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Refractory hypotension with end-organ hypoperfusion and failure is an ominous feature of shock. Distributive shock is caused by severe infections (septic shock) or severe systemic allergic reactions (anaphylactic shock). In 1986, it was concluded that nitric oxide (NO) is the endothelium-derived relaxing factor that had been discovered 6 years earlier. Since then, NO has been shown to be important for the physiological and pathological control of vascular tone. Nevertheless, although inhibition of NO synthesis restores blood pressure, NO synthase (NOS) inhibition cannot improve outcome, on the contrary. This implies that NO acts as a double-edged sword during septic shock. Consequently, the focus has shifted towards selective inducible NOS (iNOS) inhibitors. The contribution of NO to anaphylactic shock seems to be more straightforward, as NOS inhibition abrogates shock in conscious mice. Surprisingly, however, this shock-inducing NO is not produced by the inducible iNOS, but by the so-called constitutive enzyme endothelial NOS. This review summarizes the contribution of NO to septic and anaphylactic shock. Although NOS inhibition may be promising for the treatment of anaphylactic shock, the failure of a phase III trial indicates that other approaches are required for the successful treatment of septic shock. Amongst these, high hopes are set for selective iNOS inhibitors. But it might also be necessary to shift gears and focus on downstream cardiovascular targets of NO or on other vasodilating phenomena. Kidney International (2007) 72, 557–565; doi:10.1038/sj.ki.5002340; published online 30 May 2007 KEYWORDS: soluble guanylate cyclase (sGC); potassium channels; oxidative stress; sepsis; anaphylaxis
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SHOCK: CAUSES AND EPIDEMIOLOGY



Shock may be defined as the failure of the circulation to provide sufficient blood and oxygen to peripheral organs. Key symptoms of shock are severe hypotension and vasoplegia, ultimately resulting in the dysfunction of one or more vital organs, such as kidney, liver, gut, lung, and brain. Lifethreatening shock may be caused by acute myocardial infarction (cardiogenic shock), severe fluid or blood loss (hypovolemic or hemorrhagic shock), severe infection (septic shock), or severe allergic reaction (anaphylactic shock). The most common type of shock is hemorrhagic shock; in children, elderly, and immunocompromized people, septic shock is the most common. In the first week after diagnosis, refractory hypotension is the leading cause of death; later on, death is generally caused by multiple organ failure as a result of prolonged hypotension and cytotoxicity. The history of clinical trials in septic patients extends back to 1963, when high-dose hydrocortisone was used.1 But despite almost half a century of clinical trials, and more than two decades of extensive research, only two experimental approaches have survived the numerous clinical trials and have reached the septic patient: low-dose corticosteroids and recombinant human activated protein C.1,2 Still, their beneficial effect on survival seems to depend on the severity of the illness and they may be rather harmful in patients with a lower risk of death.2 In addition, recent trials failed to show any significant benefit of recombinant human activated protein C and indicated an increased risk of bleeding, making it unclear whether its alleged beneficial effects in fact outweigh its risks.3 Thus, severe sepsis and septic shock are still associated with an unacceptably high mortality rate of 50–70%. Shortterm mortality from septic shock has decreased in recent years. In one study, for example, mortality fell from 62% in the early 1990s to 56% in 2000.4 Nevertheless, overall mortality is increasing, as the incidence of sepsis is growing by 9% each year.4,5 Consequently, these days more people die annually from septic shock than from myocardial infarction, lung or breast cancer, stroke, or trauma.6 Anaphylaxis can occur in response to any allergen, most commonly insect stings, food, and drugs such as antibiotics, contrast materials, and anesthetics. In general, about 1% of people with an allergic history are prone to anaphylaxis, but some authors consider up to 15% of the US population ‘at risk’.7 Overall, the frequency of anaphylaxis is increasing because of the 557
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soaring incidence of allergies and the increased number of potential allergens to which people are exposed. NITRIC OXIDE: HISTORY AND BACKGROUND



In 1980, Furchgott and Zawadzki8 reported that endothelial cells release a labile factor that causes blood vessel relaxation. In 1986, it was suggested, and subsequently confirmed, that this endothelial-derived relaxing factor is the short-lived, gaseous, highly reactive radical nitric oxide (NO).9–13 NO is produced enzymatically by three different NO synthases (NOS). Neuronal NOS (nNOS) (NOS1) and endothelial NOS (eNOS) (NOS3) are constitutive enzymes important for homeostatic processes, such as neurotransmission and vascular tone, respectively. They produce small amounts of NO in response to increases in intracellular calcium. More recently, the constitutive nature of eNOS has achieved new dimensions, as it became clear that the enzyme’s activity may be regulated, both transcriptionally and post-transcriptionally, with acylation, phosphorylation, subcellular localization, and protein interactions determining its activity.14 The third enzyme, inducible NOS (iNOS) (NOS2), is normally not expressed, but is synthesized de novo in response to inflammation. It is calcium-independent and produces large amounts of NO over prolonged periods of time.15 NOS enzymes make NO from L-arginine, and thus competitive L-arginine analogues may prevent them from producing NO. These analogues include NG-monomethyl-Larginine (L-NMMA), NG-nitro-L-arginine (L-NNA), and NGnitro-L-arginine methyl ester (L-NAME). As early as 1989, some of these compounds were already successfully used to demonstrate the important physiological role of NO in normal blood pressure homeostasis.16,17 NO IN SEPTIC SHOCK: CRITICAL MEDIATOR OF HYPOTENSION



Shortly after the discovery that NO is an important endogenous regulator of vascular tone, its fundamental contribution to inflammatory and septic shock became obvious as well. The NO metabolites nitrite and nitrate (collectively labeled NO x ), indicators of NO production, rise progressively in various animal shock models.18 In small rodents, plasma concentrations of hundreds to even thousands micromolar may be detected. In larger mammals and humans, however, overproduction does not occur to the same extent and levels rarely increase above 100 mM, or more than 50% above background, despite major circulatory failure.18 Nevertheless, the critical role of NO in shock has been clearly established, as NOS inhibitors prevent, revert, or at least minimize hypotension in shock induced by lipopolysaccharide (LPS), tumor necrosis factor (TNF), interleukin-1, interleukin-2, or hemorrhage.19–24 NOS inhibition also successfully and rapidly elevates blood pressure and systemic vascular resistance in septic shock patients.25–28 The first studies on NOS inhibition immediately triggered great hopes for a new treatment of refractory hypotension in (septic) shock, but even the earliest studies already indicated the potential harm of NOS inhibitors, as they also caused a 558



A Cauwels: Nitric oxide in shock



progressive fall in cardiac output, amplified organ dysfunction, and even increased mortality.26,29–33 Exacerbated organ damage was first reported for the kidney,31 but later studies revealed increased injury in other organs as well, including liver, lung, pancreas, and intestines.18 Unfortunately, even a phase III clinical trial had to be prematurely terminated because of increased mortality in the septic patients treated with the NOS inhibitor, despite positive effects on blood pressure and vascular resistance.28 Together, these observations clearly indicate that NO not only mediates hypotension in septic shock, but may also perform an important obligatory role in assorted beneficial pathways. NO IN SEPTIC SHOCK: DETRIMENTAL VERSUS BENEFICIAL EFFECTS



Different explanations may be suggested for the dual personality of NO during septic shock. First of all, there is no doubt about the detrimental effect of excessive NO on vasorelaxation, hypotension, and shock. The NO-mediated hypotension leads to severe hypoxia in peripheral vital organs, resulting in progressive organ failure. NO may also directly contribute to tissue and organ injury by its direct, peroxynitrite-mediated cytotoxic effects. It is generally accepted that NO may cause blood vessel relaxation by activating the cyclic guanosine monophosphate (cGMP)producing enzyme soluble guanylate cyclase (sGC), leading to activation of the cGMP-dependent protein kinases (PKGs). For smooth muscle contraction, calcium-dependent activation of the myosin light chain (MLC) kinase and subsequent phosphorylation of MLC are essential. Several PKG-dependent phosphorylations ultimately converge on the dephosphorylation of MLC and hence relaxation34 (Figure 1). Important molecular targets of PKG include various pumps and channels involved in modulating intracellular calcium levels and membrane potential, leading to decreased cytosolic calcium and relaxation. In addition to changes in intracellular calcium levels and membrane potential, other important targets for PKG in smooth muscle are the pathways regulating the calcium-sensitivity of the contractile machinery, more particularly the regulatory subunit of MLC phosphatase, which may be directly activated by PKG or indirectly via PKG-mediated inactivation of the inhibitory RhoA pathway.35,36 Nevertheless, NO may also contribute independently of sGC and PKG to lower cytosolic calcium levels, for instance via direct S-nitrosation of potassium channels,37 via NO-dependent peroxynitrite-mediated Sglutathiolation of the sarco/endoplasmic reticulum calcium adenosine triphosphatase (ATPase) (SERCA) pump,38 or via direct inhibition of cytochrome P450 (CYP). Enzymes of the CYP4A family are known to produce the vasoconstrictor 20HETE, an inhibitor of BK channels.39 Although sGC has long been regarded as the predominant target for NO in the vasculature, the notion and importance of sGC-independent actions has gained considerable interest lately. The sGCindependent pathways would be especially important in certain vascular beds (particularly in the renal and mesenteric Kidney International (2007) 72, 557–565
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vasculature), at high NO concentrations, and/or in the presence of disease,40 suggesting that the sGC-independent mechanisms may be important targets for drug development. Second, increased NO may also provide certain benefits to the patient during septic shock. Arterial vasodilation results in arterial underfilling, which is rapidly sensed by the baroreceptors, thereby leading to increased sympathetic outflow and the activation of the renin–angiotensin–aldosterone system. This leads to vasopressin release, renal vasoconstriction and kidney failure, an acute problem in most septic shock patients, which is associated with very high mortality.41 In this context, increased NO release protects the kidney by causing local vasodilation and by inhibiting platelet aggregation and leukocyte adhesion. In addition, NO may also exert protective effects in other organs via its capacity to counteract oxidative stress, shut off apoptosis, prevent platelet aggregation and leukocyte adhesion, induce anti-inflammatory gene expression, and kill pathogens. NO IN SEPTIC SHOCK: WHAT IS ITS SOURCE?



Figure 1 | Schematic of possible molecular mechanisms of NO-mediated vascular relaxation. NO may be enzymatically produced by eNOS, iNOS, or via nitrite (NO 2 ) reduction by deoxygenated heme-globins, xanthine oxidase, mitochondria, or acidic disproportionation. Vasoactive agonists normally elevate intracellular Ca2 þ concentrations in endothelial cells, thus stimulating eNOS activity. In addition, fluid shear stress, estrogen, insulin, or inflammatory signals may cause PI3K/Akt-dependent phosphorylation of eNOS, resulting in its increased catalytic activity at basal Ca2 þ levels. Various inflammatory stimuli, such as LPS or TNF, also trigger de novo transcription of the Ca2 þ -independent inducible iNOS enzyme, resulting in the production of large amounts of NO for a prolonged period of time. For reasons of simplicity, the production of NO was depicted only in the endothelial cell, but may of course also occur in the smooth muscle cell, especially in inflammatory conditions. In the smooth muscle cell, NO may cause relaxation by a myriad of actions reducing cytosolic Ca2 þ levels on the one hand and the sensitivity of the contractile apparatus for Ca2 þ on the other. Independent of sGC, NO can directly S-nitrosate and activate K þ channels, causing K þ efflux, membrane hyperpolarization, and thus a decrease in voltage-dependent Ca2 þ entry. NO may also sGC-independently inhibit the CYP4A-dependent production of 20-HETE, an inhibitor of BK channel activity. In addition, through its reaction with superoxide to form peroxynitrite, NO may cause glutathione (GSH) to bind to and activate the sarcoplasmic reticulum Ca2 þ ATPase (SERCA), which takes up cytosolic Ca2 þ . Nevertheless, many of the relaxing effects of NO are the result of its binding to Fe2 þ -heme in sGC, resulting in a conformational change that activates the enzyme, increasing cGMP levels and PKG activity. PKGmediated phosphorylation may cause (1) activation of K þ channels and hyperpolarization; (2) inhibition of L-type Ca2 þ channels and Ca2 þ influx; (3) increased Ca2 þ efflux through activation of the Ca2 þ Mg2 þ ATPase and (4) the Na þ /Ca2 þ exchanger; (5) Ca2 þ sequestration through SERCA activation; (6) reduction of Ca2 þ mobilization through the inhibition of the sarcoplasmic reticulum IP3 receptor or the phospholipase C-dependent formation of IP3 (data not shown); or activation of the MLC phosphatase. (7) The latter may be achieved directly via phosphorylation of the MLC phosphatase or indirectly via inhibition of the inactivating RhoA pathway (data not shown), ultimately resulting in dephosphorylation of the vasoconstricting MLC.
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Originally it was thought that the dual, Janus-faced effects of NO would relate to the NOS isoform responsible for its production, with eNOS providing the essential, protective NO and iNOS causing excessive vasodilation. For a long time, leukocyte iNOS was thus thought to be responsible for the production of shock-inducing NO. The reasons for this assumption are obvious: when iNOS is transcribed, it produces large amounts of NO for a long time.15 In addition, rodent macrophages may be induced to produce large amounts of NO in vitro;42 iNOS was originally identified as ‘macrophage’ NOS;43 and although human macrophages do not seem to be capable of producing much NO in vitro or ex vivo,44,45 neutrophils from septic patients display abnormally high amounts of iNOS mRNA activity.46,47 More recently, however, it was demonstrated in mice that parenchymal cells, rather than blood cells, are required for the systemic production of NO during septic and endotoxic shock.48 Tissues that do express high levels of iNOS during endotoxemia or bacteremia were identified as liver and intestines.48,49 Whether hepatocytes, enterocytes, Paneth cells, or rather vascular cells are the predominant parenchymal source of the enhanced systemic NO, remains to be determined. Studying cell-specific iNOS-deficient or iNOSreactivation mice may provide the answer to this question. In well-oxygenated conditions, NOS enzymes may produce NO from L-arginine. Some of this NO reaches its targets, such as the smooth muscle cells where it triggers relaxation, but the majority is destroyed by rapid oxidation into nitrite and nitrate. Until recently, these metabolites were considered to be physiologically inert, stable end products, and an index of NO production. However, substantial proof is now emerging that plasma nitrite actually serves as an important vascular storage pool for NO.50 Previously, it was suggested that S-nitrosated albumin and hemoglobin were the stable transporters of intravascular NO.51,52 However, the levels of circulating Snitrosothiols are either undetectable or in the lower nM range, 559



review



whereas nitrite is present in concentrations of 0.5–1 mM.50,53 In addition, nitrite is more stable in blood and it seems that most of it is carried by erythrocytes. The reduction of nitrite back to the vasodilating NO occurs preferentially under hypoxic and/ or acidic conditions and may be catalyzed by deoxyhemoglobin, xanthine oxidase, or mitochondrial enzymes50 (Figure 1). In this way, nitrite derived from either dietary nitrite or nitrate (the latter further reduced by commensal bacteria) or from the oxidation of NOS-produced NO, may have an important function in the endocrine delivery of NO to hypoxic/acidic regions that need vasodilation. NO IN SEPTIC SHOCK: SELECTIVE iNOS INHIBITORS AS THERAPEUTICS?



The dichotomous effects of NO present one of the biggest challenges to the development of potential therapeutic inhibitors. General inhibition of NOS enzymes improves hemodynamic functions but increases mortality.28,30,32,33 Several arguments favor the development of selective iNOS inhibitors to treat septic shock patients. (1) The protective capacity of eNOS-derived NO in septic conditions was underscored by the observation that transgenic overexpression of eNOS partly protected mice from LPS.54 More recently, mice with a cardiomyocyte-specific overexpression of eNOS were also partially protected against both endotoxemia and polymicrobial sepsis.55 (2) Sepsis may cause an iNOS-dependent decrease in eNOS expression and activity,56 causing endothelial dysfunction and impaired microvascular homeostasis, which may be particularly important in the kidney. (3) In animals, most studies using selective iNOS inhibitors did not report deleterious effects like those observed with the nonselective NOS inhibitors; sometimes they even reported protective effects on organ failure or mortality. However, several models also failed to show beneficial effects of iNOS inhibition and, to be complete, a few reports even described deleterious effects on lung or liver injury.18 Nevertheless, despite some conflicting results on the effects of iNOS inhibition on organ damage or outcome, circulatory failure was prevented or reverted in all studies. However, we should not forget that, in contrast to iNOSspecific inhibitory drugs, iNOS-deficient mice are not at all protected against endotoxemia, sepsis, or TNF-induced shock. On the contrary, most studies even reported increased mortality,57–61 suggesting that iNOS actually grants a survival advantage. This protective effect of iNOS might be due to the antiapoptotic or antioxidative activities of induced NO.62,63 Indeed, both in vitro and in vivo, NO has been documented to efficiently interfere with lipid peroxidation.61,64,65 The differences in the effects of iNOS inhibitors versus iNOSdeficiency may have several reasons. (1) iNOS inhibitors could have additional pharmacological effects unrelated to iNOS inhibition. S-methyl-iso560
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thiourea, for example, also has antioxidative effects,66 whereas aminoguanidine inhibits catalase activity.67 It may be more important to merely downregulate (via pharmacological inhibitors), but not completely annul, iNOS activity, so that residual NO produced by iNOS may exert its necessary protective functions. Alternatively, the beneficial versus detrimental functions of iNOS might be linked to its induction in certain tissues or cells, which would warrant the development of cell-specific iNOS inhibitors. One could imagine that iNOS inhibitors injected systemically might reach selected tissues or cellular compartments more easily than others, such that iNOS activity in certain protective environments remains, while its activity in other locations, for example those that are more easily reached and that are also important for shock induction, is efficiently abrogated.



NO IN SEPTIC SHOCK: NO SCAVENGERS AS THERAPEUTICS?



Despite their preference for iNOS, most of the so-called selective iNOS inhibitors that are currently available still retain some activity against other NOS isoforms. In addition, NO may also be produced independently of NOS activity, for instance via the reduction of nitrite.50 Therefore, the therapeutic use of compounds that selectively scavenge excessive NO, without interfering with NOS expression or activity, seems interesting. Theoretically, these scavengers might prevent toxicity and/or shock caused by excessive NO, while preserving some essential NO activities in the proximity of its area of production. Various NO-scavenging compounds have been identified, ranging from endogenous proteins such as hemoglobin, to exogenous herbal substances, medications, nitronyl nitroxides such as carboxy-PTIO, and spin-trapping probes such as dithiocarbamate derivatives.68 Some of these compounds have been proposed as efficient NO scavengers in various animal models of sepsis, reducing hypotension, organ dysfunction, bacterial translocation, and mortality.69–73 Some NO scavengers have even entered clinical trials, such as the chemically modified human-derived hemoglobin conjugate pyridoxalated hemoglobin polyoxyethylene (PHP), which demonstrated its potential to increase systemic blood pressure and reduce vasopressor and ventilation needs without adverse effects on cardiac output, organ damage, or survival.74,75 Based on these promising results, a phase III trial has recently been conducted, but was not yet published. However, just like the perfectly selective iNOS inhibitor, the optimal NO-scavenging compound (specific for NO radicals only, with appropriate solubility and half-life) has yet to be developed.68 NO IN SEPTIC SHOCK: TARGET DOWNSTREAM MEDIATORS?



Because even specific iNOS inhibition is not always associated with diminished organ damage and/or mortality in experimental endotoxic or septic shock, it might be necessary to shift gears in our approach to successful Kidney International (2007) 72, 557–565
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therapeutics. A safer and more rational approach could be the selective modulation of certain specific downstream targets of NO that are known to perform an important role in its hypotensive effects. This way, only the shock-inducing effects of NO, and not its production, would be affected and its beneficial and antimicrobial effects could still carry on. As mentioned before, sGC is generally regarded as the principal intracellular NO receptor in the cardiovascular system (Figure 1). Binding of NO results in a B200-fold activation of sGC, leading to cGMP accumulation and cGMP-dependent cardiovascular changes, such as vascular relaxation, myocardial depression, and inhibition of platelet aggregation and adhesion.34 One possibly safer therapeutic option could thus be the selective inhibition of sGC in shock. This approach seems especially attractive in view of the possibility that NO-independent activation of sGC could also contribute to shock.76,77 On the other hand, there is also increasing evidence that sGC-independent mechanisms may contribute significantly, and in certain vascular beds, conditions, or diseases even predominantly, to NO-induced relaxation.40 To inhibit sGC activation, methylene blue (MB), a chemical dye whose safety in humans has been proven, has been used in both experimental and clinical shock trials. Although MB can improve hemodynamics in both endotoxic and TNF-induced shock,60,78,79 it can only provide protection in TNF-induced shock60 and not against endotoxemia (Cauwels et al., submitted). Analogously, MB infusion in humans suffering septic shock reverses hypotension, but does not change the overall course or the mortality rate.80–84 It should be noted that MB not only prevents sGC activation, it also (partially) inhibits NOS enzymes and oxidative stress.84–87 1H-(1,2,4)oxadiazolo (4,3-a)quinoxalin-1-one (ODQ), a more selective and potent inhibitor of sGC 88–90 which may still inhibit NOS,40,91 but has no effect on OK or KOH production or 2 92 scavenging, is not capable of reverting endotoxic hypotension92,93 or TNF-induced mortality (Cauwels et al., unpublished data), in contrast to MB.60,78,79 Hence, it seems possible that the protective hemodynamic effects of MB might be attributed to its non-sGC-dependent effects on oxidative stress. However, the inability of ODQ to prevent shock should be appraised with some caution, as the efficiency of ODQ to inhibit sGC activation in vivo is sometimes doubted because of its relatively rapid reaction with oxyhemoglobin.89 Although the different effects of MB and ODQ might indicate a possible role for OK or KOH 2 in shock, these radicals have not really been implicated in vasorelaxation or shock so far. Another possible target downstream of NO is the inhibition of K þ channels, as NO may activate different K þ channels both sGC-dependently and -independently37,94–96 (Figure 1). The most important K þ channel subclasses in the vasculature that are involved in the action of various endothelium-derived relaxing factors are the ATPsensitive KATP channel and the large conductance calciumactivated BK channel. KATP channels have long been suspected of playing the most important role in septic shock because of their metabolic sensitivity.97,98 They are activated Kidney International (2007) 72, 557–565
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by decreased ATP, increased lactate, or acidosis, all of which characterize sepsis. In addition, they may also be activated by NO, prostacyclin (PGI2), or the more recently identified vasodilator hydrogen sulfide (H2S).94,97,99 In many endotoxic animal models, KATP inhibition by parenteral glibenclamide could, at least partially, revert hypotension or vascular hyporesponsiveness.100–103 However, glibenclamide did not restore responsiveness in all animal studies104 or in a recent clinical trial.105 Although the failure in the latter might have been due to administration of the drug by the enteral route or to the mild lactic acidosis in the enrolled patients,106 the results imply that KATP inhibition might not be the appropriate treatment for septic shock. Very recently, attention has also drifted towards the inhibition of BK channels to treat shock, as they are probably the most important channels involved in NO-dependent relaxation.94,96 NO may activate BK channels not only sGCdependently, through phosphorylation by cGMP-dependent PKG, but also sGC-independently via direct S-nitrosation and activation of BK channels37,40,107,108 or via inhibiting the production of the BK inhibitor 20-HETE39,40 (Figure 1). In addition, BK channels are also targeted by other potential vasodilators, including H2O2 and epoxyeicosatrienoic acids.109–111 Studies with BK inhibitors are scarce and none of them have used specific BK-inhibiting drugs, but rather tetraethylammonium, a nonspecific inhibitor of BK, KATP, and certain voltage-gated Kv channels. Tetraethylammonium restored vascular responsiveness in one study,104 but failed to improve blood pressure or mortality in another.112 However, since tetraethylammonium could also restore vasopressor responses in an experimental human endotoxemia study,113 high hopes are set for the modulation of BK channels as a potential therapy. BK channels exhibit a very high conductance for K þ ions, they are abundant in smooth muscle, and they are activated by the concerted influence of membrane depolarization and elevated intracellular Ca2 þ levels.114 However, they are not the only calcium-dependent K þ channels. Small (SK) and intermediate (IK) conductance calcium-activated K þ channels also exist. In contrast to the BK channels, they are not voltage-dependent. Because the BK channel is activated both directly and indirectly by NO, it has received most of the attention so far. Interestingly, however, the two other calcium-gated channels were implicated in the action and/ or the effect of another vasodilating phenomenon: endothelium-derived hyperpolarizing factor (EDHF). EDHF is defined as the hyperpolarizing and relaxing effect that remains when NO and PGI2 production are inhibited and its contribution to vasodilation appears to be especially significant in smaller, resistance vessels.111 Despite two decades of research, the molecular identity of EDHF remains controversial. Over the years, several candidates have been proposed, discussed, questioned, and refuted.111 Despite that, it is universally accepted that the hyperpolarizing effect of EDHF depends strictly on SK channels, often assisted by IK channels.115–117 A physiological, gender-dependent role for 561
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EDHF in vascular tone was recently suggested,118 but the question remains whether EDHF actively participates in physiological or pathological blood pressure regulation or whether it is merely a backup mechanism observed only when the production of NO and PGI2 is eliminated or fails. In addition, the involvement of EDHF in pathologies such as shock has not been suggested or studied so far. Intriguingly, specific SK channel inhibition by apamin can provide a substantial survival advantage in both TNF- and LPSinduced shock in mice, especially when combined with BKchannel inhibition and MB (Cauwels et al., submitted), and may be well worth pursuing as a future therapeutic option. SEPTIC SHOCK: OTHER VASORELAXING THERAPEUTIC TARGETS?



The ability of NOS inhibitors to prevent or revert hypotension in shock induced by LPS, TNF, interleukin-1, interleukin-2, hemorrhage, and sepsis is clear evidence for the pivotal and essential role NO plays in the development of hypotension during inflammation-associated shock.19–28 However, some observations also indicate that NO might not be the only important shock-inducing factor. Indeed, the elevation of circulating NO x is relatively modest in large mammals and humans18 and seems not even obligatory in severe sepsis.119 Moreover, in cancer patients receiving isolated limb perfusion with the anticancer agent TNF, complicated by leakage from the perfusion circuit to the general circulation, no systemic NO metabolites were found, despite substantial hypotension.120 Therefore, other (still unknown?) vasodilating factors might be just as important as NO in causing systemic hypotension and shock. As already mentioned, the possibility that the molecularly unidentified EDHF is implicated has not been evaluated yet. Until there is consensus on the molecular identity of EDHF, its synthesis cannot be specifically or selectively blocked and its role in shock cannot be easily studied. An alternative approach to investigate the possible contribution of EDHF could be the analysis of the importance of the various calcium-dependent K þ channels. In this regard, the involvement of SK channels in TNF- and LPS-induced shock might be indicative of a possible contribution by EDHF (Cauwels et al., submitted). Another recently characterized endogenous vasodilator is the gaseous molecule H2S, which causes vascular smooth muscle relaxation by acting on KATP channels and synergizes with NO to induce vessel relaxation.99,121 In vascular smooth muscle cells, H2S is formed by the hydrolysis of L-cysteine by cystathionine-g-lyase. Inhibition of cystathionine-g-lyase may prevent organ damage and mortality in experimental endotoxemia and sepsis,122–124 but it cannot revert endotoxic hypotension.123 It is generally understood that therapeutic interventions to modulate oxidative stress in septic shock are worthwhile to be pursued, especially in terms of preventing tissue damage and organ failure caused by reactive radicals such as OK , KOH, 2  125–127 and ONOO . As already alluded to earlier in this 562
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review, the conflicting effects of the sGC inhibitors MB and ODQ on LPS- or TNF-induced hypotension and shock60,78,79,92,93 could indicate the involvement of oxygen radicals such as OK or KOH. The ability of these radicals to 2 cause vasorelaxation, or to contribute to hypotension and shock, has not been extensively explored yet, but is definitely worth investigating. NO IN ANAPHYLACTIC SHOCK



Anaphylaxis is a sudden and severe systemic allergic reaction that often occurs in the absence of a history of allergy. Allergens that commonly cause anaphylaxis include medications, such as penicillins, radiocontrast media and anesthetics, and foods such as nuts, fish, and shellfish as well as insect stings, exposure to latex, and exercise. Anaphylaxis is not as rare as generally believed and may affect as much as 1–15% of the population.7 In addition, the prevalence of anaphylaxis is increasing significantly. During an anaphylactic reaction, severe cardiovascular or pulmonary dysfunction often leads to death, with acute hypotension as the most important clinical feature. Once an anaphylactic reaction has begun, the treatment of choice is an instantaneous injection of adrenaline, followed by emergency medical attention. To date, supportive adrenalin and large-volume intravenous fluid resuscitation are the only available treatments. Unfortunately, severe hemodynamic collapse during anaphylaxis is often resistant to this treatment.128,129 The possible contribution of NO to anaphylactic shock has been studied before. Although NOS inhibition partially reduced anaphylactic mortality in an early study,130 it decreased survival time and rate in most other studies.131,132 However, these studies were performed in animals under general anesthesia, which influences NO-mediated effects and blood pressure changes. More recently, the critical role of NO in anaphylactic shock was unequivocally demonstrated in conscious, nonanesthetized mice: pretreatment with the NOS inhibitor L-NAME successfully prevented both hypotension and mortality.133 Surprisingly, this crucial NO was not produced by iNOS, but by the so-called constitutive isoform eNOS, which may be rapidly phosphorylated and activated via the PI3K/Akt pathway to produce large amounts of NO (Figure 1). In mice treated with inhibitors of PI3K, Akt, or NOS as well as in eNOS-deficient animals, anaphylaxisinduced hypothermia and hypotension were mild and transient and no deaths occurred. Despite the pivotal role for eNOS-produced NO, there seemed to be no significant involvement of sGC.133 All in all, this study clearly indicated that PI3K/Akt-activated eNOS-derived NO is a pivotal vasodilator in anaphylactic shock and that selective and fast-acting inhibitors of any of these molecules may provide new, specific tools for the treatment of anaphylactic shock. ACKNOWLEDGMENTS
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Shock Isolators 

Page 1 ... This allows simple calculations of most of the parameters necessary to decide if a standard ...... the rank of the various isolator types is: 1. Fully Bonded.
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Seminar Septic shock - CiteSeerX 

28 Ayala A, Herdon CD, Lehman DL, De Maso CM, Ayala CA,. Chaudry IH. ..... Lancet 2002; 360: 1395â€“96. ... 123 Hollenberg SM, Ahrens TS, Annane D, et al.
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rear shock absorber 

107.8_. 127.4N-m Shock absorber spring compressor ... 29.4N-m. Rear shock absorber upper mount bolt 39.2N-m ... Remove the rear brake fluid tube bolt and.
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Sachs Rear Shock 

Disassembly, overhauling, and reassembly of the rear shock absorber. Accurately clean ... Tighten a tube with internal thread, then remove the plug using pliers.
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