
Formononetin, a phyto-oestrogen, and its metabolites up-regulate
interleukin-4 production in activated T cells via increased AP-1 DNA

binding activity

Introduction

Phyto-oestrogens are secondary plant metabolites that can

mimic the effect of the female sex hormone, oestrogen.1

Experimental findings indicate that phyto-oestrogens may

play a significant inhibitory role during the initiation and

promotional phases of cancer development.2–4 Soy iso-

flavonoids, which are phyto-oestrogens, act as antioxi-

dants and also influence cell signalling, cell division and

growth, and gene expression.5–7 In contrast, soybean

products are known as common inducers of food allergy.

Soy is a food that is most likely to induce food-specific

immunoglobulin E (IgE) sensitization in infancy and

childhood.8,9 The major soybean allergen in children with

soy allergy is an IgE-binding epitope on a seed vacuole

protein, P34.10,11 These reports indicate that soy proteins

are immunogenic and allergenic. However, the mech-

anism by which soy isoflavonoids cause these allergic
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Summary

Phyto-oestrogens are polyphenolic non-steroidal plant compounds with

oestrogen-like biological activity. Phyto-oestrogens have many biological

effects including oestrogen agonist/antagonist properties. However, the

effect of phyto-oestrogens on allergic responses remains unclear. In this

study we investigated whether formononetin, a phyto-oestrogen, and its

metabolites, daidzein and equol, affect production of interleukin-4 (IL-4),

a pro-inflammatory cytokine closely associated with allergic immune

response, in primary CD4+ T cells and EL4 T lymphoma cells. Formo-

nonetin, daidzein and equol significantly enhanced IL-4 production from

both CD4+ T cells and EL4 cells in a dose-dependent manner. Formo-

nonetin, daidzein and equol also enhanced IL-4 gene promoter activity in

EL4 cells transiently transfected with IL-4 gene promoter constructs, but

this effect was impaired in EL4 cells transfected with an IL-4 promoter

construct deleted of P4 site carrying nuclear factor of activated T cells

(NF-AT) and activator protein-1 (AP-1) binding sites. In addition, formo-

nonetin, daidzein and equol increased AP-1 DNA binding activities while

did not affect NF-AT DNA binding activities. The enhancing effects on

IL-4 production and AP-1 DNA binding activities were abrogated by spe-

cific inhibitors for phosphatidylinositol-3-kinase (PI3K), protein kinase C

(PKC) and p38 mitogen-activated protein kinase (MAPK), indicating that

formononetin, daidzein and equol might enhance IL-4 production by

increased activation of AP-1 through the PI3-K/PKC/p38 MAPK signalling

pathway. These results suggest that phyto-oestrogens and some of their

metabolites may increase allergic responses via the enhancement of IL-4

production in T cells.

Keywords: phyto-oestrogen; interleukin-4; allergy; AP-1; T cell

Abbreviations: AP-1, activating protein-1; DA, daidzein; ELISA, enzyme-linked immunosorbent assay; EMSA, electrophoretic
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activated protein kinase; NF-AT, nuclear factor of activated T cell; PI3-K, phosphoinositol-3-kinase; PKC, protein kinase C;
PMA, phorbol 12-myristate 13-acetate.
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responses is unknown. In this study, we determined if

allergic responses induced by formononetin, a soy isoflav-

onoid, and its metabolites, daidzein and equol, were asso-

ciated with an increase in IL-4 production by T cells.

Interleukin-4 (IL-4), a pleiotropic cytokine produced

by activated T cells, basophils and mast cells, regulates

many cellular and humoral immune responses.12 Dysregu-

lation of IL-4 expression results in uncontrolled allergic

inflammation including asthma and aberrant immune

responses to pathogens.13–15 To date, direct binding to

and/or activation of the IL-4 promoter has been demon-

strated for nuclear factor of activated T cells (NF-AT),

c-Maf, and JunB.16–18 Both the mouse and human IL-4

promoters contain five binding elements (designated P0

to P4) for the NF-AT family of transcription factors.19,20

Both P1 and P4 are immediately flanked by sequences

with affinity for activator protein-1 (AP-1) family pro-

teins, allowing for cooperative binding with NF-AT pro-

teins.21 Although all P elements to some extent contribute

to IL-4 gene control, the major positive regulatory P ele-

ments seem to be P1 and P4.22 AP-1 consists of a dimer

of Jun (c-Jun, JunB, and JunD) and Fos (c-Fos, FosB,

Fra1, and Fra2) family members. Jun family mem-

bers form homo- and heterodimers that recognize a

TGAGTCA consensus DNA sequence. Fos family mem-

bers, which are unable to dimerize with each other, aug-

ment transcriptional activation by association with Jun

family members.23 AP-1 is inducible by a variety of cyto-

kines and growth factors.24 AP-1 binding sites are found

in the promoter region of many proinflammatory genes

including T helper 2 (Th2) cytokines, adhesion molecules

and cell proliferation growth factors.25,26

In this report we studied the effects of formononetin,

daidzein and equol on IL-4 production in activated pri-

mary CD4+ T cells and EL4 cells. We also investigated the

enhancing mechanisms of formononetin, daidzein and

equol on IL-4 production in activated T cells.

Materials and methods

Materials and cell culture

Daidzein and phorbol 12-myristate 13-acetate (PMA)

were purchased from Sigma (St. Louis, MO). Formonone-

tin and equol were purchased from Fluka (Milwaukee,

WI). Anti-mouse IL-4 monoclonal antibody (mAb)

11B11 and BVD6 were from M. Howard, DNAX Res-

earch Institute (Palo Alto, CA) and recombinant murine

IL-4 was purchased from PharMingen (San Diego, CA).

1-(5-isoquinolines-ulfonyl)-2-methylpiperazine dihydro-

chloiride (H7), chelerythrine, bisindolylmaleimide

(GF109203X) and 2-(2-amino-3-methoxyphenyl)-oxa-

naphthalen-4-one (PD98059) were purchased from Tocris

Cookson Inc. (Ellisville, MO). Wortmannin, 2-[4-mor-

pholinyl]-8-phenyl-1[4H]-benzophyran-4-one (LY294002)

and other reagents were purchased from the Sigma.

Cultures of EL4 thymoma cells were maintained in

RPMI-1640 medium (Gibco BRL, Grand Island, NY) sup-

plemented with 10% fetal bovine serum (Life Technol-

ogies, Grand Island, NY) and 1% penicillin/streptomycin

at 37� in a 5% CO2 humidified air atmosphere.

Isolation of CD4+ T cells

CD4+ T cells were positively purified from lymph node

cells of the immunized mice by incubating with anti-

mouse CD4 (L3T4) conjugated microbeads (Miltenyi Bio-

tech., Germany) for 20 min at 4�. After incubation, the

magnetically labelled cells were applied into the magnetic-

activated cell sorting (MACS) positive selection column

in a VarioMACS (Miltenyi Biotech.) according to the

manufacturer’s protocol. After washing with a buffer

(1· PBS containing 2 mm ethylenediaminetetraacetic acid

(EDTA) and 0�5% bovine serum albumin), the CD4+

T cells were eluted and washed with serum-free RPMI-

1640 medium, and stimulated for 4 days with keyhole

limpet haemocyanin (KLH) in the absence or presence of

FN, DA and EQ. The levels of IL-4 and interferon-c
(IFN-c) were determined by a sandwich enzyme-linked

immunosorbent assay (ELISA) and reverse transcription–

polymerase chain reaction (RT–PCR).

Cytokine assay

The levels of IL-4 and IFN-c in the culture supernatants

were determined by a sandwich ELISA using mAbs for

mouse IL-4 and IFN-c as previously described.27 Murine

recombinant IL-4 and IFN-c (PharMingen) were used as

standard for quantitation of IL-4 and IFN-c levels in the

supernatants. The mAbs for coating the plates and the

biotinylated second mAbs were as follows: for IL-4, 11B11

and BVD6; for IFN-c, HB170 and XMG1�2. The lower

limits of detection were 3 pg/ml for IL-4 and 25 pg/ml

for IFN-c.

RT–PCR

Total RNA was prepared from the cells and reverse tran-

scribed into cDNA. PCR amplification of the cDNA was

preformed as previously described.28 Total cellular RNA

was isolated by the single-step method using the TRIzol

reagent (Sigma). The sequences of PCR primers are as

follows: mouse IL-4 (sense, 50-ATGGGTCTCAACCCCCA

GCTAGT-30; antisense, 50-GCTCTTTACGCTTTCCAGG

AAGTC-30), mouse IFN-c (sense, 50-AGTTATATCTTGG

CTTTTCA-30; antisense, 50-ACCGAATAATTAGTCAGC

TT-30) and b-actin (sense, 50-TGGAATCCTGTGGCATCC

ATGAAAC-30; antisense, 50-TAAAACGCAGCTCAGTAA

CAGTCCG-30). The PCR reactions were run for 35 cycles

for 94� (30 s), 58� (45 s), 72� (30 s) using a PCR
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Thermal Cycler (MJ Research, Watertown, MA). After the

amplification, the RT–PCR products were separated in

1�5% (w/v) agarose gels and stained with ethidium bro-

mide. The sizes of PCR products for IL-4 and b-actin
genes were 397 bp and 349 bp, respectively.

IL-4 promoter constructs, transient transfection
and AP-1 minimal promoter assay

The )741/+56 fragment of murine IL-4 promoter was

generated by PCR from genomic DNA of DBA/2 mice.

The PCR product was cloned into the BamHI/EcoRI

sites of the pGEM-7Z and then subcloned into the

SacI/XhoI sites of the pGL3-basic luciferase vector

(Promega Co., Madison, WI). All the deletion mutants

were generated by PCR using an upstream primer con-

taining BamHI site. For transfections, EL4 cells were

cultured in RPMI-1640 medium and transfected with

indicated plasmid in the presence of Superfectam

according to the manufacturer’s protocol (Qiagen, Hil-

den, Germany). The cells were stimulated with PMA

(1 ng/ml) in the absence or presence of phyto-oestro-

gens. The cells were harvested 24 hr later, and luciferase

activity was assayed. Results are shown as relative fold

induction compared to the unstimulated EL4 cells. AP-1

minimal promoter and stimulator, c-fos, were obtained

from J.W. Lee (Baylor College of Medicine, TX). For

transfections, HeLa cells were cultured in DMEM med-

ium and transfected with the indicated plasmid in the

presence of Superfectam according to the manufacturer’s

protocol (Qiagen). The cells were stimulated with PMA

(1 ng/ml) in the absence or presence of phyto-oestro-

gens. The cells were harvested 24 hr later, and luciferase

activity was assayed.

Preparation of nuclear extracts and electrophoretic
mobility shift assay (EMSA)

EL4 cells were stimulated in the presence of PMA (1 ng/ml),

and incubated for 1 hr with varying amounts of phyto-

oestrogens. Nuclear extracts were prepared from the cells

as previously described,29 and aliquots were frozen at

)80�. Protein concentrations in nuclear extracts were

determined by BCA protein assay kit (Pierce Biotech.,

Rockford, IL). Synthetic oligonucleotides were annealed

and end-labelled using [a-32P] dCTP (250 lCi; Amer-

sham) and Klenow enzyme. For binding assays, 10 lg of

total nuclear extract was incubated with 32P-labelled

oligonucleotide in the presence of a reaction mixture con-

taining 20 mm dithiothreitol, poly(dI-dC), 10· gel retar-

dation assay buffer for 30 min at room temperature. For

competition experiments, the extracts were preincubated

with a 50-fold excess of labelled specific or non-specific

probes. Protein/DNA binding complexes were separated

from free probes using a 4% polyacrylamide gel in 0�5·

Tris-borate-EDTA buffer at 200–250 V for 45 min. Dried

gels were exposed to an X-ray film at )80�. The base

sequences of oligonucleotides used in binding and compe-

tition assays were as follows: NF-AT, 50-CGCCAAAGACG

CCAAAGAGGAAAATTTGTTTCATA-30; AP-1, 50-GATC

TGCATGAGTCAGACACACA-30; NF-jB, 50-CCGGTTAA
CAGAGGGGGCTTTCCGAG-30; CRE, 50-GATCCGAGCC

CGTGACGTTTACACTCATTCT-30; P4, 50-GATCTATGG

TGTAATTTCCTATGCTGAAA-30; mut P4, 50-GATCTAT

GGTGTAGTCGACTATGCTGAAA-30.

Preparation of cell lysates and western blot analysis

The stimulated cells were washed twice with ice-cold

phosphate-buffered saline solution and harvested with

a plastic scraper. The cells were lysed in lysis buffer

(100 mm NaCl, 50 mm Tris-Cl, 1 m EDTA, 10% glycerol,

1% Nonidet P-40, 1 mm NaF, 1 mm Na3VO4, 50 lg/ml

leupeptin, 50 lg/ml aprotinin, and 50 lg/ml phenylmeth-

ylsulphonyl fluoride) by incubation on ice. Cell lysates

were then centrifuged at 20 000 g at 4�, and the

supernatants were transferred to fresh tubes and stored at

)80� until required. Protein concentration of the lysates

was determined using the BCA protein assay reagent

(Pierce Biotec.). Proteins of 10 lg were resolved in 10%

sodium dodecyl sulphate (SDS) polyacrylamide gels at

30 mA and 200–250 V for 1 hr in a Mini-Protein II gel

apparatus (Bio-Rad, Richmond, CA). After electrophor-

esis, the proteins were blotted to the prewetting nitro-

cellulose membrane using a Semi-Phor (Hoefer Scientific

Instrument, San Francisco, CA). The membrane was then

incubated with washing buffer containing 5% non-fat

milk for at least 1 hr to block non-specific protein bind-

ing. Primary mAb was diluted up to 1 : 5000 in washing

buffer and applied to the membrane for 1 hr at room

temperature. Following washing, the blots were incubated

with the appropriate biotinylated secondary mAb for 1 hr

at room temperature. Immunoreactive bands were visual-

ized by the enhanced chemiluminescence system (Amer-

sham, Amersham, UK).

Immunoprecipitation and PKC assay

Cell lysates were incubated with PKC antibody-coated

protein A beads (Pharmacia, Piscataway, NJ) for 2 hr at

4� by gentle rocking. Immunocomplexed beads were

washed twice with cell lysis buffer and twice with reac-

tion buffer (0�5 mm ethyleneglycoltetraacetic acid, 10 mm

MgCl2, 20 mm HEPES, 50 lm ATP, 2 mm dithiothreitol,

2 mm NaF, and 2 mm Na3VO4). The precipitated proteins

were incubated with c-32P-ATP in the presence of a reac-

tion buffer and 5 lg of myelin basic protein. The precipi-

tated proteins were incubated with c-32P-ATP in the

presence of a reaction buffer and 5 lg of myelin basic

protein for 30 min at room temperature and resolved in
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12% SDS polyacrylamide gels at 30 mA and 200 V for

40 min in a Mini-Protein II gel apparatus (Bio-Rad, Rich-

mond, CA). After electrophoresis, dried gels were exposed

to an X-ray film.

Statistical analyses

Student’s t-test and anova were used to determine the

statistical differences between the values of various experi-

mental and control groups. P-values < 0�05 were consid-

ered significant.

Results

Enhancement of IL-4 production in activated T cells
by formononetin and its metabolites

To determine whether formononetin, daidzein and equol

(hereafter abbreviated as FN, DA and EQ, respectively)

affected production of IL-4 by CD4+ T cells primed with

KLH, BALB/c mice received first injection into the foot-

pad with KLH (100 lg/mouse) in alum. Seven days later,

lymph node cells from the immunized mice were purified

and stimulated for 4 days in vitro with KLH in the

absence or presence of FN, DA and EQ, and the levels

of IL-4 and IFN-c in the supernatants were determined.

As shown in Fig. 1(b), FN, DA and EQ significantly

increased IL-4 production in a concentration-dependent

manner. In contrast, FN, DA and EQ inhibited the pro-

duction of IFN-c, a Th1 cytokine, in KLH-stimulated

CD4+ T cells. The enhanced IL-4 production by FN, DA

and EQ did not result from increased cell proliferation

because the cell proliferation remained constant through-

out the incubation period in the presence of FN, DA and

EQ, as demonstrated by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-tetrazolium (MTT) assay (data not shown). IL-4

mRNA levels were analysed in KLH-primed CD4+ T cells

in the presence of FN, DA and EQ, to determine if chan-

ges in IL-4 production were accompanied by changes in

the expression of IL-4 mRNA. As shown in Fig. 1(c), FN,

DA and EQ significantly enhanced IL-4 mRNA levels in

KLH-primed CD4+ T cells, indicating that the changes in

IL-4 production were present at the transcriptional level.

To determine whether FN and its metabolites also

enhance IL-4 production in a T-cell line, EL4 T lym-

phoma cells were incubated with PMA in the absence or

presence of FN, DA or EQ. As shown in Fig. 2, FN, DA

and EQ also increased the levels of IL-4 production and

IL-4 mRNA in PMA-activated EL4 cells. FN, DA or EQ

itself did not induce IL-4 production by unstimulated

EL4 cells. Treatment with FN, DA and EQ did not affect

the expression of b-actin mRNA by both KLH-primed

CD4+ T cells and PMA-activated EL4 cells, suggesting

that the enhancing effect of IL-4 by FN, DA and EQ was

not the result of generalized activation of these cells. In
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Figure 1. FN, DA and EQ enhance IL-4 production and mRNA

expression in KLH-stimulated CD4+ T cells. (a) Chemical structures

of formononetin and its metabolites. (b) Isolated CD4+ T cells, as

described in the Materials and methods, were re-stimulated with

KLH (100 lg/ml) in the presence of FN (10, 50 lm), DA (10,

50 lm) and EQ (10, 25 lm) for 4 days. The cell culture supernatants

were harvested and assayed for IL-4 and IFN-c levels by ELISA.

(c) Isolated CD4+ T cells were re-stimulated with KLH (100 lg/ml)

in the absence or presence of FN (50 lm), DA (50 lm) and EQ

(25 lm) for 6 hr. Cellular RNA from each treatment was extracted

and the mRNA expression for IL-4, IFN-c and b-actin was analysed

by RT–PCR. The values represent the means ± SE of three independ-

ent experiments. *P < 0�05 and **P < 0�005, relative to the corres-

ponding control treated with KLH alone.
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Figure 2. Enhancement of IL-4 production in activated EL4 cells by

formononetin and its metabolites. (a) EL4 cells were stimulated with

PMA (1 ng/ml) in the presence of varying amounts of FN, DA and

EQ for 2 days. The cell culture supernatants were harvested and

assayed for IL-4 levels by ELISA. (b) EL4 cells were stimulated with

PMA (1 ng/ml) in the absence or presence of FN, DA and EQ for

6 hr. Cellular RNA from each treatment was extracted and the

mRNA expression for IL-4 and b-actin was analysed by RT–PCR.

The values represent the means ± SE of three independent experi-

ments. *P < 0�05 and **P < 0�01, relative to the corresponding con-

trol treated with PMA alone.
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addition, the cells’ viability remained constant throughout

the incubation period in the presence of FN and its

metabolites concentrations, as demonstrated by trypan

blue exclusion test (data not shown).

Effects of FN, DA and EQ on PMA-induced IL-4
promoter activity by targeting a transcription factor
AP-1

In T cells, IL-4 expression is tightly controlled at the level

of transcription by multiple regulatory elements located

within a proximal promoter region. The IL-4 promoter

contains multiple binding sites for members of the

NF-AT family of transcription factors, termed the P ele-

ments P0–P4. To identify the region involved in actions

of FN, DA and EQ, a series of luciferase reporter con-

structs were generated containing the IL-4 promoter

sequences from positions )741, )251, )220, )88, )58,
and )46 to +71 (represented as )741/+71, )251/+71,
)220/+71, )88/+71, )58/+71, and )46/+71) relative to

the transcription initiation site (Fig. 3a). EL4 cells were

transfected with each of these constructs and stimulated

with PMA in the absence or presence of FN, DA and EQ,

and the luciferase activity was determined. As shown in

Fig. 3(b), full promoter constructs ()741/+71) showed

strong stimulation with PMA in the absence of FN, DA

and EQ, and enhanced stimulation in the presence of FN,

DA and EQ. In particular, deleting sequences to )251
()251/+71) did not diminish the PMA-dependent pro-

moter activities and the enhancing effects of FN, DA and

EQ was still observed. However, deleting sequence to

)220 ()220/+71) eliminated the PMA-induced promoter

activities enhanced by FN, DA and EQ, indicating that

the target site for FN, DA and EQ resided within this

region (Fig. 3c). The P4 site includes NF-AT and AP-1

binding sites.

These results suggest that the enhancing effect of FN,

DA and EQ on IL-4 production might be mediated

through NF-AT and/or AP-1 binding sites. Transcription

factor NF-AT has been widely established to be the most

critical transcription factor for the regulation of IL-4.

Nuclear factor AP-1, allowing for co-operative binding

with NF-AT proteins, is a complex transcription factor

consisting of members of the c-Jun and c-Fos family of

proteins.

To further determine the involvement of AP-1 and/or

NF-AT in IL-4 gene regulation by FN, DA and EQ, EL4

cells were stimulated with PMA in the absence or pres-

ence of FN, DA and EQ, and nuclear extracts from each

treated cells were isolated and analysed in EMSA using

each consensus sequence corresponding to AP-1 and

NF-AT sites of P4 region. As shown in Fig. 4, unstimulat-

ed EL4 cells showed no detectable binding activity for

NF-AT and AP-1. EL4 cells treated with PMA effectively

induced NF-AT and AP-1 binding activity. Treatment

with FN, DA and EQ enhanced the PMA-induced AP-1

DNA binding activities in EL4 cells (Fig. 4). In contrast,

FN, DA and EQ did not affect NF-AT DNA binding

activities. The involvement of AP-1 in the enhanced IL-4
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Figure 3. FN, DA and EQ enhance IL-4 gene promoter activity

induced by PMA. (a) The schematic diagram of the proximal 750

base pairs of murine IL-4 gene promoter. The P and MARE repre-

sent NF-AT binding sites and c-Maf binding sites, respectively. P1

and P4 sites include AP-1 binding site. (b) EL4 T cells were transi-

ently transfected with the IL-4 full promoter construct, followed by

stimulation with PMA (1 ng/ml) in the absence or presence of FN

(10, 50 lm), DA (10, 50 lm) and EQ (10, 25 lm). The results are

represented as the induction fold over the value obtained with

unstimulated EL4 cells transfected with the promoter construct with

given an arbitrary value of 1. (c) EL4 cells were transiently transfec-

ted with the serially deleted IL-4 promoter constructs, followed by

stimulation with PMA (1 ng/ml) in the absence or presence of FN

(50 lm), DA (50 lm) and EQ (25 lm). The values represent the

means ± SD of triplicate determinations. The data are representative

of three independent experiments. *P < 0�01 and **P < 0�001, com-

pared with each of IL-4 promoter construct treated with PMA alone.
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production was further confirmed in EL4 cells transfected

with AP-1 minimal promoter construct, followed by

treatment with PMA in the absence or presence of FN,

DA and EQ. As shown in Fig. 4(b), FN, DA and EQ

enhanced the PMA-induced AP-1 minimal promoter

activities. These results indicate that the enhancing effects

of FN, DA and EQ on IL-4 production were mediated

through the increased DNA binding activities of AP-1

transcription factor.

To confirm these results, EL4 cells were stimulated with

PMA in the absence or presence of FN, DA and EQ, and

nuclear extracts from each treated cells were isolated and

analysed in EMSA using a P4 region probe carrying an

AP-1 site. As shown in Fig. 4(c), unstimulated EL4 cells

showed no detectable binding activity for P4 region.

Treatment of EL4 cells with PMA effectively induced P4

region DNA binding activity. Treatment with FN, DA

and EQ enhanced the PMA-induced P4 region DNA

binding activities in EL4 cells.

Involvement of PI3-K, PKC and p38 mitogen-
activated protein kinase (MAPK) in IL-4 production
enhanced by FN, DA and EQ in EL4 T cells

To investigate molecular requirements for the enhance-

ment of IL-4 production by FN, DA and EQ, we per-

formed Western blot analysis to determine protein levels

of PKC, p38 MAPK and extracellular signal-related kinase

(ERK). As shown in Fig. 5, FN, DA and EQ did not affect

the protein levels of total PKC and total p38 MAPK in

PMA-activated EL4 T cells. To assess the involvement of

activated form of p38 MAPK in the enhancement of IL-4

production the lysates of each treated cells by FN, DA

and EQ were immunoprecipitated using antiphospholyl-

ated tyrosine mAb and the levels of phosphorylated

p38 MAPK (p-p38) were determined by anti-p38 MAPK

mAb. In addition PKC activity was determined by

immunoprecipitation using anti-PKC polyclonal antibody

and PKC kinase assay using c-32P-ATP. As shown in
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EMSA, using radiolabelled oligonucleotides containing a AP-1 site or NF-AT site, respectively. S and NS indicate the presence of an unlabelled,
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represented as the induction fold over the value obtained with unstimulated EL4 cells transfected with the promoter construct with given an arbi-

trary value of 1. The data are representative of three independent experiments. (c) Nuclear extracts from EL4 cells stimulated by PMA in the
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Fig. 5(a, b), PKC kinase activities and protein levels of

phosphorylated form of p38 MAPK were enhanced by

FN, DA and EQ. In contrast, FN, DA and EQ did not

affect the ERK protein level (Fig. 5c).

To further determine whether PKC and p38 MAPK

were required for the enhanced IL-4 production, EL4

T cells were treated with specific PKC inhibitors,

GF109203X or chelerythrine, or specific p38 MAPK inhib-

itors, SB203580 and SB202190, or SB202474, a chemical

used as a negative control for p38 MAP kinase inhibition

studies. SB202474 is structurally related to two well-

known pyridinyl inhibitors of p38 MAPK, SB203580 and

SB202190, but does not inhibit p38 MAPK.30 As shown

in Fig. 6(a, c), all of PKC inhibitors and p38 MAPK

inhibitors significantly suppressed IL-4 production enhan-

ced by FN, DA and EQ.

Recent reports have indicated that PI3-K might acti-

vate PKC isoforms both in vitro and in vivo.31,32 To

determine any roles of PI3-K in the PMA-induced IL-4

production enhanced by FN, DA and EQ, EL4 cells were

treated with specific PI3-K inhibitors, wortmannin or

LY294002, followed by stimulation with PMA in the

absence or presence of FN, DA and EQ. As shown in

Fig. 6(b), both PI3-K inhibitors significantly suppressed

IL-4 production enhanced by FN, DA and EQ. These

results indicate that the enhancing effects of FN, DA

and EQ on PMA-induced IL-4 production might be

mediated by PI3-K, PKC and p38 MAPK. Suppression

of IL-4 production by the kinase inhibitors did not

result from a general cytotoxic effect because the cells’

viability in all cultures remained constant throughout

the incubation period in the presence of inhibitors, as
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Figure 5. Enhanced p38 MAPK phosphorylation and PKC activity in PMA-stimulated EL4 T cells in the presence of FN, DA and EQ.EL4 cells

were incubated with medium alone (M) or PMA in the absence or presence of FN (10, 50 lm), DA (10, 50 lm) and EQ (10, 25 lm) for 40 min.

Proteins were extracted by cell lysis buffer. (a) The levels of p-p38 MAPK were assessed by immunoprecipitation using antiphosphorylated tyro-

sine mAb and blotted with anti-p38 MAPK mAb. (b) The protein levels of total PKC were assessed by Western blot analysis using anti-total PKC

mAb. PKC activities were assessed by PKC assay using c-32P-ATP, as described in Materials and methods. (c) The levels of ERK and p-ERK were

assessed by Western blot analysis using anti-ERK mAb or anti-p-ERK mAb. Quantitative analysis of phospho-p38 MAPK expression level and

PKC activity was performed by Tina 2.0 program, normalizing on the basis of total p38 MAPK level and total PKC level, respectively. The data

are representative of three independent experiments.
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demonstrated by trypan blue exclusion test (data not

shown).

Involvement of PI3-K, PKC and p38 MAPK on AP-1
DNA binding activities enhanced by FN, DA and EQ

The activation of AP-1 requires various signals containing

MAPK proteins and protein kinase C (PKC). To investi-

gate the effects of PI3-K, PKC and p38 MAPK inhibitors

on AP-1 DNA binding activity enhanced by FN, DA and

EQ, EL4 T cells were treated with PI3-K inhibitor

(LY294002), PKC inhibitor (GF109203X) or p38 MAPK

inhibitor (SB203580), followed by stimulation with PMA

in the absence or presence of FN, DA and EQ. As shown

in Fig. 7, PI3-K, PKC and p38 MAPK inhibitors signifi-

cantly decreased the AP-1 DNA binding activities

enhanced by FN, DA and EQ. These results suggest that

FN, DA and EQ might enhance IL-4 production by

increased activation of AP-1 through PI3-K/PKC/p38

MAPK signalling pathway.

To further determine signalling pathways of IL-4 pro-

duction enhanced by FN, DA and EQ, EL4 cells were

treated with PI3-K and PKC inhibitors, followed by treat-

ment with PMA in the absence or presence of FN, DA

and EQ. Afterwards, p-p38 MAPK protein levels and PKC

activities were analysed by Western blot or PKC kinase

assay using c-32P-ATP, respectively. As shown in Fig. 8,

PKC inhibitor (GF109203X) suppressed the protein levels

of p-p38 MAPK enhanced by FN, DA and EQ, suggesting
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Figure 7. Involvement of PI3-K, PKC and p38 MAPK in the

enhanced AP-1 binding activities by FN, DA and EQ.EL4 cells were

treated with 10 lm LY294002 (L), 1 lm GF109203X (G) and 10 lm
SB203580 (S) for 40 min, followed by stimulation with PMA (1 ng/ml)

in the absence or presence of FN (50 lm), DA (50 lm) and EQ

(25 lm). DNA binding activities were assessed by EMSA. In EMSA

a-32P-end labelled DNA probe that included the AP-1 binding

domain of murine IL-4 promoter was incubated with nuclear

extracts (10 lg/lane). Specificity of binding was determined by the

use of a 50-fold excess of specific or unrelated oligonucleotide (nuc-

lear factor-jB). The data are representative of three independent

experiments.
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the involvement of PKC as an upstream component of

p38 MAPK activation by FN, DA and EQ. The enhanced

PKC activities by FN, DA and EQ were inhibited by a

PI3-K inhibitor (LY294002), also suggesting the involve-

ment of PI3-K as an upstream component of PKC activa-

tion by FN, DA and EQ (Fig. 8b). PI3-K inhibitor also

decreased the protein levels of phosphorylated form of

p38 MAPK in PMA-activated EL4 cells (Fig. 8c). These

data indicate that FN, DA and EQ enhanced AP-1 DNA

binding activity through PI3-K/PKC/p38 MAPK signalling

pathway.

Discussion

In this report, we have demonstrated that FN, DA and

EQ, soy phyto-oestrogens, significantly increased IL-4

production in CD4+ T cells and EL4 T cells. A series of

the transient transfection assay and EMSA experiments

demonstrated that FN, DA and EQ enhanced IL-4 gene

expression through up-regulation of AP-1 binding activit-

ies. These results suggest that FN, DA and EQ may, at

least in part, increase allergic responses via the enhance-

ment of IL-4 production by T cells.

IL-4, mainly produced in CD4+ Th2 cells, is an import-

ant stimulus for the switching of antibody isotype to IgE

in both mice and humans.33,34 Higher than normal serum

IgE is often found in patients with allergic diseases, inclu-

ding allergic asthma. Reduction of IgE is considered as

one strategy in the treatment of asthma.35 Han et al.

(2002) reported that oestrogenic compounds increased

the levels of immunoglobulin, such as IgM and IgE.36 In

this study, the increased levels of IL-4 production in FN-,

DA-, or EQ-treated EL4 cells might result in an enhance-

ment of the IgE level in sera, leading to the enhancement

of the allergic response.

The mean daily intake of soy products in Asian popu-

lations ranges between 10 and 50 g versus 1–3 g in

European countries and the United States.37 Soybeans

contain high concentrations of isoflavones with concen-

trations ranging from 0�5 to 2 mg/g.38 Industrial foods

(soy milk, bean-cured, bean sprouts) contain similar

form of isoflavones with soybean. Furthermore, plasma

levels of phyto-oestrogens in populations of European

countries and the United States are 2000 ng/ml to

8100 ng/ml, indicating that the concentrations of FN

(50 lm, 13�4 ng/ml), DA (50 lm, 12�7 ng/ml) and EQ

(25 lm, 6�0 ng/ml) used in the experiments are in the

range of physiological doses in human. Ingested phyto-

oestrogens are hydrolysed by intestinal bacteria. FN is

metabolized to DA and then metabolized to EQ. Prod-

ucts of isoflavone metabolism may be excreted or

absorbed. If absorbed, the phyto-oestrogens undergo

conjugation in the liver with glucuronic acid, or to a

lesser extent, sulphate, and are excreted in the urine or

in the bile. Some intestinal bacteria produce glucuro-

nidases, enzymes that can deconjugate phyto-oestrogen

metabolites when they pass through the intestine, setting

the stage for their recirculation through the body.39
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Figure 8. Effects of specific inhibitors for PI3-K and PKC on p38

MAPK phosphorylation and PKC activity enhanced by FN, DA and

EQ. (a) Effect of PKC inhibitor on protein levels of p38 MAPK and

p-p38 MAPK. EL4 T cells were treated with 1 lm GF109203X (GF)

for 40 min, followed by incubation with PMA in the absence or

presence of FN (50 lm), DA (50 lm) and EQ (25 lm). p-p38 MAPK

were assessed by immunoprecipitation using antiphosphorylated

tyrosine mAb and blotted with anti-p38 MAPK mAb. (b) Effect of

PI3-K inhibitor on protein level of total PKC and PKC activity. EL4

T cells were treated with 10 lm LY294002 for 40 min, followed by

incubation with PMA in the absence or presence of FN, DA and EQ.

PKC activities were analysed by PKC kinase assay using c-32P-ATP.
(c) Effect of PI3-K inhibitor on protein levels of p38 MAPK and

p-p38 MAPK. EL4 T cells were treated with 10 lm LY294002 for

40 min p38 MAPK were assessed by immunoprecipitation using

antiphosphorylated tyrosine mAb and blotted with anti-p38 MAPK

mAb. The data are representative of three independent experiments.
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Industrial foods and fermentation foods, especially, con-

tain more DA than the others in high levels.

The mechanism by which FN, DA and EQ enhance

IL-4 production at the molecular level is uncertain. We

found that FN, DA and EQ significantly enhanced IL-4

mRNA levels in a dose-dependent manner (Fig. 2). They

also enhanced the activation of the IL-4 gene promoter

(Fig. 3), indicating that the enhancement of IL-4 produc-

tion by FN, DA and EQ occurred at the transcriptional

level. In our study, the enhancing effects of FN, DA

and EQ on the PMA-activated IL-4 gene promoter dis-

appeared in EL4 T cells transfect with a deletion construct

of P4 site containing NF-AT and AP-1 binding sites

(Fig. 3), suggesting that the enhancing effects of FN, DA

and EQ on IL-4 production might be mediated through

the increased binding activities of NF-AT or AP-1. The

transcription factor NF-AT is well-known to play an

essential role in the inducible transcription of IL-4 gene

during T-cell activation since human and murine IL-4

gene promoters contain at least four NF-AT sites that

control their induction in T cells.40,41

Interestingly, in this study FN, DA and EQ were found

to significantly inhibit IFN-c production and mRNA

expression levels in CD4+ T cells (Fig. 1). IFN-c, a cyto-

kine preferentially secreted by activated T cells and nat-

ural killer cells, is an important regulatory molecule of

the immune system.42 Recent reports have showed that

IFN-c has been implicated in the pathogenesis of several

immunological diseases, especially Th1-mediated diseases,

including autoimmune diseases and inflammatory res-

ponses.43 The mechanism why FN, DA and EQ differen-

tially affected production of IL-4 and IFN-c, respectively,
is under investigation.

AP-1 is necessary for the full high-levels of IL-4 pro-

duction in atopic Th2 cells and IL-4 gene promoter con-

tain at least two AP-1 sites, P1 and P4 (Fig. 3). In our

study, FN, DA and EQ enhanced AP-1 DNA binding

activities but not NF-AT DNA binding activities. These

data suggest that the activities of AP-1 enhanced by FN,

DA and EQ co-ordinately regulate the transcription of

IL-4 genes. AP-1, the proinflammatory transcriptional ele-

ment, is also an important contributor to the expression

of Th2 cytokines, IL-5 and IL-13 as well as IL-4. p38

MAPK has been reported to be involved in many signal-

ling pathways of biological functions.44,45 In this study,

FN, DA and EQ enhanced the protein levels of phosphor-

ylated p38 MAPK and the PKC activity. Specific inhibi-

tors for PI3-K, PKC and p38 MAPK significantly

decreased the AP-1 DNA binding activity and IL-4 pro-

duction enhanced by FN, DA and EQ, clearly indicating

that they may enhance IL-4 production by the increased

AP-1 DNA binding activity through PI3-K/PKC/p38

MAPK signalling pathway.

In conclusion, the present study describes that FN, DA

and EQ significantly enhanced IL-4 production in activa-

ted EL4 T cells. This effect may explain the proallergic

effects of FN, DA and EQ. Because the ratio of Th1 and

Th2 cells is closely correlated with the outcome of many

diseases,46,47 controlling exposure to soy isoflavonoids

such as FN, DA and EQ may protect patients from devel-

oping diseases caused by unwanted Th2-dominated

responses.
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