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SUMMARY: It is generally not known that most commercial rodent diets are formulated with soy protein and deliver large daily
doses of isoflavones to animals throughout their lifespan, including the in utero period. Here, we demonstrate that isoflavones are
bioavailable and show that commercial rodent diets universally used by animal facilities lead to very high steady-state serum
isoflavone concentrations in adult rats (2613 6 873 ng/mL) and mice (2338 6 531 ng/mL), exceeding the animal’s endogenous
estrogen level by 30,000- to 60,000-fold. We demonstrate the maternal-fetal intrauterine transfer of isoflavones in animals fed a
standard Purina 5001 soy-containing diet and show that newborn rat pups have high serum isoflavones levels (540 6 174 ng/mL)
that are maintained throughout the suckling period by passage of isoflavones into maternal milk. These findings have profound
implications for all animal experiments, including multigenerational studies and studies of transgenic animals, especially if
biochemical or morphological end-points are influenced by the hormonal or nonhormonal properties of phytoestrogens. These
compounds have the potential to modulate genotypic and phenotypic expression in general, and therefore, all investigators
should be vigilant to the phytoestrogen composition of commercial rodent diets because there is a history of potent biological
effects in larger animals and in humans from high circulating isoflavone concentrations. (Lab Invest 2001, 81:735–747).

A lthough phytoestrogens are ubiquitous in the
plant kingdom, it is soybeans and foods made

with purified soy proteins that are by far the greatest
contributors of isoflavones to animal and human diets
(Coward et al, 1993; Eldridge, 1982; Eldridge and
Kwolek, 1983; Franke et al, 1995; Murphy, 1982;
Walter, 1941; Walz, 1931; Wang and Murphy, 1994).
This class of phytoestrogen has many hormonal and
nonhormonal properties capable of modulating cell
function. The current clinical and nutritional interest in
phytoestrogens (Setchell, 1998; Setchell and Cassidy,
1999) has led to many animal and in vitro studies to
better understand the mechanisms of their action, and
these studies have invariably been performed in ro-
dents (Adlercreutz et al, 1992; Barnes et al, 1990; Kim
et al, 1998; Setchell and Adlercreutz, 1988).

Although it is known that isoflavones are consis-
tently high in the serum and urine of humans who
regularly consume soy protein foods (Adlercreutz et al,
1991, 1993b; Morton et al, 1994; Murphy et al, 1982;
Setchell et al, 1997, 1998), it is less well appreciated in
the scientific community that commercial diets formu-
lated with soy meal (Drane et al, 1975; Murphy, 1982;
Thigpen et al, 1999a, 1999b) cause rodents to have
sustained high steady-state serum isoflavone concen-
trations. Such effects have tremendous implications
for animal experiments, particularly when biochemical

or morphological end-points are being measured that
may be influenced by the hormonal or nonhormonal
properties of isoflavones (Boettger-Tong et al, 1998;
Drane et al, 1975). Coumestrol, a component of alfalfa
(Knuckles et al, 1976) and still present in some com-
mercial rodent diets, influences uterine growth (Ashby
et al, 1999; Whitten et al, 1992), accelerates vaginal
opening (Whitten and Naftolin, 1992), and causes
long-term effects on reproductive cycling and behav-
ior (Whitten et al, 1995). This phytoestrogen has 102-
fold greater estrogenicity (Bickoff et al, 1962) than soy
isoflavones, and major rodent diet manufacturers now
offer phytoestrogen-reduced diets that exclude alfalfa
as an ingredient. It was pointed out recently that
immature rats unwittingly fed a rodent diet formulated
with soy-meal and alfalfa had a near maximal utero-
trophic stimulation and consequently failed to show
the usual biochemical and morphological responses
to exogenously administered estradiol (Boettger-Tong
et al, 1998). The diet’s composition had been refor-
mulated without any notice to researchers using the
feed, triggering months of troubleshooting. Addition-
ally, an experiment performed within our own Institute
to investigate the anti-inflammatory effects of soy
isoflavone genistein using the Carrageenan-induced
paw edema rat model of inflammation (Sadowska-
Krowicka et al, 1998; Salzman et al, 1999) was ruined
by the inadvertent feeding of Purina 5001 (Purina, St.
Louis, Missouri) diet to the control group of animals,
negating the effects of genistein which was being
tested. These two specific examples show how di-
etary phytoestrogens from commercial rodent diets
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can interfere with or distort outcome measures in
animal experiments.

Interest in soy and its constituent phytoestrogens
was stimulated by the hypothesis that isoflavones play
an important role in the prevention of many hormone-
dependent conditions (Setchell et al, 1984). For exam-
ple, when adults consume modest amounts of soy
protein foods, the serum and urinary concentrations of
these isoflavones typically exceed endogenous estra-
diol concentrations by several orders of magnitude
(Adlercreutz et al, 1993b; Setchell, 1998; Setchell and
Cassidy, 1999). Similarly, infants fed soy formula have
serum isoflavone levels that exceed estradiol by
13,000- to 22,000-fold (Setchell et al, 1997; Setchell et
al, 1998). As a result, there has been much interest in
the potential beneficial and negative effects of dietary
phytoestrogens. This is heightened by the recent Food
and Drug Administration (FDA) ruling which allows the
food industry to make the claim that foods containing
6.25 g of soy protein per serving reduce the risk of
heart disease because of its hypocholesterolemic ef-
fect (Food and Drug Administration, 1999). Although
the role of isoflavones in human cancer prevention is
yet to be established, the anticancer activity of isofla-
vones in animal models of cancer is convincing (Adler-
creutz et al, 1992; Barnes et al, 1990, 1994; Barnes
and Peterson, 1995). Diets fortified with either soy
protein or the pure isoflavones reduce tumor formation
and influence surrogate markers for tumor risk in
animal models of mammary (Barnes et al, 1990; Con-
stantinou et al, 1996; Helferich et al, 1998; Lamarti-
niere et al, 1995a, 1995b), colon (Bennick et al, 1999),
and prostate cancers (Pollard and Luckert, 1997).

Isoflavones appear to be natural selective estrogen
receptor modulators (SERMs) because of the manner
in which they bind to estrogen receptors, particularly
ERb (Brzozowski et al, 1997; Pike et al, 1999). They
act as partial estrogen agonists (Makela et al, 1995b;
Mathieson and Kitts, 1980; Setchell and Adlercreutz,
1988) and antagonists (Lamartiniere and Holland,
1992; Makela et al, 1995c) and have important non-
hormonal properties (Adlercreutz et al, 1992; Barnes
and Peterson, 1995; Kim et al, 1998; Setchell, 1998).
The soybean isoflavone genistein is a potent inhibitor
of tyrosine kinases (Akiyama et al, 1987), interferes

with cell signal transduction pathways (Kim et al,
1998), and has been found to inhibit several growth
factors (Brown et al, 1998; Dalu et al, 1998). These
compounds also inhibit the activity of a number of
enzymes (Adlercreutz et al, 1993a; Evans et al, 1995;
Makela et al, 1995a). Isoflavones have antioxidant
activity (Wei et al, 1995), which in vivo has been shown
to reduce the susceptibility of lipids to oxidation
(Jenkins et al, 2000; Kapiotis et al, 1997; Ruiz-Larrea
et al, 1997; Sheiber et al, 1999; Tikkanen et al, 1998)
contributing to the overall cardio-protective effects of
soy protein by favorably influencing lipid homeostasis
(Anderson et al, 1995; Crouse et al, 1999).

Here, we examine for the first time the bioavailability
of isoflavones as assessed by their serum and urinary
levels in rats and mice fed a number of commonly
used commercial rodent diets. Our findings demon-
strate alarmingly high serum and urinary concentra-
tions of the isoflavones equol, daidzein, and genistein
when adults of both rodent species are fed these
diets. Furthermore, we show that dams that are fed
one of the most commonly used rodent diets through-
out pregnancy, Purina 5001, give birth to pups with
high serum isoflavone levels. Also, these pups sustain
high serum isoflavone concentrations.

Results

Phytoestrogen Content of Commercial Rodent Diets

In the present study, we determined by reverse phase
HPLC the isoflavone content of seven commercial
rodent diets. Three of these, AIN-76A, AIN-93G, and
AIN-93M, had no detectable levels of isoflavones
(limits of detection, 5 mg/g diet). The remaining four
diets, Purina 5001, Purina 5008, Purina 5010, and the
NIH-07, all had substantial amounts of isoflavones.
HPLC chromatograms of the four phytoestrogen-
containing diets were qualitatively similar. Figure 1
shows a typical chromatographic profile of the Purina
5001 diet (Ralston Purina), revealing the major isofla-
vones to be the b-glycoside conjugates, daidzin, and
genistin. A relatively small proportion of glycitin was
also present. The identity of these isoflavones was
conclusively established by mass spectrometry. There

Figure 1.
Reverse-phase HPLC chromatographic profile showing the isoflavone composition of a typical sample of commercial Purina 5001 rodent diet.
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was no evidence of coumestrol or biochanin A, and
only a trace of formononetin was found in one of the
diets.

Quantitatively, the total isoflavone content of the
commercial diets containing soy protein ranged on
average from 394 to 829 mg/g (Table 1). Overall, the
b-glycosides, daidzin, and genistin accounted for
70% to 72% of the total isoflavones present in all four
diets. Smaller amounts of other conjugates and agly-
cones were also identified. As expected, the isofla-
vone content of commercial rodent diets was directly
proportional to the amount of soy protein in the diets.
The daily intake of isoflavones for rats and mice can be
calculated from the total isoflavones in a diet (Table 1)
multiplied by the average amount of food ingested per
day. Based on our measured average food intake of
30 g for an adult rat and 3 g for an adult mouse,
animals consuming Purina 5001 are exposed to daily
intakes of isoflavones of 24.3 mg and 2.4 mg, respec-
tively; amounts comparable to those producing a wide
range of physiological effects (Table 2).

Serum and Urine Isoflavone Concentrations in Adult Mice
Fed Commercial Rodent Diets

Six groups of adult mice (n 5 4 per group) were
randomized and fed Purina 5008, Purina 5010, NIH-
07, AIN-76A, AIN-93G, or AIN-93M diets for 2 weeks.
The initial body weights of the mice among the groups
were not statistically different when analyzed by
ANOVA test, and no weight differences were observed
after 2 weeks of consuming these diets. Serum and
urine isoflavone concentrations in mice are depicted in
Figure 2.

In the animals fed phytoestrogen-free AIN-diets,
serum concentrations were so low as to be immea-
surable, even with the highly sensitive technique of
gas chromatography-mass spectrometry (GC-MS)
with selected ion monitoring. By contrast, adult mice

that had been fed the Purina 5008, Purina 5010, and
NIH-07 diets had high serum total isoflavone concen-
trations; mean 6 SEM values were 2,338 6 531 ng/mL,
1,212 6 212 ng/mL, and 1,451 6 232 ng/mL, respec-
tively. These values were statistically different from the
animals fed the AIN-diets (p , 0.001). The bacterially
derived metabolite, equol (Axelson et al, 1982; Setch-
ell et al, 1984), was the major isoflavone identified in
the serum of all mice fed these three diets and overall
accounted for 90% to 97% of the total isoflavones in
serum. The serum concentrations in animals fed the
Purina 5008 diet was almost twice that of the other
two diets. These values are at least 30,000-fold higher
than the typical serum estrogen concentrations of
adult mice, which are 15 to 30 pg/mL (Barkley et al,
1985; Butcher et al, 1974; Nequin et al, 1979).

The urinary excretion of isoflavones by mice fed the
phytoestrogen-rich diets was extremely high, and the
profiles mirrored those of the serum (Fig. 2). Total
urinary concentrations of isoflavones in the animals
fed the Purina 5008, Purina 5010, and NIH-07 diets
were 145,813 6 26,031 ng/mL, 151,374 6 35,483
ng/mL, and 123,033 6 40,817 ng/mL, respectively. In
contrast to serum, isoflavones were detected in the
urine of animals fed AIN-76A, AIN-93G and, AIN-93M,
with total isoflavone concentrations of 5,329 6 4781
ng/mL, 6,212 6 795 ng/mL, and 8,175 6 3922 ng/mL,
respectively. Equol was the major isoflavone excreted
in urine, and there was a proportionally greater
amount of daidzein and genistein in the urine when
compared with serum.

Serum and Urine Concentrations of Isoflavones in Adult
Rats Fed Commercial Rodent Diets

We compared the serum and urinary concentrations in
adult rats fed only the Purina 5001 diet formulated
specifically for rats with animals fed the AIN-93G diet.
In adult rats fed the Purina 5001 diet the mean 6 SEM

Table 1. Concentration of Individual Isoflavones (mg/g) in Seven Commercial Rodent Diets as Determined by HPLCa

AIN-93G AIN-93M NIH-76A Purina #5001 Purina #5008 Purina #5010 NIH-07

Daidzin n.d. n.d. n.d. 262 6 6 270 6 8 221 6 10 117 6 8
Daidzein n.d. n.d. n.d. 59 6 1 74 6 0 49 6 1 30 6 0
Genistin n.d. n.d. n.d. 318 6 2 327 6 3 257 6 1 160 6 2
Genistein n.d. n.d. n.d. 4 6 0 5 6 0 4 6 0 3 6 0
Glycitin n.d. n.d. n.d. 53 6 1 49 6 1 45 6 3 21 6 1
Formononetin n.d. n.d. n.d. 10 6 0 n.d. n.d. n.d.
Biochanin A n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Malonylglucoside-daidzein n.d. n.d. n.d. 10 6 2 14 6 1 15 6 1 16 6 0
Malonylglucoside-genistein n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Malonylglucoside-glycitein n.d. n.d. n.d. 16 6 2 17 6 2 15 6 1 9 6 0
Acetylglucoside-daidzein n.d. n.d. n.d. 55 6 2 52 6 1 42 6 2 31 6 3
Acetylglucoside-genistein n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Acetylglucoside-glycitein n.d. n.d. n.d. 24 6 4 22 6 4 17 6 2 7 6 2
Glycitein n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Coumestrol n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Totals n.d. n.d. n.d. 810 6 10 829 6 9 671 6 14 394 6 12

n.d. 5 not detected.
a Values are means 6 SEM of five analysis.
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serum concentration for total isoflavones was ex-
tremely high (2, 613 6 873 ng/mL) and statistically
different (p , 0.001) from that found in rats that were
fed an AIN-93G diet (mean 6 SEM, 21 6 4 ng/mL) (Fig.
3). Equol accounted for 90% of the total isoflavones in
the serum of Purina-fed rats and 71% of the total
isoflavones in AIN-93G–fed rats; albeit the latter con-
centrations were more than two orders of magnitude
lower. Urinary isoflavone concentrations were also
very high in Purina 5001-fed rats. Mean 6 SEM total
isoflavone concentration in the four animals studied
was 80,966 6 21,925 ng/mL compared with 642 6 73
ng/mL for the animals fed the AIN-93G diet; the
differences being statistically significant (p , 0.001).
Equol accounted for 52% of the isoflavones excreted
in urine from adults fed Purina diets.

Isoflavone Concentrations in the Stomach Contents and
Serum of Nonlactating Newborns and in Serum of Rat
Pups Lactating on Dams Fed Commercial Rodent Diets

To examine the effect of feeding commercial rodent
diets to pregnant and lactating rats on their offspring,
isoflavone concentrations were measured in the se-
rum of newborn non-suckling pups and nursing pups
on days 6, 12, and 16 of age. The serum from male
and female pups was analyzed separately. However,
because there was no significant gender differences in
the serum levels of any of the three isoflavones at any
of the time points, data were combined when com-
paring the two diets. Perhaps worth noting, though, is
the fact that the p value for male serum containing
more genistein than female serum was p 5 0.057.

Figure 2.
Serum and urine concentrations (mean 6 SEM in ng/ml) of specific isoflavones in adult mice fed one of six different commercially available diets. *All soy protein
containing diets produced serum and urine isoflavone levels significantly higher (p , .001) than diets without soy protein. (n 5 4/group)

Figure 3.
Serum and urine concentrations (mean 6 SEM in ng/mL) of isoflavones in adult rats fed a commercial diet with (Purina 5001) or without (AIN-93G) soy protein. *
soy protein diets that produced serum and urine isoflavone concentrations significantly different (p , 0.001) than those without soy protein; ! differences of p ,
0.01, n 5 4.
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Values for neither daidzein or equol were close to
significance (p 5 0.848 and 0.402, respectively). Total
serum isoflavone concentrations in rat pups born to or
nursing on dams fed soy-free AIN-93G diet were
expectedly very low at all ages (Fig. 4). The total
isoflavone concentration in the serum of newborn, 6-,
12-, and 16-day-old rat pups was (mean 6 SEM) 19 6
6 ng/mL, 9 6 1 ng/mL, 8 6 1 ng/mL, and 7 6 2 ng/mL,
respectively. By contrast, total serum isoflavones con-
centrations in rats born to dams that were fed the
Purina 5001 diet were extremely high and showed
significant changes over the first 16 days of life (Fig. 4).
Isoflavone concentrations were highest in the serum of
non-suckled newborns. Equol, the intestinal bacterial
metabolite, was the major isoflavone in the newborn.
Concentrations decreased significantly (p , 0.001)
between birth (540 6 174 ng/mL) and day 6 of life (81
6 13 ng/mL) but remained relatively constant thereaf-
ter and through day 16 (72 6 6 ng/mL). During this
period of life, rat pups are suckling and do not
consume rodent chow until reaching the age of 15 to
16 days when their eyes open. The source of the
isoflavones in the serum of newborn rat pups is
therefore of maternal origin. The very high isoflavone
concentrations in the serum of rat pups immediately at
birth and before any suckling has occurred is ex-
plained by prenatal accumulation of isoflavones from
maternal-fetal transfer throughout gestation. This is
confirmed by analysis of the stomach contents of the
non-suckling newborns. This fluid is presumed to
contain amniotic fluid swallowed in utero. The stom-
ach contents of the pups delivered by Purina 5001-fed
dams had a mean total isoflavone concentration that
was extremely high (903 6 255 ng/mL) and was
composed of 44% genistein, 37% equol, and 19%
daidzein. The corresponding value for the stomach
contents of newborns delivered by dams that had
been fed the AIN-93G diet throughout pregnancy was
19 6 5 ng/mL and negligible by comparison.

Discussion

Despite several key reports highlighting the potency of
dietary phytoestrogens in a number of large domestic
and captive animal species (Bennetts et al, 1946;
Setchell et al, 1987a), manufacturers still formulate
rodent diets with soy meal, and in some instances the
incorporation can be quite high. The use of such diets
by animal suppliers means that many animals will have
been subjected to multigenerational exposure to phy-
toestrogens, which may reduce or enhance the sen-
sitivity of the animal to an estrogen, influence pheno-
type, or modulate the sensitivity of a variety of
genomic and non-genomic pathways. For example,
there is impressive evidence in the rodent model of
chemically-induced breast cancer that genistein given
subcutaneously or orally to prepubertal and neonatal
female rats leads to a reduced sensitivity to adminis-
tered carcinogen when the animal reaches adult size
(Fritz et al, 1998; Lamartiniere et al, 1995a; Lamarti-
niere et al, 1998b; Murrill et al, 1996). The effect is an
increase in the latency period for tumor appearance
and a decrease in tumor burden. Apparently direct
actions of isoflavones on breast morphology caused
increased differentiation of the terminal end-buds to
lobules (Lamartiniere et al, 1998a). Additionally phy-
toestrogens have been shown to modulate epidermal
growth factor (EGF) and the EGF-receptor; an effect
which may have implications in tumor development
(Brown et al, 1998). Similarly, studies of exposure of
male animals to genistein have demonstrated effects
on prostate volume and serum testosterone levels
(Weber et al, 2000).

We report that universally used commercial rodent
diets deliver levels of isoflavones that are consistent
with dose ranges known to have physiologic effect in
numerous animal models of human disease (Table 2).
Given the wide-ranging biologic properties of isofla-
vones, caution is warranted when designing studies of
pathways involved in cell-signaling and gene expres-

Figure 4.
Serum isoflavone concentrations in newborn non-suckled rat pups immediately on birth and in rat pups of different ages that were suckling on dams fed either a Purina
5001 soy meal containing diet (left panel) or an AIN93-G diet with no phytoestrogens (right panel).
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sion (Kim et al, 1998), especially where animals have
been raised on commercial diets containing soy pro-
tein, as seems to be the case for most animal hus-
bandry facilities. However, many scientists perform
experiments in animal models unaware that the most
commonly used rodent diets contain isoflavones at
levels that have the potential to influence their exper-
imental end-points. Studies of hormone-dependent
conditions, including animal models of cancer, and
investigations of potential endocrine-disrupting com-
pounds may be seriously compromised by high di-
etary phytoestrogen exposure.

Despite the fact that our previous studies using diets
containing 20% soy protein had no significant effect on
uterine weight or estrus cycling in adult rats (Barnes et al,
1990) or on anogenital distances, time of vaginal open-
ings, estrus cycle length, or time of testes descent in rats
perinatally exposed to genistein (Fritz et al, 1998), the
significance of isoflavones in commercial rodent diets is
not diminished. In Fritz et al, significant differences were
seen in dimethylbenzene(a)anthracene induction of
mammary tumors despite lack of impact of reproductive
perimeters. Additionally in our recent studies of Long-
Evans rats fed a Teklad diet containing 600 mg isofla-
vones/g diet, the volumes of the sexually dimorphic
nucleus in the brain were altered and reproductive cy-
clicity was unaffected (Lund et al, submitted). Unfortu-
nately, the measure of estrogenicity of a compound is
often assessed only by its effect on the reproductive
system. However, the effect of estrogen on numerous
other physiologic systems is well documented, and this
limited approach underestimates the effect that
estrogen-like compounds have on other biological sys-
tems, particularly at the biochemical and molecular level.

A recent report evaluated the estrogenic potency of
12 commercially available rodent diets (Thigpen et al,
1999a), three of which were analyzed in this study. In
all but two, significant amounts of daidzein and
genistein were identified after hydrolysis of extracts of
the diets. The concentrations ranged from 69 to 491
mg/g, being equivalent to 0.6 to 4.3 mg/kg diethylstil-
bestrol (Thigpen et al, 1999a). These values are con-
sistent with those we report here for four commercial
soy-containing diets that had total isoflavone concen-
trations averaging 394 to 829 mg/gram. Isoflavones in
the rodent diets are present mainly as glycosides, and
hydrolysis of the glycoside moiety is necessary to
ensure bioavailability because there is no evidence for
absorption of intact isoflavone glycosides. This hydro-
lysis takes place in the intestine by the action of
b-glucosidases (Axelson et al, 1984; Borriello et al,
1985; Day et al, 1998; Setchell et al, 1984). The
aglycones and other bacterially derived metabolites
are then absorbed and conjugated mainly to glucu-
ronic acid and undergo enterohepatic recycling
(Setchell, 1998). Isoflavones share this feature of their
physiology with endogenous estrogens (Adlercreutz,
1962; Adlercreutz and Martin, 1980; Setchell, 1998).

We have for the first time measured the serum
concentrations of isoflavones in rats and mice fed
these commercial diets and show values to be even
higher than the serum concentrations of pure

genistein found to influence EGF and ErbB2/Neu
signaling pathways and inhibit tumor growth in animal
models of prostate and breast cancer (Brown et al,
1998; Dalu et al, 1998). In both species of rodents
equol, not daidzein or genistein, was the major isofla-
vone in serum and urine. Equol was first isolated from
rat urine two decades ago, characterized by mass
spectrometry (Axelson et al, 1982; Axelson and Setch-
ell, 1981), and its origin was found to be soy meal used
in the manufacture of the rodent chow (Axelson et al,
1984). It was shown subsequently to be a specific
intestinal bacterial metabolite of the soy isoflavones,
daidzin and daidzein (Borriello et al, 1985; Setchell et
al, 1984). Our finding that equol accounts for 95% to
97% of the measured isoflavones in mouse serum
indicates that mice also very efficiently biotransform
ingested soy isoflavones. This biotransformation does
not reduce the biological potency of phytoestrogens in
soy protein because equol shows more than a one
order of magnitude greater affinity for the estrogen
receptor than its precursor in soy protein (Kuiper et al,
1998a, 1998b). Furthermore, although estradiol is
mainly bound to serum sex hormone-binding globulin
and albumin, isoflavones are less avidly bound to
serum proteins, making them more available for re-
ceptor occupancy (Nagel et al, 1998), which should
potentially magnify their effectiveness. Overall, the
mean serum concentrations of isoflavones measured
in adult rodents fed the commonly used commercial
rat-specific Purina 5001 diet or the 5010 mouse diet
exceed the endogenous estrogen levels 30,000- to
60,000-fold.

Data presented here conclusively demonstrate that
the neonatal suckling rat is exposed to high doses of
isoflavones from commercial diets fed to its lactating
dam. The average amount of food consumed daily by
a lactating dam during the 21 days of nursing ranges
from 40 to 60 g; hence, 32 to 48 mg of isoflavones are
consumed each day from a Purina 5001 diet. The dam
is consequently exposed to approximately 90 to 140
mg isoflavones/kg body weight/day, which is a sub-
stantial dose. For comparison, the average intake of
isoflavones by humans consuming modest amounts
of soy foods is 0.5 to 1.5 mg/kg body weight (Setchell
et al, 1997), and even at these levels endocrine effects
are observed (Cassidy et al, 1994). Serum concentra-
tions of isoflavones in suckling rats are high and
relatively constant during the suckling period, and
their origin is maternal milk. It was recently shown that
the stomach contents of 7-day-old neonatal rat pups
nursing on dams fed a diet spiked with pure genistein
(250 mg/kg body weight) contained high levels of
isoflavones (Fritz et al, 1998), and the transfer of
isoflavones into human breast milk following con-
sumption of soy foods has already been established
(Franke et al, 1995; Setchell et al, 1998). However, it is
apparent during development that the highest level of
exposure must occur in fetal life, as evidenced by the
high serum concentration (total isoflavones, 678 6
165 ng/mL) in the non-suckled offspring immediately
at birth. The timing of exposure to estrogen-like sub-
stances may be critically important for influencing the
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susceptibility to disease later in life (Brown et al, 1998;
Lamartiniere et al, 1995a; Murrill et al, 1996). Our
findings of high circulating concentrations of isofla-
vones in immature rats that suckle dams fed
phytoestrogen-rich diets has profound implications for
rodent experiments, particularly models of carcino-
genesis, or diseases implicating hormone-dependent
outcomes. Investigators may not be fully aware when
purchasing timed-pregnant females or other rodents
whether prior or maintenance diets fed to the animals
contained phytoestrogens. Industry’s move toward
certifying the phytoestrogen content of rodent diets is
clearly warranted, as is the more general use, by
animal suppliers and investigators, of commercial ro-
dent diets free of phytoestrogens because their bio-
logical potency may modify responses in many
genomic and non-genomic pathways both in vitro and
in vivo.

Materials and Methods

Animals

Rats and mice used in this study were housed in an
AAALAC-accredited facility that meets or exceeds the
Animal Welfare Act requirements, and the study pro-
tocol was approved by the Children’s Hospital Re-
search Foundation’s Animal Use Committee.

Studies in Adult Rodents

Five- to six-week-old female FVB/N mice were ob-
tained from Charles River Breeding Laboratories (Ra-
leigh, North Carolina) and housed four per cage in
climate controlled conditions at 74° C with a 12-hour
light-dark cycle. Female Sprague Dawley rats from the
same supplier were housed two per cage under the
same climate conditions. Animals were allowed to
acclimate for 1 week after shipment, weighed, and
then distributed randomly to give six groups of four
mice per group and two groups of four rats per group.
Each group of animals was fed at random one of
seven different commercially available rodent diets for
a 2-week period. The mice were fed Purina 5008,
Purina 5010, NIH-07, AIN-76A, AIN-93G, or AIN-93M
diet, and the rats were fed Purina 5001 or AIN-93G
diet. The first three diets were obtained from Cincin-
nati Laboratory Supplies in Cincinnati, Ohio, and the
others were obtained from Dyets Inc. in Bethlehem
Pennsylvania. All animals were supplied water ad
libitum during the experiment. After 2 weeks on their
respective diets, the animals were weighed and a
urine samples were obtained. The animals were then
anesthetized with 2% Isoflurane, and blood samples
were obtained by intracardiac puncture. Blood was
allowed to clot at room temperature and centrifuged at
3000 rpm for 10 minutes. Serum was then collected.
All samples were stored at 220° C until analyzed.
Urine was obtained by placing the animals in meta-
bolic cages for 8 to 16 hours.

Studies in Postnatal Rats

To determine whether rat pups are exposed to phy-
toestrogens in utero and while suckling on dams fed
commercial rodent diets, we measured isoflavone
concentrations in the blood of newborn and neonatal
suckling rat pups of different ages. Seven 70-day-old
virgin female Sprague Dawley rats were obtained from
Charles Rivers Laboratory and bred in house by
proven Sprague Dawley males from the same sup-
plier. After breeding, they were housed individually.
During breeding, gestation and nursing dams were
supplied with either Purina 5001 rat chow (3 dams) or
AIN-93G (4 dams) ad libitum. Housing conditions were
as described above for mice. Dams were monitored
near the time of delivery, and non-suckled newborn
pups were removed from each litter, leaving the rest of
their litter mates to suckle for 6, 12, or 16 days. Blood
from decapitated newborn and 6-day-old pups was
pooled as necessary to produce a sufficient volume of
blood for analysis. However, blood from the two sexes
was kept separate; only male blood was pooled with
male blood and likewise with females to permit deter-
mination of possible sex-related differences in isofla-
vone absorption. The number of animals used and the
samples generated are presented in Table 3. In addi-
tion to blood, clear amniotic fluid that had been
ingested by the newborn pups in utero was removed
from their stomachs for analysis immediately after
delivery.

Diet Analysis. Total and individual isoflavones were
determined in duplicate samples of each of the diets
by reverse phase HPLC and mass spectrometry es-
sentially as described by Setchell et al (Setchell et al,
1987b) and modified by Coward et al (Coward et al,
1993). Each diet was finely ground with a mortar and
pestle, and 5.0-g portions were twice extracted into 50
mL of 80% methanol by reflux for 1 hour. The sample
was filtered and the combined methanolic extract
made up to 100 mL. The internal standard, equilenin
(60 mg in methanol) was added to a 2 mL aliquot
(1/50th) of the methanolic extract, and lipids were
removed by partitioning with vortex into hexane (2 3 2
mL). Following centrifugation, the upper hexane layer
was removed with a Pasteur pipette and discarded.
The methanolic phase was taken directly for analysis
by HPLC.

Isoflavones and their conjugates were separated by
reverse-phase HPLC on a 25 3 0.46-cm Aquapore
(C8; particle size, 7 mm) column under gradient elution
conditions essentially as described previously (Cow-
ard et al, 1993). The mobile phase (flow rate, 2
mL/min), consisted of an initial isocratic period of 2
minutes of 100% of a 0.1% solution of trifluoracetic
acid followed by a gradient increasing over a 15-
minute period to 100% of a solution of 46.4% aceto-
nitrile in 0.1% trifluoracetic acid. A 10 mL sample of the
extract was injected onto the column, and the individ-
ual isoflavones were detected by their absorption at
260 nm and quantified by their response relative to the
internal standard. The between-batch precision of the
method, expressed as coefficient of variation as de-
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termined from replicate analyses (n 5 16), ranged from
5.4% to 6.1% for total isoflavones in two different food
samples having concentrations of 500 mg/g and
24,000 mg/g.

Serum and Urine Analysis

Isoflavones in adult rat and mouse serum and newborn
and suckling rat pups were measured by selected ion
monitoring GC-MS using stable-isotopic labeled internal
standards [13C]genistein and [13C]daidzein [synthesized
previously (Baraldi et al, 1999; Setchell et al, 1997)] to
quantify serum daidzein and genistein concentration.
Equol was measured relative to the [13C]daidzein internal
standard after correction for isotopic contributions from
daidzein.

Serum (0.25 to 0.5 mL) was equilibrated with 50 ng of
the internal standards, [13C]daidzein and [13C]genistein
(1/50 mL of a 1.0 mg/mL solution of each in methanol).
The serum was then diluted with 10 volumes of 0.5 M
triethylamine sulfate (pH 5.0) and heated to 65° C for 30
minutes. Isoflavones were extracted from the diluted
serum sample by passage through a solid-phase C18-
Bond Elut cartridge that had been pre-washed sequen-
tially with 5 mL of methanol, 5 mL of distilled water, and
5 mL of warm triethylamine sulfate. Isoflavones were
eluted from the cartridge with 5 mL of methanol at room
temperature. This methanolic extract was taken to dry-
ness. Then, 0.5 M sodium acetate buffer (2 mL; pH 4.5)
was added, and isoflavone conjugates were enzymati-
cally hydrolyzed at 37° C overnight with 2000 units of
mixed b-glucuronidase and sulfatase preparation, Helix
pomatia (Pharmindustrie, L’Industrie Biologique, Fran-
caise, Clichy, France). Because Helix pomatia naturally
contains small amounts of isoflavones, they are first
removed by passing the enzyme solution through a
C18-Bond Elut cartridge to avoid contamination of the
samples. After hydrolysis isoflavones were isolated by
solid-phase extraction on a C18-Bond Elut cartridge and
recovered by elution with methanol (5 mL). The methan-
olic extract was diluted to 80% by the addition of water
and then passed through a small column bed (7 cm 3
0.4 cm) of the lipophilic anion exchange gel, triethylami-
nohydroxypropyl Sephadex LH-20, prepared in the hy-
droxide form in 80% methanol column (Axelson and
Setchell, 1980). This gel affords separation of neutral

compounds, which pass directly through the gel, from
phenolics, which are retained (Axelson and Setchell,
1981). After elution of the neutral compounds with 80%
methanol, the column was washed with 5 mL of chloro-
form/methanol (1:1 by volume), and this was discarded.
Phenolic compounds, including the isoflavones, were
recovered by eluting the gel with 15 mL of methanol
saturated with CO2 gas. This fraction was taken to
dryness under a stream of nitrogen gas, and the isofla-
vones were converted to their tert-butyldimethylsilyl
(t-BDMS) ether derivatives by addition of acetonitrile
(100 mL) and N-methyl-N-t-butyldimethylsilyltrifluoro-
acetamide in 1% t-butyldimethylchloro-silane (100 mL;
Regis Technologies, Inc., Morton Grove, Illinois) and
heating at 65° C for 2 hours. The reagents were removed
by evaporation in a stream of nitrogen, the derivatives
were dissolved in hexane (100 mL), and 1 to 2 mL were
injected on a column for analysis by GC-MS.

Gas Chromatography-Mass Spectrometric Condi-
tions. Isoflavone t-BDMS ethers were rapidly sepa-
rated by chromatography on a short DB-1 fused silica
capillary column [(2 m 3 0.25 mm i.d.; film thickness,
0.25 mm (J & W Scientific Inc., Folsom, California)] with
helium as the carrier gas (flow-rate, approximately 2
mL/min) and by temperature programming from
260° C to 310° C with increments of 10° C/min. The
eluting components were ionized by electron ioniza-
tion (70 eV) and mass spectrometric detection of
isoflavones was achieved with selected ion monitoring
of the specific ions of m/z 425 (M-57 in daidzein and
the internal standard), m/z 555 (M-57 in genistein) and
m/z 470 (M1 of equol). These ions are highly specific
for these metabolites. The corresponding [13C]daid-
zein and [13C]genistein internal standards were de-
tected from the corresponding shift in masses at m/z
426 and m/z 556 respectively. The individual isofla-
vones were quantified by comparing the peak area
responses obtained for each isoflavone (detected in
the specific ion channels at the correct retention time
determined from authentic compounds) with the peak
area response for the internal standard. The area ratio
was interpolated against calibration curves con-
structed for known amounts (0 to 100 ng) of the
individual isoflavones and corrected for the natural
isotopic interference across the different channels.

Table 3. A Summary of the Number of Animals Used and the Number of Samples Produced for GC-MS Analysis of
Plasma in Newborn Pups and Pups of 6, 12, and 16 Days Post Partum

Purina 5001 AIN93G

Males Females Males Females

No. of
animals

used

No. of
samples
produced

No. of
animals

used

No. of
samples
produced

No. of
animals

used

No. of
samples
produced

No. of
animals

used

No. of
samples
produced

Newborns 7 2 15 4 12 3 13 3
6-day pups 14 7 14 7 13 6 18 9
12-day pups 11 11 13 13 9 9 7 7
16-day pups 6 6 5 5 6 6 4 4
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Concentrations are expressed as ng/mL for the indi-
vidual serum isoflavones, and similar units for urine.

Urinary Isoflavone Analysis

Urinary isoflavones were determined in exactly the same
manner as serum isoflavones except that the initial
solid-phase extraction step was omitted. Urine (100 mL)
was diluted with 5 mL of acetate buffer and hydrolyzed
overnight at 37° C with a mixed b-glucuronidase sulfa-
tase preparation of Helix pomatia. The hydrolysis condi-
tions and subsequent steps of the methodology were
exactly as described above for serum. Urinary isofla-
vones were converted to the t-BDMS ether derivatives
and quantified by GC-MS.
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