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ARTICLE INFO ABSTRACT

Artif{e history: Atrazine is the most commonly detected pesticide contaminant of ground water, surface water, and pre-
Received 20 August 2010 cipitation. Atrazine is also an endocrine disruptor that, among other effects, alters male reproductive
Received in revised form 8 February 2011 tissues when animals are exposed during development. Here, we apply the nine so-called “Hill criteria”

Accepted 4 March 2011 (Strength, Consistency, Specificity, Temporality, Biological Gradient, Plausibility, Coherence, Experiment,

and Analogy) for establishing cause-effect relationships to examine the evidence for atrazine as an

Keywords: endocrine disruptor that demasculinizes and feminizes the gonads of male vertebrates. We present exper-
Atrazine . . . .
Gonads imental evidence that the effects of atrazine on male development are consistent across all vertebrate

classes examined and we present a state of the art summary of the mechanisms by which atrazine acts
as an endocrine disruptor to produce these effects.

Atrazine demasculinizes male gonads producing testicular lesions associated with reduced germ cell
numbers in teleost fish, amphibians, reptiles, and mammals, and induces partial and/or complete fem-
inization in fish, amphibians, and reptiles. These effects are strong (statistically significant), consistent
across vertebrate classes, and specific. Reductions in androgen levels and the induction of estrogen syn-
thesis - demonstrated in fish, amphibians, reptiles, and mammals - represent plausible and coherent
mechanisms that explain these effects. Biological gradients are observed in several of the cited studies,
although threshold doses and patterns vary among species. Given that the effects on the male gonads
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described in all of these experimental studies occurred only after atrazine exposure, temporality is also
met here. Thus the case for atrazine as an endocrine disruptor that demasculinizes and feminizes male
vertebrates meets all nine of the “Hill criteria”.

© 2011 Published by Elsevier Ltd.
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1. Introduction

Atrazine is a triazine herbicide used primarily on corn [1].
Atrazine is the most commonly detected pesticide contaminant
of ground, surface, and drinking water [1-12], and can even be
found in rainwater [13-18]. As early as 1997, Crain et al. [19] sug-
gested that atrazine is an endocrine disruptor capable of inducing
aromatase and leading to inappropriate and excess estrogen pro-
duction and in 1998 Reeder et al reported an association between
atrazine and intersex gonads in amphibians in the wild [20]. Shortly
after this initial report, in 2000, Sanderson et al. [21-23] char-
acterized the effect of atrazine on aromatase in more detail and
suggested that “alogical concern would be that exposure of wildlife
and humans to triazine herbicides, which are produced and used in
large quantities, and are ubiquitous environmental contaminants,
may similarly contribute to estrogen-mediated toxicities and inap-
propriate sexual differentiation” [23]. In this same year, an EPA
study concluded that “atrazine tested positive in the pubertal male
screen that the Endocrine-Disrupter Screening and Testing Advi-
sory Committee (EDSTAC) is considering as an optional screen for
endocrine disrupters” [24].

Several studies in amphibians have suggested that atrazine is
associated with feminized males in the wild [25-27]. In field stud-
ies, atrazine has repeatedly been associated with the presence of
testicular oocytes [20,25-27] as well as feminized secondary sex
characteristics in male frogs [28]. As recognized by Sir Austin Brad-
ford Hill in 1965, however, “diseases can have more than one
cause” [29] and other endocrine disrupters with mechanisms con-
sistent with demasculinization and feminization of animals have
beenidentified [30-32].In fact, a retrospective study in amphibians
showed that testicular oocytes were detected in museum speci-
mens in [llinois prior to the introduction of atrazine [33], so atrazine
may only be responsible for a subset of the recent elevations in
such findings. Indeed other environmental contaminants have been
shown to feminize amphibians also [34-37]. Because of the com-
plexity of exposures to chemical and other stressors in the field,
such eco-epidemiological studies must be coupled with controlled
laboratory investigations to ensure reliable attribution of observed
changes to specific causes. To establish a cause—effect relationship,
Hill described nine “criteria” that should be examined [29]: Experi-
mentation, Consistency, Strength, Specificity, Temporality, Biological
Gradient, Plausibility, Coherence, and Analogy. Below, we evalu-
ate the evidence for a cause-effect relationship between atrazine
and demasculinization and feminization of male vertebrates using
these nine criteria and summarize the many documented mech-

anisms by which atrazine demasculinizes and feminizes exposed
vertebrate males.

1.1. Experimentation

Experimentation was Hill’s eighth criteria. We examine this cri-
terion first because it provides the strongest support for atrazine
as an endocrine disruptor. In fact, regarding experimentation, Hill
wrote: “Occasionally it is possible to appeal to experimental, or
semi-experimental, evidence” [29]. “Here the strongest support
for the causation hypothesis may be revealed” [29]. Experimen-
tal evidence is the strongest (according to Hill) because controlled
experiments allow scientists to address the strength of the associa-
tion, consistency, specificity, temporality, biological gradients, and
to examine potential mechanisms for plausibility, coherence, and
analogy: the remaining eight of the nine so-called “Hill criteria”.
Below, we present experimental evidence that shows strong, con-
sistent, specific effects of atrazine on male gonadal development
and present a plausible coherent mechanism.

Atrazine is a gonadotoxin in males. Atrazine demasculinizes the
gonads of exposed male teleost fish, amphibians, reptiles and mam-
mals. We define “demasculinization” of male gonads as a decrease
in male gonadal characteristics including decreases in testicular
size, decreases in Sertoli cell number, decreases in sperm produc-
tion, and decreases in androgen production. Atrazine exposure has
been reported to disrupt testicular development, resulting in tes-
ticular lesions (loss of testicular tissue) in all vertebrates classes
examined except birds. In fish, atrazine causes degeneration of
interstitial tissue in the testes, but it has not been reported whether
germ cells or Sertoli cells are the also targets [38] (Fig. 1). Inamphib-
ians [39], reptiles [40] and mammals [41,42], however, atrazine
has nearly identical (specific) effects (Fig. 1). Atrazine exposure in
these vertebrate classes results in increases in the size of testicular
tubules, loss of Sertoli cells, and a marked loss of germ cells, often
leaving the testicular tubules empty or only with what appears to
be cellular debris ([39-42], Fig. 1).

In addition to the demasculinization effects described above
(testicular lesions), atrazine feminizes the gonads of developing
male teleost fish (hereafter referred to simply as “fish”) [43] (Fig. 2),
amphibians [26,44-46], and reptiles [47]. “Feminization” of male
gonads is defined as the development of oocytes in the testes
or complete ovarian differentiation in genetic males leading to
decreases in the frequency of morphologic males in the exposed
population. The loss of male germ cells, described above, is accom-
panied by the development of female germ cells (testicular oocytes)
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Fig. 1. Atrazine-induced histologic lesions in testes of vertebrates. Histologic sections from a fish (A and B), an amphibian (C and D), a reptile (E and F) and a mammal (G
and H) are shown. Histologic sections of testes of goldfish (Carassius auratus) controls (A) and after 21 days of exposure to water containing atrazine at 1,000 p.g/L (B). Note
the progressive increase in gaps in the interstitium between lobules. Sections were stained with Regaud’s hematoxylin, phloxine and light green. For details see Spano et al.
[38]. Histological section of testes in African clawed frogs (Xenopus laevis) controls (C) and after exposure to atrazine at 2.5 g/L throughout larval and postmetamorphic
development (D). Sections were stained in Harris’ hematoxylin and eosin. For details see Hayes et al. [39]. Photomicrographs showing seminiferous tubules from a vehicle
(E) and an atrazine-treated (F) caiman. Tissue sections were stained with Picrosirius solution and counterstained with Harris hematoxylin. For details, see Rey et al. [40].
Testicular tubules of control rats (G) and tubule of rats given atrazine at 200 mg/kg by gavage for 15 days (H). Atrazine-exposed rats were characterized by luminal dilation.
Extended dosing up to 40 days resulted in testicular atrophy, which was mostly formed by Sertoli-only tubules (not shown). Sections were stained with hematoxylin and
eosin. For details see Victor-Costa et al. [41]. Bar=100 w in all panels.
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Fig.2. Partial feminization by atrazine in vertebrates. Testicular oocytes are induced
by atrazine in fish (A), amphibians (B), and reptiles (C). Testes from an adult fathead
minnow (Pimephales promelas) (A) exposed to water containing atrazine at 5 pg/L for
14 days presenting multiple testicular oocytes within the gametogenic and support-
ive cellular structures of the testes (Photo courtesy Diana Papoulias, U.S. Geological
Survey, Columbia Environmental Research Center, Columbia, MO, USA). See Tillitt
et al. [43] for details of experimental conditions. Testicular oocytes in the testes of
a male Rana pipiens [B] exposed to atrazine at 0.1 g/L. Section stained in Harris’
hematoxylin and eosin. For details see Hayes et al. [26]. Testicular oocyte (stained
in Harris’ hematoxylin and eosin) in a snapping turtle (Chelydra serpentine) exposed
to soil treated with atrazine at a typical application rate (3.1 L/ha). For details see de
Solla et al. [47]. Bar=100  in all panels.

in the testes in some cases ([25,26,43,45,47], Fig. 2). This effect has
been reported in fish [43], amphibians [26,44,45], and reptiles [47],
but has not been reported in birds or mammals.

Atrazine can also result in complete feminization of males. At
least one study in fish [48], three studies in amphibians [39,49,50],
and two studies in reptiles [47,51] have causes significant shifts
in sex ratios toward females (Fig. 3). In fish, the effect is man-
ifested by skewed sex ratios in zebrafish (Danio rerio), which
have no distinguishable sex chromosomes [48]. In amphibians,
shifts in the sex ratio have been documented [49,50], and one
study used genetic markers in Xenopus laevis to show that indeed

genetic males were converted into complete functional females
after exposure to atrazine [39]. Finally, in reptiles, two studies
in two different species (of different genera and families) with
temperature-dependent sex determination, examined the effect of
atrazine on sex differentiation. Atrazine caused female biased sex
ratios compared to controls near the transitional male-female tem-
peratures [51], and turtles with testicular oocytes were found only
in atrazine treatments [47]. Thus, experimental data support the
hypothesis that atrazine both demasculinizes male gonads in all
vertebrate classes examined with the possible exception of birds
and feminizes the gonads of male vertebrate ectotherms (fish,
amphibians, and reptiles).

1.2. Consistency

With regards to consistency (Hill’s second criterion), Hill wrote,
“Whether chance is the explanation or whether a true hazard has
been revealed may sometimes be answered only by a repetition
of the circumstances and observations” [29]. Hill queried further,
“Has it (the effect) been repeatedly observed by different per-
sons, in different places, circumstances and times?” Moreover, he
stated, “I would myself put a good deal of weight upon similar
results reached in quite different ways.” In fact, this scenario is
revealed here: demasculinizing effects of atrazine on developing
male gonads across vertebrate classes (fish, amphibians, reptiles,
and mammals), as well as partial and complete feminization of
male gonads across three vertebrate classes (fish, amphibians, and
reptiles). These studies used different routes of exposure, varying
doses, and widely varying experimental conditions (see references
cited in Figs. 1-3), yet all found similar effects.

Echoing Hill's recommendations, Glen Fox wrote: “In ecoepi-
demiology, the occurrence of an association in more than one
species and species population is very strong evidence for cau-
sation” [52]. Kniewald et al. [42] and Victor-Costa et al. [41]
independently reported identical effects of atrazine on testes in
both Fischer [42] and Wistar [41] rats and, indeed, testicular lesions
and feminization of male gonads have been consistently observed
across vertebrate classes. These effects on the gonads are both spe-
cific and consistent and do not occur merely across populations,
species, or even genera or orders, but across vertebrate classes:
although the loss of testicular tissue may occur primarily in the
interstitium in fish, the loss of Sertoli cells and male germ cells
in testicular tubules, development of female germ cells (testicu-
lar oocytes) in exposed males and complete feminization of males
across three classes of vertebrates are specific and consistent effects
described by independent laboratories in eight different countries
on five continents (see references cited in Figs. 1-3 and work
described herein). These effects are also consistent with earlier
studies in African clawed frogs (Xenopus laevis) which showed a loss
of germ cells and nursing (Sertoli) cells in both males and females
exposed during larval stages [53,54].

That is not to say, however, that these effects have been doc-
umented in all species in these classes or even in all populations
(or studies) within a species. Variation is to be expected and as Hill
pointed out: “the different results of a different inquiry certainly
cannot be held to refute the original evidence.” [29]. To quote Hill,
“The lesson here is that broadly the same answer has been reached
in quite a wide variety of situations and techniques. In other words,
we can justifiably infer that the association is not due to some
constant error or fallacy that permeates every inquiry.” [29]

1.3. Temporality, Specificity, and Strength
The effects described here meet all three of these components of

Hill’s criteria. Regarding temporality, Hill believed that the “cause”
should precede the effect. In the current case, atrazine exposure
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et al. [50] and original data were from panel D from Willingham et al. [51].

should precede demasculinization and feminization. In the exper-
imental evidence presented here, this of course is the case.

In addition, the lesions of the gonads (demasculinization), par-
tial feminization (testicular oogenesis) and complete feminization
(sex reversal resulting in female-biased sex ratios) are specific
effects. It is important to realize, as Hill pointed out, that diseases
may have more than one cause, and a given factor (such as atrazine)
may produce more than one disease (effect). This observation is
certainly true for atrazine. More than one chemical may induce
the gonadal malformations that atrazine induces (see references
in Section 1), and atrazine affects more than gonadal development
(see Section 2). In the cases presented here, however, atrazine’s
effects are supported by controlled experiments in fish, amphib-
ians, reptiles, and mammals, and produce similar specific effects
across studies. Thus, the complications associated with identify-
ing cause and effect in epidemiological and eco-epidemiological
studies are not of general concern here.

The effects are also strong associations, in the species examined.
Hill listed “strength” as his first criterion. Despite the importance
of strength in establishing cause and effect, Hill wrote: “In thus

putting emphasis upon the strength of an association, we must,
nevertheless look at the obverse of the coin. We must not be too
ready to dismiss a cause-effect hypothesis merely on the grounds
that the observed association appears to be slight” [29]. Hill later
goes on, regarding statistics, to caution, “. . .far too often we deduce
‘no difference’ from ‘no significant difference™. In the cases pre-
sented here, all of the effects are statistically significant, with the
exception of some of the findings in snapping turtles (Chelydra ser-
pentina) [47]. But as Hill espoused, statistics are not even necessary
in obvious cases, such as here, where the malformations described
do not occur in controls in any of the experiments. In the few stud-
ies where malformed gonads were observed in controls, the authors
reported atrazine contamination in controls above the biologically
effective dose [55-57], with the exception of Orton et al. who found
intersex animals in control Rana pipiens [46].

1.4. Biological gradient

Here, Hill suggested that some dose-response relationship
would lend support for the cause-effect relationship. Although Hill
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focused on a monotonic linear dose response, he readily acknowl-
edged that in some cases “a much more complex relationship to
satisfy the cause and effect hypothesis” must be envisaged. With
regard to feminization of males, several studies show just the type
of dose response that Hill suggested would support cause and effect.
In both zebrafish and African clawed frogs, the frequency of males
declines in a dose-dependent fashion in response to increasing
doses of atrazine (Fig. 3). In most studies, the proportion of affected
males increases with atrazine concentration [26,44-46,56]. With
regard to demasculinization (testicular lesions) and partial femi-
nization (testicular oogenesis), quantitative methods are yet to be
standardized, thus parametric dose-response analyses of this type
are not available.

Regarding the effective doses, the demasculinization effects of
atrazine were produced at low ecologically relevant doses (e.g.
2.5 ppbor below) in amphibians. Doses in reptiles are more difficult
to interpret because the doses reported in some of these studies are
the doses applied to the egg shell and it is not known how much
atrazine reached the affected tissues. Nonetheless, snapping turtle
eggsreadily absorb current-use pesticides, including atrazine, from
soil treated with typical application rates (de Solla et al., unpub-
lished data). We hypothesize, however, that the barrier created by
the egg shell and membranes may explain why effects in reptiles
are less pronounced. In addition, it is possible that the exposure
time to atrazine was insufficient in some reptile studies. In rats,
the atrazine was delivered by gavage and the higher metabolism
[58] in small endotherms likely explains why seemingly higher
doses are required for effects in rodents, but comparative studies of
atrazine uptake, distribution in the body, and metabolism are not
available.

1.5. Plausibility and Coherence

Plausible, coherent mechanisms are available to explain gonadal
demasculinization and feminization. Atrazine exposure signif-
icantly reduces synthesis, secretion and circulating levels of
androgens across vertebrate classes including fish [38,59], amphib-
ians [26,39], reptiles [40], and mammals [24,60] with lesser effects
in birds [61]. Androgen production is critical for germ cell differ-
entiation, development and maturation. Thus, limiting androgen
production and availability provides a plausible mechanism to
explain the demasculinization of gonads in exposed males. Mul-
tiple mechanisms likely account for the decreased androgens and
decreased androgen activity (summarized in Fig. 4): (1) atrazine
inhibits luteinizing hormone (LH) and follicle stimulating hor-
mone (FSH) peaks and surges by inhibiting pulsatile release of
gonadotropin releasing hormone (GnRH) from the hypothala-
mus which leads to decreased androgen synthesis [24,62-66];
(2) atrazine inhibits LH release from the pituitary directly which
leads to decreased androgen production [62,64,67,68]; (3) atrazine
inhibits the enzyme 5a reductase which leads to decreased lev-
els of the potent androgen dihydrotestosterone (DHT) and leaves
more testosterone as substrate for aromatase to convert to estra-
diol which negatively feeds back on the hypothalamus and pituitary
[69,70]; (4) atrazine inhibits binding of DHT to the androgen bind-
ing protein [71]; (5) atrazine inhibits interactions between DHT and
the androgen receptor(AR) [69,70,72] but perhaps not by directly
binding to the receptor [73], but perhaps not by directly inhibiting
binding to the receptor (see [78]); (6) atrazine inhibits androgen
synthesis in the testes [60,74,75]; (7) atrazine decreases prolactin
secretion [63,78,79]. Prolactin promotes LH receptor expression,
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and thus a decrease in prolactin would lead to a decrease in
LH receptors, impairing normal LH-stimulation of testosterone
production; (8) atrazine increases adreno-corticotropic hormone
(ACTH) secretion from the pituitary leading to increased proges-
terone and increased corticosteroid (cortisol or corticosterone)
secretion [76,77]. Progesterone negatively feeds back on GnRH, LH
and FSH and thus decreases androgen production and reproductive
function, whereas corticosteroids inhibit the reproductive axes at
the hypothalamo (GnRH), anterior pituitary (LH and FSH) and the
gonads (androgen production).

The partial and complete feminization of gonads in fish, amphib-
ians and reptiles are analogous to the effects of estrogen in these
vertebrate classes (see Section 1.6). Atrazine could feminize ani-
mals by increasing estrogen synthesis, decreasing degradation of
endogenous estrogen, or acting as an estrogen receptor agonist.
No available evidence suggests that atrazine decreases degrada-
tion of endogenous estrogen and this is not a plausible mechanism
anyway, because developing males would not have adequate cir-
culating estrogens to stabilize. In addition, atrazine does not bind
the estrogen receptor [23,80], so this is not a plausible mechanism
either. Several studies, however, suggest that atrazine increases
estrogen synthesis. Atrazine induces aromatase in the gonads of
fish [48], amphibians [39], and reptiles (in vitro) [19], and in
human cell lines [21-23,48,81-83]. Also, atrazine increases circu-
lating estrogens in fish [38,59], amphibians [39], and in mammals
(laboratory rats) [24]. Estrogens induce partial and complete fem-
inization in fish [84,85], amphibians [86,87], and reptiles [86,88],
so the induction of aromatase and subsequent increases in estro-
gen synthesis represent a plausible mechanism for the feminization
effects.

In addition, atrazine and the atrazine metabolite, deethyla-
trazine, also inhibit 5a-reductase [66]. Reducing the availabil-
ity of 5a-reductase in atrazine-exposed male rats, decreases
the conversion of testosterone to the potent androgen 5a-
dihydrotestosterone [72]. Dihydrotestosterone is not convertible
to estrogen; thus, the inhibition of 5a-reductase by atrazine may
increase the pool of testosterone available for conversion to estro-
gen. For example exposure to exogenous testosterone, though
not dihydrotestosterone, can cause feminization in turtles [89],
through the conversion to estrogen via aromatase. Given the simi-
larity between the effects of exogenous estrogen in vertebrates (see
Section 1.6) and atrazine, this plausible mechanism (the induction
of aromatase) is coherent.

1.6. Analogy

Hill wrote, “...the cause-and-effect interpretation of our data
should not seriously conflict with the generally known facts of the
natural history and biology of the disease”. Androgens are necessary
for testicular development and maintenance of male germ cells in
all vertebrates. Thus, given that atrazine reduces androgen produc-
tion and stability, it is reasonable to expect the demasculinization
effect in all vertebrates. On the other hand, partial or complete
sex reversal of gonads by estrogens is limited to fish and amphib-
ians, which lack morphological distinguishable sex chromosomes,
and to reptiles with environmental sex determination, which lack
sex chromosomes altogether [86]. Birds and mammals, which have
genetic sex determination and highly differentiated sex chromo-
somes are not susceptible to estrogen-induced sex reversal of the
gonads [86,90]. As such, while depleting androgens will impair
testicular development and induce testicular lesions (such as the
effects described here) in all vertebrates, increasing estrogen pro-
duction (via atrazine) would not be expected to induce feminization
of the gonads in birds and mammals, but would do so in fish,
amphibians, and reptiles with environmental sex determination.

2. Conclusions

All nine of the Hill criteria are met in the case for atrazine as
an endocrine disruptor that alters male gonadal development. Fur-
thermore, effects occur in all vertebrate classes examined with
the possible exception of birds, suggesting a ubiquitous problem.
Published studies assessing the effects of atrazine on the devel-
oping gonads of birds are limited to one study in Japenese quail
(Coturnix coturnix japonica) [91] and another in chickens (Gallus
gallus domesticus) [92]. When injected into quail eggs at 123, 246,
and 504 p.g/kg, atrazine had no effect on the sex ratio as determined
on day 14 post-hatching, but 504 p.g/kg caused a decrease in ovar-
ian weight and in progesterone levels in females [91]. Atrazine had
no effect on gonadal weight or circulating estradiol, testosterone,
or progesterone in males and no incidences of left ovotestes were
observed [91]. In contrast, when atrazine was injected into chicken
eggs [92], 0.1 to 3 mg/egg caused retention of the right gonad in
female chicks [92]. No effects were observed in males [92]. So based
on these two studies, atrazine produces much more subtle effects in
birds, relative to other vertebrate taxa and only at high doses. Birds
are also probably less likely to be exposed to atrazine in the wild.
Given that atrazine is mostly an aqueous contaminant, water fowl
maybe more likely affected by atrazine and studies are warranted.
Similarly, the absence of data in the only two remaining classes of
vertebrates (Agnatha and Chondricthyes) reflects the fact that no
published studies on effects of atrazine are available for these taxa.

While morphologic changes found in studies of atrazine-
exposed vertebrates are of concern, functional impairments are
likely of greatest importance. In fact, male salmon (Salmo salar)
exposed to atrazine showed decreased androgen levels, decreased
mating behavior, and decreased milt production [59]. Nearly
identical reproductive impairments were observed in amphibians
(decreased androgens, decreased mating behavior and decreased
fertility) [39]. Similarly, atrazine induced poor reproductive perfor-
mance in rodents [42] and resulted in as much as a 50% decrease in
epididymal sperm number and decreased sperm motility [42]. Low
fertility, low sperm count, and poor semen quality were also associ-
ated with atrazine exposure (as measured by atrazine metabolites
in the urine) in humans living in agricultural areas where atrazine
was widely used [93]. Furthermore, atrazine is also associated with
follicular atresia in females of two species of fish [38,43], limiting
the reproductive potential of females as well.

Atrazine is prevalent and persistent in the environment. There
are many other documented reproductive effects of atrazine in
laboratory rodents: induced abortion [62,64], impaired mammary
development [94-96], the induction of reproductive and hormone-
dependent cancers [97-102] as well as other non-reproductive
effects including impaired immune function (also observed in mul-
tiple studies across vertebrate classes) [103-127] and impaired
neural development [117,128-132]. Thus, with the additional the
indirect effects of atrazine on habitats [133-142], atrazine can have
dramatic effects on ecosystems, environmental health and public
health.
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