
Effect of genistein and daidzein on platelet
aggregation and monocyte and endothelial function

Nicole Gottstein1, Benjamin A. Ewins1, Clair Eccleston1, Gary P. Hubbard1, Ian C. Kavanagh1,
Anne-Marie Minihane1, Peter D. Weinberg2 and Gerald Rimbach1*

1Hugh Sinclair Human Nutrition Unit, School of Food Biosciences, University of Reading,
2School of Animal and Microbial Sciences, The University of Reading, Reading, UK

(Received 18 July 2002 – Revised 20 November 2002 – Accepted 6 December 2002)

There has been much recent interest in the cardiovascular benefits of dietary isoflavones. The
aim of the present in vitro studies was to investigate potential anti-thrombogenic and anti-
atherogenic effects of the isoflavones genistein and daidzein in platelets, macrophages and
endothelial cells. Pre-treatment with either isoflavone inhibited collagen-induced platelet aggre-
gation in a dose-dependent manner. In a macrophage cell line (RAW 264·7) activated with
interferon g plus lipopolysaccharide, both isoflavones were found to inhibit NO production
and tumour necrosis factor a (TNF-a) secretion dose-dependently, but they did not affect
mRNA levels for inducible nitric oxide synthase and cyclo-oxygenase-2. Both isoflavones
also dose-dependently decreased monocyte chemoattractant protein-1 secretion induced by
TNF-a in human umbilical vein endothelial cells. Compared with daidzein, genistein exerted
greater inhibitory effects for all parameters studied. The present data contributes to our knowl-
edge on the molecular mechanisms by which isoflavones may protect against coronary artery
disease. Further studies are required to determine whether the effects of isoflavones observed
in the current in vitro studies are relevant to the aetiology of coronary artery disease in vivo.

Genistein: Daidzein: Platelet aggregation: Arteriosclerosis

The Food and Drug Administration (FDA) in the USA has
recently approved a health claim for soya since laboratory
investigations, clinical trials and epidemiological data indi-
cate that a high soya consumption is associated with a lower
risk of coronary artery disease (Vitolins et al. 2001). Soya
products contain a significant amount of isoflavones, with
genistein and daidzein (and their corresponding glycosides)
being the most abundant. Isoflavones are members of the
broad class of plant polyphenols, which have been shown
to have benefits in the prevention of atherogenesis. The
average dietary intake of isoflavones in European countries
is ,1 mg/d (Setchell & Cassidy, 1999) whereas in Eastern
countries such as Japan intakes of 20–50 mg/d are
common (Nagata et al. 1998). Although there is substantial
evidence to indicate that it is the isoflavone fraction that pro-
vides the anti-thrombogenic and anti-atherogenic effects of
soya, the mechanisms by which isoflavones exert these
influences remain only partly understood.

Previous work has indicated that isoflavones exhibit free
radical-scavenging action (Ruiz-Larrea et al. 1997; Arora
et al. 1998), may increase the activity of antioxidant
enzymes such as catalase, superoxide dismutase, gluta-
thione peroxidase and glutathione reductase, inhibit super-
oxide generation by xanthine or xanthine oxidase (Wei
et al. 1995), and inhibit the oxidation of LDL (Kerry &
Abbey, 1998). Furthermore, the consumption of isofla-
vones significantly increases the lag time of LDL oxidation
in human volunteers (Wiseman et al. 2000). Genistein and
daidzein have also been shown to protect human endo-
thelial cells against the cytotoxic effects of oxidized LDL
(Kapiotis et al. 1997). In addition, it has been recently
demonstrated that genistein and daidzein at physiologically
achievable concentrations significantly elevate glutathione
levels in human endothelial cells (Guo et al. 2002).

The purpose of the present study was to expand current
knowledge concerning the molecular mechanisms by
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which genistein and daidzein might exert anti-thrombogenic
and anti-atherogenic effects. More specifically, we have
investigated in vitro the impact of these isoflavones on: (i)
platelet aggregation in whole human blood; (ii) NO pro-
duction, tumour necrosis factor a (TNF-a) secretion and
gene expression of both inducible nitric oxide synthase
(iNOS) and cyclo-oxygenase-2 (COX-2) in a murine macro-
phage cell line; (iii) monocyte chemoattractant protein-1
(MCP-1) secretion by human umbilical vein endothelial
cells (HUVEC).

Materials and methods

Platelet isolation and platelet aggregation measurement

Venous blood samples were obtained from volunteers
within the Hugh Sinclair Unit of Human Nutrition at the
University of Reading. Blood for platelet aggregation
studies was drawn into 4·5 ml sodium citrate vacutainer
tubes (Becton Dickinson, Plymouth, UK) and kept at
room temperature until analysis. Platelet aggregation
studies were performed in a two-channel whole-blood impe-
dance aggregometer (Model 590; Chronolog Corporation,
Labmedics Ltd., Cheshire, UK). Whole blood (500ml)
was diluted 1:1 with PBS, placed in cuvettes with a stir
bar and warmed to 378C. Isoflavones (2ml) or dimethyl sulf-
oxide (2ml) as the control were then added and the samples
stirred for 10 s. The samples were incubated with the isofla-
vones for 10 min. The aggregometer’s impedance probe was
placed into the warmed blood, and the baseline impedance
was set to zero on the chart recorders. Collagen (1·5mg/
ml) was added to the cuvette at time zero and the impedance
was increased proportional to the amount of platelet aggre-
gation on the impedance probe. Maximum aggregation was
measured at 6 min, with the extent of aggregation expressed
in V of impedance using Aggrolink software (Chronolog
Corporation, Labmedics Ltd., Cheshire, UK). Control
aggregation curves were obtained in the absence of
genistein and daidzein and were compared with the curves
obtained in the presence of the isoflavones. The results
were used to calculate the percentage inhibition (100 2
percentage of aggregation).

Endothelial cells

HUVEC (Biowhittaker, Wokingham, UK) were grown in
Medium 199 (Autogen Bioclear, Calne, UK) supplemented
with 20 % heat-inactivated FBS, 2 mM-L-glutamine, 1 % D-
glucose, 20 mM-4-(2-hydroxyethyl)-1-piperazine ethanesul-
fonic acid (HEPES), penicillin (100 U/ml) and streptomycin
(100mg/ml). Endothelial cell growth factor (1 £ ) (Sigma,
Poole, UK) was added to fresh culture medium after each
media change. HUVEC were utilized for experiments at
90–100 % apparent confluence within passages 2 to 4. Pas-
sages were performed according to standardized protocols
and by diluting the cell population 1:3 (Rimbach et al. 2001).

Macrophages

RAW 264·7 cells, a murine cell line of monocyte-macro-
phages (obtained from the European Collection of Cell

Culture, Salisbury, UK), were maintained at 378C in 5 %
(v/v) CO2 according to standard protocols (Rimbach et al.
2000a). This murine cell line was chosen as it represents
an established model for examining determinants of NO
production, which is detectable by the Griess reaction.
RAW 264·7 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 10 % heat-inactivated
fetal bovine serum (FBS), 2 mM-L-glutamine, 1 mM-
sodium pyruvate, penicillin (100 U/ml) and streptomycin
(100mg/ml), and stimulated with 500 ng lipopolysaccharide
(LPS)/ml and 100 U interferon g (IFN-g)/ml (Sigma,
Poole, UK).

Cell viability

The uptake of the neutral red dye was used to measure cell
viability as described previously (Valacchi et al. 2001).
Cells were pre-treated with genistein and daidzein for
24 h. Before activation with either IFN-g plus LPS or
TNF-g, cells were washed twice with PBS in order to
avoid any chemical interaction between the isoflavones
and the activators. Cytotoxicity was measured 24 h post
treatment with either IFN-g plus LPS or TNF-a. The culture
medium was removed and replaced with fresh medium
containing 60mg neutral red/ml (Fisher Scientific, Leices-
tershire, UK) for 3 h at 378C. Following incubation with
the neutral red dye, the medium was removed and the
cells extracted using a solution comprising ethanol, water
and glacial acetic acid (50:49:1, v/v). Absorbance was
recorded at 540 nm using a microplate reader.

For all cell culture experiments genistein and daidzein
(Sigma, Poole, UK) were dissolved in dimethyl sulfoxide
and stored at 2808C. The final dimethyl sulfoxide concen-
tration in the cell culture medium was 0·1 % (v/v) or less.
Pre-treatment of RAW 264·7 macrophages with up to
100mM and treatment of HUVEC with up to 50mM genis-
tein and daidzein did not affect cell viability.

Nitric oxide production

NO production was assessed by measurement of both total
NO (nitrite and nitrate) and nitrite (NO2

2) in the medium.
Total NO production was measured using an NO colori-
metric assay kit (Boehringer Mannheim, Germany) under
the conditions recommended by the supplier. Nitrite pro-
duction was determined by the Griess reaction. Supernatant
fractions of cultured macrophages were collected and depro-
teinised with 0·3 M-NaOH and 0·3 M-ZnSO4. An equal
volume of the Griess reagent (1 % sulfanilamide–
0·1 % N-(1-naphthyl)-ethylenediamine dihydro-chloride–
2·5 % H3PO4) and the deproteinised sample were incubated
for 10 min at room temperature. Nitrite concentration was
determined by measuring the absorbance at 548 nm against
a standard curve for sodium nitrite (Park et al. 2000).

Reverse transcription polymerase chain reaction

Total RNA was extracted from cells following the method
of Chomczynski & Sacchi (1987). Reverse transcription
was performed using an RNA polymerase chain reaction
kit (Omniscript Reverse Transcriptase Kit; Qiagen Ltd.,
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Crawley, UK) with 2mg total RNA used to synthesise
cDNA. Reverse transcriptase-generated cDNA, encoding
iNOS, COX-2 and glycerinaldehyde 3-phosphate dehydro-
genase (GAPDH), was amplified using polymerase chain
reaction. Oligonucleotide primers that correspond to the
murine macrophage iNOS, COX-2 and murine GAPDH
cDNA were used (MWG-Biotech Ltd., Milton Keynes,
UK). Polymerase chain reaction was performed using an
RNA polymerase chain reaction kit (Applied Biosystems,
Warrington, UK). The reaction volume was 12·5ml con-
taining (final concentration): polymerase chain reaction
buffer (1 £ ); deoxynucleotide (0·2 mM each); MgCl2
(1·5mM); AmpliTaq Gold DNA polymerase (0·625 U);
oligonucleotide primer (1mM each); reverse transcriptase
products. Further details of the polymerase chain reaction
analysis are summarized in Table 1. The number of polym-
erisation cycles was chosen within the range providing
linear amplification of the cDNA. For each gene increasing
amounts of cDNA were amplified in order to check the lin-
earity of the resulting signal. An extension step at 728C for
10 min was conducted after completion of 25–35 cycles. A
12ml sample from each polymerase chain reaction was
electrophoresed in a 1·5 % (w/v) agarose gel containing
0·2mg ethidium bromide/ml. The gel was quantified
under u.v. light using a gel documentation system (Syn-
Gene, Cambridge, UK).

Tumour necrosis factor a and monocyte chemoattractant
protein-1 secretion

TNF-a secretion (BioScource Europe SA, Nivelles, Bel-
gium) in RAW 264·7 macrophages and MCP-1 secretion
(R&D Systems Europe, Abingdon, UK) in HUVEC were
measured using commercially available ELISA kits.

Statistical analysis

Data are presented as mean values and standard errors of
the mean of between three and five independent exper-
iments performed in triplicate. The data were checked for
normality and log-transformed where appropriate. Statisti-
cal analysis was carried out using ANOVA and Student’s t
test, and the Kruskal–Wallis and the Mann–Whitney U
test (SPSS for Windows version 10.0). Differences were
considered significant if P,0·05. Inhibitory concentration
values were calculated using Prism for Windows (version
3.0). Inhibitory concentration values describe the concen-
tration of genistein and daidzein causing 50 % inhibition.

A non-linear regression model was adapted with a variable
hillslope and fixed constants at 0 % and 100 % inhibition.

Results

Human whole blood platelet aggregation in vitro

As shown in Fig. 1, both genistein and daidzein inhibited
human platelet aggregation in vitro in a dose-dependent
manner. Statistically significant differences compared
with controls were evident for genistein at concentrations
of 25mM and above (P,0·05). Daidzein significantly
inhibited platelet aggregation at concentrations $50mM

(P,0·01). Synergistic effects between genistein
and daidzein were tested as follows: 2·5mM-genistein
plus 2·5mM-daidzein v. 5mM-genistein; 5mM-genistein
plus 5mM-daizein v. 10mM-genistein; 25mM-genistein plus
25mM-daidzein v. 50mM-genistein. No synergistic effects
between genistein and daidzein on platelet aggregation
were evident.

Nitric oxide production and tumour necrosis factor
secretion in murine macrophages

Twenty-four hours after treatment with IFN-g plus LPS
murine macrophages showed an increase in the levels of
NO2

2 in the culture medium from 5 to about 80mM/106

cells (Fig. 2 (A)); 60–65 % of the total NO was produced
as nitrite. Pre-treatment of RAW 264·7 with genistein or
daidzein for 24 h was associated with a dose-dependent
decrease of nitrite production (Fig. 2 (B)). Genistein signifi-
cantly (P,0·01) inhibited NO production at concentrations
$5mM. However, for daidzein a 10-fold higher concen-
tration was necessary in order to induce a statistically
significant (P,0·005) inhibition in the production of NO.

Similarly both isoflavones inhibited the secretion of the
pro-inflammatory cytokine TNF-a in a dose-dependent
manner (Fig. 3). For genistein and daidzein a statistically
significant (P,0·05) inhibition of TNF-a secretion com-
pared with controls was evident at concentrations of
$50mM.

Inducible nitric oxide synthase and cyclo-oxygenase-2
gene expression in murine macrophages

As shown in Fig. 4, non-activated RAW 264·7 did not express
detectable levels of iNOS mRNA. However, treatment with
IFN-g plus LPS induced a substantial increase in iNOS
gene expression. Under these experimental conditions

Table 1. Experimental conditions for reverse transcription polymerase chain reaction (PCR) analysis of inducible nitric oxide
synthase (iNOS), cyclo-oxygenase-2 (COX-2) and glycerinaldehyde 3-phosphate dehydrogenase (GAPDH)

Gene Primer sequence PCR conditions*

GAPDH 50 TGAAGGTCGGTGTGAACGGATTTGGC 30 1 min at 958C, 1 min at 628C, 1 min at 728C, thirty cycles
50 CATGTAGGCCATGAGGTCCACCAC 30

iNOS 50 CCCTTCCGAAGTTTCTGGCAGCAGC 30 1 min at 958C, 1 min at 658C, 1 min at 728C, twenty-seven cycles
50 GGCTGTCAGAGCCTCGTGGCTTTGG 30

COX-2 50 TTTGTTGAGTCATTCACCAGACAGAT 30 1 min at 958C, 1 min at 558C, 1 min at 728C, thirty cycles
50 CAGTATTGAGGAGAACAGATGGGATT 30

* Denaturation, annealing, elongation, number of cycles.
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neither isoflavone had an effect on iNOS mRNA levels in
activated macrophages.

Non-activated cells expressed low, although detectable,
levels of COX-2 mRNA. Cells activated with IFN-g plus
LPS expressed higher COX-2 mRNA levels. Pre-treatment
of RAW 264·7 macrophages with genistein or daidzein did
not result in any differences in COX-2 mRNA levels rela-
tive to non-treated cells. In all experiments the housekeep-
ing gene GAPDH was equally expressed, irrespective of
treatment.

Monocyte chemoattractant protein-1 secretion in human
umbilical vein endothelial cells

Confluent monolayers of primary HUVEC were pre-treated
with genistein and daidzein for 24 h. The cells were acti-
vated for 24 h with TNF-a and the secretion of MCP-1
into the medium was examined using a sandwich ELISA.
A statistically significant decrease in the secretion of
MCP-1 into the culture medium compared with controls
was evident at genistein concentrations $25mM

(P,0·05) and daidzein concentrations $50mM (P,0·01)
respectively (Fig. 5).

Inhibitory concentration values for genistein and daidzein

Table 2 provides an overview of the inhibitory concen-
tration values for genistein and daidzein with respect to
platelet aggregation, monocyte function and MCP-1
secretion. Both isoflavones tested showed inhibitory effects
with respect to human platelet aggregation in vitro, NO
production and TNF-a secretion in murine monocytes in
addition to MCP-1 secretion in human endothelial cells.
Compared with daidzein, genistein exerted greater inhibi-
tory effects for all parameters studied.

Discussion

Platelets, macrophages and endothelial cells were chosen
for investigation in the present study as all three cell

types are thought to play critical roles in the pathogenesis
of thrombosis and atherosclerosis. Endothelial cells appear
to be involved from the earliest stages. At sites of endo-
thelial injury, perhaps induced by intimal accumulation
and modification of lipid, these cells produce chemokines
such as MCP-1 which attract monocytes. Subsequently
the monocytes are activated to produce pro-inflammatory
molecules such as TNF-a and NO, and accumulate lipids
to become the foam cells characteristic of fatty streaks.
Platelets may be also involved in these early stages of
atherosclerosis, in response to the endothelial damage,
and are clearly important in the aetiology of thrombogen-
esis (Gibbons & Dzau, 1996).

Isoflavones and platelet aggregation

Collagen was used as an agonist in the in vitro aggregation
protocol, since it participates in the early steps of platelet
activation in vivo. Although the exact mechanism of col-
lagen-induced signal transduction is not completely
known, collagen most likely binds to the integrin glyco-
protein Ia-IIa on the platelet surface, thereby inducing sig-
nalling events in platelets. This process results in an
augmentation in cytosolic Ca2+ (Poole & Watson, 1995),
activation of both protein kinase C and phospholipase
A2, and the platelet release reaction. The secretion of ade-
nosine diphosphate and thromboxane A2 is the final step in
platelet activation and leads to further recruitment of plate-
lets and increased aggregation. Recently, integrin glyco-
protein VI has been identified as a further receptor for
collagen-induced signal transduction in platelets via a tyro-
sine kinase-dependent phosphorylation of phospholipase C
(Pignatelli et al. 1998).

The results of the present study clearly show that both
genistein and daidzein have anti-aggregatory activity in
human platelets in vitro. This finding is consistent with ear-
lier reports that the consumption of soya protein and its iso-
flavone-enriched fraction lowers platelet aggregation in
rats (Peluso et al. 2000). The exact molecular mechanisms
by which isoflavones affect platelet aggregation are unclear

Fig. 1. Effect of genistein (p) and daidzein (A) on collagen-induced (1·5mg/ml) human platelet aggregation in vitro. Human platelets were trea-
ted with different concentrations of genistein and daidzein (2·5, 5, 25, 50, 75, 100 and 200mM) and platelet aggregation was measured with a
whole blood aggregometer. Control values were obtained in the absence of genistein and daidzein. Data were derived from five independent
experiments performed in triplicate and expressed as mean values, with standard errors of the mean being represented by vertical bars. *
Mean value was significantly different from the control (P,0·05).
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and currently under investigation. Apart from protein tyro-
sine kinase inhibition (Nakashima et al. 1991) within the
cyclo-oxygenase pathway, several other reported molecular
effects of flavonoids could have influenced platelet func-
tion in the present study. The modification of platelet
cyclic AMP via the inhibition of phosphodiesterase activity
is the most supported pathway for anti-aggregatory effects
of flavonoids (Beretz et al. 1982). Inhibition of lipoxygen-
ase activity, as demonstrated principally for myricetin and
quercetin (Landolfi et al. 1984), is another possible mech-
anism. Stimulation of adenylate cyclase, leading to
increased cyclic AMP levels, has been proposed as a
further anti-aggregatory signal transduction pathway
(Packham & Mustard, 1977).

In addition, the antioxidant character of isoflavones may
play a role in inhibiting platelet aggregation. Pignatelli
et al. (1998) showed that collagen-induced platelet aggre-
gation was associated with the production of H2O2 which

acts as an important second messenger in platelets, stimu-
lating both the phospholipase C pathway and the arachido-
nic acid metabolism. Consistent with this finding, platelets
primed with non-activating concentrations of arachidonic
acid or collagen were activated by nanomolar concen-
trations of H2O2 (Iuliano et al. 1994). Since isoflavones
possess antioxidant properties (Ruiz-Larrea et al. 1997;
Arora et al. 1998) and can scavenge radicals, this evidence
that reactive oxygen species are involved in platelet
stimulation suggests another anti-aggregatory mechanism.
In comparison with daidzein the genistein molecule
contains an additional hydroxyl group in the C5 position,
possibly resulting in a higher antioxidant activity
(Wei et al. 1995). This might explain why in the present
study genistein has been demonstrated to be a more
potent inhibitor of platelet aggregation than daidzein.

Furthermore, isoflavones have been shown to enhance
NO production from the endothelium. NO is a potent

Fig. 2. (A) Effect of genistein (-O-) and daidzein (-B-) on NO production over a 48 h time period in activated murine RAW 264·7 macrophages.
The cells were treated with 50mM-genistein and -daidzein for 24 h and then activated with interferon g (IFN-g; 100 U/ml) plus lipopolysacchar-
ide (LPS; 500 ng/ml). At the end of the incubation period a sample of the medium was removed for measuring nitrite by the Griess reaction.
Data were derived from three independent experiments performed in triplicate and are expressed as mean values, with standard errors of the
mean being represented by vertical bars. * Mean values of the IFN-g plus LPS-treated group were significantly different compared with con-
trols (-V-) (P,0·05). (B) Effect of genistein (p) and daidzein (A) on NO production in murine RAW 264·7 macrophages measured 24 h after
activation. The cells were pre-treated with genistein and daidzein (5, 10, 25, 50, 75, 100mM) for 24 h and then activated with interferon g (IFN-
g; 100 U/ml) plus lipopolysaccharide (LPS; 500 ng/ml). Data were compared with activated controls (average nitrite production 86·7 (SEM 6·1)
mM = 100 % reference) which were not treated with isoflavones. Data were derived from five independent experiments performed in triplicate
and are expressed as mean values, with standard errors of the mean being represented by vertical bars. * Mean values of the IFN-g plus
LPS-treated group were significantly different compared with controls (P,0·05).
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inhibitor of platelet adhesion, aggregation and thrombosis
and impaired platelet production of NO has been associated
with acute coronary syndromes (Duffy et al. 2001). Thus
genistein and daidzein may affect platelet aggregation via
an NO-dependent signal transduction pathway, a potential
mechanism, which is currently under investigation.

Isoflavones and monocyte function

Monocyte-derived macrophages are the principal inflam-
matory cell in atheromata. In early stages of atherosclerotic
lesion formation, macrophages and endothelial cells inter-
act to trigger a cycle of events that exacerbates endothelial
dysfunction, resulting in a loss of haemostatic control
(Tedesco et al. 1999). Activated macrophages generate
large amounts of NO from L-arginine by the action of
iNOS. NO is an important intracellular and intercellular
regulator of many biological functions, including macro-
phage-mediated cytotoxicity (Ignarro, 1994; Beckman &
Koppenol, 1996). Cytokines such as IFN-g and other

Fig. 3. Effect of daidzein (A) and genistein (p) on tumour necrosis factor (TNF)-a secretion in murine RAW 264·7 macrophages measured
24 h after activation. The cells were treated with genistein and daidzein (5, 10, 25, 50, 75, 100mM) for 24 h and then activated with interferon g
(IFN-g; 100 U/ml) plus lipopolysaccharide (LPS; 500 ng/ml). At the end of the incubation period a sample of the medium was removed for
measuring TNF-a secretion by ELISA. Data were compared with activated controls (average TNF-a production 14·4 (SEM 3·3) ng/ml = 100 %
reference) that were not treated with the isoflavones. Data were derived from five independent experiments performed in triplicate and are
expressed as mean values, with standard errors of the mean being represented by vertical bars. * Mean values of the IFN-g plus LPS-treated
group were significantly different compared with controls (P,0·05).

Fig. 4. Effect of genistein and daidzein on the expression of induci-
ble nitric oxide synthase (iNOS) and cyclo-oxygenase-2 (COX-2)
mRNA in activated macrophages. The cells were treated with
50mM-genistein and -daidzein for 24 h and then activated with inter-
feron g (IFN-g; 100 U/ml) plus lipopolysaccharide (LPS; 500 ng/ml).
The expression of mRNA of iNOS (6 h after activation) and COX-2
(12 h after activation) was determined by reverse transcription poly-
merase chain reaction analysis. Glycerinaldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal control. One
representative experiment, out of three, is presented. DMSO,
dimethyl sulfoxide.

Fig. 5. Effect of genistein (p) and daidzein (A) on monocyte che-
moattractant protein-1 (MCP-1) secretion in human umbilical vein
endothelial cells measured 24 h after activation. The cells were pre-
treated with genistein and daidzein (5, 25, 50mM) for 24 h and then
activated with tumour necrosis factor a (40 ng/ml). Data were com-
pared with activated controls (average MCP-1 secretion 29·3 (SEM

3·8) ng/ml = 100 % reference) that were not treated with isofla-
vones. Data were derived from two independent experiments
performed in triplicate and expressed as mean values, with
standard errors of the mean being represented by vertical bars.
* Mean values of the IFN-g plus LPS-treated group were signifi-
cantly different compared with controls (P,0·05).
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inflammatory stimuli such as bacterial LPS regulate the
activity of iNOS in macrophages (Stuehr & Marletta,
1987; Narumi et al. 1990). Overproduction of NO has
been associated with oxidative stress and chronic inflam-
mation (Moncada et al. 1991; Arteel et al. 1999).

In the present study genistein and daidzein significantly
inhibited IFN-g plus LPS-induced NO production in RAW
264·7 macrophages. iNOS mRNA levels remained
unchanged by the isoflavone treatment, suggesting that the
inhibitory effect is post-transcriptional. In contrast to our
findings Sheu et al. (2001) did find an inhibitory effect of
genistein and daidzein on LPS-induced expression of the
iNOS gene in macrophages, but their co-incubation of LPS
and isoflavones may have given rise to this effect since poly-
phenols suppress LPS activity (Azumi et al. 1997). Thus
inhibition of iNOS expression might have been caused by
a direct interaction of these compounds with the LPS
molecule, rather than a direct effect on the cell. In the
present investigation macrophages were pre-incubated
with genistein and daidzein for 24 h and were then washed
twice with PBS before the addition of IFN-g and LPS in
order to avoid any direct chemical interaction.

In recent years, a role of COX-2 in atherogenesis has been
identified. Immunocytochemical studies have shown inc-
reased COX-2 expression by macrophages in atherosclerotic
lesions of patients with coronary artery disease (Baker et al.
1999). Furthermore, the possibility of cross-talk between
iNOS and COX-2 has been recently suggested and a coloca-
lization of COX-2 and iNOS has been demonstrated in
animal models of inflammation (Mitchell et al. 1995).
Since NO has been shown to enhance COX-2 activity both
in vitro and in vivo, COX-2 mRNA levels were determined
by reverse transcription polymerase chain reaction in the cur-
rent study. However, under the conditions investigated
enhanced production of NO in activated macrophages was
not accompanied by an up regulation of COX-2 gene
expression.

Isoflavones and endothelial monocyte chemoattractant
protein-1 secretion

MCP-1 is a CC-chemokine consisting of seventy-six amino
acids. This molecule may play a key role in atherogenesis
since it is involved in the recruitment of monocytes and T-
cells into the arterial wall (Kowala et al. 2000; Wang et al.
2000). MCP-1 mRNA has been detected in atherosclerotic
lesions by in situ hybridization (Nelken et al. 1991;
Ylä-Herttuala et al. 1991). Furthermore a decrease in
atherosclerotic lesion size is seen in mice deficient of the

MCP-1 receptor CCR-2, and fewer macrophages and
monocytes are present in their aortas (Boring et al.
1998). Therapeutic drugs and dietary factors targeting
MCP-1 and/or its receptor may prove useful in the preven-
tion of atherosclerotic lesion development. In the present
study genistein and daidzein dose-dependently down regu-
lated MCP-1 secretion, indicating that both isoflavones
might have the potential to inhibit monocyte infiltration
into the arterial wall. It is known that the expression of
MCP-1 is regulated at the transcriptional level (Rimbach
et al. 2000b). Therefore it is hypothesized that genistein
and daidzein may regulate TNF-a-induced MCP-1
expression through transcription factors such as nuclear
factor k B and activator protein-1, present in the promoter
region of the MCP-1 gene.

In conclusion, genistein and daidzein have been shown to
suppress aggregation of platelets, NO production and TNF-
a secretion by murine macrophages, and MCP-1 secretion
by human endothelial cells, indicating a number of potential
mechanisms for the cardioprotective effect of isoflavones.
The present investigations have been carried out in vitro
and dietary intervention studies are needed to elucidate
the possible beneficial effects of isoflavones under in vivo
conditions. Furthermore, the isoflavone concentrations
used in the current study are higher than those achievable
in plasma (Adlercreutz et al. 1993; Barnes, 1995). However
it should be taken into account that modest changes in plate-
let aggregation as observed following relatively low isofla-
vone exposure may contribute to a significant reduction in
cardiovascular risk. Finally, it should be noted that isofla-
vones do partially circulate as their glucuronidated and sul-
fated metabolites in the bloodstream (Holder et al. 1999).
The formation of glucuronide and sulfate conjugates is
likely to reduce the antioxidant and oestrogenic activity of
isoflavones since important functional groups of the isofla-
vones molecule are masked. Therefore future research will
have to examine the role of isoflavone metabolites in the
prevention of coronary artery disease.
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Table 2. Inhibitory concentration values of genistein and daidzein with respect to platelet aggregation,
NO production and tumour necrosis factor (TNF)-a secretion in macrophages as well as monocyte

chemoattractant protein (MCP)-1 secretion in human endothelial cells*

Cell type. . .
Platelets Macrophages Endothelial cells

Parameter. . . Platelet aggregation NO production TNF-a secretion MCP-1 secretion

Genistein (mM) 30·3 57·9 52·9 29·4
Daidzein (mM) 38·8 106·5 64·2 37·3

* Inhibitory concentration values describe the concentration of the isoflavones causing 50 % inhibition. A non-linear
regression model was adapted with a variable hillslope and fixed constants at 0 % and 100 % inhibition.
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