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Abstract

Human and animal studies suggest that dietary soy isoflavones reduce cancer risk, ameliorate postmenopausal syndrome and decrease

bone resorption in postmenopausal women. The capacity to form the metabolite equol from daidzein is suggested as an important

modulator of response to isoflavones; this capacity depends on gut colonization with appropriate bacteria. We administered a dietary

supplement containing high-dose purified soy isoflavones (genistein, 558 mg/day; daidzein, 296 mg/day; and glycitein, 44 mg/day) to 30

postmenopausal women for 84 days and collected peripheral lymphocytes at timed intervals. Using microarray analysis, we determined

whether changes in gene expression associated with this treatment support existing hypotheses as to isoflavones’ mechanisms of action.

Expression of a large number of genes was altered by isoflavone treatment, including induction of genes associated with cyclic adenosine

3V,5V-monophosphate (cAMP) signaling and cell differentiation and decreased expression of genes associated with cyclin-dependent kinase

activity and cell division. We report that isoflavone treatment in subjects who have the capacity to produce equol differentially affects gene

expression as compared with nonproducers, supporting the plausibility of the importance of equol production. In general, isoflavones had a

stronger effect on some putative estrogen-responsive genes in equol producers than in nonproducers. Our study suggests that, in humans,

isoflavone changes are related to increased cell differentiation, increased cAMP signaling and G-protein-coupled protein metabolism and

increased steroid hormone receptor activity and have some estrogen agonist effects; equol-production status is likely to be an important

modulator of responses to isoflavones.

D 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Case–control studies conducted in China [1] and in Asian

Americans [2,3] and a prospective study from Japan [4]

reported an inverse relationship between soy intake and

breast cancer risk. The incidence of breast cancer is lower in

Asian countries (where the intake of soy is higher than in

Western countries) [5]. In addition, postmenopausal symp-

toms are less frequent in Asian women than in women living

in Western countries [5]. The proposed mechanisms of

action of soy isoflavones are varied, and it is unclear which

of these mechanisms are important in humans.
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Some investigators suggest that equol, a bacterial

metabolite of the isoflavone daidzein, is an important

bioactive agent responsible for some isoflavone effects [6–

10]. Equol binds to both alpha and beta estrogen receptors

and remains in circulation longer than genistein or daidzein

[7]. The capacity to form equol depends on colonization of

the intestine with certain bacteria, and it is present in

approximately 30–40% of humans [11].

The soy isoflavone genistein has estrogen agonist and

antagonist actions; there is considerable controversy as to

whether isoflavones are net estrogen agonists [12–14] or

whether they act via antiestrogenic effects [15]. Other

properties that may result in isoflavones’ effects include

antioxidant activity [16], inhibition of growth factor receptor

signaling via tyrosine kinases [17–19], induction of apopto-

sis [20,21] and/or induction of cell differentiation [22].
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Many of the above-proposed mechanisms for isofla-

vones’ actions eventually result in changes in gene

expression; these changes have not been extensively

investigated in humans in vivo. There are multiple reports

of gene expression changes when human cells are treated

with isoflavones in vitro [23–36]. The aim of the present

study was to assess changes in gene expression in

postmenopausal women treated with isoflavone dietary

supplements (genistein, 558 mg/day; daidzein, 296 mg/

day; and glycitein, 44 mg/day). This gene expression study

is part of a Phase I multiple-dose clinical study of soy

isoflavones in healthy postmenopausal women, sponsored

by the National Cancer Institute (NCI, Division of Cancer

Prevention). Moreover, to investigate whether equol pro-

ducers respond differently compared with equol nonpro-

ducers, we performed the microarray analysis by stratifying

the subjects based on their equol-producer status.
2. Methods and materials

2.1. Subjects

Study subjects were healthy, nonobese, postmenopausal

women recruited from the local population of the Raleigh-

Durham, NC metropolitan area. Postmenopausal status was

defined as the last spontaneous menstrual bleeding N12

months previous to recruitment and follicular stimulating

hormone (FSH) N27 mIU/ml. Nonobese was defined as a

body mass index b35 kg/m2. Women taking hormone/

estrogen therapy or selective estrogen receptor modulators

within 3 months of enrollment or those at high risk of breast

cancer (5-year risk of 1.9% or higher) as assessed by NCI’s

Breast Cancer Risk Assessment Tool (http://bcra.nci.nih.

gov) were excluded. Serious intercurrent medical illness,

significant cardiac disease, abnormalities on the physical

examination, use of oral antibiotics within the 3 months

prior to enrollment, supplements containing isoflavones

within 1 month prior to enrollment, current tobacco use and

routine alcohol ingestion N2 drinks/day were also reasons

for exclusion. Before acceptance into this study, the

volunteer’s health was verified by medical history, physical

examination by a licensed medical doctor, screening

laboratory tests, chest X-ray and electrocardiogram. In

addition, the subject was required to furnish copies of

negative mammogram and Pap smear reports dated within

the last year.

Seventy-two women met eligibility criteria based on an

initial telephone screen and were scheduled for a two-part

screening appointment. Thirty-eight subjects met initial

eligibility after screening, and 36 women were enrolled.

One subject was terminated from the study due to FSH

levels that were too low. Another two subjects completed

the study, but their information was dropped because it was

later determined that their mammogram results were not

normal. Three other subjects decided not to complete the

study. One subject moved to another state; one stated that
the study supplement made her irritable, and another

claimed personal reasons for not completing the study.

The remaining 30 subjects successfully completed the study.

The subjects provided written informed consent, and the

study was conducted in accordance with the guidelines of

the Institutional Review Board of the School of Medicine at

the University of North Carolina (UNC) at Chapel Hill. We

operated under an Investigational New Drug application

(No. 54137) for the isoflavone preparation, which was

obtained from the Food and Drug Administration by the

NCI. Westat (Rockville, MD), the monitoring agency

designated by NCI, conducted a complete evaluation of

study procedures and study event documentation.

2.2. Equol status

We determined equol-producer status using an equol

challenge test in which each subject was given 473.2 ml of

soy milk containing 50 mg of daidzein [8]. After 18 h, blood

was collected and serum equol was determined by Kenneth

Setchell at Cincinnati Children’s Hospital Medical Center

using high-pressure liquid chromatography mass spectro-

photometry [7]. Equol producers were defined as individ-

uals with plasma levels N20 Ag/L; nonequol producers were
defined as those with plasma levels b10 Ag/L. Individuals
with intermediate equol values (N10 to b20 Ag/L) were

excluded from the study.

2.3. Isoflavone formulation and dosage

Protein Technologies International (PTI; St. Louis, MO),

via the NCI, provided PTI G-2535 (Unconjugated Isofla-

vones �70) hard gelatin capsules that contained z70%

active substance as total unconjugated isoflavones. Isofla-

vones were produced under Good Manufacturing Practices

guidelines. University Pharmaceuticals of Maryland, Inc.

(Baltimore, MD) formulated the capsules to contain 150 mg

genistein activity. The analytical data for PTI G-2535

capsules (Lot # UPM 9809-021) used in this clinical study

are as follows: genistein, 139.5 mg/capsule; daidzein,

74 mg/capsule; and glycitein, 11 mg/capsule. Two labora-

tories (Ralston Analytical Laboratories, St. Louis, MO;

Sigma Chemical Laboratories, St. Louis, MO) independent-

ly analyzed isoflavone composition and concentrations. The

preparation was stable at 408C and 708C for at least

6 months and at 258C for 3 years (assays were performed

at University Pharmaceuticals of Maryland, Inc.). The

placebo capsules were identical in size and color, contained

excipients from the active formulation and were provided by

the Solae Company.

2.4. Study design

The study was conducted at the UNC General Clinical

Research Center. Subjects were randomized into two groups

using a random numbers table. Group 1 (n=20) received

four capsules of a dietary supplement (PTI G-2535, which

contains genistein, 558 mg/day; daidzein, 296 mg/day; and

glycitein, 44 mg/day) divided into two equal daily doses.

http://bcra.nci.nih.gov
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Group 2 (n=10) received the same number of placebo

capsules. Subjects self-administered the capsules with food

both in the morning and in the evening for 84 days.

Compliance was determined using capsule counts and blood

genistein concentrations. Subjects were instructed not to

consume diets containing N20 mg genistein/day while

enrolled in the study. Most subjects chose to totally abstain

from soy during their study participation. All subjects were

followed up for 28 days after the cessation of treatment until

112 days after the initiation of the study.

Blood was collected via venipuncture using a CPT

Vacutainer tube with sodium citrate as an anticoagulant

(Becton Dickinson, Franklin Lakes, NJ) on Day 1 (prestudy

drug), Day 84 (end of dosing period) and Day 112 (28 days

poststudy drug). Blood collection was performed in the

morning under fasting conditions. Samples were subjected

to centrifugation for 30 min at 1500 rcf at room temperature

(188C). Plasma was removed, and the lymphocytes were

washed twice with phosphate-buffered saline, transferred to

another tube and was again subjected to centrifugation

(1500 rcf, 5 min at room temperature). The supernatant was

removed, and the lymphocyte pellet was lysed in 1 ml Trizol

(Invitrogen, Carlsbad, CA) and stored at �808C for future

RNA extraction.

2.5. RNA extraction and quality control

RNA was isolated following the manufacturer’s instruc-

tions (Invitrogen). RNA quality was verified at the UNC

Genomics and Bioinformatics Core (http://cancer.med.unc.

edu/genomicscore/), using a 2100 Bioanalyzer (RNA chip)

with Degradometer software (Agilent Technologies, Palo

Alto, CA). Only samples that were found to be of good

quality were used for hybridization. The RNA amount

provided for subsequent microarray hybridization was

between 440 and 4100 ng/sample.

2.6. Microarray hybridization and data retrieval

All subsequent procedures were performed at the UNC

Genomics and Bioinformatics Core. Two hundred fifty

nanograms from each sample was first amplified using an

Eberwine protocol [37]; then, labeled cDNA was synthe-

sized from the amplified RNA [38] using a Low RNA Input

Linear Amplification Kit (Agilent Technologies). The

labeled cDNA from each subject at baseline was combined

with the labeled cDNA from the same subject at the end of

the study so that paired samples from the same subjects

were hybridized on human 16K oligo arrays produced at the

UNC Genomics and Bioinformatics Core using 60-mer
Fig. 1. Treatment with isoflavones induced selective changes in gene

expression. Selected clusters represent seven different patterns of change in

gene expression between equol producers (P-treated) and equol non-

producers (NP-treated), versus placebo, respectively. When responses of

these two groups were lumped together for analyses (All treated), some of

these changes are not reflected. Black box, overexpression versus placebo

group; white box, underexpression versus placebo group; hatched box, no

change versus placebo group.

http://cancer.med.unc.edu/genomicscore/


Table 1

Dietary soy isoflavones induced changes in gene expression in human lymphocytes after 84 days of daily treatment

Overexpressed genes Underexpressed genes

Gene symbol Gene name d score Gene symbol Gene name d score

KCNG2 Potassium voltage-gated channel,

subfamily G, member 2

4.5 TNFAIP6 Tumor necrosis factor, alpha-induced protein 6 �6.1

IFRD2 Interferon-related developmental

regulator 2

4.1 SGPP1 Sphingosine-1-phosphate phosphatase 1 �6.0

BAZ1A Bromodomain adjacent to

zinc finger domain, 1A

4.0 ESPN Espin �5.6

OLFML3 Olfactomedin-like 3 3.8 ABCA1 ATP-binding cassette, subfamily A

(ABC1), member 1

�5.5

PNN Pinin, desmosome associated protein 3.7 POU4F2 POU domain, class 4, transcription factor 1 �5.2
TACR3 Tachykinin receptor 3 3.6 STC1 Stanniocalcin 1 �5.2
PDLIM2 PDZ and LIM domain 2 (mystique) 3.6 UCHL1 Ubiquitin carboxyl-terminal esterase

L1 (ubiquitin thiolesterase)

�5.1

FMN2 Formin 2 3.5 DOCK3 Dedicator of cytokinesis 3 �4.5
EPHA1 EPH receptor A1 3.4 ATP6V0A2 ATPase, H+ transporting, lysosomal V0

subunit a isoform 2

�4.1

IRF2BP1 Interferon regulatory factor 2

binding protein 1

3.4 ADD2 Adducin 2 (beta) �4.1

The 10 genes with the highest positive d score (overexpressed) and the 10 genes with the lowest negative d score (most underexpressed), according to SAM

analysis of gene arrays (All treated group vs. Placebo group), are shown. The d score reflects the averaged ratio of change in gene expression to its variance

[39], where values are rounded off to the nearest decimal.

able 2

hanges in gene expression were influenced by the capacity to form equol

ene symbol All treated

vs. Placebo

NP-treated

vs. Placebo

P-treated

vs. Placebo

BCA1 �5.5 �3.4 �2.2
DD2 �4.1 �3.0 =

TP6V0A2 �4.1 �2.4 �2.5
AZ1A 4.0 = =

OCK3 �4.5 �3.1 �2.3
PHA1 3.4 = =

SPN �5.6 �3.5 �2.8
MN2 3.5 = =

RD2 4.1 = =

F2BP1 3.4 = =

CNG2 4.5 = =

LFML3 3.8 = =

DLIM2 3.6 = =

NN 3.7 3.4 =

OU4F2 �5.2 �3.2 �4.1
GPP1 �6.0 �4.4 �2.8
TC1 �5.2 �3.0 �3.8
ACR3 3.6 = =

NFAIP6 �6.1 �4.3 �2.7
CHL1 �5.1 �3.4 �3.5
he 20 genes with the highest and lowest relative expression d scores (All

eated vs. Placebo), sorted in alphabetical order, are shown. The d score

flects the averaged ratio of change in gene expression to its variance [39],

here values are rounded off to the nearest decimal. An equal sign signifies

o change (see Section 2 for the assessment of change within treatment

roups vs. placebo). Negative d scores represent underexpression, while

ositive d scores represent overexpression. NP-treated, equol nonproducers;

-treated, equol producers.

M.D. Niculescu et al. / Journal of Nutritional Biochemistry 18 (2007) 380–390 383
oligonucleotides (Compugen USA, Jamesburg, NJ). After

excluding the RNA samples and the hybridized arrays of

poor quality, a total of 26 arrays were available for further

analysis: 10 for the placebo group (All placebo; of these, 2

subjects were identified as equol producers and included in

the array analysis within the group), 11 for equol non-

producers who received isoflavones (NP-treated) and 5 for

equol producers who received isoflavones (P-treated). All

arrays originated from the same printing batch. The arrays

were scanned using a GenePix 4000B Scanner (Axon

Instruments, Union City, CA). Detailed protocols are

available at http://cancer.med.unc.edu/genomicscore/.

Images obtained were analyzed by superimposing a grid

for each array using GenePix Pro 5.0 software (Axon

Instruments). All spots of poor quality (as determined by

visual inspection) were flagged as bad and removed from

further analysis.

2.7. Microarray data analysis

Raw expression data files collected were further

processed by uploading them into the UNC Microarray

Database (http://genome.unc.edu/), and these data were

filtered and retrieved according to the following criteria: all

26 arrays were uploaded; data retrieved by SUID to

collapse replicate spots by gene name; spots were selected

if they had both Channel 1 and Channel 2 Lowess

normalized mean at least 30% above background; genes

were selected only if they had N70% good data (each gene

had good spots for 19 or more arrays out of 26). No cutoff

values were selected. The final data were expressed as

log(base 2) of end of treatment/baseline Lowess normalized

ratio (mean), with 5269 unique genes that qualified for

further analysis.
2.7.1. Statistical analysis of gene expression

Significance analysis of microarrays (SAM) [39] was

applied to the final data using TIGR MeV software version 3

[40]. We used the one-class response type and 100 or
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Fig. 2. Treatment with isoflavones induced changes in expression of estrogen-responsive genes. Isoflavones induce a stronger estrogenic response in equol

producers (P-treated) than in the nonproducers (NP-treated). Results are also shown for responses of these two groups when lumped together for analyses (All

treated). All genes were previously reported to be overexpressed by estrogen, except for QSCN6 [71–75], based on the search using ERGDB (available at

http://research.i2r.a-star.edu.sg/promoter/Ergdb-v11/index.htm). Black box, overexpression versus placebo group; white box, underexpression versus placebo

group; hatched box, no change versus placebo group.
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maximum allowed permutations (if less than 100) to select

the genes that were significantly changed across all groups

(all treated with placebo, Placebo; all isoflavones treated, All

treated; equol nonproducers treated, NP-treated; equol pro-

ducers treated, P-treated). An arbitrary false discovery rate

(FDR) with a maximum of 5% was chosen, and the closest

threshold value D was selected for each group. The software

generated a list of significantly over- and underexpressed
genes (d-score assessment), and q values were computed for

each gene (the lowest FDR at which the gene is called

significant). The data generated by SAM were converted to

logical operators for subsequent use in gene ontology (GO)

classification (�1 for underexpression, 0 for no change, 1 for
overexpression) and for the analysis of the differentially

expressed genes between groups (All treated vs. All placebo;

NP-treated vs. All placebo; P-treated vs. All placebo).

http://research.i2r.a-star.edu.sg/promoter/Ergdb-v11/index.htm
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2.7.2. GO classification

GoMiner 1.22 (http://www.miblab.gatech.edu/gominer/)

was used to construct a GO list of the significantly changed

genes [41], using gene symbols as identifiers. Data from the

SAM output file were converted to text files, and GoMiner

generated a list of genes classified by their inclusion criteria

in various GO classes, based on the default database

(com.mysql.jdbc.Driver at jdbc:mysql://discover.nci.nih.

gov/GEEVS). Fisher’s Exact Tests were performed to assess

the extent of change within the total number of genes in

each GO class.

2.7.3. Estrogen-responsive genes search

The Dragon Estrogen Responsive Genes Database

(ERGDB; available at http://research.i2r.a-star.edu.sg/

promoter/Ergdb-v11/index.htm) was used to identify genes

that were previously reported to be responsive to estrogen

and to contain estrogen-responsive elements within their

promoters [42]. A total number of 373 genes were reported

to be regulated in various human models by estrogen

receptor activation (last checked on February 13, 2006).
ig. 3. For certain estrogen-responsive genes, the capacity to form equol

hanges the magnitude of change in gene expression after isoflavone

eatment. Raw gene expression ratios (treatment vs. placebo, before SAM)

re plotted for all 27 genes that were considered significantly changed by

AM. Each spot represents the ratio from each individual array. Black

ircles, NP-treated; white circles, P-treated. Superscript numbers reflect

atistical significance of the change in gene expression versus placebo (via

AM analysis): 1 for P-treated group only, 2 for NP-treated group only and

for both P-treated and NP-treated group separately. The absence of a

perscript number reflects lack of statistical significance for each group

ut significance of change for All treated (pooled NP-treated and P-treated).
3. Results

3.1. Differentially expressed genes

Out of 5629 unigenes for which data were retrieved, the

isoflavone treatment induced changes in gene expression for

a number of genes across all comparison groups: 562

significantly changed genes for All treated versus Placebo

comparison group, 322 genes for NP-treated versus Placebo

and 319 genes for P-treated versus Placebo. A complete list

of changes is available at http://www.unc.edu/zeisel_lab/.

The different patterns in gene expression changes between

the equol producers (P-treated) and equol nonproducers

(NP-treated) versus the placebo group (Placebo) are

presented in Fig. 1. A selected list of genes with the highest

d scores (higher overexpression) and with the lowest d

scores (the most underexpressed) for changes with iso-

flavone treatment is given in Table 1. However, when the

analysis was further stratified based on the equol-producing

status (equol producers, P-treated; equol nonproducers, NP-

treated), we found significant differences from placebo that

were not apparent in the initial analysis when these subjects

were lumped together (All treated vs. Placebo). Table 2

indicates the same 20 genes, where relative expression

scores (d scores) are given for all three comparison groups,

versus placebo. Cluster affinity search technique analysis

using TIGR MeV revealed 14 different patterns of change

between P-treated and NP-treated subgroups when com-

pared with the All treated group. Fig. 1 depicts seven

selected clusters where changes are different between the

two subgroups (P-treated and NP-treated).

Of special interest are potential expression changes

among the estrogen-responsive genes. Twenty-seven of

these genes were responsive to the soy isoflavone treatment
(Fig. 2). Interestingly, 10 genes were overexpressed within

the equol-producer group (P-treated), while only 3 genes

were overexpressed within the equol-nonproducer group

(NP-treated). Conversely, one gene was underexpressed

within the P-treated group, while seven genes were under-

expressed within the NP-treated group. Ten other genes

were significantly changed within the All treated versus
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Table 3

Expression of genes involved in cAMP metabolism, cell differentiation, G-protein-coupled protein metabolism and signaling, tyrosine kinase activity and

steroid transport was significantly changed after isoflavone treatment

GO ID Term All treated vs. Placebo NP-treated vs. Placebo P-treated vs. Placebo

30552 3V, 5V-cAMP binding z z
16208 AMP binding z z
19933 cAMP-mediated signaling z
30154 Cell differentiation z
51301 Cell division A

4693 Cyclin-dependent protein kinase activity A

4930 G-protein-coupled receptor activity z
16526 G-protein-coupled receptor activity, unknown ligand z
7186 G-protein-coupled receptor protein signaling pathway z z
7188 G-protein-signaling, coupled to cAMP nucleotide second messenger z
30296 Protein tyrosine kinase activator activity z
30971 Receptor tyrosine kinase binding z
8277 Regulation of G-protein-coupled receptor protein signaling pathway z
3707 Steroid hormone receptor activity z
15248 Sterol transporter activity A

Changes in gene expression were grouped by GO classes as described in Section 2. Isoflavones induced different responses in gene expression when equol-

producer status (NP-treated, equol nonproducers; P-treated, equol producers) was used as a stratification criterion. The up arrow indicates that the number of

overexpressed genes was significantly changed for the respective GO class; the down arrow indicates that the number of underexpressed genes was

significantly changed for the respective GO class (Fisher’s Exact Test, P b.05).
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Placebo analysis, but the equol-producer stratification did

not reveal any significant changes (likely due to smaller cell

size and loss of power). The raw data (before SAM analysis)

for these estrogen-responsive genes are given in Fig. 3,

where raw ratios (treatment vs. placebo) are plotted.

GO analysis revealed that for 397 GO classes, the

Fisher’s Exact Test was significant (Pb.05). A selected list

of significantly changed GO classes is shown in Table 3,

where selection criteria were related to several potential

mechanisms of action for genistein: tyrosine kinase inacti-

vation, changes in cyclic adenosine 3V,5V-monophosphate

(cAMP) metabolism, estrogen-related activation, G-protein-

coupled metabolic processes and cell differentiation and

proliferation.
4. Discussion

Two important questions as to the actions of isoflavones

were addressed in these studies: (a) Are isoflavones net

estrogen receptor agonists in postmenopausal women? and

(b) Does the capacity to form equol influence the response

to isoflavones in humans? For the first time in humans, we

show that treatment with isoflavones changes the expression

of genes known to be responsive to estrogen and that equol

status is an important modifier of gene expression responses

to treatment with isoflavones. Our findings are based on

studies in lymphocytes from treated women, and we caution

that these do not necessarily reflect changes that might occur

in organs such as breast and endometrium.

Traditionally, studies on the effects of isoflavones have

not always differentiated between humans who are equol

producers and those who are not. When we lump all subjects

in one group, we observed that genes with the highest

relative expression changes (Table 1), including IFRD2

(interferon-related developmental regulator 2) and IRF2BP1
(IRF-2 binding protein 1), previously reported to be

underexpressed in blood cells [43], increased their expres-

sion with isoflavones. IRF2BP1 binds to the C-terminal

repression domain and has the properties of IRF-2-depen-

dent transcriptional corepressors that can inhibit both

enhancer-activated and basal transcription [44]. KCNG2

encodes a gamma subunit of the potassium channel,

voltage-gated, subfamily G and was characterized in rat

and human myocardium [45]. The bromodomain adjacent to

zinc finger domain, 1A gene (BAZ1A) is involved in

chromatin-dependent regulation of transcription. Bromodo-

main proteins are integral components of chromatin

remodeling complexes and frequently possess histone

acetyltransferase activity [46]. The olfactomedin-like 3 gene

(OLFML3) was reported to be underexpressed in various

leukemia cells [47], although its function in blood cells is

unknown. The pinin, desmosome associated protein gene

(PNN) was hypothesized to act as a tumor suppressor in

certain types of cancers [48]. Tachykinin receptor 3 gene

(TACR3), although initially identified predominantly in the

central nervous system [49], has been recently reported to be

expressed in the platelet’s membrane and to possibly be

involved in platelet aggregation [50]. The PDZ and LIM

domain 2 (mystique) gene (PDLIM2) is an IGF-IR-

regulated adapter protein located at the actin component

of the cytoskeleton and is necessary for the migratory

capacity of cells of epithelial origin [51]. The fromin 2 gene

(FMN2) was extensively studied, especially with regard to

its role in oocyte meiosis [52]. The EPH receptor A1 gene

(EPHA1) belongs to the ephrin receptor subfamily of the

protein tyrosine kinase family and was previously reported

to be differently expressed in various leukemia cells [47].

Among the genes with the highest relative decreases in

expression changes after isoflavone treatment (Table 1),

ABCA1 [adenosine triphosphate (ATP)-binding cassette
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transporter A1] is implicated in cAMP-dependent and

sulfonylurea-sensitive anion transport. ABCA1 deficiency

is associated with the Scott syndrome, a bleeding disorder

characterized by a failure to expose phosphatidylserine on

the outer leaflet of the platelet plasma membrane [53].

Another underexpressed gene, STC1 (stanniocalcin 1) was

directly correlated to acute leukemia at diagnosis and

relapse [54]. The tumor necrosis factor, alpha-induced

protein 6 gene (TNFAIP6) was underexpressed in isofla-

vone-treated subjects. Normally expressed in peripheral

blood mononuclear cells, it is possibly involved in cell–cell

and cell–matrix interactions during inflammation and

tumorigenesis [55]. Sphingosine-1-phosphate phosphatase

1 (SGPP1) regulates the activity of sphingosine-1-phos-

phate by controlling the phosphorylation status of sphingo-

sine-1-phosphate. It has been suggested that regulation of

this gene could have important implications in cell

proliferation, angiogenesis and apoptosis [56]. The ATPase,

H+ transporting, lysosomal V0 subunit a isoform 2

(ATP6V0A2) is an ATP-dependent proton pump responsible

for acidification of intracellular compartments and appears

to be involved in the modulation of the immune response

within the macrophages [57,58]. Another underexpressed

gene, adducin 2 (beta) (ADD2) appears to be involved in

complex reciprocal relationship regulation with calmodulin

binding and phosphorylation by protein kinase A (PKA) and

PKC [59]. All other underexpressed genes (ESPN ,

POU4F2, UCHL1 and DOCK3) appear to be highly

specific for the nervous tissue, and little, if any, information

is available on their roles in other tissues, according to our

PubMed and SOURCE searches (http://smd.stanford.edu/

cgi-bin/source/sourceResult).

Our gene expression analysis indicates that the response

to soy isoflavones is not homogeneous and can be related to

the equol-producing status (Table 2 and Fig. 1). When

genistein-treated subjects are stratified according to their

equol-producing status, the two subgroups show a different

response to isoflavones (Fig. 1).

To better understand and integrate changes in gene

expression to isoflavone treatment, we used GO analysis to

classify genes with significant changes according to their

ontology (Table 3). Several mechanisms are involved when

discussing soy isoflavones’ effects: (a) effects on cell

proliferation and apoptosis including tyrosine kinase inhi-

bition, (b) effects on cell differentiation, (c) estrogenic

effects and (d) effects related to DNA damage and repair.

Expression of PCNA, a surrogate index for cellular

proliferation, was inhibited by isoflavones in endometrial

cell cultures [60]. Genistein inhibits tyrosine-specific

protein kinase activity [25,61]. However, genistein also

exerts a tyrosine-kinase-independent inhibition of cAMP

phosphodiesterase [62] with subsequent accumulation of

cAMP [63]. cAMP activates PKA by binding to the

regulatory subunit of PKA and releasing active catalytic

subunits [64]. The roles of PKA in lymphocytes and

immune response have been reviewed recently [65].
A human study in which subjects were given single

doses of genistein (2, 4 or 8 mg/kg; each dose was separated

by 1 week) reported that after one dose, tyrosine phosphor-

ylation was significantly changed, suggesting that soy can

modulate cell-signaling pathways in vivo [66]. In our study,

we found that genes involved in cAMP binding were

significantly overexpressed in the equol nonproducers.

Interestingly, the treated group significantly underexpressed

two genes involved in cyclin-dependent kinase activity:

CDK7 (cyclin-dependent kinase 7), which is expressed in

lymphocytes and involved in nucleotide excision DNA

repair [67], and CKS2 (CDC28 protein kinase regulatory

subunit 2), underexpressed in the NP-treated group, which

significantly correlates with risk for acute lymphoblastic

leukemia [68]. In equol nonproducers (NP-treated), one

gene, NRG1 (Neuregulin 1), classified into bProtein kinase

activator activityQ and bReceptor tyrosine kinase binding,Q
was overexpressed. This gene is expressed in blood cells

and acts as a direct ligand for erbb3 and erbb4 tyrosine

kinase receptors, resulting in ligand-stimulated tyrosine

phosphorylation and activation of the erbb receptors [69].

In equol producers, the bsteroid hormone receptor activityQ
GO member genes were significantly overexpressed:

ESRRB (estrogen-related receptor beta) and four other

orphan nuclear receptors (NR0B2, NR2C1, NR2F2 and

NRII3). Genistein modulated the expression of a wide

variety of genes in cultured prostate cancer cells, including

cell growth, apoptosis, angiogenesis and metastasis [30,35].

Some similar effects on the expression of genes involved in

cell growth and apoptosis were reported in whole animal

studies using genistein treatment of rats and studying gene

expression in uterine tissue [70].

In our studies, isoflavones induced various responses in

the expression of estrogen-responsive genes (Fig. 2). Of the

27 responsive genes identified as significantly changed, 10

were overexpressed in equol producers (Fig. 2), while only 3

were overexpressed in the equol nonproducers (JUNB,

QSCN6 and RGS2). Conversely, more genes (seven genes)

were underexpressed in the nonproducers, while only one

gene (GAPD) was underexpressed in the equol producers.

Among overexpressed genes, B4GALT1 encodes Type II

membrane-bound glycoproteins that appear to have exclusive

specificity for the donor substrate UDP-galactose; it appears

to be involved in B-cell maturation [76]. Another estrogen-

responsive, overexpressed gene was CYP2B6 (of the cyto-

chrome P450 superfamily of enzymes, moderately expressed

in lymphocytes [43]), involved in the metabolism of xeno-

biotics. JUNB is a member of JUN family members that can

dimerize with one another or with members of Fos and ATF

families to form AP-1 transcription factor. However, the tran-

sactivation activity of JUNB is much weaker when compared

with JUN. A number of studies demonstrated that JUNB

antagonizes the functions of JUN in cell cycle regulation,

proliferation and transformation by competing with JUN

to form less-efficient transactivating dimers. Thus, JUNB

may be considered to be a conditional tumor suppressor [77].

http://smd.stanford.edu/cgi-bin/source/sourceResult
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Recent reports suggest that soy isoflavones, particularly

genistein, can induce gene damage. Genistein induced

mammalian topoisomerase-II-dependent DNA cleavage in

purified broken cell preparations [78] and induced increased

DNA strand breaks as detected by COMET assay and

micronucleus formation in mouse lymphoma cells in culture

[79]. It is proposed that genotoxicity arises from alterations

of the DNA topoisomerase II activity, resulting in a stabi-

lization of DNA double-strand breaks at topoisomerase II–

DNA binding sites [80]. However, in our previous human

study, no significant genotoxicity was observed at high

doses (300 or 600 mg) of a purified soy isoflavone mixture

administered for 84 days to 15 men with prostate cancer

[81]. In our current study, although the number of changed

genes within the bDNA repairQ GO class as a whole was not

significant (data not shown), some of the genes involved in

DNA repair were significantly changed: ABL1, PTTG1,

CDK7, GTF2H3, G22P1 and RAD9A were underexpressed,

while XRCC2 was overexpressed (All treated vs. Placebo),

and no significant changes were found within the two

subgroups (P-treated and NP-treated). It is possible that our

small study does not have sufficient power to detect changes

in these subgroups.

In conclusion, dietary soy isoflavones induced changes in

gene expression in postmenopausal women. These genes are

involved in a variety of pathways. Importantly, some of the

changes were related to increased cell differentiation,

increased cAMP signaling and G-protein-coupled protein

metabolism and increased steroid hormone receptor activity.

In addition, the response to isoflavones was different

between equol producers and equol nonproducers, with

enhanced expression of some of the estrogen-responsive

genes mainly occurring within the equol producers, suggest-

ing that the capacity to form equol may be an important

determinant in responsiveness to isoflavone treatment.

Further studies are required to specifically assess the

functional significance of these changes relative to the

metabolism of postmenopausal women.
Acknowledgments

This work was supported by the National Institutes of

Health (CN75035 to S.H. Zeisel), the UNC Clinical

Nutrition Research Center (DK56350), the Center for

Environmental Health and Susceptibility (ES10126) and

the UNC General Clinical Research Center (RR00046).

We thank Dr. Jennifer McDuffie for her assistance with

directing the study.
References

[1] Dai QW, Shu XO, Jin F, Potter JD, Kushy LH, Teas J, et al.

Population-based case–control study of soyfood intake and breast

cancer risk in Shanghai. Br J Cancer 2001;85:372–8.

[2] Wu AH, Wan P, Hankin J, Tseng CC, Yu MC, Pike MC. Adolescent

and adult soy intake and risk of breast cancer in Asian-Americans.

Carcinogenesis 2002;23:1491–6.
[3] Wu AH, You MC, Tseng CC, Twaddle NC, Doerge DR. Plasma

isoflavones levels in Asian-American women in Los Angeles County.

Carcinogenesis 2004;25:77–81.

[4] Yamamoto S, Sobue T, Kabayashi M, Sasaki S, Tsugane S. Soy

isoflavones and breast cancer risk in Japan. J Natl Cancer Inst 2003;

95:906–13.

[5] Parkin DM, Whelan SL, Ferlay J, Raymond L, Young J. Cancer

incidence in five continents. Volume VII. IARC Sci Pub 1997;143:

1–1240.

[6] Kelley GE, Joannou GE, Reeder AY, Nelson C, Waring MA. The

variable metabolic response to dietary isoflavones in humans. Proc

Soc Exp Biol Med 1995;208:40–3.

[7] Setchell KD, Clerici C, Lephart ED, Cole SJ, Heenan C, Castellani D,

et al. S-equol, a potent ligand for estrogen receptor beta, is the

exclusive enantiomeric form of the soy isoflavone metabolite

produced by human intestinal bacterial flora. Am J Clin Nutr 2005;

81:1072–9.

[8] Setchell KDR, Brown NM, Desai P, Zimmer-Nechemias L, Wolfe BE,

Brashear WT, et al. Bioavailability of pure isoflavones in healthy

humans and analysis of commercial soy isoflavone supplements.

J Nutr 2001;131:1362S–75S.

[9] Setchell KDR, Brown NM, Lydeking-Olsen E. The clinical impor-

tance of the metabolite equol — a clue to the effectiveness of soy and

its isoflavones. J Nutr 2002;132:3577–84.

[10] Watanabe S, Yamaguchi M, Sobue T, Takahashi T, Miura T, Arai Y,

et al. Pharmacokinetics of soybean isoflavones in plasma, urine and

feces of men after ingestion of 60 g baked soybean powder (kinako).

J Nutr 1998;128:1710–5.

[11] Magee PJ, Rowland IR. Phyto-oestrogens, their mechanism of action:

current evidence for a role in breast and prostate cancer. Br J Nutr

2004;91:513–31.

[12] Allred CD, Ju YH, Allred KF, Chang J, Helferich WG. Dietary

genistein stimulates growth of estrogen-dependent breast cancer

tumors similar to that observed with genistein. Carcinogenesis

2001;22:1667–73.

[13] Hargreaves DF, Potten CS, Harding Cl, Shaw LE, Morton MS,

Roberts SA, et al. Two-week dietary soy supplementation has an

estrogenic effect on normal premenopausal breast. J Clin Endocrinol

Metab 1999;84:4017–24.

[14] Hsieh CY, Santell RC, Haslam SZ, HelferichWG. Estrogenic effects of

genistein on the growth of estrogen receptor-positive human breast

cancer (MCF-7) cells in vitro and in vivo. Cancer Res 1998;58:3833–8.

[15] Shen F, Xue X, Weber G. Tamoxifen and genistein synergistically

down-regulate signal transduction and proliferation in estrogen

receptor-negative human breast carcinoma MDA-MB-435 cells.

Anticancer Res 1999;19:1657–62.

[16] Sierens J, Hartley JA, Campbell MJ, Leathem AJ, Woodside JV. In

vitro isoflavone supplementation reduces hydrogen peroxide-induced

DNA damage in sperm. Teratog Carcinog Mutagen 2002;22:227–34.

[17] Balabhadrapathhruni S, Thomas TJ, Yurkow EJ, Amenta PS, Thomas

T. Effects of genistein in the structurally related phytoestrogens on cell

cycle kinetics and apoptosis in MDA-MB-468 human breast cancer

cells. Oncol Rep 2000;7:3–12.

[18] Fioravanti L, Cappellettini V, Miodini P, Ronchi E, Brivio M, Di

Fronzo G. Genistein in the control of breast cancer cell growth:

insights into the mechanism of action in vitro. Cancer Lett 1998;

130:143–52.

[19] Uckun FM, Narla RK, Zeren T, Yanishevski Y, Myers DE,

Waurzyniak B, et al. In vitro toxicity, pharmacokinetics, and

anticancer activity of genistein linked to recombinant human

epidermal growth factor. Clin Cancer Res 1998;4:1125–34.

[20] Kumi-Diaka J, Butler A. Caspase-3 protease activation during the

process of genistein-induced apoptosis in TM4 testicular cells. Biol

Cell 2000;92:115–24.

[21] Yoon HS, Moon SC, Kim ND, Park BS, Jeong MH, Yoo YH.

Genistein induces apoptosis of RPE-J cells by opening mitochondrial

PTP. Biochem Biophys Res Commun 2000;276:151–6.



M.D. Niculescu et al. / Journal of Nutritional Biochemistry 18 (2007) 380–390 389
[22] Constantinou A, Krygier AE, Mehta RR. Genistein induces matura-

tion of cultured human breast cancer cells and prevents tumor growth

in nude mice. Am J Clin Nutr 1998;68:1426S–30S.

[23] Ayala GE, Dai H, Ittmann M, Li R, Powell M, Frolov A, et al. Growth

and survival mechanisms associated with perineural invasion in

prostate cancer. Cancer Res 2004;64:6082–90.

[24] Bai J, Sata N, Nagai H, Wada T, Yoshida K, Mano H, et al. Genistein-

induced changes in gene expression in Panc 1 cells at physiological

concentrations of genistein. Pancreas 2004;29:93–8.

[25] Barnes S. Soy isoflavones — phytoestrogens and what else? J Nutr

2004;134:1225S–8S.

[26] Chen CC, Shieh B, Jin YT, Liau YE, Huang CH, Liou JT, et al.

Microarray profiling of gene expression patterns in bladder tumor

cells treated with genistein. J Biomed Sci 2001;8:214–22.

[27] Chen WF, Huang MH, Tzang CH, Yang M, Wong MS. Inhibitory

actions of genistein in human breast cancer (MCF-7) cells. Biochim

Biophys Acta 2003;1638:187–96.

[28] Farivar RS, Gardner-Thorpe J, Ito H, Arshad H, Zinner MJ, Ashley

SW, et al. The efficacy of tyrosine kinase inhibitors on human

pancreatic cancer cell lines. J Surg Res 2003;115:219–25.

[29] Li Y, Che M, Bhagat S, Ellis KL, Kucuk O, Doerge DR, et al.

Regulation of gene expression and inhibition of experimental

prostate cancer bone metastasis by dietary genistein. Neoplasia 2004;

6:354–63.

[30] Li Y, Sarkar FH. Gene expression profiles of genistein treated PC3

prostate cancer cells. J Nutr 2002;132:3623–31.

[31] Li Y, Sarkar FH. Down-regulation of invasion and angiogenesis-

related genes identified by cDNA microarray analysis of PC3 prostate

cancer cells treated with genistein. Cancer Lett 2002;186:157–64.

[32] Marks LS, Kojima M, Demarzo A, Heber D, Bostwick DG, Qian J,

et al. Prostate cancer in native Japanese and Japanese-American men:

effects of dietary differences on prostatic tissue. Urology 2004;64:

765–71.

[33] Moggs JG, Ashby J, Tinwell H, Lim FL, Moore DJ, Kimber I, et al.

The need to decide if all estrogens are intrinsically similar. Environ

Health Perspect 2004;112:1137–42.

[34] Rice L, Samedi VG, Medrano TA, Sweeney CA, Baker HV, Stenstrom

A, et al. Mechanisms of the growth inhibitory effects of the

isoflavonoid biochanin A on LNCaP cells and xenografts. Prostate

2002;52:201–12.

[35] Suzuki K, Koike H, Matsui H, Ono Y, Hasumi M, Nakazato H, et al.

Genistein, a soy isoflavone, induces glutathione peroxidase in the

human prostate cancer cell lines LNCaP and PC-3. Int J Cancer 2002;

99:846–52.

[36] Takahashi Y, Lavigne JA, Hursting SD, Chandramouli GV, Perkins

SN, Barrett JC, et al. Using DNA microarray analyses to elucidate

the effects of genistein in androgen-responsive prostate cancer cells:

identification of novel targets. Mol Carcinog 2004;41:108–19.

[37] Van Gelder RN, von Zastrow ME, Yool A, Dement WC, Barchas JD,

Eberwine JH, et al. Amplified RNA synthesized from limited

quantities of heterogeneous cDNA. Proc Natl Acad Sci U S A

1990;87:1663–7.

[38] Wang E, Miller LD, Ohnmacht GA, Liu ET, Marincola FM. High-

fidelity mRNA amplification for gene profiling. Nat Biotechnol

2000;18:457–9.

[39] Tusher VG, Tibshirani R, Chu G. Significance analysis of microarrays

applied to the ionizing radiation response. Proc Natl Acad Sci U S A

2001;98:5116–21.

[40] Saeed AI, Sharov V, White J, Li J, Liang W, Bhagabati N, et al. TM4:

a free, open-source system for microarray data management and

analysis. Biotechniques 2003;34:374–8.

[41] Zeeberg B, Feng W, Wang G, Wang M, Fojo A, Sunshine M, et al.

GoMiner: a resource for biological interpretation of genomic and

proteomic data. Genome Biol 2003;4:R28.

[42] Tang S, Han H, Bajic VB. ERGDB: Estrogen Responsive Genes

Database. Nucleic Acids Res 2004;32:D533–6.
[43] Su AI, Cooke MP, Ching KA, Hakak Y, Walker JR, Wiltshire T, et al.

Large-scale analysis of the human and mouse transcriptomes. Proc

Natl Acad Sci U S A 2002;99:4465–70.

[44] Childs KS, Goodbourn S. Identification of novel co-repressor

molecules for interferon regulatory factor-2. Nucleic Acids Res

2003;31:3016–26.

[45] Zhu XR, Netzer R, Bohlke K, Liu Q, Pongs O. Structural and

functional characterization of Kv6.2 a new gamma-subunit of voltage-

gated potassium channel. Receptors Channels 1999;6:337–50.

[46] Jones MH, Hamana N, Nezu J-i, Shimane M. A novel family of

bromodomain genes. Genomics 2000;63:40.

[47] Ross DT, Scherf U, Eisen MB, Perou CM, Rees C, Spellman P, et al.

Systematic variation in gene expression patterns in human cancer cell

lines. Nat Genet 2000;24:227–35.

[48] Shi Y, Ouyang P, Sugrue SP. Characterization of the gene encoding

pinin/DRS/memA and evidence for its potential tumor suppressor

function. Oncogene 2000;19:289–97.

[49] Buell G, Schulz MF, Arkinstall SJ, Maury K, Missotten M, Adami N,

et al. Molecular characterisation, expression and localisation of human

neurokinin-3 receptor. FEBS Lett 1992;299:90–5.

[50] Graham GJ, Stevens JM, Page NM, Grant AD, Brain SD, Lowry PJ,

et al. Tachykinins regulate the function of platelets. Blood 2004;104:

1058–65.

[51] Loughran G, Healy NC, Kiely PA, Huigsloot M, Kedersha NL,

O’Connor R. Mystique is a new insulin-like growth factor-I-regulated

PDZ-LIM domain protein that promotes cell attachment and migration

and suppresses anchorage-independent growth. Mol Biol Cell

2005;16:1811–22.

[52] Leder P. The formins: connecting embryonic pattern formation and

hypofertility in the mouse. Ann N Y Acad Sci 2004;1038:75–9.

[53] Albrecht C, McVey JH, Elliott JI, Sardini A, Kasza I, Mumford AD,

et al. A novel missense mutation in ABCA1 results in altered protein

trafficking and reduced phosphatidylserine translocation in a patient

with Scott syndrome. Blood 2005;106:542–9.

[54] Tohmiya Y, Koide Y, Fujimaki S, Harigae H, Funato T, Kaku M, et al.

Stanniocalcin-1 as a novel marker to detect minimal residual disease

of human leukemia. Tohoku J Exp Med 2004;204:125–33.

[55] Lee TH, Wisniewski HG, Vilcek J. A novel secretory tumor necrosis

factor-inducible protein (TSG-6) is a member of the family of

hyaluronate binding proteins, closely related to the adhesion receptor

CD44. J Cell Biol 1992;116:545–57.

[56] Johnson KR, Johnson KY, Becker KP, Bielawski J, Mao C, Obeid

LM. Role of human sphingosine-1-phosphate phosphatase 1 in the

regulation of intra- and extracellular sphingosine-1-phosphate levels

and cell viability. J Biol Chem 2003;278:34541–7.

[57] Derks R, Beaman K. Regeneration and tolerance factor modulates the

effect of adenosine triphosphate-induced interleukin 1[beta] secretion

in human macrophages. Hum Immunol 2004;65:676.

[58] Kawasaki-Nishi S, Nishi T, Forgac M. Proton translocation driven by

ATP hydrolysis in V-ATPases. FEBS Letters 2003;545:76.

[59] Matsuoka Y, Hughes CA, Bennett V. Adducin regulation. Definition

of the calmodulin-binding domain and sites of phosphorylation by

protein kinases A and C. J Biol Chem 1996;271:25157–66.

[60] Kayisli UA, Aksu CAH, Berkkanoglu M, Arici A. Estrogenicity of

isoflavones on human endometrial stromal and glandular cells. J Clin

Endocrinol Metab 2002;87:5539–44.

[61] Akiyama T, Ishida J, Nakagawa S, Ogawara H, Watanabe S, Itoh N,

et al. Genistein, a specific inhibitor of tyrosine-specific protein

kinases. J Biol Chem 1987;262:5592–5.

[62] Nichols MR, Morimoto BH. Tyrosine kinase-independent inhibition

of cyclic-AMP phosphodiesterase by genistein and tyrphostin 51.

Arch Biochem Biophys 1999;366:224.

[63] Burvall KM, Palmberg L, Larsson K. The tyrosine kinase inhibitor

genistein increases basal cAMP and potentiates forskolin-induced

cAMP accumulation in A549 human airway epithelial cells. Mol Cell

Biochem 2002;240:131.



M.D. Niculescu et al. / Journal of Nutritional Biochemistry 18 (2007) 380–390390
[64] Toda T, Cameron S, Sass P, Zoller M, Scott JD, McMullen B, et al.

Cloning and characterization of BCY1, a locus encoding a regulatory

subunit of the cAMP-dependent protein kinase in yeast. Mol Cell Biol

1987;7:1371–7.

[65] Torgersen KM, Vang T, Abrahamsen H, Yaqub S, Tasken K.

Molecular mechanisms for protein kinase A-mediated modulation of

immune function. Cell Signal 2002;14:1.

[66] Takimoto C, Glover K, Huang H, Hayes S, Gallot L, Quinn M, et al.

Phase I pharmacodynamic analysis of unconjugated soy isoflavones

administrated to individuals with cancer. Cancer Epidemiol Biomark

Prev 2003;12:1213–21.

[67] Chen J, Yu Z, Ford BN, Brackley ME, Haesevoets RJ, Khaidakov M,

et al. Screening a human population sample for DNA repair gene

deficiencies utilizing the protein truncation test. Environ Mol Mutagen

2000;36:228–34.

[68] Urbanowicz-Kachnowicz I, Baghdassarian N, Nakache C, Gracia D,

Mekki Y, Bryon PA, et al. ckshs expression is linked to cell

proliferation in normal and malignant human lymphoid cells. Int J

Cancer 1999;82:98–104.

[69] Alizadeh AA, Eisen MB, Davis RE, Ma C, Lossos IS, Rosenwald A,

et al. Distinct types of diffuse large B-cell lymphoma identified by

gene expression profiling. Nature 2000;403:503.

[70] Naciff JM, Jump ML, Torontali SM, Carr GJ, Tiesman JP, Overman

GJ, et al. Gene expression profile induced by 17 a-ehynyl estradiol,

bsphenol A, and genistein in the developing female reproductive

system of the rat. Toxicol Sci 2002;68:184–99.

[71] Charpentier AH, Bednarek AK, Daniel RL, Hawkins KA, Laflin KJ,

Gaddis S, et al. Effects of estrogen on global gene expression:

identification of novel targets of estrogen action. Cancer Res

2000;60:5977–83.

[72] Inoue A, Yoshida N, Omoto Y, Oguchi S, Yamori T, Kiyama R, et al.

Development of cDNA microarray for expression profiling of

estrogen-responsive genes. J Mol Endocrinol 2002;29:175–92.
[73] Oesterreich S, Zhang P, Guler RL, Sun X, Curran EM, Welshons WV,

et al. Re-expression of estrogen receptor {alpha} in estrogen receptor

{alpha}-negative MCF-7 cells restores both estrogen and insulin-like

growth factor-mediated signaling and growth. Cancer Res

2001;61:5771–7.

[74] Pedram A, Razandi M, Aitkenhead M, Hughes CCW, Levin ER.

Integration of the non-genomic and genomic actions of estrogen.

Membrane-initiated signaling by steroid to transcription and cell

biology. J Biol Chem 2002;277:50768–75.

[75] Soulez M, Parker MG. Identification of novel oestrogen receptor

target genes in human ZR75-1 breast cancer cells by expression

profiling. J Mol Endocrinol 2001;27:259–74.

[76] Kim U, Siegel R, Ren X, Gunther CS, Gaasterland T, Roeder RG.

Identification of transcription coactivator OCA-B-dependent genes

involved in antigen-dependent B cell differentiation by cDNA array

analyses. PNAS 2003;100:8868–73.

[77] Passegue E, Jochum W, Behrens A, Ricci R, Wagner EF. JunB can

substitute for Jun in mouse development and cell proliferation. Nat

Genet 2002;30:158.

[78] Yamashita Y, Kawada S, Nakano H. Induction of mammalian

topoisomerase II dependent DNA cleavage by nonintercalative

flavonoids, genistein and orobol. Biochem Pharmaco 1990;39:

737–44.

[79] Boos G, Stopper H. Genotoxicity of several clinically used top-

oisomerase II inhibitors. Toxicol Lett 2000;116:7–16.

[80] Stopper H, Schmitt E, Kobras K. Genotoxicity of phytoestrogens.

Mutat Res 2005;574:139–55.

[81] Miltyk W, Craciunescu CN, Fischer L, Jeffcoat RA, Koch MA,

Lopaczynki W, et al. Lack of significant genotoxicity of purified soy

isoflavones (genistein, daidzein, and glycitein) in 20 patients with

prostate cancer. Am J Clin Nutr 2003;77:875–82.


	Dietary isoflavones differentially induce gene expression changes in lymphocytes from postmenopausal women who form equol as compared with those who do not
	Introduction
	Methods and materials
	Subjects
	Equol status
	Isoflavone formulation and dosage
	Study design
	RNA extraction and quality control
	Microarray hybridization and data retrieval
	Microarray data analysis
	Statistical analysis of gene expression
	GO classification
	Estrogen-responsive genes search


	Results
	Differentially expressed genes

	Discussion
	Acknowledgments
	References


