolysis, namely arachidonic 
acid and lysoPAF serve as the immediate precursors of 
the distal effector pathway of endotoxin. Arachidonic 
acid is further metabolized to generate prostaglandins 
and leukotrienes while lysoPAF is acetylated by 
acetyl transferase to form PAF. This pathway is 
summarized in Figure 2. Pruzanski (83) has proposed a 
functional/anatomic staging system for this effector 
pathway, which allows for correlation with clinical 
manifestations and outcome of specific therapeutic 
interventions. 

With a detailed understanding of the pathway leading 
ultimately to the manifestations of shock, it should be 
possible to devise effective therapeutic strategies. 
Clearly, if one can anticipate the occurence of 
endotoxemia or bacteremia, the neutralization of 
circulating endotoxin by passive immunization with 
antiserum to LPS should be efficacious, and indeed, in 
selected settings this has proven to be the case (85). 
Since the LPS signal is transduced by TNF, the use of 
anti-TNF antiserum (or Fab' fragments) should be 
equally efficacious, and is, in the experimental 
setting (19, 20). However, it is usually impossible to 
make a diagnosis of septicemia until the clinical 
manifestations of septicemia are evident, and in these 
patients, both endotoxemia and release and clearance of 
TNF have already occurred. Therefore, the next pivotal 
point of intervention is directed against the 
circulating PLA2, prior to generation of its bioactive 
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products. Since secretion of PLA2 is a relatively late 
event coincident with clinical deterioration, it may be 
in the development of suitable pharmacologic or 
biologic inhibitors of PLA2 that the dividends will be 
found. 
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