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Abstract

Selecting the optimum diet for endocrine disruptor (ED)
research and testing studies in rodents is critical because the
diet may determine the sensitivity to detect or properly
evaluate an ED compound. Dietary estrogens can pro-
foundly influence many molecular and cellular event ac-
tions on estrogen receptors and estrogen-sensitive genes.
The source, concentration, relative potency, and signifi-
cance of dietary estrogens in rodent diets are reviewed,
including dietary factors that focus specifically on total me-
tabolizable energy and phytoestrogen content, which poten-
tially affect ED studies in rodents. Research efforts to
determine dietary factors in commercially available rodent
diets that affect uterotrophic assays and the time of vaginal
opening in immature CD-1 mice are summarized. A check-
list is provided of important factors to consider when se-
lecting diets for ED research and testing studies in rodents.
Specific metabolizable energy levels are recommended for
particular bioassays. Discussions include the between-batch
variation in content of the phytoestrogens daidzein and
genistein, the effects of total metabolizable energy and phy-
toestrogens on the timing (i.e., acceleration) of vaginal
opening, and increased uterine weight in immature CD-1
mice. It is concluded that rodent diets differ significantly in
estrogenic activity primarily due to the large variations in
phytoestrogen content; therefore animal diets used in all
ED studies should ideally be free of endocrine-modulating
compounds.
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Introduction

election of the most appropriate diet for endocrine

disruptor (ED') research involving the use of rodents

is not only a timely subject, given the current propos-
als to mass screen a wide range of endocrine-disrupting
compounds (EDCs"), but is also a decision that should be
given serious consideration before standardizing or initiat-
ing such studies. All selected diets should be based on the
principle of minimizing variables that have the potential of
altering endocrine-sensitive endpoints in reproductive, com-
parative estrogenicity, toxicity, or carcinogenicity studies.
Although many different formulations of commercially
available rodent diets are in use, diets basically comprise
two types: natural-ingredient diets and purified or chemi-
cally defined diets.

Natural-ingredient diets are formulated with agricultural
products (e.g., ground wheat, corn, oats, and soybeans), mill
by-products (e.g., wheat bran, wheat middling, and corn
gluten meal), or high-protein meals (e.g., fish meal and
alfalfa meal). Natural-ingredient diets are relatively inex-
pensive to manufacture, are palatable for most laboratory
animals, and can be in the form of open- or closed-formula
diets. In open-formula diets, information is provided about
the ingredients and their concentrations, whereas in closed-
formula diets, only the ingredients are stated and their con-
centrations are proprietary. There are also fixed-formula,
natural-ingredient, and purified diets in which ingredients
and respective concentrations do not vary from batch to
batch; and these diets are also classified as either open- or
closed-formula.

Purified or chemically defined diets are formulated with
a set of ingredients that is more refined and restricted than
those of the natural-ingredient category. Casein and soy-
bean protein isolate are used as sources of protein, sugar and

! Abbreviations used in this article: AGD, anogenital distance; BPA, bi-
sphenol A; DDT, dichlorodiphenyltrichloroethane; DES, diethylstilbestrol;
D&G, daidzein and genistein; ED, endocrine disruptor; EDC, endocrine-
disruptor compounds; EPA, Environmental Protection Agency; ER, estro-
gen receptor; HSD, Harlan Sprague-Dawley; ME, metabolizable energy;
NIEHS, National Institute of Environmental Health Sciences; OECD, Or-
ganisation for Economic Cooperative Development; PLD, phytoestrogen-
low diet; PMI, Purina Mills, Inc.; PND, postnatal day; QAL, Quality
Assurance Laboratory; SAFD, soy-/alfalfa-free diet; TGE, total genistein
equivalent; U:BW, uterine:body weight; VO, vaginal opening.
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starch provide the sources of carbohydrates, vegetable oil is
used as a source of fat and essential fatty acids, and cellu-
lose is the source of fiber. These diets are open formula, and
the nutrient concentrations are less variable and more easily
controlled via formulation than in a natural-ingredient diet.
Purified diets are more expensive to produce than the natu-
ral-ingredient diets; however, the potential for chemical
contamination with pesticide or herbicide residues is much
less than with natural-ingredient diets (Subcommittee on
Laboratory Animal Nutrition 1995).

Diets may contain multiple sources of protein, fat, car-
bohydrates, minerals, and vitamins; and the bioavailability
of nutrients may be lower in natural-ingredient diets than in
purified diets. The bioavailability of nutrients may be influ-
enced by their chemical form, by the presence of constitu-
ents such as phytate, tannins, and lignin that bind nutrients,
by nutrient-matrix interactions, or by the effects of process-
ing of the diet and its constituents. Many diets are formu-
lated with a specific objective in mind, for example, for
breeding and reproduction, for maximizing growth, for
maintenance of adult animals, for carcinogenicity studies, or
for specialized research projects. Most diets can be steril-
ized by autoclaving or irradiation to prevent transfer of
pathogenic microorganisms to research animals. The
method of sterilization may affect pellet hardness and the
texture of the diet. These factors, along with diet palatabil-
ity, may affect food consumption and body weights. These
dietary factors are critical because they may affect total
metabolizable energy (ME') intake, thereby potentially al-
tering measured endpoints such as uterine weights and tim-
ing of vaginal opening (VO').

It is evident from the scientific literature that often the
specific diet used in a study is either not evident to the
investigators or is seemingly considered unimportant, as
evidenced by the frequent statement that “a standard rodent
diet was used.” Investigators appear to be more concerned
about environmental estrogenic contaminants such as pes-
ticide residues in feed and water than the possible presence
of naturally occurring estrogenic compounds in rodent diets.
Many investigators seem to be unaware that most rodent
diets contain the phytoestrogens daidzein and genistein
(D&G") in variable levels. These isoflavones are found in
any natural-ingredient diet that is formulated with either
soybean meal or soy protein and alfalfa, which is a source
of the phytoestrogen coumestrol (Price and Fenwick 1985).
Furthermore, the concentration of phytoestrogens in any
diet is directly correlated with the soybean content (Thigpen
et al. 1992, 1999, 2001b). D&G, and the important intestinal
bacterial metabolite equol (Setchell et al. 2002a), show af-
finity for estrogen receptors and, in particular, selectivity as
a ligand for estrogen receptor (ER') B. When circulating
levels of phytoestrogens are elevated, as is typical in rodents
consuming the most commonly used commercial diets
(Brown and Setchell 2001; Thigpen et al. 2003), significant
effects at the genetic, molecular, and cellular levels are ob-
served (Camper-Kirby et al. 2001; Diel et al. 2000). The
effects of D&G can be more potent than the effects of
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environmental estrogens such as dichlorodiphenyltrichloro-
ethane (DDT") and bisphenol A (BPA') (Shelby et al. 1996),
as shown in Table 1.

Source, Variation in Concentration,
Significance, and Relative Potency of
Dietary Estrogens

Major sources of exogenous estrogenic substances in labo-
ratory rodent diets include the phytoestrogens (isoflavones
and coumestans), estrogenic mycotoxins (e.g., zearalenone),
and contaminating estrogenic pesticide residues such as
DDT (Figure 1). Phytoestrogens are nonsteroidal estrogens
of plant origin. Their metabolites exert an estrogenic effect
on the central nervous system, which induces estrus and
stimulates cell division and growth of the genital tract of
female animals (Lieberman 1996). The relative potency of
phytoestrogens depends on the dose, the time, duration, and
route of exposure, the animal species, strain, age, and sex,
and the monitored responses (Figure 2). The isoflavones
D&G, formononetin, and biochanin A, and the coumestan
coumestrol, all are structurally similar to diethylstilbestrol
(DES') and estradiol (Figure 3), and consequently show
affinity for rat or mouse ERa and ERB. Genistein shows
particular specificity for ER@ (Kuiper et al. 1997; Yamasaki
et al. 2002). Equol, an isoflavone metabolite formed in the
intestinal tract by the action of bacteria, is especially im-

Table 1 Relative potency of dietary estrogens
versus DES?

Quantity (in pg)
to increase uterine

weight from 9.6 mg Relative
Compound to 25 mg potency
DES? 0.083 100,000
Estrone® 1.20 6,900
Zearalenone® 83 100
Coumestrol® 240 35
Genistein® 8000 1.00
Daidzein® 11,000 0.75
Biochanin A° 18,000 0.46
Formononetin® 32,000 0.26
Bisphenol A? ~90,000 -0.09
DDT&¢ ~90,000 -0.09

“DES, diethylstilbestrol; DDT, dichlorodiphenyltrichloroethane.
bData from Bickoff EM, Livingston AL, Henderson AP, Booth AN.
1962, Forage estrogens, relative potencies of several estrogen-like
compounds found in forages. J Agric Food Chem 10:410-412.
“Data from Underhill KL Rotter BA, Thompson BK, Prelusky DB,
Trenhom HL. 1995. Effectiveness of cholestyramine in the detoxifi-
cation of zearalenone as determined in mice. Environ Contam Toxi-
col 54:128—-134.

9Data reproduced from Shelby MD, Newbold RR, Tully DB, Chae K,
Davis VL. 1996. Assessing environmental chemicals for estrogenic-
ity using a combination of in vitro and in vivo assays. Environ Health
Perspect 104:1296—1300.
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