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Abstract

The use of plant extracts to alleviate in� ammatory diseases is centuries old and continues to this

day. This review assesses the current understanding of the use of such plants and natural

products isolated from them in terms of their action against the ubiquitous transcription factor,

nuclear factor kappa B (NF-j B). As an activator of many pro-in� ammatory cytokines and

in� ammatory processes the modulation of the NF-j B transduction pathway is a principal target

to alleviate the symptoms of such diseases as arthritis, in� ammatory bowel disease and asthma.

Two pathways of NF-j B activation will � rst be summarised, leading to the IKK (Ij B kinase)

complex, that subsequently initiates phosphorylation of the NF-j B inhibitory protein (I j B).

Natural products and some extracts are reviewed and assessed for their activity and potency as

NF-j B inhibitors. A large number of compounds are currently known as NF-j B modulators and

include the isoprenoids, most notably kaurene diterpenoids and members of the sesquiterpene

lactones class, several phenolics including curcumin and � avonoids such as silybin. Additional

data on cellular toxicity are also highlighted as an exclusion principle for pursuing such

compounds in clinical development. In addition, where enough data exists some conclusions on

structure–activity relationship are provided.

Introduction

The promotion of in¯ ammatory conditions and the initiation of the innate immune

response requires the synthesis of many special eŒector proteins. Numerous

signalling cascades have been elucidated, involving as one of the last steps the

activation of inducible transcription factors that bind to the promoter regions of

their respective genes. Such targets include the genes for adhesion molecules

(chemokines) and cytokines (tumour necrosis factor alpha (TNF- a ), interleukins).

Nuclear factor kappa B (NF- j B) is one of the principal inducible transcription

factors in mammals and has been shown to play a pivotal role in the mammalian

innate immune response (HoŒmann et al 1999) and chronic in¯ ammatory

conditions such as rheumatoid arthritis (Ghosh et al 1998). The signalling

mechanisms of NF- j B involves an integrated sequence of protein-regulated steps

and many are potential key targets for intervention in treating in¯ ammatory

conditions and some cancers (Baeuerle & Baichwal 1997; Barnes & Karin 1997;

Miagkov et al 1998; Bours et al 2000; Yamamoto & Gaynor 2001).

Other mediators of in¯ ammation that are under the in¯ uence of activated NF- j B

include inducible nitric oxide synthase, iNOS (or NOS-2), the subsequent

production of nitric oxide (NO) (D’Acquisto et al 1998) and prostaglandin

synthase (cyclooxygenase), especially COX-2 (D’Acquisto et al 1997; Newton et al
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1997; Willoughby et al 2000; Surh et al 2001). Pros-

taglandins have also been shown to inhibit NF- j B

activation (D ’Acquisto et al 1998), and cyclopentenone

prostaglandin can directly inhibit the I j B kinase (IKK)

(Rossi et al 2000). COX-2 may also have an anti-

in¯ ammatory role in the later stages of in¯ ammation

through the induced synthesis of anti-in¯ ammatory

cyclopentenone prostaglandin (Gilroy et al 1999). Con-

sequently, a compound shown to interfere with

NO}iNOS, COX-2, or both, may well act via the inhi-

bition of NF- j B (D ’Acquisto et al 2000).

The treatment of in¯ ammatory conditions with plants

is widely reported (Barberan et al 1987; Bingo$ l & ST ener

1995; Heinrich et al 1998). Natural products are already

providing lead compounds in the search for inhibitory

small molecules but only a few are beginning to be

commercially used. One example is a new veterinary

product under development for the treatment of canine

osteoarthritis (Phytopharm 2001a) and in¯ ammatory

bowel disease (Phytopharm 2001b).

There are a multitude of approaches for identifying

new pharmaceuticals. In the ® eld of natural product

biology, ethnopharmacological as well as bioprospect-

ing approaches have received renewed attention in recent

years. The concept of ethnopharmacology speci® cally

aims to develop plant-based drugs for more widespread

local use either as pure compounds or plant extracts

(phytotherapy) (Heinrich & Gibbons 2001). Concurrent

with this analysis is the requirement for the documented

use of useful plants by indigenous peoples (ethno-

botany). Such data aids an ethnopharmacological

approach by allowing the selected targeting of plants for

analysis. For example, here at the School of Pharmacy

we are currently involved in an EU funded project to

identify plant extracts and compounds as inhibitors of

NF- j B. The selection of plant material, mostly Euro-

pean in origin, has been made based on ethnobotanical

data documenting the use of plants, or their extracts,

against in¯ ammatory conditions1. This research has led

to our interest in reviewing the scienti® c literature on

plant-derived modulators of NF- j B activation.

This review will summarise the principal stages of

NF- j B activation, possible sites along that cascade for

inhibition, inhibitory natural plant metabolites already

discovered and will focus upon those chemicals showing
1The collection of plant material must proceed with the necessary

legislative permission from host countries and local authorities as well

as with protocols agreed for an economic return to the donor

community or country if any ® nancial return is produced from the

research. The protocols of the Convention on BiologicalDiversity and

how they relate to ethnobotany}pharmacology or drug discovery are

beyond the scope of this paper and have been reviewed recently (Baker

et al 1995; Heinrich & Gibbons 2001).

speci® c activity against identi® ed targets. We shall also

attempt to highlight those compounds we believe to be

the most potent in terms of a selective activity with no or

little associated toxicological eŒects.

The NF-jB pathway

NF- j B and I j B

NF- j B consists of diŒerent combinations of Rel proteins

(e.g. p65, p50, p52, RelA, RelB, c-Rel) in various

heterodimers and homodimers and is generally repre-

sented by subunits p65}p50 (Verma et al 1995). All the

Rel proteins share a conserved region of 300 amino

acids at the N-terminal ± known as the Rel homology

domain. This region is responsible for DNA-binding,

dimerisation and interaction with the NF- j B inhibitory

protein I j B. Inactive NF- j B resides in the cytoplasm

bound to the inhibitory protein I j B. I j B masks the

nuclear localisation signal of NF-j B and it constitutes a

number of proteins including I j B a , I j Bb , I j Be I j Bc

and Bcl-3 (Ghosh et al 1998) and I j B f (Yamazaki et al

2001). An analogous system of innate immunity is, for

example, also present in Drosophila (Schuster & Nelson

2000), based on Toll cell surface receptors (Imler &

HoŒmann 2000)and possessing NF- j B and I j B equiva-

lent proteins in Dorsal}Dif and Cactus, respectively

(HoŒmann et al 1999; Silverman & Maniatis 2001).

Speci® c cell surface receptors and upstream signalling

from NF- j B activation

Two of the most important signalling cascades associ-

ated with the mammalian immune response, and speci-

® cally NF- j B activation, are those of interleukin}
lipopolysaccharide (IL}LPS) (Bowie & O’Neill 2000c;

Akira et al 2001) and TNF (Baud & Karin 2001). These

pathways are summarised in Figure 1. However, ele-

ments of the pathways are continuing to be elucidated

and some aspects remain cell-type speci® c (Zapata et al

2000).

Upon stimulation by various agents, including UV

light, LPS, HIV-1 or pro-in¯ ammatory molecules

(TNF- a , interleukins i.e. IL-1) (Baeuerle & Baichwal

1997; Schmid & Adler 2000), various cell surface recep-

tors are stimulated and include IL-1}Toll-like receptors

and TNF receptor (TNFR) (Kopp et al 1999). The IL-

1}Toll-like receptor family, such as IL-1R and IL-1RacP

(O’Neill 2000), are stimulated by interleukins (O ’Neill

& Greene 1998) and LPS (Zhang et al 1999). Upon

activation they recruit various adaptor proteins, in-

cluding MyD88, to the IL-1R (Medzhitov et al 1998)
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Figure 1 Selected pathways of NF-j B activation. A schematic representation of signalling cascades for LPS, IL and TNF-a stimulation and

activation of NF-j B (p50}p65). The activation of NF-j B begins with stimulation of speci® c receptor families at the cell surface and recruitment

of adaptor proteins, and leads to speci® c pathways of transduction controlled by various kinases. These pathways converge upon the IKK

complex that, in turn, promotes the phosphorylation of I j B. This activation targets Ij B for ubiquitination and degradation under the control

of the 26S proteosome. As a consequence, the NF-j B inhibitory protein is removed and free NF- j B is rapidly translocated to the nucleus where

it binds to speci® c promoter regions of various genes encoding, for example, in¯ ammatory cytokines, adaptor molecules, I j B and p105.

DD, death domain; ECSIT, evolutionary conserved signalling intermediate on Toll pathways; FLASH, Fas ligand-interacting cell eŒector

(FLICE)-associated huge protein; I j B, NF-j B inhibitory protein; IKK, I j B kinase ; IL, interleukin; IL-1R, IL-1 receptor; IRAK1}2, IL-1R-

associated kinase; LPS, lipopolysaccharide; MEKK1, mitogen-activated protein kinase}extracellular response kinase (MAPK}ERK) kinase

kinase 1 ; MyD88, myeloid diŒerentiation factor; NF-j B, nuclear factor kappa B; NIK, NF-j B-inducing kinase; RIP, receptor interacting

protein; TAB, TAK binding protein; TAK, transforming growth factor-b -activated kinase ; TLR, Toll-like receptor; TNF-a , tumour necrosis

factor-a ; TRADD, TNF-receptor-associateddeath domain protein; TRAF, TNF-receptor-associatedfactors; Tollip, Toll-interacting protein.
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and Toll-interacting protein (Tollip) to IL-1RAcP

(Burns et al 2000) in a receptor complex. Tollip and

MyD88 trigger phosphorylation of IL-1R-associated

kinase (IRAK) (Muzio et al 1997) via an N-terminal

protein± protein interaction, termed the death domain

(Feinstein et al 1995). IRAK then disassociates from the

receptor complex and binds to TNF-receptor associated

factor 6 (TRAF6) (Cao et al 1996), a member of a family

of adaptor proteins (Arch et al 1998; Bradley & Pober

2001). At this point the pathway diverges on the binding

of evolutionary conserved signalling intermediate on

Toll pathways (ECSIT), a newly discovered protein in

IL-1}Toll NF- j B signalling (Kopp et al 1999). NF- j B is

activated by the mitogen-activated protein kinase

(MAPK) kinase kinase (MAP3K) pathways of either

MAPK}extracellular response kinase (ERK) kinase

kinase 1 (MEKK1) (which also leads to Jun amino-

terminal kinase activation), or via transforming growth

factor- b -activated kinase 1 (TAK1) and its coactivator

TAK binding protein (TAB) (Irie et al 2000; Wang et al

2001), to activate further MAP3Ks and induce the NF-

j B pathway. Analysis of these MAP3Ks, based on

transfection assays in cell lines, implicated NF- j B-

inducing kinase (NIK) (and MEKK1) as the bridging

kinases from TRAF6 to the IKK (Nemoto et al 1998).

However the hypothesis has not been fully supported by

subsequent analysis using knockout mice for these genes

(Shinkura et al 1999). Therefore NIK could represent

one of many upstream routes to the IKK complex with

further kinases or novel phosphorylation routes to IKK

awaiting elucidation (Israe$ l 2000; Imler & HoŒmann

2001; Schmitz et al 2001).

The TNFR-induced cascade utilises separate adaptor

proteins from the IL-1}Toll-like pathway but may utilise

common MAP3K inducers of IKK (Baud & Karin

2001) (Figure 1). The TNFR’s members number at least

20 (Wajant et al 2001)and includes receptor activator of

NF- j B (RANK) (Lee et al 2000). The NF- j B signalling

cascade from TNFR is a separate transduction pathway

to that of IL-1}Toll receptors. Two types of TNFR have

been characterised as TNFR1 and TNFR2. TNFR1

activity is more widely characterised and the transduc-

tion of the pathway begins with recruitment of cytosolic

adaptor protein, TNFR-associated death domain pro-

tein (TRADD) (Hsu et al 1996a). This complex then

serves as a platform to recruit a number of structurally

and functionally diverse protein kinases that include

Fas-associated protein with death domain (FADD) (Hu

et al 2000), cIAP1 (cellular inhibitor of apotosis protein),

TRAF2 (TNF-receptor associated factors) (Shu et al

1996), receptor interacting protein (RIP) (Hsu et al

1996a) and death receptor (Fas) ligand-interacting cell

eŒector (FLICE)-associated huge protein (FLASH)

(Choi et al 2001). Here the pathway diverges into two

branches that lead to either apoptosis or NF- j B acti-

vation (Hsu et al 1995, 1996b; Van Antwerp et al 1998).

The TRADD-FADD}cIAP1-mediated pathway leads

to caspase activity and apoptosis (Schulze-OsthoŒet al

1998), whereas the TRADD-TRAF2}RIP}FLASH-

associated factors promote the phosphorylation of NIK

and the activation of NF- j B (Choi et al 2001) (Figure

1). Activation of NF- j B is the dominant pathway from

TNFR1 with NF- j B being able to regulate the induction

of not only pro-in¯ ammatory genes but also those genes

controlling the expression of anti-apoptotic proteins

(Beg & Baltimore 1996; Van Antwerp et al 1996; Wang

et al 1998a). TNF-a can therefore negatively regulate its

own cytotoxicity by the up-regulation of anti-apoptotic

genes under the transcriptional control of NF- j B (Van

Antwerp et al 1998). Conversely, the inhibition of

NF- j B activation can reinstate cytotoxicity. This func-

tion of inhibiting TNF-a -induced NF- j B activation is

currently under intense investigation as a means of

sensitising targeted cancer tumours in chemotherapy

treatments (Wang et al 1996; Weldon et al 2001),

particularly in prostate cancer (Sumitomo et al 1999)

and breast cancer (Keane et al 2000; Biswas et al 2001).

It should be noted that the common inducer hypo-

thesis of IKK by NIK in the IL-1}Toll-like and TNF

pathways is now under re-evaluation in the light of

recent research ® ndings (Israe$ l 2000; Baud & Karin

2001; Imler & HoŒmann 2001) including an alternative

activation route for TRAF6 acting as a ubiquitin ligase,

together with co-factors, and mediating polyubiquitin

chains required for IKK activation (Deng et al 2000).

IKK complex

Following the cascades from TNF and IL-1}Toll recep-

tors NF- j B activation is under the control of the IKK

complex (Israe$ l 2000). This complex consists of three

subunits, two catalytic subunits in IKK a (IKK1) and

IKK b (IKK2) and a regulatory subunit, IKK c (NF- j B

essential modulator ; NEMO) (Karin & Delhase 2000).

Further IKK complexes have recently been charac-

terised and include the phorbol 12-myristate 13-acetate

(PMA)-induced IKK e (Peters et al 2000), identical to

IKK-i (Shimada et al 1999), and TRAF-associated

NF- j B activator binding kinase 1}NF- j B-activating

kinase (TBK1}NAK) (Pomerantz & Baltimore 1999;

Tojima et al 2000) (see review of Peters & Maniatis

2001). The IKK a }IKK b }IKK c kinase complex is

linked to the induction cascade by activation from a

number of MAP3K’s that could include NIK,

MEKK1}2}3 or TBK1}NAK (Nemoto et al 1998; Zhao
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& Lee 1999; Peters & Maniatis 2001). Thus the acti-

vation of IKK, and so the NF- j B pathway, is the trigger

responsible for the phosphorylation of I j B (Figure 1).

Phosphorylation}ubiquitination of I j B and nuclear

translocation of NF- j B

Phosphorylated I j B is recognised by a speci® c ubiquitin

protein ligase (E3) and undergoes poly-ubiquitination

that targets the protein for rapid degradation under the

control of the 26S proteasome (Karin & Ben-Neriah

2000). The free NF- j B is then translocated into the

nucleus where it binds to various target genes (see

below). Additionally, cytoplasmic NF- j B subunits can

also be a target for phosphorylation. The Rel protein

p105 (NF- j B1) is the precursor to the mature protein

p50. In association with other Rel proteins (e.g. p65)

p105 is phosphorylated and targeted for degradation in

a similar manner to I j Ba , but the degradation is only

partial and thus generates p50. The free NF- j B (p65}
p50) is then translocated to the nucleus or associates

with I j B. NF- j B binding sites are found in the promoter

regions of genes for cytokines (IL-1, IL-6, IL-8 and

TNF-a ), acute phase response proteins, anti-apoptotic

genes and cell adhesion molecules (Schmid & Adler

2000). NF- j B promotes the up-regulation of these pro-

teins and, in a self-regulatory manner, also I j B and

p105. This nuclear transport model for NF- j B has

recently come under scrutiny and the emerging data

suggests a shuttling of NF- j B and I j B between the

cytoplasm and nucleus (Carlotti et al 2000; Huang et al

2000; Tam et al 2001). As this dynamic transport system

is elucidated further it may oŒer additional targets for

studies in NF- j B modulation.

NF-jB inhibitory compounds from plants

The current understanding of the NF- j B cascade pro-

vides the biochemist and natural product scientist with

a tantalising opportunity of potential targets. The ® rst

plant-derived modulators of NF-j B were reported

nearly a decade ago by Kopp & Ghosh (1994) who

identi® ed sodium salicylate and its semi-synthetic de-

rivative, aspirin. Following this discovery, a number of

new natural products, from various chemical classes,

have demonstrated NF- j B-inhibitory activity. Such

studies also require good control experiments to deter-

mine the target(s) of inhibition : a range of stimulants

to activate the cascade; assaying related in¯ ammatory

pathways; employing diŒerent cell types ; speci® city tests

targeting diŒerent sites within the cascade, including

I j B degradation, IKK complex, nuclear translocation

of NF- j B and DNA binding of NF- j B.

The purpose of this review is to summarise our current

state of knowledge of these naturally based NF- j B

modulators.

Isoprenoids

Classical pharmacological data indicates that some

species and extracts of Siditeris (Lamiaceae) have anti-

in¯ ammatory activity (Barberan et al 1987) and has led

to the identi® cation of andalusol (1, Figure 2), a known

labdane diterpenoid from Siderites foetens Clemen. with

anti-in¯ ammatory eŒects (Navarro et al 1997). This

compound is non-toxic (J774 macrophages, thiazolyl

blue (MTT) test) and has been shown to reduce NO

synthesis (IC50 value (50% inhibitory concentration) of

10.5 l m )2, via iNOS inhibition, a gene which in turn is

under the control of NF- j B. The NF- j B inhibitory

concentration of andalusol was recorded as 50 l m (elec-

trophoretic mobility shift assay; EMSA) (de las Heras

et al 1999). This activity was found to be more potent

when the period of lipopolysaccharide (LPS)stimulation

took place for 1 h rather than 2 h.

Recently, members of the kaurene family of diter-

penoids (Figure 2) were also found to inhibit NF- j B

using the same J774 cell line (Castrillo et al 2001). A

number of assays were employed to compare the in-

hibitory activity of three kaurene and three clerodane

diterpenoids based on the level of iNOS in LPS-stimu-

lated J774 macrophages. Here, only the kaurenes

(Figure 2) were found to be eŒective inhibitors of iNOS

with IC50 values for structures 2 and 4 of 3± 5 l m and

19 l m for structure 3. EMSA also showed eŒective

inhibition of NF- j B activity based upon the j B con-

sensus sequence of the iNOS promoter.

The kaurene diterpenoids (2± 4) were further found to

act via diminishing IKK activity, speci® cally IKK- b

(25 l m : 70± 80% inhibition). However, the Jun amino-

terminal kinase pathway was unaŒected and immuno-

precipitation experiments with FLAG-IKK- b showed

no eŒect on kinase activity by the kaurenes (50 l m )

following LPS stimulation. These data suggested that

the kaurenes have a speci® c inhibitory eŒect on the IKK

complex but that it was actually occurring at a step

preceding IKK. This hypothesis was tested in transfected

cells containing a Myc-NIK expression vector, which

triggers IKK- b activation. The kaurenes inhibited the

activation of IKK- b in the absence of LPS stimulation.

Secondly in LPS-stimulated cells, containing a co-trans-

fection with Myc-NIK and ( j B)3ConA.LUC, the kau-

renes signi® cantly inhibited the activation of NF- j B in

2Where concentrations for compounds in the literature have been

quoted in l g mL­ 1 they have, in this review, been quoted in l m for

comparative purposes.
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Figure 2 NF-j B inhibitory isoprenoid compounds: kaurene diterpenes (1–4), kaurane diterpenes (5–8) and cyclic diterpene (9).

this reporter gene assay. Taken together, these results

show that the inhibitory eŒect of kaurenes, ® rst identi-

® ed as IKK inhibitors, operate upstream of IKK as

NIK inhibitors and thereby interfere with downstream

IKK phosphorylation.

Four known compounds structurally related to diter-

penoids 2± 4 have recently been identi® ed as inhibitors

of NF- j B (Hwang et al 2001). Kaurane diterpenoids

5± 8 were isolated from Isodon japonicus (Lamiaceae)

and found to inhibit NO production and NF- j B ac-

tivation in LPS-stimulated RAW 264.7 cells. NO pro-

duction was strongly suppressed by all four compounds

at very low IC50 values (0.06 l m , 0.58 l m , 0.15 l m and

0.35 l m , respectively, for 5, 6, 7, and 8). However, 5 was

found to inhibit ! 50% cell growth and therefore 7 was

identi® ed as the strongest inhibitor of NO production.

The most potent inhibition of NF- j B was demonstrated

in EMSA by 6 and 7. These compounds signi® cantly

suppressed NF- j B activation at 13.3 l m , with complete

inhibition at 26.6 l m .

The diterpene class of isoprenoids are continuously

proving to be a fruitful source of inhibitory compounds

and models of NF- j B inhibition. Ethnobotanical data

was again directly responsible for the discovery of

hypoestoxide (9, Figure 2), from Hypoestes rosea (Acan-

thaceae), as an anti-in¯ ammatory diterpene speci® cally

targeting IKK (Ojo-Amaize et al 2001). In TNF-a -

stimulated HeLa cells, hypoestoxide showed NF- j B

inhibitory activity in an EMSA at 50± 100 l m and had

an IC50 value of 11 l m . However, some speci® city for

NF- j B was shown by the lack of inhibitory activity

(100 l m ) against the transcription factors AP-1 (Karin

et al 1997) and Sp-1 (Black et al 2001). Additionally this

compound at 10 l m inhibits the production of pro-

in¯ ammatory cytokines IL-1 b , TNF-a and IL-6 in

LPS-stimulated peripheral blood mononuclear cells.

Hypoestoxide was also eŒective at signi® cantly inhi-

biting NO production in interleukin-stimulated (IL-1 b

and IL-17) human articular chondrocytes in a dose-

dependent fashion (5, 10 and 50 l m ).

This set of data con® rmed the targeted in-vitro anti-

in¯ ammatory activity of hypoestoxide but the authors
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Figure 3 Examples of sesquiterpene lactones as potent inhibitors of NF-j B.

also showed in-vivo e� cacy. Topically applied hypoes-

toxide was shown to possess some inhibitory activity

(57% , 3 mg}ear) on mouse ear swelling following ap-

plication of a phorbol ester. The potency of hypoest-

oxide was further supported by its lack of toxicity in cell

viability assays in peripheral blood mononuclear cells

(1.25± 100 l m for 72 h).

The most widely published class of natural products

cited as inhibitors of NF- j B are the sesquiterpene

lactones. Ethnopharmacological studies ® rst yielded

promising NF- j B inhibitory activity associated with

sesquiterpene lactones (Bork et al 1996, 1997). Many

reports of inhibitors within this class vary widely in their

minimum inhibitory concentration (MIC) values for

inhibition of NF- j B. These diŒerences may be due to

varying assay techniques and in the structural diversity

of sesquiterpene lactone and, as such, various structure}
function activities can be identi® ed. The inhibitory

eŒect of sesquiterpene lactones is very strongly enhanced

by the presence of such groups as the isoprenoid ring

system, a lactone ring containing a conjugated exo-

methylene group ( a -methylene- c -lactone) (Hehner et al

1998) and an a ,b -unsaturated cyclopentenone or con-

jugated ester moiety (Ru$ ngeler et al 1999). The presence

of such groups in sesquiterpene lactones has been sig-

ni® cant in eliciting potent inhibitory activity against

iNOS-dependent NO synthesis monitored directly

(Dirsch et al 2000) and via NF- j B inhibition (Figure 3 :

ergolide, 10 (Han et al 2001), and 2 b ,5-epoxy-5,10-

dihydroxy-6 a -angeloyloxy-9b -isobutyloxy-germacran-

8 a ,12-olide, 11 (Kim et al 2001a)).

The mechanisms of action of some principal sesqui-

terpene lactones on the NF- j B activation pathway has

been investigated and diŒerent conclusions drawn. Par-

thenolide (12) from feverfew (Tanacetum parthenium,

Asteraceae) is a potent inhibitor of NF- j B at low- l m

concentrations (5± 10 l m , HeLa cells ; Hehner et al 1998,

1999). The mechanism of action has been demonstrated

in HeLa cells to prevent I j B a and I j Bb degradation

(Hehner et al 1998), to act against the IKK complex

(Hehner et al 1999) and speci® cally IKK b by modi® ca-

tion of cysteine 179 (Kwok et al 2001). Parthenolide has

also recently been reported to decrease the chemoresis-

tance of breast cancer cells exposed to paclitaxel. This

action is related to the over-expression of NF- j B in

breast cancer cells that code for anti-apoptotic genes

and therefore inhibition could be useful in increasing

sensitivity to chemotherapeutic drugs (Patel et al 2000).

A further sesquiterpene lactone mechanistically stud-

ied for NF- j B inhibitory activity is helenalin (13) from

Arnicae ¯ os (Lyss et al 1997), previously shown to be

highly cytotoxic (Woerdenbag et al 1994). Helenalin has

been postulated to act directly against p65 by alkylation

of the NF- j B subunit (Ru$ ngeler et al 1999). No in-

terference with DNA binding has been demonstrated

for parthenolide (Hehner et al 1999). Therefore the
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Figure 4 Triterpenoids.

alkylation activity of helenalin could explain its high

activity and cytotoxicity (Beekman et al 1997). This

class of natural products seems to interfere with a

large number of potential target proteins by modifying

cysteine residues. Sesquiterpene lactones as a class, al-

though structurally diverse and with many associated

therapeutic uses, do possess unspeci® c toxicity as alkyl-

ating agents and presumably this will preclude any

useful medical application (Schmidt 1999).

Considerable interest has recently been shown in

dichloromethane}methanol extracts of Acacia victoriae

from which triterpenoid saponins were isolated and

termed avicins. A fraction (FO35) of the extract and

avicins D (14) and G (15) were shown to selectively

induce apoptosis and decrease tumour-cell proliferation

in Jurkat T cells and breast cancer cells (Mujoo et al

2001). Avicin G has also been shown to inhibit activation

of NF- j B in TNF-a -induced Jurkat T cells (Haridas et

al 2001). Within 4 h of applying 2 l g mL­ 1 (1 l m ) of

avicin G to TNF-a -stimulated Jurkat T cells, the ac-

tivation of NF- j B was inhibited by 90% . Avicin G was

further shown to act speci® cally by suppressing the

nuclear translocation of NF- j B (the p65 subunit) and

NF- j B’s binding to the DNA. In addition, the induction

of iNOS and COX-2 was also inhibited by avicin G in

LPS-treated RAW264.7 cells. Avicins have been high-

lighted as natural products with the potential in new

anticancer therapy to be eŒective in inducing targeted

apoptosis in malignant cells while leaving normal cells

unaŒected (Croce 2001; Mujoo et al 2001).

A potent inhibitor of NF- j B in macrophages is the

triterpenoid, pristimerin (Dirsch et al 1997 and refer-

ences therein). This compound (16, Figure 4) was eŒec-

tive at reducing the induction of iNOS, with IC50 values

of 0.2± 0.3 l m , in LPS stimulated RAW264.7 macro-

phages. This activity was ascribed to the inhibition of

NF- j B in an EMSA where 0.5 l m pristimerin was

su� cient to inhibit NF- j B activation. Here also, some

toxicity was noted at 1 l m pristimerin in MTT (37% )

and sulforhodamine B (20% ) assays. The concentration

at which cytotoxicity occurs is only two-to-three times

higher than the concentration required to inhibit NF- j B

and would give su� cient cause for concern that pri-

stimerin’ s activity is largely due to cytotoxic eŒects. A



461Natural products as targeted modulators of nuclear factor-j B pathway

broad cytotoxicity has been shown for pristimerin in an

earlier study with IC50 values of 0.25, 0.45 and 0.1 l m

in V-70, KB and P388 cells, respectively (Itokawa

et al 1991) ± see also Ankli et al (2000) for similar results

in KB cells. Pristimerin has also been shown to have

some toxicity in MT-29 cells but at a concentration 20-

or 30-fold higher than the active concentration for

antimalarial activity (Figueiredo et al 1998). Addition-

ally, synthetically derived triterpenoids have been shown

to suppress the activation of iNOS, COX-2 and NF- j B

(Suh et al 1998).

One recently cited potent NF- j B inhibitor is the

cardenolide glycoside oleandrin (17, Figure 4) isolated

from Nerium oleander (Apocynaceae) (Manna et al

2000b). Inhibition of NF- j B activation was recorded at

8.5 l m (90% at 1.7 l m ) in U937 cells. A similar level of

inhibition (1.7 l m ) was found in diŒerent cells of human

origin (HeLa, CaOV3 and Jurkat) and murine L-929

® broblasts. A downstream target within the NF- j B

cascade was indicated by the potency of oleandrin to

inhibit NF- j B in U937 cells stimulated with either TNF-

a , PMA or LPS. Inhibition of I j B a was con® rmed

together with a speci® city to suppress induced reporter

gene expression of TRAF2 and NIK at a concentration

of only 0.85 l m . Therefore oleandrin was postulated to

be inhibiting NF- j B via the IKK complex and, conse-

quently, I j B a phosphorylation. Most agents that inhibit

NF- j B activation also act against AP-1 and this activity

was con® rmed for oleandrin by its inhibition of AP-1 in

TNF-a -, PMA- or LPS-stimulated U937 cells. The latter

data point to an unspeci® c inhibitory action upon the

NF- j B cascade and suggest that oleandrin could act as

a kinase inhibitor.

Phenolics

Phenolics have provided numerous examples of com-

pounds with anti-in¯ ammatory activity mediated by

inhibition of NF- j B or iNOS in various cell types (Surh

et al 2001). However, descriptions of activity do not

necessarily equate to potency and the following dis-

cussion will illustrate wide variations in cited levels of

biological eŒects. In addition, phenolics often possess

antioxidant activity which could make them a non-

speci® c inhibitor of NF- j B by reducing reactive oxygen

species, for example quercetin (Musonda & Chipman

1998) and resveratrol (Manna et al 2000a), which could

otherwise activate NF- j B (Oettinger et al 1999). How-

ever, the evidence of a role for reactive oxygen species in

NF- j B activation is limited to a few cell lines and only

well characterised in lymphocytes (Ginn-Pease & Whis-

ler 1998; Schoonbroodt & Piette 2000). The experimen-

tal evidence for antioxidant compounds, such as vitamin

C, inhibiting NF- j B activation in human endothelial

cells independently of an antioxidant action (Bowie &

O’Neill 2000a) has recently brought into further ques-

tion the role of reactive oxygen species}antioxidant

action in NF- j B activation (Bowie & O ’Neill 2000b).

Black tea (Thea sinensis, Theaceae) polyphenols of

thea¯ avin derivatives and epigallocatechin-3-gallate

(EGCG), were studied for their ability to suppress NF-

j B activation in LPS-stimulated RAW267.4 cells (Pan

et al 2000b). The authors found that one derivative,

thea¯ avin-3,3« -digallate (18, Figure 5), showed a strong

inhibition of NF- j B at 30 l m in EMSAs. This activity

had the consequence of reducing NO production and

iNOS protein in LPS-stimulated cells. Thea¯ avin-3,3« -
digallate was also found to be a potent inhibitor of

IKK a expression in RAW264.7 cells (30 l m ). Other

compounds with moderate activity were EGCG (19),

geraniin, penta-O-galloyl-b - d -glucose and thea¯ avin.

Thearubigin and pyrocyanidin were found to be in-

active. In addition, EGCG has been shown to possess

NF- j B inhibitory activity against TNF-a -induced ac-

tivation in normal human epidermal keratinocytes

(NHEK) (80 l m ) and human epidermal carcinoma

(A431) cells (20 l m ) (Ahmad et al 2000).

Chinese herb Huang Qui (Scutellaria baicalensis,

Lamiaceae) has provided a number of structurally re-

lated polyphenols that inhibit NO production and NF-

j B activation.Wogonin (20), baicalin (see also Krakauer

et al 2001) and baicalein were all shown to reduce NO

production in LPS-stimulated RAW264.7 macrophages

with IC50 values of 9.5, 15.0 and 19.4 l m , respectively

(Chen et al 2001). This activity was also found to be

mediated via inhibition (20± 40 l m ) of iNOS gene ex-

pression, with wogonin also suppressing COX-2. Wogo-

nin, again from S. baicalensis, has been shown to have

similar activity as an iNOS inhibitor in LPS-stimulated

C6 rat glial cells (Kim et al 2001b).

Among a number of compounds isolated from Huang

Qui, oroxylin A (21) was the most potent inhibitor of

NO production in LPS-stimulated RAW264.7 macro-

phages in a dose-dependent fashion (17.6, 35.2, 70.4 l m )

(Chen et al 2000). The anthraquinone emodin had

similar activity but also showed some toxicity (30% ,

74 l m ) against the cells. The same compound was also

marginally toxic in human umbilical-vein endothelial

cells and complete inhibition of NF- j B was measured in

TNF-a -stimulated cells only at 185 l m (90% at 92.5 l m )

(Kumar et al 1998). Oroxylin A activity (70.4 l m ) was

again mediated by iNOS gene expression and this

compound, like wogonin, also suppressed COX-2 gene

expression. Both these compounds were similar in struc-

ture and each contained a methoxy group on the A ring.
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Figure 5 NF-j B-inhibiting phenolic compounds.
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The gene expression of iNOS in macrophages is known

to be under the control of NF-j B (Kim et al 1997) and

oroxylin A showed inhibition (70.4 l m ) of NF- j B in

LPS-stimulated macrophages (Chen et al 2000).

Resveratrol (22) is a strong inhibitor (5 l m ) of TNF-

a -induced NF- j B activation in a number of diŒerent

cell types, including U-937, Jurkat, HeLa and H4 cells

(Manna et al 2000a). The authors found resveratrol to

have a broad spectrum of activity with it inhibiting NF-

j B activation following stimulation of U-937 cells with

either TNF-a , PMA, H2O2, okadaic acid, LPS or cera-

mide. The wide variety of NF- j B activation routes

inhibited by resveratrol indicates that the compound is

acting in an unspeci® c manner. Resveratrol was also

reported to have inhibitory action against the TNF-a -

induced activation of AP-1, c-Jun kinase and MAPK

kinase in U-937 cells. Some speci® city was found within

the TNF-a -induced cascade against the translocation of

the p65 NF- j B subunit into the nucleus but independent

of I j B phosphorylation}degradation or the binding of

NF- j B to the DNA.

The medicinal plant St John’ s wort (Hypericum per-

foratum, Hypericaceae) has been used for centuries and

is popular today as a treatment for mild depressive

disorders (Barnes et al 2001). One of the principal

constituents of the herb is hypericin (23) which has

potent activity as a non-antioxidant inhibitor of NF- j B

(Bork et al 1999). Hypericin was shown to inhibit NF-

j B in HeLa and TC10 cells following stimulation with

PMA and TNF-a , respectively. In HeLa cells the in-

hibitory concentration was 1.98 l m and in TC10 cells

was 3.96 l m . However, H2O2-induction of NF- j B in

HeLa cells was unaŒected and therefore showed hy-

pericin was not acting as a radical scavenger. Overall

these data suggested that hypericin is acting upon up-

stream kinases of the NF- j B pathway, particularly

protein kinase C, which is implicated in NF- j B in-

duction (Lallena et al 1999), and is directly activated by

PMA (Vincenti et al 1992). Hypericin was also eŒective

(3.96 l m ) at suppressing TNF-a -induced IL-6 expres-

sion and thus illustrated its ability to prevent induced

expression of in¯ ammatory genes targeted by NF- j B.

Curcumin (24), from Curcuma longa (Zingiberaceae),

has been studied as an anticancer drug (Levi et al 2001)

and has proven eŒective at inhibiting iNOS in an ex-

vivo mouse cell model (Chan et al 1998) and in

RAW264.7 murine macrophages via a mechanism of

NF- j B inhibition (Pan et al 2000a). In both studies,

10 l m curcumin was su� cient to inhibit iNOS in LPS

stimulated conditions against either the mouse ex vivo

cells or the RAW264.7 cells. Once again the target of

inhibition appeared to be the IKK complex and arresting

of I j B phosphorylation (Pan et al 2000a). Curcumin has

also been shown to inhibit the activation of NF- j B and

AP-1 transcription factor following both IL-1 a and

TNF-a stimulation in bone marrow cells (Xu et al 1998).

An earlier report of curcumin suppression of NF- j B

activation placed the inhibitory concentration higher, at

40± 60 l m (Singh & Aggarwal 1995). This may be due to

the cell type employed (ML-1a vs human leukaemia

cells). These authors also showed curcumin to be a non-

speci® c inhibitor of NF- j B by suppressing its activation

in cells stimulated with PMA or H2O2. The activity in

H2O2-stimulated cells is in contrast to hypericin (23) and

shows curcumin acts as a radical scavenger.

Recent evidence has shown that curcumin can also

potentiate the apoptotic pathways in prostate cancer

cells by inhibiting TNF-a induction of NF- j B

(Mukhopadhyay et al 2001).

Silymarin is anti-hepatotoxic mixture of ¯ avonoids

widely used in clinical medicine, especially in Germany,

and obtained from the seeds of the milk thistle (Silybum

marianum, Asteraceae) (Valenzuela & Garrido 1994),

the principal component of which is silybin3 (25) (Saliou

et al 1998). It should be noted that there is some

contradiction in the literature over the de® nition of

silymarin and its principal constituents. For example,

Manna et al (1999) discuss anti-NF- j B activation ac-

tivity of silymarin as a distinct compound, even quoting

a molecular weight, but the data in their methods section

refer to a mixture and in reality the authors were

presumably working with the principal ¯ avanone com-

ponent, silybin. The lack of adequate characterisation

of silymarin, either as a mixture or a pure compound,

casts doubt on the usefulness of some of the work on

compounds from milk thistle.

The silymarin mixture has been shown to completely

inhibit NF- j B activation in a hepatoma cell line

(HepG2) at 25 l m (Saliou et al 1998). This occurred in

cells stimulated with okadaic acid and LPS but not

TNF-a . Other transcription factors were unaŒected by

silybin in okadaic-acid-induced cells. Silybin also inhi-

bited the gene expression of NF- j B at 12.5 and 25 l m , in

cells stimulated with okadaic acid but not with TNF-a .

Also the gene expression of cells exposed to PMA

responded in a similar manner to those exposed to

TNF-a whereas cells exposed to LPS responded in a

similar fashion to that of okadaic acid exposure. It was

postulated that NF- j B inhibitory activity is unconnec-

ted to the reducing potential of silybin at the concentra-

tions used. In other cell lines silybin has shown NF- j B

3Merck Index 12 (1996): 8680. Silymarin comprised mainly of three

isomers: silidianin, silicristin and the main component, silybin (for-

merly called silymarin). A synonym of silybin is silibinin.
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inhibiting potential following stimulation by diŒerent

activation mediators (Manna et al 1999). In TNF-a -

stimulated U937 cells, NF- j B activation was completely

inhibited at 50 l m , unlike that in HepG2 cells (Saliou et

al 1998). This diŒerence in activity was cited as not

being a consequence of cell type because other myeloid

cells showed inhibition of TNF-a -induced NF- j B ac-

tivation, although at higher concentrations of silybin.

Gene expression of NF- j B wasalso completely inhibited

at 50 l m of silybin in a reporter gene assay using

transfected U937 cells. In other cell types the TNF-a

induction of NF- j B was also inhibited but at 10- to 100-

fold increase in concentration. Silybin was also able to

inhibit NF- j B activation in U937 cells whether stimu-

lated with PMA}okadaic acid or ceramide but not with

H2O2, indicating diŒerent pathways leading to NF- j B

activation. Silymarin (50± 63 mg kg­ 1) has additionally

been shown to reduce other in¯ ammatory indicators in

rat models (De La Puerta et al 1996; Cruz et al 2001).

Ethyl gallate (3± 10 l m ), present in red wine, has also

shown potent activity to inhibit NF- j B in IL-1 a - or

TNF-a -stimulated vascular endothelial cells (Murase et

al 1999). However, other reports of phenols with NF- j B

inhibitory activity have all been attained at rather high

concentrations. These include genistein (an iso¯ avone

protein tyrosine kinase inhibitor from soybean), 100 l m

in PMA-stimulated Jurkat cells (Imbert et al 1996) and

185 l m in a cell-free system (Ishikawa et al 1995),

catechin (344 l m ), epicatechin (344 l m ) and taxifolin

(164 l m ± toxic at 328 l m ) in TNF-a -stimulated RAW

264.7 macrophages (Park et al 2000) and quercetin

(50 l m ) in IL-1 b -stimulated glomerular cells (Ishikawa

et al 1999). Quercetin, also a protein tyrosine kinase

inhibitor, and genistein inhibit TNF-a -induced NF- j B

activation by halting the degradation of I j B but not

DNA binding of NF- j B (Natarajan et al 1998). Finally,

caŒeic acid phenyl ester (CAPE) also inhibited NF- j B

in U937 cells (87.5 l m ) induced with TNF-a , PMA,

ceramide, okadaic acid or H2O2 (Natarajan et al 1996),

indicating that CAPE may be acting on a point where all

these stimulation pathways merge in their activation of

NF- j B. CAPE was also speci® c to NF- j B because the

activation of transcription factors Ap-1, TFIID and

Oct-1 were unaŒected (see also Orban et al (2000) for a

modulatory eŒect of CAPE on apoptosis and NF- j B).

Other compounds and plant extracts

Reports of other plant-sourced compounds possessing

NF- j B inhibitory activity are limited but they do include

the bisbenzylisoquinoline alkaloid tetrandrine from

Stephania tetranda (Menisspermaceae) 50 l m in PMA-

stimulated Jurkat cells (Ye et al 2000), the cannabinoid,

cannabinol, 20 l m in thymocytes stimulated with

PMA}Io (Herring & Kaminski 1999), glycyrrhizin from

liquorice (Glycyrrhiza glabra, Fabaceae; Wang et al

1998b) and sesquiterpene-lactone-containing extracts

from Arnica species (Lyss et al 1997) and other Aster-

aceae (Bork et al 1996).

Much of the initial work in the ® eld is based on the

systematic screening of collections of plants used in

indigenous cultures (Bork et al 1996; 1997). Part of this

work also elucidated the NF- j B inhibiting activity of

pheophorbide A (92% , 2 l g mL­ 1) from Solanum di-

¯ orum (Solanaceae) in PMA-induced HeLa cells

(Heinrich et al 2001). Pheophorbide is also a photo-

sensitiser and the authors found the compound to be

toxic if the HeLa cells were exposed to light. As pointed

out by the authors, the data on NF- j B inhibitory activity

should therefore be interpreted with caution. Some plant

extracts that have proven eŒective in in¯ ammation or

anti-NF- j B activity include the commonly used

phytomedicine stinging nettle (Urtica dioica, Urtica-

ceae ; Riehemann et al 1999), Siderites foetens Clemen.

(Lamiaceae) (Navarro et al 2001), a commercially ob-

tained extract of Ginkgo biloba (Ginkgoaceae) (Wei et al

1999), Siderites javalambrensis (Godoy et al 2000), Un-

caria tomentosa (Cat’s claw, Rubiaceae ; Sandoval-

Chaco! n et al 1998), Drosera madagascariensis (Drosera-

ceae ; Melzig et al 2001), Tripterygium wilfordii Hook F.

(Sylvester et al 2001) and a bio¯ avonoid extract from

Pinus maritima (Pinaceae) (Cho et al 2000).

Non-plant sources of inhibitors

Natural products from marine (Kerr & Kerr 1999;

Faulkner 2000) and microbial sources provide a rich

source of biologically active or pharmacologically rel-

evant compounds. NF- j B inhibitors from the marine

environment include the metabolites cyclolinteinone

(D ’Acquisto et al 2000) and hymenialdisine (Breton &

Chabot-Fletcher 1997; Roshak et al 1997).

A sesquiterpene from marine sponge, Cacospongia

linteiformis, cyclolinteinone (26, Figure 6), was demon-

strated to inhibit PGE2, nitrite production and COX-2

expression in LPS-stimulated J774 macrophages

(D ’Acquisto et al 2000). This inhibition increased over

a dosage range of 12.5± 50 l m . Only at 50 l m did signi® -

cant inhibition of NF- j B-DNA binding occur in an

EMSA. A second NF- j B inhibitory marine metabolite,

hymenialdisine (27), was able to inhibit luciferase ac-

tivity from two diŒerent reporter constructs containing

HIV and IL-8 promoter sequences, both of which are

activated by NF- j B (Breton & Chabot-Fletcher 1997).

The IC50 values were low, at 1.2± 2 l m in the transfected

U937 cells stimulated with LPS, TNF-a or PMA and
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Figure 6 NF-j B inhibiting compounds from sponges (26, 27), fungi (28, 29 and 30) and a synthetically produced product (31).

6.4 l m in the IL-8 transfected, PMA-stimulated cells. In

EMSA, following TNF-a stimulation, 1 or 10 l m of

hymenialdisine was su� cient for a 50% drop in NF- j B-

binding activity. IL-8 production in U937 cells was also

signi® cantly reduced by hymenialdisine (IC50, 0.34±

0.48 l m ) in cells stimulated with LPS, TNF-a or PMA.

In conjunction with this activity, hymenialdisine also

inhibits COX-2 and the subsequent production of PGE2,

via inhibition of NF- j B, in an in¯ ammatory in-vitro

model consisting of rheumatoid synovial ® broblasts

(Roshak et al 1997).

Known microbial-sourced inhibitors of NF- j B ac-

tivation include the highly toxic gliotoxin (28) (Pahl et al

1996), panepoxydone (29) (Erkel et al 1996) and cyclo-

epoxydon (30) (Gehrt et al 1998). Synthesized deriva-

tives have also been prepared based upon the epoxydone

structures and one, DHM2EQ (31), was shown to inhibit

NF- j B activation without high cell toxicity (Umezawa

et al 2000). Gliotoxin is a well known immunosuppres-

sant compound of the epipolythiodioxopiperazine class

(Waring & Beaver 1996). Pahl et al (1996) demonstrated

the potency of gliotoxin in the mediation of this eŒect by

signi® cantly inhibiting NF- j B at 0.3 l m and almost

completely at 2.1 l m in PMA}phytohaemagglutinin-

stimulated Jurkat cells. Oct-1 transcription factor was

unaŒected by gliotoxin at similar concentrations. Glio-

toxin (4.2 l m ) also suppressed the DNA binding of NF-

j B in a luciferase reporter assay upon stimulation with

TNF-a , IL-1 b and PMA. However, IFN- c , which is

induced by signal transducers and activators of tran-

scription (Levy 1999), could not suppress the induction

of intercellular adhesion molecule-1 (ICAM-1). This,

and the data for Oct-1, inferred some speci® city upon

gliotoxin in its ability to inhibit NF- j B activation.

Gliotoxin activity was reported to exert its eŒect through

interfering with I j B degradation, although no congruent

data was presented for gliotoxin’ s toxicity in Jurkat

cells. The inhibitory eŒect of gliotoxin in RAW264.7

macrophages has also been studied and it has been

found that the cells have 90% viability to the compound

at 4.24 l m (Herfarth et al 2000). These authors took the

work of Pahl et al (1996) further by showing the sup-

pression of NF- j B activity and the reduced expression

of NF- j B inducible genes in-vivo (mice : dextran sulfate
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sodium-induced colonic mucosa in¯ ammation). This

suppression was seen at an equivalent of 2 mg kg­ 1 in

mice as compared with the known LD50 (50% lethal

dose) of gliotoxin in mice at C 10 mg kg­ 1. This level of

activity below the toxic dose is encouraging. However,

some caution needs to be taken over gliotoxin’ s potency

as an NF- j B inhibitor because it is also a known fungal

toxin}pro-oxidant in other cell lines (Zhou et al 2000),

toxic in animal models (Frame & Carlton 1988) and as

such is precluded from further clinical development

(Waring & Beaver 1996). Gliotoxin (28) (and curcumin

(24)) have, though, both been very useful as model

inhibitors of NF- j B in studies seeking to elucidate the

signalling events of NF- j B activation (Ward et al 1999;

Izban et al 2000).

Both panepoxydone and cycloepoxydon suppressed

activation of NF- j B in a TNF-a - or 12-O-tetradec-

anoylphorbol-13-acetate (TPA)-induced COS-7 cell

reporter-based assay with IC50 values of 7± 9 l m (Erkel

et al 1996) and 4± 8 l m (Gehrt et al 1998), respectively.

AP-1-mediated gene expression was also inhibited by

panepoxydone but not cycloepoxydon and therefore the

former showed a higher degree of NF- j B inhibitory

activity. The synthesized product, DHM2EQ (31)

(Umezawa et al 2000) was found to be the most active at

inhibiting NF- j B activation and had a low toxicity

rating. This compound was also a potent inhibitor of

type-II collagen-induced arthritis in mice (2± 4 mgkg­ 1

body weight).

Conclusions

The NF- j B pathway provides exciting challenges both

from a molecular biological as well as from a drug

development perspective. In this review we highlight the

potential of natural products as potent and pathway-

speci® c modulators of the NF- j B pathway. Two groups

of potential targets currently are of particular interest :

the IKK complex involved in the integration of the

various upstream pathways and the ubiquitination and

subsequent degradation of I j B.

Additionally, for example, the nuclear import}export

of NF- j B and I j B a and the interaction of NF- j B with

the DNA may well prove to be noteworthy targets.

Speci® cally, the review highlights the potential of

natural products and pharmacognostical research into

plants as leads for developing potent modulators of the

NF- j B pathway. Numerous plant-derived products

have been identi® ed as inhibitors of NF- j B activation

and such research has shown the usefulness of a multi-

disciplinary approach.

The eŒect of some drugs used as standardised or

unstandardised extracts can now be explained on a

molecular level (e.g. medicinal plants containing sesqui-

terpene lactones or certain groups of diterpenoids). It is

possible to show novel eŒects of such extracts or mix-

tures (e.g. Ginkgo biloba, silymarin from Silybum mari-

anum, Hypericum perforatum preparations rich in hy-

pericin and other naphtodianthrones). This research

consequently helps in providing evidence for pharma-

cological eŒects of plant extracts (whether they are called

health food supplements, phytomedicines, indigenous

medicinal plants or just botanical drugs). This will aid

the further development of plant-based pharmaceuticals

for local and international usage as well creating ad-

ditional possibilities for the small-scale production of

medicinal plants with established pharmacological

eŒects. Curcuma longa (turmeric ), which has been used

as a spice for many centuries, is now undergoing phar-

maceutical development as a veterinary drug used in the

treatment of arthritis in dogs (Phytopharm 2001a).

A large number of pure compounds have been shown

to interfere with the cascade leading to NF- j B acti-

vation. Notably these compounds generally come from

medicinal plants used in indigenous or other medical

systems (including European phytotherapy). The bio-

logical and cultural diversity may still provide many

exciting leads for developing useful pharmaceuticals.

Several of these pure natural products are of no

interest to clinical development, but provide very useful

tools for elucidating the biochemical mechanism of this

and other pathways (e.g. gliotoxin).

A number of important challenges remain. Firstly,

compounds which act only on a single target are unlikely

to be identi® ed because of the multiple eŒects generally

observed. The pharmacological consequences of these

actions have to be studied in detail. Secondly, in-vivo

studies on the pharmacological eŒects of the extracts or

plants will be required to assure that the eŒects are truly

of pharmacological relevance. Thirdly, the cell-line

speci® city of NF- j B activation requires further detailed

elucidation before clinically useful pharmaceuticals can

be developed to interfere with this pathway. Fourthly,

extracts or natural products provide a particular chal-

lenge in the ® eld of molecular biology. The information

provided must include the characterised or quanti® ed

ingredients of an active extract (providing at least an

HPLC ® ngerprint) and for natural products, the evi-

dence of compound purity from HPLC, NMR and MS

data. Finally, truly novel natural inhibitors of NF- j B

activation derived from local pharmaceutical knowledge

require appropriate mechanisms of bene® t sharing be-

tween the original keepers of traditional knowledge and
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the investigators who further develop such products

(Heinrich & Gibbons 2001).

The most important challenge remains the threatened

loss of cultural and biological diversity due to over-

exploitation of the environment and unsustainable use

of natural and human resources as well the enormous

threat to the cultural diversity of the world ± a problem

far beyond the scope of this academic review.

References

Ahmad, N., Gupta, S., Mukhtar, H. (2000) Green tea polyphenol

epigallocatechin-3-gallate diŒerentially modulates nuclear factor

j B in cancer cells versus normal cells. Arch. Biochem. Biophys. 376:

338± 346

Akira, S., Takeda, K., Kaisho, T. (2001) Toll-like receptors: critical

proteins linking innate and acquired immunity. Nat. Immunol. 2 :

675± 680

Ankli, A., Heilmann, J., Heinrich, M., Sticher, O. (2000) Cytotoxic

cardenolides and antibacterial terpenoids from Crossopetalum

gaumeri. Phytochemistry 54 : 531± 537

Arch, R. H., Gedrich, R. W., Thompson, C. B. (1998)Tumor necrosis

factor receptor-associated factors (TRAFs) ± a family of adaptor

proteins that regulates life and death. Gen. Dev. 12 : 2821± 2830

Baeuerle,P. A., Baichwal, V. R. (1997)NF-j B as a frequent target for

immunosuppressive and anti-in¯ ammatory molecules. Adv. Immu-

nol. 65 : 111± 137

Baker, J. T., Borris, R. P., Carte, B., Cordell, G. A., Soejarto, D. D.,

Cragg, G. M., Gupta, M. P., Iwu, M. M., Madulid, D. R., Tyler,

V. E. (1995) Natural product drug discovery and development ±

New perspectives on international collaboration. J. Nat. Prod. 58 :

1325± 1357

Barberan, F. A. T., Man4 ez, S., Villar, A. (1987) Identi® cation of anti-

in¯ ammatory agents from Siderites species growing in Spain.

J. Nat. Prod. 50 : 313± 314

Barnes, P. J., Karin, M. (1997)Mechanisms of disease: nuclear factor-

j B ± a pivotal transcription factor in chronic in¯ ammatory diseases.

N. Engl. J. Med. 336: 1066± 1071

Barnes, J., Anderson, L. A., Phillipson, J. D. (2001) St John’s wort

(HypericumperforatumL.): a review of its chemistry, pharmacology

and clinical properties. J. Pharm. Pharmacol. 53 : 583± 600

Baud, V., Karin, M. (2001) Signal transduction by tumor necrosis

factor and its relatives. Trends Cell Biol. 11 : 372± 377

Beekman, A. C., Woerdenbag, H. J., van Uden, W., Pras, N.,

Konings, A. W. T., Wikstrom, H. V., Schmidt, T. J. (1997) Struc-

ture-cytotoxicity relationships of some helenanolide-type sesqui-

terpene lactones. J. Nat. Prod. 60 : 252± 257

Beg, A. A., Baltimore, D. (1996) An essential role for NF-j B in

preventing TNF-a -induced cell death. Science 274: 782± 784

Bingo$ l, F., ST ener, B. (1995) A review of terrestrial plants and marine

organismshavinganti-in¯ ammatoryactivity.Int. J. Pharmacognosy

33 : 81± 97

Biswas, D. K., Dai, S.-C., Cruz, A., Weiser, B., Graner, E., Pardee,

A. B. (2001) The nuclear factor kappa B (NF-j B): a potential

therapeutic target for estrogen receptor negative breast cancers.

Proc. Natl Acad. Sci. USA 98 : 10386± 10391

Black, A. R., Black, J. D., Azizkhan-CliŒord, J. (2001) Sp1 and

Kru$ ppel-like factor family of transcription factors in cell growth

regulation and cancer. J. Cell. Physiol. 188: 143± 160

Bork, P. M., Schmitz, M. L., Weimann, S. C., Kist, M., Heinrich, M.

(1996)Nahua Indian medicinal plants (Mexico): inhibitory activity

on NF- j B as an anti-in¯ ammatory model and antibacterial eŒects.

Phytomedicine 3 : 263± 269

Bork, P. M., Schmitz, M. L., Kuhnt, M., Escher, C., Heinrich, M.

(1997) Sesquiterpene lactone containing Mexican Indian medicinal

plants and pure sesquiterpene lactones as potent inhibitors of

transcription factor NF-j B. FEBS Lett. 402: 85± 90

Bork, P. M., Bacher, S., Schmitz, M. L., Kaspers, U., Heinrich, M.

(1999) Hypericin as a non-antioxidant inhibitor of NF-j B. Planta

Med. 65 : 297± 300

Bours, V., Bonizzi, G., Bentires-Alj,M., Bureau,F., Piette, J., Lekeux,

P., Merville, M.-P. (2000) NF-j B activation in response to toxical

and therapeutical agents: role in in¯ ammation and cancer treat-

ment. Toxicology 153 : 27± 38

Bowie, A., O’Neill, L. A. J. (2000a) Vitamin C inhibits NF-j B

activation by TNF via the activation of p38 mitogen-activated

protein kinase. J. Immunol. 165: 7180± 7188

Bowie, A., O’Neill, L. A. J. (2000b) Oxidative stress and nuclear

factor-j B activation. A reassessment of the evidence in the light of

recent discoveries. Biochem. Pharmacol. 59 : 13± 23

Bowie, A., O’Neill, L. A. J. (2000c) The interleukin-1 receptor}toll-

like receptor superfamily: signal generators for pro-in¯ ammatory

interleukins and microbial products. J. Leukoc. Biol. 67 : 508± 514

Bradley, J. R., Pober, J. S. (2001) Tumor necrosis factor receptor-

associated factors (TRAFs). Oncogene 20 : 6482± 6491

Breton, J. J., Chabot-Fletcher, M. C. (1997) The natural product

hymenialdisine inhibits interleukin-8 production in U937 cells by

inhibition of nuclear factor-j B. J. Pharmacol. Exp. Ther. 282:

459± 466

Burns, K., Clatworthy, J., Martin, L., Martinon, F., Plumpton, C.,

Maschera, B., Lewis A., Ray, K., Tschopp, J., Volpe, F. (2000)

Tollip, a new component of the IL-1RI pathway, links IRAK to the

IL-1 receptor. Nat. Cell Biol. 2 : 346± 351

Cao, Z. D., Xiong, J., Takeuchi, M., Kurama, T., Goeddel, D. V.

(1996) TRAF6 is a signal transducer for interleukin-1. Nature 383:

443± 446

Carlotti, F., Dower, S. K., Qwarnstrom, E. E. (2000) Dynamic shutt-

ling of nuclear factor j B between nucleus and cytoplasm a conse-

quence of inhibitor dissociation J. Biol. Chem. 275: 41028± 41034

Castrillo, A., de las Heras, B., Hortelano, S., Rodrõ !guez, B., Villars,

A., Bosca! , L. (2001) Inhibition of the nuclear factor j B (NF-j B)

pathway by tetracyclic kaurene diterpenoids in macrophages.

J. Biol. Chem. 276: 15854± 15860

Chan, M. M.-Y., Huang, H.-I., Fenton, M. R., Fong, D. (1998) In

vivo inhibition of nitric oxide synthase geneexpression by curcumin,

a cancerpreventivenatural product with anti-in¯ ammatory proper-

ties. Biochem. Pharmacol. 55 : 1955± 1962

Chen, Y.-C., Yang, L.-L., Lee, T. J.-F. (2000) Oroxylin A inhibition

of lipopolysaccharide-induced iNOS and COX-2 gene expression

via suppression of nuclear factor-j B activation. Biochem. Pharma-

col. 59 : 1445± 1457

Chen, Y.-C., Shen, S.-C., Chen, L.-G., Lee, T. J.-F., Yang, L.-L.

(2001) Wogonin, baicalin, and baicalein inhibition of inducible

nitric oxide synthase and cyclooxygenas-2gene expressions induced

by nitric oxide synthase inhibitors and lipopolysaccharide.Biochem.

Pharmacol. 61 : 1417± 1427

Cho, K.-J., Yun, C.-H., Yoon, D.-Y., Cho, Y.-S., Rimbach, G.,

Packer, L., Chung, A.-S. (2000) EŒect of bio¯ avonoids extracted

from the bark of Pinus maritima on proin¯ ammatory cytokine

interleukin-1 production in lipopolysaccharide-stimulated RAW

264.7 cells. Toxicol. Appl. Pharmacol. 168: 64± 71

http://www.ingentaconnect.com/content/external-references?article=/0022-3565^28^29282L.459[aid=2277039]
http://www.ingentaconnect.com/content/external-references?article=/0022-3565^28^29282L.459[aid=2277039]
http://www.ingentaconnect.com/content/external-references?article=/0003-9861^28^29376L.338[aid=2255230]
http://www.ingentaconnect.com/content/external-references?article=/1529-2908^28^292L.675[aid=2255231]
http://www.ingentaconnect.com/content/external-references?article=/0890-9369^28^2912L.2821[aid=2255232]
http://www.ingentaconnect.com/content/external-references?article=/0065-2776^28^2965L.111[aid=1314104]
http://www.ingentaconnect.com/content/external-references?article=/0163-3864^28^2958L.1325[aid=2255233]
http://www.ingentaconnect.com/content/external-references?article=/0163-3864^28^2950L.313[aid=2255234]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29336L.1066[aid=168669]
http://www.ingentaconnect.com/content/external-references?article=/0022-3573^28^2953L.583[aid=2255235]
http://www.ingentaconnect.com/content/external-references?article=/0962-8924^28^2911L.372[aid=2255236]
http://www.ingentaconnect.com/content/external-references?article=/0163-3864^28^2960L.252[aid=2255237]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29274L.782[aid=156585]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2998L.10386[aid=2255238]
http://www.ingentaconnect.com/content/external-references?article=/0021-9541^28^29188L.143[aid=2255239]
http://www.ingentaconnect.com/content/external-references?article=/0014-5793^28^29402L.85[aid=2255240]
http://www.ingentaconnect.com/content/external-references?article=/0032-0943^28^2965L.297[aid=2255241]
http://www.ingentaconnect.com/content/external-references?article=/0022-1767^28^29165L.7180[aid=2255242]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2959L.13[aid=1112218]
http://www.ingentaconnect.com/content/external-references?article=/0741-5400^28^2967L.508[aid=175182]
http://www.ingentaconnect.com/content/external-references?article=/0950-9232^28^2920L.6482[aid=2255243]
http://www.ingentaconnect.com/content/external-references?article=/1465-7392^28^292L.346[aid=2255244]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29383L.443[aid=175220]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29275L.41028[aid=2255245]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29276L.15854[aid=2255246]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2955L.1955[aid=2255247]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2959L.1445[aid=2255248]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2961L.1417[aid=2255249]
http://www.ingentaconnect.com/content/external-references?article=/0041-008X^28^29168L.64[aid=2255250]
http://www.ingentaconnect.com/content/external-references?article=/0003-9861^28^29376L.338[aid=2255230]
http://www.ingentaconnect.com/content/external-references?article=/1529-2908^28^292L.675[aid=2255231]
http://www.ingentaconnect.com/content/external-references?article=/0065-2776^28^2965L.111[aid=1314104]
http://www.ingentaconnect.com/content/external-references?article=/0163-3864^28^2958L.1325[aid=2255233]
http://www.ingentaconnect.com/content/external-references?article=/0944-7113^28^293L.263[aid=2061121]
http://www.ingentaconnect.com/content/external-references?article=/0032-0943^28^2965L.297[aid=2255241]
http://www.ingentaconnect.com/content/external-references?article=/0300-483X^28^29153L.27[aid=2255251]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29383L.443[aid=175220]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2959L.1445[aid=2255248]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2961L.1417[aid=2255249]


468 Paul Bremner and Michael Heinrich

Choi, Y.-H., Kim, K.-B., Kim, H.-H., Hong, G.-S., Kwon, Y.-K.,

Chung, C.-W., Park, Y.-M., Shen, Z.-J., Kim, B. J., Lee, S.-Y.,

Jung,Y.-K. (2001)FLASH coordinatesNF-j B activityvia TRAF2.

J. Biol. Chem. 276: 25073± 25077

Croce, C. M. (2001)How can we prevent cancer? Proc. Natl Acad. Sci.

USA 98 : 10986± 10988

Cruz, T., Ga! lvez, J., Crespo, E., Ocete, M. A., Zarzuelo, A. (2001)

EŒects of silymarin on the acute stage of the trinitrobenzenesul-

phonic acid model of rat colitis. Planta Med. 67 : 94± 96

D’Acquisto, F., Iuvone, T., Rombola! , L., Sautebin, L., Di Rosa, M.,

Carnuccio, R. (1997) Involvement of NF-j B in the regulation of

cyclooxygenase-2 protein expression in LPS-stimulated J774

macrophages. FEBS Lett. 418: 175± 178

D’Acquisto, F., Sautebin, L., Iuvone, T., Di Rosa, M., Carnuccio, R.

(1998) Prostaglandins prevent inducible nitric oxide synthase pro-

tein expression by inhibiting nuclear factor-j B activation in J774

macrophages. FEBS Lett. 440: 76± 80

D’Acquisto, F., Lanzotti, V., Carnuccio, R. (2000)Cyclolinteinone, a

sesquiterpene from sponge Cacospongia linteiformis, prevents nitric

oxide synthase and inducible cyclo-oxygenaseprotein expression by

blocking NF-j B activation in J774 macrophages. Biochem. J. 346:

793± 798

De La Puerta, R., Martinez, E., Bravo, L., Ahumada, M. C. (1996)

EŒect of silymarin on diŒerent acute in¯ ammation models and on

leukocyte migration. J. Pharm. Pharmacol. 48 : 968± 970

de las Heras, B., Navarro, A., Dõ !az-Guerra, M. J., Bermejo, P.,

Castrillo, A., Bosca! , L., Villar, A. (1999) Inhibition of NOS-2

expression in macrophages through the inactivation of NF-j B by

andalusol. Br. J. Pharmacol. 128 : 605± 612

Deng, L., Wang, C., Spencer, E., Yang, L., Braun, A., You, J.,

Slaughter, C., Pickart, C., Chen, Z. J. (2000) Activation of the I- j B

kinase complex by TRAF6 requires a dimeric ubiquitin-conjugating

enzyme complex and a unique polyubiquitin chain. Cell 103:

351± 361

Dirsch, V. M., Kiemer, A. K., Wagner, H., Vollmar, A. M. (1997)

The triterpenoid quinonemethide pristimerin inhibits induction of

inducible nitric oxide synthase in murine macrophages. Eur. J.

Pharmacol. 336: 211± 217

Dirsch, V. M., Stuppner, H., Ellmerer-Mu$ ller, E. P., Vollmar, A. M.

(2000) Structural requirements of sesquiterpene lactones to inhibit

LPS-induced nitric oxide synthesis in RAW 264.7 macrophages.

Bioorg. Med. Chem. 8 : 2747± 2753

Erkel, G., Anke, T., Sterner, O. (1996) Inhibition of NF-j B activation

by panepoxydone. Biochem. Biophys. Res. Commun. 226: 214± 221

Faulkner, D. J. (2000) Marine pharmacology. Antonie van Leeuwen-

hoek Int. (J. Gen. Mol. Microbiol.) 77 : 134± 145

Feinstein, E., Kimchi, A., Wallach, D., Boldin, M., Varfolomeev, E.

(1995) The death domain ± a module shared by proteins with

diverse cellular functions. Trends Biochem. Sci. 20 : 342± 344

Figueiredo, J. N., Raz, B., Sequin, U. (1998)Novel quinone methides

from Salacia kraussii with in vitro antimalarial activity. J. Nat.

Prod. 61 : 718± 723

Frame, R., Carlton, W. W. (1988) Acute toxicity of gliotoxin in

hamsters. Toxicol. Lett. 40 : 269± 273

Gehrt, A., Erkel, G., Anke, T., Sterner, O. (1998) Cycloepoxydon,

1-hydroxy-2-hydroxymethyl-3-pent-1-enylbenzene and 1-hydroxy-

2-hydroxymethyl-3-pent-1,3-dienylbenzene, new inhibitors of

eukaryotic signal transduction. J. Antibiot. 51 : 455± 463

Ghosh, S., May, M. J., Kopp, E. B. (1998)NF- j B and REL proteins :

evolutionary conservedmediators of immune responses. Annu. Rev.

Immunol. 16 : 225± 260

Gilroy, D. W., Colville-Nash, P. R., Chivers, D. W. J., Paul-Clark,

M. J., Willoughby, D. A. (1999) Inducible cyclooxygenase may

have anti-in¯ ammatory properties. Nat. Med. 5 : 698± 701

Ginn-Pease, M. E., Whisler, R. L. (1998) Redox signals and NF-j B

activation in T cells. Free Rad. Biol. Med. 25 : 346± 361

Godoy, A., de las Heras, B., Vivas, J. M., Villar, A. (2000) Anti-

in¯ ammatory properties of a lipid fraction obtained from Siderites

javalambrensis. Biol. Pharm. Bull. 23 : 1193± 1197

Han, J. W., Lee, B. G., Kim, Y. K., Yoon, J. W., Jin, H. K., Hong.,

S., Lee., H. Y., Lee, K. R., Lee, H. W. (2001) Ergolide, sesqui-

terpene lactone from Inula britannica, inhibits inducible nitric oxide

synthase and cyclo-oxygenase-2 expression in RAW 264.7 macro-

phages through the inactivation of NF-j B. Br. J. Pharmacol. 133:

503± 512

Haridas, V., Arntzen, C. J., Gutterman, J. U. (2001) Avicins, a family

of triterpenoid saponins from Acacia victoriae (Bentham), inhibit

activation of nuclear factor-j B by inhibiting both its nuclear

localization and ability to bind to DNA. Proc. Natl Acad. Sci. USA

98 : 11557± 11562

Hehner, S. P., Heinrich, M., Bork, P. M., Vogt, M., Ratter, F.,

Lehmann, V., Schulze-OsthoŒ, K., Dro$ ge, W., Schmitz, M. L.

(1998) Sesquiterpene lactones speci® cally inhibit activation of NF-

j B by preventing the degradation of I j B-a and I j B- b . J. Biol.

Chem. 273: 1288± 1297

Hehner, S. P., Hofmann, T. G., Dro$ ge, W., Schmitz, M. L. (1999)

The anti-in¯ ammatory sesquiterpene lactone parthenolide inhibits

NF-j B by targeting the I j B kinase complex. J. Immunol. 163:

5617± 5623

Heinrich, M., Gibbons, S. (2001) Ethnopharmacology in drug dis-

covery: an analysis of its role and potential contribution. J. Pharm.

Pharmacol. 53 : 425± 432

Heinrich, M., Robles, M., West, J. E., De Montellano, B. R. O.,

Rodrõ ! guez, E. (1998) Ethnopharmacology of Mexican Asteraceae

(Compositae) Annu. Rev. Pharmacol. Toxicol. 38 : 539± 565

Heinrich, M., Bork, P. M., Schmitz, M. L., Rimpler, H., Frei, B.,

Sticher, O. (2001)PheophorbideA from Solanumdi¯ orum interferes

with NF-j B activation. Planta Med. 67 : 156± 157

Herfarth, H., Brand, K., Rath, H. C., Rogler, G., Scho$ lmerich, J.,

Falk, W. (2000) Nuclear factor-j B activity and intestinal in¯ am-

mation in dextran sulphate sodium (DSS)-induced colitis in mice is

suppressed by gliotoxin. Clin. Exp. Immunol. 120 : 59± 65

Herring, A. C., Kaminski, N. E. (1999) Cannabinol-mediated inhi-

bition of nuclear factor-j B, cAMP response element-binding pro-

tein, and interleukin-2 secretion by activated thymocytes. J. Phar-

macol. Exp. Ther. 291: 1156± 1163

HoŒmann, J. A., Kafatos, F. C., Janeway, C. A., Ezekowitz, R. A. B.

(1999) Phylogenetic perspectives in innate immunity. Science 284:

1313± 1318

Hsu, H., Xiong, J., Goeddel, D. V. (1995) TNF receptor 1-associated

protein TRADD signals cell death and NF- j B activation. Cell 81 :

495± 504

Hsu, H., Huang, J., Shu, H.-B., Baichwal, V., Goeddel, D. V. (1996a)

TNF-dependent recruitment of the protein kinase RIP to the TNF

receptor-1 signaling complex. Immunity 4 : 387± 396

Hsu, H., Shu, H.-B., Pan, M.-G., Goeddel, D. V. (1996b) TRADD-

TRAF2 and TRADD-FADD interactions de® ne two distinct TNF

receptor 1 signal transduction pathways. Cell 84 : 299± 308

Hu, W.-H., Johnson, H., Shu, H.-B. (2000) Activation of NF-j B by

FADD, Casper, and Caspase-8. J. Biol. Chem. 275: 10838± 10844

Huang, T. T., Kudo, N., Yoshida, M., Miyamoto, S. (2000)A nuclear

export signal in the N-terminal regulatory domain of I j Ba controls

http://www.ingentaconnect.com/content/external-references?article=/1431-6730^28^29273L.1288[aid=2277041]
http://www.ingentaconnect.com/content/external-references?article=/1431-6730^28^29273L.1288[aid=2277041]
http://www.ingentaconnect.com/content/external-references?article=/0918-6158^28^2923L.1193[aid=2277040]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29276L.25073[aid=2255252]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2998L.10986[aid=2255253]
http://www.ingentaconnect.com/content/external-references?article=/0032-0943^28^2967L.94[aid=2255254]
http://www.ingentaconnect.com/content/external-references?article=/0014-5793^28^29418L.175[aid=2255255]
http://www.ingentaconnect.com/content/external-references?article=/0014-5793^28^29440L.76[aid=781494]
http://www.ingentaconnect.com/content/external-references?article=/0264-6021^28^29346L.793[aid=2255256]
http://www.ingentaconnect.com/content/external-references?article=/0022-3573^28^2948L.968[aid=2255257]
http://www.ingentaconnect.com/content/external-references?article=/0007-1188^28^29128L.605[aid=2255258]
http://www.ingentaconnect.com/content/external-references?article=/0092-8674^28^29103L.351[aid=2255259]
http://www.ingentaconnect.com/content/external-references?article=/0014-2999^28^29336L.211[aid=2255260]
http://www.ingentaconnect.com/content/external-references?article=/0968-0896^28^298L.2747[aid=2255261]
http://www.ingentaconnect.com/content/external-references?article=/0006-291X^28^29226L.214[aid=2255262]
http://www.ingentaconnect.com/content/external-references?article=/0968-0004^28^2920L.342[aid=2255263]
http://www.ingentaconnect.com/content/external-references?article=/0163-3864^28^2961L.718[aid=2255264]
http://www.ingentaconnect.com/content/external-references?article=/0378-4274^28^2940L.269[aid=781316]
http://www.ingentaconnect.com/content/external-references?article=/0021-8820^28^2951L.455[aid=2255265]
http://www.ingentaconnect.com/content/external-references?article=/0732-0582^28^2916L.225[aid=179601]
http://www.ingentaconnect.com/content/external-references?article=/0891-5849^28^2925L.346[aid=2255266]
http://www.ingentaconnect.com/content/external-references?article=/0007-1188^28^29133L.503[aid=2255267]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2998L.11557[aid=2255268]
http://www.ingentaconnect.com/content/external-references?article=/0022-1767^28^29163L.5617[aid=2255269]
http://www.ingentaconnect.com/content/external-references?article=/0022-3573^28^2953L.425[aid=2061114]
http://www.ingentaconnect.com/content/external-references?article=/0066-4251^28^2938L.539[aid=2255270]
http://www.ingentaconnect.com/content/external-references?article=/0032-0943^28^2967L.156[aid=2255271]
http://www.ingentaconnect.com/content/external-references?article=/0009-9104^28^29120L.59[aid=2255272]
http://www.ingentaconnect.com/content/external-references?article=/0022-3565^28^29291L.1156[aid=2255273]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29284L.1313[aid=197814]
http://www.ingentaconnect.com/content/external-references?article=/0092-8674^28^2981L.495[aid=168131]
http://www.ingentaconnect.com/content/external-references?article=/1074-7613^28^294L.387[aid=1872811]
http://www.ingentaconnect.com/content/external-references?article=/0092-8674^28^2984L.299[aid=156587]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29275L.10838[aid=794679]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2998L.10986[aid=2255253]
http://www.ingentaconnect.com/content/external-references?article=/0264-6021^28^29346L.793[aid=2255256]
http://www.ingentaconnect.com/content/external-references?article=/0092-8674^28^29103L.351[aid=2255259]
http://www.ingentaconnect.com/content/external-references?article=/0014-2999^28^29336L.211[aid=2255260]
http://www.ingentaconnect.com/content/external-references?article=/0163-3864^28^2961L.718[aid=2255264]
http://www.ingentaconnect.com/content/external-references?article=/0732-0582^28^2916L.225[aid=179601]
http://www.ingentaconnect.com/content/external-references?article=/0007-1188^28^29133L.503[aid=2255267]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2998L.11557[aid=2255268]
http://www.ingentaconnect.com/content/external-references?article=/0022-1767^28^29163L.5617[aid=2255269]
http://www.ingentaconnect.com/content/external-references?article=/0022-3573^28^2953L.425[aid=2061114]
http://www.ingentaconnect.com/content/external-references?article=/0022-3565^28^29291L.1156[aid=2255273]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29284L.1313[aid=197814]
http://www.ingentaconnect.com/content/external-references?article=/0092-8674^28^2981L.495[aid=168131]


469Natural products as targeted modulators of nuclear factor-j B pathway

cytoplasmic localization of inactive NF-j B}I j Ba complexes. Proc.

Natl Acad. Sci. USA 97 : 1014± 1019

Hwang, B. Y., Lee, J.-H., Koo, T. H., Kim, H. S., Hong, Y. S., Ro.,

J. S., Lee, K. S., Lee, J. J. (2001)Kaurane diterpenoids from Isodon

japonicus inhibited nitric oxide and prostaglandin E2 production

and NF-j B activation in LPS-stimulated macrophage RAW264.7

cells. Planta Med. 67 : 406± 410

Imbert, V., Rupec, R. A., Livolsi, A., Pahl, H. L., Traenckner, E. B.-

M., Mueller-Dieckmann,C., Farahifar, D., Rossi, B., Auberger, P.,

Baeuerle, P., Peyron, J.-F. (1996) Tyrosine phosphorylation of

I- j B a activates NF-j B without proteolytic degradation of I- j Ba .

Cell 86 : 78± 798

Imler, J.-L., HoŒmann, J. A. (2000) Toll and Toll-like proteins: an

ancient family of receptors signalling infection. Rev. Immunogen. 2 :

294± 304

Imler, J.-L., HoŒmann, J. A. (2001)Toll receptors in innate immunity.

Trends Cell Biol. 11 : 304± 311

Irie, T., Muta, T., Takeshige, K. (2000) TAK1 mediates an activation

signal from toll-like receptor(s) to nuclear factor-j B in lipopolysac-

charide-stimulated macrophages. FEBS Lett. 467: 160± 164

Ishikawa, Y., Mukaida, N., Kuno, K., Rice, N., Okamoto, S.-I.,

Matsushima, K. (1995) Establishment of lipopolysaccharide-de-

pendent nuclear factor j B activation in a cell-free system. J. Biol.

Chem. 270: 4158± 4164

Ishikawa, Y., Sugiyama, H., Stylianou, E., Kitamura, M. (1999)

Bio¯ avonoid quercetin inhibits interleukin-1-induced transcrip-

tional expression of monocyte chemoattractant protein-1 in glom-

erular cells via suppression of nuclear factor-j B. J. Am. Soc.

Nephrol. 10 : 2290± 2296

Israe$ l, A. (2000) The IKK complex: an integrator of all signals that

activate NF-j B? Trends Cell Biol. 10 : 129± 133

Itokawa, H., Shirota, O., Ikuta, H., Morita, H., Takeya,K., Iitaka, Y.

(1991) Triterpenoids from Maytenus ilicifolia. Phytochemistry 30 :

3713± 3716

Izban, K. F., Ergin, M., Qin, J. Z., Martinez, R. L., Pooley, R. J.,

Saeed, S., Alkan, S. (2000) Constitutive expression of NF- j B is a

characteristic feature of mycosis fungoides: Implications for apop-

tosis resistance and pathogenesis. Human Pathol. 31 : 1482± 1490

Karin, M., Ben-Neriah, Y. (2000) Phosphorylation meets ubiqui-

tination: the control of NF-j B activity. Annu. Rev. Immunol. 18 :

621± 663

Karin, M., Delhase, M. (2000) The I- j B kinase (IKK) and NF-j B:

key elements of proin¯ ammatory signalling. Sem. Immunol. 12 :

85± 98

Karin, M., Liu, Z.-G., Zandi, E. (1997) AP-1 fuction and regulation.

Curr. Opin. Cell Biol. 9 : 240± 246

Keane,M. M., Rubinstein, Y., Cuello, M., Ettenberg,S. A., Banerjee,

P., Nau, M. M., Lipkowitz, S. (2000) Inhibition of NF- j B activity

enhances TRAIL mediated apotosis in breast cancer cell lines.

Breast Cancer Res. Treat. 64 : 211± 219

Kerr, R. G., Kerr, S. S. (1999)Marine natural products as therapeutic

agents. Expert Opin. Ther. Patents 9 : 1207± 1222

Kim, Y. M., Lee, B. S., Yi, K. Y., Paik, S. G. (1997) Upstream NF-

j B site is required for the maximal expression of mouse inducible

nitric oxide synthase gene in interferon-c plus lipopolysacharide-

inducedRAW264.7 macrophages.Biochem. Biophys. Res. Commun.

236 : 655± 660

Kim, E. J., Jin, H. K., Kim, Y. K., Lee, H. Y., Lee, H. Y., Lee, S. Y.,

Lee, K. R., Zee, O. P., Han, J. W., Lee, H. W. (2001a)Suppression

by a sesquiterpene lactone from Carpesium divaricatumof inducible

nitric oxide synthase by inhibiting nuclear factor-j B activation.

Biochem. Pharmacol. 61 : 903± 910

Kim, H., Kim, Y. S., Kim, S. Y., Suk, K. (2001b)The plant ¯ avonoid

wogonin suppresses death of activatedC6 rat glial cells by inhibiting

nitric oxide production. Neurosci. Lett. 309: 67± 71

Kopp, E., Ghosh, S. (1994) Inhibition of NF-j B by sodium-salicylate

and aspirin. Science 265: 956± 959

Kopp, E., Medzhitov, R., Carothers, J., Xiao, C., Douglas, I.,

Janeway, C. A., Ghosh, S. (1999) ECSIT is an evolutionary con-

served intermediate in the Toll}IL-1 signal transduction pathways.

Gen. Develop. 13 : 2059± 2071

Krakauer, T., Li, B. Q., Young, H. A. (2001) The ¯ avonoid baicalin

inhibits superantigen-induced in¯ ammatory cytokines and chemo-

kines. FEBS Lett. 500: 52± 55

Kumar, A., Dhawan, S., Aggarwal, B. B. (1998) Emodin (3-methyl-

1,6,8-trihydroxyanthraquinone) inhibits TNF-induced NFj B ac-

tivation, Ij B degradation, and expression of cell surface adhesion

proteins in human vascular endothelial cells. Oncogene17 : 913± 918

Kwok, B. H. B., Koh, B., Ndubuisi, M. I., Elofsson, M., Crews,

C. M. (2001) The anti-in¯ ammatory natural product parthenolide

from the medicinal herb Feverfew directly binds to and inhibits I j B

kinase. Chem. Biol. 8 : 759± 766

Lallena, M.-J., Diaz-Meco, M. T., Bren, G., Paya! , C. V., Moscat, J.

(1999) Activation of I j B kinase b by protein kinase C isoforms.

Moll. Cell. Biol. 19 : 2180± 2188

Lee, Z. H., Kwack, K., Kim, K. K., Lee, S. H., Kim, H.-H. (2000)

Activation of c-Jun N-terminal kinase and activator protein 1 by

receptor activator nuclear factor j B. Mol. Pharmacol. 58 : 1536±

1545

Levi, M. S., Borne, R. F., Williamson, J. S. (2001) A review of cancer

chemopreventive agents. Curr. Med. Chem. 8 : 1349± 1362

Levy, D. E. (1999) Physiological signi® cance of STAT proteins :

investigations through gene disruption in vivo. Cell. Mol. Life Sci.

55 : 1559± 1567

Lyss, G., Schmidt, T. J., Merfort, I., Pahl, H. L. (1997) Helenalin, an

anti-in¯ ammatory sesquiterpene lactone from Arnica, selectively

inhibits transcription factor NF-j B. Biol. Chem. 378: 951± 961

Manna,S. K., Mukhopadhyay,A., Van, N. T., Aggarwal,B. B. (1999)

Silymarin suppresses TNF-induced activation of NF-j B, c-Jun N-

terminal kinase, and apoptosis. J. Immunol. 163: 6800± 6809

Manna, S. K., Mukhopadhyay, A., Aggarwal, B. B. (2000a)Resvera-

trol suppresses TNF-induced activation of nuclear transcription

factors NF-j B, activator protein-1, and apoptosis : potential role of

reactive oxygen intermediates and lipid peroxidation. J. Immunol.

164 : 6509± 6519

Manna, S. K., Sah, N. K., Newman, R. A., Cisneros, A., Aggarwal,

B. B. (2000b) Oleandrin suppresses activation of nuclear transcrip-

tion factor-j B, activator protein-1, and c-Jun NH2-terminal

kinase. Cancer Res. 60 : 3838± 3847

Medzhitov,R., Preston-Hurlburt, P., Kopp, E., Stadlen,A., Chen, C.,

Ghosh, S., Janeway, C. A. (1998) MyD88 is an adaptor protein in

the hToll}IL-1 receptor family signalling pathways. Mol. Cell 2 :

253± 258

Melzig, M. F., Pertz, H. H., Krenn, L. (2001) Anti-in¯ ammatory and

spasmolytic activity of extracts from Droserae Herba. Phyto-

medicine 8 : 225± 229

Miagkov, A. V., Kovalenko, D. V., Brown, C. E., Didsbury, J. R.,

Cogswell, J. P., Stimpson, S. A., Baldwin, A. S., Makarov, S. S.

(1998)NF- j B activationprovides the potential link between in¯ am-

mation and hyperplasia in the arthritic joint. Proc. Natl Acad. Sci.

USA 95 : 13859± 13864

Mujoo, K., Haridas, V., HoŒmann, J. J., Wa$ chter, G. A., Hutter,

L. K., Lu, Y., Blake, M. E., Jayatilake, G. S., Bailey, D., Mills,

G. B., Gutterman, J. U. (2001) Triterpenoid saponins from Acacia

http://www.ingentaconnect.com/content/external-references?article=/1354-3776^28^299L.1207[aid=2277045]
http://www.ingentaconnect.com/content/external-references?article=/0944-7113^28^298L.225[aid=2277044]
http://www.ingentaconnect.com/content/external-references?article=/0944-7113^28^298L.225[aid=2277044]
http://www.ingentaconnect.com/content/external-references?article=/0031-9422^28^2930L.3713[aid=2277043]
http://www.ingentaconnect.com/content/external-references?article=/0031-9422^28^2930L.3713[aid=2277043]
http://www.ingentaconnect.com/content/external-references?article=/0092-8674^28^2986L.78[aid=2277042]
http://www.ingentaconnect.com/content/external-references?article=/0026-895X^28^2958L.1536[aid=2255288]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2997L.1014[aid=2255274]
http://www.ingentaconnect.com/content/external-references?article=/0032-0943^28^2967L.406[aid=2255275]
http://www.ingentaconnect.com/content/external-references?article=/1398-1714^28^292L.294[aid=2255276]
http://www.ingentaconnect.com/content/external-references?article=/0962-8924^28^2911L.304[aid=2255277]
http://www.ingentaconnect.com/content/external-references?article=/0014-5793^28^29467L.160[aid=175224]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29270L.4158[aid=168872]
http://www.ingentaconnect.com/content/external-references?article=/1046-6673^28^2910L.2290[aid=2255278]
http://www.ingentaconnect.com/content/external-references?article=/0962-8924^28^2910L.129[aid=2255279]
http://www.ingentaconnect.com/content/external-references?article=/0046-8177^28^2931L.1482[aid=2255280]
http://www.ingentaconnect.com/content/external-references?article=/0732-0582^28^2918L.621[aid=1447849]
http://www.ingentaconnect.com/content/external-references?article=/1044-5323^28^2912L.85[aid=2030843]
http://www.ingentaconnect.com/content/external-references?article=/0955-0674^28^299L.240[aid=170756]
http://www.ingentaconnect.com/content/external-references?article=/0167-6806^28^2964L.211[aid=2255281]
http://www.ingentaconnect.com/content/external-references?article=/0006-291X^28^29236L.655[aid=1314256]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2961L.903[aid=2255282]
http://www.ingentaconnect.com/content/external-references?article=/0304-3940^28^29309L.67[aid=2255283]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29265L.956[aid=744664]
http://www.ingentaconnect.com/content/external-references?article=/0890-9369^28^2913L.2059[aid=175208]
http://www.ingentaconnect.com/content/external-references?article=/0014-5793^28^29500L.52[aid=2255284]
http://www.ingentaconnect.com/content/external-references?article=/0950-9232^28^2917L.913[aid=2255285]
http://www.ingentaconnect.com/content/external-references?article=/1074-5521^28^298L.759[aid=2255286]
http://www.ingentaconnect.com/content/external-references?article=/0270-7306^28^2919L.2180[aid=2255287]
http://www.ingentaconnect.com/content/external-references?article=/0026-895X^28^2958L.1536[aid=2255288]
http://www.ingentaconnect.com/content/external-references?article=/0929-8673^28^298L.1349[aid=2255289]
http://www.ingentaconnect.com/content/external-references?article=/1420-682X^28^2955L.1559[aid=2030656]
http://www.ingentaconnect.com/content/external-references?article=/1431-6730^28^29378L.951[aid=2255290]
http://www.ingentaconnect.com/content/external-references?article=/0022-1767^28^29163L.6800[aid=2255291]
http://www.ingentaconnect.com/content/external-references?article=/0022-1767^28^29164L.6509[aid=2255292]
http://www.ingentaconnect.com/content/external-references?article=/0008-5472^28^2960L.3838[aid=2255293]
http://www.ingentaconnect.com/content/external-references?article=/1097-2765^28^292L.253[aid=2255294]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2995L.13859[aid=2255295]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2997L.1014[aid=2255274]
http://www.ingentaconnect.com/content/external-references?article=/1398-1714^28^292L.294[aid=2255276]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29270L.4158[aid=168872]
http://www.ingentaconnect.com/content/external-references?article=/1046-6673^28^2910L.2290[aid=2255278]
http://www.ingentaconnect.com/content/external-references?article=/0732-0582^28^2918L.621[aid=1447849]
http://www.ingentaconnect.com/content/external-references?article=/1044-5323^28^2912L.85[aid=2030843]
http://www.ingentaconnect.com/content/external-references?article=/0006-291X^28^29236L.655[aid=1314256]
http://www.ingentaconnect.com/content/external-references?article=/1420-682X^28^2955L.1559[aid=2030656]
http://www.ingentaconnect.com/content/external-references?article=/0022-1767^28^29164L.6509[aid=2255292]
http://www.ingentaconnect.com/content/external-references?article=/1097-2765^28^292L.253[aid=2255294]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2995L.13859[aid=2255295]


470 Paul Bremner and Michael Heinrich

victoriae (Bentham) decrease tumor cell proliferation and induce

apoptosis. Cancer Res. 61 : 5486± 5490

Mukhopadhyay, A., Bueso-Ramos, C., Chatterjee, D., Pantazis, P.,

Aggarwal,B. B. (2001)Curcumin downregulatescell survival mech-

anisms in human prostate cancercell lines. Oncogene20 : 7597± 7609

Murase, T., Kume, N., Hase, T., Shibuya, Y., Nishizawa, Y., Toki-

mitsu, I., Kita, T. (1999) Gallates inhibit cytokine-induced nuclear

translocation of NF- j B and expression of leukocyte adhesion

molecules in vascular endothelial cells. Arterioscl. Thromb. Vasc.

Biol. 19 : 1412± 1420

Musonda, C. A., Chipman, J. K. (1998) Quercetin inhibits hydrogen

peroxide (H2O2)-induced NF-j B DNA binding activity and DNA

damage in HepG2 cells. Carcinogenesis 19 : 1583± 1589

Muzio, M., Ni, J., Feng, P., Dixit, V. M. (1997) IRAK (Pelle) family

member IRAK-2 and MyD88 as proximal mediators of IL-1 sig-

naling. Science 278: 1612± 1615

Natarajan, K., Singh, S., Burke, T. R., Grunberger, D., Aggarwal,

B. B. (1996) CaŒeic acid phenethyl ester is a potent and speci® c

inhibitor of activation of nuclear transcription factor NF-j B. Proc.

Natl Acad. Sci. USA 93 : 9090± 9095

Natarajan, K., Manna, S. K., Chaturvedi, M. M., Aggarwal, B. B.

(1998) Protein tyrosine kinase inhibitors block tumor necrosis

factor-induced activation of NF-j B, degradation of I j Ba , nuclear

translocation of p65, and subsequent gene expression. Arch. Bio-

chem. Biophys. 352 : 59± 70

Navarro, A., de las Heras, B., Villar, A. M. (1997) Andalusol, a

diterpenoid with anti-in¯ ammatory activity from Siderites foetens

Clemen. Z. Naturforsch. Sect. C. J. Biosci. 52 : 844± 849

Navarro, A., de las Heras, B., Villar, A. (2001) Anti-in¯ ammatory

and immunomodulating properties of a sterol fraction of Siderites

foetens Clem. Biol. Pharm. Bull. 24 : 470± 473

Nemoto, S., DiDonato, J. A., Lin, A. (1998)Coordinate regulation of

I- j B kinases by mitogen-activated protein kinase kinase kinase 1

and NF-j B-inducing kinase. Mol. Cell. Biol. 18 : 7336± 7343

Newton, R., Kuitert, L. M., Bergmann, M., Adcock, I. M., Barnes,

P. J. (1997) Evidence for involvement of NF-j B in the transcrip-

tional control of COX-2 gene expression by IL-1 b . Biochem. Bioph.

Res. Commun. 237: 28± 32

O’Neill, L. (2000) The Toll}interleukin-1 receptor domain: a mol-

ecular switch for in¯ ammation and host defence. Biochem. Soc.

Trans. 28 : 557± 563

O’Neill, L. A. J., Greene, C. (1998) Signal transduction pathways

activated by the IL-1 receptor family : ancient signalling machinery

in mammals, insect and plants. J. Leuk. Biol. 63 : 650± 657

Oettinger, R., Drumm, K., Knorst, M., Krinyak, P., Smolarski, R.,

Kienast, K. (1999) Production of reactive oxygen intermediates by

human macrophages exposed to soot particles and asbestos ® bers

and increase in NF-j B p50}p105 mRNA. Lung 177: 343± 354

Ojo-Amaize, E. A., Kapahi, P., Kakkanaiah, V. N., Takahashi, T.,

Shalom-Barak, T., Cottam, H. B., Adesomoju, A. A., Nchekwube,

E. J., Oyemade, O. A., Karin, M., Okogun, J. I. (2001) Hypo-

estoxide, a novel anti-in¯ ammatory natural diterpene, inhibits the

activity of I j B kinase. Cell. Immunol. 209: 149± 157

Orban, Z., Mitsiades, N., Burke, T. R., Tsokos, M., Chrousos, G. P.

(2000) CaŒeic acid phenethyl ester induces leukocyte apoptosis,

modulates NF- j B and suppresses acute in¯ ammation. Neuroim-

munomodulation 7 : 99± 105

Pahl, H. L., Krauû , B., Schulze-OsthoŒ, K., Decker, T., Traenckner,

E. B.-M., Vogt, M., Myers, C., Parks, T., Warring, P., Mu$ hlbacher,

A., Czernilofsky, A.-P., Baeuerle, P. A. (1996) The immunosup-

pressive fungal gliotoxin is a selective inhibitor of transcription

factor NF- j B. J. Exp. Med. 183: 1829± 1840

Pan, M.-H., Lin-Shiau, S.-Y., Lin, J.-K. (2000a)Comparative studies

on the suppression of nitric oxide synthase by curcumin and its

hydrogenated metabolites through down-regulation of I j B kinase

and NF- j B activation in macrophages. Biochem. Pharmacol. 60 :

1665± 1676

Pan, M.-H., Lin-Shiau, S.-Y., Ho, C.-T., Lin, J.-H., Lin, J.-K. (2000b)

Suppression of lipopolysaccharide-induced nuclear factor-j B

activity by thea¯ avin-3,3« -digallate from black tea and other

polyphenols through down regulation if I j B kinase activity in

macrophages. Biochem. Pharmacol. 59 : 357± 367

Park, Y. C., Rimbach, G., Saliou, C., Valacchi, G., Packer, L. (2000)

Activity of monomeric, dimeric and trimeric ¯ avonoids on NO

production, TNF-a secretion, and NF-j B-dependent gene expres-

sion in RAW 264.7 macrophages. FEBS Lett. 465: 93± 97

Patel, N. M., Nozaki, S., Shortle, N. H., Bhat-Nakshatri,P., Newton,

T. R., Rice, S., Gelfanov, V., Boswell, S. H., Goulet, R. J., Sledge,

G. W., Nakshatri, H. (2000) Paclitaxel sensitivity of breast cancer

cells with constitutively active NF-j B is enhanced by I j B a super-

repressor and parthenolide. Oncogene 19 : 4159± 4169

Peters, R.T., Maniatis, T. (2001)A new family of IKK-related kinases

may function as I j B kinase kinases. Biochim. Biophys. Acta

1471:M57± M62

Peters, R. T., Liao, S.-M., Maniatis, T. (2000) IKKe is part of a novel

PMA-induced I j B kinase complex. Mol. Cell 5 : 513± 522

Phytopharm (2001a) http:}}www.phytopharm.co.uk}rdp54v.htm

(accessed 24 September 2001)

Phytopharm (2001b) http:}}www.phytopharm.co.uk}rdp54.htm

(accessed 24 September 2001)

Pomerantz, J. L., Baltimore, D. (1999) NF-j B activation by a sig-

nalling complex containing TRAF2, TANK and TBK1, a novel

IKK-related kinase. EMBO J. 18 : 6694± 6704

Riehemann,K., Behnke, B., Schulze-OsthoŒ, K. (1999)Plant extracts

from stinging nettle (Urtica dioica), an antirheumatic remedy,

inhibit the proin¯ ammatory transcription factor NF-j B. FEBS

Lett. 442 : 89± 94

Roshak, A., Jackson, J. R., Chabot-Fletcher, M., Marshall, L. A.

(1997) Inhibition of NFj B-mediated interleukin-1b -stimulated

prostaglandin E2 formation by the marine natural product hymen-

ialdisine. J. Pharmacol. Exp. Ther. 283: 955± 961

Rossi, A., Kapahi, P., Natoli, G., Takahashi, T., Chen, Y., Karin, M.,

Santoro, M. G. (2000)Anti-in¯ ammatory cyclopentenoneprostag-

landins are direct inhibitors of the I j B kinase. Nature 403: 103± 108

Ru$ ngeler, P., Castro, V., Mora, G., Go$ ren, N., Vichnewski, W., Pahl.,

H. L., Merfort, I., Schmidt, T. J. (1999) Inhibition of transcription

factor NF- j B by sesquiterpene lactones: a proposed molecular

mechanism of action. Bioorg. Med. Chem. 7 : 2343± 2352

Saliou, C., Rihn, B., Cillard, J., Okamoto, T., Packer, L. (1998)

Selective inhibition of NF-j B activation by the ¯ avonoid hepato-

protector silymarin in HepG2. FEBS Lett. 440 : 8± 12

Sandoval-Chaco! n, M., Thompson, J. H., Zhang, X.-J., Liu, X.,

Mannick, E. E., Sadowska-Krowicka, H., Charbonnet, R. M.,

Clark, D. A., Miller, M. J. S. (1998) Anti-in¯ ammatory actions of

cat’s claw: the role of NF- j B. Aliment. Pharmacol. Ther. 12 :

1279± 1289

Schmid, R. M., Adler, G. (2000) NF-j B}Rel} I- j B: Implications in

gastrointestinal diseases. Gastroenterology 118: 1208± 1228

Schmidt, T. J. (1999) Toxic activities of sesquiterpene lactones: struc-

tural and biochemical aspects. Curr. Org. Chem. 3 : 577± 608

Schmitz,M. L.,Bacher,S., Kracht,M. (2001)I j B-independentcontrol

of NF-j B activity by modulatory phosphorylations. Trends Bio-

chem. Sci. 26 : 186± 190

http://www.ingentaconnect.com/content/external-references?article=/0269-2813^28^2912L.1279[aid=2277046]
http://www.ingentaconnect.com/content/external-references?article=/0269-2813^28^2912L.1279[aid=2277046]
http://www.phytopharm.co.uk/rdp54v.htm
http://www.phytopharm.co.uk/rdp54.htm
http://www.ingentaconnect.com/content/external-references?article=/0008-5472^28^2961L.5486[aid=2255296]
http://www.ingentaconnect.com/content/external-references?article=/0950-9232^28^2920L.7597[aid=2255297]
http://www.ingentaconnect.com/content/external-references?article=/1079-5642^28^2919L.1412[aid=2255298]
http://www.ingentaconnect.com/content/external-references?article=/0143-3334^28^2919L.1583[aid=1974287]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2993L.9090[aid=2192446]
http://www.ingentaconnect.com/content/external-references?article=/0003-9861^28^29352L.59[aid=1435193]
http://www.ingentaconnect.com/content/external-references?article=/0250-5991^28^2952L.844[aid=2255299]
http://www.ingentaconnect.com/content/external-references?article=/0918-6158^28^2924L.470[aid=2255300]
http://www.ingentaconnect.com/content/external-references?article=/0270-7306^28^2918L.7336[aid=2255301]
http://www.ingentaconnect.com/content/external-references?article=/0006-291X^28^29237L.28[aid=2255302]
http://www.ingentaconnect.com/content/external-references?article=/0300-5127^28^2928L.557[aid=2255303]
http://www.ingentaconnect.com/content/external-references?article=/0741-5400^28^2963L.650[aid=175120]
http://www.ingentaconnect.com/content/external-references?article=/0341-2040^28^29177L.343[aid=2255304]
http://www.ingentaconnect.com/content/external-references?article=/0008-8749^28^29209L.149[aid=2255305]
http://www.ingentaconnect.com/content/external-references?article=/1021-7401^28^297L.99[aid=2255306]
http://www.ingentaconnect.com/content/external-references?article=/0022-1007^28^29183L.1829[aid=1447861]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2960L.1665[aid=2255307]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2959L.357[aid=2255308]
http://www.ingentaconnect.com/content/external-references?article=/0014-5793^28^29465L.93[aid=2255309]
http://www.ingentaconnect.com/content/external-references?article=/0950-9232^28^2919L.4159[aid=2255310]
http://www.ingentaconnect.com/content/external-references?article=/1097-2765^28^295L.513[aid=2255311]
http://www.ingentaconnect.com/content/external-references?article=/0261-4189^28^2918L.6694[aid=2255312]
http://www.ingentaconnect.com/content/external-references?article=/0014-5793^28^29442L.89[aid=2255313]
http://www.ingentaconnect.com/content/external-references?article=/0022-3565^28^29283L.955[aid=2255314]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29403L.103[aid=2044989]
http://www.ingentaconnect.com/content/external-references?article=/0968-0896^28^297L.2343[aid=2255315]
http://www.ingentaconnect.com/content/external-references?article=/0014-5793^28^29440L.8[aid=2255316]
http://www.ingentaconnect.com/content/external-references?article=/0016-5085^28^29118L.1208[aid=2255317]
http://www.ingentaconnect.com/content/external-references?article=/1385-2728^28^293L.577[aid=2255318]
http://www.ingentaconnect.com/content/external-references?article=/0968-0004^28^2926L.186[aid=2255319]
http://www.ingentaconnect.com/content/external-references?article=/1079-5642^28^2919L.1412[aid=2255298]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29278L.1612[aid=175199]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2993L.9090[aid=2192446]
http://www.ingentaconnect.com/content/external-references?article=/0003-9861^28^29352L.59[aid=1435193]
http://www.ingentaconnect.com/content/external-references?article=/0006-291X^28^29237L.28[aid=2255302]
http://www.ingentaconnect.com/content/external-references?article=/0300-5127^28^2928L.557[aid=2255303]
http://www.ingentaconnect.com/content/external-references?article=/1021-7401^28^297L.99[aid=2255306]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2960L.1665[aid=2255307]
http://www.ingentaconnect.com/content/external-references?article=/0014-5793^28^29442L.89[aid=2255313]
http://www.ingentaconnect.com/content/external-references?article=/0968-0004^28^2926L.186[aid=2255319]


471Natural products as targeted modulators of nuclear factor-j B pathway

Schoonbroodt, S., Piette, J. (2000) Oxidative stress interference with

the nuclear factor-j B activation pathways. Biochem. Pharmacol.

60 : 1075± 1083

Schulze-OsthoŒ, K., Ferrari, D., Los, M., Wesselborg, S., Peter,

M. E. (1998) Apoptosis signaling by death receptors. Eur. J. Bio-

chem. 254: 439± 459

Schuster, J. M., Nelson, P. S. (2000)Toll receptors: an expandingrole

in our understanding of human disease. J. Leuk. Biol. 67 : 767± 773

Shimada, T, Kawai, T., Takeda, K., Matsumoto, M., Inoue, J.-I.,

Tatsumi, Y., Kanamaru, A., Akira, S. (1999) IKK-i, a novel

lipopolysaccharide-inducible kinase that is related to I j B kinases.

Int. Immunol. 11 : 1357± 1362

Shinkura, R., Kitada, K., Matsuda, F., Tashiro, K., Ikuta, K., Suzuki,

M., Kogishi, K., Serikawa, T., Honjo, T. (1999). Alymphoplasia is

caused by a point mutation in the mouse gene encoding NF-j B-

inducing kinase. Nat. Genet. 22 : 74± 77

Shu, H.-B., Takeuchi, M., Goeddel, A. V. (1996) The tumor necrosis

factor receptor2 signal transducers TRAF2 and c-IAP1 are compo-

nents of the tumor necrosis factor receptor 1 signaling complex.

Proc. Natl Acad. Sci. USA 93 : 13973± 13978

Silverman, N., Maniatis, T. (2001) NF-j B signaling pathways in

mammalian and insect innate immunity. Genes Dev. 15 : 2321± 2342

Singh, S., Aggarwal, B. B. (1995) Activation of transcription factor

NF-j B is suppressed by curcumin (diferuloylmethane). J. Biol.

Chem. 270: 24995± 25000

Suh, N., Honda, T., Finlay, H. J., Barchowsky, A., Williams, C.,

Benoit, N. E., Xie, Q.-W., Nathan, C., Gribble, G. W., Sporn,

M. B. (1998) Novel triterpenoids suppress inducible nitric oxide

synthase (iNOS) and inducible cyclooxygenase (COX-2) in mouse

macrophages. Cancer Res. 58 : 717± 723

Sumitomo, M., Tachibana,M., Nakashima,J., Murai, M., Miyajima,

A., Kimura, F., Hayakawa, M., Nakamura, H. (1999) An essential

role for nuclear factor kappa B in preventing TNF-a induced cell

death in prostate cancer cells. J. Urol. 161 : 674± 679

Surh, Y.-J., Chun, K.-S., Cha, H.-H., Han, S. S., Keum, Y.-S., Park,

K.-K., Lee, S. S. (2001) Molecular mechanisms underlying chemo-

preventive activities of anti-in¯ ammatory phytochemicals: down-

regulation of COX-2 and iNOS through suppression of NF-j B

activation. Mutat. Res. 480± 481: 243± 268

Sylvester,J., Liacini,A., Li, W. Q.,Li,W. Q., Dehnade,F., Zafarullah,

M. (2001) Tripterygium wilfordii Hook F extract suppresses proin-

¯ ammatory cytokine-induced expression of matrix metallopro-

teinase genes in articular chondrocytes by inhibiting activating

protein-1 and nuclear factor-j B activities. Mol. Pharmacol. 59 :

1196± 1205

Tam, W. F., Wang, W., Sen, R. (2001) Cell-speci® c association and

shuttling of I j Ba provides a mechanism for nuclear NF-j B in B

lymphocytes. Mol. Cell. Biol. 21 : 4837± 4846

Tojima, Y., Fujimoto, A., Delhase, M., Chen, Y., Hatakeyama, S.,

Nakayama, K.-I., Kaneko, Y., Nimura, Y., Motoyama, N., Ikeda,

K., Karin, M., Nakanishi, M. (2000) NAK is an I j B kinase-

activating kinase. Nature 404 : 778± 782

Umezawa, K., Ariga, A., Matsumoto, N. (2000) Naturally occurring

and synthetic inhibitors of NF-j B functions. Anti-Cancer Drug

Design 15 : 239± 244

Valenzuela, A., Garrido, A. (1994) Biochemical bases of the phar-

macological action of the ¯ avonoid silymarin and of its structural

isomer silibinin. Biol. Res. 27 : 105± 112

Van Antwerp, D. J., Martin, S. J., Kafri, T., Green, D. R., Verma,

I. M. (1996) Suppression of TNF-a -induced apoptosis by NF-j B.

Science 274 : 787± 789

Van Antwerp, D. J., Martin, S. J., Verma, I. M., Green, D. R. (1998)

Inhibition of TNF-induced apoptosis by NF-j B. Trends Cell Bi-

ology 8 : 107± 111

Verma, I. M., Stevenson, J. K., Schwarz, E. M., Van Antwerp, D.,

Miyamoto, S. (1995) Rel}NF-j B}Ij B family: intimate tales of

association and dissociation. Gen. Dev. 9 : 2723± 2735

Vincenti, M. P., Burrell, T. A., TaŒet, S. M. (1992)Regulationof NF-

j B in murine macrophages ± eŒect of bacterial lipopolysaccharide

and phorbol ester. J. Cell. Physiol. 150: 204± 213

Wajant, H., Henkler, F., Scheurich, P. (2001) The TNF-receptor-

associated factor family ± scaŒold molecules for cytokine receptors,

kinases and their regulators. Cell. Signal. 13 : 389± 400

Wang, C.-Y., Mayo, M. W., Baldwin, A. S. (1996) TNF- and cancer

therapy-induced apoptosis: potentiation by inhibition of NF-j B.

Science 274 : 784± 787

Wang, C.-Y., Mayo, M. W., Korneluk, R. G., Goeddel, D. V.,

Baldwin, A. S. (1998a) NF- j B antiapoptosis: induction of

TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to suppress caspase-8

activation. Science 281: 1680± 1683

Wang, J.-Y., Guo, J.-S., Li, H., Liu, S.-L., Zern, M. A. (1998b)

Inhibitory eŒect of glycyrrhizin on NF-j B binding activity in CCl4-

plus ethanol-induced liver cirrhosis in rats. Liver 18 : 180± 185

Wang, C., Deng, L., Hong, M., Akkaraju, G. R., Inoue, J.-I., Chen,

Z. J. (2001) TAK1 is a ubiquitin-dependent kinase of MKK and

IKK. Nature 412: 346± 351

Ward, C., Chilvers, E. R., Lawson, M. F., Pryde, J. G., Fujihara, S.,

Farrow, S. N., Haslett, C., Rossi, A. G. (1999) NF-j B activation is

a critical regulator of human granulocyte apoptosis in vitro. J. Biol.

Chem. 274: 4309± 4318

Waring, P., Beaver, J. (1996)Gliotoxin and related epipolythiodioxo-

piperazines. Gen. Pharmacol. 27 : 1311± 1316

Wei, Z., Peng, Q., Lau, B. H. S., Shah, V. (1999) Ginko biloba inhibits

hydrogen peroxide-induced activation of nuclear factor kappa B in

vascular endothelial cells. Gen. Pharmacol. 33 : 369± 375

Weldon, C. B., Burrow, M. E., Rolfe, K. W., Clayton, J. L., JaŒe,

B. M., Beckman, B. S. (2001) NF-j B-mediated chemoresistance in

breast cancer cells. Surgery 130 : 143± 150

Willoughby, D. A., Moore, A. R., Colville-Nash, P. R., Gilroy, D.

(2000) Resolution of in¯ ammation. Int. J. Immunopharmacol. 22 :

1131± 1135

Woerdenbag, H. J., Merfort, I., Passreiter, C. M., Schmidt, T. J.,

Willuhn, G., van Uden, W., Pras, N., Kampinga, H. H., Konings,

A. W. T. (1994) Cytotoxicity of ¯ avonoids and sesquiterpene lac-

tones from Arnica species against GLC4 and the COLO 320 cell

lines. Planta Med. 60 : 434± 437

Xu, Y. X., Pindolia, K. R., Janakiraman, N., Chapman, R. A., Gau-

tam, S. C. (1998) Curcumin inhibits IL-1 a and TNF a induction of

AP-1 and NF-j B DNA-binding activity in bone marrow stromal

cells. Hematopathol. Mol. Hematol. 11 : 49± 62

Yamamoto, Y., Gaynor, R. B. (2001) Therapeutic potential of in-

hibition of the NF-j B pathway in the treatment of in¯ ammation

and cancer. J. Clin. Invest. 107: 135± 142

Yamazaki, S., Muta, T., Takeshige, K. (2001) A novel Ij B protein,

I j B- f , induced by proin¯ ammatory stimuli, negatively regulates

nuclear factor-j B in the nuclei. J. Biol. Chem. 276: 27657± 27662

Ye, J., Ding, M., Zhang, X., Rojanasakul, Y., Shi, X. (2000) On the

role of hydroxyl radical and the eŒect of tetrandrine on nuclear

factor-j B activation by phorbol 12-myristate 13-acetate. Ann. Clin.

Lab. Sci. 30 : 65± 71

Zapata, J. M., Krajewska, M., Krajewski, S., Kitada, S., Welsh, K.,

http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29274L.4309[aid=2277049]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29274L.4309[aid=2277049]
http://www.ingentaconnect.com/content/external-references?article=/0266-9536^28^2915L.239[aid=2277048]
http://www.ingentaconnect.com/content/external-references?article=/0266-9536^28^2915L.239[aid=2277048]
http://www.ingentaconnect.com/content/external-references?article=/0027-5107^28^29480L.243[aid=2277047]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2960L.1075[aid=2173711]
http://www.ingentaconnect.com/content/external-references?article=/0014-2956^28^29254L.439[aid=2255320]
http://www.ingentaconnect.com/content/external-references?article=/0741-5400^28^2967L.767[aid=2255321]
http://www.ingentaconnect.com/content/external-references?article=/0953-8178^28^2911L.1357[aid=2255322]
http://www.ingentaconnect.com/content/external-references?article=/1061-4036^28^2922L.74[aid=1814573]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2993L.13973[aid=168148]
http://www.ingentaconnect.com/content/external-references?article=/0890-9369^28^2915L.2321[aid=2255323]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29270L.24995[aid=201647]
http://www.ingentaconnect.com/content/external-references?article=/0008-5472^28^2958L.717[aid=2255324]
http://www.ingentaconnect.com/content/external-references?article=/0022-5347^28^29161L.674[aid=2255325]
http://www.ingentaconnect.com/content/external-references?article=/0026-895X^28^2959L.1196[aid=2255326]
http://www.ingentaconnect.com/content/external-references?article=/0270-7306^28^2921L.4837[aid=2255327]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29404L.778[aid=2255328]
http://www.ingentaconnect.com/content/external-references?article=/0716-9760^28^2927L.105[aid=2255329]
http://www.ingentaconnect.com/content/external-references?article=/0962-8924^28^298L.107[aid=289143]
http://www.ingentaconnect.com/content/external-references?article=/0890-9369^28^299L.2723[aid=177915]
http://www.ingentaconnect.com/content/external-references?article=/0021-9541^28^29150L.204[aid=2255330]
http://www.ingentaconnect.com/content/external-references?article=/0898-6568^28^2913L.389[aid=2255331]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29281L.1680[aid=156592]
http://www.ingentaconnect.com/content/external-references?article=/0106-9543^28^2918L.180[aid=2255332]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29412L.346[aid=2255333]
http://www.ingentaconnect.com/content/external-references?article=/0306-3623^28^2927L.1311[aid=2255334]
http://www.ingentaconnect.com/content/external-references?article=/0306-3623^28^2933L.369[aid=2255335]
http://www.ingentaconnect.com/content/external-references?article=/0263-9319^28^29130L.143[aid=2255336]
http://www.ingentaconnect.com/content/external-references?article=/0192-0561^28^2922L.1131[aid=2255337]
http://www.ingentaconnect.com/content/external-references?article=/0032-0943^28^2960L.434[aid=2255338]
http://www.ingentaconnect.com/content/external-references?article=/1082-8893^28^2911L.49[aid=2255339]
http://www.ingentaconnect.com/content/external-references?article=/0021-9738^28^29107L.135[aid=2255340]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29276L.27657[aid=2255341]
http://www.ingentaconnect.com/content/external-references?article=/0091-7370^28^2930L.65[aid=2255342]
http://www.ingentaconnect.com/content/external-references?article=/0006-2952^28^2960L.1075[aid=2173711]
http://www.ingentaconnect.com/content/external-references?article=/0014-2956^28^29254L.439[aid=2255320]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29270L.24995[aid=201647]
http://www.ingentaconnect.com/content/external-references?article=/0026-895X^28^2959L.1196[aid=2255326]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29274L.787[aid=156590]
http://www.ingentaconnect.com/content/external-references?article=/0962-8924^28^298L.107[aid=289143]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29274L.784[aid=156591]
http://www.ingentaconnect.com/content/external-references?article=/0192-0561^28^2922L.1131[aid=2255337]
http://www.ingentaconnect.com/content/external-references?article=/0091-7370^28^2930L.65[aid=2255342]


472 Paul Bremner and Michael Heinrich

Monks, A., McCloskey, N., Gordon, J., Kipps, T. J., Gascoyne,

R. D., Shabaik, A., Reed, J. C. (2000) TNFR-associated factor

family protein expression in normal tissues and lymphoid malig-

nancies. J. Immunol. 165 : 5084± 5096

Zhang, F. X., Kirschning, C. J., Mancinelli, R., Xu, X.-P., Jin, Y.,

Faure, E., Mantovani, A., Rothe, M., Muzio, M., Arditi, M. (1999)

Bacterial lipopolysaccharide activates nuclear factor-j B through

interleukin-1 signaling mediators in cultured human dermal en-

dothelial cells and mononuclear phagocytes. J. Biol. Chem. 274:

7611± 7614

Zhao, Q., Lee, F. S. (1999) Mitogen-activated protein kinase}ERK

kinase kinases 2 and 3 activate nuclear factor-j B through I j B

kinase-a and I j B kinase-b . J. Biol. Chem. 274: 8355± 8358

Zhou, X., Zhao, A., Goping, G., Hirszel, P. (2000)Gliotoxin-induced

cytotoxicityproceedsvia apoptosis and is mediated by caspases and

reactive oxygen species in LLC-PK1 cells. Toxicol. Sci. 54 : 194± 202

http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29274L.8355[aid=2277050]
http://www.ingentaconnect.com/content/external-references?article=/0022-1767^28^29165L.5084[aid=2255343]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29274L.7611[aid=175218]
http://www.ingentaconnect.com/content/external-references?article=/1096-6080^28^2954L.194[aid=2255344]
http://www.ingentaconnect.com/content/external-references?article=/0021-9258^28^29274L.7611[aid=175218]

