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Abstract:

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-�B) is a crucial transcription factor that participates in a number

of physiological and pathological conditions, including immune response, apoptosis, carcinogenesis and inflammatory processes. It

is involved in the rapid response to various stimuli such as viral and bacterial infections, shear stress, oxidant stress and a number of

cytokines. In the pathology of atherosclerosis NF-�B is essential to the cross-talk between cytokines, adhesion molecules and

growth factors, leading to atherosclerotic plaque formation, growth and eventual rupture.

The intent of this paper is to gather and summarize information on the role of NF-�B in the pathology of atherosclerosis. Addition-

ally, pharmacological intervention in the signaling of NF-�B is addressed along with the potential benefits and disadvantages of

NF-�B modulating treatment.
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Introduction

Nuclear factor kappa-light-chain-enhancer of acti-

vated B cells (NF-�B) is a family of phylogenetically

conserved proteins that act as a nuclear transcription

factors. Also, particular members of the family are of-

ten referred to as NF-�B. NF-�B is involved in rapid

response to various stimuli, such as viral and bacterial

infections, shear stress, oxidant stress and others [42,

46]. As a result, in most cases NF-�B activation leads

to transient upregulation of a number of genes encod-

ing cytokines, growth factors, immunomodulatory

molecules, apoptosis related genes and others. Pro-

longed activation of NF-�B has been reported in

many pathological conditions of immune and inflam-

matory backgrounds, autoimmune diseases, cancer

and atherosclerosis [14, 15].

Cardiovascular complications of atherosclerosis,

including acute coronary syndromes, are the leading

cause of mortality in Western societies and have be-

come major concern of clinical cardiology. Since the

1980s, inflammation has been postulated to play

a critical role in all stages of atherogenesis. A number

of proinflammatory cytokines have been shown to

participate in atherosclerotic plaque development,

growth and rupture [26]. NF-�B seems to be a crucial

transcription factor in the cross-talk of cytokines, ad-

hesion molecules and growth factors. On one hand,

NF-�B is a major transcription factor leading to cyto-

778 �����������	��� 
������ ����� ��� �������

�����������	��� 
�����

����� ��� �������

	

� ��������

��������� � ����

�� 	�������� �� ���� �!�"���

��"��� #!�$� � �� 
!���!��



kine synthesis, and on the other hand, the above men-

tioned factors keep NF-�B persistently activated in

acute coronary syndromes.

First discovered by Sen and Baltimore in 1986

[44], NF-�B is in fact a family of five protein prod-

ucts belonging to two classes. Class I consists of the

following two proteins: NF-�B1 (p50) and NF-�B2

(p52), which are synthesized from the precursors p105

and p100, respectively. Class II contains the following

three members: RelA (known also as p65), RelB and

cRel.

Activation and intracellular signaling

NF-�B activation is not only crucial for immune re-

sponse and inflammatory reaction, but also for prolif-

eration and apoptosis [9]. Under physiological cir-

cumstances, NF-�B activation is rapid and short-

acting (approximately 30–60 min), and the avalanche

of NF-�B dependent genes is downregulated after a

limited period of time. In a number of chronic pa-

thologies, including atherosclerosis, NF-�B is persis-

tently activated by a combination of numerous fac-

tors. Though the list of NF-�B inducers is certainly

not complete; the known factors can be grouped as

follows:

– viral and bacterial antigens including lipopolysac-

charide (LPS), Chlamydia, Borrelia

– physical factors: shear stress, heat shock, UV, radia-

tion

– cytokines and growth factors: interleukin 1�, tumor

necrosis factor � (TNF-�), interferon �, platelet de-

rived growth factor (PDGF), vascular endothelial

growth factor (VEGF), platelet activating factor

(PAF)

– other factors: thrombin, advanced glycation end-

products (AGEs), ox-LDL, homocysteine, oxidant

stress, hypoxia/reperfusion, complement.

The list of NF-�B activators of has been evaluated

more extensively by other authors [21, 35].

To exert a transcriptional effect, NF-�B has to be

activated and translocated to the nucleus. In unstimu-

lated cells, NF-�B is held in the cytosol in an inactive

form, bound with the I�B – a family of inhibitors com-

prising I�B�, I�B�, I�B�, I�B�, I�B� and BCL-3. I�B

keeps NF-�B inactive in the cytoplasm by masking

nuclear localization sequences [20]. A typical activa-

tion pattern involves phosphorylation of inhibitors by

I�B kinases (IKK) and subsequent ubiquitination and

proteasome degradation of I�B. Thus NF-�B is re-

leased from the complex and is able to translocate to

the nucleus. In a classical pathway generally triggered

by cytokines, i.e., TNF, IL-1 and TLR (toll-like recep-

tor) ligands, IKK is activated by MAP and TAK ki-

nases, which in turn are activated by appropriate cyto-

kine receptors. Activation of TCR (T-cell receptor)

and BCR (B-cell receptor) involve different intracel-

lular kinases (BLK, BTK, SYK and eventually PKC),

but still result in the activation of IKK. The classical

pathway leads to release of p50/p65 and p105/cRel.

There are also alternative pathways in the processing

of p100 and release of p52/p50 dimers [4]. Moreover,

recent emphasis has been put on the existence of

“atypical” activation of NF-�B, mostly triggered by

physical stimuli (UV, shear stress, ROS), which in-

volves different kinases and results in p50/p65 activa-

tion [36].

The release of unbound dimers and subsequent trans-

fer of NF-�B to the nucleus leads to the transcription

of NF-�B regulated and co-regulated genes. The list

of NF-�B target genes is available at http://peo-

ple.bu.edu/gilmore/nf-kb and is being updated. Some

of the more important and well studied gene products

that are under NF-�B regulation are listed in Table 1.

Because a variety of target genes involve NF-�B in

a number of physiological reactions (mentioned

above), abnormalities in NF-�B activation are respon-

sible for various pathological conditions.
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Interleukins
(IL)

Growth
factors

Adhesion
molecules

Other
cytokines

Apoptosis
related

Others

IL-1�

IL-2

IL-6

IL-8

IL-12

G-CSF

M-CSF

GM-CSF

ICAM-1

VCAM-1

E-selectin

MCP-1

TNF-�

RANTES

IFN-�

A20

XIAP

c-IAP-1

c-IAP-2

iNOS

COX-2

MMP-2

MMP-9

PAI-1
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NF-�B in pathology

The number of conditions known to be associated

with NF-�B is growing and includes inherited syn-

dromes, immune system disorders (both autoimmune

diseases and immune deficiencies) and cancer. He-

reditary conditions associated with NF-�B alterations

include cystic fibrosis, Duchenne muscular dystrophy,

incontinentia pigmenti, primary immunodeficiencies

and others [1, 9, 23].

The autoimmune diseases rheumatoid arthritis

[12], Crohn’s disease [11] and multiple sclerosis [49],

among others, have been linked to NF-�B dysfunc-

tion, and the transcription factor itself has been postu-

lated to be a therapeutic target in these conditions.

Finally, oncology has become a field of intensive

research on the role of NF-�B and its potential useful-

ness in treatment [30].

NF-�B in atherosclerosis

Atherogenesis is a multistage process involving the

initiation of plaque formation, its development,

growth and eventual rupture, which is clinically mani-

fested as acute coronary syndrome. In the early

stages, modified (i.e., oxidized) lipoproteins infiltrate

into the subintimal space, which causes endothelial

expression of chemotactic factors and adhesion mole-

cules leading subsequently to monocyte migration. At

this stage, NF-�B regulates the expression of cyclo-

oxygenases, lipooxygenases, cytokines and chemoki-

nes (i.e., MCP-1) and adhesion molecules [24]. Later

in the progression of the atherosclerotic lesion, NF-�B

regulates gene expression of M-CSF, a factor stimu-

lating infiltrating monocyte differentiation and trans-

formation into “foamy cells”, and other genes partici-

pating in the transformation [5]. As stated, atheroscle-

rosis is an inflammatory reaction of the arterial wall.

The factors IL-1�, TNF-�, IL-6, IL-12 and IFN� are

involved in this reaction, and their expression is co-

regulated by NF-�B. Interestingly, IL-10, a recog-

nized and well studied anti-atherogenic cytokine [29],

is also positively regulated by NF-�B [19]. Thus, it is

worth noting that the effect of NF-�B on atherosclero-

sis is not unidirectional.

Intracellular matrix degradation is an important

process in both plaque development and rupture. The

vital factors involved include matrix metalloprote-

inases, particularly those that are able to break down

the vascular base membrane. It has been shown that

NF-�B is an essential regulator of metalloproteinase

gene expression, especially MMP-2 and MMP-9,

which are critical in plaque rupture [3]. Thus, NF-�B

regulates the expression of a wide spectrum of athero-

sclerosis mediating factors. On the other hand, most

of these factors also upregulate NF-�B activity. The

ones of greatest significance involved in atherogene-

sis include IL-1�, IL-18, TNF-�, ox-LDL, AGE, CMV

antigens, Chlamydia, platelet derived factors, IFN�

and CD40L among others. Increased NF-�B activity

was found in unstable regions of atherosclerotic

plaques [7].

The significance of NF-�B activity has been con-

firmed in some clinical studies as well. Li et al. [25]

reported significantly increased NF-�B activity in

white blood cells from unstable angina patients vs.

stable angina patients and vs. control patients (the

lowest activity in the latter). Of the above mentioned

factors, an elevated level of oxidized LDL has been

confirmed to induce NF-�B in UA patients in vivo [6,

8]. Moreover, in the study by Li et al. [25], NF-�B ac-

tivity was positively correlated with CRP, a recog-

nized marker of inflammation in atherosclerosis. Ac-

cording to Liuzzo et al. [28], nuclear factor �-B acti-

vation might be a mechanism by which CRP

amplifies inflammation in acute coronary syndromes

thus influencing the clinical outcome.

Drugs to modulate NF-�B activity

Because it is a point of intersection of multiple path-

ways in atherogenesis and also in a number of other

pathological conditions, NF-�B appears to be a tempt-

ing therapeutic target. A number of compounds have

been shown to selectively suppress NF-�B. Special

interest in antioxidants as well as proteasome and

IKK inhibitors has been shown. Also, some com-

monly used medicines have been shown to regulate

NF-�B activity.

Antioxidants are the best studied group of drugs

that inhibit NF-�B. As previously stated, oxidative

stress and factors generating oxidative stress, such as
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proinflammatory cytokines, radiation and endotoxin,

are important stimulators of NF-�B. Blackwell et al.

reported that N-acetylcysteine suppresses NF-�B in

experimental conditions [2]. Other antioxidants and

ROS scavengers that have been shown to inhibit

NF-�B include the following: pyrrolidine dithiocarba-

mate [43], PMA [32] and, more recently, resveratrol –

a polyphenol found in red wine. The action of the lat-

ter on NF-�B may at least partially explain the benefi-

cial effect of red wine consumption on the vascular

system [10].

Proteasome inhibitors, such as epoxomycin or lac-

tacystin, are broad spectrum agents that are capable of

inhibiting the degradation of I�B among others [31,

37]. As non-specific agents, proteasome inhibitors ap-

pear to be toxic if administered chronically, which

limits the utilization of this class of drugs. Another

group of drugs affecting IKK activity are IKK inhibi-

tors, such as curcumin [45] and cyclopentenones,

which are specific to IKK2 [38].

Drugs already used in clinical practice are often

discovered to have more or alternate mechanisms of

action than those that are first known. Modulation of

NF-�B has been reported during treatment with corti-

costeroids, immunosuppressant drugs and salicylates.

NF-�B activity is also modulated by cardiovascular

drugs including statins, ACE-inhibitors and �-blockers.

Molecular interference of the above mentioned

drugs with NF-�B signaling is not always clear and

needs to be investigated more thoroughly. Glucocorti-

costeroids have been shown to bind p50 and p65 and

thus prevent NF-�B related DNA transcription [40].

Salicylates inhibit NF-�B by binding IKK2 and pre-

venting a breakdown of I�B [51].

As stated, NF-�B suppression is a part of the pleio-

tropic action of statins. Ortego et al. reported that

HMG-CoA reductase inhibitors stabilize I�B by inhib-

iting kinases [34]. They also suggested that NF-�B in-

hibition is an important mechanism of the plaque sta-

bilizing effect of atorvastatin and simvastatin [17, 33].

Other HMG-CoA reductase inhibitors (including flu-

vastatin, lowastatin and pravastatin) also have NF-�B

inhibiting potential [27, 47]; however, they differ in

the degree of NF-�B inhibition. Hilgendorf and co-

workers established the relative potency of six statins

with regard to NF-�B suppression, which are as fol-

lows: cerivastatin > atorvastatin > simvastatin > proa-

vastatin > lowastatin > fluvastatin [18]. The finding

supported the hypothesis of diverse anti-inflammatory

power of various statins.

ACE-inhibitors have also been shown to inhibit

NF-�B [7]. One of the triggers for NF�B activation is

angiotensin II [39]. Inhibition of ATII generation with

ramipril or qiunapril [16, 41], as well as AT1 receptor

blockage with losartan or valsartan [48] downregu-

lates NF-�B and thus reduces inflammation. The less

common vascular drug cilostazol has been shown to

inhibit NF-�B and thereby suppress VCAM-1 expres-

sion [13].

A large part of the NF-�B suppression mechanism

is based on the antioxidant features of drugs. Such

a mechanism is postulated for some ACE-I (apart from

the above mentioned mechanisms) and ARBs. Also,

carvedilol – a relatively new antioxidative �-blocker –

has been shown to suppress NF-�B activity [50]. Fi-

nally, anti-inflammatory levels of acetylated and

nonacetylated salicylic acid block NF-�B availability

for transcriptional activation [22].

NF-�B suppressing strategies seem to be a valid di-

rection in pharmaceutical research. However, since

the transcription factor plays a central role in homeo-

stasis, its chronic and non-tissue-specific inhibition

would cause serious side effects. Therefore, finding

an acceptable strategy to control NF-�B when and

where desired will probably require local or even cell

specific delivery systems. An interesting new strategy

is the stent-based local delivery of a NF-�B decoy,

which reduced post angioplasty restenosis in an ex-

perimental rat model. Such solutions, however, are

still at early stage of development and need further in-

vestigation.
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