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1 Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) is a herbicide used to
control growth of many broadleaf weeds and some annual grasses, particularly in corn
and sorghum crops (Vencill 2002). Atrazine inhibits plant photosynthesis by binding to
the D1 protein of the protein-bound plastoquinone (Q,) located in the plant thylakoid
membrane (Devine et al. 1993), thereby preventing electron transfer at the reducing site
of chloroplast complex II (Good 1961). Atrazine and its mono- and didealkylated
metabolites are moderately mobile in soil (Qiao et al. 1996), are persistent in the environ-
ment, with a soil half-life of 17-26 d (Winkelmann and Kliane 1990), and are detected
in surface water (Schottler et al. 1998). Because of these characteristics, the EPA Office
of Drinking Water has established an annual average maximum contaminant level
(MCL) for atrazine of 3 ppb (US EPA 1996). More recently, the Office of Pesticide
Planning has determined that a 90-d average concentration of 12.5 ppb in finished drink-
ing water is safe, based on the chronic no observable effect level (NOEL) of 1.8 mg/kg/d
observed in a chronic rodent feeding study (US EPA 2006).
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2 Effects on the Hypothalamic-Pituitary-Gonadal (HPG)
Axis in Rodents

Acute or chronic treatment of female Sprague—Dawley (SD) or Long Evans (LE)
rats with atrazine disrupts estrous cycling (Eldridge et al. 1994, 1999a,b; Simpkins
et al. 1998; Cooper et al. 2000). Mode of action research has established that this
disruption may be attributed to atrazine inhibition of a surge of pituitary luteinizing
hormone (LH) necessary for rodent ovulation (Simpkins et al. 1998; Eldridge et al.
1999a; Cooper et al. 2000). Long-term feeding studies of intact SD female rats with
atrazine also demonstrated a significantly increased incidence, or earlier lifetime
appearance of mammary tumors; such tumors were attributed to prolonged expo-
sure to endogenous estrogen in atrazine-treated animals that developed a state of
constant estrus earlier in life (neuroendocrine aging) than did the controls (Eldridge
et al. 1994, 1999a; Stevens et al. 1999; Wetzel et al. 1994). The U.S. Environmental
Protection Agency (US EPA 2002) and other regulators (IARC 1999; European
Union 2000; United Kingdom Pesticide Directorate 2000; APVMA 2004) con-
cluded that the mammary tumor response observed in female SD rats was not rele-
vant to humans because of differences between species in the mechanisms of
neuroendocrine aging of the HPG axis.

Because ovarian estrogens mediate neuroendocrine control of pituitary gonado-
tropin surges, the question arose as to whether the mechanism of atrazine effects on
the estrous cycle in female rats might include direct interaction with estrogen
expression.

Indeed, some authors suggest that atrazine is “estrogenic” or is an “‘environmen-
tal estrogen” (Davis et al. 1993; Steingraber 1997; Muir et al. 2004; Tanaka et al.
2004), despite the absence of supporting evidence in the literature. Environmental
estrogens have long been suspected of etiological involvement in hormone-dependent
cancer (Sonnenschein and Soto 1998; Mukherjee et al. 2006), although firm asso-
ciation has been difficult to establish (Calle et al. 2002; Safe 2004; Mitra et al.
2004). The hypothesis that atrazine is estrogenic has been repeatedly evaluated in
the published literature over the years. Several dozen studies have addressed
whether atrazine can imitate, inhibit, or otherwise modulate estrogen expression, in
a wide variety of animal and in vitro models. This review addresses and summarizes
the results of these studies.

3 Studies on Estrogen Expression Systems

3.1 Estrogen-Mediated Expression In Vivo

Table 1 presents an overview, taken from the literature, of responses to atrazine
exposure during testing of estrogen expression in vivo.
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Table 1 Responses to atrazine exposure using in vivo tests of estrogen expression

Species Tissue Stimulated® Inhibited*™ Reference

Rat, OVX Mammary tumor No — Stevens et al. 1999
promotion

Rat, OVX Uterine weight No Weak Tennant et al. 1994a

Rat, OVX Uterine weight No Weak Connor et al. 1996

Rat, OVX Progesterone receptor No Weak Tennant et al. 1994a
expression

Rat, OVX Progesterone receptor No Weak Connor et al. 1996
expression

Rat, OVX Progesterone receptor No No McMullin et al. 2004
mRNA

Rat, OVX Uterine thymidine incor- No Weak Tennant et al. 1994a
poration

Rat, OVX Uterine peroxidase reaction No Weak Connor et al. 1996

Rat, OVX Transplanted pituitary No — Fujimoto and Honda
tumor 2003

Rat, intact Reproductive tract No — Eldridge et al. 1998
development

Rat, intact Vaginal cytology No — Eldridge et al. 1999b
cornification

Rat, intact Prepubertal uterine weight No — Ashby et al. 2002

Rat, intact DMBA-induced tumor No Inconclusive Tanaka et al. 2004
growth

Rat, OVX Estrogen-primed LH surge — Weak Cooper et al. 2000

Rat, OVX Estrogen-primed LH surge — Weak Eldridge et al. 1999a

Rat, OVX Estrogen-primed LH surge — Weak Simpkins et al. 1998

Rat, OVX Estrogen-primed LH surge — Weak McMullin et al. 2004

Alligator  Eggs, female phenotype No — Crain et al. 1999

Crocodile Eggs, female phenotype No — Beldomenico et al. 2007

Turtle Feminization of testicular ~ No — De Solla et al. 2006
tissue

Frog Female sex ratio of No — Carr et al. 2003
tadpoles

Goldfish  Vitellogenin production No — Spano et al. 2004

Carp Vitellogenin production No No Sanderson et al. 2001

Zebrafish  Vitellogenin mRNA No — Muncke et al. 2007

Minnow  Various female reproduc-  No — Bringolf et al. 2004
tive parameters

Japanese = Female oviduct weight, No — Wilhelms et al. 2006

quail serum LH
Japanese  Feminization of male No No Wilhelms et al. 2005
quail reproductive tract
Fruit flies  Yolk protein genes No No LeGoff et al. 2006

OVX, ovariectomized; —, assessment not done; DMBA, dimethylbenzanthracene; LH, luteinizing

hormone.

2No, indicates no response to atrazine was observed at doses that were at least 10> molar excess
of the effective dose of estradiol.
"Weak, indicates a response to atrazine was observed only at doses that were at least 10° in excess
of the effective dose of estradiol.

“Inconclusive, no dose response or no historical control data for DMBA-treated rats.
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A reproductive toxicology study in rats fed atrazine in the diet at concentrations
up to 500 ppm gave early evidence that in vivo exposure to atrazine was not estro-
genic (Hauswirth and Wetzel 1998). Estrogen-dependent responses such as femini-
zation of immature males, premature puberty in females, and infertility were not
observed in this study. Additional insights were also obtained from chronic feeding
studies. Although several chronic feeding studies with atrazine in intact SD female
rats had yielded an increased or earlier lifetime incidence of mammary tumors, the
tumor response failed to appear in studies with ovariectomized (OVX) female rats
(Stevens et al. 1999). In atrazine-treated OVX rats, well-established estrogen target
organs such as mammary and uterine tissues remained rudimentary and appeared
unstimulated after long-term feeding at doses that exceeded the Maximum Tolerated
Dose (MTD) (Stevens et al. 1999).

Tennant and coworkers (1994a) published several studies demonstrating that atra-
zine, at acute MTD oral doses, failed to stimulate uterine weight of OVX rats.
Incorporation of [*H]thymidine into uterine DNA, a more specific index of estrogen-
mediated promotion of tissue growth, was similarly not stimulated by atrazine, nor
was expression of the uterine progesterone receptor, known to be highly specific for,
and sensitive to, estrogen. Studies by Connor et al. (1996) confirmed that atrazine did
not induce uterine weight or progesterone receptor responses; they added a test of
uterine peroxidase expression, which atrazine also failed to stimulate. Similarly,
McMullin et al. (2004) reported that the uterine progesterone receptor mRNA was not
stimulated by atrazine in OVX rats. Another established estrogen-mediated response
in rats, the release of prolactin from pituitary tissue transplanted under the animal’s
kidney capsule, was examined by Fujimoto and Honda (2003); results showed no
evidence that atrazine stimulated prolactin release.

Detailed histological examination was conducted on vaginal, uterine, and mam-
mary tissues from intact SD female rats administered atrazine; no treatment-related
estrogenic responses were observed (Eldridge et al. 1998). Eldridge et al. (1999b)
provided a detailed analysis of vaginal cytology and estrous cycling patterns in
intact SD rats administered atrazine. Within the first few weeks of dosing, vaginal
cytology appeared less cornified (i.e., diminished estrogenic response), suggesting,
once again, that atrazine was not acting as an estrogen agonist. Ashby et al. (2002)
administered atrazine to prepubertal female rats and did not observe estrogen-
dependent responses, i.e., stimulation of uterine weight. Tanaka et al. (2004)
administered dimethylbenzanthracene (DMBA) with and without atrazine to stimu-
late mammary tumor growth in intact young female rats. Administration of DMBA
initiated and/or promoted tumor growth. The incidence of ovarian and mammary
tumors was not increased in the DMBA + atrazine treatment groups. In fact, a non-
dose-responsive decrease of ovarian tumors was observed in all atrazine-treated
groups. This study bears replication because no historical control data were pro-
vided, which prevents knowing, with certainty, if the control incidence of ovarian
tumors in DMBA-treated control rats was elevated above the normal range.

A number of studies have also been conducted with atrazine in nonmammalian
species. Crain et al. (1999) reported a lack of feminization of alligator eggs, or
stimulation of the immature reproductive tract after atrazine exposure; both are very
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sensitive markers for estrogenic effects in reptiles. Similar results were recently
reported for crocodile egg exposure by Beldomenico et al. (2007). De Solla et al.
(2006) found that testicular development of snapping turtles was unaffected by
incubation of eggs in soil containing atrazine. Although Hayes et al. (2002) reported
that atrazine demasculinizes or feminizes developing male Xenopus laevis tadpoles
(Hayes 2005; Hayes et al. 2006), Carr et al. (2003) did not find any effect of atra-
zine on the sex ratio of developing Xenopus. The result reported by Carr et al.
(2003) was confirmed in a large study (Kloas et al. 2007) conducted concurrently
in two laboratories. In this study, Xenopus laevis was exposed to atrazine at concen-
trations of 0.01, 0.1, 1.0, 25, or 100 ppb from day 8 postfertilization until the com-
pletion of metamorphosis; estradiol, administered under similar conditions, at a
concentration of 0.2 ppb resulted in a significant increase in larvae with female or
mixed sex gonads, compared to untreated controls. Bringolf et al. (2004) reported
that atrazine had no effect on a number of reproductive tract structures in
minnows.

Production of fish vitellogenin, a well-established estrogen-mediated response,
has been examined after atrazine exposure in goldfish (Spano et al. 2004) and carp
(Sanderson et al. 2001); no effect of atrazine treatment was noted in either study.
Atrazine also failed to stimulate vitellogenin mRNA production in incubations of
zebrafish embryos (Muncke et al. 2007). Wilhelms et al. (2006) did not find any
evidence that atrazine affected uterine weight or pituitary LH release in quail.
Earlier, these authors had reported the absence of estrogen-like effects in the matur-
ing reproductive tracts of male quail administered up to 1000 ppm atrazine
(Wilhelms et al. 2005). Finally, a study by LeGoff and coworkers (2006) showed
that atrazine did not induce the expression of yolk protein genes in Drosophila
incubated on atrazine-containing medium, whereas estrogen was capable of induc-
ing these genes.

In some studies, high doses of atrazine antagonized estrogen-mediated responses.
For example, Tennant et al. (1994a) observed diminished uterine weight, dimin-
ished progesterone receptor expression, and diminished thymidine incorporation
into uterine DNA in estrogen-treated OVX rats administered atrazine. Connor et al.
(1996) reported a similar antagonism of the estrogen-mediated response in rat
uterus. The concentration necessary to elicit the antagonistic responses were typi-
cally very high, at least 10° times greater than the picomolar levels of estradiol
needed to activate the estrogen receptor.

In contrast, a more recent study by McMullin et al. (2004) showed that atrazine
did not block the estrogen-stimulated expression of mRNA that codes for the pro-
gesterone receptor. Sanderson et al. (2001) reported that carp exposed to atrazine
did not display any effect on estrogen-stimulated vitellogenin production. In addi-
tion, the study by Wilhelms et al. (2005) on immature Japanese quail administered
atrazine in the diet, and the study by LeGoff et al. (2006) on atrazine-exposed fruit
flies, found no evidence of an effect of atrazine on naturally occurring estrogen-
mediated responses.

Another well-studied estrogen-specific in vivo response in rodents is the ability
of estrogen-primed OVX female rats to produce a daily surge of pituitary LH.
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Administration of atrazine, for as short as 3 d, or as long as 6 mon, has been found
to inhibit these estrogen-primed LH surges (Simpkins et al. 1998; Eldridge et al.
1999a; Cooper et al. 2000; McMullin et al. 2004). The successful generation of the
light-entrained, estrogen-primed LH surge in rodents is dependent upon a cascade
of several nonestrogen neuroendocrine components, any of which may be blocked
by atrazine. Although possible, it is unlikely that atrazine antagonism of the estro-
gen receptor plays a role in the suppression of LH release.

In summary, from these in vivo studies, which employed a wide variety of well-
recognized, standard, and specific biological responses to estrogen, it can be con-
cluded that atrazine does not elicit estrogen-like responses, even at dose levels up
to a million-fold greater than the minimally effective estrogen dose. These results
support the conclusion that atrazine is not an estrogen receptor agonist.

In some of the previously described models, however, high doses of atrazine
appeared to inhibit or reduce the response to estrogen. This “inhibition” typically
occurs at atrazine doses near to, or greater than, the MTD, and at levels several
orders of magnitude greater than the amount of estrogen required to initiate the
response. Therefore, one can conclude, from the foregoing review, that atrazine
antagonism of estrogen-mediated responses in vivo is either nonexistent or
extremely weak, and is unlikely to be relevant to man under conditions of potential
human exposure (US EPA 2006).

3.2 In Vitro Expression Systems

Table 2 presents an overview, taken from the literature, of responses to atrazine
exposure during testing of estrogen expression in vitro.

A number of investigators have evaluated the interaction of atrazine with estro-
gen expression by using constructs containing an estrogen receptor (ER) and a
reporter composed of an easy-to-measure cellular response, or with a reporter gene
tethered to a naturally occurring estrogen-activated receptor-dependent genomic
site. These in vitro models are relatively easy to run, highly precise and specific,
and they permit assessment of both agonist and antagonist potential within the same
system.

Atrazine has consistently failed to activate estrogen-dependent reporters in vitro in
estrogen-dependent expression systems. Atrazine failed to stimulate estrogen-
dependent MCF-7 cell proliferation (Soto et al. 1995; Connor et al. 1996; Fukamachi
et al. 2004); and atrazine did not enhance an estrogen-induced increased aggrega-
tion of the progesterone receptor-progesterone response element (PR-PRE) derived
from nuclear DNA extracts of MCF-7 cells (Connor et al. 1996). Estrogen-depend-
ent proliferation of transfected yeast cells (Connor et al. 1996) and MtT/E-2 cells
(Fujimoto and Honda 2003) did not occur upon incubation with atrazine. Similarly,
production of specific estrogen-mediated products did not respond to atrazine
in reporter constructs of MCF-7 cells (Connor et al. 1996; Balaguer et al. 1996), in
HelLa cells transfected with the alpha- or beta-subunit forms of ER (Balaguer et al. 1996),
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Table 2 Responses to atrazine exposure using in vitro tests of estrogen expression

Cell type Test Stimulated® Inhibited*® Reference

MCEF-7 ER-mediated proliferation No No Connor et al. 1996

MCEF-7 ER-mediated proliferation No — Soto et al. 1995

MCEF-7 ER-mediated proliferation No — Fukamachi et al. 2004

MCEF-7 Nuclear DNA—PgR complex No No Connor et al. 1996

MCEF-7 ER-mediated genetic No No Connor et al. 1996
expression

MCEF-7 ER-mediated genetic No No Balaguer et al. 1996
expression

HeLa ER-mediated genetic No — Balaguer et al. 1996
expression

HeLa ER-o- and ER-B-mediated No — Balaguer et al. 1996
expression

CHO cells  ER-0- and ER-B-mediated No — Kojima et al. 2004
expression

T47D.Luc  ER-mediated genetic No — Legler et al. 2002
expression

MI(T/E-2 ER-mediated proliferation No — Fujimoto and Honda

2003

Yeast ER-mediated proliferation No No Connor et al. 1996

Yeast ER-mediated genetic No Weak Tran et al. 1996
expression

Yeast ER-mediated genetic No No Graumann et al. 1999
expression

Yeast ER-mediated genetic No — O’Conner et al. 2000
expression

Clam gills ~ Metabolic stimulation No No Cheney et al. 1997

Fish. hepatic Vitellogenin production No Weak Sanderson et al. 2001

ER, estrogen receptor; —, assessment not done.

2No, indicates no response to atrazine was observed at doses that were at least 10° in excess of the
effective dose of estradiol.

"Weak, indicates a response to atrazine was observed only at doses that were at least 10° in excess
of the effective dose of estradiol.

in yeast cells (Tran et al. 1996; Graumann et al. 1999; O’Connor et al. 2000), or in
T47D Luc cells (Legler et al. 2002).

Cheney and coworkers (1997) measured metabolic stimulation of clam gills
incubated in vitro with atrazine, and Sanderson et al. (2001) incubated fish hepatic
cells with atrazine; neither study produced evidence of an atrazine-induced “estrogen-
like response.” Other laboratories have tested for atrazine antagonism of estrogen
stimulation in a transfected construct. Connor et al. (1996) reported that atrazine
coincubated with estradiol failed to inhibit an ER-mediated proliferation of MCF-7
cells. Atrazine also failed to inhibit estrogen-mediated formation of a progesterone
receptor complex with DNA, and showed a similar failure with ER-mediated genetic
expression in MCF-7 cells (Connor et al. 1996). Balaguer et al. (1999) confirmed that
atrazine did not inhibit ER-mediated expression in MCF-7 cells.
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In studies of transfected yeast cells, Connor et al. (1996) found that atrazine did
not block estrogen-mediated cell proliferation, and Graumann et al. (1999) reported
that atrazine did not inhibit an ER expression system transfected into yeast. This
latter result contrasted with earlier findings of Tran et al. (1996), who observed a
weak inhibition by atrazine of an estrogen-mediated reporter in yeast cells. Atrazine
was unable to block estrogen stimulation of clam gill metabolism (Cheney et al.
1997), but it weakly inhibited vitellogenin production by fish liver cells incubated
in vitro (Sanderson et al. 2001).

To summarize the results from in vitro studies, a variety of tests using well-
established, estrogen-dependent reporter systems have uniformly failed to demon-
strate an ability of atrazine to imitate the action of estrogen. Moreover, a majority
of tests of estrogen antagonism by atrazine also produced negative findings. We
conclude from them foregoing that atrazine does not interact with the estrogen
receptor in these incubation systems.

3.3 Estrogen Receptor Binding

Steroid hormones, such as estrogen, serve as an activating ligand for specific intra-
cellular receptors (ER-o. or ER-P). Upon activation, these hormone-bound proteins
are attracted to specific chromatin sites. Once bound to DNA, the hormone-ligand
complex serves to attract additional factors that initiate and maintain mRNA tran-
scription. Although binding of a particular ligand to the estrogen receptor may not
necessarily enhance or diminish an estrogen-mediated response, it is typically
assumed that receptor interaction is mandatory for classic estrogen-mediated
expression to occur. Many investigators have studied whether atrazine may interact
directly with the estrogen receptor.

Table 3 presents a summary, from the literature, of studies in which there was atrazine
competition against estrogen receptor binding in yeast or various animal tissues. Tennant
et al. (1994b) reported that competitive coincubation of atrazine and radiolabeled
estrogen with ER-containing rat uterine cytosol failed to produce significant displace-
ment of estrogen binding by atrazine. However, when uterine cytosols were preincu-
bated with atrazine, and a tritium tracer was later added to a chilled incubation, there
was a significant reduction of [*H]estradiol association. Scatchard analysis suggested a
very weak competitive antagonism at concentrations that were several orders of magni-
tude greater than the subnanomolar disassociation constant (K,) for estradiol binding to
ER. Thomas and Dong (2006) recently reported that atrazine very weakly displaced
estradiol binding to a seven-transmembrane receptor (GPR30) stably transfected into
HEK-293 cells. These results indicate that, when atrazine is allowed to compete with
estrogen for the estrogen receptor, no antagonism is found. However, when high con-
centrations of atrazine are preincubated with the estrogen receptor before the addition
of estradiol, weak antagonism can be observed.

Tennant et al. (1994b) also showed that, when radiolabeled estradiol binding was
assessed in uterine cytosols prepared from OVX rats orally dosed with atrazine
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Table 3 Atrazine competition against estrogen receptor (ER) binding in various tissues or
organisms

ER source Incubation Competition *® Reference
Rat uterus In vitro Weak Tennant et al. 1994b
Rat uterus In vitro Weak McMullin et al. 2004
Rat uterus In vitro No Danzo 1997
Rat uterus In vitro No O’Connor et al. 2000
Rat uterus Ex vivo Weak Tezak et al. 1992
Rat uterus Ex vivo Weak Tennant et al. 1994b
Rat hypothalamus Ex vivo No McMullin et al. 2004
Human ER-o and - In vitro No Roberge et al. 2004
Human ER In vitro Weak Hanoika et al. 1999
Human ER-a In vitro Weak Scippo et al. 2004
Transfected yeast In vitro Weak Tran et al. 1996
Alligator oviduct In vitro Weak Vonier et al. 1996
ER GPR30 in HEK293 In vitro Weak Thomas and Dong 2006
cells

*Weak, indicates negative inhibition at concentrations of at least 10° molar excess.
®No, indicates no inhibition at concentrations of at least 10°> molar excess.

before being killed, a similar reduction of radioligand association with its receptor
was observed. This latter finding confirmed earlier work by Tezak et al. (1992).
McMullin and coworkers (2004) observed a mild competition in rat hypothalamus
between atrazine and estrogen for the estrogen receptor from orally administered
atrazine. In contrast, other groups have not observed significant competition by
atrazine for rat uterine ER binding in vitro (Danzo 1997; O’Connor et al. 2000;
McMullin et al. 2004).

Hanioka et al. (1999) and Scrippo et al. (2004), however, using a noncellular
preparation containing recombinant human ER-a., observed a very weak competition
for receptor binding by atrazine and estrogen, although Roberge et al. (2004) were
unable to observe significant atrazine displacement of estradiol binding to incubated
recombinant human ER-ot or ER-f3. Vonier and coworkers (1996) also reported that
atrazine demonstrated limited competition against estradiol binding to cytosols pre-
pared from alligator oviduct. Finally, Tran et al. (1996) observed very weak displace-
ment of estradiol in yeast cells transfected with the estrogen receptor.

In conclusion, there is evidence that atrazine has a limited capacity to antagonize
the binding of estrogen to its receptors. Antagonism of estrogen binding to ER is
not expected to occur under equilibrium conditions, or at concentrations expected
as a result of normal human exposure.

4 Summary

More than 40 publications have described results of atrazine responses in 17 estrogen-
dependent systems and in more than a dozen different reporter and estrogen receptor-
binding studies in vitro. Results from these studies have consistently failed to
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demonstrate that atrazine acts as an estrogen agonist. Moreover, a variety of indices
of estrogen-dependent activity, in models that encompass cell incubations to whole
animals, have failed to respond to atrazine. Researchers in more than a dozen labo-
ratories have examined rats, rat tissues, human and prokaryotic cells, in addition to
tissues from reptile, fish, amphibian, avian, molluscan, and insect sources, without
eliciting estrogenic-like responses from atrazine.

In contrast, studies of atrazine ability to antagonize estrogen-mediated
responses have yielded equivocal results. Results of several studies show inhibi-
tion of estrogen-like activities by atrazine, yet many other tests have yielded neg-
ative results. Generally, in vivo models have more consistently shown that
atrazine inhibits estrogen-mediated responses, whereas in more specific in vitro
systems, inhibition is seldom observed. The implication is that in vivo effects of
atrazine may result from inhibition of factors that are indirectly connected to the
genomic interaction of estrogen (e.g., at the receptor). Potential targets of atrazine
may be downstream of the ligand-receptor binding event. Atrazine may also
interact with other, less specific, factors that are necessary for the completion of
the estrogen-mediated response.

Moreover, the apparent inhibition of cytosolic-ER binding by atrazine may,
similarly, be relatively nonspecific. Observed inhibitory responses occur only at
extreme doses or concentrations, i.e., several orders of magnitude greater than the
level of estradiol presence in each test system. It is probable that the inhibitory
effects result from very low affinity and/or low specificity interactions, which are
unlikely to occur in nature.

We conclude that atrazine is not an estrogen receptor agonist, but it may be a
weak antagonist, when present at a high concentration under conditions of disequi-
librium with estrogen. These conditions are not expected to occur as a result of
normal environmental exposure.
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