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FOREWORD
The International Programme on Chemical Safety (IPCS) has published conceptual frameworks to analyse
the relevance to humans of modes of action (MOA) for both cancer and non-cancer endpoints observed in
toxicity studies. This MOA analysis utilises all of the available animal data and aims firstly to determine
whether it is possible to establish a plausible MOA through the identification of key events along the causal
pathway to either a cancer or non-cancer endpoint. If an MOA can be established as plausible in a test
animal species, the data are further analysed to determine whether the MOA is relevant to human
physiology.
According to the conceptual framework, where it is considered that a plausible MOA may be relevant to
human physiology, the MOA can then be examined with regard to its potential to result in effects on human
health, which are not covered by existing health standards. Accordingly, fulfilment of the steps of the
conceptual framework would then form a credible case for further regulatory consideration of the chemical.
This report is an analysis of available data on atrazine within the IPCS conceptual framework, and includes
consideration of both published and non-published reports, as well as assessments prepared by international
agencies. The main emphasis is on published data indicating that atrazine may have endocrine MOA which
may be responsible for observed adverse effects in animals. The Office of Chemical Safety and
Environmental Health (OCSEH) has sought to determine firstly whether the weight-of-evidence is sufficient to
support the postulated MOAs, and secondly, if the MOAs are relevant to humans.
The report focuses on the assessment of the postulated MOA for the induction of mammary tumours in
female Sprague Dawley rats and the postulated MOAs for the observed reproductive and developmental
effects following atrazine administration to animals, possibly as a result of effects on luteinising hormone
(LH), gonadotrophin releasing hormone (GnRH), and/or the enzyme, aromatase.
In addition to previously assessed studies, a search of the available literature was performed to locate any
recent additional relevant studies. A PubMed search was conducted using the following terms: atrazine and
aromatase; sperm; developmental toxicology; reproductive toxicology; testicular; resorption; LH; and GnRH.
Searches were limited to studies from 2004 onwards (as previously published data was evaluated as part of
the APMVA Review of Atrazine in March 2008). The reports prepared by the US EPA in 1993 and the
WHO/FAO Joint Meeting on Pesticide Residues (JMPR) in 2007 to assess the MOA for atrazine-induced
mammary tumours were also considered. A SciFinder search for ‘atrazine’ was also undertaken to identify
any additional literature available and which was relevant to an MOA analysis (published after 2004 and prior
to March 2009).
In preparing this report, minor differences were identified in the data sets used by various regulatory
agencies to evaluate the MOAs. The OCSEH did not have access to several unpublished toxicology studies
which were evaluated by the JMPR and/or the US EPA, and in these cases, the OCSEH used the
assessments in those reports.

2

ATRAZINE TOXICITY: ANALYSIS OF POTENTIAL MODES OF ACTION

ABBREVIATIONS
ACTH

Adrenocorticotrophic hormone

APVMA

Australian Pesticides and Veterinary Medicines Authority

cAMP

cyclic 3'-5'-adenosine monophosphate

cGMP

cyclic guanosine 5'-monophosphate

CH

Chorionic gonadotrophin

CRH

Corticotrophin releasing hormone

DACT

Diamino-s-chlorotriazine

E2

Estradiol

ER

Estrogen Receptor

F344

Fischer (rat)

FAO

Food and Agriculture Organization of the UN

FIFRA

Federal Insecticide, Fungicide and Rodenticide Act

FSH

Follicle simulating hormone

GNRH

Gonadotrophin releasing hormone

HPA

hypothalamus-pituitary-adrenal

HPG

hypothalamus-pituitary-gonadal

IC 50

The concentration at which 50% inhibition is observed

IPCS

International Programme on Chemical Safety

JMPR

WHO/FAO Joint Meeting on Pesticide Residues

LE

Long-Evans (rat)

LH

Luteinising hormone

LOEL

Lowest observed effect level

LOAEL

Lowest observed adverse effect level

NOEL

No observed effect level

NOAEL

No observed adverse effect level

MOA

Mode(s) of action

MRNA

Messenger ribonucleic acid

OCSEH

Office of Chemical Safety and Environmental Health

PII

Promoter II

PDE

Phosphodiesterase

PGE 2

Prostaglandin E 2

PKA

Protein kinase A

PRL

Prolactin

SAP

Scientific Advisory Panel of the US EPA

SD

Sprague Dawley (rats)

SUSDP

Standard for the Uniform Scheduling of Drugs and Poisons

TSH

Thyroid stimulating hormone

US EPA

United States Environmental Protection Agency

WHO

World Health Organization
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EXECUTIVE SUMMARY

Atrazine is a selective systemic triazine herbicide which is used widely throughout Australia as a pre- and
post-emergence herbicide for grass and broadleaf weeds in sorghum, maize, and sugarcane crops. Atrazine
is also used in the establishment of pine and eucalypt plantations and on triazine-tolerant canola crops.
Studies published since 2001 have suggested that atrazine may have effects on the endocrine/reproductive
system(s) which were not previously considered.
This report examines three potential modes of action (MOA) for atrazine according to the criteria identified in
the IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans. It was updated in
June 2010, prior to publication, to include preliminary information regarding a possible fourth MOA (see
Addendum).
The first postulated MOA considered in this report is generally accepted to be plausible in one animal strain
i.e. the effect of atrazine on the regulation of luteinising hormone (LH) and subsequent proliferative changes
mediated by prolactin in mammary tissues of female Sprague-Dawley (SD) rats. There is also a consensus
that the end-point of mammary tumour formation in rats by this MOA is not relevant to humans. The other
two potential MOAs [depression of gonadotrophin-releasing hormone (GnRH) and increased aromatase
expression], together with the emerging MOA considered in the June 2010 Addendum to this report, reflect
developments from available research findings but are more speculative.
The second postulated MOA considered in this report is that atrazine disrupts hypothalamic function and
depresses production of GnRH, which in turn affects reproductive and developmental endpoints and
ultimately may lead to full litter resorptions in a test animal species. However, this terminal effect is only
observed at high doses. The MOA analysis for the reproductive effects observed in a number of species
concluded that although this MOA was also potentially plausible, significant data gaps existed and there is
presently insufficient weight-of-evidence to enable this MOA to be accepted as plausible in animals.
Therefore, it was not possible to examine the next step in the framework regarding human relevance.
The third postulated MOA considered in this report is that atrazine increases aromatase enzyme activity,
increasing the aromatisation of testosterone and conversion to oestrogen. It is further postulated that an
increased oestrogenic environment may favour i) induction of cancers and/or proliferation of pre-existing
oestogen-dependent cancers and/or ii) altered relative sex hormone levels, which in turn may have an
adverse effect on a terminal or downstream end-point of reproduction and/or development. This area of
research is expanding rapidly but currently available data were largely restricted to in vitro evidence that
examined the effects of exposure to continuous concentrations of atrazine on aromatase. The absence of
relevant benchmark studies which establish the occurrence of the proposed key events, any dose
responsiveness or any temporal associations, precludes the further examination of this postulated MOA or
its human relevance.
In conclusion, adequate information to establish a link between atrazine exposure and an identified
toxicological endpoint was found for only one MOA but the MOA was considered not to be relevant to human
health risk assessment. With respect to the other postulated MOAs, further studies are needed to explore
whether the MOAs can be established, and then any relevance to human risk assessment.
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The results of this MOA analysis do not suggest that at this stage a further scientific review of atrazine
toxicity is warranted or provide a basis to undertake a re-evaluation of the existing health values. The ADI in
place in Australia was established on the no-observed-effect-level (NOEL) for the most sensitive end-point in
repeat-dose toxicity studies and is currently considered by the OCSEH to be protective against adverse
effects that may be caused by exposure to atrazine.
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JUNE 2010 ADDENDUM

Following the submission of this report to the APVMA in January 2010, the APVMA requested peer review
from experts in the US EPA. However, their consideration of the report was impeded by the decision of the
US EPA to ‘re-review’ atrazine (see
http://www.epa.gov/pesticides/reregistration/atrazine/atrazine_update.htm#atrazine). The OCSEH and the
APVMA decided to await the outcome of the Federal Insecticide, Fungicide and Rodenticide Act Scientific
Advisory Panel (FIFRA SAP) meeting on the ‘Re-evaluation of the Human Health Effects of Atrazine: Review
of Experimental Animal and In Vitro Studies and Drinking Water Monitoring Frequency’, which was held in
Washington D.C. from 26-29 April 2010. In addition to considerations related to those MOAs covered in the
January 2010 MOA report, a possible new MOA was presented to the FIFRA SAP by the Office of Pesticide
Programs, US EPA (US EPA, 2010). The OCSEH and the APVMA have obtained copies of the meeting
transcripts and the draft background white paper (US EPA, 2010). Both organisations consider that this
evolving MOA and an update on the aromatase-based MOA should be acknowledged in this report’s June
2010 Addendum.
The possible new MOA involves the hypothalamus-pituitary-adrenal (HPA) axis, which has the capacity to
influence the hypothalamus-pituitary-gonadal (HPG) axis. The HPG axis is considered by most experts (see
FIFRA SAP transcript, US EPA, 2010) to be the most plausible MOA by which the endocrine system and/or
reproductive system could be affected by atrazine, leading to the endocrine and/or reproductive toxicity end
points seen in animal studies.
The second matter (in addition to the emerging HPA axis MOA) which arose during the SAP discussions,
was that the weight-of-evidence for a major role of aromatase (the enzyme which converts androgens to
oestrogens) in mediating the effects of atrazine has not been substantiated by in vivo observations.
Moreover, there is some evidence which indicates that atrazine may be influencing a number of steroid
pathways rather than specifically the conversion of testosterone to oestradiol by aromatase.
However, it is important to note that the exhaustive US EPA examination of available studies performed prior
to the FIFRA SAP meeting (see US EPA, 2010) did not identify a sound basis (at this stage) to consider any
change to the existing toxicological end-point for atrazine. The new studies examined did not provide a basis
from which to extrapolate any risk to human health which would warrant a reconsideration of the established
US EPA health values.
The HPA MOA for atrazine is based primarily on the recent publications of Fraites et al. (2009) and
Laws et al. (2009) supporting earlier studies by Modic (2004) and Pruett et al. (2003) in which treatment of
rats with atrazine activated the HPA axis, leading to increased circulating levels of adrenocorticotrophic
hormone (ACTH) and corticosterone which further suggested the possibility of central control or modulation
of the gonadal axis. Consistent with this possibility were reports in the early neuroendocrine literature (see
Fraites et al., 2009) of the inhibition of reproductive indices and outcomes by various stimuli of the HPA, in
particular interactions between the central stress response corticotrophin-releasing hormone (CRH),
feedback from the adrenal glands via corticosteroids and progesterone and modulation of GnRH and
luteinising hormone (LH). Collectively, there was considered to be sufficient evidence to support the proposal
that atrazine may be able to activate the adrenal axis leading to an attenuation of LH secretion and
potentially to the development of related reproductive toxicity and/or carcinogenic sequelae in rats.
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The key events (as described in the FIFRA SAP Background paper, US EPA, 2010) of the apparent
cross-over of the HPA axis with the HPG axis include: hypothalamic changes resulting in an increased
release of CRH; increased release of ACTH from the pituitary; increased production of corticosterone and
progesterone by the adrenal glands; and consequently decreased secretion of GnRH from the
hypothalamus, which may be the result of the aforementioned changes and provide a connection with the
well established neuroendocrine mediated modulation of the LH surge (in rodents). The treatment of female
Long-Evans rats with 75 mg/kg bw (gavage) atrazine, or molar-equivalent doses of metabolites DIA or DEA
(but not DACT) led to increases in ACTH, corticosterone and progesterone, within 15 min (Fraites et al.
(2009); Laws et al. (2009)). Moreover, decreased secretion of hypothalamic GnRH has been observed in
rats which received atrazine at 25 mg/kg bw/day for 4 days (Cooper et al. 2007) although there is no direct
evidence that this GnRH response by the hypothalamus following atrazine treatment in these animals is
initiated by central nervous system (CNS) signalling or that it results in any effect on reproduction or
development. Therefore this postulated MOA has yet to be established.
A range of factors has been shown to influence the HPA axis. Restraint stress increases ACTH,
corticosterone and progesterone to similar levels to those achieved with high doses of atrazine (Fraites et al.,
2009). In addition, other studies indicate that increased corticosterone release from the adrenal glands has
been shown to modulate neurons which control GnRH, gonadotrophin inhibiting factor, CRH, and
norepinephrine. Collectively, these agents are also known to decrease GnRH pulses (FIFRA SAP
background paper, US EPA, 2010). With respect to CNS control, slight changes in neurotransmitter levels
(decreased striatal dopamine, decreased prefrontal cortex norepinephrine, and decreased hypothalamic
serotonin) have been observed in rats which received atrazine at 10 mg/kg bw/day for six months and these
observations were considered to be consistent with the known effects of atrazine on the dopaminergic
system (US EPA, 2010).
As noted in the FIFRA SAP Background paper, the doses used to discern these effects and explore the
MOA pathways were considerably higher than the current NOEL used to establish health values such as the
Acceptable Daily Intake (in Australia) or the Reference Dose (in the US) for atrazine. Further research would
be needed to fully characterise this postulated HPA axis MOA for atrazine and enable further consideration
using the established MOA framework.
The FIFRA SAP discussion also considered recent studies and the weight-of-evidence for the MOA involving
the induction of aromatase activity. There has been an increase in the breadth of studies examining the
effects of atrazine on aromatase activity as indicated by testing of in vitro cell culture systems, with the
lowest observed effect concentrations being found to be in the range of 0.3-1.0 µM (Breckenridge, 2009; US
EPA, 2010). These concentrations are within the plasma concentration range of atrazine that have been
investigated in animal studies (Fraites et al., 2009; Laws et al., 2009) but to date, no evidence of an effect by
atrazine on aromatase has been reported following in vivo testing at these levels of exposure. Also, the
upregulation of other steroidogenic genes (StAR, inhibin-α, P450scc, and 11βHSD in JEG3 cells) has been
reported recently and indicates that there is likely to be a broader effect of atrazine on steroidogenesis
generally rather than a specific effect on aromatase activity only (Breckenridge, 2009; FIFRA SAP
background paper, US EPA, 2010). Another recent insight has been the finding that the assessment of
aromatase activity using too few in vitro end-points can lead to misleading conclusions on the role of
aromatase in vivo in this postulated MOA (Higley et al., 2010).
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3

BACKGROUND

In March 2008, the APVMA published the Final Review Report and Regulatory Decisions on Atrazine. The
current report was undertaken to assess the data published and/or provided to the OCSEH since 2004 in
relation to subsequent findings suggesting that atrazine may be responsible for adverse reproductive and
developmental effects through an endocrine mode of action. In assessing this data, the OCSEH considered
firstly whether there was sufficient weight-of-evidence to establish a plausible mode of action (MOA) for the
effects reported in animals and, secondly, examined the relevance of the MOA for human health.

3.1

SOURCES OF INTERNATIONAL REGULATORY DATA

During the conduct of this MOA analysis, previously published reports from the OCSEH/APVMA on atrazine
(APVMA, 2002, 2004, and 2008) were considered. Reports from the US EPA (1993) and the JMPR (2007)
were provided to the OCSEH and used in this analysis.

3.2

CURRENT PUBLIC HEALTH STANDARDS IN AUSTRALIA

Atrazine is listed in Schedule 5 of the Standard for the Uniform Scheduling of Drugs and Poisons (SUSDP).
The acceptable daily intake (ADI) of 0.005 mg/kg bw/d was established in 1990 and was reconfirmed in 1996
(APVMA, 1997). The ADI is based on a 2-year dietary study in rats in which a NOEL of 0.5 mg/kg bw/d was
observed for mammary tumours in one strain (Sprague Dawley, SD) of female rats. Mammary tumours were
not observed in male SD rats, male or female Wistar rats, nor in male or female CD-1 mice. Safety factors of
10 fold for species differences and 10-fold for uncertainty were applied to the NOEL to derive the ADI. In
addition to the evidence that the mammary tumours were strain-specific, the assigned NOEL is also
conservative because the tumours that were observed in the female SD rats were considered not to be
relevant to human health because of clear differences between SD rat and human endocrine systems. The
ADI assigned in Australia is also four-fold lower than the group ADI of 0.02 mg/kg bw/d established by the
JMPR (2007) on the basis of the NOAEL for atrazine of 1.8 mg/kg bw/d for the suppression of the luteinising
hormone surge and the subsequent disruption of the oestrous cycle in rats receiving 3.6 mg/kg bw/d for six
months (with safety factors of 10-fold for species differences and 10-fold for human inter-individual variability
then applied to the NOAEL). The JMPR (2007) considered that this ADI was protective of potential
neuroendocrine effects and other adverse effects which might be caused by prolonged exposure to atrazine
and its chloro-s-triazine metabolites.
The JMPR (2007) established an ARfD of 12.5 mg/kg bw on the basis of a NOAEL for impaired (sucklinginduced) prolactin secretion in dams and subsequent alterations in development of the central nervous
system and prolactin regulation in male offspring. An acute reference dose (ARfD) for atrazine has not been
established in Australia because of its low acute toxicity after single or a few high doses.
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REGULATORY ACTION ON ATRAZINE IN AUSTRALIA

Several assessments of the toxicology of atrazine have been conducted in Australia which have led to the
regulatory actions described in chronological order below:
•

1990: Evaluation of unpublished data mitigated earlier concerns of a higher incidence of mammary
tumours in rats and concluded that the rodent studies showed no evidence of carcinogenic potential.
Available epidemiological data showed no association between atrazine exposure and cancer. An ADI of
0.005 mg/kg bw/d was set, based on the NOEL of 0.5 mg/kg bw/d in a 2-year rat study and using a 100fold safety factor. Atrazine remained exempt at that time from poisons scheduling.

•

1994: The Advisory Committee on Pesticides and Health (ACPH) considered atrazine use and water
contamination issues. The ACPH recommended the development of forestry guidelines to reduce the
possibility of water contamination with pesticides and agreed to review the ADI and the drinking water
Health Guideline Value. The ACPH concluded that rat mammary tumours were not relevant to the
human risk assessment of atrazine and confirmed the NOEL of 0.5 mg/kg bw/d, the ADI of 0.005 mg/kg
bw/d, and the Australian Drinking Water Health Guideline Value of 0.02 mg/L. Atrazine was rescheduled
from ‘exempt’ to Schedule 5 of the Standard for the Uniform Scheduling of Drugs and Poisons (SUSDP)
(‘Caution’ signal heading on atrazine products).

•

1996: The OCSEH completed a report entitled Review of the Mammalian Toxicology and Metabolism Toxicokinetics of Atrazine. This report evaluated new data on the toxicology of atrazine, including all
previously submitted data and made the following conclusions:
1. No change to the current NOEL for atrazine was warranted. The observed mammary
tumours were not considered to be relevant to human health, but the response was
considered to reflect a hormonal interaction and an appropriately conservative endpoint on
which to establish the ADI.
2. The ADI for atrazine of 0.005 mg/kg bw/d (based on the NOEL of 0.5 mg/kg bw/d and using
a safety factor of 100) was confirmed.
3. The Australian Drinking Water Health Guideline Value for atrazine of 0.02 mg/L should be
reconsidered by the National Health and Medical Research Council (NHMRC).
4. No change to the poisons schedule (Schedule 5 of the SUSDP) was warranted.
5. Significantly stricter controls over uses in riparian zones should be considered.
6. There was no objection to the continued approval of atrazine.

•

2001: The NHMRC revised the Australian Drinking Water Guidelines and revised the Health Value
upwards to 0.04 mg/L; this took into account possible metabolites of atrazine which can occur in water
and have a similar toxicity profile to atrazine. It also specified a Guideline Value (an action level)
equivalent to a practical, reliable limit of detection (currently 0.0001 mg/L).
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2006: The OCSEH evaluated recently-published reports relating to the carcinogenicity, developmental
effects and endocrine-disrupting potential of atrazine, and considered whether these reports would (i)
change the recommendations made in the review performed in 1996, and (ii) warrant a cumulative risk
assessment be undertaken. The report noted that:
1. Atrazine treatment was associated with altered neuroendocrine homeostasis in one strain of
rats (SD), but atrazine does not bind to the oestrogen receptor and has no intrinsic
oestrogenic activity.
2. The level of exposure to mixtures of triazine compounds via food and drinking water was not
of concern, although a cumulative risk assessment may need to be considered in the future,
if the level of exposure increased.
3. No changes to the existing health standards for atrazine were recommended.

•

2007: The OCSEH revisited the above report (June 2006) and made minor amendments. No alterations
to the conclusions were made nor did the OCSEH recommend any changes to the existing health
standards.

[A more detailed history of the assessment of atrazine may be found at
http://www.apvma.gov.au/chemrev/downloads/atrazine_tox.pdf (pages 104-106)]

3.4

OTHER NATIONAL AND INTERNATIONAL ASSESSMENTS

The European Commission (EC, 2003) removed atrazine from Annex I of Directive 91/414/EEC with the
following conclusion:
The information available is insufficient to satisfy the requirements set out in Annex II and Annex III
Directive 91/414/EEC. In particular the available monitoring data were insufficient to demonstrate that
in large areas concentrations of the active substance and its breakdown products will not exceed 0.1
μg/L in groundwater. Moreover it cannot be assured that continued use in other areas will permit a
satisfactory recovery of groundwater quality where concentrations already exceed 0.1 μg/L in
groundwater.
It may be noted that this 0.1 μg/L value was an arbitrary limit set for any pesticide in water, regardless of its
safety profile, and it is likely that water in Europe could have met this standard (had monitoring been
conducted) following the controls and use restrictions placed on atrazine in most jurisdictions in the
mid-1990s.
The US EPA IRED (US EPA, 2003) risk assessment indicated human health risks of concern, particularly
regarding the predicted levels of atrazine present in drinking water in the USA, and for occupational and
home garden use. The IRED recommended increased monitoring of atrazine levels in water supplies and
changes to the use pattern of atrazine products to limit exposure during and post-application. Prior to this,
the US EPA completed a draft hazard and dose response assessment and characterisation of atrazine (US
EPA, unpublished, 2000), which was made available to the OCSEH and used for this report.

BACKGROUND
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The JMPR also completed a review of atrazine in 2007 and a pre-publication copy was also provided to the
OCSEH and was referenced in this review (JMPR, 2007). A summary report of the assessment has been
published at
(http://www.fao.org/ag/AGP/AGPP/Pesticid/JMPR/DOWNLOAD/2007_rep/report2007jmpr.pdf). The WHO
have advised that a full version of the 2007 monographs (including a 100-page atrazine review) has been
published at http://whqlibdoc.who.int/publications/2009/9789241665230_eng.pdf].

3.5

SUMMARY OF ATRAZINE TOXICITY

The following text summarises the toxicity of atrazine covering studies available up to the conclusion of the
1997 Australian atrazine review (available on the APVMA website at
http://www.apvma.gov.au/chemrev/downloads/atrazine_tox.pdf). More recent studies are considered in the
following sections which analyse different atrazine MOAs.
Atrazine has low acute toxicity, however somewhat higher acute toxicity has been ascribed to some
metabolites of atrazine, especially in female animals. The acute toxicity of desethyl- and
desisopropylatrazine was twice that of atrazine in some studies, whilst the acute toxicity of
diaminochlorotriazine (DACT) and hydroxyatrazine was similar or marginally lower.
In the guinea-pig sensitisation test, atrazine was shown to be a strong skin-sensitising agent but was
negative in a human skin sensitivity (patch) test in fifty subjects.
Repeat-dose administration of atrazine to mice, rats and dogs resulted in relatively nonspecific toxicity
endpoints across different species and included reduced bodyweight gain, reduced food consumption and
some liver enlargement at high doses. Anaemia was noted in short-term repeat-dose studies (rabbits),
subchronic studies (rats, dogs) and chronic studies (mice, rats, dogs). Other frequently observed effects in
more than one study included: small and/or cyanotic testes; cardiovascular effects; and renal toxicity.
Isolated observations included (one study) reduced thymus weights, increased pituitary weight, retinal
degeneration and muscle tremors.
The carcinogenicity of atrazine in mammals has been studied extensively. In one strain of female rats,
atrazine was shown to induce either an increase in the overall incidence or an earlier onset of mammary
tumours and in one study an earlier onset of pituitary tumours was observed. It is likely that these responses,
observed in female SD rats only, occur above a certain threshold. Further, these effects were not seen in
male SD rats, female Fischer rats, or male or female CD-1 mice.
In SD rats, analysis of oestrogen levels and oestrous cycling show an increased number of days in oestrus
or under oestrogen dominance and suggest that the earlier onset of mammary tumours in female SD rats
probably relates to an accelerated ageing of the neuro-endocrine system. In contrast, treatment of female
Fischer rats did not exhibit any effects on the length of the oestrous cycle, oestradiol or progesterone levels
with atrazine dosing, at doses from well below to levels which caused other toxic effects.
Neither atrazine, simazine nor the common metabolite, diamino-s-chlorotriazine (DACT), at concentrations
up to 100 mM, competed with radioactive oestradiol binding (5 nM) to oestrogen receptors (ER) in extracted
uterine tissue under equilibrium conditions (at 4°C). Collectively, the triazines were about 105 times less
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potent than oestradiol itself in causing a fifty percent reduction in labelled oestradiol binding to ER (at 25°C).
Results from three types of in vivo studies in ovariectomised rats suggested that none of these three chloro s
triazines possessed any significant intrinsic oestrogenic activity but that they are capable of weak inhibition
of oestrogen stimulated responses in the rat uterus. This weak inhibitory activity may play a role in the
changes in reproductive endocrine function which have only been observed in female SD rats.
No teratogenic effects were noted in two- and three-generation reproduction studies with atrazine or in
developmental studies with atrazine and each of its four metabolites. In a developmental study in rats which
received water resembling groundwater contaminated with pesticide/fertiliser mixtures at 0.5, 5 and 50
ng/mL atrazine (1x, 10x and 100x actual concentrations found in US corn-growing states), no significant
adverse effects were reported. No reproductive or developmental effects were observed in the two- and
three-generation dietary studies in rats at the highest doses tested, even though some maternal toxicity 1 was
noted in the two-generation study.
Modulation of endocrine homeostasis is a known effect of many chemicals if the exposures overwhelm the
normal inactivation, metabolism, and/or excretion pathways (OCSEH, 2007). Thus, endocrine modulation per
se is not considered to be an adverse end-point but rather a possible mechanism of action which could lead
to other toxicological outcomes e.g. reproductive, developmental, or carcinogenic effects. Previous studies
evaluated by the OCSEH (APVMA, 1997) suggested that the neuroendocrine system is susceptible to
modulation by atrazine, which was associated with earlier onset of reproductive ageing and possibly earlier
onset or increased incidence of mammary tumours in female SD rats. The weight-of-evidence suggests that
these effects are peculiar to this strain of rat and are unlikely to be applicable to all rodents or all mammals
(OCSEH, 2007).
The weight-of-evidence suggesting that it is unlikely that the response seen in SD rats is relevant to the risk
of mammary tumour development in humans is based on the following:
1. The earlier onset in mammary tumours was not seen in male SD rats, in female Fischer 344 rats, or male
or female CD-1 mice;
2. The response observed in female SD rats was only observed to occur above a certain threshold;
3. The background incidence of mammary tumours in SD rats is significantly higher than in female Fischer
344 rats;
4. Neither atrazine nor its metabolites are genotoxic in animal cells;
5. Menopausal women develop episodes of declining oestrogen secretion and longer periods of low
oestrogen levels, in contrast to the situation in ageing SD rats.
The above data were considered by the Advisory Committee on Pesticides and Health (ACPH, February,
1997). The Committee concluded that the benign mammary tumours observed in SD rats were not relevant
to human health risk assessment. However, the response reflected a hormonal interaction and was triggered

1

The observed lack of effect on immature rats at all doses up to exposures sufficient to induce signs of maternal toxicity, are
apical results which have not been contradicted by any in vitro studies.
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at a lower exposure than any other effect. Overall, the observation of hormonal interaction was considered to
be an appropriately conservative endpoint on which to establish the ADI. The ACPH concluded that the
existing ADI for atrazine of 0.005 mg/kg bw/d was protective of human health.

3.6

EFFECTS IN AMPHIBIANS AND THEIR HUMAN RELEVANCE

Atrazine has been shown to disrupt sex differentiation and organogenesis in amphibians, although there is
insufficient experimental evidence to formulate a consensus on trigger levels for these effects in frogs. At
high doses, atrazine has been shown to disrupt organogenesis in Xenopus laevis tadpoles (Lenkowski,
2008) while at low doses, gonadal development and testicular oogenesis was delayed or retarded in leopard
frogs (Rana pipiens) (Hayes et al., 2003). These observations were consistent with an earlier investigation
which showed that atrazine concentrations less than 0.1 ppb induced hermaphroditism and demasculinised
the larynges of male Xenopus laevis, whereas at a concentration of 25 ppb atrazine exposure led to a tenfold decrease in testosterone levels in this species (Hayes et al., 2002). The authors hypothesized that
atrazine induced increased expression/activity of aromatase, which catalysed the conversion of testosterone
to oestrogen (Hayes et al., 2002). Consistent with this hypothesis, the postulated aromatase MOA may offer
an explanation for an observed increase in the proportion of female Rana Pipiens larvae following exposure
to atrazine (Orton, 2006) and an increase in intersex gonads in male frogs (Rana pipiens) where the latter
was attributed to the presence of atrazine at more than 0.1 µg/L (0.1 ppb) (Haynes et al., (2003).
In contrast to the above observations, some of the effects have not been able to be repeated by other
research groups (Renner, 2008; Oka, 2008; DuPreez, 2008) and do not appear to be observed in the field.
For example, in a field study conducted in a rice irrigation area in Australia where a range of pesticides
including atrazine are used, no evidence of gonadal malformations in late-stage tadpole or juvenile
Limnodynastes sp., nor in Litoria raniformis frogs when relatively high field concentrations of atrazine (0.16 to
1.67 µg/L) were detected during this developmental period (Hyne et al., 2009).
Therefore, the relevance to mammals including humans, of any effects observed in amphibians is unclear at
this stage because of the lack of robust data.
[Note that recent investigations on the role of aromatase have suggested that the weight of evidence to
support this MOA is currently considered to be less plausible compared with when the January 2010 part of
this report was prepared based on earlier studies, see June 2010 Addendum for details].
Presently, the use of data for the assessment of human health risks by regulatory agencies does not extend
to data derived from non-mammalian species. The OECD publishes a series of test guidelines, which are a
recognised international standard for chemical testing used for regulatory purposes. The methods described
in these guidelines cover tests for physical and chemical properties, effects on human health and wildlife,
and accumulation and degradation in the environment. There is currently no validated test method for the
use of amphibians (or reptiles) in assessing the risk to human health from chemical exposure.
Therefore, the OCSEH considers that although there is some evidence of adverse effects in amphibians and
reptiles that may impact on the environmental assessment of atrazine, it is not possible at this time to relate
those findings to the assessment of human health risks.
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4

THE MODE OF ACTION FRAMEWORK

The International Programme on Chemical Safety (IPCS) developed a framework for analysing the human
relevance of cancer and non-cancer modes of action (MOA) of chemicals in order to promote the
harmonisation of human health risk assessment (Boobis et al., 2006; 2008, Sonich-Mullin et al., 2001). A
diagrammatic representation of the framework is shown in Figure 1.
Figure 1: IPCS general scheme illustrating the main steps in evaluating the human relevance of an
animal MOA

Application of the IPCS framework to analyse the human relevance of an MOA requires firstly an
assessment of whether it is possible to establish the MOA in a test animal species. To achieve this, the key
events of the postulated MOA are identified using a weight-of-evidence approach based on the Bradford Hill
criteria. Once an MOA is established as plausible in an animal species, the key events are then compared
both qualitatively and quantitatively between experimental animals and humans in order to make a clear
statement of confidence, analysis and implications of the data (Boobis et al., 2006). The application of the
IPCS framework enables a transparent evaluation of the data, the identification of key data gaps and
facilitates the presentation of the data in a structured manner.
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Presently, three separate MOAs are postulated to explain the toxicity findings associated with exposure to
atrazine, including carcinogenic, reproductive, and developmental endpoints.
The postulated MOAs considered in this report are:
1. MOA1: Atrazine putatively alters neurotransmitter and neuropeptide function regulating luteinising
hormone (LH) and secretion of prolactin, leading to anovulation, persistently raised oestrogen levels and
prolactin stimulation of the mammary gland, proliferative changes in the mammary gland and an earlier
onset and/or higher incidence of mammary adenocarcinomas and fibroadenomas.
2. MOA2: Atrazine putatively inhibits the release of gonadotrophin-releasing hormone (GnRH) resulting in a
decrease in the secretion of chorionic gonadotrophin (CG), which in turn leads to full litter resorptions.
Evidence in support of this postulated MOA is available from both in vitro and in vivo studies.
3. MOA3: Atrazine putatively increases aromatase expression which results in an earlier onset and/or
higher incidence of mammary adenocarcinomas and fibroadenomas, and induces adverse effects during
critical periods of reproduction and development. Evidence in support of this postulated MOA is available
from in vitro studies only.
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5

MOA1: MAMMARY GLAND TUMOURS / LUTEINISING
HORMONE

5.1

THE WEIGHT-OF-EVIDENCE FOR AN MOA IN A TEST ANIMAL SPECIES

5.1.1

INTRODUCTION

Administration of atrazine induces mammary tumours in female SD rats, but not in male SD rats or in female
Fischer rats or in male or female CD-1 mice. The postulated MOA for the induction of tumours in female SD
rats is that atrazine disrupts the luteinising hormone surge, leading to increased incidence and earlier onset
of mammary tumours in SD rats (APVMA, 1997).
Evidence in support of this MOA has been published previously (APVMA, 1997, Cohen et al., 2004). Other
documents also contain more detailed evaluations of individual studies (JMPR, 2007; US EPA, 2000). Some
of the pivotal data contained in these reports have not been evaluated by the OCSEH, and in these cases,
the OCSEH has used the JMPR and the US EPA reports.
This postulated MOA is discussed below under the headings proposed in the IPCS conceptual framework
(Sonich-Mullin et al., 2001).

5.1.2

POSTULATED MOA

The postulated MOA for the induction of mammary tumours by atrazine in female SD rats involves the
disruption of the hypothalamic-pituitary-ovary axis. It is proposed that atrazine indirectly modulates this axis
by modifying catecholamine (dopamine and/or noradrenaline) and/or peptide hormone (somatostatin)
function which in turn would modulate the release of gonadotrophin-releasing hormone-II (GnRH-II) from the
hypothalamus. The consequence of this is that the surge of luteinising hormone (LH) released from the
pituitary gland is of insufficient amplitude or duration to trigger ovulation. The result of failed ovulation is
persistent secretion of oestrogen which provides feedback to the pituitary gland, which causes the increased
secretion of prolactin. The resultant change in the hormonal environment leads to a proliferative response of
the mammary gland, characterised by an earlier onset of appearance and/or a higher incidence of
adenocarcinomas (high oestrogen, moderate prolactin levels) or fibroadenomas (high prolactin with a
background level of oestrogen) (McConnell, 1989; O’Connor et al., 2000; Simpkins, 2000; Simpkins et al.,
2000; Cooper et al., 2007).

5.1.1

KEY EVENTS IN THE MOA

•

Atrazine affects the hypothalamus, leading to a decrease in catecholamine and/or peptide hormone
levels, and a decrease in GnRH-II secretion;

•

Decreased GnRH-II release from the hypothalamus leads to an attenuation of LH released from the
pituitary gland; the subsequent LH surge is of insufficient amplitude or duration to trigger ovulation;

•

Failure to ovulate results in persistent secretion of oestrogen/oestradiol from the ovarian follicles, which
provides a feedback to the pituitary leading to increased secretion of prolactin;
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•

Prolonged exposure to endogenous oestrogen and prolactin causes hyperstimulation of the mammary
gland leading to an earlier appearance and/or a higher incidence of mammary tumours;

•

The progression of mammary (and pituitary) neoplasia is expedited by trophic effects associated with
decreased activation of the GnRH-II receptor in these mammary cells.

5.1.2
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DOSE-RESPONSE RELATIONSHIPS

The reports prepared by the US EPA and JMPR report a number of studies with no-observed-adverse-effectlevels (NOAELs) and/or lowest-observed-adverse-effect-levels (LOAELs) for the key events identified in the
MOA (refer Table 1 overleaf).
Attenuation of the LH surge was noted at doses of 3.65 mg/kg bw/d in a 26-week mechanistic study and at
higher doses (up to 300 mg/kg bw/d) in shorter and/or single dose studies. At a dose of 29.4 mg/kg bw/d the
LH surge was suppressed completely (Morseth, 1996b). In 26 week and three-week studies, doses of
3.65 mg/kg bw/d and 75 mg/kg bw/d, respectively, resulted in disruption of the oestrous cycle (increased
number of days spent in oestrus). Histomorphological changes (increased mammary gland acinar-lobular
development, secretory activity and galactocele formation), noted in mammary tissue at doses of
4.2-20 mg/kg bw/d, were indicative of increased exposure of mammary tissue to prolactin and oestrogen.
Consistent with the previous key events, an increase in mammary tumours was noted at doses of 3.1 mg/kg
bw/d and greater.
The above information, together with the data presented in Table 1, illustrates that there is a strong
association between the doses causing attenuation of the LH surge in female SD rats and the increased
incidence/earlier onset of mammary tumours.
Table 1: Summary of responses to atrazine in female SD rats
EFFECT

NOAEL/LOAEL

REFERENCE

Altered GnRH and dopamine

< 25/25 mg/kg bw/d

Cooper et al., 2007

(4-day mechanistic study)
Attenuation of LH surge

< 300/300 mg/kg bw/d

Cooper et al., 2000

(1-day mechanistic study)
< 50/50 mg/kg bw/d

Cooper et al., 2000

(3-day mechanistic study)
< 6.25/6.25 mg/kg bw/d

Cooper et al., 2007

(4-day mechanistic study)
1.8/3.65 mg/kg bw/d
(26-week mechanistic study)

Morseth, 1996c
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Disruption of oestrous cycle

< 300/300 mg/kg bw/d

Cooper et al., 2000

(1-day mechanistic study)
< 75/75 mg/kg bw/d

Cooper et al., 1996

(21-day mechanistic study)
1.8/3.65 mg/kg bw/d

Morseth, 1996c

(26-week mechanistic study)
Increased pituitary weight

<4.23/4.23 mg/kg bw/d

Thakur, 1991

(9 months)
Pituitary adenomas (decreased
latency)

4.23/26.23 mg/kg bw/d

Increase in mammary gland acinarlobular development, secretory
activity and galactocele formation

3.5/20 mg/kg bw/d

Mammary galactoceles

LOAEL = 4.23 mg/kg bw/d

Thakur, 1991

(9 months)
McConnell, 1995

(2-year study, 1-year interim kill)
Thakur, 1991

(9 month)
Mammary carcinomas (decreased
latency)

LOAEL = 3.79 mg/kg bw/d

Increase in incidence of palpable
mammary masses

0.5/20 mg/kg bw/d

Mammary fibroadenomas (decreased
latency)

<4.23/4.23 mg/kg bw/d

Increase in incidence of mammary
tumours

0.5/3.5 mg/kg bw/d

Thakur, 1992

(12 month)
Thakur, 1991, 1992

(2-year study, 1-year interim kill)
Thakur, 1991

(15 months)
Mayhew, 1986

(2-year study)
1.5/3.1 mg/kg bw/d

Morseth, 1996d, 1998

(2-year study)

5.1.3

TEMPORAL ASSOCIATION

The temporal dependence of the biochemical events which occur prior to the detection of mammary tumours
in e.g., SD rats that have been treated with atrazine, has been outlined in the US EPA (2003) and JMPR
(2007) reports. However, a significant difficulty with using the available toxicity study reports to narrow the
effective dose range and time interval of interim observations/sacrifices, is that the doses tested and timing
of investigations are often too broad to be particularly informative. In a long-term toxicity study, female rats
that received 3.65 mg/kg bw/d atrazine for 21-22 weeks developed the clinical sign of increased oestrus
duration and at 26 weeks, attenuation of the LH surge. In rats which received a slightly (15%) higher dose
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(4.2 mg/kg bw/d) for 39-40 weeks, increased pituitary alterations and prolactin-associated mammary gland
histology (observed at necropsy) show that the findings can be modulated by dose and duration of exposure.
The mean onset for mammary adenocarcinomas/adenomas in these rats at this dose was 65 weeks,
compared with 73 weeks for the development of mammary fibroadenomas and 76 weeks for carcinomas in
control rats.
Dissection of earlier key events has been approached using single-dose studies with disruption of oestrus
and attenuation of the LH surge being demonstrated at doses up to 300 mg/kg bw/d or with lower (and short
term) repeat-dose treatments (50 and 75 mg/kg bw/d for three days or three weeks, respectively) compared
with the NOAEL for mammary tumours of 1.8 mg/kg/d in a 2-year carcinogenicity study. Mechanistic studies
described in the reports explored the upstream biochemical events related to the capacity of the pituitary to
release LH and showed that LH or PRL secretion from the pituitary are unaffected by atrazine and that the
primary target tissue for atrazine is likely to be the hypothalamus. Evidence also indicates that a decrease in
catecholamine and/or peptide hormone levels and a decrease in GnRH secretion from the hypothalamus
lead to the attenuation of pituitary LH release, persistent oestrus and has been described to be similar to
premature female (rodent) reproductive senescence.
Persistent oestrus would facilitate continued secretion of oestrogens from ovarian follicles and lead to
increased secretion of prolactin. In rodents, this combination of extended exposure to oestrogens and
prolactin is known to lead to hyperstimulation of the mammary glands and earlier appearance and/or
increased incidence of mammary tumours which are seen in available carcinogenicity studies using daily
dietary treatment of animals for durations of 18 24 months to represent life-time exposures. Currently, the
relationship between the appearance of clinical signs (e.g. irregular oestrus to persistent oestrus),
biochemical signs (e.g. LH surge attenuation) and the development of rat mammary tumours has not been
studied in detail.
Collectively, these observations show that the development of an increased rate of mammary masses in
female SD rats that received atrazine was dose and time-dependent within those studies. Findings from the
toxicity studies which are consistent with the temporal association described above include the development
of mammary tumours with the observations of increased oestrus duration, pituitary alterations and prolactinassociated mammary gland histopathology as interim observations.

5.1.4

STRENGTH, CONSISTENCY, SPECIFICITY OF ASSOCIATION OF TUMOUR
RESPONSE WITH KEY EVENTS

Both the US EPA (2003) and the JMPR (2007) reviews concluded that the key events occurred consistently
in multiple studies. As stated in the JMPR review (2007, Appendix 1, p86):
“The key events were observed consistently in a number of studies with differing experimental
designs. On the basis of information from the studies described in the monograph, there is sufficient
weight-of-evidence that the key events (attenuation of the LH surge, disruption of the oestrous cycle)
are linked to the morphological changes in the mammary gland indicative of stimulation of oestrogen
and prolactin (increase in acinar-lobular development, increase in secretory activity and galactocele
formation) which precede the occurrence of tumours. In addition, there is a substantial independent
literature on the role of oestrogen and prolactin in the pathogenesis of mammary tumours in rats.
There are no significant contradictory data.”
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The available reviews conclude that there is sufficient weight-of-evidence that the key events are linked to
the morphological changes in rats which precede the occurrence of mammary tumours in female SD rats.

5.1.5

BIOLOGICAL PLAUSIBILITY AND COHERENCE

The development of mammary tumours in SD rats through the disruption of hypothalamic pituitary axis with
subsequent attenuation of the LH surge, disruption of the oestrous cycle and prolonged exposure/stimulation
of the mammary gland(s) to endogenous oestrogen and prolactin, is plausible. It is well established that
prolonged stimulation of the mammary glands with natural or synthetic oestrogen can lead to the
development of adenocarcinomas, and that prolonged exposure to prolactin results in the development of
fibroadenomas.
The importance of the role of ovarian oestrogen has been highlighted by studies assessed by Australia
(APVMA, 1997), the JMPR and the US EPA. Ovariectomised SD rats did not develop mammary tumours
above the background incidence.

5.1.6
5.1.6.1

OTHER POSSIBLE MODES OF ACTION LEADING TO MAMMARY TUMOURS
GENOTOXICITY

Atrazine and several of its metabolites have been comprehensively tested for genotoxicity in bacteria,
Drosophila, and mammalian cells in vitro and in vivo. The available evidence provides no support for the
hypothesis that atrazine causes direct effects on DNA, leading to cancer (OCSEH, 1996; APVMA 2008;
JMPR 2007).

5.1.6.2

DIRECT OESTROGENIC ACTIVITY OF ATRAZINE

Studies evaluated by the OCSEH indicate that atrazine does not bind to the oestrogen receptor and has no
intrinsic oestrogenic activity (Oh et al., 2003; O’Connor et al., 2000; Roberge et al., 2004). Although McMullin
et al. (2004) showed that at high concentrations atrazine can interact directly with oestrogen receptors, and
postulated that atrazine can inhibit binding of oestradiol to hypothalamic oestrogen receptors, available
evidence indicates that this effect occurs only at concentrations above those known to suppress the LH
surge.

5.1.6.3

ANOREXIA

In a study designed to compare the effects of food deprivation with the effects of atrazine, the effects seen
after atrazine administration to rats could not be distinguished from the effects of restricted food
consumption. Effects observed included reduced serum testosterone and LH and decreased ventral prostate
and seminal vesicle weights (Trentacoste, 2001).
Consequently, a panel member on the US EPA SAP meeting in 2000 suggested that the attenuation of the
LH surge could result from decreased body weight associated with reduced food intake reported in all
moderate and high-dose atrazine studies. The panel member suggested that at high doses atrazine may act
on the brain and cause appetite suppression, weight loss and reduced adiposity. Reduced adiposity (body
fat) is known to result in reduced leptin levels which are associated with amenorrhea in women (Kopp et al.,
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1997). The decreased leptin levels in SD rats are thought to result in reduced LH, leading to inhibition of
ovulation and sustained oestrous. More recently, GnRH-II has been reported to modulate food intake
(Kauffmann, 2004) and more generally, GnRH-II mRNA and peptide levels in the mid-brain and other target
areas have been shown to be linked to food intake (Kauffman, 2006).
While the above studies indicate that this MOA is plausible, there is insufficient evidence to determine
whether this MOA is relevant to humans because the evidence available suggests that it only occurs at high
levels of exposure. Furthermore, women on severe dietary restriction/appetite suppression may develop
amenorrhea (compared with the attenuated LH surge seen in SD rats).

5.1.7

UNCERTAINTIES, INCONSISTENCIES, AND DATA GAPS

The JMPR (2007) did not identify any inconsistencies in the database concerning the postulated LH surge
MOA, however, the exact mechanism by which atrazine disrupts GnRH secretion in SD rats and any
possible inter-relationships with human endocrine mechanisms are not completely understood.
Literature reports propose that atrazine may interfere with somatostatin in SD rats, which is proposed to alter
GnRH signalling. Other reports suggest that atrazine may affect GnRH signalling by altering cAMPdependent protein kinase A (PKA), with a subsequent reduction in GnRH receptor mRNA (in aT3-1 pituitary
gonadotrope cells) (Roberge et al., 2004).
In general, although there are similar signaling systems in SD rats and other mammals, there are likely to be
complex mechanisms underlying GnRH signalling, with both agonists and antagonists of GnRH-I and -II able
to cause anti-proliferative and/or pro-apoptotic effects in breast, endometrial (Fister et al., 2007), ovarian
(Kim et al., 2004), and prostate cancers (Kraus, 2004), and cancer in other tissues (Grundker et al., 2002;
Gunthert et al., 2005). It has also been suggested that GnRH may influence cancer cells in reproductive
tissues and signal terminal differentiation of cells, cell cycle arrest or apoptosis (White et al., 2008). The
biological actions of GnRH on cell growth and proliferation are the subject of ongoing research, for example
GnRH-II is claimed to be more potent than GnRH-I in inhibiting cell growth in HEK 293 cell lines which
express both rat and human GnRH receptors (López de Maturana et al., 2008). The anti-proliferative effects
of GnRH are an active field of research.
The above claims of possible anti-proliferative effects of increased GnRH have mostly been achieved using
agonists and antagonists of GnRH-I and/or GnRH-II. There is little robust evidence to support the converse
case, that is, that a decrease in GnRH levels below normal endogenous or clinical levels [as might be
theoretically attributable to high doses of atrazine, or inferred from some epidemiology studies which
examined the association of prostate and ovarian cancers with atrazine exposure (APVMA, 2007)] would
support proliferative responses in in vitro or in vivo studies.
It is clear that further research is needed to address these gaps in knowledge concerning the tissue
distribution of the GnRH receptors in animals and humans and the role of these receptors and hormones in
normal human ageing and in human pathologies.
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5.1.8

ASSESSMENT OF POSTULATED MOA

The reports prepared by the JMPR and the US EPA, together with the literature assessed by the OCSEH,
provide sufficient evidence that atrazine exposure leads to early development and higher incidence of
mammary tumours in female SD rats through disruption of the hypothalamic-pituitary-ovarian axis.
The concordance of the dose-response and temporal association of the key events leading to mammary
tumours in SD rats further supports this postulated MOA. Hence this is considered by the OCSEH to be a
plausible MOA in a test animal and the next stage of the framework can be applied.

5.2

HUMAN RELEVANCE - FUNDAMENTAL, QUALITATIVE DIFFERENCES
IN KEY EVENTS

The human relevance of the SD rat mammary cancer MOA has been considered in detail by the JMPR
(2007).
The JMPR wrote:
“The MOA for the formation of mammary tumours in female Sprague-Dawley rats after exposure to
atrazine depends on the rat-specific nature of the reproductive cycle and reproductive senescence.
Because of the fundamental differences between female Sprague-Dawley rats and humans with
regard to both the normal regulation of the pre ovulatory LH surge and reproductive senescence, the
mammary tumorigenic effect of atrazine in female Sprague-Dawley rats is not expected to occur in
humans.”
Further information regarding the qualitative differences in the key events between experimental animals and
humans, including tabulated differences between different strains of rats, is available in the JMPR atrazine
report (JMPR, 2007).
On the basis of the JMPR report, it is accepted by the OCSEH that this MOA, which leads to mammary
tumours in female SD rats, is not relevant to humans.

5.3

HUMAN RELEVANCE - QUANTITATIVE DIFFERENCES IN KINETIC OR
DYNAMIC FACTORS

It is not necessary to consider this step in the MOA framework, since the postulated MOA for mammary
gland tumours in female SD rats is considered to be strain-specific and therefore not relevant to humans
(see Figure 1).
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6

MOA2: REPRODUCTIVE EFFECTS / HYPOTHALAMIC
FUNCTION

6.1

THE WEIGHT-OF-EVIDENCE FOR AN MOA IN A TEST ANIMAL SPECIES

6.1.1

INTRODUCTION

Atrazine has been shown in a number of animal studies to produce adverse reproductive effects. A list a
representative studies which demonstrate these effects is shown in Table 2 (sourced from the review by
JMPR, 2007).
Table 2: Observed effects of atrazine on reproductive parameters
EFFECT

LOEL B

STRAIN/SPECIES

REFERENCE

(MG/KG BW/D)
Altered mammary gland development

0.09 A

LE rats

Enoch et al., 2007

Delayed preputial separation

12.5

Wistar rats

Stoker et al., 2000

Delayed vaginal opening

30, 100

SD, Wistar rats

Ashby et al., 2002

Full litter resorptions

50

F344

Narotsky et al., 2001

Delayed vaginal opening

50

Wistar rats

Laws et al., 2000

Suppressed suckling-induced
prolactin release

50

Wistar rat

Stoker et al., 1999

Delayed mammary gland development

100

LE rats

Moon et al., 2007

Delayed puberty(mammary gland
development, vaginal opening)

100

LE rats

Rayner et al., 2004

Delayed preputial separation

100

SD rats

Trentacoste et al., 2001

Increased pre implantation loss

100

F344 rats

Cummings et al., 2000

Increased post implantation loss

100

Holtzman rats

Increased oestrogen receptor staining

A

mixture of atrazine and metabolites; B current NOEL = 0.05 mg/kg bw/d.

The postulated MOA for these effects is that atrazine disrupts hypothalamic function and that this may be
responsible for the subsequent reproductive and developmental observations in laboratory animals. The
evidence does not suggest that the reproductive and embryogenic developmental effects are the result of
inhibition of the LH surge (discussed in the previous section), but rather that they may be due to direct
effects on GnRH. This MOA is focused on the linkages between biochemical effects and the one single
endpoint of full litter resorptions, being a clinical sign of failed implantation and early embrogenesis.
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GnRH is essential to ensure that reproductive tissues are provided with adequate energy sources and to
ensure tissues develop appropriately to facilitate reproduction. There are various major forms of GnRH in
humans, each with separate receptors. GnRH-II is believed to be the ancestral form of GnRH, has high
affinity for GnRH-I & GnRH-II receptors and it is considered to be crucial in a variety of reproductive and nonreproductive functions. GnRH-I and II lead to the secretion of chorionic gonadotrophin (CG) from human and
rat trophoblast cells, respectively (Palmon et al., 1994). Continual secretion of CG is needed to maintain
corpora lutea function post ovum release and throughout the first trimester of a pregnancy. Some of the
major regulators of GnRH release; oestrogen, prolactin, and somatostatin, are all known to be affected by
atrazine at levels of exposure in excess of the existing NOEL. It has been hypothesised that atrazine
exposure may lead to interference in CG levels and theoretically could lead to an adverse effect on the
reproductive endpoint of full litter resorptions.

6.1.2

POSTULATED MOA

Atrazine is postulated to inhibit the release, or the signalling of maternal GnRH-II, which results in a
decrease in the secretion of CG. If levels of CG become insufficient for the maintenance of the corpora lutea,
this will result in an inadequate release of progesterone and growth factors (such as prolactin), with the
potential consequences of an increase in the number of full litter resorptions.
Application of this postulated MOA to developmental effects in laboratory animals via a similar mechanism
has not been previously explored, because all evidence indicates any such effect would only begin to occur
at levels of atrazine exposure well above those which are sufficient to trigger mammary tumours in female
SD rats (which is the basis of the existing Australian NOEL).

6.1.3

KEY EVENTS IN THE MOA

Listed below are the key events identified in the postulated MOA for reproductive effects. The reproductive
endpoint chosen for this MOA analysis was full litter resorptions.
•

Changes in somatostatin mRNA;

•

Decreased secretion of GnRH-II;

•

Decreased CG;

•

Decreased ovarian function /affected corpora lutea;

•

Decreased progesterone and/or progesterone receptors on endometrium, leading to suboptimal
endometrial response;

•

Inhibited secretion of prolactin from endometrium and pituitary/increased prolactin in maternal pituitary
tissue;

•

Full litter resorptions.
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DOSE-RESPONSE RELATIONSHIPS

The key events identified in the MOA for reproductive effects listed Table 3 (below) indicate the association
between atrazine exposure and alterations in GnRH release and/or reproductive effects.
Table 3: Summary of studies on atrazine relating to the postulated GnRH MOA in tested animal species
EFFECT

NOAEL/LOAEL

SPECIES/STRAIN/SYSTEM REFERENCE

Changes in somatostatin
mRNA

0.01/0.1 mg/kg bw/d
GD day 14 to day 21

CD-1 mouse

Giuisi et al., 2006

Altered GnRH and dopamine in
cytosol

25 mg/kg bw/d

LE rat

Cooper et al., 2007

LE rat

Rodriguez et al., 2005

SD PC12 line

Das et al., 2003

Swedish/German
Landrace pig

Gojmerac et al., 1996

SD rat

Tennant et al., 1994

SD rat

Connor et al., 1996.

LE rat

Cooper et al., 2000

0/50 (3 day oral study)

LE rat

Cooper et al., (2000)

0/50 (3 day oral study)

LE & SD rat

Cooper et al., 2000

12/25 mg/kg bw/d

Wistar rat

Stoker et al., 1999

≥ 50 mg/kg,

F344 rat

Narotsky et al., 2001

200 mg/kg (GD 6-10)

SD and LE rat

5/75 mg/kg bw/d

NZ White rabbit

(4 day mechanistic study)
5/10 mg/kg bw/d
(6 month feeding study)
100 umol/L
(in vitro, 12-24 h)

Altered ovaries/corpora lutea

2 mg/kg bw/d
(19 day feeding study)

Decreased progesterone and/or 100/300 mg/kg bw/d
progesterone receptors on
(2 day feeding study)
endometrium, leading to
suboptimal endometrial
150/300 mg/kg bw/d
response
(3 day feeding studies)
Inhibited secretion of prolactin
from endometrium &
pituitary/increased prolactin in
maternal pituitary tissue

200/300 mg/kg bw/d
(acute oral treatment)

(gavage study on PND 1-4)
Full litter resorptions

Arthur, 1984

(oral study GD 7-9)

GnRH= gonadotrophin-releasing hormone; mRNA= messenger RNA; GD= gestation day; PND= postnatal day.

Changes in somatostatin mRNA levels have been observed in CD-1 mice treated with 0.1 mg/kg bw/d
atrazine and alterations to GnRH levels occurred at doses between 10 mg/kg bw/d in C57Bl/6 mice and
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125 mg/kg bw/d in LE rats (acute and sub-chronic studies) and suggest that changes in levels of
somatostatin may be a prior signalling event. No information was available on the levels of somatostatin
protein levels. Morphological observations of multiple ovarian follicular cysts in various stages of
development or regression and/or persistent corpora lutea were noted in pigs (2 mg/kg bw/d) and Wistar rats
(135 mg/kg bw/d) following treatment with atrazine (Gojmerac et al., 1996). The doses required for
subsequent key events (decreased progesterone and prolactin) were generally higher at 300 mg/kg bw/d
(SD and LE rats). However, within this dose range, full litter resorptions were observed at 50 mg/kg bw/d in
F344 rats and 200 mg/kg bw/d in SD and LE rats. No robust information is available on the effect of atrazine
on CG, but it is likely to be modulated in part by any effects of atrazine on GnRH. The absence of any
evidence in support of a dose-response to atrazine for these key events suggests the doses selected in the
respective studies do not permit finer resolution of the thresholds of atrazine effects for the respective key
events. It is recognised that there is the possibility that there are other reproductive and developmental
endpoints which could be explored in order to investigate their relevance to this potential MOA.

6.1.5

TEMPORAL ASSOCIATION

The data regarding the temporal association for this postulated MOA which have been evaluated by the
OCSEH were insufficient for an association to be established. The key events reported from different species
in different studies and in some cases from in vitro studies were not comparable. Therefore the robustness of
the postulated MOA is limited, based on this criterion.

6.1.6

STRENGTH, CONSISTENCY AND SPECIFICITY OF ASSOCIATION OF THE
OBSERVED REPRODUCTIVE EFFECTS WITH PROPOSED KEY EVENTS

The reproductive effects reported in studies used to support this postulated MOA (refer Table 3, above) have
been drawn from a range of strains and species but there is insufficient data from the same animal
strain/species to fully evaluate the postulated MOA. The observation that increased resorptions occurred in a
number of different species and/or strains following overdose exposure to atrazine gives some plausibility to
this MOA. However, humans would be unlikely to be exposed to the effective dose ranges required to cause
these pathologies through, for example the contamination of drinking water sources.

6.1.7

BIOLOGICAL PLAUSIBILITY AND COHERENCE

It is established that atrazine alters GnRH function in various rat strains and this supports the plausibility of
this postulated MOA. It is also established that GnRH is required for the secretion of CG, which is essential
for the maintenance of pregnancy. However collectively, the adverse reproductive effects reported, and the
poor association between the doses used and response(s) observed, is insufficient to enable the OSCEH to
conclude that the postulated MOA is coherent and biologically plausible in a test animal.

6.1.8
6.1.8.1

OTHER MODES OF ACTION FOR THE OBSERVED REPRODUCTIVE EFFECTS
DIRECT OESTROGENIC ACTIVITY OF ATRAZINE

See Section 5.1.6.2.
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ANOREXIA

See Section 5.1.6.3.

6.1.9

UNCERTAINTIES, INCONSISTENCIES, AND DATA GAPS

While it is known that the developing embryo requires GnRH for synthesis of CG and subsequent ongoing
survival, there remains considerable uncertainty in relation to dose response issues and temporal issues
related to the proposed key events in this postulated MOA for any reproductive and/or developmental effects
in a test animal species. Additional studies to further evaluate its plausibility would be necessary to proceed
with this analysis for an MOA which is very speculative and not well supported by the available studies, and
which seeks to explain a finding (full litter resorptions), which is only observed to occur at relatively high
doses.

6.1.10 ASSESSMENT OF POSTULATED MOA
The postulated MOA for reproductive effects has been tested in this report against only one specific endpoint
(full litter resorptions), although many other endpoints of reproductive and developmental toxicity could be
hypothesised following atrazine exposure. In order to fully assess each endpoint, separate postulated MOAs
would need to be constructed and tested for each endpoint. The limited data available suggest that the
endpoint of full litter resorptions is only likely to occur if atrazine levels are significantly above the current
NOEL, used to establish the ADI. Despite the considerable data gaps described above, the specific
postulated MOA is considered feasible, but unconfirmed at this stage. There are no data to indicate its
relevance or otherwise to human health risk assessment.
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7

MOA3: TUMOURS AND REPRODUCTIVE EFFECTS /
AROMATASE EXPRESSION

7.1

THE WEIGHT-OF-EVIDENCE FOR AN MOA IN A TEST ANIMAL SPECIES

7.1.1

INTRODUCTION

Many published articles have indicated a possible association between atrazine and altered aromatase
activity in vitro, but there is a notable lack of in vivo data (see June 2010 Addendum). Aromatase, or
cytochrome P450arom, from the CYP19 gene, catalyses a key step in oestrogen biosynthesis, converting
testosterone to oestradiol. A postulated MOA for atrazine-induced tumours and reproductive effects is via
stimulation of aromatase activity.

7.1.2

POSTULATED MOA

The postulated MOA is that atrazine increases aromatase expression, increasing the production of estrogens
and inducing physiological processes that result in an earlier onset and/or higher incidence of mammary
adenocarcinomas and fibroadenomas. The same MOA is postulated to result in adverse reproductive and
developmental effects, although these effects are not specified in any detail.

7.1.3

KEY EVENTS IN THE MOA

The proposed events in the postulated MOA are based on the information obtained from in vitro studies. It is
recognised that not all of these events will be measurable and that the final endpoints (increased cancer
incidence and/or reproductive/developmental effects) are broad i.e., do not define a particular type of cancer
or reproductive/developmental effect. Further data would allow refinement of this postulated MOA.
The proposed events along the causal path are:
•

Atrazine binds to and inhibits phosphodiesterase (PDE);

•

Inhibition of PDE results in increased cAMP;

•

Increased cAMP results in increased transcription of the aromatase gene CYP19, possibly mediated via
Promoter II (PII or ArPII) which is dependent on Steroidogenic Factor-1 (SF-1);

•

Increased aromatase gene expression leads to increased oestrogen as a result of aromatisation of
testosterone into oestrogens;

•

An oestrogen-rich environment may lead to the induction of cancers and/or potentiation of pre-existing
oestrogen-dependent cancers; and/or

•

Alterations in the relative levels of sex hormones may lead to reproductive and/or developmental effects.

•

APVMA_Bullet1. This is Bullet1, the style with a hanging indent for the first level of bullets; bullets should
be used when the list we recommend that you use bullets rather than numbers or characters (except
where they are necessary, of course)
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DOSE-RESPONSE RELATIONSHIPS

The proposed key events identified above were obtained from in vitro mechanistic studies; some of the
effects observed in these studies are listed in Table 4 below. The findings of increased aromatase activity in
the presence of atrazine can be best described as concentration-related but not concentration-dependent or
proportional. This is evident by the relatively low end-point multiple of aromatase induction with any given
concentration of atrazine. It was apparent that aromatase activity in the control incubations was often high
relative to the activity following incubation in test samples with atrazine (e.g., after 24 h). The OCSEH
recognises that the IPCS framework (see Section 3 of this report) is based on in vivo findings, however in the
absence of in vivo data, the postulated MOA has been considered, albeit cautiously.
Table 4: Changes in aromatase expression / activity induced by atrazine in vitro
CONCENTRATION

EFFECT

At 30 μM increased cAMP levels about 1.5-fold above control in
H295R cells observed (lower concentrations not tested); effects
possibly mediated through inhibition of PDE activity.
3-30 µM

Expression of aromatase mRNA increased 1.2-, 1.4- and 1.5-fold
at 3, 10 and 30 μM atrazine.

REFERENCE

Sanderson et al.,
2002

At 30 μM atrazine, aromatase activity increased about 2.2-fold

10-30 µM

10 μM

Induced aromatase (CYP19) activity to an apparent maximum of
about 2.5-fold in H295R adrenocortical carcinoma cells.
Increased levels of CYP19 messenger ribonucleic acid (mRNA)
between 1.5- and 2-fold.
Increased aromatase in JEG-3 cells after 24 h exposure to 1.6-fold
control levels.

Sanderson et al.,
2000

Laville et al., 2006

No significant increase in expression of CYP19 mRNA.

10–30 μM

7.1.5

Concentration-related induction of aromatase activity in H295R
cells. The induction responses were confirmed by similar increases
in CYP19 mRNA levels.

Sanderson et al.,
2001

TEMPORAL ASSOCIATION

No in vivo studies are available and this precluded assessment of any measurable events. Therefore this
postulated MOA cannot be assessed for any temporal association, unless/until additional studies are
performed. Almost all in vitro methods used up to 30 μM atrazine for 24 hours, before harvesting cells to
determine aromatase mRNA or enzyme activity. Further, it is noted that no robust in vitro studies have
investigated the temporal relationship of inhibition of PDE, elevation of cAMP, induction of aromatase and
increased aromatase enzyme activity within the same study and same cell type.
Note: See June 2010 Addendum to this MOA report (refer page 3 above) for further comment on the
postulated aromatase MOA; which indicates that the limited in vivo results do not provide support for any
atrazine-induced change in the activity of aromatase, or its increased gene expression in rat brain, testes or
adipose tissue.
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7.1.6

STRENGTH, CONSISTENCY, SPECIFICITY OF ASSOCIATION OF TOXICOLOGICAL
EFFECTS WITH KEY EVENTS

There is information in the literature which supports the hypothesised key events that can be incorporated
into the postulated MOA framework, despite the lack of robust in vivo data.
Atrazine and its degradation products have been shown to inhibit phosphodiesterase (PDE), the enzyme
responsible for hydrolysing cAMP to 5'-AMP. Using fluorescence polarization, it was found that atrazine
inhibited PDE with an IC50 value of 1.8 µM lower than the IC50 of 4.6 µM for the known PDE inhibitor isobutyl1-methylxanthine (IBMX) (Roberge et al., 2004). The atrazine degradation products desethylatrazine and
desisopropylatrazine produced up to 1000-fold less PDE-inhibitory activity than atrazine itself. Another
atrazine degradation product DACT, together with desethyldesisopropyl-atrazine were considered to be
inactive against PDE. Atrazine was found to be a competitive inhibitor of PDE with an association constant of
85 µM using competitive binding assays and 14C-cAMP, in conjunction with thin layer chromatography
(Roberge et al., 2004). Other studies have reported IC50 values for PDE inhibition by atrazine of the same
order (Breckenridge, 2009, unpublished).
Atrazine significantly inhibited PDE activity in crude homogenates of porcine heart, brain, and lung, but not
liver or kidney tissue. Further examination of PDE activity in cytosolic fractions of those tissues revealed that
only heart cytosolic PDE activity was susceptible to inhibition by atrazine and was similar to the non-specific
PDE inhibitor, IBMX. Dixon plots of the crude tissue homogenates showed that heart and brain PDE were
inhibited via competitive and non-competitive inhibition mechanisms or mixed inhibition, suggesting that
atrazine may be a semi- or non-specific PDE inhibitor. Atrazine did not inhibit PDE from crude tissue
homogenates as effectively as IBMX, which suggested the possibility of atrazine susceptible and atrazine
non-susceptible forms of PDE. The association constants of PDE for atrazine have been reported to be
55 µM for heart and 310 µM for brain (Roberge et al., 2006), notably higher than the concentrations of
atrazine that have been associated with aromatase induction and increased activity in H295R cells
(Sanderson et al., 2000, 2001, 2002, see Table 4 above). This observation decreases the likelihood of PDE
inhibition in vivo.
Induction of aromatase activity by atrazine (30 µM) has been associated with increased cAMP levels in
adrenocortical H295R cells (Sanderson et al., 2002) but not in ovarian KGN cells (Morinaga et al., 2004,
Ohno et al., 2004, Breckenridge, 2009). In H295R cells, steroidogenic cytochrome P450 (CYP450) isozymes
are induced by cAMP analogues or through stimulation of adenylate cyclase by forskolin, which leads to
increased cAMP-dependent protein kinase A and increased aromatase gene transcription (Sanderson et al.,
2001). In other cell types, e.g., JEG-3 cells, regulation of aromatase transcription is controlled by other
factors such as the retinoic acid receptor and IL-β (Interleukin 1β) which might modulate the sensitivity of
these cells to xenobiotics which are able to increase intracellular cAMP (Laville et al., 2006). In the nucleus,
atrazine has been suggested to bind directly to the NR5A1 family nuclear receptor Steroidogenic Factor-1
(SF-1), enhancing the binding of SF-1 to the aromatase Promoter II (PII or ArPII) (Laville et al., 2006) and
recently was shown to cause phosphylation of NR5A receptor subfamily via MAPKinase, PI3Kinase and
amplify cAMP levels in JEG3 cells (Suzawa & Ingraham, 2008).
The effects of atrazine on aromatase expression have only been observed in in vitro studies and only in cell
and tissue types that use the SF-1-dependent PII promoter (see Table 5, below). This limited information
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suggests that at the concentrations anticipated to be achieved following ingestion of e.g., contaminated
water supplies, atrazine may have limited biologically discernable effects on the whole organism.

7.1.7

BIOLOGICAL PLAUSIBILITY AND COHERENCE

The results available from the in vitro studies indicate that some of the events in this MOA occur in isolated
cells, but whether these events occur in vivo is not known. Complicating the plausibility of this MOA is the
observation that aromatase mRNA induction increased protein/enzyme activity only occurs in a select range
of cell types and where this induction is known to be influenced by different promoter(s) in different cell
types. There are six tissue and cell-specific aromatase promoters in humans and atrazine apparently affects
aromatase expression only in cell and tissue types that use the SF-1-dependent PII promoter (Fan et al.,
2007).
Table 5: Summary of mammalian aromatase promoter II-like expression of aromatase
TISSUE/CELL TYPE

REFERENCE

Rat ovary (granulosa)

Carlone & Richards, 1997; Falender et al., 2003; Fitzpatrick
&Richards, 1994; Lynch et al., 1993

Rat R2C (Leydig cell carcinoma)

Carlone & Richards, 1997; Falender et al., 2003; Fitzpatrick &
Richards. 1994

Rat H540 (Leydig tumour cells)

Young & McPhaul, 1997

Human prostate stroma

Ellem et al., 2004

Human prostate tumour (epithelial cells)

Ellem et al., 2004

Human LNCaP (prostate cancer cells)

Ellem et al., 2004

Human Sertoli cells

Gurates et al., 2002

Human endometrial stroma

Gurates et al., 2003

Human corpus luteum

Michael et al., 1995

Human preovulatory follicles

Simpson et al., 1994

Human ovary (granulosa)

Bulun et al., 2005; Sanderson et al., 2000

Human adipose tissue fibroblast

Bulun et al., 2005

Human breast tumour fibroblast

Bulun et al., 2005

Human malignant epithelial cells

Bulun et al., 2005

Human breast cancer adipose tissue

Bulun et al., 2005

Human extra-ovarian endometrium

Bulun et al., 2005

Human ovary-derived endometrial cells

Gurates et al., 2003

Human H295R (adrenal corticocarcinoma)

Sanderson et al., 2000

(Derived from Fan et al., 2007)
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The available evidence in the literature is that atrazine affects aromatase expression only in cell and tissue
types that use the SF-1-dependent PII promoter. However, there are a large number of cancerous and
reproductive tissues that express aromatase via this mechanism.
The lack of consistent in vivo data was recognised by the JMPR (2007) which reported that results from
studies in rats that had been treated with atrazine did not demonstrate up-regulation of aromatase
expression in brain, testes, or mammary gland tissues. Further assessment of this MOA is not possible in the
absence of robust in vivo data that demonstrates increase aromatase expression and/or enzyme activity
following exposure to atrazine.

7.1.8
7.1.8.1

OTHER MODES OF ACTION FOR TUMOURS AND REPRODUCTIVE EFFECTS
NON-CAMP MEDIATED INCREASE IN AROMATASE ACTIVITY

Increased aromatase expression may not be exclusively dependent on cAMP. Tributyltin (an organometal
pesticide) has been shown to cause a dose-dependent decrease in aromatase activity in H295R and KGN
cells whereas in human choriocarcinoma cell lines (JEG-3), it caused a dose related increase in aromatase
enzyme activity (Laville et al., 2006). While the mechanism responsible was not elucidated, it was reported to
be independent of cAMP and also highlights the observation that regulation of aromatase gene expression is
tissue specific and under the control of different promoters and cellular transcription factors. Therefore, as
cAMP exclusivity has not been confirmed for aromatase expression, this possibility needs further studies to
determine the role of other possible promoters in the postulated aromatase MOA.

7.1.8.2

DIRECT OESTROGENIC EFFECTS

See Section 5.1.6.2

7.1.8.3

ANOREXIA

See Section 5.1.6.3

7.1.9

UNCERTAINTIES, INCONSISTENCIES, AND DATA GAPS

The postulated MOA could not be assessed in any detail because of the lack of in vivo data to enable the
effects of atrazine exposure on aromatase expression in the living organism to be examined. In vitro studies
provide a useful tool to guide the likely parameters of prospective MOAs, however, their relevance to the in
vivo situation is difficult to predict. As discussed in the OECD test guidelines (OECD, 2002), the endocrine
disrupting ability of chemicals can only be definitively described from in vivo studies because of the complex
inter-relationships of endocrine signalling pathways.
Aromatase gene expression is regulated in a tissue-specific fashion by different promoters that are differently
regulated by cellular transcription factors. As a consequence, depending on the tissue studied, different
results can be found when comparing the effect of the same chemical in several cell lines or microsomal
assays (Laville et al., 2006). Future definition of the complete structure and organisation of the human
CYP19 gene will facilitate further characterisation of various molecular mechanisms by which the tissuespecific and temporal expression of this gene is regulated (Bulun et al., 2003).
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Human aromatase activity has been shown to be modulated by several pesticides in in vitro studies, with the
most potent of those tested being prochloraz, fenbuconazole and propiconazole as aromatase inhibitors and
tributyltin, aldrin and chlordane as aromatase inducers (Laville et al., 2006). Most compounds were effective
in the range 1–10 µM (0.1-4 ppm) with the exception of tributyltin which was effective at the nanomolar
range. Further studies are needed to elucidate the exact mechanisms by which aromatase expression is
regulated, in order to establish the plausibility of this postulated MOA.
Further information on PDE, and possibly adenylate cyclase, is also needed to establish whether the
postulated MOA is applicable in all cases. PDE is classified into 11 different families, each of which has
multiple isoforms, which may or may not be inhibited by atrazine. Each isoform displays a range in
specificity between cAMP and cGMP, turnover numbers, inhibition and localization in tissues (Roberge et al.,
2004), all of which are likely to affect in vivo toxicological outcomes.
Currently, there is no verified clinical evidence of adverse affects caused by atrazine and therefore it is not
possible to attribute any specific effects of atrazine to adverse affects on the human reproductive endocrine
system in prepubertal, premenopausal, postmenopausal women or in men, as they relate to aromatase
induction at any level of exposure.

7.1.10 ASSESSMENT OF POSTULATED MOA
The JMPR briefly described the postulated aromatase MOA and concluded that due to the tissue-specific
manner through which aromatase is regulated, the biological significance of atrazine induced aromatase
expression remains unclear (JMPR, 2007). Based on the information presented in this report, there is
insufficient data to assess the plausibility of this postulated MOA, or its relevance to humans. Background
information on the observed association between atrazine exposure, aromatase expression and human
cancers has been collected into an appendix (See Appendix 1)
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CONCLUSIONS

It was not possible to conclude that any of these MOAs were relevant to human exposure to atrazine. While
two plausible MOAs were identified, further mechanistic research is needed to bridge data gaps before these
MOAs can be properly considered, as summarised below. Based on the data available, a re-evaluation of
the existing health values is currently unwarranted. The ADI in place in Australia was established on the
NOEL for the most sensitive endpoint in repeat-dose toxicity studies and is considered to be adequately
protective against modulation of neuroendocrine-dependent processes by atrazine.
MOA

PLAUSIBLE
MOA?

ESTABLISHED
IN ANIMALS?

RELEVANT
TO HUMANS?

EXCLUDED FROM
HUMAN
RELEVANCE?

MOA-1 Atrazine putatively alters
neurotransmitter and neuropeptide function
which regulates LH. Altered LH leads to
prolonged prolactin secretion and
subsequent stimulation of the mammary
gland proliferative changes and increased
incidence of mammary adenocarcinomas
and fibroadenomas.

Yes

Yes

No.

Yes

MOA-2 Atrazine putatively inhibits the
release of GnRH which decreases the
secretion of CH that may lead to increased
resorptions/ abortions.

Possible

MOA-3 Atrazine putatively increases
aromatase enzyme activity via inhibition of
phosphodiesterase, which increases the
aromatisation of testosterone to oestrogen.
An increased oestrogenic environment may
favour i) induction of cancers and
proliferation of pre-existing oestrogendependent cancers, and/or ii) altered
relative sex hormone levels may effect
reproduction and /or development.

Possible

Findings only
in one strain
of rat. No
findings in
other rat
strains or in
mice.
No

Possible.

No data

Insufficient
data.
No

No in vivo
data.

No data
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APPENDIX 1

Possible association between atrazine exposure, aromatase expression and human cancers
Breast cancer
Breast cancer has been associated with increased plasma oestrogen levels derived from both ovarian and
extra-ovarian sources. Following exposure to high levels of atrazine, several strains of rats displayed
increased plasma oestrogen levels and an increased incidence of oestrogen-dependent mammary cancers
(oestrogen-receptor positive). Local oestrogen production is also dependent on the promoter PII, which
contributes to the hormonal stimulation of breast cancers in mammary fibroblasts and adipose tissue. Extraovarian oestrogen has a marked mitogenic role in breast tumours. Oestrogen levels in mammary tumours
can be 10-fold higher than normal systemic levels in postmenopausal women affected by breast cancer, due
to a shift in the expression of different promoters . Promoter PII is abnormally activated in mammary adipose
tissue in which a tumour has developed. Although normal mammary tissue does not typically utilise promoter
PII, once transformed, breast cancer cells ‘induce’ the use of PII in adjacent fibroblasts. In this regard, the
ability of atrazine to stimulate PII may be a significant factor (Fan et al., 2007) although this could only be the
case where atrazine exposure sufficient to trigger this effect is experienced, which is a highly unlikely
scenario. Atrazine increases the incidence of mammary cancer in one strain of rodents. One limited cohort
study showed that atrazine was associated with breast cancer in a situation where people were sourcing
drinking water from a well contaminated with atrazine (Kettles et al., 1997). Conversely, limited or no
association has been concluded in other epidemiology studies (JMPR, 2007).
Additional research is needed to further examine the translation of in vitro findings to toxic effects in vivo, and
the doses required to produce that toxicity.
Breast, endometrial and ovarian cancer
Pathogenesis and growth of three common women’s cancers (breast, endometrium and ovaries) are linked
to oestrogen. The clinical use of aromatase inhibitors to treat breast cancer is associated with an improved
prognosis, whereas similar efficacy is not observed in endometrial and ovarian cancers.
In theory the ovary, testis, adipose tissue, skin, hypothalamus and placental tissues express normally
aromatase, whereas breast, endometrial and ovarian cancer tissues over-express aromatase and produce
local oestrogen, which may exert paracrine and intracrine effects. However, this is not consistent with the
therapeutic efficacy of aromatase inhibitors in the treatment of post-menopausal breast cancer, suggesting a
higher level of complexity exists.
In cancers of breast, endometrium and ovary, aromatase expression is primarily regulated by strikingly
increased activity of the proximally located promoter I.3/II region. Promoters I.3 and II are present only
minimally in normal breast adipose tissue and they are stimulated by a cAMP-PKA-dependent pathway via
PGE2. In breast adipose fibroblasts exposed to prostaglandin E2 (PGE2) secreted by malignant epithelial
cells, Protein Kinase C (PKC) is also activated, and potentiates cAMP-PKA-dependent induction of
aromatase. Thus, inflammatory substances such as PGE2 may play important roles in augmenting the local
production of oestrogen that promotes breast tumour growth (Bulun et al., 2007).
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Additionally, the endothelial-type promoter I.7 is also expressed in breast cancer. Thus breast tumour tissue
may be able to utilize any of four promoters (II, I.3, I.7, and I.4, the latter being the breast adipose promoter)
for aromatase expression and oestrogen production.
Regional variations in aromatase expression in breast adipose tissue have been observed, with the highest
expression in adipose tissue proximal to a tumour (cf. distal). It has been postulated that there is ‘cross-talk’
between a breast tumour and the surrounding adipose cells in terms of the ability of the latter to synthesise
oestrogens, and that factors produced by developing breast tumours may set up local gradients of oestrogen
biosynthesis in the surrounding adipose tissue via paracrine mechanisms.
In contrast, normal human endometrial tissue does not exhibit aromatase activity (Bulun et al., 2005)
whereas aromatase mRNA levels and enzyme activity are readily detectable in endometriosis. PGE2
stimulates both aromatase expression and activity in endometriotic stromal cells via the promoter II region of
the aromatase gene. The resulting increase in the local production of oestradiol induces PGE2 formation and
establishes a positive feedback cycle. This may contribute to continuous production of oestradiol and PGE2.
Abnormal aromatase mRNA levels and enzyme activity are present in uterine leiomyomata, which are
oestrogen-dependent benign tumours of the myometrium. Leiomyomata and endometriosis are often treated
using aromatase inhibitors. The efficacy of this treatment may indicate the participation of aromatase activity
in these clinical conditions, although cause and effect are unclear (i.e. increased aromatase activity may be a
result, not a cause of the problem).
Prostate cancer
Aromatase expression and activity are low in normal prostate cells, but in malignant prostatic cells increase
to levels comparable with those observed in breast cancer. This aromatase activity is associated exclusively
with PII and limits the efficacy of anti-androgen treatments for prostate cancer. Also, low levels of oestrogen,
when bound to oestrogen receptor-α (ER-α), result in proliferation of the prostate. Thus, in prostate cancer,
induction of aromatase via PII in prostate epithelia results in oestrogen synthesis that affects the prostate
epithelia in an autocrine/intracrine fashion via binding to ER-α (Fan et al., 2007).
Presently, there is no robust association of atrazine exposure with prostate cancer in any species, although
atrazine treatment of lactating rat dams has been shown to induce prostatitis in F1 male pups following
maternal exposure to relatively high doses (50-100 mg/kg bw day) (Stoker et al., 1999; Rayner et al., 2007).

