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Abstract

Interleukin-6 is a pleiotropic cytokine which plays a crucial role in immune physiology and is tightly controlled by hormonal feedback

mechanisms. After menopause or andropause, loss of the normally inhibiting sex steroids (estrogen, testosterone) results in elevated IL6

levels that are further progressively increasing with age. Interestingly, excessive IL6 production promotes tumorigenesis (breast, prostate,

lung, colon, ovarian), and accounts for several disease-associated pathologies and phenotypical changes of advanced age, such as

osteoporosis, rheumatoid arthritis, multiple myeloma, neurodegenerative diseases and frailty. In this respect, pharmacological modulation

of IL6 gene expression levels may have therapeutical benefit in preventing cancer progression, ageing discomforts and restoring immune

homeostasis. Although ‘‘plant extracts’’ are used in folk medicine within living memory, it is only since the 20th century that numerous

scientific investigations have been performed to discover potential health-protective food compounds or ‘‘nutraceuticals’’ which might

prevent cancer and ageing diseases. About 2000 years ago, Hippocrates already highlighted ‘‘Let food be your medicine and medicine be

your food’’. Various nutrients in the diet play a crucial role in maintaining an ‘‘optimal’’ immune response, such that deficient or excessive

intakes can have negative consequences on the organism’s immune status and susceptibility to a variety of pathologies. Over the last few

decades, various immune-modulating nutrients have been identified, which interfere with IL6 gene expression. Currently, a broad range of

phyto-pharmaceuticals with a claimed hormonal activity, called ‘‘phyto-estrogens’’, is recommended for prevention of various diseases

related to a disturbed hormonal balance (i.e. menopausal ailments and/or prostate/breast cancer). In this respect, there is a renewed interest

in soy isoflavones (genistein, daidzein, biochanin) as potential superior alternatives to the synthetic selective estrogen receptor modulators

(SERMs), which are currently applied in hormone replacement therapy (HRT). As phyto-chemicals integrate hormonal ligand activities

and interference with signaling cascades, therapeutic use may not be restricted to hormonal ailments only, but may have applications in

cancer chemoprevention and/or NF-kB-related inflammatory disorders as well.
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1. Soy isoflavone phyto-pharmaceuticals

Numerous botanical species and plant parts contain a

diverse array of polyphenolic non-steroidal phyto-chemi-

cals that are synthesized as floral pigments for the attrac-

tion of insect pollinators and as signal molecules for

beneficial micro-organisms in the rhizosphere. Besides

these functions, they also have a role as anti-microbial/

fungal defense compounds, and furthermore afford photo-

protection [1].

Based on their chemical structure, phenolic phyto-estro-

gens can be classified into four main groups: isoflavonoids,

flavonoids, stilbenes and lignans [2] (Fig. 1). Nowadays,

many researchers focus on isoflavones, which are consid-

ered widespread in the plant kingdom, as these phyto-

estrogens are mainly found in ‘‘Leguminosae’’ [3]. Within

this specific plant family, they are especially abundant in

soybean: approximately 2 g of isoflavones can be found per
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kilogram fresh weight [4]. Among these isoflavones, gen-

istein (40,5,7-trihydroxyisoflavone), daidzein (4,7-dihy-

droxyisoflavone) and their 40-methylether derivatives,

biochanin A and formononetin, respectively, are the best

known and widely available as herbal tablets in drug stores

and health shops. They gained enormous attention as they

were found to be appropriate ligands of the ER. Further-

more, structure–function studies have revealed that a

stable, strong binding to the ER, and thus also the biolo-

gical activity of 17b-estradiol, largely depends on the

distance of approximately 11.5 Å between two well-

defined hydroxyl groups. One of these is positioned in

the A-ring of estrogen’s steroid nucleus and the other at

C(17) [5,6]. Because of the non-steroidal skeleton of

isoflavones and their different spacial structure, phyto-

estrogens when bound to the ER, were expected to act

totally differently. Nevertheless, these substances share

structural features with estrogen, in the sense that the

presence of particular hydroxyl groups that can be posi-

tioned in a stereochemical alignment is virtually identical

to the one of estrogen. Only lately, many studies have been

undertaken to unveil the mode by which phyto-estrogens

mediate their estrogenic effects. Assumptions range from

mimicking normal estrogenic actions to competitive inhi-

bitory effects. Crystallization of liganded receptors unam-

biguously reveals changes in ER conformation (e.g. helix

12 positioning) upon binding of classic estrogens, as

compared to phyto-estrogens, which may already suggest

ligand-selective and thus cofactor-dependent activities [7–

16]. Notably, phyto-estrogens seem to preferentially bind

the ERb isoform, whereas classic estrogen exerts its effects

via both receptors ERa and ERb [17,18]. As such, they

may act as natural SERMs, that elicit distinct therapeutical

effects by selectively recruiting coregulatory factors to

ERb, which then specifically affect transcription

[12,17,19–22]. Importantly, although the relative binding

affinity of estrogen for each isotype receptor is stated to be

at least 1000-fold higher than that of phyto-estrogens [18],

the latter could evoke biological responses, because of the

higher achievable concentrations in plasma as compared to

the endogenous hormone estradiol [8,23]. Furthermore,

although phyto-estrogens appear to have a greater affinity

for ERb than for ERa, they have a greater ERa-selective

efficacy [24,25].

Although having specified functions in plants, most of

the actions of phyto-estrogens seem to be different in

humans, except for their reported anti-photodamaging

quality. By this protection against excessive light, they

prevent human skin carcinogenesis and ageing [26]. Over-

all, phyto-estrogens are presumed to complement and/or

overlap in activities [27]. Apart from their estrogenic

properties, other features could also be involved in their

observed diverse action mechanisms, including binding to

other nuclear receptors (ERR, PPAR, AhR, etc.), anti-

oxidant effects due to their polyphenolic nature, modula-

tion of steroid metabolism or of detoxification enzymes,

interference with Ca-transport and/or Naþ/Kþ ATPases, or

favorable effects on lipid and lipoprotein profiles [2,23,28–

35]. In addition, genistein behaves as a broad specificity

tyrosine protein kinase inhibitor [36] and is, furthermore,

able to block the cell cycle in the G2/M transition [37,38],

to inhibit Akt kinase [39–41], topoisomerase II [42,43] and

cAMP-phosphodiesterase-4 enzymes [44]. The presum-

able strength of phyto-estrogens could rely on the unique

Fig. 1. Classes of (phyto-)estrogens (adapted from [2]).
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combination of several features with different potencies in

one natural molecule (Fig. 2). Briefly, these characteristics

may account for their potential favorable role in health and

disease [45–48]. Considering the pleiotropic actions of

phyto-estrogens, they may rather be reconsidered more

generally as ‘‘nutraceuticals’’. This term is coined from

nutrition and pharmaceuticals, defining any food substance

which provides health benefits, including the prevention

and treatment of disease [49]. Such substances may range

from isolated nutrients, dietary supplements and specific

diets to genetically engineered designer foods, herbal

products, and processed foods such as cereals, soups

and beverages.

2. Health-beneficial effects of isoflavones

Impetus to the scientific inquiry into phyto-pharmaceu-

tical effects is given by the epidemiological observation of

striking historical and/or ethnic differences in hormone-

related cancer rates and menopausal ailments [47,50,51].

The highest incidences of these cancers, menopausal

symptoms as well as cardiovascular diseases are typically

found in populations with western lifestyle, which include

relatively high fat, meat-based and low-fiber diets [52].

Asian populations, however, with eastern habits, who

consume plant-based diets, rich in phyto-estrogens, are

less susceptible [53]. Moreover, the low cancer risk of

Asian people migrating to the US rises to the American

rates either generally in the same (e.g. prostate cancer) or

for some cancer types in the next generation (e.g. breast

cancer) [54,55]. This observation indicates that diet-related

factors, rather than pure genetic factors, largely contribute

to the occurrence of these pathophysiologies [50,56–59].

Accordingly, intense investigations point out the important

role of consumption of dietary soy as the major source of

isoflavones in the low cancer incidence [60,61]. Particular

Japanese population groups are estimated to reach the

highest intake of soy products, with levels up to

200 mg/day. Generally, the Asian consumption of legumes

is assumed to supply 20–50 mg of isoflavones in the daily

diet, which sharply contrasts with the western negligible

amount of less than 1 mg isoflavones/day [62]. Consistent

with the epidemiological studies are the findings that soy

phyto-estrogens improve bone mass in peri- and postme-

nopausal women [63,64] and may decrease symptomology

of menopause, such as hot flashes [65,66]. Furthermore,

they prevent atherosclerosis of coronary arteries in mon-

keys [67] and significantly reduce cholesterol levels in

hypercholesterolemic subjects [68]. In vitro studies indi-

cate that phyto-estrogens inhibit proliferation of several

tumours, induce apoptosis as well as differentiation, and

reduce angiogenesis [69,70]. Moreover, soy seems to delay

and protect against chemically induced mammary tumour

formation in rodents [71,72]. In addition, some reports

propose efficacious protection against breast cancer if soy

intake is spread over lifetime, although the period before

puberty and during adolescence may be of particular

importance [73–75]. Hence, isoflavones as well as other

classes of phyto-estrogens have been considered to exert

anti-carcinogenic properties, and this mainly through anti-

aromatase, anti-proliferative and anti-angiogenic mechan-

isms [29].

In many studies, the experimental concentrations, admi-

nistered to cells or tissues, at which chemoprevention by

phyto-estrogens is achieved are considered supraphysio-

logical, since these might not be attained in case of phyto-

estrogen supplementation to the diet. However, in a real life

diet, dose responses of nutraceutical mixtures may reveal

synergistic effects at more physiological doses [76–79]. In

addition, chaperone protection and/or effective metaboli-

zation of these compounds may be less efficient in tissue

culture conditions [80].

Isoflavones are exclusively occurring in plants as inac-

tive glycosides (genistin, daidzin) or their methylated

counterparts [81]. Once ingested, the absorption of these

compounds requires initial hydrolysis of the sugar moiety

or demethylation, respectively, by gut/bacteria-released

intestinal enzymes in the digestive tract. After presumed

non-ionic passive diffusion through the gut wall, they

undergo extensive enterohepatic circulation. During this

passage in the liver they are readily reconjugated to

glucuronic acid and to a lesser extent to sulphate. Hence,

only a small portion (less than 3%) of the free aglycone can

been detected in blood. Moreover, the grade of further

metabolization of isoflavones (to equol and O-desmethy-

langolensin for daidzein and to 2-(4-hydroxyphenyl)pro-

panoic acid and tri-OH-benzene for genistein) by gut

bacteria is subjected to large interindividual variation,

depending on gastrointestinal microflora and diet [82]

(Fig. 3). As phyto-estrogens can exist in presumably many

distinct forms with totally different activities, the quest for

Fig. 2. Features of (phyto-)estrogens.
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new metabolites and elucidating the total active plasma/

tissue concentration of phyto-estrogens, their degradation

pathways and clearance rates intensively continues

[80,81]. Before undertaking dietary intervention trials,

their pharmacokinetics and bioavailability in different

tissues or target cells must be assessed carefully in order

to make recommendations regarding long-term efficacy.

Some measurements determining the plasma half-life of

daidzein and genistein reveal that they occur approxi-

mately 8 h in adults, with peak concentrations at 6–8 h

after administration of the pure compounds [83]. This

strongly contrasts with the pharmacokinetic behaviour

of environmental xeno-estrogens (e.g. PAHs, DDT, PCBs),

which bioaccumulate and persist in fat tissues for years,

because of their extremely long half-lives. This difference

may partly explain the potential dangers of synthetic xeno-

estrogens as endocrine disruptors [23,84]. They are

reported to be linked to feminization of wildlife (fish,

reptiles) as well as to the increasing incidence of breast

and testicular cancers in humans [67,85,86].

All together, when viewed in its entirety, the current

literature supports the safety of isoflavones as typically

consumed in diets based on soy products [25,28,31,45,

48,87–89]. Despite the putative inherent health benefits of

bioactive phyto-chemicals, it is obvious that we still need

to increase our knowledge of their molecular mechanisms,

(long-term) safety, toxicity, dosage and efficacy prior to

general application in cancer or hormone therapies [25,87].

Hence, strengthening our still limited understanding of the

factors involved in their absorption and metabolism,

including the role of intestinal microflora, may well be

important in determining their clinical efficacy [87,88,90–

92].

In further paragraphs, we will discuss more particularly

possible actions of nutraceuticals in IL6 affections with

respect to hormone receptor and NF-kB-dependent regu-

latory mechanisms.

3. IL6 physiology and pathology

The process of an inflammatory response to invading

pathogens or damaging insults is of critical importance to

the homeostasis of the human body. As this physiological

inflammatory reaction, based on innate or adaptive immu-

nity, determines health or illness, it needs to be precisely

controlled by various feedback mechanisms [93–96]. As

such, balanced inflammation consequently allows acute

timely effects but no accelerated overreaction or chronic

responses. Furthermore, ageing-related immune senes-

cence and endocrinological changes were found to increase

the risk of cardiovascular diseases, arthritis, type 2 dia-

betes, menopausal symptoms (e.g. hot flushes, vaginal

dryness, osteoporosis, etc.), certain cancers and dementia,

as a consequence of a tilted endogenous balance (Fig. 4).

The pleiotropic cytokine IL6 is a central player in

immune homeostasis and affects inflammatory reactions,

acute phase response, hematopoiesis, bone metabolism,

Fig. 3. Metabolization of isoflavones (adapted from [2]).
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reproduction (menstrual cycle, spermatogenesis) and age-

ing frailty [94–96]. Aberrant IL6 gene expression, how-

ever, has been associated with various chronic

inflammatory disorders and ageing discomforts [96–98].

In addition to regulating inflammatory responses, IL6

modulates the growth of many tumour cells. Autocrine

IL6-mediated signaling pathways have been implicated in

tumour progression and chemoresistance in solid and

hematopoietic tumours [99,100]. Tumorigenic activities

of IL6 have also been described by switching TGF-b from

a growth suppressing to a mitogenic factor [101] by

affecting hormone responsiveness (i.e. ER, AR, etc.),

hormone metabolism and synthesis (aromatase activity)

[102–107], or translational upregulation of the apoptosis

inhibitor XIAP [108]. Underscoring the potential value of

targeted anti-IL6 therapy in cancer, a recent investigation

showed that an anti-IL6 monoclonal antibody induces

apoptosis and regression of xenografted human prostate

cancer cells in a nude mouse model [109]. Accordingly,

serum IL6 levels are currently considered a diagnostic

marker for tumour progression, metastasis and prognosis

in multiple cancer types (breast, prostate, lymphoma, lung,

ovarian, gut and renal cell carcinoma) [100,106,110].

Nevertheless, the physiological activity of IL6 is complex,

producing both pro-inflammatory and anti-inflammatory

effects in the immune system [100]. It is therefore unclear

whether elevated serum levels of IL6 are a consequence of

or a contributory cause to advanced tumour stage [111–

113]. Hence, the question as to whether the inflammatory

infiltrate helps or hinders tumours is still open [114,115].

The described contrasting effects of IL6 include either a

direct enhancement of auto- and paracrine-mediated

tumour growth, or an anti-tumour effect by enhancement

of the immune response (differentiation and maturation of

B-cells, T-cells, dendritic cells, macrophages) and inhibi-

tion of tumour cell proliferation.

The menopause/andropause-associated disturbed hor-

monal balance is constituted by a remarkable rise of the

IL6 expression level, while a rapid decline in circulating

sex hormones (estrogen, androgen) is observed [94,116–

119]. A general mechanism which is able to explain all

consequences of the menopause on the metabolism of

distinct organs (bone, blood vessels, brains, vagina, adi-

pose tissue) seems unlikely. However, the age-related

changes in the activity of proinflammatory cytokines

(e.g. IL6) are beginning to emerge as a common theme

that may have a significant impact on the function of all

these body parts [94,96,117,120] (Fig. 4). Endogenous sex

hormones should be considered valuable, as they have the

ability to downregulate IL6 gene expression. Therefore,

restoring the normal hormone level by HRT is considered

an attractive option in the treatment of menopausal dis-

comforts, although the risks/benefits of HRT are still

contentious issues [28,87,121–128]. Recent investigations

on the long-term effects of conventional hormone therapy

with synthetic estrogen have demonstrated a substantially

elevated risk of thrombosis and incidence of breast, endo-

metrial and ovarian cancer [125,126,129]. Even synthetic

SERMs, which were previously assumed to have a safer

profile because of their tissue-specific ER agonist or

antagonist activity, fell short of the general expectations.

Tamoxifen, currently approved, recommended and applied

in the treatment of ER-expressing breast cancer [130],

behaves as an ER antagonist in breast tissue, whereas

its observed agonist function in the uterus can lead to

endometrium cancer [20]. In contrast, raloxifene is not

proven to elevate the risk of certain estrogen-dependent

cancers and it has recently been approved and predomi-

nantly been used for its potential preventive and therapeu-

tic effect on osteoporosis [124]. Unfortunately, there

are several indications that this SERM may not alleviate

other menopause-associated problems. Moreover, it is

believed to increase hot flashes [128]. In this respect,

naturally occurring phyto-estrogens receive renewed

attention as potentially superior alternatives to HRT, in

view of the traditional and still continuing usage of plant

extracts [28,31,48,89,117,122,123,131]. During evolution,

the hormone metabolism has evolved to deal with endo-

genous hormone and exogenous dietary phyto-chemical

exposure, but may be less well adapted to effectively

Fig. 4. IL6 gene expression and ageing (adapted from [94]).
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handle the synthetic chemicals of the 20th and 21st cen-

turies [23].

4. NF-jB at the interface of inflammation and
tumorigenesis: a paradigm for
phyto-pharmaceuticals

A key player in IL6 gene expression is the transcription

factor NF-kB, of which the transcriptional activity is

regulated at multiple levels [99,132–135]. The NF-kB/

IkB family of transcriptional regulators modulate the

expression of a few hundred target genes, the majority

of which participate in host immune responses [136–139].

Gene knock-out and other studies not only establish roles

for NF-kB in the ontogeny of the immune system, but also

demonstrate that NF-kB is responsible for various inflam-

matory disorders [140–142] and participates at multiple

steps during oncogenesis and regulation of programmed

cell death [143–145]. The mechanisms of constitutive NF-

kB activation in tumours and lymphoma start to be unra-

veled and blockade of NF-kB levels is demonstrated to

result in suppression of angiogenesis, invasion, metastasis

and therapy resistance [146–150].

Because of its pivotal role in numerous essential cell

system processes, NF-kB has become the focal point for

intense drug discovery or drug development efforts, as well

as the first target for innovative therapies of various Eur-

opean and American pharmaceutical companies [151].

Consequently, many investigations have been conducted

to explore the upstream signaling pathways that lead to

NF-kB activation. Several of these signaling molecules can

serve as potential pharmaceutical targets for specific block-

ing the NF-kB activity so as to interrupt disease processes

[152]. Since many of these proteins transmit more than one

signal to downstream targets, the transmission of signals

towards NF-kB is suggested to involve a network, rather

than a linear sequence [135,153]. In addition, functional

redundancy of signal molecules may further entail experi-

mental constraints to elucidate NF-kB’s upstream partners

and evaluate their sensitivity to particular phyto-chemicals.

This latter remains a hot topic, since the use of plant

compounds as templates would allow the construction of

novel pharmacological drugs, with enhanced biological

properties. This implies that these drugs have to be highly

suitable in selectively modulating NF-kB activity in specific

pathophysiological conditions, which are caused by dereg-

ulation of intracellular cascades [154]. Nowadays, the Holy

Grail of many pharmaceutical companies has rather shifted

from random exploration of synthetic compound libraries

to the identification of lead compounds in medicinal

plant extracts with potential NF-kB-modulating activity

[131,155]. Yet, a greater knowledge of the molecular deter-

minants used by these compounds to interfere with the NF-

kB pathway should provide clues for the development of

more specific and efficacious NF-kB inhibitors [151]. Sofar,

the cytoplasmic regulatory event in which NF-kB is released

from its physiological inhibitor, the IkB complex, has

gained considerable attention [154,156]. However, the strat-

egy of blocking this process has the important disadvantage

of causing detrimental side effects, as NF-kB is also a crucial

component of the immune system. Therefore, anti-inflam-

matory therapies may focus on less aggressive treatments,

which interfere without affecting DNA binding after NF-kB

release. To this purpose, a valuable alternative may be the

NF-kB/chromatine interface in the nucleus, where interac-

tions of NF-kB with particular cofactors or defined nucleo-

somes could be influenced [157–162]. Unraveling the

relationship between chromatin and NF-kB regulation

may reveal new targets for the design of innovative inhibi-

tors. As chromatine-embedded promoter enhanceosomes

behave as sophisticated protein modules, receptive to var-

ious signals, prospective therapies may benefit from com-

bined structural (selective ligands) and signaling (selective

inhibitors) approaches to establish effective but harmless

treatments [163–168].

Interestingly, we and others obtained compelling evi-

dence indicating that phyto-estrogens (isoflavones) have a

potential NF-kB-inhibitory activity and/or inhibitory

effects on targets of the inflammatory/apoptotic cascade

[29,40,41,81,169,170] (�). More particularly, therapeutic

effects of isoflavones in NF-kB-dependent inflammation

have been observed in asthma [171], arthritis [172]

and lung injury [173]. In addition, chemopreventive effects

of genistein on NF-kB-dependent apoptotic responses

have been described in lymphoma [174] and breast

[39,41,55,175], prostate [40,176] or pancreas [177,178]

cancer.

The mechanisms of ER-mediated NF-kB inhibition are

cell type-dependent [179–182] and may involve direct

protein–protein interactions [183], inhibition of DNA bind-

ing [184,185], induction of IkB expression [186] or limited

coactivator sharing [187]. Apart from ER [183,184,

188–190], reciprocal transcriptional modulation between

NF-kB and several other nuclear hormone receptors has

been reported as well, including PPARa [191], PPARg
[192], GR (glucocorticoid receptor; NR3C1) [193,194],

AR [195,196], PR (progesterone receptor; NR3C3)

[197,198], AhR [199], LXR (liver X receptor; NR1H3)

[200] and vitamin D receptor (NR1I1) [201,202].

Interestingly, as ERb was stated to be more potent in

transcriptional repression of NF-kB than ERa and as

phyto-estrogens preferentially bind to ERb, NF-kB-depen-

dent gene regulation may be differentially affected

by synthetic estrogens as compared to phyto-chemicals

[16,17,180,203]. In addition, since phyto-estrogen-

mediated induction of PPARg [204], AhR [205], vitamin

D receptor and ERR responses [206] has also been

observed, the complexity of phyto-chemical hormone

cross-talk with NF-kB is further augmented [9,23].

� Vanden Berghe et al., in preparation.
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Further evidence indicates that hormones and kinases

such as IKK, PI3K, Akt and MAPK are key elements in

intracellular signal cascades regulating NF-kB and/or hor-

mone (ER, AR (androgen receptor; NR3C4), AhR, PPAR,

etc.) activity [132,133,207]. Moreover, some reports assert

the existence of various levels of ‘‘cross-talk’’, exemplified

by the progress of breast cancer [208]. An initial hormone-

dependent, anti-estrogen-sensitive, non-metastatic cancer

often changes its phenotype towards a hormone-indepen-

dent, endocrine therapy-resistant form with highly invasive

growth properties upon transition from inducible to con-

stitutive receptor tyrosine kinase (RTK)/MAPK signaling

[209,210]. The exact mechanisms for either intrinsic or

acquired resistance are not yet completely resolved,

although they clearly include ER-coregulatory factors and

functional interdependence between ER, NF-kB, growth

factors and kinase networks [207,208,211–217]. Interest-

ingly, as estrogen effects have also been observed in ER-

negative breast cancer cells (SK-BR3), a growing body of

evidence suggests that not every estrogen effect can be

explained by the classic genomic model of hormone action,

which involves (in)direct DNA binding of the estrogen

receptor (ER) on its target genes [218]. Of special note,

genomic (phyto-)estrogen actions have now been extended

by more rapid nongenomic actions on signaling pathways

[219–221], depending on the presence of ER-membrane

receptors [216,222], (phyto-)estrogen interactions with G

protein coupled receptors (GPR30) [218,223–225] or the

laminin receptor [226]. Further studies are required to deter-

mine relative contribution of genomic and nongenomic

actions in NF-kB transrepression by (phyto-)estrogens.

With respect to tyrosine kinase inhibitor activities of

isoflavones [36], involvement of tyrosine phosphorylation

[227,228] has been demonstrated in the signaling cascade

of TNF [229–232], Toll-like receptor (TLR) [233] and

growth factor signaling (EGF, Her/neu) [210,234–237].

Subsequent inhibition by phyto-estrogens [238,239]

decreases further downstream signaling pathways (Akt,

IKK, MAPK, etc.) [170,240–243].

Finally, ROS, which comprise hydrogen peroxide,

hydroxyl radicals and superoxide anions, have been pos-

tulated to act as mitochondria-derived second messengers

leading to NF-kB activation [244–247]. Yet, this role of

ROS has been a contentious issue for many years [248]. In

accordance with ROS as signaling intermediates, the acti-

vation of NF-kB by different agents (TNF, IL1, PMA, etc.)

can be prevented by anti-oxidantia and by chelation of iron

ions, which are required to convert oxygen intermediates to

the highly reactive hydroxyl radicals [249]. However, the

remarkable finding that anti-oxidantia reduce ligand-

receptor affinity (e.g. TNF/TNFR), and thus lower the

magnitude of receptor signaling disputes this hypothesis

[250,251]. In another study, NF-kB is crucial to eliminate

TNF-induced ROS accumulation in mouse embryonal

fibroblasts to lower prolonged MAPK activation and inhi-

bit cell death [252]. Whether phyto-estrogens with anti-

oxidative characteristics would affect NF-kB signaling in

either of these two ways is still an unresolved issue [253].

Considering the pleiotropic activities of nutraceuticals,

it would certainly be very interesting to evaluate which

activity predominates in their NF-kB modulation within a

gene- or cell-specific context, as compared to classical

estrogens. Further profound structure–function analysis of

phyto-chemicals may allow to define core structure ele-

ments that account for some of their subactivities. At this

stage, it may be too reductionistic to explain all chemo-

preventive effects of phyto-estrogens in breast cancer by its

natural SERM properties only (Fig. 5). Upon investigation

of raw array data sets of 78 breast cancer patients with good

(44) or bad (34) prognosis signature [254,255] (data sets

freely available at http://www.rii.com/publications/2002/

vantveer.htm), many significant changes can be observed

in hormonal (ERa, AhR, PR, PPARg), oxidative (HIF1a,

SOD2, GSTM3, HSF2BP, HSPA2, HSPA6), metabolic

(CYP1B1, CYP7B1, CYP26A1), and signaling (IL6,

IL8, VEGF) pathways. This discrepancy reflects distinct

transcriptome circuitries in both patient populations which

may not exclusively depend on estrogenic signaling para-

meters. In this respect, it would be interesting to compare

how soy isoflavones versus synthetic estradiol and SERMS

(tamoxifen, raloxifen) affect gene expression patterns of a

good/poor prognosis signature in breast cancer cells [256].

5. IL6 gene regulation, HRT and ‘‘inflamm-ageing’’

Transcription and expression of the multifunctional IL6

cytokine gene is tightly regulated at the level of its pro-

Fig. 5. Pleiotropic activities of nutraceuticals.
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moter, which acts as a sophisticated biosensor for environ-

mental stress, thus controlling the above-described immu-

nological homeostasis [99]. IL6 is normally expressed at low

levels, except during infection, trauma, ageing or other stress

conditions, upon which it can be secreted by various cell

types, including endothelial cells, B-cells, T-cells, macro-

phages, dendritic cells, and tumour cells [100]. Among

several factors that can downregulate IL6 gene expression

are hormones (corticosteroids, sex hormones, etc.) by endo-

crinological feedback mechanisms [93,257–260] and anti-

oxidants [98,244]. Characterization of the human IL6 pro-

moter revealed a highly conserved control region of 300 bp

upstream of the transcriptional initiation site, which contains

NF-kB, AP1, CREB and C/EBP regulatory elements. These

responsive sites are necessary for IL6 gene induction by a

variety of stimuli, commonly associated with acute inflam-

matory or proliferative states [99,157]. Recently, we have

found that IL6 gene induction in response to inflammatory

stress requires activation of the MAPK–MSK (mitogen-

and stress-activated kinase) kinase pathway, which phos-

phorylates NF-kB p65 and histone H3, to establish a tran-

scription-competent promoter complex (enhanceosome)

[165,261,262]. Within this model, we have proposed

various mechanisms to explain hormonal repression of

NF-kB-driven genes, more particularly of the IL6 gene

[191,194,263,264]. As such, the functional interaction

between the ER and the proinflammatory transcription factor

NF-kB, which regulates the IL6 promoter activity, has been

suggested to play a key role in (phyto-)estrogen prevention of

age-related symptoms during HRT [116–118,120,185,264].

However, taking into account the discouraging HRT clinical

trials with synthetic hormones [125–128], it may be too

simplistic to reverse ageing frailty by restoring physiological

IL6 levels by hormone complementation alone. Elderly

humans also have altered cellular redox levels which con-

tribute in progression of chronic diseases of ageing. Poorly

maintained cellular redox during ageing affects immune

(NF-kB) and hormone receptor (ER) functions as well,

besides hormonal imbalances [98,265–269]. Although

HRT may indeed relieve some ageing discomforts, special

attention should be focused as well on dysfunctional hor-

mone receptors and immune senescence (alternatively called

‘‘inflamm-ageing’’) as a consequence of oxidative damage

[270–277]. In this respect, isoflavone phyto-estrogens may

be superior to classical synthetic estrogens in HRT in restor-

ing immune physiology, since they may have a better ratio of

anti-oxidant/estrogen potencies which may protect against

immune senescence, in addition to complementation of

hormone levels [98,253,278,279].

6. Nutrigenomics: the next frontier in
nutraceutical therapy?

Progress in the battle against ageing disease and suffering

is being accelerated by the availability of genomic informa-

tion for humans, mice and other organisms. The interface

between the nutritional environment and cellular/genetic

processes is being referred to as ‘‘nutrigenomics’’. Nutrige-

nomics seeks to provide a molecular genetic understanding

of how common dietary chemicals (i.e. nutrition) affect

health by altering the expression and/or structure of an

individual’s genetic make-up. This in turn may alter disease

initiation, development or progression as well. In this view,

pharmaceutical companies are incorporating genotyping as

part of their clinical trails to predict drug safety, toxicity and

efficacy. Today, the concept of ‘‘personalized’’ medicine is

being extended to the field of nutrition. The same tools and

methods used in pharmacogenomics (single nucleotide poly-

morphisms (SNP) analysis, gene-expression profiling, pro-

teomics, metabolomics and bioinformatics) are being used to

examine an individual’s response to his or her nutritional

environment. The desired outcome of nutrigenomics is the

use of personalized diets to delay the onset of disease, and

optimize and maintain human health [256]. With the tech-

nical advances of high-throughput genomic tools to deter-

mine SNPs, we are nowadays more aware of the specific

genes that can directly and indirectly contribute to individual

differences in the susceptibility to carcinogenesis and/or drug

metabolization. Once high-risk groups are identified, specific

dietary supplements might be recommended for these indi-

viduals, whose disrupted cellular signaling can be restored or

approved by this tailored supplementation [30].
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