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Abstract

A major source of endocrine-disrupting substances, usually
not considered in laboratory animal experiments, is the diet
used in research investigations. Soy represents the main
protein source in almost all natural-ingredient commercially
available formulated diets. Soy-derived isoflavones are the
most abundant and in many ways the most studied phytoes-
trogens, and phytoestrogens (isoflavones) are known endo-
crine disruptors. Research is reviewed that identifies the
physiological and behavioral endocrine-disrupting effects of
dietary phytoestrogens (isoflavones) in animal diets, includ-
ing most of the isoflavones, which are in a glycoside form
and biologically inactive, and those in the gastrointestinal
tract, which are biologically active. The isoflavones genis-
tein and daidzein have similar molecular weights and struc-
tural characteristics to that of 17-beta estradiol, which may
enable them to exert estrogenic and antiestrogenic proper-
ties are described and characterized. Daidzein can be further
metabolized to the potent and abundant molecule equol,
which in rodents is produced in very large amounts and
represents the major circulating metabolite among all
biologically active isoflavones. Equol has the unique and
important ability to specifically bind 5 alpha-dihydro-
testosterone, and to act in turn to inhibit the action of this
potent androgen. The specific influence of dietary soy phy-
toestrogens on consumptive, learning and memory, and
anxiety-related behaviors is identified. Regulatory behav-
iors such as food and water intake, adipose deposition and
leptin, and insulin levels affected by dietary isoflavones are
also discussed.
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Impact of Diet on Animal Research Results

ince the early 1990s, environmental estrogens, or xe-

noestrogens, have received extensive attention due to

their widespread use in a variety of products to which
humans and animals are exposed on a regular and some-
times continual basis (Brown and Setchell 2001; Naz 1999;
Singleton and Khan 2003; Thigpen et al. 1999; Turner and
Sharpe 1997). However, one source of endocrine-disrupting
substances that is usually not considered in laboratory ani-
mal experiments is the diet used in research investigations.
The article by Dr. Thigpen in this issue covers this topic in
detail (Thigpen 2004). In addition, because soy or soy meal
is the first or second ingredient by quantity in most labora-
tory animal diet formulations, the focus on soy-derived phy-
toestrogen molecules that appears in the text below is also
warranted.

Of the hundreds of molecules that are classified as phy-
toestrogens, soy-derived isoflavones are the most abundant
and in many ways the most studied (Barnes 1998; Setchell
1998; Whitten and Patisaul 2001). These characteristics
apply not only to animal studies but also to results from
clinical investigations, which suggest that consumption of
soy-derived isoflavones protect against age-related diseases
(e.g., cardiovascular disease and osteoporosis), certain can-
cers (e.g., breast and prostate), and postmenpausal symp-
toms (e.g., hot flushes) (Appt 2004; Barnes 1998; Mazur
and Adlercreutz 2000; Patisaul and Whitten 1998; Setchell
1998).

In animal diets, most of the isoflavones are in a glyco-
side form that is biologically inactive (e.g., genistin or daid-
zin) (Brown and Setchell 2001; Thigpen et al. 1999). Once
in the gastrointestinal tract, the glycoside portion of these
molecules are cleaved by intestinal bacteria to the aglycone
forms (e.g., genistein and daidzein), which are then biologi-
cally active. Daidzein can be further metabolized to a potent
and abundant molecule, equol (Setchell et al. 2002) (Figure
1). The molecular weights and structural characteristics of
the isoflavones are similar to those of 17-beta estradiol,
which may enable them to exert estrogenic or antiestrogenic
properties (Figure 1). Especially in rodents, equol is pro-
duced in very large amounts and represents the major cir-
culating metabolite among all biologically active
isoflavones (in the aglycone forms; Table 1). In most cases,
equol represents 70 to 90% of all of the circulating isofla-
vones. For this reason, the endocrine-altering properties of
equol are potentially very important.
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Figure 1 Conversion of the glycones (genistin and daidzin, beta-
glycoside forms) into the aglycones (genistein and daidzein) by
intestinal bacteria. Daidzein can be converted to equol subse-
quently. The similar planar molecular structure of the potent sex
steroid 17-beta estradiol is compared with that of the aglycones
and equol.

In contrast to rodents, humans produce relatively low
levels of equol. In addition, only about 30% of men and
women who consume soy foods produce equol (Setchell et
al. 2002). However, the issue of equol producers in refer-
ence to human health benefits is becoming a novel and
emerging story (Setchell et al. 2002).

The primary mechanism of action that these isoflavone
molecules exert in their endocrine-disrupting effect is via
the mammalian estrogen receptor (ER') system. It is well
established that genistein and other isoflavones have a
higher affinity for ER beta than for ER alpha due to their

Table 1 Serum phytoestrogen (ng/mL of
isoflavone) levels in 100-day-old male
Long-Evans rats. The animals were fed either a
phytoestrogen (Phyto)-rich diet containing
approximately 600 pg of isoflavones/qg of diet, or
a Phyto-free diet containing very low levels of
isoflavones (n = 6 per group) from conception
until time of blood collection.

Total

Genistein Daidzein Equol (ng/mL)

Phyto-600 117 +5 188+ 6
Phyto-free 6+1 71

1363 £59 1668 + 49
11+£2 25+2
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ability to mimic the structural confirmation of estradiol
(Kuiper et al. 1997, 1998). Several studies have clearly
documented that isoflavones can influence neurobehavioral
parameters that are most likely explained by mediation via
ER beta (Lephart et al. 2002; Patisaul et al. 2001, 2002).

Among the endocrine-altering influences of isoflavones,
one important recently reported influence is the ability of
equol to specifically bind 5 alpha-dihydrotestosterone
(DHT") (but not testosterone) in the circulation and presum-
ably within cells (Lund et al. 2004). In addition, equol does
not bind the androgen receptor, yet it has the ability to bind
ER beta but not ER alpha. From in vitro binding studies, it
is known that the affinity of equol for ER beta is approxi-
mately 1/200 that of estradiol (Lund et al. 2004). However,
because rodents produce equol at high levels (see Figure 2),
and when a soy-rich diet is fed, this molecule circulates in
the 1,000- to 2,500-ng/mL range—compared with the 10- to
100-pg/mL range of circulating estradiol (in males and fe-
males)—it is clear that this estrogenic mimic can have pro-
found influences on neuroendocrine and behavioral
parameters by mass action.

Thus, equol represents an extremely novel molecule that
has the ability to bind ER-beta and specifically bind the
potent androgen 5 alpha DHT (Lund et al. 2004). This com-
bined altering of estrogen and androgen hormone actions by
one molecule in such a specific way has important impli-
cations for endocrine disruption not only in animal models
but also potentially in human neuroendocrine health issues
such as female- and male-pattern baldness, facial and body
hair growth, skin integrity, and prostate physiology (Lund et
al. 2004) (equol technology, patent pending: E.D.L., R.J.H.,
D.R.S., and T.D.L.).

Rodent-Animal Studies

The behavioral research areas described below represent
data from our laboratory and others on the endocrine-
disrupting effects of phytoestrogens (isoflavones) in the diet
of laboratory animals. Documented results are pertinent to
body weight and adipose deposition effects of estrogens as
well as food/water intake and changes in body weight.

Background: Body Weight and Adipose
Deposition Effects of Estrogens

It has been known for more than 30 yr that estrogen pro-
foundly affects body weight (Wade 1972) and that ovariec-
tomy shifts body weight patterns toward male-like profiles
(Leshner 1978). In general, estrogen plays a dual role in

! Abbreviations used in this article: ER, estrogen receptor; CRF, cortico-
tropin-releasing factor; DHT, dihydrotestosterone; GC/MS, gas chroma-
tography/mass spectrometry; HPA, hypothalamic-pituitary-adrenal; Phyto,
phytoestrogen.
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