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I. Introduction

The nuclear factor kB is one of the key switches in the

signalling cascades related to the development of inflamma-

tory and cardiovascular diseases, carcinogenesis and stress

response. It is the main inducer of inflammatory response

and negative regulator of apoptosis. The broad spectrum of

biological action of NF-kB is due to its ability to regulate

transcription of genes the products of which determine the

cell response to environment conditions.

The transcription factor NF-kB was first described in

1986 as a heterodimeric protein of B lymphocytes, which is

bound to an enhancer of immunoglobulin k-light chain

genes.1 During subsequent studies it was shown that this

protein is a prototype of a family of transcription factors

comprising a site of high homology with the oncogen Rel

product.2 In mammal cells, the family of transcription

factors NF-kB/Rel is represented by proteins p65 (RelA),

p50, c-Rel, RelB, and p52, and precursor proteins p105 and

p100. All these proteins share a highly homologous N-ter-

minal domain composed of 300 amino acid residues that are

responsible for DNA specific recognition, dimerisation and

nuclear localisation.3 Proteins of the NF-kB/Rel family

form homo- and heterodimers possessing different abilities

to initiate gene expression, this function being dependent on

the nature of the target gene.4 The heterodimer comprising

p50 and p65 subunits is the most common form in vivo.

The NF-kB/Rel-dependent signalling pathway is among

the most important and best studied regulator systems

in eukaryotic cells. The normal function of NF-kB is

regulation of cellular processes such as immune response,

cell adhesion, apoptosis and proliferation. The central role

of NF-kB as an immune regulator is indicated by its

conservation during evolution. In the cell nucleus, the tran-

scription factor NF-kB is bound through transactivation

domains to the DNA kB-site comprising 10 base pairs

50-GGGRNNYYCC-30 (where R=A or G, Y=T or C,

N=A, G, T or C).5 ± 7 Note that the sequence of some

active DNA kB-sites can differ from the above-presented

one. According to X-ray diffraction data (resolution 2.3 �A)

for the complex of p50 homodimer and an oligonucleotide

duplex containing the kB site 50-GGGAATTCCC-30, the

peptide loops of the protein form a contact surface with

heterocyclic bases in the DNA major groove and the sugar

phosphate backbone (Fig. 1).5, 6 The precise protein ± nuc-

leic acid contacts in the NF-kB ±DNA complex in solution

were characterised by means of chemical modification of

biopolymers, by using mutant proteins and covalent pro-

tein ± nucleic acid binding followed by isolation of the

peptide fragment involved in the complexation.8, 9
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It was found that kB sites are located in promoters of

many genes encoding proinflammatory proteins and

immune and stress response proteins such as cytokines

(including interleukins IL-1, IL-2, IL-6, IL-8 and other),

interferon g, tumour necrosis factor (TNF), cell adhesion

molecules, histocompatibility class I molecules, enzymes,

growth factors, transcription factors, apoptosis regula-

tors 10, 11 including inhibitors of apoptosis proteins (IAP).

Antiapoptosis proteins actively affect the signalling path-

ways that regulate programmed cell death and innate

immunity, which in turn results in a decrease in the activity

of the key apoptosis regulator, p53 protein.12 Such external

stimuli as hormones, cytokines, growth factors and physical

treatment are the main NF-kB activators. Being bound to

the promoters of its target genes, activated NF-kB regulates

the biosynthesis of tens of proteins and factors responsible

for physiological and pathophysiological cellular proc-

esses.13 Its main purpose is to switch the cells from one

developmental program to another in order to retain the

functions of organs and organism as a whole.

The nuclear factor kB and components of its signalling

cascade are currently regarded as promising therapeutic

targets the inhibition of which contributes to preventing

cardiovascular and oncological diseases, immune disorders,

and inflammatory pathologies. In this review we concen-

trated attention on the biological action of low-molecular-

weight inhibitors of NF-kB both isolated from natural

sources and prepared by synthesis.

II. Signal transduction pathways leading to NF-kB
activation

It is known that only B-cells and blood plasma cells of

mammals use NF-kB for their development.14 In other cells,

the NF-kB resides in cytoplasm in an inactive form bound

to an inhibitory proteins IkB. The family of inhibitory

proteins IkB includes the proteins IkB-a, IkB-b, IkB-g,
IkB-d, IkB-e and Bcl-3. In non-stimulated cells, the proteins

IkB bind specifically to both NF-kB subunits, which pre-

vents them from being transported to the nucleus.15, 16

Presumably, the IkB-a protein not only masks the NF-kB
site responsible for the translocation of the latter to the

nucleus, but also contains a specific site of nuclear export

owing to which the newly synthesised IkB-a molecules

penetrating into the nucleus can `retrieve' NF-kB already

located there and take it back to the cytoplasm. The IkB-b
and IkB-e proteins are unable to perform such nuclear

export. The role of each inhibitory protein in the regulation

of NF-kB was studied for mouse embryonic fibroblasts

knocked-out for different types of IkB.17

The complex of the inhibitory protein IkB with NF-kB
dissociates upon phosphorylation of serine residues (Ser32

and Ser36) of IkB with protein kinases.18 ± 20 The liberated

NF-kB enters the nucleus where it initiates the transcription

of target genes encoding the signalling and protective

proteins, proinflammatory cytokines and so on. Phosphor-

ylation of IkB triggers its ubiquitation (with protein ubiq-

uitin, Ub) and degradation by 26S-proteasomes. The high-

molecular-weight complex of kinases (IKK) comprising

IKKa and IKKb catalytic subunits and IKKg regulatory

subunit (or NEMO, NF-kB Essential Modulator), is

responsible for phosphorylation of IkB needed for activat-

ing NF-kB. By knock-out for different types of kinase

complex subunits, their role for activation of NF-kB was

identified. It was shown that IKKb gene disruption is fatal,

whereas IKKa gene suppression results in considerable

violation of biological processes. The IKKb and IKKg
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Figure 1. Structure of the complex formed by p50 homodimer of the

human nuclear factor kB with kB-containing oligonucleotide duplex

(X-ray diffraction data).5
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Figure 2. Canonical and non-canonical pathways of NF-kB activa-

tion.
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pair ensures the canonical NF-kB activation pathway via

phosphorylation and degradation of IkB,21 ± 23 whereas

IKKa is responsible for the alternative pathway the compo-

nents of which are other subunits of the transcription factor

NF-kB; in particular, nuclear translocation takes place for

the p52/RelB dimer.24, 25 The non-canonical pathway for

NF-kB activation is essential for the development of lym-

phoid organs and adaptive immune response but not for

other NF-kB-dependent functions such as apoptosis inhib-

ition and innate immunity. The general NF-kB activation

scheme is shown in Fig. 2.

III. Nuclear factor kB as a redox-sensitive
transcription factor

The redox-sensitive transcription factors, in particular

NF-kB, AP-1, etc., are responsible for the change in the

redox balance of the cells. This is estimated as the ratio of

reduced and oxidised SH groups in proteins or, in a more

general case, the ratio of pro- and antioxidants.26 The

activation of redox-sensitive cell elements by external stim-

uli and agents that induce oxidative stress and stimulate

production of reactive oxygen species (ROS) changes

expression of several hundreds of genes and, correspond-

ingly, activates many enzymatic processes. Therefore, it is

not surprising that these regulatory elements serve as

essential units of cell proliferation and differentiation,

induction of apoptosis and development of multiple drug

resistance.

Reactive oxygen species are generated endogeneously by

aerobic cells as intermediate products of metabolic trans-

formations. The incorporation of oxygen into metabolic

pathways of living organisms is related to its activation to

form a number of more reactive compounds. The action of

internal and external factors such as UV radiation, electro-

magnetic fields, X-rays, sonication, radiation, of pharma-

ceutical agents, smoking gives rise to excited singlet oxygen

(1O2), superoxide radicals (Oÿ2
.
), hydroxyl radicals (HO

.
),

peroxide radicals (HO2
.
), peroxide ions (HOÿ2 ), hydrogen

peroxide (H2O2), nitrogen(II) oxide (NO), organic peroxides

and radicals in the cell.27

A route for the formation of superoxide radicals is

reduction of oxygen in the reaction with NADPH catalysed

by plasmatic membrane oxidases:

In addition, superoxide radicals arise in reactions involving

xanthine oxidase, microsomal monooxygenases, lipoxyge-

nase and cyclohexenase and upon self-oxidation of thiols,

flavins, quinones, catecholamines, which are the products of

reductive cycle of xenobiotics.28

The superoxide radicals are inactivated by superoxide

dismutase:

Hydroxyl radicals are formed in the following chemical

reactions:

H2O H
.
+

.
OH (hydrolysis),

Fe2++H2O2 Fe3++
.
OH+OH7 (the Fenton reaction),

H2O2+Oÿ2
.

O2+
.
OH+OH7 (the Haber ±Weiss reaction).

Nitrogen oxide is generated upon oxidation of L-argi-

nine by NO synthase (NOS). The NO molecules having one

unpaired electron are highly reactive and easily react with

oxygen, superoxide radicals or transition metals. Reactive

nitrogen oxide species, NO
.
, NO+ and NO7, are stabilised

in biological complexes with thiols (RS7_+NO), nitrites

(O2N7_+NO), and other targets and intermediates.29

It is known that ROS promote organism functioning.

They are involved in cell proliferation and differentiation,

transfer of external signals, ion transport, immune response.

Reactive oxygen species play the important role in protect-

ing the organism from microbial and viral infections, in the

fight against tumour cells, and in supporting intracellular

communication.30

However, pronounced oxidative stress results in cell

death or its malignant transformation. Ageing of cells and

organism as a whole is also related to the activity of free-

radical processes involving ROS, which cause non-specific

changes of biopolymers. For survival under enhanced oxy-

gen content, mammal cells developed a protection system,

which includes the use of low-molecular-weight antioxi-

dants (glutathione, vitamins A, C, E and so on) and ROS-

inactivating enzymes such as superoxide dismutase, sele-

nium-dependent glutathione peroxidase, catalase, gluta-

thione reductase. The oxidative stress conditions enhance

the expression of genes encoding both the antioxidative

protection enzymes and enzymes involved in drug metabo-

lism.31, 32 The level of proteins involved in the immune and

antiinflammatory protection system also increases.

During evolution, organisms have learned to use unique

properties of ROS to regulate the activity of many enzymes

and transcription factors.

Hydrogen peroxide generated during breathing process

or exogeneous can itself activate NF-kB in macrophages.

This process is highly specific, as hydrogen peroxide in the

concentrations used does not affect the proteins.33 It was

also found that the family of Rel proteins contains a

conserved cysteine residue (Cys62) in the N-terminal

domain; its oxidation with hydrogen peroxide increases,

and nitrosylation decreases, binding of NF-kB to the

recognition site in DNA and, hence, the expression of

genes it regulates.34

Presumably, nitrosylation of the Cys62 residue in the

p50 protein and other proteins of the Rel family is a

mechanism of physiological regulation of NF-kB. It is also
possible that under the action of NO radicals, the activity of

IkB kinase decreases and this decreases the efficiency of

phosphorylation of IkB.26

There is a multitude of NF-kB activators, which use

hydrogen peroxide as a secondary messenger. These include

phorbol 12-myristate 13-acetate [below referred to as phor-

bol ester (1)], lipopolysaccharides, okadaic acid (2), low-

O2 Oÿ2
.
.

oxidase

2Oÿ2
.
+2H+ H2O2+O2 .

superoxide dismutase

SH

NF-kB

S
N

O

NF-kB

S
Ox

NF-kB
Ox

NO decrease in the
expression level
of regulated genes

increase in the
expression level
of regulated genes

Ox is an oxidant, S7Ox is the oxidised form of the cysteine SH group.
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density lipoproteins {, phenobarbital, tert-butylhydroqui-

none (2-tert-butyl-1,4-dihydroxybenzene, TBHQ), etc.

Phorbol ester and lipopolysaccharides affect the tran-

scription factor by activating protein kinase C, which

catalyses phosphorylation of IkB, while okadaic acid, a

toxin, which belongs to the class of fatty acids, activates

NF-kB indirectly through production of reactive oxygen

species.

Low-density lipoproteins in the oxidised form can acti-

vate the NF-kB transcription factor through formation of

free radicals.35 Oxidative modification of lipoproteins

includes destruction of polyunsaturated fatty acids and the

formation of oxidation products of lipids such as aldehydes.

The activation of NF-kB by phenobarbital is also based on

oxidative stress.36

The activation of NF-kB under the action of various

cytokines, lipopolysaccharides, hydrogen peroxide, etc. is

inhibited by antioxidants: N-acetylcysteine, glutathione and

compounds capable of forming coordination bonds with

metal ions. An increase in the glutathione content in

endotheliocytes decreases the efficiency of IkB phosphor-

ylation and suppresses activation of NF-kB by the tumour

necrosis factor TNF-a.37 This effect of glutathione and

N-acetylcysteine is attributable to IKKa and IKKb kinase

inhibition.38

In some cases, a compound with antioxidant action can

function as a prooxidant upon changes in the concentration

or environmental conditions. For example, tert-butylhydro-

quinone able to form superoxide radicals during trans-

formation into tert-butylquinone (TBQ)

TBHQ+O2 TBQ7.+Oÿ2
.
,

TBQ7.+O2 TBQ+Oÿ2
.
,

can activate the transcription factor NF-kB.32 Its pro-

oxidant activity is confirmed by inhibition of NF-kB induc-

tion in the presence of antioxidants such as acetylcysteine

and glutathione. The TBHQ precursor, butylated hydroxy-

anisole, functions as a prooxidant only when present in low

concentrations (about 30 mmol litre71). Concentrations of

200 ± 400 mmol litre71 start to exhibit antioxidant activity,

resulting in inhibition of NF-kB activation in T-lympho-

cytes and monocytes.

Cytokines that cause prolonged activation of NF-kB are

produced by the immune system cells and affect the growth

and vital activity of other cells. Cytokines such as interleu-

kin and TNF-a, being bound to cellular receptors, induce a

reaction cascade resulting in NO generation. The cytokine

TNF-a produced by activated macrophages plays an impor-

tant role in regulation of immune and antiinflammatory

protection of the organism and stimulates generation of

thymocytes. The TNF-a signal is transferred by means of

external cell receptors, TNFR1 and TNFR2.39, 40 Their

intracellular domains have different amino acid sequences,

which suggests different mechanisms of action. The TNFR1

receptor is known as the main signal transducer of most

TNF-a functions including cytotoxicity. Both receptors are

able to activate independently the transcription factor

NF-kB.41, 42 As regards interleukins, additional stimulation

of interleukin IL-1b with cycloheximide (protein synthesis

inhibitor) and actinomycin D (transcription inhibitor)

results in superinduction of NF-kB, apparently due to a

decrease in the de novo synthesis of the inhibiting subunit of

IkB-a.20

Excited singlet oxygen plays an important role in NF-kB
activation. It can be generated in biological systems upon

photoexcitation under the action of endogeneous photo-

sensitiser molecules such as flavins or porphyrins and also

upon UV irradiation. Singlet molecular oxygen is also

produced by phagocytes. Upon inflammation, these cells

produce H2O2 , HOCl and HOBr, which can together

generate singlet molecular oxygen. Although 1O2 is highly

reactive, its contribution to the cytotoxic effect is not

entirely clear. The possible oxidation targets include gua-

nine residues in nucleic acids (this gives 8-oxoguanine),

unsaturated hydrocarbon chains of lipids as well as proteins

where oxidation of amino acids gives rise to cross-links.

The mechanism of activation of the transcription factor

NF-kB by 1O2 has been studied using various photosensitis-

ing agents, in particular, methylene blue and proflavine.43 It

was found that in the presence of proflavine, activation of

NF-kB in lymphocytes and monocytes in the UV irradiation

was much slower than under the action of TNF-a, the effect
observed being independent of the presence of such anti-

oxidant as N-acetylcysteine. Probably, this is due to the fact

that N-acetylcysteine molecules, which serve as good traps

for ROS in cell compartments, cannot hamper accumula-

tion of oxygen radicals in the cell nucleus. It is assumed that

oxidative destruction of DNA under the action of reactive

oxygen species serves as a signal for one more mechanism of

NF-kB activation.

IV. The role of NF-kkB in the development
of inflammatory diseases and carcinogenesis

1. Inflammatory diseases
The transcription factor NF-kB plays the key role in the

development of an inflammatory process. Presumably,

activated NF-kB participates in progression of acute and

chronic inflammatory diseases such as inflammatory bowel

disease, Crohn's disease, colitis, rheumatoid arthritis,

asthma. Many proinflammatory proteins (for example,

interleukin IL-1 and TNF-a) induce nuclear translocation

of NF-kB. The latter, in turn, activates genes whose

products participate in the inflammatory response, angio-

genesis and cell adhesion. These include chemokines, cyto-

kines (interleukins, tumour necrosis factors TNF-a and

TNF-b, interferon g), apoptosis regulators [proteins of the

O

H
OH

CH2

H3C

CH3

H

O
OO

OO

O

OH

HO CH3

H

OH

CH3
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H H
OH
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{Lipoproteins are spherical particles with a hydrophobic core consisting

of cholesterol esters and triacylglycerols; the surface of lipoproteins

accommodates phospholipids, free cholesterol and apoproteins.

970 N G Dolinnaya, E A Kubareva, E V Kazanova, N A Zigangirova, B S Naroditsky, A L Gintsburg, T S Oretskaya



Bcl-2 and p53 families, 12-lipoxygenase, cyclooxygenase

(COX)], acute phase proteins (angiotensinogen, comple-

ment factors B and C4, urokinase type plasminogen activa-

tor), adhesion molecules (platelet adhesion receptor, vessel

cell adhesion molecule, endothelial leukocyte adhesion

molecule).26

Such proinflammatory mediators as nitrogen oxide,

prostaglandins, IL-1 and TNF-a, the synthesis of which

involves NF-kB-dependent enzymes, are included in the

regulation of blood pressure, body temperature, etc.

Among genes that are exceptionally important in the devel-

opment of inflammatory processes, note the gene of indu-

cible NO synthase (iNOS), which generates nitrogen oxide

(in particular, in human cells).44 It was shown that the

promoter of murine iNOS comprises two NF-kB binding

sites whose activation is critical for gene expression; muta-

tions in these kB-sites result in inhibition of the synthesis of

NO synthase mRNA.45 In mammalian cells, nitrogen oxide

is generated by three isoforms of NO synthase: neuronal

NO synthase (nNOS), endothelial NOS (eNOS) and iNOS.

The isoforms nNOS and eNOS are constitutively active in

the cell (for example, eNOS participates in maintenance of

the vascular homeostasis), and iNOS does not function in

normal resting cells. This enzyme isoform is expressed only

in response to the action of some stimuli, namely, proin-

flammatory cytokines, interferon g and lipopolysacchar-

ides. It is iNOS that participates in the development of

acute and chronic diseases and malignant tumours.29

The gene of cyclooxygenase COX-2, another important

regulator of the inflammatory process and carcinogenesis, is

also an NF-kB target. In the early 1990s, two different COX

were identified. The isoform COX-1 is constitutively

expressed in almost all tissues. This enzyme accomplishes

the synthesis of prostaglandins PGE2 , which function as

cytoprotectors. Unlike COX-1, the isoform COX-2 (an

inducible form of prostaglandin-H-synthase) is activated in

immune system cells such as macrophages in response to

infection, injury or other stresses. The enzyme COX-2

directs the prostaglandin synthesis during inflammations 46

and is selectively superexpressed in tumour tissues, thus

playing an important role in carcinogenesis.

The activation of NF-kB during chronic inflammations

can initiate a tumour, as the products of antiapoptotic genes

activated by this factor are favourable for survival of altered

cells that would otherwise undergo apoptosis. Thus Heli-

cobacter pylori infection enhanced by activation of NF-kB is

a risk factor for the development of gastric cancer.47 It was

reliably established that NF-kB plays an important role in

the development of some viral diseases, in particular, it

regulates replication of HIV-1 and participates in the

development of some pathological conditions such as Alz-

heimer's disease.48 The activation of NF-kB occurs in

cardiovascular pathologies,49 and inhibition of this factor

was shown to result in regression of cardiac hypertrophy.50

Generally, for any diseases that include an inflammatory

component, a decrease in the NF-kB activity should have a

positive effect.

2. Malignant transformation of cells and apoptosis
Malignant tumours appear as a result of multistage carci-

nogenic process including tumour initiation, promotion and

progression stages. Tumour initiation is most difficult to

prevent as it is determined by random events of carcinogen

capture, DNA damage induced by adverse environmental

conditions, chronic inflammations and hormonal unbal-

ance. Inflammation is the key regulator in the stimulation

of initiated cells probably, due to provision of cells with

proliferation signals and prevention of apoptosis.51 The role

of inflammation in tumour induction and subsequent malig-

nant progression is described in a review.52 In the context of

the present review, it is important that inflammatory reac-

tions promote the production of ROS and reactive nitrogen

oxides by activated neutrophiles and macrophages.53 The

disadjustment of the signalling pathway involving NF-kB
activation makes a considerable contribution to the devel-

opment of the second, slower stage of neoplastic trans-

formation of cells and to the tumour progression.

When considering the complex relationship between

NF-kB activation and malignant transformation of cells

and the programmed cell death associated with this process,

it should be borne in mind that the NF-kB protein functions

as a part of network of coordinatively regulated DNA-

binding proteins and transcription factors. Altogether they

determine the mode of gene expression required for the

response to particular cellular stimuli. No unambiguous

answer to the questions of whether NF-kB is a promoter

or suppressor of malignant tumours, whether it exhibits

proapoptotic or antiapoptotic activity can be found in the

literature.54

The role of transcription factors of the NF-kB family as

tumour growth promoters was established reliably.55 The

first proof for the role of NF-kB in carcinogenesis follows

from the fact that c-Rel protein from human cells is an

analogue of n-Rel of the viral oncogene, which induces

leukemia and lymphoma in chickens, mice and transgenic

animals.56 In addition, many kinds of cancer are associated

with gene amplification and chromosomal rearrangements

of genes encoding p65, c-Rel, etc. proteins. In recent years,

direct relationship between NF-kB and carcinogenesis was

revealed. Active NF-kB was found in the tumour tissues of

breast and prostate cancer patients and in patients with

malignant hematological diseases, multiple myeloma, acute

and chronic leukemias.57, 58 Suppression of NF-kB in these

tumours inhibited cell proliferation, caused termination of

cell cycle and resulted in apoptosis.59 It was also noted that

some viral oncoproteins activate NF-kB during malignant

transformation of cells.

However, there are data indicating that under certain

conditions NF-kB can inhibit tumour growth. Moreover,

the activity of NF-kB is modulated by well known tumour

suppressors such as p53 and ARF, whereas the proper

NF-kB subunits rather inhibit the expression of carcino-

gens.54 This suggests a dual function of NF-kB during

malignant tumour progression. In early stages, NF-kB
inhibits the neoplasm growth but when the level of biosyn-

thesis of tumour suppressors decreases during accumulation

of mutations, oncogenic functions of NF-kB come to the

forefront. Note that the two-stage mechanism determining

the effect of NF-kB on carcinogenesis is specific to both the

tumour and cell types.54

This dual behaviour is directly related to the dual role of

NF-kB in the regulation of the apoptotic program. Apop-

tosis, programmed cell death, is characterised by morpho-

logical changes in cells and includes activation of a family of

cysteine proteinases, caspases. These enzymes exist in non-

stimulated cells as inactive zymogens and are activated by

proteolytic cleavage. Two routes for caspase activation are

known: the external route involving death receptor and the

internal or mitochondrial route.60 The transcription factors

of the NF-kB family play the key role in the regulation of

Low-molecular-weight inhibitors of NF-kB signalling pathways 971



apoptosis in different cell lines. In some types of cells under

certain conditions, NF-kB can exhibit activity stimulating

cell apoptosis. Thus inhibition of NF-kB partly protects

human embryonic liver cells from death.61 However, the key

function of NF-kB is stimulating the expression of anti-

apoptotic genes. The expression products of some of them

are closely tied with the blockage of the apoptotic cascade

(for example, IAP and Bcl-2 protein family). The NF-kB
factor inhibits apoptosis induced by TNF-a by activation of

the synthesis of IAP proteins and the factor associated with

the TNF receptor. Thus it inhibits the activity of caspase

8.62 Proteins of the Bcl-2 family inhibit secretion of cyto-

chrome C from mitochondria and, hence, prevent the

formation of apoptosome and further development of the

apoptotic cascade. The activation of NF-kB results in

repression of some proapoptotic genes and interferes with

the proapoptotic function of the p53 protein as both tran-

scription factors, NF-kB and p53, can inhibit the activity of

each other.63

Thus, by activating the gene transcription of antiapop-

totic and inflammatory regulators of cell proliferation and

angiogenesis, NF-kB triggers the promotion and progres-

sion of malignant tumours.

V. Inhibitors of NF-kB activity

Since NF-kB is the crucial factor responsible for the devel-

opment of inflammatory processes, cardiovascular diseases,

tumour progression and resistance to apoptosis, the interest

in the search for its effective and specific inhibitors of

having immunosuppressor, antiinflammatory, antiviral and

antitumour properties is quite understandable. The inhib-

ition may affect different steps of the NF-kB signal trans-

duction pathway, in particular, IKK activation, IkB
phosphorylation and degradation, nuclear translocation of

NF-kB, DNA-binding ability of NF-kB and transcription

activity. A classification of inhibitors of the factor NF-kB
was reported in a review.58

In this paper the attention is focused on low-molecular-

weight inhibitors of NF-kB activity, which usually exhibit a

broad spectrum of biological action. These include natural

chemical compounds and their synthetic analogues capable

of preventing development of diseases, stopping or reverting

the disease (so-called chemopreventors). Many of these

have long been known as antiinflammatory, analgesic and

antitumour agents. As a rule, they possess antioxidant

activity and affect not only the NF-kB signalling pathway,

but also other well-known factors and mediators. Recent

studies gave insight into molecular basis of their biological

activity and identification of particular cell targets to which

their action is directed.

According to modern views, there exist at least two

levels of redox regulation of the NF-kB signalling pathway:

in the nucleus and the cytoplasm.64 The former includes

redox modification of specific cysteine residues in DNA-

binding domains of NF-kB, in particular, oxidation of the

Cys62 residue in the p50 subunit, which inhibits the DNA-

binding activity of the factor. The oxidation of NF-kB in

cytosol (for example, upon addition of H2O2 or generation

of ROS), conversely, leads to activation of NF-kB through

activation of IKK. Treatment of cells with antioxidants

inhibits the transcription activity of NF-kB. However, it

should be noted that intracellular generation of ROS does

not always result in NF-kB induction. Thus in epithelial cell

lines no correlation was observed between NF-kB activa-

tion and increase in the production of ROS. Moreover,

antioxidants and molecules forming chelates with metal

ions are often inactive as NF-kB inhibitors in these cells.

Meanwhile, there is a tight relationship between the oxida-

tive stress and activity of NF-kB in monocytes and lym-

phoid cells.64

1. Low-molecular-weight inhibitors of NF-kB having
antiinflammatory and antioxidant properties
As shown by recent studies, most antiinflammatory agents

having antioxidant properties exhibit their activity through

inhibition of IKK functions. Their action is reduced, at least

partly, to removal from the organism of reactive oxygen

species, which are secondary messengers in the activation of

NF-kB by various stimuli. These compounds include N-ace-

tyl-L-cysteine, aspirin, sodium salicylate, vitamin E deriva-

tives, 2-mercaptoethanol, dithiocarbamates, butylated

hydroxyanisol, a-lipoic acid, glutathione, pyrrolidinedithio-
carbamate and iron and copper ion chelators. Below we

consider some of them in more detail.

Aspirin [acetylsalicylic acid (3)] and sodium salicylate

(4) are pharmaceutical agents with broad range of action.

Their analgesic and antiinflammatory properties are based

on inhibition of transcription of NF-kB-controlled genes.

In particular, their action results in the regulation of the

synthesis of proteins involved in pathogenesis of inflamma-

tory response (for example, COX-2). In the organism,

aspirin is rapidly deacetylated to salicylic acid, which

effectively inhibits the synthesis of prostaglandins formed

at the inflammation sites. In addition, salicylic acid deriva-

tives block binding of NF-kB to the long terminal repeat of

the human immunodeficiency virus in infected cells.65 Pre-

sumably, the mechanism of action of aspirin and sodium

salicylate is based on blocking of the phosphorylating

function of the IKK complex due to competitive inhibition

of ATP-binding IKKb site.66

The most efficient agent for treating inflammatory

bowel diseases and rheumatoid arthrites is sulfasalazine

(5), a derivative of 5-aminosalicylic acid.

It was shown that micromolar amounts of sulfasalazine

inhibit the NF-kB activity in the cells stimulated by TNF-a,
lipopolysaccharides or phorbol ester by inhibiting the deg-

radation of IkB-a. Presumably, sulfasalazine, like aspirin,

acts on the kinase complex and suppresses its catalytic

function.67

It is known that many stimuli that activate NF-kB by

inducing degradation of IkB also cause phosphorylation of

the p65 subunit, which furnishes another activation mech-

anism for NF-kB. In particular, an antiinflammatory agent,

aminosalicylate, mesalamine (6), inhibits in a certain dose

OHO

O O

CH3

3

O7O

OH

4

Na+

N

N S

O

O

N N OH

OH

O

H

5

972 N G Dolinnaya, E A Kubareva, E V Kazanova, N A Zigangirova, B S Naroditsky, A L Gintsburg, T S Oretskaya



the IL-1-stimulated transcription activity of NF-kB by

blocking the phosphorylation of the p65 subunit but not

through degradation of IkB, nuclear translocation of the

transcription factor or change of its DNA-binding proper-

ties.68

According to obtained data, it is possible to regulate the

transcription activity of NF-kB by controlling the phos-

phorylation of the RelA (p65) protein.

Pyrrolidinedithiocarbamate (7), which forms chelates

with metal ions, has both antioxidant and prooxidant

activities. Detailed mechanism of its action on NF-kB is

unclear.

It was assumed that inhibition of NF-kB activation in

IL-1- or TNF-a-stimulated cells can be related to modifica-

tion of cysteine residues in p50 and/or p65 subunits, which

form specific contacts with the phosphate groups of the

DNA kB-site.69, 70 According to experimental data obtained

in vitro, it is not pyrrolidinedithiocarbamate itself that

reacts with NF-kB, but its metabolite or cell glutathione.

In the presence of pyrrolidinedithiocarbamate, the ratio of

the reduced and oxidised forms of glutathione is changed,

thus affecting the redox potential of the cells.

Nitecapone, 3-(3,4-dihydroxy-5-nitrophenylmethyl-

idene)pentane-2,4-dione (8), possessing antioxidant proper-

ties promotes removal of peroxide, superoxide and hydroxyl

radicals from the solution and cell membrane, prevents

oxidation of lipids and suppresses activation of NF-kB
induced by okadaic acid.71

Apparently, like other antiinflammatory antioxidants,

nitecapone either blocks phosphorylation of the IkB-a
subunit that inhibits NF-kB or prevents binding of NF-kB
to the promoter DNA sites in the nucleus.

2. Sulindac and its metabolites
Sulindac, {2-methyl-1-[(4-methylsulfinyl)benzylidene]-5-flu-

oroinden-3-yl}acetic acid (9), refers to the class of non-

steroidal antiinflammatory and analgesic agents, which

resemble indometacin in the structure and pharmacological

properties but, unlike indometacin, sulindac and its metab-

olites (sulfide and sulfone) inhibit the NF-kB signalling

cascade.

The antiinflammatory action of sulindac is related to its

ability to decrease the level of the prostaglandin synthesis

by inhibiting the activity of cyclooxygenase and other

NF-kB-dependent enzymes. The driving force of the process

is blocking of the catalytic activity of IKKb (but not IKKg)
and concomitant inhibition of the nuclear translocation of

NF-kB. Apart from the antiinflammatory action, sulindac

and its metabolites have an antiproliferative action, induce

cell apoptosis and play an important role in preventing

colon cancer.72 The concentrations at which these agents

inhibit the NF-kB activation are beyong the cytotoxic level.

Since sulindac is metabolised under the action of intestinal

microflora, the concentration of the reduced form (sulfide)

in the intestine epithelial cells is at least 20 times as high as

the concentration of sulindac. It is this metabolite that is the

main inhibitor of the formation of prostaglandins and is

responsible for the pharmacological action of the drug.

3. Cyclopentenone prostaglandins
Prostaglandins, bioregulators of the lipid nature, are oxy-

genated derivatives of polyenoic fatty acids containing five-

and six-membered rings. Prostaglandins possess exception-

ally high and diverse physiological activities. They are

synthesised by cell enzymes through oxidation of arachi-

donic acid in response to external stimuli. The reactivity and

chemical lability of prostaglandins is related to the presence

of an allylic hydroxyl group, which is rather easily epimer-

ised, oxidised or eliminated to give a diene [as for example,

in the formation of diene 10 from prostaglandin E1 (11)].

The NF-kB signalling pathway is known to be involved

in the pathogenesis of inflammatory response by inducing

genes responsible for the synthesis of COX-2 and inflam-

matory prostaglandins. However, at late inflammation

stages, COX-2 regulates also the synthesis of antiinflamma-

tory cyclopentenone prostaglandins. The antiinflammatory

activity of prostaglandin PGJ(2) and its metabolites, in

particular, 15-deoxy-d-(12,14)-PGJ(2) [15d-PGJ(2)], is

related to activation of the PPAR-g receptor (Peroxisome

Proliferator-Activated Receptor g).73 Being high-affinity
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PPAR-g receptor, the 15d-PGJ(2) metabolite inhibits the

induction of the inflammatory response genes including

iNOS and TNF-a genes. There is a number of proofs that

the inhibitory properties of 15d-PGJ(2) are also related to

chemical modification of the cysteine residues in IKKb and

in DNA-binding domain of the p50-subunit of NF-kB.74

Moreover, for inhibiting the DNA-binding activity of the

factor NF-kB, the prostaglandin molecule should contain a

cyclopentenone fragment. By point replacement of partic-

ular amino acid residues in the p50 subunit of the tran-

scription factor NF-kB, it was shown that the inhibitory

effect of 15d-PGJ(2) is due to modification of the Cys62

residue. The formation of a conjugate between the p50

subunit and a cyclopentenone prostaglandin was confirmed

by reversed-phase HPLC and mass spectrometry. Notably,

the presence of glutathione or dithiothreitol in the medium

prevented blocking of the DNA-binding ability of the factor

associated with oxidation of cysteine residues.75 The pros-

taglandin 15d-PGJ(2) decreased the DNA-binding activity

of NF-kB in nuclear extracts, while treatment of the HeLa

cell line with biotinylated 15d-PGJ(2) gave rise to a p50

subunit adduct with prostaglandin, which was proved by

immunoprecipitation analysis.75

4. Flavonoids and phenolic compounds
Flavonoids are natural phenolic compounds exhibiting

antioxidant, antiproliferative, antiinflammatory and antitu-

mour properties. It was shown in some studies that the

biological activity of flavonoids is caused, at least partially,

by inhibition of NF-kB activation, mainly through inhib-

ition of the IKK complex.

Curcumin, diferuloylmethane, 1,7-bis(4-hydroxy-3-me-

thoxyphenyl)hepta-1,6-diene-3,5-dione (12), is an active

component of turmeric, which is widely used as a spice in

the Asian kitchen and in the traditional Indian medicine

Ayurveda.

Curcumin has a broad spectrum of pharmacological

action. It exhibits protective properties at all stages of

carcinogenesis; in addition, unlike other chemopreventors,

curcumin is non-toxic.51, 76 Curcumin modulates functions

and expression of a large number of proteins not connected

to each other including transcription factors NF-kB,
PPARg, AP-1, STAT3, antiapoptotic proteins, cytochro-

me c, caspase 9, Bcl-2, membrane proteins such as ion

pumps, receptors and channels.77 We will consider

NF-kB-dependent molecular targets.

Curcumin decreases proliferation of colon, blood, liver,

etc. cancer cells through negative regulation of iNOS in

activated macrophages, interleukins, oncoprotein b-cate-
nine, COX-2, cyclin D1, matrix metalloproteinases, gluta-

thione-S-transferase.78 ± 80 Being a potential free radical

scavenger, curcumin intensifies the synthesis of ornithine

decarboxylase, glutathione, antioxidant proteins, etc., thus

protecting kidneys from oxidative damage. Curcumin is one

of most potent inhibitors of NF-kB.81 The mechanism of

inactivation of NF-kB with curcumin includes the blockage

of signal transduction resulting in activation of the IKK

complex, which prevents phosphorylation of the Ser32

residue, degradation of the inhibitory protein IkB-a and

nuclear translocation of the RelA subunit. Preclinical tests

of curcumin on cell cultures and on animals confirmed its

high potential as an antitumour drug and as a metastatic

progression inhibitor.

The phytoalexin resveratrol, 3,5,40-trihydroxystilbene
(13), was found in diverse plant specimens including

arachis, mulberries, grapes and products of their processing

(red wine).

This compound, like other stilbene derivatives, is fomed in

response to pathogenic attack, UV irradiation and ozonisa-

tion.82 Resveratrol has long been used in Chinese and

Japanese folk medicine. It was found that resveratrol

decreases the risk of atherosclerosis, inhibits chemical

carcinogenesis and possesses antiinflammatory and antial-

lergic action. Noteworthy are also its antioxidant and anti-

coagulation properties. Since the transcription factor

NF-kB is incorporated into regulation of proinflammatory

proteins and carcinogenesis, it was investigated whether

resveratrol can change the activity of this factor. It was

found that resveratrol inhibits both the activity of NF-kB
and the expression of NF-kB-dependent genes by blocking

the kinase function of the IKK complex, the main regulator

of the activity NF-kB (see Fig. 2).83

These data may account for some aspects of the so-

called `French Paradox' { attributed to resveratrol present in

red wine. The cause of atherosclerotic pathogenesis is

known to be accumulation of lipoproteins in the arterial

wall and, as a consequence, appearance of a local inflam-

mation. The phagocytosed cells attracted by the inflamma-

tory process generate ROS such as superoxide anion,

hydrogen peroxide and hydroxyl radicals. The inflamma-

tory process is accompanied by liberation of arachidonic

acid and its metabolites, prostaglandins, etc. In turn,

prostaglandin synthesis is regulated by the expression of

COX-1 and COX-2 genes. These separate gene products

have similar cyclooxygenase and peroxidase activities but

differ in the type of regulation. Resveratrol was shown to

interfere with a complex cascade of chemical transforma-

tions, resulting in a decrease in atherogenic changes in

plasma and in arterial wall and mitigating the consequences

of ischemic damage.84 Resveratrol protects lipids from

oxidative degradation and inhibits iNOS induction, thus

preventing cytotoxic effects of nitrogen oxides.85 It is able

to trap peroxide and hydroxyl radicals in the region of

ischemic damage (shown for an isolated rat heart) and

restrict the size of the infarct area.

Resveratrol acts also on some factors involved in

tumour initiation and progression. It was shown that it

stimulates apoptosis in fibroblasts after induced expression

of the H-Ras oncogen.83 Antiallergic properties of resvera-

trol and its ability to regulate brain functions were also

observed.86
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The flavonoid morin, 3,5,7,20,40-pentahydroxyflavone
(14), was isolated from fig berry and mulberry, almond

nut shell and Chinese herbs.

The fact that the antitumour and antiinflammatory proper-

ties of morin are due to modulation of NF-kB activity

stimulated studies of the effect of morin on the NF-kB
signalling cascade activated by inflammatory agents and

carcinogens: TNF and its receptors, phorbol ester, lipopo-

lysaccharides, ceramides, interleukin-1 and H2O2. It was

shown that this flavonoid actually suppresses activation of

NF-kB irrespective of the type of cells.87 Morin inhibited

phosphorylation and degradation of IkB-a and the subse-

quent nuclear translocation of the p65 subunit of NF-kB.
Morin-induced negative regulation of expression of gene

products involved in cell survival (apoptosis inhibitors IAP

1 and 2, Bcl-xL), proliferation (cyclin D1 and COX-2) and

invasion (matrix metalloproteinase-9) was also noted. These

effects were correlated with morin-induced enhancement of

cell apoptosis in malignant tumours: cell carcinoma, leuke-

mia, colon cancer.

The plant metabolite quercetin (15) possessing, like

other flavonoids, antioxidant and antiinflammatory proper-

ties, decreases the risk of cardiovascular diseases.

The effect of quercetin on gene expression and the

secretion of the proinflammatory TNF-a cytokine, which

is associated with the production of other cytokines, chemo-

kines and inflammatory mediators, was studied on a human

peripheral blood mononuclear cell (PBMC) culture stimu-

lated by the phorbol ester and calcium ions. Quercetin

inhibited TNF expression with an efficiency depending on

the dose of the agent, the molecular mechanism of action

being based on modulation of NF-kB and IkB activities.88

Endotoxin-stimulated TNF-a synthesis has also been

inhibited by green tea polyphenols.89 The mechanism of

action of these compounds included blockage of functions

of the IKK complex in the signalling pathway of NF-kB
activation (see Fig. 2). The IKK activity was determined

from the phosphorylation level of the IkB-a and gluta-

thione-S-transferase fusion protein. Extracted green tea

polyphenols were found to decrease the activity of the

IKK complex and NF-kB, the most efficient inhibitory

effect being found for (7)-epigallocatechin 3-gallate (16)

containing a gallic acid (17) residue critical for the bio-

logical action of flavonoids.

Further studies have shown that polyphenol 16 specifically

affects the IKK complex without affecting functioning of

other cell kinases.89 It was shown that (7)-epigallocatechin

3-gallate suppresses inflammation, cell proliferation and

angiogenesis caused by cigarette smoke,} and prevents the

development of lung, breast and prostate cancer.91 Treat-

ment of human bronchial epithelial cells stimulated by

cigarette smoke condensate with (7)-epigallocatechin

3-gallate resulted in considerable negative regulation of

NF-kB-dependent proteins: cyclin D1, MMP-9 (the protein

involved in the degradation of type IV collagen), IL-8 and

iNOS and in lower expression of a number of signalling

molecules not involved in the NF-kB activation pathway.92

The oncoprotector properties of polyphenol 16 are due to

suppression of phosphorylation of IkB-a and nuclear trans-

location of the p65-subunit of NF-kB. When present in

optimal amount, (7)-epigallocatechin 3-gallate creates dif-

ferent oxidative conditions in normal epithelial cells and in

malignant tumour cells, which results in selective death of

the neoplastic cells, while the cells of normal tissue remain

intact.

The antitumour properties of a broad range of poly-

phenols including flavonoid 16 were studied in murine

macrophages activated by lipopolysaccharides.93 Of all

polyphenols studied, TF-3 [theaflavin 3,30-digallate (18)]

proved to be the most potent inhibitor of the IKK activity.
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Presumably, the action of polyphenol 18 can be directed

on both the kinase complex itself and the components of the

preceding stages of the NF-kB signalling pathway.

The flavonoid poncirin (19) was isolated from the

ethanolic extract of desiccated immature fruit Poncirus

trifoliata during the screening programme developed for

identification of natural compounds with antiinflammatory

properties.

The desiccated immature fruits containing, along with

poncirin, other biologically active flavonoids, coumarins

and alkaloids have been traditionally used in China for

obstetrics and for treating gastroenterological and cardio-

vascular diseases. The antibacterial, antithrombocytic and

antiallergic action of the active component of poncirin is

related to inhibition of the synthesis of prostaglandin

PGE2 , interleukin IL-6, enzymes iNOS, COX-2 and the

TNF-a factor in the macrophage cells activated by lipo-

polysaccharides.94, 95 Using molecular-biological

approaches, it was shown that the production of COX-2

and iNOS decreases at the stage of transcription, as indi-

cated by the decrease in the amount of their mRNA

dependent on the drug dose.95 As regards NF-kB, the

inhibitory effect of poncirin is related to its inactivation by

blockage of IkB-a phosphorylation, the nuclear transloca-

tion of the factor and the DNA-binding activity of the p65

subunit.

5. Biologically active components of microorganisms and
plants and their synthetic analogues
A number of compounds isolated from microorganisms and

having immunosuppressor, antiinflammatory, antiviral and

antitumour activities have been described in a review.39

Panepoxydone (20) isolated from the fungi Lentinus crinitus

inhibited phosphorylation and degradation of IkB in the

COS-7 cells stimulated by TNF-a or phorbol ester.

The activation of NF-kB was inhibited by cycloepoxydone

(21) isolated from bacterial sources,10, 96 while the antibiotic

epoxyquinomycin C (22), which also contains an epoxycy-

clohexenyl fragment, did not show this effect. Hence, this

structural element is not responsible for inactivation of

NF-kB.10, 39 However, specially designed and synthesised

dehydroxymethylepoxyquinomycin (DHMEQ) having

molecular structure close to that of epoxyquinomycin and

existing as (7)-DHMEQ (23) and (+)-DHMEQ (24) enan-

tiomers inhibited both the NF-kB activity stimulated by

various methods and its constitutive activity in transformed

cells (carcinoma and leukosis).10, 39

Dehydroxymethylepoxyquinomycin inhibited secretion of

proinflammatory cytokines from cancer cells.97 The action

of DHMEQ enantiomers was studied in human leukosis

Jurkat cells stimulated by phorbol ester. It was found that

(7)-DHMEQ is only slightly more active than

(+)-DHMEQ; therefore, in subsequent experiments a rac-

emic mixture of the compounds was used. It was shown that

DHMEQ inhibits the activity of NF-kB at the stages

following the phosphorylation of IkB inhibitor with the

IKK complex. In particular, these compounds act at the

level of nuclear translocation of the factor and inhibit both

the canonical and non-canonical NF-kB activation path-

ways without exhibiting pronounced toxicity (see Fig. 2).39

In addition, DHMEQ blocks in vitro binding of NF-kB to

DNA, but unlike the natural analogue, panepoxydone (20),

it does not inhibit IkB phosphorylation and degradation

stages.10 Thus, although panepoxydone and DHMEQ com-

prise the same epoxycyclohexenyl fragment, the mecha-

nisms by which they inhibit the NF-kB activity are different.

Apart from the antitumour action, DHMEQ is useful in

treating arthrites. Moreover, its efficiency is directly pro-

portional to the level of inhibition of NF-kB activity.

The biflavonoid 20,800-biapigenin (25), isolated from the

plant Selaginella tamariscina, exhibits antiinflammatory

and antitumour properties.

It inhibits the activity of NF-kB by preventing the nuclear

translocation of the p65 subunit of the transcription fac-

tor.98 By inactivating NF-kB, biapigenin blocks the tran-

scription of iNOS and COX-2 genes in macrophages. These

enzymes are known to control the redox balance of the cells.

They are responsible for the synthesis of NO and inflam-

matory prostaglandins and are involved in the pathogenesis

of malignant tumours.

Halofuginone, 7-bromo-6-chloro-3-[3-(3-hydroxypiperi-

din-2-yl)-2-oxopropyl]-(3H)-quinazolin-4-one (26), is a low-

molecular-weight plant alkaloid possessing antitumour and

antiangiogenic activity.
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It is able to decrease the level of biosynthesis of cytokines

and immunomodulators and secretion of TNF-a and inter-

leukins in activated peripheral blood T-cells.99 Halofugi-

none stimulates apoptosis of cancer cells,100 while

simultaneously inhibiting programmed cell death of normal

T-cells. It has been assumed 99 that the biological activity of

this alkaloid is partly due to inactivation of NF-kB at the

nuclear translocation level.

The ability of various alkaloids with antiinflammatory

properties to modulate the signalling pathways involved in

the development of inflammatory process has been

studied.101 In particular, the effect of alkaloids on the

transcription activity of NF-kB-dependent genes in the

HeLa cells was studied. It was found that sanguinarine

(27) and chelerythrine (28) forced the nuclear translocation

of the p65 subunit of NF-kB, the nuclear import of p65

being markedly enhanced under the action of these alka-

loids both in non-stimulated cells and in TNF-a-treated
cells.101

Meanwhile, colchicine (29) and berberine (30) were not

involved in the signal transduction pathway for NF-kB
activation. Moreover, all alkaloids studied in the cited

work 101 remained transcriptionally inactive, i.e., did not

affect the expression of NF-kB-dependent genes.

Among the low-molecular-weight inhibitors of NF-kB
isolated from plant sources, 3-hydroxymethylindole (31)

deserves attention. This compound and its dimer, diindolyl-

methane (32) readily formed in vivo are known as agents

preventing malignant transformation of tissues and initiat-

ing apoptosis in prostate and breast tumour cells.102, 103

As shown in in vitro experiments, 3-hydroxymethylin-

dole substantially inhibits NF-kB binding to DNA,

although the exact mechanism of inactivation of NF-kB as

the main therapeutic target remains unknown.104

6. Glucocorticoid inhibitors
Yet another class of low-molecular-weight modulators of

NF-kB activity are glucocorticoids, which are known by

their antiinflammatory, antishock and antiallergic action

and immunosuppressor activity. This is a special group of

steroid hormones with a pregnane skeleton (33).

They participate in regulation of the carbohydrate,

water and ion exchange and are used for treating bronchial

asthma, eczema, infectious hepatitis, arthrites, asthenias,

etc. Currently both natural corticoids isolated from adrenal

cortex and their synthetic analogues [prednisolone (34),

synalar (35), etc.] having higher biological activities are

used.

It was shown that glucocorticoids are potential inhib-

itors of NF-kB activity in cell cultures and mice.105 In the

signal transduction pathway for NF-kB activation, gluco-

corticoids inhibit the expression of genes of proinflamma-

tory proteins COX-2, TNF-a, almost all known cytokines

and some cell surface molecules needed for exhibiting the

immune properties. The synthetic glucocorticoid, dexame-

thasone (36), induces the synthesis of the IkB-a protein.

This newly synthesised inhibitor is complexed with NF-kB
thus suppressing its activity. A decrease in the amount of

NF-kB imported in the nucleus retards the cytokine secre-

tion. Thus, dexamethasone efficiently blocks the activation

of the immune system.105, 106

However, the mechanism of action of glucocorticoids is

not only in inhibition of NF-kB activation. These com-

pounds also control the catalytic activity of a number of

enzymes whose regulation pathways include the p65 sub-

unit.107 According to experimental data, glucocorticoids

inhibit the NF-kB-dependent expression of proinflamma-

tory interleukin-8 genes and other products through the

protein ± protein interaction between the glucocorticoid

receptors and NF-kBd subunits bound to the regulatory
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sites of the target genes.108 The glucocorticoid-mediated

inhibition of NF-kB activity involves various combinations

of intermediate proteins and factors used in the signalling

pathways of the inflammatory and immune responses.

A recent study 109 considers the antiinflammatory effect

of steroid alkaloids: tomatidine (37) and solasodine (38),

which were found in tomatoes, potatoes and eggplants.

These compounds similar to glucocorticoids in their struc-

ture possess a broad spectrum of biological action, in

particular, they decrease the cholesterol level, enhance the

immune response, protect the organism from fungal and

bacterial infections. It was shown that tomatidine and

solasodine act as antiinflammatory agents by blocking the

NF-kB signalling pathway at the stage of phosphorylation

of the inhibitory protein IkB-a and nuclear translocation of

the factor; tomatidine shows a more pronounced antiin-

flammatory effect.109 It is based on the negative regulation

of expression of two important proinflammatory proteins,

iNOS and COX-2. A comparison of molecular structures of

tomatidine and solasodine has shown that the key difference

between them is the absence of the double bond in the

5,6-position of ring B in the case of tomatidine, which is

believed to be the structural determinant dictating the

intensity of biological response.

7. Proteasome inhibitors
The activation of the NF-kB factor and cell protection

proteins in carcinogenesis may occur through externally

induced phosphorylation or ubiquitin-mediated degrada-

tion of the IkB-a inhibitor in proteasomes (see Fig. 2). The

ubiquitin-mediated degradation of proteins in proteosomes

is a highly conserved intracellular process that controls the

amount of short-lived proteins. The proteasome 26S is a

large (1500 ± 2000 kDa) multienzyme complex present in the

nucleus and cytoplasm of eukaryotic cells.110 It accom-

plishes degradation of a number of key cell cycle regulators

and apoptosis-inducing factors such as p53, Bcl-2, p21,

cyclins, cyclin-dependent kinase inhibitors, etc. Thus,

being an important participant of the NF-kB signalling

pathway, proteasome is a new promising biochemical tar-

get. The inhibitors of proteasome activity controlling the

NF-kB-dependent synthesis of antiapoptotic and proin-

flammatory proteins have an obvious antitumour potential

and prospects for treatment of chronic inflammations. In

recent years, selective proteasome inhibitors based on

dipeptidyl aldehydes 111 and boronic acid,111, 112 and also

lactacystin (39) and vinyl sulfone tripeptides 112 have been

proposed.

The studies were carried out both on cell cultures and in

in vivo systems, for example, in human tumour models in

mice. The action of selective proteasome inhibitors, their

participation in cell response such as antigene presentation

and degradation of regulatory or membrane proteins have

been described in reviews.112, 113

A dipeptidyl boronic acid derivative, bortezomib,

{(1R)-3-methyl-1-[{(2S)-1-oxo-3-phenyl-2-[(pyrazin-3-ylcar-

bonyl)amino]propyl}amino]butyl}boronic acid (40) (Vel-

cade, PS-341), is the prototype of a new class of therapeutic

agents. This compound directly modulates the expression of

NF-kB, cyclins, p53, Bcl-2, Bax and other regulatory

proteins and affects a broad spectrum of intracellular

processes associated with tumour progression and resist-

ance against chemotherapeutic agents and irradia-

tion.113 ± 116 It was shown that a combination of proteasome

inhibitors with chemotherapeutic drugs results in a sharp

increase in the treatment efficiency and enhancement of

tumour cell apoptosis (the size of a solid tumour decreased

by 94% and the apoptosis level reached 80%± 90% versus

10% of the apoptosis response to the use of antitumour

drugs alone).116 The inhibitor PS-341 has passed the first

stage of clinical trials on patients with advanced cancer

forms. The antiproliferative and antiproteolytic properties

of PS-341 were demonstrated for 60 cell lines obtained from

different human tumours including multiple myelomas,

lung cancer, prostate cancer and carcinomas.113, 117 The

proteasome inhibitor PS-341 has also proved efficient in

treating malignant blood diseases. The mechanism of action

of peptide inhibitors is still little studied.

Dihydroeponemycin (41) 118 and epoxomycin (42),119

analogues of antitumour and antiangiogenic natural prod-

uct eponemycin (43), also affect proteosome-determined

signalling pathway. These compounds modify some cata-

lytic subunits and affect to different extents the main

peptidolytic proteasome activities.118
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The inhibition of proteasome functions by dihydroepone-

mycin results in morphological changes of cells and apop-

tosis. The potential oncoprotector, epoxomycin, unlike the

peptidyl aldehyde inhibitors, does not block non-proteoso-

mic proteases such as trypsin, chymotrypsin, papain or

cathepsin B in concentrations of up to 50 mmol litre71.

Epoxomycin effectively decreases the NF-kB activity in vi-

tro and reduces inflammation in mice with otitis in vivo.

This compound can be considered as a useful tool for the

study of the role of proteasomes in various systems.119

8. Alkylating reagents
A cytotoxic alkylating reagent temozolomide (44) inducing

the formation of O6-methylguanine and other DNA adducts

is often used for treating malignant gliomes.

A study of the effect of temozolomide on the transcription

activity of NF-kBB 120 has shown that it inhibits the NF-kB
factor by an IkB-a-independent mechanism. Temozolomide

blocks the binding ability of p65 subunit to the kB-site of

the DNA target, without affecting its nuclear translocation.

The inhibition of NF-kB by temozolomide requires a low

cellular activity of O6-alkylguanine-DNA-alkyltransferase

and the presence of intact DNA mismatch repair system.

Figure 3 shows a scheme of signal transduction pathway

leading to NF-kB activation under the action of external

stimuli and indicates the types of inhibitors aimed at differ-

ent steps and particular biotargets of the canonical path-

way.

VI. Conclusion

The transcription factor NF-kB and products of NF-kB-
directed gene expression are apoptotic and proinflamma-

tory mediators and thus involved in various pathological

conditions: chronic inflammatory processes, oncological

and viral diseases. Therefore, the inhibition of the NF-kB
activity is a very promising approach to fight those pathol-

ogies. During the last decade, numerous drugs inhibiting

different steps of the NF-kB activation pathway have been

proposed and tested. Nevertheless, it is obvious that more

profound understanding of the biological processes result-

ing in the transcription activity of NF-kB in different types

of cells and characteristics of the components of NF-kB
signalling pathways regulating the programmed cell death

and innate immunity would allow rational search, design

and synthesis of efficient inhibitors. This work includes

identification of promising biotargets in NF-kB signal

transduction pathways, screening of libraries of chemical

compounds for potential inhibitors of the selected target,

development of cellular and cell-free systems for testing

their efficiency and the use of experimental models in vivo.

The diversity of low-molecular-weight NF-kB inhibitors in

combination with oligonucleotide and protein target-spe-

cific molecules is a reliable basis for selecting real candidates

for new-generation therapeutic agents.

This review was written with financial support of the

Rosnauka Federal Target Programme (Project No. 2007-2-

1.2-05-02-071) and the Russian Foundation for Basic

Research (Project No. 06-04-49196).
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