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Abstract

There is growing interest in the physiological functions of soy isoflavones, especially in whether they affect cognitive function and have

beneficial effects on neurodegenerative diseases. Here we review the recent evidence from clinical and experimental studies supporting a role

for soy isoflavones in cognitive function. Soy isoflavones may mimic the actions and functions of estrogens on brain, and they have been

shown to have positive effects on the cognitive function in females; however, studies on their effects on spatial memory have not provided

consistent results in males. Although data from humans, cultures, and animal models are currently insufficient for elucidating the metabolism

of soy isoflavone actions on cognitive function and the nervous system, we suggest two putative pathways; (1) an estrogen receptor-mediated

pathway and (2) via the inhibition of tyrosine kinase, in particular by genistein, which is one of the soy isoflavones. Although soy isoflavones

appear to have a positive effect on brain function, further research is needed to determine not only the efficacy but also the safety of soy

isoflavones on the nervous system and cognitive function.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Soy has been consumed as a traditional food in Asia for a

long time. In contrast, in Western countries, soy still plays a

minor dietary role despite it representing a good source of

protein, dietary fiber and a variety of phytochemicals. Soy

contains numerous phytochemicals including isoflavones,

phytic acid, trypsin inhibitors and saponins [1]. Among soy

phytochemicals, soy isoflavones have attracted considerable

attention because of their healthful effects.

Soy isoflavones are referred to as phytoestrogens because

they bind to the estrogen receptor (ER) and affect estrogen-

mediated processes [2]. Two types of ER have been found in

the nucleus: ERa and ERh [3]. ERa is expressed in various

tissues and organs, and, similarly, ERh has also been found

to be expressed in bone [4], the cardiovascular system [5],

and the brain [6]. Soy isoflavones contain genistein,
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daidzein, glycitein and their respective glucosidic conju-

gates, and they have different binding affinities to ERs

based on their structures and ER types. Genistein was

reported to have higher affinities than other derivatives and

significantly higher affinities for ERh than for ERa [7].

Soy isoflavones can exert both agonistic and antagonistic

estrogenic effects [8], and have inhibitory effects on tyrosine

kinase, topoisomerase and angiogenesis, which might

reduce the risk of cancer [9]. Soy protein containing

isoflavones has been observed to have several beneficial

effects on cardiovascular health; a metaanalysis study

showed that total cholesterol was decreased by 9.3%,

triglyceride by 10.5% and LDL cholesterol by 12.9% when

an average of 47 g of soy protein was consumed daily [10].

Soy isoflavones were shown to have antiosteoporosis

effects. In a case-control study, 80 mg of isoflavones in

the daily diet prevented lumbar spine bone loss in

perimenopausal women [11], and it has also been observed

that the consumption of extracted soy isoflavones by

ovariectomized (OVX) rats prevented decreases in bone

density [12].

While there have been numerous studies on the potential

beneficial effects of soy isoflavones in various age-related
chemistry 16 (2005) 641–649
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diseases, little is known about the influence of soy iso-

flavones on cognitive function. Various types of neural

damage, including that resulting from aging, may induce

neurodegenerative diseases associated in cognitive decline.

Several studies have found that soy isoflavones can improve

cognitive function in both humans and rats [13,14], but the

underlying mechanisms are not known.

Cognitive function is generally divided into four classes:

reception, learning and memory, thinking and expression.

Information is acquired, processed and classified by the

receptive function, and subsequently organized, stored and

retrieved by learning and memory function. Then, the

thinking function organizes and reorganizes information

retrieved from memory, and the expressive function is used

in expressing the information as verbal or physical acts based

upon thinking. Although all of these functions are important

and interwoven in cognitive processes, the learning and

memory function is pivotal, and, therefore, many studies into

cognitive function have focused on learning and memory.

Soy isoflavones have an estrogenic effect, and it was

reported that soy isoflavones may improve cognitive

functions by mimicking the effects of estrogen in the brain

[15]. However, the estrogen agonist properties of soy

isoflavones may not explain all of their effects on the brain.

In this report, we discuss the effects of soy isoflavones on

cognitive function and nervous systems, and the possible

mechanisms underlying these effects.
2. Effects of soy isoflavones on cognitive function

2.1. Human studies

Soy isoflavones appear to improve cognitive function in

postmenopausal women. The SOPHIA study [16] examined

the effects of soy isoflavone supplementation (110 mg/day)

on cognitive function of postmenopausal women. That study

showed that category fluency was higher in women receiving

soy isoflavone supplement than in controls. It was also

observed that postmenopausal women receiving 60 mg of

soy isoflavones per day for 12 weeks showed significantly

higher performance in the recall of pictures and in sustained-

attention and planning tasks [17], and that soy isoflavone

supplementation had no effect on menopausal symptoms,

self-ratings of mood, bodily symptoms or sleepiness.

However, a double-blind, randomized, placebo-controlled

trial of 202 healthy postmenopausal women aged 60 to

75 years conducted in the Netherlands [18] showed no

improvement of cognitive function in postmenopausal

women. The women were randomly assigned into two

groups, with one receiving 25.6 g of soy protein containing

99 mg of isoflavones and the other receiving only milk

protein on a daily basis, and cognitive function did not differ

significantly between the groups after 1 year.

Although some studies have shown that soy isoflavones

have beneficial effects on the cognitive function of women,

very few such studies have involved men, and one of these
even demonstrated that soy isoflavones appear to be harmful

to cognitive function in men [19]. That longitudinal study

found that aged men with higher midlife tofu consumption

had lower brain weight and increased cognitive impairment

compared to those consuming less tofu. Although that study

was not a controlled trial and information on the consumption

of selected foods was acquired only from interviews, these

results suggest that soy isoflavones have a negative influence

on cognitive function in men. However, a case-control study

found that soy isoflavone supplementation improved cogni-

tive function in men [13]. Young healthy adults receiving

high dosages of soy (100 mg soy isoflavones/day) showed

significant improvements in short- and long-term memory

and in mental flexibility; these improvements were found in

both males and females. Although clinical data for investi-

gating the effects of soy isoflavones on the cognitive function

are few and do not show the same results, clinical trials

indicate that soy isoflavones might improve cognitive

function not only in postmenopausal and young adult women

but also in young adult men.

2.2. Animal studies

Several studies have shown that soy isoflavones improve

cognitive function in female rats. In one study, OVX rats

consumed soy-isoflavone-containing diets for 10 months and

showed a dose-dependent improvement in their performance

in radial arm maze tests [14]. It is suggested that soy

isoflavones act as estrogen agonists in improving working

memory and do not block the beneficial effects of estradiol

on the working memory in the OVX rats. Lund et al. [20]

reported that female rats consuming a lifelong high-

isoflavone diet showed the acquisition of the radial arm

maze test faster than female rats consuming an isoflavone-

free diet. In that study, when the rats were at 80 days of age,

some of those consuming a high-isoflavone diet lifelong

were changed to the isoflavone-free diet until they were

120 days of age, and these rats performed worse than those

who continued to consume a high-isoflavone diet.

Soy isoflavones can affect the synthesis of acetylcholine,

and neurotrophic factors such as brain-derived neurotrophic

factor (BDNF) and nerve growth factor (NGF) in the brain of

the female rat. Pan et al. [15] showed the mRNA levels of

BDNF in the frontal cortex were significantly higher in rats

receiving soy isoflavones than in OVX rats. That group also

reported [21] the effects of soy isoflavones on choline

acetyltransferase (ChAT) and NGF mRNAs in the frontal

cortex and hippocampus of OVX young and retired breeder

rats. Nerve growth factor mRNA levels in the soy isoflavone

group were intermediate between the estradiol and OVX

control groups in the hippocampus of young rats. Choline

acetyltransferase mRNA levels in the frontal cortex were

significantly higher in retired breeder rats consuming soy

isoflavones than in OVX retired breeder rats.

It is not yet clear whether the effects of soy isoflavones

on cognitive function in male rats are beneficial or

detrimental. Lund et al. [20] reported that the performance
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of a visual spatial memory test was worse in male rats

consuming a high-isoflavone diet than in rats consuming an

isoflavone-free diet. In addition, male rats consuming a

lifelong high-isoflavone diet showed poorer performance in

the radial arm maze test than male rats changed to the

isoflavone-free diet at 80 days of age and continued on the

same diet until 120 days of age. However, it was recently

reported that male rats consuming the soy isoflavone

diet significantly outperformed male rats consuming the

isoflavone-free diet in the spatial delayed matching-to-place

test [22]. In that study, 10-month-old male Sprague–Dawley

(SD) rats consuming a diet containing 0.3 g/kg isoflavone

(ISO 0.3) for 16 weeks significantly outperformed rats

consuming an isoflavone-free diet in the spatial DMP water

maze test. Moreover, ChAT immunoreactivity was signifi-

cantly higher in the ISO 0.3 rats than in controls in the

medial septum and hippocampal CA1 region. The discrep-

ancy between the two studies may be attributable to

difference in the age of rats, dietary regimens and maze

tests, and it is also possible that soy isoflavones exert a

beneficial or detrimental effect on cognitive function in

male rats depending on treatment duration and/or dosage.
3. Effects of soy isoflavones on the nervous system

3.1. In vitro neuroprotection of soy isoflavones

Several studies have shown that soy isoflavones have

neuroprotective effects in various insults (Table 1). Genistein

showed an antioxidative effect on neurons exposed to radical

damage. Incubation of primary cortical cells from rats with

100 Amol/L genistein in the presence of iron for 24 h

significantly reduced the level of iron-induced thiobarbitu-

ric-acid-reactive species [23], which indicates that genistein

has an inhibitory role on iron-induced lipid peroxidation. In

human cortical cell lines HCN1-A and HCN2, it was

observed that pretreatment with 10 or 50 Amol/L genistein

prevented cell death due to tertiary butylhydroperoxide [24];

in HCN2 cells, this was due to genistein preventing

morphological disruption. That study showed that the

down-regulation of the antiapoptotic protein bcl-2 was

prevented by genistein treatment. h-Amyloid protein (Ah)
elevates the intracellular concentration of free calcium

and generates free radicals. In hippocampal cells from rats,
Table 1

Neuroprotection by genistein in cultured neurons

Neuron type Species Treatment Ref.

Primary cortical Rat Iron [23]

HCN1-A Human Tertiary butylhydroperoxide [24]

HCN2

Hippocampal Rat h-Amyloid [25]

Primary cortical Rat Thapsigargin [26]

SH-SY5Y Human h-Amyloid [27]

Hippocampal Rat h-Amyloid [28]

Glutamate
Ah25–35 treatment induces loss of cell viability, DNA

fragmentation, an intracellular increase in free calcium, the

accumulation of reactive oxygen species and caspase-3

activation, all of which are reversed by genistein [25].

Genistein attenuates neuronal apoptosis induced by the

endoplasmic reticulum calcium-ATPase inhibitor thapsigar-

gin [26]. Thapsigargin-induced apoptosis is associated with

loss of mitochondrial function, DNA laddering, nuclear con-

densation and fragmentation, and caspase activation. Gen-

istein decreases the number of apoptotic neurons and the

number of neurons containing active caspase-3. That study

showed that 50 nmol/L genistein significantly reduced neu-

ronal apoptosis and that 50 Amol/L genistein completely

reversed the protection of neuronal apoptosis.

Genistein protects SH-SY5Y human neuroblastoma cells

from Ah-induced death [27] and attenuates Ah-induced
DNA fragmentation and suppresses Ah-induced apopto-

sis. In addition, genistein protects SH-SY5Y cells from

H2O2-induced toxicity, and this effect is not reversed by an

ER antagonist. One study investigated six phytoestrogens

(genistein, genistin, daidzein, daidzin, formononetin and

equol) for their neuroprotective efficacy against two toxic

insults: glutamate excitotoxicity and Ah25–35 [28]. That

study showed that in hippocampal neurons, all phytoestro-

gens induced a modest but significant reduction in lactate

dehydrogenase (LDH) release following exposure to gluta-

mate and Ah25–35.

The effective concentrations for genistein-mediated pro-

tection appear to range from approximately 0.1 to 50 Amol/L.

However, some investigators have reported that high

concentrations of genistein induce neuronal apoptosis in

primary cultures of cortical neurons from SD rats [29]. This

apoptosis was suggested to be dependent on caspase activity,

but not ER.

3.2. In vivo neuroprotection of soy isoflavones

Soy isoflavones are also potent neuroprotective agents in

animal models of neuronal death. Trieu et al. [30] evaluated

the antioxidant activity of genistein in an in vivo mouse

model of singlet-oxygen-induced cerebral stroke. The

cerebral lesions in mice treated with genistein were 44%

smaller than those in control mice, and this neuroprotective

effect of genistein was attributed to the inhibition of tyrosine

kinase. Radiation-induced apoptotic cell death is mediated

by tyrosine kinases, and genistein may prevent apoptosis of

cells by their inhibition.

In familial amyotrophic lateral sclerosis (FALS) mice,

treatment with genistein retarded disease onset and de-

creased mortality in males but not in females [31]. In that

study, the disease onset and mortality were significantly

lower in untreated female FALS mice than in untreated

male FALS mice. These findings suggest that estrogen

protects neurons from FALS and that genistein acts as

estrogen agonist. In the FALS model, treatment with a

specific inhibitor of Janus kinase 3 (JNK3), WHI-P131,
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increased the survival of neurons by more than 2 months

[32]. In that study, genistein also inhibited the activity of

JNK3. In another in vivo study, genistein ameliorated retinal

degeneration after ischemia-reperfusion injury in rats [33].

The treatment with higher doses of genistein (3.4 mg)

suppressed the increase in tyrosine phosphorylation and

significantly protected the eyes from the induced ischemic

retinal degeneration. However, treatments with lower doses

of genistein (0.034 mg and 0.34 mg) did not significantly

protect the retina from ischemic damage.

Although the above studies have revealed the neuro-

protective effects of genistein, there is also a report that

genistein treatment induces apoptosis in neurons. Rats

consuming large amounts of genistein (20 mg/day) showed

a significant increase of LDH in rat brain tissue homoge-

nates, which did not occur in rats consuming genistein at

2 mg/day [34]. However, DNA fragmentation was detected

in homogenates of brain tissue from rats receiving either

dose of genistein.

3.3. Regulation of cerebrovascular blood flow

Relaxation of blood vessels can be mediated by several

mechanisms, including K+ channels. Traumatic brain injury

is thought to contribute to cerebrovascular dysfunction. Fluid

percussion brain injury (FPI) treatment impairs pial artery

dilation, and two studies have shown that such impairment

was partially restored by genistein. Pretreatment with

genistein partially protected dilation induced by three

K+ channel agonists (cromakalim, CGRP and NS1619) fol-

lowing FPI in newborn pigs [35]. It has also been observed

in adult rats [36] that genistein pretreatment partially pro-

tected dilation induced by cromakalim and CGRP following

FPI. Pial artery dilation induced by K+ channel agonists was

blunted within 1 h post-FRI. Pretreatment with genistein

partially prevented impaired vasodilation in pigs. Genistein

had no effect on vascular responses to K+ channel agonist in

sham-operated control animals.

The N-methyl-d-aspartate (NMDA) receptor is an iono-

tropic receptor that binds to glutamate. Activation of

this receptor induces cerebrovascular dilation and may

increase local cerebral blood flow [37]. Glutamate is re-

leased following hypoxia/ischemia and traumatic brain

injury, and NMDA-induced pial dilation is attenuated after

hypoxic/ischemic impairment in the piglet [38]. After

cerebral hypoxia/ischemia or FPI, cerebrovascular dysfunc-

tion during hypotension is associated with activation of

NMDA receptors [39]. Tyrosine kinase activation by oxygen

free radicals, generated after FPI, reverses NMDA- and

glutamate-induced pial artery dilation to vasoconstriction

and impairs pial artery dilation. However, pretreatment with

genistein and subsequent administration of NMDA or

glutamate in the presence of a xanthine-based activated

oxygen-generating system partially prevented dilation im-

pairment [40]. These effects of genistein are caused by

inhibition of the activity of tyrosine kinase. Genistein also
has recently been observed to inhibit superoxide generation

resulting from exposure of cerebral vessels to whole

blood [41].

Nitric oxide (NO) reportedly functions as a neurotrans-

mitter of the vasodilator nerve [42]. Neuronal excitation

induces calcium influx through N-type Ca2+ channels, and

this activates neuronal NO synthase that produces NO,

which subsequently triggers relaxation of vessels via a cyclic

cGMP-dependent mechanism. Short-term treatment with soy

isoflavones also reportedly increases the basal NO activity

[43]. Treatmentwith daidzein for 7 days also enhanced basilar

artery contraction in response to the NO synthase inhibitor,

NG-nitro-l-arginine. Thus, daidzein augments NO synthesis

in the basilar artery and increases contraction activity in the

basilar arteries of male rats.

3.4. Effects of soy isoflavones on neurotransmitter systems

3.4.1. Dopaminergic system

Genistein can modulate the dopaminergic system. The

pups of SD rats that consumed isoflavone-free diets contain-

ing 500 ppm genistein from conception showed significant

increases in amphetamine-stimulated dopamine release in

males but not in OVX females, who only showed a similar but

nonsignificant trend [44]. Genistein also inhibits dopamine

uptake into mouse striatal homogenates [45]. Genistein dose-

dependently suppresses dopamine transport over a

concentration range of 5–50 Amol/L.

3.4.2. Cholinergic system

Soy isoflavones affect ChAT expression and activity.

Choline acetyltransferase mRNA levels in soy isoflavone-

treated retired breeder rats were significantly higher than

those in the OVX retired breeder rats in the frontal cortex

[21]. In elderly male rats, ChAT immunoreactivity was

significantly higher in the hippocampal CA1 region and

basal forebrain in rats consuming soy isoflavones than in

controls, and ChATactivities were significantly greater in the

cortex and basal forebrain [22].

3.4.3. GABAergic system

Genistein decreases the expression of GABAA receptors

in the plasma membrane of rat cerebellar granule cell bodies

and dendrites [46]. It also inhibits GABA-activated currents

in HEK293 cells [47]. However, this inhibitory activity of

GABAA receptors is not attributable to the inhibition of

tyrosine kinase by genistein.

3.4.4. Glycinergic system

It has also been reported that glycine receptors are

inhibited by genistein [48,49]. Genistein is inhibitory only

when glycine is bound to the receptor and cotreatment

of genistein with glycine reversibly blocks the glycine-

activated current recorded from hypothalamic neurons.

However, these inhibitory effects were also not mediated

by inhibition of tyrosine kinase.
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4. Putative mechanisms of soy isoflavone actions on the

nervous system

4.1. Estrogen receptor-mediated regulation

17h-Estradiol, a mammalian estrogen, has been shown to

protect neurons and affect cognitive function. This effect

was reported to be associated with ER in the brain [50], and

it was also suggested that soy isoflavones (phytoestrogens)

had neuroprotective and cognitive functions in the brain.

The actions of estrogen on neuron and brain functions have

been comprehensively reviewed elsewhere [51–53]. These

reviews suggest that estrogen affects neuron survival and

growth, synaptic plasticity and brain function via an

ER-mediated pathway and/or antioxidant properties. The

effects of estrogen on nuclear and nonnuclear ERs can

modulate brain functions by regulating gene transcription

and second messenger systems. Genistein and other soy

isoflavones may act in a similar way because they also

exhibit estrogenic activity; estrogenic effects of soy iso-

flavones on neurons have been observed in various studies

[24–26] (Fig. 1). Estrogen prevents the down-regulation of

bcl-2, and in human cortical cells, genistein acts as a

neuroprotective agent by preventing the down-regulation of

bcl-2 [24]. Estrogen also increases neurotrophic factor and

ChAT. Likewise, soy isoflavones increase the mRNA levels

of BDNF in the frontal cortex in OVX rats [15], and ChAT

mRNA levels in the frontal cortex are significantly higher in
Fig. 1. Summary of soy isoflavone actions on the nervous system. (A) ER-medi

survival and growth of a neuron, and synaptic plasticity via an ER-mediated path

synaptic plasticity and modulates neuron survival by inhibition of tyrosine kin

tyrosine kinase.
soy isoflavone-treated retired breeder rats than in OVX

rats [21].

The estrogenic effects of soy isoflavones appear to be

dose dependent. Zeng et al. [25] reported the neuro-

protective effects of genistein against Ah25–35 insult and

suggested that they were mediated by two mechanisms that

operate at different concentrations: (1) at the nanomolar

level, genistein protects neurons via an ER-mediated

pathway, and (2) at the micromolar level, genistein behaves

as an antioxidant. On the other hand, another study found

that high concentrations of genistein are toxic to neurons

[26]. That study showed that treatment with 50 Amol/L

genistein did not attenuate neuronal apoptosis induced by

the endoplasmic reticulum calcium-ATPase inhibitor thap-

sigargin and enhanced apoptosis of cells, whereas suggested

that low concentrations of genistein ameliorate apoptosis of

neurons. However, it was also reported that pretreatment

with 50 Amol/L genistein protected HCN1-A and HCN2

cells from death [24].

The abovementioned studies indicate that soy isoflavones

can affect the viability of neurons and cognitive function by

acting as an estrogenic agonist, and they can also utilize

differential distribution and regulation of ERa and ERh in

the brain. The binding affinity of soy isoflavones for ERh is

higher than that for ERa by a factor of 20-fold in vitro [54].

Genistein also affects ERh- but not ERa-dependent gene

expression in the hypothalamus [55].
ated regulation represents that genistein and other isoflavones increase the

way. (B) Inhibition of tyrosine kinase represents that genistein suppresses

ase. Gen, genistein; NRTK, nonreceptor tyrosine kinase; RTK, receptor
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However, it is still unclear which ER subtype mediates

the neuroprotective efficacy of estrogen/phytoestrogen.

Nilsen et al. [56] reported that estrogen regulates develop-

mental neuronal apoptosis, and that this is determined by the

ER subtype and the Fas/Fas ligand system. They proposed

that ERa mediates neuroprotection, while ERh mediates the

induction of apoptosis in neurons. It was also shown that

estrogen induced ERh-mediated apoptosis following the

expression of Fas/Fas ligand proteins. In another study,

treatment with 17h-estradiol prevented apoptotic neuron

death induced by AF64A, and resulted in the strong

expression of ERa and increased bcl-2 in primary cultures

from rat hippocampus and septum [57].

There are several lines of evidence that ERh is involved

in neuroprotection. Sawada et al. [58] reported that estradiol

exerted neuroprotective effects on nigral dopaminergic

neurons by the suppression of proapoptotic gene transcrip-

tion through the AP-1 site via activation of ERh. In

experimental stroke models, ERa deficiency did not enhance

brain damage in female mice, suggesting that in this model,

the prevention of brain injury does not require activation of

ERa [59]. Moreover, it was recently reported that in a

transient global ischemia model, pretreatment with an

ERh-specific agonist reduced ischemic damage by 70% in

the caudate nucleus and 55% in the CA1 region, whereas

pretreatment with an ERa-specific agonist did not affect the

extent of neuronal damage [60]. Genistein also attenuates

neuronal apoptosis via an ERh-mediated pathway [26]. In

that study, only ERh (and not ERa) was detected in a neuron

culture; hence, it was suggested that the neuroprotective

effect of isoflavone is mediated through ERh. However,
there is a report that both subtypes of ER are involved in

neuroprotection from ischemic damage, since both ERa and

ERh agonists were found to protect hippocampal neurons

from glutamate-induced neurotoxicity [61]. Furthermore,

these agonists significantly increased the expression of bcl-2

in primary hippocampal neurons.

There have been studies on the efficacy of ER subtypes

on cognitive function. 17h-Estradiol treatment ameliorated

the impaired performance of OVX ERa-knockout (ERaKO)

mice in the inhibitory avoidance task, whereas OVX

ERh-knockout (ERhKO) mice were not rescued by

17h-estradiol [62]. In addition, ERaKO female mice had

no failure in spatial discrimination in the Morris water maze

test, and ERhKO female mice showed impairment in spatial

learning [63,64]. However, ERaKO and ERahKO male

mice showed decrease or absence of sexual behavior and

reduced aggressive behavior [65]. These evidences sug-

gested that ERa is involved in mediating sexual and

aggressive behavior, whereas ERh modulates emotional

and cognitive behavior [66], but further research is needed.

4.2. Inhibition of tyrosine kinase

Protein tyrosine phosphorylation is a regulatory mecha-

nism involved in various responses in the brain, including

neuroregeneration [67], synaptic plasticity [68] and neuro-
nal injury [69]. Genistein is known to inhibit tyrosine kinase

[70], which is generally considered to be detrimental to a

neuron. However, those effects appear to occur only when

the concentration of genistein in a cell is quite high [26]. In

a neuronal apoptosis model induced by the endoplasmic

reticulum calcium-ATPase inhibitor, low concentrations of

genistein prevent apoptosis, but high concentrations reverse

all the phenotypes. It was also reported that high concen-

trations of genistein induced neuronal apoptosis in primary

cortical neurons [29], blocked tyrosine kinase activity and

contributed to H2O2-induced apoptosis in SH-SY5Y human

neuroblastoma cells [27].

However, the tyrosine-kinase-inhibiting activity of gen-

istein is also likely to exert neuroprotective effects.

Genistein treatment protects against singlet-oxygen-induced

cerebral damage in vivo [30] via estrogenic and tyrosine-

kinase-inhibiting activities. Moreover, genistein can restore

impairment of cerebrovascular dilation induced by traumatic

brain injury. Genistein prevents bluntness of partial dilation

induced by cromakalim and CGRP following FPI [35,36],

and the restoration of vasodilation may be due to inhibition

of tyrosine kinase phosphorylation.

Protein tyrosine kinases are highly expressed in several

brain regions, including the hippocampus, and are reported to

be involved in the induction of long-term potentiation (LTP)

in the hippocampus [71], which is crucial to learning and

memory. Long-term potentiation is also reportedly associated

with increased calcium influx and glutamate release. Protein

tyrosine phosphorylation contributes to LTP and synaptic

plasticity. There are three families of tyrosine kinases

implicated in memory: the Trk (topomycin-related kinase)

family of receptor kinase, the Src family of nonreceptor

kinase and the Eph receptor kinase. Their roles in memory

and effects in neurons have already been reviewed compre-

hensively [72–74]. Because genistein is a tyrosine kinase

inhibitor, it can inhibit LTP, which will also suppress an

increase in phosphorylation of the a-subunit of calcium

channels and extracellular-signal-related kinase in synapto-

somes prepared from dentate gyrus [75]. In addition,

genistein inhibits protein synthesis and phosphorylation of

cAMP response-element binding protein in entorhinal cortex.

This inhibitory activity of LTP by genistein is associated

with the inhibition of high-threshold voltage-activated

calcium currents. One study has demonstrated a 30–40%

reduction of P-/Q-type voltage-gated Ca2+ channels

(VGCCs), but not L- or N-type VGCCs, by genistein in

CA1 pyramidal cells in rat hippocampal slices [76]. In

addition, it was reported that genistein inhibits the

Ca2+-dependent glutamate release by partially inhibiting

P-/Q-type VGCCs, and by inhibiting N-type and unidenti-

fied VGCCs in rat hippocampal synaptosomes [77].

It can be postulated that the inhibition of VGCCs and the

suppression of LTP by genistein are dose dependent, similar

to its effects in neuroprotection. The abovementioned

studies indicate that at micromolar concentrations, genistein

inhibits LTP, and several in vivo studies have shown that
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rats consuming soy isoflavones exhibit improved spatial

memory [14,22]. The induction of LTP in the hippocampus

is involved in memory and learning, with the hippocampus

playing a crucial role in spatial memory. If the concen-

trations of genistein used for spatial memory tests are

sufficient to inhibit LTP, it is reasonable to assume that rats

consuming soy isoflavones have impaired spatial memory.

However, although studies into the effects of soy isofla-

vones on the spatial memory of male rats have not produced

consistent results, most experimental studies have shown

that dietary soy isoflavones (at various dosages) improve the

performance in the spatial maze task and indicate that large

amounts of genistein are needed to inhibit tyrosine kinases

in the brain and suppress cognitive function in vivo. Thus,

although soy isoflavones — especially genistein as tyrosine

kinase inhibitor — can theoretically inhibit LTP and induce

impairment of memory processing and cognitive function,

these effects appear to occur only when the concentration of

genistein in vivo is excessive.
5. Conclusions

This review focuses on the effects of soy isoflavones on

cognitive function and the nervous system, and potential

underlying mechanisms. There have been only a few studies

into the effects of soy isoflavones on the cognitive function

in humans and animals, but these studies have suggested

that soy isoflavones improve the cognitive function of

females irrespective of age. In contrast, the results for the

effects of soy isoflavones on the cognitive function of males

have been inconsistent in both human and animal studies.

Soy isoflavones can affect brain function by ER-mediated

processes and by inhibiting tyrosine kinase. Various

neuronal culture and animal studies indicate that soy

isoflavones prevent neuronal injury and cognitive decline,

and human studies show comparable results. However,

genistein (one of soy isoflavones) can have negative

influences on cognitive function when it is present at a

high level due to its action as a tyrosine kinase inhibitor,

which enables it to block LTP and cognitive function. These

biphasic properties of soy isoflavones make it difficult to

determine whether they have an overall positive or negative

effect on cognitive function. Future studies should attempt

to elucidate their effects on cognitive function by consid-

ering differences due to the sex and age of subjects, and

treatment duration.
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