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INTRODUCTION 

Shock is commonly defined as acute circulatory collapse due to dramatic 
decrease in blood volume, failure of cardiac or vascular circulation or of 
neurogenic control of the circulation. In essence, shock is inadequate tissue 
perfusion that impairs normal organ functions. As such, shock may be 
reversible (i.e. correction of the impaired organ perfusion leads to restoration 
of organ functions) or nonreversible (where noncorrectable damage was 
already produced during the low blood flow state). Irreversible shock leads to 
organ death and, if essential organs are involved, to death of the animal. 

This review compiles the available evidence on the potential role of several 
vasoactive lipids in the pathophysiology of shock and provides an analysis of 
the potential interactions of these vasoactive lipids during various shock 
paradigms. We emphasize the role of the more recently discovered vasoactive 
lipids, leukotrienes (LTs), and platelet-activating factor (PAF) in shock and 
trauma and refer briefly to prostaglandins (PGs) and thromboxane A2 (TXA2), 
which have been extensively studied and reviewed in the past decade (1, 2). 

'The US Government has the right to retain a nonexclusive, royalty-free license in and to any 
copyright covering this paper. 
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302 FEUERSTEIN & HALLENBECK 

PROSTAGLANDIN (PG) E2• D2• F2a AND PGh IN 
SHOCK 

Numerous studies conducted in a variety of shock models show that circulat­
ing levels of the classical prostaglandins (e.g. PGE2, PGF2",) are elevated in 
several shock states (1-3). Although bioassy techniques were used for much 
of the original work, confirmation has largely been obtained using radioim­
munoassay procedures (1). Recent studies also demonstrate high levels of 
6-keto-PGFla (a stable metabolite of PGI2; Figure 1) in the circulation of 
animals subjected to various shock situations, including endotoxic (1, 4, 5), 
hemorrhagic (6), mycotoxic (7), and traumatic (8). Elevated levels of 6-keto­
PGFla also occur in patients with septic shock (9). However, the significance 
of PG production in the various shock models is still unknown. 

The recuperation of hemodynamic, endocrine, and metabolic functions was 
enhanced in endotoxic, traumatic, or hemorrhagic shock in which PGEs or 
PGI2 was administered before or after the shock (1, 10-13). Furthermore, 
survival of dogs treated with PGD2 during endotoxemia (14) was increased, 
as was survival of rats exposed to hemorrhage and treated with PGIz (12) or 
16, 16-dimethyl PGE! (10). However, the protective capacity of the vasodila­
tor PGs (pGEs, PGIz) across species and shock paradigms is controversial 
(1). 

While selected prostanoids (primarily PGEs, P0I2) are beneficial in several 
shock models, inhibition of eicosanoid production also provides protection in 

Figure 1 The cascade of arachidonate metabolism. Abbreviations: COG, cyclooxygenase 

pathway; LG, 5-lipoxygenase pathway; PLA2, phospholipase A2; PL, phospholipids. 
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VASOACTIVE LIPIDS AND SHOCK 303 

various shock models. This phenomenon was first described by Northover & 
Subramanian. These investigators used acetyl-salicylic acid in endotoxic 
shock (15), and this inhibition was confirmed with several other nonsteroidal 
antiinf lammatory drugs (N SAID) (1, 2). However, the beneficia l  effects of 
drugs that inhibit prostanoid synthesis occur primarily in endotoxic shock; in 
hemorrhagic shock, limited information indicates that inhibition of eicosanoid 
production exacerbates the hemodynamic derangements and decreases the 
incidence of survival from acute hypovolemic hypotension (6, 16, 17). 
Furthermore, some investigators have raised doubts about the detrimental role 
of eicosanoids even in endotoxic shock. Effective b lockade of eicosanoid 
production by B W  755c (a dual lipoxygenase and cyclooxygenase inhibitor) 
in endotoxemia fai led to improve survival or reduce detrimental outcomes of 
the endotoxin (5). Thus, a lthough earlier views favored a pathologica l role for 
prostanoids in endotoxemia and the use of drugs that inhibit PG synthesis to 
improve surviva l in such syndromes (2), it is still unclea r whether the 
beneficial  actions demonstrated by NSAID are actually due to inhibition of 
eicosanoid production or, instead, to other pharmacologic properties of such 
agents. 

THROMBOXANE A2 IN SHOCK AND TRAUMA 

Thromboxane A2 (TXA2) is one of the most potent arachidonic acid (AA) 
metabolites. It is produced by the cyc looxygenase and TXArsynthetase 
enzyme complexes (Figure 1). TXA2 has an extreme ly short half-life (�30 

sec) under normal bio logica l conditions (pH = 7.4; 37°C); therefore, TXB2, a 
stab le and virtual ly nonactive metabolite of TXA2 (Figure 1), is used to 
monitor levels of TXA2. Several lines of evidence support a role for TXA2 as 
a mediator of shock. Elevated p lasma and lymph levels of TXB2 are con­
sistently found in a variety of experimental shock models, such as endotox­
emic (18), traumatic (19), or hemorrhagic (6). Moreover, increased plasma 
levels of TXB2 in humans suffering f rom severe septic shock were a lso 
reported (20). 

Two major pathophysio logical processes can be attributed to TXA2• First, 
TXA2 is a potent vasoconstrictor of small and large b lood vessels; second, 
TXA2 is an extremely potent p late let-aggregating factor. These effects have 
been demonstrated across al l species (for review see 21). These two primary 
actions of TXA2 are believed to act together to interfere with organ b lood flow 
and promote ischemia in several shock states. Excessive TXA2 production is 
considered to play a primary role in massive pu lmonary thrombosis fol lowing 
AA or hetero logous b lood administ ration in, va rious species (21, 22). 

The role of TXA2 and its endoperoxide precursor (PGH2; Figure 1) in the 
pathophysiology of various shock states is also suggested by experiments 
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demonstrating the therapeutic value of TXA2 antagonists or synthesis in­
hibitors in such situations. Thus, the TXA2 receptor antagonist EP 092 blocks 
the development of pulmonary hypertension in endotoxemia (23), and struc­
turally different TXA2 antagonists such as pinane-TXA2 have a similar pro­
tective effect (24). However, all the TXA2 antagonists are also PGH2 an­
tagonists. Therefore, it is not yet possible to evaluate the relative roles of 
PGH2 and TXA2 in shock. Furthermore, TXA2 synthesis inhibitors have 
therapeutic efficacy in several shock and trauma models. UK 37248 and other 
TXAz-synthetase inhibitors are effective in rat endotoxic shock (25, 26) and 
arachidonate-induced sudden death in rabbits (27), and U 63,557 A has a 
protective effect in rat trauma (19). However, TXA2 inhibition fails to modify 
the outcome of gram-negative septic -shock (28). 

Interestingly, TXA2 synthesis inhibitors might not act only by inhibiting 
TXA2 synthesis. They might also increase the availability of endoperoxides 
for the PGI2 synthetase pathway by producing more PGI2 (29). 

LEUKOTRIENES IN SHOCK AND TRAUMA 

Production of leukotrienes (LTs; Figure 1) in acute anaphylaxis is considered 
to play a major role in the cardiorespiratory derangements that lead to shock 
and death (30-33). The role of LTs in other forms of shock tiuch as sepsis, 
trauma, or hemorrhage is still unclear, primarily owing to difficulties in 
assaying leukotrienes in biological tissues and fluids. Some recent evidence 
supports the generation of L Ts in nonimmune pathophysiological processes 
(e.g. bums, trauma) by following the levels of LTs in the bile. Large 
increments of L TE4 and N -acety 1-L TE4 (Figure 1) are found in tl)e plasma and 
bile of rats exposed to various traumatic injuries such as bums, bone fracture, 
abdominal surgery (34), and endotoxemia (35). This new evidence confirms 
earlier suggestions that were based on increases in 5-HETE derivative of 
5-HPETE (Figure 1) in the lymph during endotoxemia (36) and the enhanced 
release of L TC4 from mouse peritoneal macrophages exposed to endotoxin in 
vitro (37). 

Although LTs have been argued to be rapidly cleared from the blood, 
metabolized by the liver, and excreted in the bile as nonactive metabolites, 
recent experiments indicate LTs have an enterohepatic cycle (38). In species 
where N-acetyl-LTE4 is the major LT metabolite to reenter the circulation 
from the gut, little biological action can be anticipated since N-acetyl-LTE4, 
is less than 1 % as effective as L TE4 (39). However, in species where L TE4 is 
the major metabolite to reenter the circulation (e.g. the cynomolgus monkey) 
substantial potentiation and prolongation of the LT effects can be anticipated, 
since LTE4 duplicates many of the biological activities of LTC4/LTD4 (40). 

Numerous articles have described the effects of LTs on the various com-
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ponents of the cardiorespiratory system, blood vessels, and the microcircula­
tion (31-34). The key pathophysiological consequences include: (a) reduction 
in cardiac output; (b) constriction of blood vessels and reduction in organ 
blood flow (31, 32) [exceptions to (b) are the rabbit cerebral arterioles (41), 

the canine renal and mesenteric arteries in vitro (42), and the differential 
vascular responses to L Ts that may occur in various segments of blood vessels 
(43)]; (c) bronchoconstriction, reduced lung compliance, and increases in 
pulmonary vascular resistance (31, 32); (d) increases in postcapillary venular 
penneability and venoconstriction that lead to pronounced plasma extravasa­
tion and reduction in blood volume (31, 32, 44); and (e) aggregation and 
activation of platelets and white blood cells contributing to circulatory shock. 
Fonnation of microthrombi in the lung and release of multiple secondary 

mediators from activated white blood cells and macrophages such as TXA2, 
PGs , kinins, oxygen radicals, and histamine amplify and confound the direct 
effects of the LTs. The multiple sites of LT actions on the cardiovascular 
system and the summation of these effects to produce shock are summarized 
in Figure 2. 

A third line of evidence that supports the role of LTs in the pathophysiolog­
ical events of shock and trauma is derived from experiments utilizing LT 
antagonists in treatment of various shock states. Two LT antagonists have 
been evaluated so far: (a) FPL-55712, a short-acting LTC41D4 antagonist, 
protects mice from lethal endotoxemia (45) and (b) LY 171,883, a longer and 
more potent L TD4/E4 antagonist, also provides some protection against en­
dotoxemia (46) and traumatic shock (47) in rats. Furthennore, several in­
hibitors of the lipoxygenase pathway of arachidonate metabolism (e.g. CGS-
539IB, U-60,257, diethylcarbamazine, propylgallate) have protective effects 
in traumatic and endotoxic shock (21). However, these data must be in­
terpreted with caution, since none of the available lipoxygenase inhibitors is 
highly specific for the 5-lipoxygenase enzyme complex; at high con­
centrations these compounds also inhibit the cyclooxygenase pathway (48). 
Interestingly, the tripeptide thyrotropin-releasing honnone (TRH) also re­
verses the hypotension produced by LTD4 in several species through a central 
mechanism of action (49). More potent and specific LT antagonists and 
synthesis inhibitors with clearly delineated actions are necessary to further 
elucidate the role of LTs in selective pathophysiological processes. 

PLATELET-ACTIVATING FACTOR IN SHOCK AND 
TRAUMA 

The tenn platelet-activating factor (PAF) proposed by Benveniste et a1 (50) 
originally defined the most prominent biological activity of a new class of 
phospholipids released from basophils by immune (lgE) stimuli. The chemi-
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cal nature of these phospholipids is 1-0-alkyl-2-acetyl-sn-glycero-3-
phosphorylcholine (51, 52). This novel group of compounds has diverse 
biological action and is released from a variety of cell types, e.g. polymor­
phonuclear and endothelial cells and by immune and non immune stimuli (53, 

54). 
Understanding of the role of PAF in shock states was based on the 

demonstration that administration of PAF to several species (guinea pig, rat, 
rabbit, dog, pig) produced severe hypotension, shock, and death (56-59). In 
fact, PAF is the single most potent agent to cause shock when administered 
systemically (Figure 3). The shock syndrome produced by PAF involves 

REDUCED REDUCED 
VENOUS 1----+---... 1 CARDIAC I.------!--....J 
RETURN �OU�T�PU�TJ-____ {���� 

REDUCED 
ORGAN 

L..... _________ .... _-_-_-_-_:.��II PERFUSION 1------..-
(ISCHEMIA) 

Figure 2 Schematic presentation of the cardiovascular effects of peptide leukotrienes, which 
lead to shock. TPR = total peripheral resistance. See text for detailed discussion of the multiple 
sites of the LT actions on the cardiovascular system. 
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several mechanisms and sites of action: First, pulmonary circulation is 
affected by an increase in pulmonary vascular resistance (PVR) (55, 59) and 
bronchoconstriction, both of which contribute to hypoxemia; the increase in 
PVR contributes to right heart failure (59). Also, the heart is affected by 
reduction in cardiac output due to coronary constriction (59-6 1), reduction in 

myocardial contractility (62--64), and reduced cardiac preload (58). However, 
some controversy exists as to whether PAF directly affects the myocardium 
(65) or whether reduction in O2 leads to a secondary effect stemming from 

coronary vasoconstriction (60). Also, the PAF-induced coronary constriction 
and cardiac failure seem to be mediated, at least in part, by TXA2, since much 
of the cardiac effect of PAF can be blocked by indomethacin (a potent 
inhibitor of prostaglandin synthesis) (60). Third, peripheral circulation is 
affected by vasodilation, which might also contribute to the hypotensive 

effect of PAF; the vasodilation produced by PAF is not mediated by eicosa­
noids (60, 61). Fourth, vascular permeability is altered. PAF increases vascu­
lar permeability and extravasates plasma to the tissue. This action ultimately 

results in contraction of blood and plasma volume, which contributes to the 

reduction in cardiac output (58). Finally, regarding activation of blood cells: 
activation and aggregation of white blood cells and platelets primarily in the 
pUlmonary circulation contributes to elevation of PVR and reduces lung 
perfusion. Moreover, these activated blood cells release secondary mediators 
such as serotonin, TXA2, leukotrienes, prostaglandins, vasoactive peptides, 

and oxygen radicals. These secondary mediators promote cell membrane 

damage, increase vascular permeability, and initiate proinflammatory pro­
cesses. No other vasoactive lipid known to date produces sustained de­

rangements in organ blood flow at doses as low as those shown in Figure 3. 
Although many articles reported that P AF can cause circulatory collapse 

and death in several species, only a few reports documented the presence of 
PAF in organs or in the circulation during shock states. Elevated plasma 
levels of PAF were found in E. coli endotoxemia (66). Also, release of PAF 
from maerophages and spleen lymphocytes was enhanced in rats exposed to 
bacterial peritonitis (67). 

Recent studies using selective and potent P AF antagonists provide addition­
al support for the role of P AF in the pathophysiology of various shock 

syndromes. Such compounds (e.g. kadsurenone, CV 3988, BN 5202 1) have 
recently been described and examined in a variety of immune and nonimmune 
shock models. Kadsurenone reverses the lipopolysaccharide (LPS)-induced 
hypotension (66), whereas CV 3988 increases survival of rats exposed to LPS 
endotoxemia (68). B N  52021 reverses and prevents the effects of Salmonella 
typhimurium endotoxin (69, 70). Kadsurenone also provides additional pro­
tection in acute antigen anaphylaxis (71). 

In summary, P AF can produce hypotension and shock through direct and 
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Figure 3 Comparison of LT and PAF effects on blood pressure and organ blood flow in the conscious rat. Abbreviations: HQ, hindquarters blood flow; R, 
renal blood flow; M, mesenteric blood flow. Time scale of I min is given in the figure. Vasodilator effect of PAF at low doses (0.3 nrnoVkg) in the M is in 

marked contrast to the effect of LTD4; a larger dose of PAF severely reduces HQ, R, and M blood flow in spite of recovery of the systemic blood pressure. 

Therefore, inadequate organ blood flow leads to shock while the systemic hemodynamic induces (e.g. BP) are still within a normal range. 
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indirect (e.g. TXA2 ofLT-mediated) actions on the heart, pulmonary system, 
blood vessels, and the microcirculation. Evidence supporting the role of PAF 
in shock states includes direct biochemical evidence as well as pharmacolog­
ical studies using PAF antagonists. No specific PAF-acether synthesis in­
hibitor has been described to date. 

SUMMARY AND CONCLUSION 

Three major lines of evidence support a role of eicosanoids and PAF in shock. 
Formation of each of the cyclooxygenase metabolites of arachidonate is 
enhanced at some point during the shock; these metabolites include PGE2, 
PGFZa, PGIz, and TXA2• Enhanced formation of 5-HETE and the cysteinyl­

LTs provides evidence for activation of the 5-lipoxygenase pathway of arachi­
donate metabolism, and preliminary biochemical evidence suggests that 
formation of PAF in anaphylactic and endotoxic shock is also enhanced. 
Second, TXA2, cysteinyl-Ieukotrienes, and, to an even greater extent, PAF 
are able to produce shock and death in intact animals. Third, pharmacological 
studies show that selective antagonists or synthesis inhibitors modify the 
course of the shock. 

While any of these lines of evidence may not by itself provide proof for a 
cause-effect relationship, the data taken together strongly suggest that 
vasoactive lipids might be involved in fundamental processes in the 
pathophysiology of shock. However, the role of vasoactive lipids might vary 
in different shock paradigms, change at various time points during the evolu­
tion of the shock, and depend on the species studied. Moreover, while the 
majority of the reports tend to focus on a specific substance, the metabolism 
of all of the eicosanoids mentioned, as well as PAF and probably other 
arachidonate metabolites (e.g. 15-lipoxygenase products such as lipoxins), 
changes during shock states. This fact probably causes most of the dis­
crepancies in studies using specific antagonists or synthesis inhibitors to 
modify the state of shock. Thus, while blockade of one mediator might 
provide some protection, it might not he sufficient to halt or reverse the main 
course of the pathophysiological process. For example, the increase in vascu­
lar permeability, a fundamental phenomenon in trauma, anaphylaxis, or 
endotoxemia, might be mediated by PAF, LTs, PGs, peptides (e.g. kinins, 
substance P, CGRP) and amines (e.g. histamine in some species). Attempting 
to reverse such a complex phenomenon by blocking one specific factor might 
hot be productive unless the specific substance played a key role in generation 
of the other factors. It seems, however, that while interactions between PGs, 
LTs, and PAF do occur (31, 32, 70), none of the shock states are crucially 
dependent on one class of the vasoactive lipids. Therefore, the therapeutic 
strategy should be based on multiple sites of action, eitper by drug com-
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binations or multiple actions of a specific drug. Such therapy will ultimately 
provide better protection in the complex situation of shock and trauma, where 
multiple vasoactive lipids, peptides, and amines act in concert to result 
ultimately in shock. 

Finally, we must remember that none of the synthetic pathways for any of 
the vasoactive lipids (PGs, TXAz, or PAF) can be blocked by a specific 
inhibitor; none of these vasoactive lipids has a highly potent and selective 
antagonist. The available receptor antagonists or synthesis inhibitors possess 
multiple sites of action along the arachidonate cascade or pathways of phos­
pholipid metabolism. They also have various pharmacological actions un­
related to the arachidonate cascade. Until potent and selective antagonists and 
synthesis inhibitors are developed, the interpretation of results obtained by 
less selective compounds may be misleading. 
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