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INTRODUCTION
Septic Shock

GENERAL OVERVIEW OF SEPTIC SHOCK

Septic shock is the life-threatening complication of an overwhelming systemic infection
in which the immune system releases inflammatory mediators resulting in pathophysiologi-
cal vasodilatation, hematological abnormalities, and organ dysfunction and failure. Sepsis
affects 300,000-500,000 patients annually in the United States (/). The prevalence of sepsis
in hospitalized patients appears to have significantly increased over the past decade. Data
from the Center for Disease Control and Prevention’s National Hospital Discharge Survey
show a 139% increase in the discharge diagnosis of sepsis from 1977-1987 (2). The increase
was especially marked for patients over 65 yr of age (162%). Despite improvements in intensive
care management of critically ill patients, new antibiotics, and extensive research into the etio-
logy of sepsis, the mortality of septic shock ranges from 20-55% (3,4). Mortality increases to
77-90% when shock occurs (3,6).

Septic shock represents the combined effect of a variety of inflammatory and hormonal
systems. A paradox of this disease entity is that the same inflammatory system responsible
for defending us against the microbial invasion of tissues may produce shock when it is
excessively activated. The initial clinical presentation of sepsis usually consists of fever,
tachycardia, peripheral vasodilatation, hypotension, and oliguria. However, the key symp-
tom of shock is a severe fall in blood pressure that is often associated with the dysfunction
or failure of several important organs including lung, kidney, liver, and brain. Despite the
observed increase in cardiac output, blood pressure is not maintained because of excessive
vasodilatation. Treatment includes respiratory support to optimize tissue oxygenation, intra-
venous fluid administration, broad spectrum antimicrobial therapy, and vasopressor support.

The definition of septic shock is independent of the presence or absence of a multiple organ
failure syndrome (MODS), which is defined as impaired organ function such that homeostasis
cannot be maintained without intervention (7). Primary MODS is a direct result of a well-
defined insult to a specific organ. Secondary MODS occurs as a consequence of an exagger-
ated host response, termed systemic inflammatory response syndrome (SIRS). The natural
history of septic shock is often as follows: about 75% of deaths occur within hours to days
after the onset of shock and are caused by therapy-resistant hypotension leading to the con-
clusion that peripheral vascular failure is the predominant factor that determines outcome (8).
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The rest of the deaths occur days or weeks after the patient has recovered from hypotension,
and the cause of death is multiple organ failure (9). Adult respiratory-distress syndrome
(ARDS), followed by renal and hepatic failure is the most common sequence of events.
Septic shock is primarily initiated by components of the cell wall of Gram-positive or Gram-
negative bacteria (710), but structural components of many other microorganisms generate a
very similar spectrum of biological activities. Among the most studied are the peptidoglycans,
a ubiquitous component of all bacterial cell walls, but particularly concentrated in Gram-
positive organisms (7). In addition, peptidoglycan and lipoteichoic acid from Staphylococ-
cus aureus act in synergy to cause shock and multiple organ failure (72). Trehalose diesters
produced by mycobacteria and corynebacteria and other Gram-positive bacterial products
including lipomannans also cause lipopolysaccharide (LPS)-like effects (13,14).

THE CYTOKINE NETWORK

Cytokines are a heterogeneous group of hormonelike proteins, produced by all organs and
many cell types of the body that establish a communication network between various cells
of'each organ. Activation of the cytokine network follows a lag phase and is preceded by the
activation of, e.g., the complement and kallikrein system. The study and the understanding
of the cytokine network is complicated by the facts that (1) cytokines often induce the secre-
tion of additional cytokines, (2) cytokines modulate the effects of other cytokines, resulting
in additional, synergistic or inhibitory effects, or even a novel effect not seen with individual
cytokines alone, (3) the sequence of cytokine exposure can influence target cell responses,
and (4) cytokine effects may be dose-related with qualitatively different biologic effects seen
at different doses (715).

The proinflammatory cytokines tumor necrosis factor-o (TNF-o) and interleukin-1f (IL-
1B) have been implicated in the pathophysiology of many cardiovascular disorders (16—18)
including circulatory shock (19-23). Administration of TNF-cot alone, or in combination with
low doses of endotoxin mimics several features of the pathophysiology of circulatory shock
including hypotension and organ injury (20,21). Intravenous administration of IL-1 either
alone, or in combination with low doses of LPS or TNF-q, also produces a shocklike state
(19). Pronounced rises in the serum levels of TNF-o and IL-1B occur in experimental endo-
toxemia (2/-25). More importantly, enhanced serum concentrations of TNF-o and IL-1[3
have been documented in human subjects with sepsis and septic shock (26), particularly in
the early phase of shock. Moreover, TNF-o and IL-1J are secreted from the most severely
affected organs (e.g. lung and liver) in patients with sepsis-related MODS (27). Higher
concentrations of TNF-avand IL-1[3 are associated, not only with an increase in mortality rate,
but also with an increased risk for subsequent ARDS and MODS (28). In addition, antibodies
directed against TNF-o or IL-1P as well as agents which inhibit the release of TNF-o, such
as pentoxyfilline (29), or IL-1P exert protective effects in various animal models of endo-
toxin shock (30,31). In contrast, clinical trials aimed at demonstrating a reduction in 28-d
mortality with such interventions have so far not met with the expected success. For instance,
there is no convincing evidence that interventions aimed at reducing the effects of TNF-o
(e.g., antibodies against TNF-a, soluble TNF-a receptors, and so on) cause a significant
reduction in 28-d mortality in patients with septic shock (32—35). Most notably, there is one
recent report documenting that the treatment of septic patients with the TNF receptor:
Fc fusion protein causes a dose-related increase in mortality (36). Similarly, clinical trials
evaluating the effects of the IL-1 receptor antagonists have not resulted in a significant
reduction in 28-d mortality (37,38).

Although the aforementioned trials failed to provide evidence that any of the anticytokine
interventions used caused a significant reduction in 28-d mortality, these studies nevertheless
support the view that both TNF-o as well as IL-1 play arole in the pathophysiology of septic
shock and indicate that anticytokine therapy may well be of benefit for certain groups of
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patients. The IL-1ra Phase III Sepsis Syndrome Group has recently reported that (1) there is
a direct relationship between a patient’s predicted risk of mortality at study entry and the
efficacy of the IL-1 receptor antagonist (II-1ra) in that (2) patients with a predicted risk of
mortality of <24% derived little benefit, whereas (3) IL-1ra reduced the risk of death in the
first 2 d for patients with a predicted risk of mortality of >24% (38). The reasons for the
discrepancy in outcome between animal experiments and clinical trials are not entirely clear,
but may include (1) relatively late intervention in clinical trials (vs. pretreatment in animal
studies), (2) inhomogeneity of patients (e.g. differences in age, gender, causes of shock,
severity of disease), or (3) the pharmacology (dose regimen, time of intervention, length of
treatment) of the intervention chosen.

One could also argue that the pathophysiology leading to the circulatory failure, organ
dysfunction and ultimately death in patients with septic shock is multifactorial and, hence,
that interventions aimed at eliminating the detrimental effects of a single mediator (“single-
bullet approach to the therapy of shock”)—although useful in some acute animal models
—are less likely (if not unlikely) to cause a significant reduction in 28-d mortality. Indeed,
there is some evidence that the prevention of the formation of both TNF-¢, and IL-1f
(e.g., with interferon-y or IL-10) is superior to prevention of the formation of either one of
these cytokines in reducing mortality in rodent models of endotoxemia (39). Moreover, the
reduction in survival afforded by a combination immunotherapy (antibody against TNF-a,
J5 antiserum against endotoxin, and a Pseudomonas O-serotype-specific opsonophagocytic
monoclonal antibody) was greater than the one afforded by any combination of two anti-
bodies or single antibody therapy (40). Recently, we demonstrated in a rat model of endotoxae-
mia that (1) coadministration of two polyclonal antibodies directed against either TNF-o or
IL-1 or (2) neutralization of the effects of either TNF-o or IL-1 with one polyclonal antibody
directed against both cytokines is superior in reducing the circulatory failure and MODS
caused by endotoxin in the rat than a therapy with a single antibody directed against either
cytokine (41). Having stated that some anticytokine therapies have caused an increase in
mortality in patients with septic shock (38), it should also be noted that there may be potential
hazards of combination immunotherapy. For instance, coadministration of IL-1ra and TNF-
binding protein caused an increase in mortality in neutropenic rats with sepsis caused by
Pseudomonas aeruginosa (42). Thus, further studies are warranted to gain a better under-
standing of the beneficial and adverse effects of combination immunotherapy in experimen-
tal endotoxemia and sepsis.

Another proinflammatory cytokine, interferon-y (IFN-y), is known as a mediator of septic
shock. IFN-vy is produced by activated lymphocytes and is a strong potentiator of the effect
of TNF-a, IL-1B, or LPS in vitro and in vivo. Moreover, neutralization of IFN-y in mice
prevents LPS-induced lethality (43).

NITRIC OXIDE

General

Nitric oxide (NO°) is one of the smallest, biologically active messenger molecules. It is
also a gaseous biological messenger, with a wide range of physiological and pathophysio-
logical actions. The formation of NO® from the guanidino nitrogen group of L-arginine is
catalyzed by a group of isoenzymes termed nitric oxide synthases (NOSs) (44,45). Although
the three isoforms, endothelial cell NOS (ecNOS or NOS III), brain NOS (bNOS or NOS 1),
and inducible NOS (iNOS or NOS II), have different molecular weights and variable cofactor
requirements, all of them are dependent on nicotinamide adenosine dinucleotide phosphate
(NADPH), show similarities with cytochrome P,s, reductase and also with the bacterial enzymes
sulphite reductase and cytochrome P,sq BM3. The formation of NO* by NOS is linked to
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incorporation of molecular oxygen into the molecule (46). NOSs, in general, have the follow-
ing catalytic activities: arginine, N®-hydroxylase, N®-hydroxyarginine, monooxygenase,
NADPH oxidase, cytochrome ¢ reductase, and dihydropterine reductase. NOS has been pro-
posed to form NO" and L-citrulline in two steps, the first step being the formation of N S-hydroxy-
L-arginine, and the second, its three-electron oxidation. Both steps may utilize different
heme-based oxidants, i.e., a perferryl species, [FeO]*", for the first step and a peroxoiron
species, [FeOO]", for the second step. Both of these are produced when heme reacts with
molecular oxygen (47,48). All forms of NOS contain four prosthetic groups; flavin—adenine
dinucleotide (FAD), flavin mononucleotide (FMN), tetrahydrobiopterin (BH,), and a heme
complex, iron protoporphyrin IX. They are all dependent on calmodulin; in the inducible
isoform calmodulin is already present in a tightly bound form.

All of the NOS isoforms can be inhibited to a variable degree, with NO-substituted L-arginine
analogs, e.g., N9-monomethy-L-arginine (L-NMMA). Some NOS inhibitors show some iso-
form selectivity; e.g., calmodulin-binding agents such as trifluoperazine do not inhibit the
calmodulin-independent (iNOS) isoform. For reasons that are not entirely understood, some
of the L-arginine analog NOS inhibitors also show limited isoform selectivity: NS-cyclopropyl-
L-arginine, N O-nitro-L-arginine, and its methyl ester, L-NAME (after hydrolysis), show some
selectivity toward the constitutive NOS, whereas L-NMMA, NS-amino-L-homoarginine and
NOG-amino-L-arginine are approximately equipotent inhibitors of ecNOS and iNOS activity
(49,50). Moreover, prolonged exposure of NOS to L-NMMA results in an irreversible inac-
tivation of the enzyme, and this is preceded by an NADPH-independent hydroxylation of the
inhibitor (51).

The inducible isoform of NOS (iNOS) is, under physiological conditions, absent from
mammalian cells, but is induced by proinflammatory stimuli, such as bacterial lipopolysac-
charide or the cytokines TNF-o, IL-1PB, or IFN-y, as well as their combination. In contrast
to ecNOS and bNOS, however, iNOS tightly binds calmodulin to exert its full biological
activity. Thus, iNOS is not regulated by intracellular calcium levels and produces a long-
lasting generation of large amounts of NO’ (in the nM range) (52,53). In contrast to ecNOS
or bNOS, the availability of extracellular L-arginine can be rate limiting to obtain a maximal
generation of NO® by iNOS (54).

Since the discovery in 1990 that an enhanced formation of endogenous NO* contributes
to (1) the hypotension caused by endotoxin and TNF-o (55,56), (2) the vascular hyporespon-
siveness to vasoconstrictor agents (also termed “vasoplegia”) (57,58), and (3) the protection
of liver integrity in rodents with sepsis (59), there has been an increasing interest in the role
of NO’ in the pathophysilogy of animal and humans with septic shock. In addition to endo-
toxic shock, an enhanced formation of NO* also occurs in other types of shock including
Gram-positive, hemorrhagic, traumatic, and anaphylactic shock (60). The overproduction of
NO’ in animal models of circulatory shock is due to an early activation of ecNOS (which is
transient) and the delayed induction of iNOS activity in macrophages (host defense) and
vascular smooth muscle cells (hypotension, vascular hyporeactivity, maldistribution of blood
flow) (61). The finding that inhibitors of NOS activity (e.g., L-NAME, L-NMMA) attenuate
the hypotension and vasoplegia caused by endotoxin in animals (56,58), together with the
discovery that mice that are deficient in iNOS (iNOS knockout mice) exhibit only a minor
fall in blood pressure when challenged with endotoxin (62,63), support the hypothesis that
an overproduction of NO" by iNOS contributes to the circulatory failure in septic shock. It
is, however, less clear, whether increased formation of NO" also contributes to the organ
injury and dysfunction caused by endotoxin. These data support the view that reducing the
enhanced formation of NO* by iNOS may become a useful therapeutic approach in sepsis/
septic shock. In principle, there are two approaches to achieve this goal, i.e., inhibition of
iNOS induction and/or inhibition of the activity of iNOS, by inhibiting the enzyme itself or
one of its cofactors.
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Inhibition of the Induction of iNOS

The mechanism of iNOS induction is not fully understood. It clearly involves the tran-
scription of mRNA and novel protein biosynthesis. The sequencing of the DNA regions
upstream to the NOS gene (i.e., the promoter region) revealed separate promoter regions for
the induction of iNOS by LPS and IFN-y (64). There is increasing evidence for the involve-
ment of the nuclear transcription factor NF-xB (65,66), tyrosine kinase activation (67—69),
microtubule depolimerization, and protein kinase C-epsilon (70) in the induction process.

Induction of iNOS can be inhibited by numerous agents including glucocorticoids, throm-
bin, or ethanol; macrophage deactivation factor and transforming growth factor § (TGF-f3),
platelet-derived growth factor, endothelin-1, IL-4, IL-8, IL-10, and IL-13 (53,71-75). Inhib-
itors of protein kinase C (PKC), or of protein tyrosine kinase (68,69,76), or of the activation
of NF-xB (66,77) can also inhibit the induction of iNOS. An increase in cyclic adenosine
monophosphate (cAMP) induces iNOS in vascular smooth muscle cells (VSMCs) and rat
renal mesangial cells (78,79), whereas prolonged elevation in intracellular cAMP levels in
macrophages inhibits iNOS induction (80). NO* itself can also regulate its activity, both by
inhibiting iNOS activity (8/) and by downregulating iNOS mRNA (§2).

INHIBITION OF PROTEIN TYROSINE KINASE

Phosphorylation of proteins on tyrosine residues by protein tyrosine kinases plays an
important role in the regulation of cell proliferation, cell differentiation, and signaling pro-
cesses in cells of the immune system. The receptor tyrosine kinases participate in transmem-
brane signaling, whereas the intracellular tyrosine kinases take part in the signal transduction
to the nucleus. Enhanced activity of tyrosine kinases has been implicated in the pathophysi-
ology of many diseases associated with local (atherosclerosis, psoriasis) or systemic inflam-
mation including sepsis and septic shock (83).

Endotoxin LPS causes the phosphorylation of tyrosine kinases in macrophages (and other
target cells) (84), resulting in the release of proinflammatory cytokines including TNF-o, IL-1,
and IFN-vy. In human monocytes activated with LPS, inhibition of tyrosine kinase activity
with genistein or herbimycin A attenuates the expression of the mRNA’s for IL-1, TNF-a.,
and IL-6 (85). TNF-a and IL-1 also induce the phosphorylation of tyrosine in target cells
(86,87) and when given to animals mediate many of'the effects of LPS (seeref. 23). Inhibition
of the activity of tyrosine kinases by tyrphostin AG126 prevents (when given 2 h prior to
LPS) the mortality caused by LPS in mice, but is less effective when given together with LPS
(88). Tyrphostin AG556, which is more lipophilic than AG126, prevents the mortality caused
by endotoxin in mice when given as late as 2 h after injection of endotoxin (§9). The mech-
anism(s) of these beneficial effects of tyrosine kinase inhibitors in shock is largely unknown.
We demonstrated that several chemical distinct tyrphostins, i.e., AG126, AG490, AG556,
AG1641, or Al or the isoflavone genistein prevent (1) the circulatory failure (hypotension
and vascular hyporeactivity to noradrenaline), (2) the multiple organ dysfunction (liver and
pancreatic dysfunction/injury, lactacidosis, hypoglycemia) (Fig. 1), as well as (3) the induc-
tion of iNOS protein and activity in rats with endotoxic shock. The mechanism(s) by which
the tyrosine kinase inhibitors exert the beneficial effects in shock warrants further investi-
gation, but may involve the prevention of the formation of TNF-o and the expression of iNOS
protein (76).

INHIBITION OF THE NUCLEAR TRANSCRIPTION FACcTOR NF-KB

The expression of inducible genes in eukaryocytes is largely controlled by proteins, such
as NF-xB, which activate transcription (90,91). NF-xB is itself activated by the exposure of
cells to endotoxin or TNF-a, IL-1, IL-2, or phorbol 12-myristate 13-acetate (PMA) (92-95).
NF-xB is a family of dimers, all of which are composed of members of the Rel/NF-kB family
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Fig. 1. Effect of different tyrosin kinase inhibitors on the LPS-induced increases in the serum
concentrations of (A) bilirubin, and (B) ALT (indicator of liver injury) at 6 h after the injection of
E. coli lipopolysaccharide (LPS; 10 mg/kg iv). Different groups of rats received (1) vehicle (50%
DMSO/PBS, 1 ml/kg ip) rather than LPS (C, n=4), (2) vehicle (50% DMSO/PBS, 1 ml/kg ip) plus
LPS (LPS; n=6),(3) LPS plus tyrphostin AG126 (126;n=6), (4) LPS plus delayed administration
of tyrphostin AG126 (126p; n = 4), (5) LPS plus tyrphostin AG556 (556; n = 6), (6) LPS plus
genistein (gen; n = 6), or (7) LPS plus daidzein (dai; n = 5). Data are expressed as mean + SEM of
n observations. *p < 0.05 represents significant difference when compared to LPS controls.

of polypeptides. The most frequent form of NF-kB is a dimer composed of two DNA-binding
proteins, i.e., NF-xB1 (or p50) and RelA (or p65), although other dimeric combinations also
exist (96). Under physiological conditions, NF-xB is held (in an inactive form) in the cyto-
plasm by the inhibitory protein IkB-a, which avidly binds to most heterodimers including
the NF-kB1/Rel A heterodimer. This inhibitory subunit can be considered to be a cytoplasma-
tic anchor, as it prevents the nuclear uptake of NF-kB. Activation of NF-kB involves the release
of the inhibitory subunit IkB-a from a cytoplasmic complex, which IkB forms together with
the DNA-binding subunit RelA and NF-xkB1 (97,98). Activation of NF-kB allows NF-xB to
translocate to the nucleus and to induce the expression of specific genes. The cascade of events
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Fig. 2. Hypothetical signal transduction pathway for the induction of iNOS.

leading to the activation of NF-kB involves the signal-induced phosphorylation of IxB-a,
resulting in its proteolytic degradation and the release of NF-kB from its cytoplasmatic
anchor. NF-kB then translocates into the nucleus, where it binds to different gene promotors
and, hence, induces a large number of genes (99,100). The proteolytic degradation of IkB-o
is inhibited by the cysteine protease inhibitor calpain inhibitor I, but not by other inhibitors
of serine and cysteine proteases, such as chymostatin or leupeptin (101).

There is evidence that the expression of the gene for iNOS involves the activation of NF-kB
(Fig. 2), and the expression of iNOS in vitro caused by LPS or lipoteichoic acid is prevented
by several agents that interfere with the activation of NF-kB, such as the radical scavanger
rotenone, butylated hydroxyanisole, and pyrroidine dithiocarbamate (PDTC) (66,77). More-
over, aspirin, sodium salicylate, and N-acetylcysteine attenuate the activation of NF-xB by
a mechanism that involves antioxidant effects of these agents. Interestingly, IL-10 (which
has been reported to improve survival in animal models of endotoxin shock) also prevents
the activation of NF-xB (702). Recently, we demonstrated that inhibition of the activation
of NF-«B in vivo by calpain inhibitor I and dexamethasone, but not the serine and cysteine
protease inhibitor chymostatin, attenuate (1) the circulatory failure (hypotension and vascu-
lar hyporeactivity to noradrenaline), (2) the multiple organ dysfunction (liver and pancreatic
injury/dysfunction, increase in lactate, hypoglycemia), and (3) the induction of iNOS protein
and activity (in lung and liver) of rats with endotoxic shock (Figs. 3 and 4). We proposed that
the reduction of the expression of iNOS contributes to the beneficial effects of calpain
inhibitor I. These results support the view that attenuation or prevention of the activation
of NF-kB with calpain inhibitor  may be useful in the therapy of circulatory shock or of disorders
associated with local or systemic inflammation (703).

It should be noted that the molecular mechanism by which dexamethasone, an agent that
is well known to inhibit the endotoxin-mediated induction of iNOS in vitro and in vivo (104),
exerts beneficial effects in endotoxin shock, is not well understood, but there is recent evidence
that glucocorticoids inhibit the action of the transcription factors AP-1 and NF-xB (702).
Interestingly, there is recent evidence that there is a protein—protein interaction between the



328 Part II / Cardiovascular Pathophysiology of NO*

A
S 1201
I
£
£ 100
o
<
E 80_
60-
I T T T T T T T
-60 0 60 120 180 240 300 360
Time (min)
B
600+ B
5004
= 400
S *
: 3004 T .
<
2004
100+ ’_T—l
C LPS Dex Cal- Chym
1 3 10 10p 10
(mg/kg i.p.)

Fig. 3. Calpain inhibitor I or dexamethasone prevent (A) the delayed circulatory failure (fall in mean
arterial blood pressure; MAP) and (B) liver failure (increase in alanine aminotransferase; ALT) in
rats with septic shock. Different groups of animals received vehicle for E. coli lipopolysaccharide
(LPS) (C, n=4), LPS alone (LPS, 10 mg/kg iv, n =10, open circles), LPS plus 1 mg/kg ip dexa-
methasone (Dex, n = 6; filled squares), LPS plus 3 mg/kg ip of calpain inhibitor I (Cal-I, 3;
n=06), LPS plus 10 mg/kg ip of calpain inhibitor I (Cal-I, 10; n =7, filled triangles), LPS plus late
administration at 2 h after LPS of 10 mg/kg ip of calpain inhibitor I (Cal-I, 10p; » =4) or LPS plus
chymostatin (Chym; n» = 5). Data are expressed as mean £ SEM of n observations. *p < 0.05
represents significant difference when compared to LPS controls.

activated glucocorticoid receptor and NF-kB, resulting in prevention of its binding to the kB
consensus motif on the promotor of its target genes. In addition, glucocorticoids enhance the
formation of IkBao, which results in an excess of this inhibitory factor in the nucleus and
cytosol. Thus, activated NF-xB when “travelling” to the nucleus meets with and binds to IxB
to form its “dormant” (inactive) cytosolic form (for a detailed review, see ref. 102).
Although there is good evidence that TNF-o (and other proinflammatory cytokines) cause
the activation and translocation of NF-kB into the nucleus, there is also evidence that (1)
tyrosine phosphorylation itself plays an important role in the activation of NF-kB and that
(2) tyrosine kinase inhibitors diminish the activation of NF-xB. For instance, higher concen-
trations of genistein (100 uM) attenuate the translocation of NF-kB in rat pancreatic beta cells
activated with IL-1 (705). Herbimycin A also suppresses the activation of NF-kB and the
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Fig. 4. Effect of calpain inhibitor I on the expression of iNOS protein in lung homogenates at 6 h
after administration of endotoxin. Different groups of animals received vehicle (C) for E. coli lipo-
polysaccharide (LPS;lane A), LPS alone (LPS; lane B), LPS plus 1 mg/kg ip dexamethasone (Dex;
lane C), LPS plus 10 mg/kg ip of calpain inhibitor I (Cal-I; lane D), LPS plus late administration
at2hafter LPS of 10 mg/kg ip of calpain inhibitor I (Cal-I; lane E) or LPS plus chymostatin (Chym;
lane F). Similar results of the Western blots were seen using tissue extracts from two other animals
with the same treatment. *p <0.05 represents significant difference when compared to LPS controls.

phosphorylation of Janus kinase 2 (JAK2) caused by LPS and interferon-y in C6 glial cells,
respectively (106). Herbimycin A also reduces the activation of NF-kB caused by IL-1 and
phorbol 12-myristate 13-acetate (PMA) in thymoma cells or by PMA in Jurkat T cells. However,
the inhibition of the activation of NF-kB by herbimycin A is secondary to a modification of
the p50 subunit on cysteine 62 in the NF-kB complex, but is independent of the inhibition
of tyrosine kinase activity (107). The expression of matrix metalloproteinase-9 (MMP-9)
caused by IL-1 in glomerular mesangial cells is also (at least in part) attributable to tyrosine
kinase-mediated activation of NF-kB (708). The prevention by genistein and herbimycin A
ofthe expression of COX-2 in rat mesangial cells is not caused by inhibition of the activation
of NF-kB, suggesting that an upstream tyrosine kinase pathway may not be required for the
IL-1-induced activation of NF-kB in these cells (109). Most notably, stimulation of Jurkat
T cells with the protein tyrosine phosphatase inhibitor and T-cell activator pervanadate leads
to activation of NF-xB resulting from tyrosine phosphorylation, but not degradation of
I-xBo. It has therefore been suggested (170) that the tyrosine phosphorylation of I-kBo
represents a proteolysis-independent mechanism of NF-kB activation that directly couples
NF-xB to cellular tyrosine kinase. Thus, it is possible that the tyrosine kinase inhibitors
prevent the activation of NF-xB either by an indirect (e.g., prevention of the formation of
TNF-a) or by adirect effect. Suppression of the activation of NF-kB by tyrosine kinase inhib-
itors may well result in a reduced expression of enzymes (e.g., iNOS, COX-2, cPLA,, and
so forth), cytokines (TNF-o., IL-1B, IL-6, and so on), chemokines (IL-8, RANTES, and the
like) or adhesion molecules (ICAM-1, VCAM-1, E-selectin) known to play an important role
in the pathophysiology of endotoxin shock (711).

It should be stressed, however, that all of the foregoing therapeutics must be administered
prior to the application of endotoxin or at least prior to the induction of iNOS (e.g., approx
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Table 1

Possible Effects of Administration of NOS Inhibitors in Septic Shock
Beneficial Adverse
Increased blood pressure Excessive vasoconstriction
Restores responsiveness to pressor agents Pulmonary hypertension
Cardiac output return to baseline values Fall in cardiac output
Decreased production of peroxynitrite Increased platelet adhesiveness
Attenuation of inhibition of mitochondrial respiration Increased neutrophil adhesion
Improved organ function Worsened organ function
Improved survival Reduction in survival

2 h after endotoxin) to prevent the severe delayed circulatory failure, the MODS as well as
the induction of iNOS caused by endotoxin in animal models of SIRS. For example, the
administration of dexamethasone, calpain inhibitor I, or tyrosine kinase inhibitors to rats
2 h after the injection of endotoxin neither exerts beneficial effects on hemodynamic or organ
injury nor inhibits the induction of iNOS (76,103,112,113). As for the cytokine antibodies,
the timely administration of inhibitors of the induction of iNOS will be crucial to achieve
beneficial effects in patients with severe sepsis. Practically, one needs to determine the time
between the induction of iNOS (or early phases of the syndrome) and the administration of
the inhibitors of iNOS induction. This supports the view that drugs that directly inhibit iNOS
activity are useful tools, whereas the use of agents that inhibit the induction of iNOS may be
less useful.

Inhibition of NOS Activity

Since the discovery in 1990 that an enhanced formation of endogenous NO® resulting from
the induction of iNOS contributes to the hypotension caused by endotoxin and TNF-o (56)
and vascular hyporesponsiveness to vasoconstrictor agents (vasoplegia) (57) and the finding
that inhibitors of NOS activity attenuate the hypotension and vasoplegia in endotoxemia,
together with the discovery that mice, in which the iNOS gene has been inactivated by gene-
targeting (iNOS knockout mice), exhibit only a minor fall in blood pressure when challenged
with endotoxin (62,63) support the hypothesis that an overproduction of NO* by iNOS con-
tributes to the circulatory failure in septic shock. It is, however, less clear whether increased
formation of NO’ caused by the induction of iNOS may cause cellular damage in a paracrine
or autocrine fashion (714,115), and, hence, also contributes to the organ injury and dysfunc-
tion caused by endotoxin in septic shock. It is noteworthy that the formation of NO* by eNOS
and potentially also by iNOS also exerts beneficial effects in shock including vasodilatation,
prevention of platelet and leukocyte adhesion, maintenance of microcirculatory blood flow,
and augmentation of host defense. Thus, it is not surprising that basic and clinical scientists
have advocated the use of contrasting therapeutic approaches including inhibition of NOS
activity, enhancement of the availability of NO* (NO* donors, NO® inhalation) or a combina-
tion of both approaches (for review see refs. 60,61, and 116). The following paragraphs
highlight some of the effects and side effects of inhibitors of NOS activity (Table 1) in animal
models of septic shock.

INHIBITION OF NOS AcTIVITY IN ANIMAL MODELS OF SHOCK: EFFECTS AND SIDE EFFECTS

Although there is good evidence that endotoxemia or sepsis in rodents results in the
induction of iNOS (in various tissues) leading to an increase in the plasma levels of nitrite/
nitrate (from 20 up to 600 M) (149), there is limited information regarding the time-course
of iNOS induction, the degree of iNOS activity (in tissues) or even the plasma levels of nitrite/
nitrate in large animal models (pig, dog, sheep, baboon) of shock or in humans with sepsis
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and septic shock. Clearly, sepsis (or endotoxemia) results in an increase in the plasma levels
of nitrite/nitrate in these species. Thus, when evaluating the role of NO" or elucidating the
effects of NOS inhibitors in animal models of shock, one needs to consider that (1) many of the
models used are acute, nonresuscitated, hypodynamic models of shock, (2) the effects (and
side effects) of nonselective inhibitors of NOS activity will greatly vary depending on the
degree of iNOS induction in the species, and (3) any observed effects of the respective NOS
inhibitor used will obviously depend on the chosen dose regimen and timing of the intervention.

The N-substituted L-arginine analog L-NMMA was the first agent reported to inhibit NOS
activity. Following the discovery in 1990 that L-NMMA exerts beneficial hemodynamic
effects in animal models of endotoxemia (55,56), many subsequent studies aimed at elu-
cidating the role of NO" in septic shock have used the NOS inhibitor L-NAME rather than
L-NMMA, as L-NAME is cheap and readily available. In contrast to L-NMMA, L-NAME
is a relatively selective inhibitor of eNOS rather than iNOS activity (717). Hence, higher
doses of this agent may cause excessive vasoconstriction (particularly in the pulmonary,
renal, and myocardial vascular bed) and enhance the incidence of both microvascular throm-
bosis and neutrophil adhesion in the endothelium. Thus, L-NAME reduces oxygen delivery
and exacerbates organ injury in (many, but not all) animal models of endotoxic shock (736).
These results are not necessarily solely due to the use of very large amounts of L-NAME, but
rather a reflection of the fact that L-NAME is a more selective inhibitor of eNOS than iNOS
activity. In rats with endotoxemia, infusion of very low doses of L-NAME (e.g., 0.03—0.3 mg/
kg/h) results in a dose-related increase in blood pressure (because of inhibition of eNOS
activity) without reducing the rise in the plasma levels of nitrite/nitrate (an indicator of NOS
activity) or the organ injury caused by endotoxin (7/8) (Fig. 5). However, it should be noted
that in the kidney, eNOS may have protective (antithrombotic) actions in some models of
LPS-induced renal damage (746). Indeed, infusion of very low doses (30-50 pg/kg/min) of
L-NAME cause (1) a reduction in renal cortical blood flow without causing an increase in
blood pressure in the rat (779), and (2) a significant increase in pulmonary vascular resistance
caused by endotoxin in the pig (120). Although L-NAME may be suitable to inhibit the
generation of NO* by all three isoforms of NOS, this agent should not be used as a therapeutic
intervention in such diseases as septic shock, where an overproduction of NO* by iNOS has
been implicated as an underlying cause of the pathology.

In contrastto L-NAME, L-NMMA is an endogenous substance present in the urine of both
animals and humans. Although L-NMMA inhibits all isoforms of NOS to a variable degree,
it is amore potent inhibitor of iNOS than eNOS activity. L-NMMA is a competitive inhibitor
of the binding of L-arginine to NOS and, hence, excess of L-arginine reverses the inhibition
of NOS activity by L-NMMA. The effects of L-NMMA in models of shock vary from “very
beneficial” to “moderately beneficial with some adverse effects” to “detrimental” (often
caused by marked inhibition of eNOS activity) (117,136). Clearly, the observed results
depend on the dose of L-NMMA as well as the model of shock used. When given after the
onset of hypotension, infusions of relatively low doses of L-NMMA (3—10 mg/kg/h) have
been convincingly demonstrated to exert beneficial hemodynamic effects in rodents, sheep,
dogs, and baboon models of endotoxemia and sepsis. For instance, in conscious baboons,
administration of live Escherichia coli bacteria resulted in a significant increase in the serum
levels of biopterin, neopterin, and nitrate, suggesting an induction of guanosine triphosphate
(GTP) cyclohydrolase I and iNOS. In this model, infusion of L-NMMA (5 mg/kg/h) attenu-
ated the rise in the serum levels of nitrate and creatinine, the hypotension and fall in peripheral
vascular resistance and the substantial 7-d mortality caused by severe sepsis in this species
(Daryl Rees and Heinz Redl, personal communication). These findings clearly document that
the circulatory failure caused by septic shock in baboons is largely mediated by an enhanced
formation of NO® by iNOS and that inhibition of iNOS with L-NMMA improves outcome
in this model.
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Fig. 5. (A) Effect of aminoguanidine (AG, n = 8; filled squares), or aminoethyl-isothiurea (AE,
n = 8; filled circles) or N®-nitro-L-arginine methyl ester (L-NAME, n = 6; filled triangles) on the
fall in mean arterial blood pressure (MAP) caused by E. colilipopolysaccharide (LPS; 10 mg/kgiv)
in the anesthetized rat. The alterations in MAP (over time) of rats that were pretreated with vehicle
(for the drugs) and then received LPS are also shown (LPS control, n = 10; open circles). (B) Effect
of different NOS inhibitors on the increase in iNOS activity and (C) the serum concentration of
alanine aminotransferase (ALT) in rats with septic shock. Different groups of LPS rats were infused
for 4 h with vehicle (n = 10), AG (n = 8), AE (n = 8), N®-nitro-L-arginine methyl ester (NAME,
n==6), NS-methyl-L-arginine (NMA, n = 6) or 1-amino-2-hydroxy-guanidine (2-HG, n=10). The
infusion of drug or vehicle was started at 2 h after LPS. Data are expressed as mean + SEM of n
observations. *p <0.05 represents asignificantreduction in concentration/activity when compared
to LPS rats.

The observed beneficial effects of L-NMMA in animal models of septic shock stimulated
the search for selective inhibitors of iNOS activity. In the last years, several compounds
including aminoguanidine, certain isothiourea derivates (e.g., aminoethyl-isothiurea), ace-
tamidines (e.g., 1400W) and amino acid analogs (L-NIL). Aminoguanidine was the first
relatively selective inhibitor of iNOS activity discovered (/21). Although aminoguanidine
is amore potent inhibitor of iNOS than of eNOS activity in vitro and in vivo, aminoguanidine
is not a very potent inhibitor of iNOS activity. Aminoguanidine attenuates the delayed
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hypotension in rats (122) and rabbits (723) with endotoxin shock and improves survival in
mice challenged with endotoxin (722). Aminoguanidine and its analog 1-hydroxy-2-guani-
dine also attenuate the liver injury and hepatocellular dysfunction caused by endotoxin in the
rat(122,124) (Fig.5). Inrats with endotoxic shock, aminoguanidine also reduces the increase
in pulmonary transvascular flux (725). The interpretation of the mechanism(s) by which
aminoguanidine exert these beneficial effects is difficult, as aminoguanidine is not a specific
inhibitor of iNOS activity but has many other pharmacological properties including inhibi-
tion of (1) histamine metabolism, (2) polyamine catabolism, (3) the formation of advanced
glycosylation end products, and (4) catalase activity (as well as other copper- or iron-con-
taining enzymes) (126—129). Interestingly, aminoguanidine also prevents the expression of
iNOS protein by a hitherto-unknown mechanism (730). Thus, aminoguanidine has to be
regarded as an agent that (1) is a relatively selective, but not very potent inhibitor of iNOS
activity, (2) reduces the formation of NO* by two distinct mechanisms, i.e., prevention of the
expression of iNOS protein and inhibition of iNOS activity, and (3) exerts many other effects,
which appear to be unrelated to the inhibition of iNOS activity (nonspecific effects).

S-substituted isothioureas (ITUs) are non-amino acid analogs of L-arginine and also potent
inhibitors of iNOS activity with variable isoform selectivity (/3/—133). For instance, S-ethyl-
ITU is a potent competitive inhibitor of all isoforms of human NOS, whereas S-aminoethyl-
ITU and S-methyl-ITU are more selective inhibitors of iNOS than of eNOS activity (132).
In 1994, we demonstrated that S-methyl-ITU reverses the circulatory failure caused by endo-
toxin in the rat. The beneficial hemodynamic effect of S-methyl-ITU was associated with an
attenuation of the liver injury and hepatocellular dysfunction caused by endotoxin in rats
as well as an increase in the survival rate of mice challenged with high dose of endotoxin
(131). Similarly, administration of aminoethyl-ITU (1 mg/kg/h commencing 2 h after injection
of endotoxin) results in beneficial hemodynamic effects and attenuates the degree of liver
injury/dysfunction caused by endotoxin in the rat (7/34) (Fig. 5). In pigs with endotoxemia,
injection of aminoethyl-ITU (10 mg/kg iv at 3 h after endotoxin) restores hepatic arterial
blood flow (from reduced to normal levels) and increases hepatic oxygen consumption,
without affecting cardiac output (735). Some of the beneficial effects of aminoguanidine in
shock may not be due to its ability to inhibit iNOS activity. For instance, aminoethyl-ITU is
a scavenger of peroxynitrite and exerts beneficial effects on models of disease/pathology
known to be mediated by oxygen-derived free radicals (136). Interestingly, dimethyl-ITU
(which does not inhibit iNOS activity) is a weak radical scavenger that inhibits the activation
ofthe transcription factor NF-kB. In rats challenged with either endotoxin or live Salmonella
typhimurium, dimethyl-ITU attenuates the formation of TNF-o and improves survival (137).
It is conceivable that other S-substituted isothioureas will also prevent the activation of NF-xB.
This property may well explain why aminoethyl-ITU prevents the expression of iNOS pro-
tein caused by endotoxin in cultured macrophages and in the rat in vivo (730).

Recently, an analog of acetamidine termed 1400W [N-(3-(aminomethyl)benzyl) acetami-
dine], has been reported to be an approx 5000-fold more potent inhibitor of iNOS activity
than eNOS activity (human). The inhibition by 1400W of the activity of human iNOS is
potent (K, value approx 7 nM), dependent on the cofactor NADPH and either irreversible or
extremely slowly reversible. In a rat model of vascular injury caused by endotoxin, 1400W
is 50-fold more potent as an inhibitor of iNOS than eNOS activity and attenuates the vascular
leak syndrome (738). Surprisingly, in a rat model of severe sepsis, 1400W has been demon-
strated to prevent the delayed circulatory failure, but not the liver injury/dysfunction caused
by endotoxin. This finding supports the view that selective inhibition of iNOS activity might
auseful approach in the restoration of blood pressure in patients with septic shock. Most notably,
however, these data are consistent with the notion that—as in the case of iNOS knockout mice
challenged with endotoxin (62)—enhanced formation of NO* by iNOS primarily contributes
to the circulatory failure, but not to the liver injury/dysfunction caused by endotoxin.
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InHIBITION OF NOS AcCTIVITY
IN HuMANS WITH SEPTIC SHOCK

Although our understanding of the role of NO® in animal models of circulatory shock has
improved substantially over the past years, our knowledge regarding the biosynthesis and
importance of NO" in the pathophysiology of patients with SIRS or septic shock is still very
limited. There is evidence that endotoxin and cytokines (when given in combination) cause
the expression of iNOS as well as the formation of NO* (nitrite/nitrate) in various human cells
(primary or cell lines) including hepatocytes, mesangial cells, retinal pigmented epithelial
cells, and lung epithelial cells (739,140). Elevated plasma levels and urine levels of nitrite/
nitrate have been reported in adults and children with severe sepsis as well as in patients with
burns who subsequently developed sepsis (147, 148). Moreover, elevated plasma levels of nitrite/
nitrate occur in patients receiving IL-2 chemotherapy (7/40). Interestingly, the increase in
iNOS activity in leukocytes obtained from patients with sepsis appear to correlate with the
number of failing organs, but not with blood pressure. Taken together, these studies support
the view that severe sepsis/septic shock in humans is associated with an enhanced formation
of NO°. However, it appears that the rise in the plasma levels of nitrite/nitrate in vivo in
humans with septic shock is much smaller than in rodents (10-fold). Moreover, our under-
standing of (1) the biosynthesis of NO*, (2) the regulation of and the mechanism involved in
the expression of iNOS, and (3) the role of NO® in MODS in shock are largely based on animal
experiments of septic shock in rodents. In contrast, relatively little is known about the role
of NO" in patients with septic and other forms of circulatory shock.

Early reports of beneficial hemodynamic effects of L-NMMA in humans with septic
shock (141—-144) stimulated a phase I, multicenter, open-label, dose-escalation (1, 2.5, 5, 10,
or 20 mg/kg/h for up to 8 h) study using L-NMMA (546C88) in 32 patients with septic shock.
In that study, L-NMMA sustained blood pressure and enabled a reduction in vasopressor
(norepinephrine) support. The cardiac index fell to baseline values (possible due to an increase
in peripheral vascular resistance) and left ventricular function was well maintained. More-
over, L-NMMA increased oxygen extraction, whereas pulmonary shunt was not worsened
(145). A recent, placebo-controlled multicenter study involving 312 patients with septic
shock has evaluated the effects of L-NMMA on the resolution of shock at 72 h (primary
endpoint) (150). The severity of illness according to the SAPS II score was similar between
placebo and the L-NMMA group. Infusion of L-NMMA enhanced mean arterial blood
pressure and systemic vascular resistance index and decreased cardiac output (from elevated
toward normal levels). L-NMMA had no effect on left ventricular systolic work index, indi-
cating that the fall in cardiac output was not caused by an impairment in cardiac contractility.
In patients treated with L-NMMA, there was a transient increase in mean pulmonary artery
pressure. Interestingly, L-NMMA did not affects the thrombocytopenia or renal dysfunction
caused by sepsis. Most notably, 41% of patients treated with L-NMMA, but only 21% of
patients treated with placebo, recovered from shock within 72 h. There was a strong trend for
a reduction in mortality (at d 14) in patients treated with L-NMMA.

In 1997, Glaxo Wellcome started a phase III clinical trial evaluating the effect of 546C88
(targinine, L-NMMA) in patients with septic shock. That trial was stopped by the company
(after an interim analysis) in spring 1998, because of “concerns about a higher mortality in
the treated group than in the placebo group.” The trial, which involved 177 centers from
26 countries, started in June 1997 and had enrolled 797 patients at the time of suspension.
The interim analysis included data from 522 patients, 309 of whom had received 546C88.
The data and safety-monitoring committee reported a trend toward increased mortality in the
active treatment group and thus recommended stopping the trial because of patient safety
concerns. The trial will not be resumed, and it is unlikely that development of the drug will
continue (SCRIP, 1998; No. 2330, p. 21).
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CONCLUDING REMARKS

Since 1990, numerous studies have documented an enhanced formation of NO' in various
animal models of endotoxin and septic shock. Similarly, patients with septic shock exhibit
elevated plasma levels of nitrite/nitrate. Although the enhanced formation of NO' in animals
and humans with septic shock contributes to hypotension and hyporeactivity of the vascula-
ture to vasoconstrictor agents (vasoplegia), it is still unclear whether NO' (from iNOS) contrib-
utes to the organ dysfunction/failure syndrome associated with severe septic shock. The
finding that the highly selective inhibitor of iNOS activity, 1400W, attenuates the delayed
hypotension, but does not affect the multiple organ dysfunction caused by endotoxin in the
rat, supports the view that an enhanced formation of NO® within the vasculature contributes
to the circulatory failure, but does not directly contribute to the development of organ injury.
This notion is supported by the finding that iNOS knockout mice elicit less hypotension but
do develop liver injury when challenged with endotoxin.

Although there is evidence that human cells/tissue can, in principle, induce iNOS protein
and activity (when challenged with endotoxin and cytokines), the degree of iNOS activity
in patients with septic shock appears to be substantially lower than in some animal species
(e.g., rodents). The finding that inhibition of NOS activity with L-NMMA in patients with
septic shock exerted beneficial hemodynamic effects but did not affect, or even tended to
increase, mortality rate is somewhat not surprising, as L-NMMA is only a moderately selec-
tive inhibitor of iNOS activity. Whether highly selective inhibitors of iNOS activity do not
only exert beneficial hemodynamic effects but also decrease mortality rate in patients with
septic shock deserves further investigations.

There is increasing evidence—derived primarily from in vitro studies—that the activation
of the transcription factor NF-xB plays a pivotal role in local or systemic inflammation. The
finding that inhibition of the activation of NF-xB by calpain inhibitor I attenuates the circu-
latory failure and the multiple organ dysfunction syndrome caused by endotoxin in the rat
may represent a novel approach for the therapy of circulatory shock.
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