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Dietary Soy-Derived Isoflavone Phytoestrogens
COULD THEY HAVE A ROLE IN CORONARY HEART DISEASE PREVENTION?
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ABSTRACT. Soy protein-containing foods are a rich source of isoflavone phytoestrogens, such as genistein and
daidzein. There is great interest in these substances, as lower rates of chronic diseases, including coronary heart
disease, have been associated with high dietary intake of soy-containing foods. Soy phytoestrogens bind weakly
to estrogen receptors, and some bind more strongly to estrogen receptor-B compared with estrogen receptor-a.
A meta-analysis has indicated that isoflavone phytoestrogens lowered plasma cholesterol concentrations in
subjects with initially elevated levels, but had little effect in subjects with normal cholesterol concentrations.
These substances reportedly may also have beneficial effects on arterial endothelial function. In addition to these
potentially antiatherogenic effects, many laboratories are investigating other possible mechanisms, including
antioxidative and antiproliferative properties of these substances. We have shown that dietary supplementation
with soy-derived isoflavones reduced the in wvitro oxidation susceptibility of low-density lipoprotein (LDL). To
further explore this phenomenon, we incorporated genistein and daidzein into LDL molecules in vitro with the
aid of an artificial transfer system. However, it was necessary to convert the isoflavone molecules to fat-soluble
derivatives, fatty acid esters (analogous to esterified endogenous estrogens, which are known to occur in vivo),
to achieve significant incorporation. The LDLs containing esterified isoflavones were shown to be less
susceptible to oxidation in wvitro than native LDL. We also employed U937 cell cultures for investigating the
effects of isoflavone-containing LDLs on cell proliferation. Some of these LDLs exhibited antiproliferative effects
in cultured U937 cells. In summary, lipophilic phytoestrogen derivatives could be incorporated into LDLs,
increasing their oxidation resistance and antiproliferative efficacy ex wivo, both of which are, in theory,
antiatherogenic effects. Further studies are needed to assess to what extent analogous effects could be produced
in vivo and whether such substances have a role in hormone replacement and coronary heart disease prevention
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in postmenopausal women.
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The abundance of certain isoflavone phytoestrogens in
Asian diets and the lower rates of “Western” diseases such
as coronary heart disease, as well as breast, prostatic, and
colon cancers in Asian populations have suggested a pro-
tective role for these mostly soy-derived substances [1, 2].
The possibility that phytoestrogen intake has an anti-
atherogenic effect has received support from the existence
of plausible underlying mechanisms of protection, such as
plasma lipid risk factor modification, antioxidant protec-
tion of LDLs,f and antiproliferative as well as vascular
reactivity effects.
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ESTROGENICITY OF SOY-DERIVED
ISOFLAVONES

The cloning and description of a novel estrogen receptor,
ER-B [3], has made it possible to understand the selective
effects of structurally closely related estrogenic substances.
Although the exact physiological role of ER- is still under
investigation, tissue-specific differences in its expression
provide explanations for differing effects of estrogenic
substances in various tissues. For example, ER-B is ex-
pressed in non-reproductive tissues, such as bone and the
vascular system [3, 4].

The primary soy-derived isoflavones genistein and daid-
zein both bind to ERs, a finding probably explained by their
structural similarity with estrogens (Fig. 1). According to
Kuiper et al. [5], the binding affinity of genistein to the
recently discovered ER-B was about 20 times greater than
to ER-a. Compared with estradiol, the binding affinity of
genistein for ER-a was 4%, and for ER-B was 87% [5].
Compared with estradiol, the binding affinity of daidzein
for ER-a and ER-B was 0.1 and 0.5%, respectively [5].
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FIG. 1. Molecular structures of estradiol-17B, genistein, and
daidzein.

Some experimental evidence obtained in animal models
suggests that phytoestrogens may act as estrogen agonists
under estrogen-depleted circumstances but exert antagonist
activity under circumstances of estrogen surplus [6, 7].
Thus, the effect of isoflavone phytoestrogens may depend
on both the estrogenicity of the surrounding milieu and the
expression of ER subtypes.

MODIFICATION OF PLASMA LIPIDS AND
LIPOPROTEINS

The serum cholesterol and LDL-cholesterol-lowering ef-
fects of soy protein-containing foods have been investigated
in a large number of studies, which have been subjected to
a meta-analysis [8]. This meta-analysis included 38 clinical
studies reported in 29 articles. In summary, a mean intake
of 47 g of soy protein daily was associated with a net
reduction in serum LDL-cholesterol of 12.9%. However,
the decrease was directly related to the initial serum
cholesterol level, with insignificant changes in individuals
with low initial cholesterol (—3.3% in the lowest quartile)
and marked reductions in those with the highest levels
(—19.6% in the highest quartile) [8]. Setchell [9] was the
first to suggest that phytoestrogens contained in soy protein
foods could contribute to the cholesterol-lowering effect,
since they have weak estrogenic activity. As these phy-
toestrogens (primarily genistein and daidzein) bind to ERs,
this is plausible. According to this theory, phytoestrogens
would share the well-established LDL-receptor-inducing
property of human estrogens. Evidence for this hypothesis
was later produced in several studies carried out in animals
(summarized in Ref. 10). Diets containing intact soy pro-
tein isolates (SP+) and soy protein isolates from which
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isoflavone phytoestrogens had been removed by ethanol
extraction (SP—) were fed to non-human primates. Estro-
gen-like effects were observed in serum lipoproteins in SP+
animals showing reduced cholesterol (measured as VLDL
plus LDL cholesterol) and elevated HDL cholesterol levels
compared to SP— animals. In addition, the mean athero-
sclerotic plaque size was reduced in SP+ animals [11],
suggesting the possibility of antiatherogenic effects caused
by alterations in the serum lipoprotein profile.

EFFECTS ON VASCULAR REACTIVITY

In theory, phytoestrogens may also have direct effects on
arterial walls, either through their inhibitory effect on
vascular smooth muscle cell proliferation and migration
[12, 13] or through an effect on vascular reactivity [14, 15].
The expression of ER-B in vascular and other non-repro-
ductive tissues provides, at least in theory, one possible
mechanism by which phytoestrogens could exert effects on
the arterial system. Reduced smooth muscle cell prolifera-
tion may retard development of atherosclerotic plaques,
and improved endothelial function may have vasodilatory
effects resulting in an antiatherogenic effect. This has
received support recently from studies carried out in male
and female macaques with pre-existing diet-induced ath-
erosclerosis [16]. These non-human primates received an
SP+ or SP— diet for 6 months. Vascular reactivity was
tested by giving an intravenous injection of acetylcholine
in conjunction with angiography. In females, the SP— diet
group was associated with a constriction of coronary arter-
ies, whereas the SP+ group was associated with a vasodi-
latory response in the coronary arteries following acetyl-
choline injection. The response to acetylcholine was not
significantly different in the SP+ and SP— groups in male
macaques. Administration of intravenous genistein also
improved vascular reactivity in female macaques in this
study [16]. The intake of soy isoflavones was also shown to
improve systemic arterial compliance in menopausal and
perimenopausal women [17].

EFFECTS ON ATHEROSCLEROTIC PLAQUE
FORMATION

The formation of atherosclerotic lesions is a combination of
many processes. Generally, it is believed that lesion forma-
tion is initiated by a response to some endothelial injury
brought about by hyperlipidemia, or by toxic or infectious
agents. The cellular infiltration and proliferation caused by
the injury then contribute to the formation of the advanced
atherosclerotic lesion. Soy-derived isoflavone phytoestro-
gens have been shown to have antiproliferative properties
in witro [18, 19]. In particular, genistein is a specific
inhibitor for tyrosine kinases [20]. Many growth factors
influence cell proliferation through binding to cell surface
receptors, resulting in activation of tyrosine kinase activity
residing in the intracellular domains of the receptors,
ultimately leading to cell division. Studies are in progress in
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FIG. 2. Antiproliferative effects of isoflavone-containing LDL
on U937 cells. LDLs (30 pg cholesterol/mL) containing differ-
ent isoflavones were incubated with U937 cells for 22 hr at 37°.
Cell proliferation was determined as [*H]thymidine incorpora-
tion into DNA. All values (means * SD) are expressed as a
percentage of control LDL processed in the absence of isofla-
vones. 1: control; 2: genistein 7-oleate; 3: genistein 4',7-
dioleate; 4: daidzein 4’-oleate; 5: daidzein 7-oleate; 6: daidzein
4',7-dioleate; and 7: daidzein 4',7-dilinoleate. Key: (*) P <
0.01, and (*) P < 0.001 vs control. (Adapted from Ref. 21.)

several laboratories to better define the possible antiathero-
genetic properties of genistein and other isoflavones and to
determine whether the antiproliferative potency contrib-
utes to this. We set out to explore whether soy isoflavones
could be incorporated into LDL particles and internalized
via LDL receptors in cultured U937 cells [21]. This exper-
imental setting was designed to investigate whether ade-
quate numbers of isoflavone molecules could be delivered
into cells to influence cell proliferation. Cultured U937
cells were used because their proliferation depends com-
pletely on an extracellular cholesterol supply, in this case
provided by the addition of LDL particles to the medium
[21]. We produced lipophilic fatty acid esters of genistein
and daidzein and demonstrated that significant amounts
could be incorporated into LDL. LDLs enriched with
certain isoflavone esters significantly inhibited cell prolif-
eration compared with native LDL (Fig. 2, data from Ref.
21). We were unable to incorporate significant amounts of
free genistein or daidzein, which are relatively hydrophilic
molecules, into LDL particles, and LDLs from these exper-
iments did not influence cell proliferation. Endogenous
human estrogens are present in blood and other tissues in
esterified form [22]. Incubation of free estradiol with plasma
produces a lipophilic estradiol derivative, which has all the
properties of a fatty acid ester and can be incorporated into
LDL, providing antioxidant protection for it [23, 24]. It is
not clear whether isoflavones can form analogous lipophilic

derivatives in vivo, and whether these substances could be
introduced into lipoproteins. In theory, the entry of LDL-
containing phytoestrogen derivatives with antioxidative
and antiproliferative properties into the artery wall can be
considered less atherogenic than the entry of native LDL.

ANTIOXIDANT ROLE OF ISOFLAVONE
PHYTOESTROGENS

We were interested in yet another possible protective
mechanism, which is the role of isoflavone phytoestrogens
as antioxidants providing increased oxidation resistance for
lipoproteins [25]. In a carefully designed study, we demon-
strated that feeding of soy-derived isoflavones [genistein
(36 mg daily) and daidzein (21 mg daily)] for 2 weeks
resulted in increased oxidation resistance of LDL isolated at
the end of the 2-week period. Purification of LDL from
water-soluble contaminants ascertained that the altered
oxidation susceptibility was due to alteration in the LDL
particles themselves. In another study [26], we incorporated
genistein and daidzein into LDL particles in witro and
investigated LDL oxidation resistance before and after
incorporation. However, due to their relative hydrophilic-
ity, these isoflavones were incorporated into LDL to only a
small extent (0.33 molecule/LDL particle or less), and there
was no change in the oxidation resistance of the particles.
We then converted genistein and daidzein into fat-soluble
derivatives by esterification with fatty acids to facilitate
their incorporation into LDL. Oleic acid esters were incor-
porated most effectively, reaching a concentration of 2.19
molecules/LDL particle, or more, and resulted in signifi-
cantly increased oxidation resistance in wvitro [26]. On this
basis, isoflavones may protect lipoproteins against oxida-
tion, provided that they have been converted to lipophilic
derivatives and incorporated into the lipoprotein particles.
Although fatty acid esters of endogenous human steroids
[22] including estradiol [27] are formed in the human
organism and become incorporated in human LDL [23, 24,
28, 29], the existence of analogous phytoestrogen esters has
not been reported.

ISOFLAVONE PHYTOESTROGENS: POSSIBLE
ROLE IN POSTMENOPAUSAL HORMONE
REPLACEMENT

A large number of observational studies have suggested that
postmenopausal hormone replacement therapy (HRT)
may, in addition to other benefits, also contribute to
cardiovascular prevention [30]. The only large, randomized
placebo-controlled intervention study involving HRT,
however, did not show any benefit [31]. In the HERS study,
increased thromboembolic complications were observed
during the first year of the 4.1-year follow-up. This, and the
fact that exposure to estrogen produces endometrial prolif-
eration and a slightly increased breast cancer risk during
prolonged use, have promoted the search for alternative
hormonal therapies. A novel group of agents, the SERMs,
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TABLE 1. Comparison between the effects of estrogen, SERM, and phytoestrogen

SERM SERM Isoflavone
Estrogen (1st generation) (2nd generation) phytoestrogen

Uterus Agonist Partial Agonist Antagonist No effect

Breast Agonist Antagonist Antagonist Agonist/antagonist
Bone Agonist Agonist Agonist Agonist
Vasculature Agonist Agonist? Agonist Agonist

Lipids Agonist Agonist Agonist Agonist

Prototype substance E,-178 Tamoxifen Raloxifene Genistein

are currently under intensive study. Raloxifene, a second
generation SERM, appears to exert estrogen agonist effects
in bone and the vascular system, while it exerts antagonist
effects in endometrium and breast tissue [32, 33] (Table 1).
In theory, phytoestrogens share properties with SERMs,
suggesting that they could act as agonists in bone [34] and
vascular tissues [16, 17], although the data are less clear-cut
compared with SERM data [34, 35]. There are conflicting
reports concerning their effect on breast tissue, with some
experimental studies suggesting antagonist effects and oth-
ers suggesting agonist effects [36, 37]. In one study using
experimental animals, phytoestrogen administration did
not cause endometrial hypertrophy [38]. However, extrap-
olation from human cell culture and animal data is ques-
tionable. The role of phytoestrogens as estrogen agonists
and antagonists needs to be investigated in more human
studies.

We are interested in the possibilities of enriching diets
with natural substances, such as soy-derived phytoestro-
gens, presumed to have antiatherogenic properties. For
example, we think that fat-soluble substances accumulating
in LDL or otherwise producing stable alterations in the
LDL structure are of interest. Such LDL particles would, in
principle, preserve their resistance to atherogenic changes
(e.g. lipid peroxidation) also after the LDL particles have
been sequestered in the artery wall and thus have become
isolated from water-soluble antioxidants present in the
circulation. Further studies are needed to clarify the mech-
anisms underlying the finding of increased oxidation resis-
tance of LDL following intake of soy-derived isoflavone
phytoestrogens. The possibilities of percutaneous adminis-
tration of phytoestrogen derivatives should also be ex-
plored.
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