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Introduction 

It is now widely accepted that the release of pro-inflammatory cytokines [e.g., tumor 
necrosis factor-a (TNF-a), interleukin-1 (IL-1), IL-6], the expression on endothe
lium and neutrophils of adhesion molecules, and the overproduction of vasoactive 
mediators (e.g., nitric oxide, eicosanoids) play important roles in the pathophysio
logy of sepsis and septic shock. The expression of inducible genes leading to the for
mation of these proteins and autacoids relies on transcription factors which are 
either controlled by (other) inducible genes and, hence, require de novo protein syn
thesis or alternatively by so-called "primary transcription factors". Among the latter, 
nuclear factor-kappa B (NF-1<B) has received a considerable amount of attention 
because of its unique mechanism of activation, its active role in cytoplasmic/nuclear 
signaling, and its rapid response to pathogenic stimulation of cells [1,2]. NF-1<B was 
first identified some 10 years ago as a regulator of the expression of the kappa-light 
chain gene in murine B lymphocytes, but has subsequently been identified in most, 
if not all cell types studied [3-5]. In the last few years, it has become apparent that 
NF-1<B plays a central role in the regulation of many genes responsible for the gene
ration of proteins and mediators which playa role in local and systemic inflamma
tion as well as circulatory shock. This article reviews the mechanisms involved in the 
regulation of the activation of NF-1<B, highlights the consequences of the activation 
of this transcription factor and points to novel therapeutic approaches aimed at pre
venting the activation of NF-1<B in animal models of endotoxin shock. We propose 
that interventions which interfere with the activation of NK -1<B may be useful in the 
therapy of circulatory shock or other disorders associated with local or systemic 
inflammation. 

Regulation of the Activation of NF-KB 

NF-1<B is the prototype of a family of dimeric transcription factors made from mo
nomers that have approximately 300 amino acid Rel regions which bind to deoxy
ribonucleic acid (DNA), interact with each other, and bind the 11<B inhibitors. The 
most frequent form of human NF-1<B is a dimer composed of two DNA-binding 
proteins, namely NF-1<B1 (or p50) and RelA (or p65), although other dimeric com
binations (which may include RelA and p50, ReI B, c-Rel and p52) also exist [6]. 
Under physiological conditions, NF-1<B is held (in an inactive or "dormant" form) in 
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the cytoplasm by the inhibitory protein IKB-u, which avidly binds to most hetero
dimers including the NF-KBI/ReIA heterodimer. This inhibitory subunit can be 
considered as a cytoplasmatic anchor, as it prevents the nuclear uptake of NF-KB 
(Fig.!). 

Activation of NF-KB involves the release of the inhibitory subunit IKB-u from a 
cytoplasmic complex, which IKB forms together with the DNA-binding subunit 
RelA and NF-KBI [4,5]. Activation of NF-KB allows the p50/p65 subunits to trans
locate to the nucleus and to induce the expression of specific genes. There is some 
evidence that p50 and p65 can be independently transported into the nucleus due to 
a conserved cluster of positively charged amino acid residues in the C-terminal end 
of their NRD domains serving as nuclear location signals [9]. 

The cascade of events leading to the activation of NF-KB involves the signal-in
duced phosphorylation of IKB-u (Fig. 2a) resulting in its ubiquitination and pro
teolytic degradation in proteosomes (Fig. 2b) and ultimately in the release of NF-KB 
from its cytoplasmatic anchor (Fig. 2c). NF-KB then translocates into the nucleus, 
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Fig. 2. Cascade of events leading to the activation of NF-KB including (a) activation of IKB kinase in 
the cytosol leading to the phosphorylation of IKB and ubiquitination (Ub) of this inhibitor, (b) pro
tealytic degradation of IKB in the proteasome leading to the release of p50/p65 which (c) is now 
able to translocate into the nucleus where it binds to a KB consensus site 
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where it binds to consensus (or KB) sites located in the upstream (5') promotor 
region of a variety of genes (Fig. 3) [10]. 

Activation of NF-lCB 

NF-KB is itself activated by the exposure of cells to endotoxin (lipopolysaccharide, 
LPS), pro-inflammatory cytokines e.g. TNF-a and IL-l, or oxidants to name but a 
few. Table 1 provides an (incomplete) list of the many factors which have been re
ported to result in the activation of NF-KB [3,7-11]. The signaling pathway which 
ultimately leads to the expression of certain genes by NF-KB comprises phos
phorylation, ubiquitination (in proteasomes) and finally degradation of IKB. The 

Table 1. Factors activating NF-KB 

Cytokines 

Bacterial products 

Viruses 

Oxidants 

Physical stress 

Tumor necrosis factor-a (TNF-a) 
Lymphtoxin (TNF-~) 
Interleukin -1 ~ 
Interleukin -2 
Leukotriene B4 
Lymphocyte inhibitory factor 

Lipopolysaccharide 
Exotoxin B 
Toxic shock syndrome toxin 1 
Muramyl peptides 

Human immunodeficiency virus 1 (HIV-1) 
Human T-cell leukemia virus type 1 (HTLV-1) 
Herpes simplex virus type 1 
Epstein-Barr virus (EBV) 
Adenovirus 
Influenzavirus 
Rhinovirus 

Hydrogen peroxide 
Ozone 

Ultraviolet radiation 
y radiation 
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first step in the activation of NF-KB is the activation of IKB kinase(s) in the cytosol 
which results in the phosphorylation of IKB on serine 32 and 36 of the protein 
(Fig. 2a). This event leads to the subsequent conjugation with ubiquitin which 
allows the degradation of the IKB in proteasomes (see below). Although the exact 
events leading to the activation of IKB kinase are unclear, there is good evidence that 
the generation of intracellular oxygen-derived free radicals plays a pivotal role. 
Thus, it is not surprising that 
- the intracellular "redox status" of the cell is of the utmost importance, 
- many oxidants facilitate the activation of NF-KB, while, 
- many anti-oxidants may function as inhibitors of this transcription factor. 

As the gene for IKBa also contains a KB recognition site in its promotor region, 
NF-KB itself induces the synthesis of IKB, which, when encountering activated 
NF-KB, binds to this activated transcription factor resulting in the (re)generation of 
a "dormant" cytosolic form. 

Role of the Proteasome in the Activation of NF-lCB 

The multicatalytic proteinase or the "proteasome" is a highly conserved cellular 
structure which is responsible for the adenosine triphosphate (ATP)-dependent 
rapid degradation (proteolysis) of many rate-limiting enzymes (e.g., ornithine 
decarboxylase), critical regulatory proteins (e.g., cyclins in cell growth) and trans
cription factors, such as NF-KB [12]. Despite the abundance, characteristic appe
arance, and unique properties of the proteasome, progress in the understanding of 
its function has, until recently, been slow. The 20S proteasome (700-kDa) is a com
plex containing multiple subunits (20-35-Kda each) which contains a large internal 
cavity or "proteolytic pore". The 20S proteasome (in eukaryotes) contains at least 5 
identifiable proteolytic activities. Although the 20S proteasome does contain a pro
teolytic pore, it cannot degrade proteins in vivo unless it is complexed with a 19S 
cap, at either end of its structure, which itself contains multiple ATPase activities. 
This larger structure, termed 26S proteasome, will rapidly degrade proteins that 
have been targeted for degradation by the addition of multiple molecules of the 
8.5-Kda polypeptide, ubiquitin (reviewed in [12]). Hence, this ubiquitination step in 
the activation of the proteasome serves as a regulatory mechanism and allows for 
the degradation of specific proteins, such as NF-KB. 

Proteins Regulated by NF-lCB 

Activation of NF-KB results in the expression of the genes of the following pro
inflammatory cytokines, many of which play an important role in the pathophysio
logy of systemic inflammatory response syndrome (SIRS) and septic shock: TNF-a, 
11-1, IL-2, 11-6, IL-8, granulocyte-colony stimulating factor (G-CSF) and macrophage
colony stimulating factor (M-CSF). In addition, activation of NF-KB results in the 
expression of the genes of several chemokines (Table 2, Fig. 4), adhesion molecules, 
such as intercellular adhesion molecule-l (ICAM-l) and vascular adhesion mole-
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Table 2. Proteins regulated by NF-KB 

Cytokines/chemokines 

Inflammatory enzymes 

Acute phase proteins 

Adhesion molecules 

Receptors 

Tumor necrosis factor-a (INF-a) 
Interleukin -1 p 
Interleukin-2 
Interleukin-6 
Interleukin -8 
Granulocyte colony stimulating factor (G-CSF) 
Macrophage colony stimulating factor (M-CSF) 

Inducible nitric oxide synthase (iNOS) 
Inducible cyclooxygenase-2 (COX II) 
5-lipoxygenase 
Phospholipase A2 

Angiotensinogen 
Serum amyloid A precursor 
Complement factor B 
Complement factor C4 

Intercellular adhesion molecule 1 (ICAM 1) 
Vascular adhesion molecule 1 (VCAM 1) 
E-selectin 

I-cell receptor (P chain) 
Interleukin-2 receptor (a chain) 

cule-l (VCAM-l), as well as certain pro-inflammatory enzymes. The latter include 
the inducible isoform of nitric oxide synthase (iNOS or NOS II) [13,14], the expres
sion of which results in an overproduction of nitric oxide (NO) which contributes to 
the circulatory failure (hypotension and vascular hypo reactivity of the vasculature 
to vasoconstrictor agents) in animals and man with endotoxin or septic shock [15]. 

Interestingly, lipoteichoic acid (LTA), a fragment of the cell wall of Gram-positive 
bacteria, which synergizes with peptidoglycan to cause the induction of iNOS, shock 
and multiple organ failure (in the rat) also causes the activation of NF-l<B in macro
phages, as the induction of iNOS caused by LTA is prevented by several agents which 
interfere with the activation of NF-l<B [16] (Fig. 4). In addition to iNOS, activation of 
NF-l<B is essential for the expression of the inducible isoform of cyclooxygenase (or 
COX-2) and phospholipase A2 , both of which importantly contribute to the well 
documented overproduction of prostaglandins in shock. Last, but not least, activa
tion of NF-l<B results in the expression of the gene for 5-lipoxygenase and, hence, 
may contribute to an enhanced formation of chemotactic and vasoactive 5-lipoxy
genase metabolites. It should also be noted that NF-l<B regulates the expression of 
the genes of the receptors for IL-2 as well as the T-cell receptor (a chain). Some (but 
not all) of the proteins regulated by NF-l<B are depicted in Table 2. 

Inhibition of the Activation of NF-lC B 

Some naturally occuring inhibitors of NF-l<B have been identified including glio
toxin derived from aspergillus [17]. The activation of Il<B kinase can be prevented by 
various agents known to be radical scavengers. These include rotenone, butylated 
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Fig. 4. Signal transduction events leading to the expression of genes regulated by NF-KB in cells ac
tivated, e.g., with pro-inflammatory cytokines. Binding of endotoxin (LPS) or lipoteichoic acid 
(LTA), together with peptidoglycan (PepG) to their receptors, e.g., on macrophages, leads to the re
lease of TNF-a, IL-1 and interferon-y (IFN-y). These cytokines bind to specific receptors on target 
cells, which leads to the tyrosine kinase-dependent activation of NF-KB resulting in the expression 
of specific target genes 

hydroxyanisole (BHA) and pyrrolidine dithiocarbamate (PDTC). Moreover, aspirin, 
sodium salicylate and N-acetylcysteine (at very high concentrations) attenuate the 
activation of NF-KB by a mechanism which may involve anti-oxidant effects of these 
agents. Interestingly, IL-10 (which has been reported to improve survival in animal 
models of endotoxin shock) also prevents the activation ofNF-KB [11]. 

In addition to preventing the activation of IKB-kinase, the activation of NF-KB 
can be attenuated or prevented by inhibiting the proteolytic degradation of IKB in 
the proteasome. In recent years, several serine protease inhibitors have been report-
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ed to inhibit the proteolytic cleavage of proteins in the pro teas orne. These include 
the peptide aldehydes N-acetyl-I-Ieucinyl-I-Ieucinyl-I-norleucinyl (ALLN), a com
pound which is better known as "calpain I inhibitor" or "calpain inhibitor I". In 
addition to calpain inhibitor I, other peptide aldehydes including N-acetyl-L-Ieu
cinyl-I-Ieucinyl-methional (LLM) and N-carboxybenzoxyl-I-Ieucinyl-I-Ieucinyl-nor
valinal (MGI15) are also potent inhibitors of the 20S proteasome [18]. A series of 
a-ketocarbonyl and boronic ester derived dipeptides [19] and epoxyketones [20] 
have also been described that are new inhibitors of the proteasome. Most notably, 
Lum and colleagues [21] have recently described a series of potent and specific in
hibitors of the 20S proteasome, termed CVT -634. The following paragraphs review 
the effects of some of these agents on the activation of NF-KB, the release of pro
inflammatory cytokines, shock and multiple organ failure. 

The molecular evidence of the effects of glucocorticoids in inflammation is not 
well understood, but there is recent evidence that glucocorticoids inhibit the action 
of the transcription factors AP-l and NF-KB [11]. It is now well established that 
glucocorticoids bind to cytosolic receptors which then translocate into the nucleus 
and bind (as a homodimer) to glucocorticoid-response elements located on the pro
motor of target genes. This results in an increase in transcription of many proteins 
including lipocortin 1 [22]. There is some evidence that there is a direct protein-pro
tein interaction between the 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 IKBa, which results in 
an excess of this inhibitory factor in the nucleus and cytosol. Thus, activated NF-KB 
(following the degradation of IKB in the proteasome) when "travelling" to the nu
cleus meets with and binds to IKBa to form its "dormant" (inactive) cytosolic form. 
For a detailed review of the mechanisms by which glucocorticoids interfere with the 
activation of NFKB, the interested reader is referred to a recent, excellent review of 
this topic [11]. 

Inhibition of the Activation of NF-xB in Cells Challenged with Endotoxin 

In RAW macrophages activated with endotoxin, calpain inhibitor I attenuates the 
degradation of IKB in the proteasome as well as the processing of the p65/p50 com
plex to p50. This results in the accumulation of IKB in the cytosol of LPS-activated 
macro phages, whereas this cannot be detected in macrophages which have not been 
pre-treated with calpain inhibitor I. Thus, calpain inhibitor I specifically interferes 
with the proteolytic cleavage OfIKB and hence prevents the activation ofNF-KB [23]. 
In addition to preventing the activation of cells challenged with endotoxin, calpain 
inhibitor I also attenuates the activation of murine macrophages challenged with 
wall fragments of Gram-positive bacteria. The mechanism(s) by which Gram-posi
tive bacteria cause circulatory failure and multiple organ dysfunction was, until re
cently, largely unknown. We have reviewed the synergism of two wall fragments 
from the Gram-positive bacterium Staphylococcus aureus, namely LTA and peptido
glycan (PepG) to cause shock and multiple organ dysfunction syndrome (MODS) 
[24] (Fig. 4). Interestingly, the circulatory failure caused by coadministration of LTA 
and PepG [25] was attenuated by inhibitors of NOS activity as well as prevented by 
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dexamethasone. In cultured macrophages, LTA causes the expression and activation 
of iNOS protein. The expression afforded by LTA in these cells is attenuated by inhi
bitors of protein tyrosine kinase (such as genistein or tyrphostins) (Fig. 4) as well as 
by various interventions known to intefere with the activation of NF-KB. These in
clude the radical scavengers rotenone and BHA as well as PDTC and L-l-tosylami
dO-2-phenylethyl chloromethyl ketone (TPCK) [26). These studies indicate that the 
induction of iNOS caused by LTA in vitro requires the activation of NF-KB. In addi
tion, we have compared the effects of 
- agents known to attenuate the activation of NF-KB [e.g., calpain inhibitor I, TPCK, 

N-carbobenzoxy-L-phenylalanine chloromethyl ketone (ZPCK)), 
- proteases which do not attenuate the activation of NF-KB [e.g., chymostatin, 

leupeptins, (negative control)) and 
- dexamethasone (positive control) on the accumulation of nitrite in the super

natant of murine macrophages (cell line J774.2) activated with endotoxin. 

Activation of J774.2 macrophages resulted, within 24 h, in a significant increase in 
nitrite in the cell supernatant (from 0.9 ± 0.2 11M to 36 ± 111M). Calpain inhibitor I, 
TPCK, ZPCK (ICso : -10 11M) and dexamethasone (ICso: - 0.1 11M) all caused con
centration-dependent inhibition of the formation of nitrite elicited by LPS. In 
contrast, neither chymostatin nor leupeptin, which are inhibitors of cysteine and 
serine protease activity, respectively, and which do not prevent the activation of NF
KB [27), did not attenuate the increase in nitrite formation in the supernatant of 
macrophages activated with LPS [28). Thus, the induction of iNOS activity afforded 
by either LTA or LPS in cultured macrophages also requires the activation of NF-KB 
(Fig. 4). 

Inhibition ofthe Activation of NF-KB in Animal Models of Endotoxemia 

Knowing that NO plays a pivotal role in the pathophysiology of shock of various 
etiologies [15,29) and based on the above in vitro findings, we proposed in 1996 that 
the prevention of NF-KB activation may be useful in the therapy of circulatory 
shock. To test this hypothesis, we have investigated the effects of calpain inhibitor I, 
chymostatin and dexamethasone on the circulatory failure, the multiple organ dys
function, and the induction and activity of iNOS and COX-2 protein in rats with 
endotoxic shock [28). 

Beneficial Hemodynamic Effects of Calpain Inhibitor I in Shock 

In anesthetized rats, administrazion of LPS (10 mg· kg - 1) caused a rapid (within 
15 min), but transient fall in mean arterial pressure (MAP) which had partly re
covered by 180 min. After 180 min, there was a second, further fall in MAP from 
lO2 ± 4 mmHg to 73 ± 5 mmHg at 360 min. This delayed fall in MAP, was abolished 
by both dexamethasone (1 mg. kg-I) and calpain inhibitor I (3 or 10 mg·kg- I). In
jection of LPS resulted, within 360 min, in a more than 50% reduction in the pressor 
response elicited by norepinephrine (vascular hyporeactivity). This vascular hypo-
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reactivity to norepinephrine was attenuated by both dexamethasone and calpain 
inhibitor I. The circulatory failure was, however, not affected by administration of 
calpain inhibitor I (10 mg· kg-I) given 2 h after LPS (late administration), suggest
ing that agents which prevent the activation of NF-KB have to be given early on in 
endotoxemia to achieve a maximal therapeutic benefit. Similarly, the serine protease 
inhibitor chymostatin did not affect the circulatory failure caused by LPS, suggesting 
that the observed beneficial hemodynamic effects of calpain inhibitor I were indeed 
due to prevention of the activation of NF-KB, and not due to its ability to inhibit the 
activity of (other) serine proteases. 

Calpain Inhibitor I Attenuates the Multiple Organ Dysfunction Syndrome 
Caused by Endotoxin in the Rat 

Endotoxemia for 6 h was associated with a significant rise in the plasma levels of 
urea and creatinine (indicators of renal failure); bilirubin, alanine amino transferase 
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Fig. 5. When compared to "healthy" control rats (open columns), injection of endotoxin (black co
lumns) leads within 6 h to (a) a substantial fall in mean arterial blood pressure (MAP), (b) a signifi
cant rise in the serum levels of alanine aminotransferase (ALI) indicating the development ofhepa
to cellular injury, (c) a significant rise in the serum levels of lipase, indicating the development of 
pancreatic injury, and (d) a rise in serum lactate. Pre-treatment of rats with either dexamethasone 
(Dex, diagonal striped columns) or calpain inhibitor I (Cal-I, horizontally striped columns) pre
vents the hypotension as well as the multiple organ injury caused by endotoxin. * p < 0.05 when 
compared to LPS control, ANOVA followed by Dunnett's post hoc test 
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(ALT) and aspartate amino transferase (AST), and y-glutamyl transpeptidase (yGT) 
[all indicators of liver injury or failure]; lipase (an indicator of pancreatic injury); 
and lactate (Fig. 5). Dexamethasone, but not calpain inhibitor I, reduced the rise in 
the plasma levels of urea and creatinine caused by endotoxin. In contrast, pre-treat
ment with calpain inhibitor I prior to injection of rats with LPS attenuated the rises 
in the plasma levels of bilirubin, ALT (Fig. 5), AST and yGT, while the late adminis
tration of calpain inhibitor I (2 h after LPS) or chymostatin had no effect. Calpain 
inhibitor I also reduced the increase in the plasma levels of lipase and lactate caused 
by endotoxin (Fig. 5). 

Injection of LPS also resulted in an increase in the serum level of TNF-a, which 
was attenuated by dexamethasone, but not by calpain inhibitor I. This study [28] 
provided the first evidence that calpain inhibitor I attenuates the circulatory failure 
as well as the liver injury/dysfunction and the pancreatic injury caused by endotoxin 
in the rat. There are several explanations for the effects of calpain inhibitor I in mo
difying the circulatory failure and MODS associated with en do toxemia. One could 
argue that some of the effects of calpain inhibitor I are due to the ability of this agent 
to inhibit the activity of serine or cysteine proteases. This is, however, unlikely as 
chymostatin, a potent inhibitor of such proteases [27], did not affect the circulatory 
failure nor the MODS caused by LPS. Thus, inhibition of protease activity is unlike
ly to account for the beneficial effects of calpain inhibitor I observed. We therefore 
proposed [28] that the effects of calpain inhibitor I are due to the inhibition of the 
activation of the transcription factor NF-KB. Clearly, activation of NF-KB plays an 
important role in the expression of iNOS [13, 14,30]. An enhanced formation of NO 
by iNOS contributes to the circulatory failure caused by LPS in the anesthetized rat, 
as the selective inhibition of iNOS activity with 1400-W or L-NIL attenuates the 
delayed hypotension caused by LPS in this species (unpublished observation). Pre
treatment of rats with calpain inhibitor I attenuates the increase in iNOS protein 
and activity in lungs and livers of rats with endotoxic shock [28]. Thus, the reduction 
in the expression of iNOS by calpain inhibitor I, this inhibitor ofNF-KB, may contri
bute to (or account for) the attenuation of the circulatory failure caused by LPS in the 
rat. 

TNF-a causes the activation of NF-KB [31] which, in certain cells, may result in the 
induction of iNOS (see above). Endogenous TNF-a also mediates the induction of 
iNOS [32] and, hence, the circulatory collapse [32,33] as well as the liver injury [34, 
35] caused by endotoxin. Interestingly, calpain inhibitor I does not attenuate the rise 
in the serum levels of TNF-a caused by endotoxin in the rat [28]. Thus, a reduction 
in the formation of TNF-a does not explain the inhibition by calpain inhibitor I of 
the expression of iNOS (and COX-2; see below) protein. 

The promotor region of the murine and human COX-2 genes contains binding 
sites for NF-KB [36,37]. The expression of the COX-2 gene is activated by oxidant 
stress [38], and reactive oxygen intermediates cause the activation of NF-KB [39] 
suggesting that NF-KB is one of the transcription factors involved. The increase in 
prostaglandin formation (COX activity) by murine osteoblasts (cell line MC3T3-El) 
involves the activation of NF-KB [40]. In rats with endotoxemia, calpain inhibitor I 
attenuates the expression of COX-2 protein (in lung and liver) as well as the increase 
in the plasma levels of 6-keto-prostaglandin FlU [28]. The reduction of the expres
sion of COX-2 protein and activity by calpain inhibitor I is associated with beneficial 
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hemodynamic effects (see above), but it is unclear whether the formation of arachi
donic metabolites (by COX-2) contributes importantly to the pathophysiology of 
septic shock. Although there is some evidence that prostaglandins contribute to the 
hemodynamic alterations and the liver injury associated with endotoxic shock [41], 
the effects of selective inhibitors of COX -2 activity [42] on circulatory failure or 
MODS have not been investigated. Moreover, there are (to our knowledge) no stu
dies evaluating the effects of anti-sense oligonucleotides against COX-2 mRNA in 
animal models of shock. Therefore, we cannot exclude that an enhanced formation 
of arachidonic acid metabolites by COX-2 contributes to the observed pathophysio
logy. It is impossible to predict if, and to what degree, reduction of the expression of 
COX-2 protein and activity contributes to the beneficial effects of calpain inhibitor I 
in rats with endotoxic shock. There is, however, evidence that the formation of 
arachidonic acid metabolites by COX-2 contributes to the inflammatory response 
caused by injection of carageenan into a subcutaneous air pouch of the rat, as 
this response is blocked by NS-393 as well as dexamethasone [43]. Thus, we propose 
that the reduction by calpain inhibitor I of the expression of COX-2 (caused, e.g., by 
cytokines) results in a potent anti-inflammatory effect of this inhibitor of IKBa 
proteolysis. 

Like calpain inhibitor I, dexamethasone reduced the expression of iNOS and 
COX-2 and attenuated the circulatory failure, the hepatocellular injury and the pan
creatic injury caused by LPS [28]. Indeed, the effects of dexamethasone and calpain 
inhibitor I were, with two exception, prevention of renal failure by dexamethasone, 
but not calpain inhibitor I, and reduction of the rise in serum levels of TNF-a by 
dexamethasone, but not calpain inhibitor I. These similar effects suggest a similar 
mechanism of action. Indeed, dexamethasone induces the transcription of the IKBa 
gene resulting in an increase in the synthesis of IKBa protein. Stimulation by TNF-a 
causes the release of NF-KB from IKBa (i.e. the activation of NF-KB). In cells pre
treated with dexamethasone, the NF-KB released by TNF-a rapidly reassociates with 
(the newly synthesized) IKBa [31]. Thus, both dexamethasone (see above) and cal
pain inhibitor I significantly reduce the amounts of NF-KB which are able to trans
locate to the nucleus to initiate transcription of genes including those for COX-2 and 
iNOS. 

Conclusion 

There is increasing evidence, derived primarily from in vitro studies, that the activa
tion of the transcription factor NF-KB plays a pivotal role in local or systemic in
flammation. In 1997, we demonstrated that an agent which prevents the activation of 
NF-KB also attenuates the circulatory failure and the multiple organ dysfunction 
caused by endotoxin in the rat. The mechanism of the beneficial effect of this agent, 
calpain inhibitor I, is not entirely clear, but may include prevention of the expres
sion of inducible enzymes (e.g., iNOS, COX-2, phospholipase A2 ), adhesion mole
cules and cytokines. Thus, prevention of the activation of NF-KB may represent a 
novel approach for the therapy of circulatory shock (and other diseases associated 
with local or systemic inflammation) and deserves further investigation. 
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