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Figure 2. Acute toxicity of new insecticides to fish (rainbow trout or close relative). 
In this graph and subsequent ones, parameters for chlorpyrifos and azinphos-methyl are shown for comparison.

Figure 3. Acute toxicity of new insecticides to the aquatic invertebrate Daphnia magna.
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plants and with zero potency at field application rates 
to any other types of organisms. 

   Perhaps the ultimate in the development of new 
chemistry with limited impact on anything but the tar-
geted pest was Monsanto’s synthesis and development 
of glyphosate herbicide. Considered by the European 
Union as well as EPA to be a reduced risk herbicide 
with no toxicological concerns at the designated legal 
rates of field application, glyphosate has become the 
most widely used herbicide in the agricultural sector, 

especially with the development of crops like soybean, 
corn, and cotton that can resist its phytotoxicity.

 The history of pesticide synthesis as a dynamic 
process, with researchers adapting their skills in biol-
ogy and chemistry to ever more selectively bioactive 
compounds, leads to another myth about pesticides. 
As will be explained, this next myth also reveals a seri-
ous misunderstanding of concepts like toxicity, hazard, 
and risk — as well as a lack of knowledge about basic 
biochemistry.

LC50

LC50
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You’ve Come a  Long Way, Baby

Figure 4. Acute toxicity of new insecticides to birds (quail).
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Figure 5. Application rates per acre of new insecticides. 
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receptor for any interaction to occur. In addition to 
structure, molecular interactions are also influenced 
by physicochemical properties related to molecular 
charges and hydrophobicity. Such interactions oc-
cur very readily if the structures of a toxicant and its 
receptor are highly complementary. In such cases, the 
substance is considered highly potent. Interactions 
would occur with structures not as complementary 
only under conditions of inordinately high toxicant 
concentrations, typically those not likely to be found 
in the environment but certainly possible to create 
in the lab when animals are tested. A toxicant requir-
ing extremely high concentrations in order to have 
an interaction with an enzyme or receptor, and thus 
cause an adverse physiological reaction, would be 
considered to have low potency. In summary, then, 
toxicity is a property inherent to any molecule, allow-
ing it to elicit an adverse physiological response when 
an organism has specific enzymes, receptors, or other 
macromolecules whose three-dimensional structures 
are complementary. 

The nature of fundamental thermodynamic and ki-
netic laws governing chemical interactions prescribes 
that any molecule could, hypothetically, interact with 

Ultimately, consumers want to know whether any 
technology is “safe”. The concept of chemical safety 
among regulatory toxicologists is understood not as a 
quantitative unitary concept but rather as a description 
of a probability of a reasonable certainty of no harm. 
The validity of the concept of reasonable certainty of 
no harm, which is actually more science policy than 
science, depends on a distinction among the terms 
“toxicity,” “hazard,” and “risk.” Distinguishing these 
terms and, moreover, defining them from a biochemi-
cal perspective, is crucial for a rational argument about 
the nature of pesticide use in modern society.

Toxicity is an inherent property of both a particu-
lar molecule (called the substrate or ligand) and any 
organismal enzymes or receptors (tissue cell macro-
molecules) that it can react or interact with. Such in-
teraction results in a physiological reaction that could 
be inimical to the survival of an organism, and thus 
the substrate or ligand would be called a toxicant. By 
definition, pesticides are inimical to the lives of pests, 
thus pesticides are toxicants. The concept of “inherent 
property” refers to the fact that the three-dimensional 
structure of any toxicant must be complementary 
to the three dimensional structure of an enzyme or 

It’s Still About the Dose  
(and Timing)

Myths: Exposure to pesticides results in adverse health effects. Hazards of pesticides 
are equivalent to the risk of adverse effects. 

The Reality of A Modern Biochemical Perspective  
on Toxicity, Hazard, and Risk
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reaction to do something about it? We are cautious by 
nature and thus want to be careful when we have knowl-
edge of potential harm. The problem is knowing the 
appropriate amount of resources (financial, intellectual, 
etc.) to expend on managing what may be only poten-
tial harm, since—because hazard is contextual—it may 
never be manifested, or it may be manifested only under 
the most extreme conditions of chemical use. 

To judge just how worried we should be about a 
toxicant in the environment, and therefore allocate 
the appropriate attention to its hazardousness, we 
have to understand the risk of adverse effect. Risk is 
also contextual, but a simple definition is the prob-
ability (likelihood) that adverse effects would occur 
under a specific situation or set of conditions. Often, 
regulatory toxicologists will express risk as a function 
of toxicity and exposure. Thus, risk is the probabil-
ity or likelihood that the array of known hazards of a 
substance will actually occur if or when an organism 
is exposed. If exposure is nonexistent, then the likeli-
hood of an effect is nil. If exposure does occur, then 
the likelihood of the substance being a hazard is con-
ditioned not only on the dose but also on the age, gen-
der, and health of that organism as well as the specific 
route of exposure. The important point is that the risk 
of adverse effects after exposure to a substance may be 
low or high, depending on all the factors affecting the 
hazards of that substance.

Thresholds

Low levels of exposure, even to a highly potent 
toxicant, may have a low probability of causing an ad-
verse effect. In any case of exposure, whether through 
skin contact, inhalation, or oral ingestion, a number of 
physiological processes occur to modulate the dose or 
concentration of toxicant arriving at the cellular level, 
and thus the probability of interaction with enzymes 
or receptors. All of these physiological processes that 
determine what amount of toxicant arrives at the site 
of the cell enzymes or receptors is described by phar-

any other molecule. However, the concentration of the 
two molecules must be sufficiently high for the inter-
action to have any reasonable probability of occurring. 
This latter concept leads to the definition of “hazard.” 
Hazard describes the potential of a chemical to cause 
harm under a particular set of conditions. In other 
words, toxicants are not inherently hazardous unless 
the context is conducive to the sufficient interaction of 
the toxicant with the particular enzymes or receptors 
to which it is complementary. To study how chemicals 
interact with organisms, scientists in the laboratory 
always create conditions in which the subject chemical 
will be hazardous. Often the conditions are concen-
trations (or doses) of chemical sufficient to cause an 
observable response in a test population of organisms. 
If the conditions of the exposure change (for example, 
using a very low dose) then the hazard may change or 
simply disappear altogether. 

Experiments repeatedly show that natural and 
synthetic substances at one dose may have no adverse 
effects on an organism, but at another higher dose can 
cause harm. This concept, frequently called “the dose 
makes the poison”, is the fundamental principle guid-
ing toxicological studies, and it is discussed in all basic 
toxicology textbooks. Of course, that popular toxico-
logical aphorism belies more complex interactions 
between a substance and its effects on an organism. 
The dose required to cause deleterious effects within 
a population of organisms can vary depending on the 
route of exposure (oral, dermal, or inhalational), the 
length of time over which it is administered (acute 
versus chronic), and the age, sex, and health of an or-
ganism. Nevertheless, the appearance or magnitude of 
an effect of any substance is tied to its dose. Hazard, 
therefore, can be thought of as a substance’s dose-relat-
ed array of possible deleterious effects on an organism 
of a specific age, gender, and health status exposed via 
oral, dermal, and/or inhalational pathways.

Should the knowledge that a substance is hazard-
ous, i.e., potentially harmful under a specific set of cir-
cumstances, precipitate a corresponding (and urgent) 
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Researchers studying the interaction of toxicants 
with whole animals (in vivo studies) or with animal 
tissues, cells, and macromolecules (in vitro studies) 
attempt to establish a threshold for a physiological or 
biochemical reaction. They use a wide range of doses 
(exposures) and concentrations. The threshold is 
often reported as an empirical dose level in which no 
observable adverse effect (i.e., the NOAEL) occurs. 
To determine the NOAEL, however, the researcher 
must expose an animal to sufficiently high concentra-
tions to see what a typical response looks like. The 
dose just causing a reaction is called the LOAEL 
(lowest observable adverse effects level). For any 
one specific response, the proportion of animals re-
sponding forms a monotonic functional relationship 
with the dose that is mathematically depicted as an 
S-shaped curve (Figure 6). For any effect, therefore, 
the researcher can estimate the proportion of the 
population responding to a particular dose. Similarly, 
the researcher can estimate when no responses in a 
population will occur. 

macokinetics. Pharmacokinetic studies examine rate 
and extent of chemical uptake processes following 
dermal, oral, and inhalational exposures. The amount 
of toxicant entering into the systemic circulation 
(bloodstream) is studied and then followed to its 
subsequent distribution among all body regions down 
to the cellular level. The toxicant amount changes as it 
is degraded by enzyme systems and excreted (some-
times unaltered) from the body. Whatever toxicant 
is left over from all these pharmacokinetic processes 
arrives at the site of the potential enzymes or recep-
tors complementary enough in structure to have any 
probability of interaction. The specific interactions are 
called pharmacodynamics.

The combination of pharmacokinetic processes 
and the kinetics of pharmacodynamic interactions 
may result in adverse physiological effects. Generally 
speaking, the physiological systems most often stud-
ied are the nervous and endocrine system, although 
the immune system is necessarily included because 
these three systems communicate with one another. 

The relationship can be expressed as the numbers responding to any given dose metric. If the numbers are transformed to the cumulative 
proportion (i.e., percent) of the population responding, then an ‘S’-shaped curve results, which can be described by a logistic mathematical 
function. At some dose, no measurable response is observed, and this dose is designated the no observable adverse effect level (NOAEL) 
or concentration (NOAEC). The LOAEL represents the dose at which an adverse effect is statistically significantly different from the 
response in the control. The LD50 and ED50 represent the median response in the population (i.e., 50% response) for either lethality 
(L) or any other measured response (E).
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cal exposure in the environment (i.e., outside of the 
laboratory). 

In summary, then, the toxicity of a chemical is an 
inherent property related to its structural ability to in-
teract with some complementary enzyme or receptor 
in a cell. If the structures are highly complementary, 
such that the probability of interaction is high, then the 
toxicant is considered highly potent; but if structural 
complementarity is low, the toxicant has low potency. 
Regardless of potency, pharmacokinetic processes 
modify the probability of pharmacodynamic interac-
tions, and thus all toxicants have thresholds for an 
effect. Pertinently, these interactions and thresholds 
apply to all chemicals, natural and synthetic, because 
all are under control of the fundamental laws of ther-
modynamics and kinetics. 

The type of experiment that allows construction 
of the aforementioned dose-response curves and de-
termination of a no-effects threshold falls under the 
rubric of regulatory toxicology. These experiments 
are most useful for assessing risk of an adverse effect 
following exposure under environmental conditions. 
Furthermore, experiments that attempt to define a 
threshold for an effect are quite different in objective 
than experiments that are designed to understand 
the mechanism of an effect. These latter experiments 
dominate the published toxicology literature today. 
However, those experiments necessarily use high 
enough doses so that an effect is always manifested 
and can therefore be studied. Although informative 
from the perspective of a basic biochemical under-
standing, mechanistic experiments are not very useful 
for characterizing the risk of effects following chemi-
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constrained by fundamental laws of thermodynamics 
and kinetics. More specifically, over the last several 
decades, toxicological focus has shifted from carci-
nogenic responses to endocrine system responses. 
Whereas the 1950s through the 1980s focused on car-
cinogenic mechanisms largely tied to interactions with 
the genome, during the time between the late1980s 
and now, focus has shifted to chemicals (synthetic and 
natural) and their interactions with receptors of the 
endocrine system. At first, the estrogen receptor, ow-
ing to intense interest in reproductive biology, was the 
object of most scrutiny, but now the testosterone (i.e., 
androgen) and thyroid receptors have been thrown 
into the mix. 

A handful of studies putatively indicating that 
chemicals at very low levels of exposure could result in 
endocrine-mediated alterations in tissues of neonatal 
rodents, especially male prostate gland structure, sug-
gested that a new perspective on toxicants was needed 
(vom Saal et al. 1997). Of course, one’s perception 
of what constitutes a low dose requires tempering 
by how the dose is administered and a query as to 

In the history of biology, those remembered by 
posterity are individuals who have created a paradigm 
shift in thinking about fundamental life processes. 
Perhaps at the pinnacle of paradigm shifters is Charles 
Darwin. Indeed, an often-quoted paraphrase is “noth-
ing in biology makes sense except in the light of evolu-
tion” (Dobzhansky 1964), and of course we have Dar-
win to thank for generating a line of inquiry leading to 
the modern theory of biological evolution. Cracking 
the genetic code, following the discovery of the struc-
ture of DNA, resulted in a plethora of new methods to 
study how life works at the molecular level. Of course, 
as we study different levels of organization, from cells 
to tissues to organs to whole organisms, new proper-
ties emerge that are increasingly difficult to describe in 
simple molecular terms. 

In the context of biological history, perhaps we 
shouldn’t be surprised that some researchers would 
enjoy being called paradigm shifters. However, chang-
ing the focus of study from one physiological system 
to another is not a paradigm shift, because all possible 
interactions of toxicants in the ‘new’ system are still 

Endocrine Disruption:  
Is It Just Hormonal?

Myth: Consideration of endocrine disruption changes the paradigm of what we 
know about pesticide effects. “Dose makes the poison” is no longer relevant because 
pesticides affect the endocrine system at levels equivalent to environmental exposures. 

The Reality: Confusion Between a Changing Paradigm 
and a Shift in Focus, Away from Cancer, to a Different 
Physiological System 
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are incredibly low if the ligand concentration is low. 
Similarly, ligand-receptor interactions are reduced 
and slowed down as a chemical’s potency decreases 
(Figure 9). Therefore, no paradigm has really shifted. 
Recall the premise that mechanistic studies are not de-
signed to show the threshold level of plausible effects. 
Yet reexamination of Figure 7 does show a definitive 
threshold (i.e., at 0.002 µg/kg), even for the drug DES, 
arguably of similar or greater potency to estrogen in 
binding to the estrogen receptor (Okluicz and Leavitt 
1988; Hendry et al. 1999, 2004). 

whether the “specified” dose was chosen, because any 
dose lower would not result in the measured effect at 
all. In addition to observations of a slight difference in 
male prostate gland weight between dosed and control 
animals (vom Saal et al. 1997), as one example of an 
endocrine system paradigm-changing effect, the dose-
response relationship accompanying the observation 
was nonmonotonic. In other words, the observed ef-
fects on gland weight did not vary in a lockstep linear 
fashion with increasing doses (Figure 7). The high-
est dose caused loss of gland weight and mid-doses 
caused increase in gland weight. The validity of the 
conclusions of these early reports has been questioned 
on grounds of statistical inadequacies (Haseman et al. 
2001) or have been judged inconclusive, imprecise, 
and of uncertain biological relevance (Melnick et 
al. 2002). Nevertheless, the problem in interpreting 
nonmonotonic responses arises when two different 
physiological phenomena are actually being measured 
by the same endpoint, such as gland weight changes. 
For example, no pathology other than gland weight 
changes may occur at low doses, but at high doses 
toxicity may set in and gland weight changes are ac-
tually due to a different phenomenon, such as greatly 
increased cell death. 

Regardless of the cause of a nonmonotonic re-
sponse (assuming the same physiological response is 
actually being measured on each side of the dosage 
range), receptor (e.g., estrogen receptor) interactions 
with ligands (e.g., estrogen or a toxicant) are governed 
by the principles of biochemical kinetics. Thus, the 
paradigm has not shifted; concentration of the ligand 
still influences receptor-ligand complexation. Kinetic 
analyses of molecule-molecule interactions can show 
the probability of those interactions as a function of 
dose (or concentration). An illustration of this con-
cept can help dispel the myth that low doses from 
environmental exposures of hormonally active agents 
are inordinately hazardous. Thus, Figure 8 shows that 
ligand-receptor complexes, the kinetic mechanism ini-
tiating a hormonally induced physiological response, 
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DES, a drug given to reduce miscarriages during the 1960s, and 
also used as a stimulatory hormone in cattle feed, has a potency 
similar in magnitude to that of estradiol. This graph is based 
on the one presented in vom Saal et al. (1997) that arguably 
initiated concerns about nonmonotonic effects of hormonally 
active agents. The data are shown as percentage change in gland 
weight relative to the control (100%), and the graph has been 
rescaled to start from zero change. Bars with the same letters 
are not significantly different from one another (probably < 
0.05). Ignoring the lack of difference between prostate gland 
changes at doses of 0.002 and 20 µg/kg, the graph is considered 
nonmonotonic in trend because, at some doses, prostate gland 
weight growth is stimulated, but at the highest dose it is inhibited, 
suggesting onset of cytotoxicity. 

Figure 7. Effects of DES  
(diethylstilbestrol) on mouse prostate 
gland weight measured eight months 
after birth. 
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On this basis, EPA is often criticized for inadequately 
regulating pesticides, perhaps because, historically, we 
have focused analytical efforts on them and can detect 
their residues in food and water. Ironically, monitoring 
pesticide residues routinely has grown out of intense 
regulation, not lax regulation.

Historically, regulation of pesticides grew out of 
laws during the first decade of the 20th century (Pure 
Food Act of 1906 and Insecticide Act of 1910). These 
laws eventually evolved by congressional statute into 
the Federal Food, Drug, and Cosmetic Act (FFDCA) 
and the Federal Insecticide, Fungicide, and Rodenti-
cide Act (FIFRA). These two federal statutes operate 
in parallel to one another, but frequently they are just 
thought of as FIFRA only. During 1972, FIFRA ad-
ministration was transferred to EPA from the USDA 
(U.S. Department of Agriculture), while the FDA still 
had authority under the FFDCA. 

FIFRA has been amended many times by Con-
gress to improve its oversight of chemical safety in the 
registration process, as well as to control better use of 
pesticide technology. The epitome of all amendments 
was born with the 1996 passage of the Food Quality 
Protection Act (FQPA). The FQPA was a milestone 
in regulating pesticide technology because, for the first 

Analytical technology to detect chemical residues 
in the environment, including our own bodies, has ad-
vanced by orders of magnitude over the last 60 years 
(Figure 10). Before the introduction of specialized in-
struments such as GC-MS (gas chromatography-mass 
spectrometry) and LC-MS (liquid chromatography-
mass spectrometry) became available to everyone’s 
benchtop, identifying and quantifying environmental 
residues of chemicals was a slow and imprecise process 
that basically worked on one chemical entity at a time. 
Often, only concentrations of chemicals equivalent to 
parts per thousand, or perhaps tens of parts per mil-
lion, could be detected. Today, routine measurements 
are finding anthropogenic chemicals in the environ-
ment at levels of parts per trillion and even parts per 
quadrillion. Perhaps comprehension of the small mag-
nitude of these minuscule amounts has been tainted 
by repeated reports of extraordinary congressional 
spending of billions of dollars. To place our abilities in 
perspective, 1 part per trillion of any compound found 
in water is equivalent to a purity of 99.9999999999% 
(Felsot 1998). The accuracy of quantifying such a 
level of contamination strains analytical abilities. Yet, a 
report of this level of contamination often provokes a 
cacophony of calls for more regulatory responsibility. 

Vetting and Regulating Pesticides
Myth: We know very little about the effects of pesticides. EPA registers pesticides 
without fully considering all of their adverse effects. 

The Reality of Pesticide Regulation in the U.S.:   
An Example of  Moving the Precautionary Pr inciple  
from Idealist ic Philosophy to Real  World Implementation
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time the law was mandated to be concerned only about 
risks of pesticide residues to consumers rather than 
benefits to farmers, and by extrapolation, to society. 
To implement such a change in perspective, Congress 
mandated that EPA examine more closely whether a 
chemical might be more hazardous to children than to 
adults, and to consider during registration of pesticide 
ingredients whether children’s exposure might be 
higher than that of adults. EPA would have to change 
its exposure analyses to include all sources of expo-
sure beyond food, such as from chemical residues in 
drinking water and from home and garden use. Thus 
pesticide residues in water, soil, air, and vegetation 
became important in assessing risk to human health in 
addition to the historical focus on food. 

Congress also told EPA that they must consider 
for registration decisions whether a chemical was 
hormonally active in the endocrine system. Cancer 
potential was also reemphasized but somewhat down-
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The graphs depict three different chemicals, each with a different affinity to a specific receptor. The middle graph and right graph depict 
ligands that are approximately 10 and 100 times less potent than the ligand depicted in the graph on the left. These interactions with 
compounds of different potencies illustrate that the receptor is not only quantitatively less bound as potency decreases, but the time for 
binding to occur is also slowed down. Both effects would lower the probability of an adverse effect.

Figure 9. Receptor Ligand Interactions. 
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by agents independent of the owners of the pesticide 
technology. The raw data are independently assessed 
by EPA for risk of adverse effects. After a registration 
and commercialization, the technology is continu-
ously monitored from the viewpoint of new toxico-
logical information and residue amounts present in 
the environment. This activity is shared by all stake-
holders, including EPA, industry, academia, and even 
environmental advocacy groups. The law prescribes 
that any adverse effects findings or reports be turned 
over by industry to EPA (CFR 1997). In making deci-
sions to register, re-register, or decline registration of 
a pesticide, EPA can and does consider whether safer 
products are already on the market, or if the new prod-
uct will replace an older, more hazardous product. 
Thus, modern pesticide law in the U.S. meets the ide-
alism of the precautionary approach (Tickner 2002): 
it is increasingly based only on analysis of hazard; it 
is democratic, involving many stakeholders; it meets 
the “polluter pays” principle; it’s dynamic and changes 
to accommodate new information; it monitors the ef-
fects of the decisions to register a product; and it is set 
up to encourage development and commercialization 
of incrementally safer products. 

played by the new concerns about putative “disrup-
tion” of the endocrine system by exogenous chemical 
residues, whether synthetic or naturally occurring. 
Finally, EPA would have to develop procedures for 
cumulating exposure to multiple pesticide residues 
if the pharmacodynamics of the specific pesticides 
were identical. In short, the FQPA was a regulatory 
paradigm shift. Nevertheless, the basic procedure of 
collecting toxicological and exposure data remained 
in effect, perhaps with the exception of greater focus 
on measuring parameters that could reflect endocrine 
system effects. Furthermore, the objective of assem-
bling the data for risk assessment has remained the 
operational paradigm for making regulatory decisions 
to register a chemical for use as a pesticide.

The history of pesticide regulation in the U.S. 
gives evidence of the law actually being a form of the 
precautionary approach in operation. For example, 
the regulations written by EPA are vetted publicly for 
comment, with EPA responding directly to all stake-
holders. The regulations are dynamic and respond to 
new concerns. Testing and data collection is funded 
by developers of the technology who are requesting 
registration. The data is audited for quality assurance 

The history of pesticide regulation in the U.S.  
gives evidence of the law actually being a form  

of the precautionary approach in operation. 
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The Reality of Pesticide Regulation: Truckloads of 
Data on Every Conceivable Ef fect  from Studies with 
Overlapping and Redundant Objectives

As delineated in Figure 11, the prime objective of 
modern pesticide law is setting a tolerance, also known 
worldwide as a maximum residue limit (MRL), for 
pesticide residues in foods. In fact, FDA and USDA 
testing shows no detectable pesticide residues in the 
majority of all foods (FDA 2009, USDA AMS 2010). 
When detected, insecticide residues specifically oc-
cur disproportionately in less than half of commercial 
fruits. Few fungicides are detected, and almost no her-
bicide residues are detected. Nevertheless, despite the 
setting of a tolerance for pesticide residues in food as a 
requirement of registration, all toxicological and envi-
ronmental chemistry studies are brought to bear on the 
task. Thus, a full-blown risk assessment is required for 
every pesticide, no matter what the end use is. Even if a 

pesticide is oriented for home use, the toxicological and 
environmental data available are universally required. 
The difference is that, for agricultural use, certain expo-
sure assumptions are made, while for home use, other, 
more appropriate exposure routes are assumed. 

Given that the requirement for risk assessment data is 
monolithic, regardless of how a pesticide might be used, 
the types of studies are well designed in order to acquire 
the most useful and informative data. Thus, the general 
protocol requirements for all tests needed to assess hu-
man health effects and, likewise, ecological effects, are 
accessible to the public through EPA Office of Chemi-
cal Safety and Pollution Prevention (OCSPP) web site 
known as the Harmonized Test Guidelines (http://
www.epa.gov/ocspp/pubs/frs/home/guidelin.htm)  

Both FIFRA (Federal Insecticide, Fungicide, Rodenticide Act) and FFDCA (Federal Food, Drug, Cosmetic Act) arguably evolved from 
earlier laws known as the Insecticide Act (1910) and the Pure Food Act (1906), respectively. The laws work in parallel under the direction 
of EPA. Both have been amended many times (e.g., Miller Amendment; Delaney Amendment), with the latest major amendment being 
the Food Quality Protection Act (1996). The FEPCA (the Federal Environmental Pesticide Control Act) essentially created a risk 
management standard of “reasonable certainty of no harm” to the environment and workers. The FQPA basically changed the historic 
risk-benefits balancing of FIFRA to a risk consideration only; furthermore, they broadened consumer-exposure analysis to include 
residential use of products in addition to food and water.

FQPA
(1996)

FIFRA
(1947)

FEPCA
(1972)

FFDCA
(1938)

Risk Assessment Tolerance (“MRL”)

Miller (1954)
Delaney (1958)

RegistrationLabeling

Figure 11. Schematic overview of modern laws regulating pesticide registration and 
use (reprinted from Felsot 2010). 
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effects [Stevens et al. 1997]), multiple generation ef-
fects, carcinogenicity, and blood enzyme levels. 

The test animals are usually rodents, but for older 
chemicals, beagle dogs also have been used to supple-
ment the rodent tests. The rodents are always tested 
in groups by gender, and frequent measurements are 
made to assess specific parameters and general well-
being of the test animals. Pertinently, the tests that EPA 
relies on most for characterizing the risk of adverse 
effects are the 90-day and 2-year continuous feeding 
studies. In these subchronic and chronic exposure 
tests, respectively, a rodent is exposed through diet to 
a test chemical at the stated dosage every day. Thus, 
each day the amount of food eaten is recorded so that 
the exact daily dose can be monitored throughout the 
study. In addition to frequent monitoring of animals 
for signs of overt toxicity, the animals are sacrificed at 
the end of the study to generate thousands of tissue 
specimens for examination. 

(Table 3). The total number of tests for all aspects of 
the chemicals proposed for registration is 276. How-
ever, 50 of the tests pertain only to pesticides classified 
as ‘biochemical’, which are typically natural products 
and pesticides developed from microorganisms (i.e., 
microbial pesticides). Thus, over 220 different tests on 
conventional chemical pesticides are required before 
registration. Of this total, 49 tests address a wide array 
of health effects, and 51 address ecological effects. 11 
test protocol guidelines have been issued specifically 
for endocrine effects. 

The tests for a wide array of physiological effects 
on the nervous and immune system are covered under 
the Health Effects Test Guidelines. These tests focus 
on acute toxicity (from a single high exposure) to 
effects from repeated exposures over the life span of 
the test animals. The array of measurements includes, 
but is not limited to, reproductive and developmental 
effects (which also are indicative of endocrine system 

Test Series 
Number

Test Guidelines Series  
Identification Grouping

Number of Individual 
Tests in the Series

810 Product Performance 8
830 Product Properties 35
835 Fate, Transport & Transformation 42

840 Spray Drift 2
850 Ecological Effects 51
860 Residue Chemistry 17
870 Health Effects 49
875 Occupational & Residential Exposure 13

880 Biochemicals 7
885 Microbial Pesticide[s] 41
890 Endocrine Disruptor Screening Program 11

Table 3. EPA Harmonized Test Guidelines requirements (EPA 2010). 

Each new pesticide data package will be required to address the individual test detailed in each section of the test guidelines, unless EPA 
waives the test owing to lack of relevance or, in the case of re-registrations, availability of sufficient data in the files.
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quirement for grant-funded research. For this reason, 
EPA often does not use research not conducted under 
GLPs to make regulatory decisions about pesticide 
registrations. However, EPA uses the basic research to 
inform the agency of new issues or peculiarities when 
testing responses that may need more scrutiny.

How EPA Determines Safety Under 
the Mandates of the Law

With piles of data at hand, EPA first validates its 
origin and then uses the raw data to conduct its own 
risk characterizations. EPA follows the long used 
and vetted tenets of risk characterization that involve 
problem formulation followed by the steps of hazard 
identification, dose-response assessment, exposure as-
sessment, and risk characterization. The latter defines 
the risk by integrating exposure and the toxicological 
endpoint or benchmark of concern defined in the 
dose-response assessment. 

Of the array of all types of effects that EPA exam-
ines, the agency looks for the one that has occurred 
at the lowest dose tested. The NOAEL from such a 
study is then used as the benchmark level from which 
to compare possible exposures to the pesticide. For ex-
ample, many herbicides in the sulfonylurea class are of 
such low toxicity that exposure to hundreds or thou-
sands of milligrams per kilogram of body weight are 
required to produce any effect. Often such effects are 
increased loss of body weight in females compared to 
the non-dosed population. Thus, simple body weight 
loss becomes the endpoint of concern and is then 
used to characterize risk. More specific effects can be 
measured when organophosphorus (OP) insecticides 
are tested. Specifically, this group of compounds 
inhibits the neurotransmitter-degrading enzyme ace-
tylcholinesterase in the central nervous system. This 
effect is quite specific and due to a known singular 
biochemical mechanism (Mileson et al. 1998). So, for 
assessing safety of OP insecticides, EPA would choose 
enzyme inhibition as the most sensitive endpoint of 

Whose Data Are They?

Under mandates of the FIFRA and the FFDCA, 
manufacturers seeking registration of new pesticide 
products or re-registration of older products must 
submit data that covers the required subject areas in 
the Harmonized Test Guidelines (Table 3). These 
studies are best characterized as regulatory toxicol-
ogy because they are intended to discover thresholds 
of toxicity for an array of adverse effects. Most of the 
toxicity tests use three dosages and a non-dosed con-
trol group (typically rodents and beagle dogs). Based 
on preliminary range-finding studies, the dosages are 
chosen so that most will define a specific but observed 
NOAEL, with the next two doses likely producing 
some measurable effect. 

Regulatory toxicology tests differ fundamentally 
from more basic research in that the latter is designed 
to study mechanisms of effects but not necessarily 
thresholds of effects. Although chemical manufactur-
ers may also carry out basic research once they have 
discovered a potential commercially useful product, 
most research is carried out at public institutions (e.g., 
NIH and EPA labs) and universities. The studies are 
designed so that definitive reactions are observed but 
often do not define thresholds for the reactions as do 
regulatory studies. Basic research could be useful for 
identifying hazards under the context of the specific 
laboratory conditions, but they are not useful for risk 
characterization because they do not seek a NOAEL.

Another major difference between basic toxico-
logical research carried out by chemical manufacturers 
and universities or public institutions is that the former 
are required to conduct all studies according to Good 
Laboratory Practice (GLP) standards. GLP standards 
allow EPA to independently audit the generation of 
all pieces of data, as well as determine if studies were 
conducted according to pre-written protocols. Thus, 
every “data point” is tracked, audited, and validated. 
Such meticulous attention to validating data and en-
suring compliance with written protocols is not a re-
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at least 100-fold lower than the NOAEL. One type of 
risk management device is called the Rf D (reference 
dose), which is obtained by dividing the NOAEL 
(units of mg/kg/day) by 100. Next, EPA examines 
the database of pesticide residues in food and mod-
els an estimate of drinking water residues. EPA then 
compares the exposure to the NOAEL, concluding 
either that exposure is below the Rf D or exceeds the 
Rf D. If the estimated exposure exceeds the Rf D, then 
EPA will demand some mitigation, such as restrict-
ing certain product uses or, in rare cases, refusing 
registration. 

toxicological concern. To reiterate, hazard identifica-
tion characterizes the array of possible adverse effects, 
and dose-response assessment defines the thresholds 
for an effect and determines which effect specifically 
becomes the toxicological endpoint of concern. The 
philosophy behind this methodology is that, if you 
protect nontarget organisms from the most sensitive 
effect (i.e., the effect occurring at the lowest dose), 
then you can protect them from all other effects. 

Once the most sensitive endpoint is chosen, then 
EPA applies uncertainty factors (a.k.a. safety factors) 
to ensure that any potential exposures are likely to be 
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background for comparative perspectives about the 
chemical’s safety. 

Atrazine

To call atrazine the “DDT” of herbicides would 
not be a hyperbolic exaggeration if a number of 
newspaper stories and research articles are added up. 
For example, searching Google Scholar for journal re-
search articles yields over 58,000 hits on atrazine but 
268,000 on DDT. This four-fold difference, however, 
reflects DDT’s development and widespread use as an 
insecticide in the 1940s in contrast to atrazine’s later 
development and commercialization, in the late 1950s. 
However, the comparison remains apt, considering 
the growing number of articles ascribing to atrazine 
ever more adverse effects, as have long been reported 
for DDT. Also, atrazine has long supplanted DDT as 
the most frequently detected pesticide in the environ-
ment, albeit not in food, where it is hardly ever found. 
One big difference between DDT and atrazine can be 
expressed by the following analogy: DDT is to bird de-
clines as atrazine is to frogs’ sexual development. But is 
it true? And, should atrazine be judged solely by frogs, 
as if this taxon were the proverbial canary in the coal 
mine? The concerns about atrazine generally divide 

These pesticides were first registered by EPA 30-50 
years ago but are still commonly used. Owing to their 
widespread use, more toxicological and epidemiologi-
cal testing focusing on these compounds has arguably 
been conducted and published than on any other 
currently registered pesticide. Many of the published 
tests have examined few doses and were not designed 
to develop NOAELs for risk assessment, but often the 
researchers have extrapolated the adverse responses to 
human exposure. Few papers have challenged the re-
sults of these extrapolations on the basis of fundamen-
tal toxicological principles operational at the likely 
environmental or worker-associated exposures. Thus, 
choosing these highly studied pesticides offered an 
opportunity to examine critically the dosing regimes 
and biological plausibility of the purported effects in 
light of realistic exposures.

 In reviewing the literature of these compounds, 
we deliberately avoided EPA analysis in order to de-
termine if just relying on the open scholarly literature 
itself could lead to a more skeptical attitude toward 
claims of adverse effects. In every case, the main con-
cerns about health or ecological impacts are explained, 
and rebuttals are made using the peer-reviewed litera-
ture. However, EPA-regulatory reference doses or gen-
erally acceptable acute toxicity parameters are used as 

Some Case Studies: Reports  
of Hazards Do Not Reflect Risks 

T he next several sections examine more closely three specific pesticides 
(atrazine, chlorpyrifos, glyphosate) and the homologous group of pyrethroids 
in order to determine the validity of claims of imminent harm. 
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According to EPA, atrazine is considered to 
be of low toxicity, having an LD50 from single oral 
exposures of 1,869 mg/kg and dermal exposures of 
>2000 mg/kg (EPA 2002a). Its acute reference dose 
was developed by EPA as 0.10 mg/kg (EPA 2002b). 
Pertinently, this regulatory benchmark was based on 
highly dosed rodents, wherein an effect on bone de-
velopment occurred at a dose rate of 70 mg/kg/day, 
but no effect occurred at 10 mg/kg/day. Among all 
the tests that were conducted, 10 mg/kg/day was the 
lowest dose without any effect, and thus it was specifi-
cally designated as the NOAEL. Also pertinently, this 
NOAEL is at least two orders of magnitude greater 
than the estimated 95th percentile exposure of 0.09 
mg/kg/day following mixing/loading and applica-
tion (Gammon et al. 2005). In fact, at levels of human 
exposure that potentially occur during legal rates of 
application of atrazine for control of weeds, the com-
pound has only one known definitive mode of causing 
toxicity. Atrazine inhibits plant physiology by dis-
rupting photosynthesis, specifically in a biochemical 
pathway called Photosystem II (Devine et al. 1993). 
Animals, however, do not possess biochemical path-
ways that atrazine, at possible environmental levels, 
could affect. The latter statement is not to deny that 
testing of highly exaggerated doses causes physiologi-
cal effects, but how much is used and the likelihood of 
comparable exposures must always be weighed. 

EPA integrated the results from toxicology tests 
with volumes of water drunk in a day by adults or chil-
dren to yield a maximum contaminant level (MCL) 
of 3 µg/L (ppb). This regulatory rule was developed 
under the mandate of the Safe Drinking Water Act. 
Although developed back in ~1989, the regulatory 
standard of 3 ppb has not been altered since. Perhaps 
EPA was not motivated to change this standard over 
the last thirty years because toxicological information 
has not pointed to any problem not already covered in 
the experiments submitted by the registrants for risk 
characterization by EPA. Indeed, EPA (2010) has stat-
ed, “Based on all the available test data, the Agency’s 

between potential chronic effects on human health 
and effects on diminishing frog populations through 
disruption of the endocrine system. 

In separating the myths and realities of atrazine 
toxicity, hazards, and risks, knowing that it was first 
registered in 1958, and thereafter intensively used 
mainly in corn production throughout the Western 
world, should lend some perspective to the most 
recent reports suggesting that the compound poses a 
risk to human health as well as to amphibians. Given 
the massive amounts and intensive use of atrazine 
in the Corn Belt over the last 50 years, new risk 
concerns seem odd because problems should have 
been noticeable within a short time after atrazine’s 
commercialization. The reason for this conclusion 
is that atrazine was first reported in water wells and 
potable water supplies in the early 1970s (Richard et 
al. 1975). Once scientists start looking for a needle 
in the haystack, they usually will find it—but not be-
cause it wasn’t present in the environment from the 
beginning of use. 

Based on our current knowledge of the environ-
mental chemodynamics of soil-applied chemicals, 
atrazine is likely to have worked its way into shallow 
ground water of the Corn Belt after the first year of 
use. Furthermore, atrazine residues are not being in-
creasingly detected in the environment because use is 
increasing. In fact, use has gone down, if not remained 
stable. However, atrazine detection frequency is a 
classic story of detection sensitivity improvements 
(Kolpin 1995), not an indication of an exponential 
increase in residues entering the environment. Thus, 
contemporary stories raising alarms about atrazine in 
water supplies are just not plowing new ground but 
repeating information known for a very long time. 
The question about residues in water, especially drink-
ing water supplies, generally raises the question of 
whether humans are adversely affected. The answer to 
this question rests on understanding atrazine’s toxicol-
ogy and the potential for exposure based on residues 
found in environments relevant to drinking water. 
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a logical question is how likely is it that people will be 
exposed to the MCL? Remembering that the MCL has 
applied to it a very large safety factor of 1000 (Rich-
ards and Baker 1995), one should be aware that even 
studies in the 1990s concluded that very few people 
(perhaps less than 1 person in 1,000) would be ex-
posed to atrazine near the MCL (Richards and Baker 
1995). The picture has only improved, with atrazine 
detectable concentrations in water dropping since 
1996—due in part to changes in use rates and prac-
tices (Sullivan et al. 2009). The picture should become 
increasingly clear as even less atrazine is used with new 
hybrids of corn that resist glyphosate or other herbi-
cides, thereby further reducing the need for atrazine. 

The California EPA’s independent study of likely 
human health effects from consumer and worker 
exposure to atrazine essentially concluded very little 
risk, largely because exposure was so low relative to 
effects seen in animal testing (Gammon et al. 2005). 
Although human exposure to atrazine seems to be 
insufficient to warrant concerns for risk to health, 
residue levels sometimes found in the water are pu-
tatively causing ecological effects through disruption 
of amphibian endocrine physiology. Addressing the 
question of whether frogs are being sexually trans-
formed by exposure to low levels of atrazine in the 
environment first requires a determination of the basis 
for concern regarding frog development. The second 
consideration would take into account the likelihood 
of a frog being exposed to “low” levels of atrazine. 
Without a consideration of both factors, the risk can-
not be placed in the context of human concerns.

Atrazine toxicity is very low to virtually all aquatic 
organisms except perhaps plants (which it is designed 
to kill), as shown in the accumulation of studies by 
EPA during the compound’s reregistration process. 
For example, most aquatic organisms do not die unless 
concentrations approach mg/L levels (EPA 2002c; 
Solomon et al. 1996). To place this concentration in 
perspective, atrazine is found most frequently in water 
at levels between 0.001 and 1 µg/L. 

evaluation, and scientific peer review, atrazine is not 
likely to be a human carcinogen”. Because both rodent 
studies and available human epidemiology studies 
using workers handling atrazine failed to show any 
relationship between atrazine dose and cancer, EPA 
seems to be practicing the precautionary principle in 
asking for more epidemiological data. Yet the EPA has 
stated its skepticism for finding any correlations. The 
ongoing multi-year National Cancer Institute study 
called the Agricultural Health Study concluded in 
2004, “Our analyses did not find any clear associations 
between atrazine exposure and any cancer analyzed” 
(Rusiecki et al. 2004). Such a conclusion is remark-
able, given that nearly every study in the AHS consor-
tium claims that there is an association between some 
pesticide and cancer or several other health effects. 
Significantly, the AHS study includes a cohort of over 
70,000 pesticide workers and adult family members 
in Iowa and North Carolina. Thus, the pesticide us-
ers represent farms associated with grain production 
(corn and soybeans) and specialty crops (diversity of 
fruit and vegetables that are grown in the mid Atlantic 
region). Further concerns about atrazine’s adversely af-
fecting human health via chronic exposure were most 
recently dispelled by the World Health Organization. 
WHO (2010) is recommending a drinking water qual-
ity guideline for atrazine of 100 µg/L, a value notably 
higher than all previous guidelines. 

Atrazine residues are not found in food, given that 
the chemical is applied directly to the soil of basically 
only one crop (i.e., corn) (USDA AMS 2009), so the 
only contemporary pathway of exposure would be 
drinking water derived ultimately from field runoff or 
subsurface drainage in the Corn Belt. Thus, a very lim-
ited geographically located population of consumers 
would be comparatively most exposed if atrazine resi-
dues survive water treatment and appear in finished 
drinking water supplies. Given that the MCL is based 
on a non-cancer endpoint that took into consideration 
the results of reproductive and developmental toxic-
ity tests that would indicate endocrine system effects, 
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In addition to a number of studies failing to 
conclude that atrazine is affecting gonadal develop-
ment of frogs, these studies have generally made two 
important points that should l substantially lessen any 
concerns about atrazine functioning as an endocrine 
disrupting chemical. First, the putative mechanism by 
which Hayes et al. (2002, 2005) have proposed that 
atrazine feminizes male frogs works through aroma-
tase enzyme induction. Induction of the enzyme could 
result in greater rates of transformation of testosterone 
to estradiol, thus depleting male androgen hormone 
concentrations during key stages of development. 
However, studies that do not show any hormonally 
related effects of atrazine also fail to detect any induc-
tion of aromatase. (Hecker et al. 2004, 2005; Murphy 
et al. 2006; Oka et al. 2008). Male frogs collected 
from agriculturally-dominated habitats do not show 
significant differences in estradiol hormone levels or 
estradiol/testosterone ratios from non-agricultural 
landscapes (McCoy et al. 2008). Hormone levels in 
frogs collected from diverse non-agricultural and agri-
cultural habitats did not, in fact, correlate with atrazine 
levels (McDaniel et al. 2008). Thus, little support for a 
hypothesis of aromatase induction has been observed 
in studies that relate field-collected frog parameters to 
atrazine residues.

The second informative point is atrazine’s lack of 
effect on reproductive success. Thus, allowing exposed 
tadpoles to complete development and then mate 
results in no impairment of fecundity or fertility (Du 
Preez et al. 2008). So, even if atrazine were having a 
non-detectable effect on frogs, the ecological conse-
quences are moot, owing to a lack of effect on fertility. 
Indeed, this laboratory observation echoes what Hayes 
et al. (2003) observed in the field when they examined 
frogs across eight U.S. regions. To quote from the lat-
ter research, “Juvenile R. pipiens were abundant at all 
of our collection sites, however, including agricultural 
areas in Iowa and Nebraska. The abundance of frogs at 
these sites suggests that the effects are reversible, that 
some percentage of the population does not show this 

While EPA is only now requiring that amphibians 
be tested, reports of effects of atrazine on gonadal de-
velopment appeared in the early 2000s, a time of non-
regulatory testing. Specifically, several papers exposed 
the African claw-toed frog (Xenopus laevis) to atrazine 
in water at levels ranging from 0.1 µg/L to 100 µg/L. 
The most cited report (Hayes et al. 2002) suggested that 
frogs were becoming feminized. In this case, feminiza-
tion was measured as either the occurrence of oocytes 
in male testis tissue or a reduction in size of pharyngeal 
muscle that aids male frog sexual calling. A follow up 
study also showed the presence of oocytes in testis tis-
sue, along with testicular dysgenesis (Hayes et al. 2003). 
However, in the latter study, no correlations were found 
between the intensity of the putative endocrine system 
effect and levels of atrazine in aquatic systems where 
the frogs were collected. Furthermore, frog populations 
from across eight regions in the U.S. under scrutiny 
seemed to be quite healthy, as determined from popula-
tion abundance observations. However, a more recent 
study (Hayes et al. 2010) of sexual transformation from 
male to female upon exposure to atrazine in the lab has 
stirred popular media headlines, as have earlier studies.

If science made definitive conclusions about the 
ways of the world based on only one laboratory, the 
chances for misunderstanding a natural phenomenon 
would be quite high. For this reason, that different 
laboratories try to repeat each other’s work is prefer-
able in order to determine whether observations are 
generalizable across species or are even likely in the 
actual environment. Thus, other independent labora-
tory studies of the effect of atrazine on frog gonadal 
development, both of Xenopus and several other spe-
cies, have failed to repeat the observations of Hayes et 
al. (2002, 2003) (Carr et al. 2003; Coady et al. 2004, 
2005; Du Preez et al. 2008; Kloas et al. 2008; Oka et al. 
2009; Spolyarich et al. 2010). Field studies also do not 
find positive correlations between atrazine concentra-
tions in breeding habitats and adverse histological or 
sex ratio patterns (Du Preez et al. 2005, 2009; Smith et 
al. 2005; McDaniel et al. 2008).
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in 1996, chlorpyrifos was arguably the most used 
insecticide in the world. By 2002, however, its use on 
developing fruit and as a termiticide and home and 
lawn insecticide had been voluntarily suspended by 
its manufacturer, Dow AgroSciences, in an agreement 
with EPA. Chlorpyrifos is still registered for some veg-
etable crops (e.g., plants in the Family Cruciferae, such 
as cabbage, collards, kale and Family Alliaceae —such 
as onions), including field and sweet corn, but its ma-
jor use today is restricted to dormancy season sprays 
on pome fruits (apples and pears) and nuts. Dormant 
sprays occur when no fruit is growing; thus the oppor-
tunity for exposure through fruit and nut consump-
tion is nil. Because potential chlorpyrifos hazards are 
dependent on the degree of exposure, examination of 
food residue data foretells the likelihood of adverse ef-
fects. Data from the USDA’s most recently published 
comprehensive survey of pesticide residues, in dis-
tribution centers around the U.S., are informative for 
predicting trends. The latest data indicate that only 3% 
of more than 10,000 individual food items analyzed 
had detectable residues of chlorpyrifos (USDA AMS 
2009). The levels found were typically 100-1000-fold 
less than the residue tolerance, or the legal concentra-
tion that has been set, in part, to protect human health 
as required under the Food Quality Protection Act 
(1996; Title IV, Section 405(b)(2)(A)(i and ii)). 

Chlorpyrifos, like other organophosphorus esters, 
inhibits the nerve membrane enzyme called acetyl-
cholinesterase (AChE). AChE breaks down the neu-
rotransmitter acetylcholine, which functions as the 
signaling compound between nerve axons and den-
drites in the central nervous system as the electrical 
current traveling down stimulated nerve membranes 
is transduced to chemical energy in the region of the 
synapse. AChE is anchored on the post-synaptic (i.e., 
dendritic) membranes near the acetylcholine receptor 
proteins. By breaking down and thus lowering the con-
centration of acetylcholine neurotransmitter before it 
can bind to the receptors, AChE functions to dampen 
the stimulatory electrical signals originating distally 

response, that these developmental abnormalities do 
not impair reproductive function at sexual maturity, 
and/or that continuously exposed populations have 
evolved resistance to atrazine.”

More recent research has questioned whether frogs 
make good “canaries in the coal mine” (Kerby et al. 
2010). In fact, the conclusions were that amphibians are 
not as sensitive to environmental contaminants as other 
aquatic organisms are. Thus, newspaper accounts that 
express alarm at the findings from one laboratory over 
atrazine’s potential to disrupt the endocrine system, re-
garding these as a bellwether for human concern, seems 
to belie all the data that has been published within the 
last five years. Ironically, the same newspaper accounts 
of recent atrazine effects from the Hayes lab seemed 
to have forgotten their own publication two years ear-
lier showing that frog populations were in much poorer 
condition around urban influenced aquatic systems 
than around agricultural systems (Barringer 2008). 
Given that atrazine is not permitted or used in urban 
settings, the facts from the environment contrast with 
one scientist’s observations in the lab. 

One thing is certain, however: Studies will con-
tinue on atrazine as long as it is used. Indeed, EPA is 
continuing to examine data on human cancer epide-
miology, as well as effects on amphibians, noting in an 
April 2010 web posting, “Although EPA is not currently 
requiring additional testing of atrazine on amphibians, 
as discussed earlier on this Web page, EPA has begun a 
comprehensive reevaluation of atrazine’s ecological ef-
fects, including potential effects on amphibians, based 
on data generated since 2007” (EPA 2011). No one 
can rightly claim that EPA is not practicing precaution 
when it comes to atrazine.   

 

Chlorpyrifos

Chlorpyrifos is an organophosphorus ester in-
secticide (specifically, O,O-diethyl O-3,5,6-trichloro-
2-pyridyl phosphorothioate) that was first com-
mercialized in 1965. Before the passage of the FQPA 
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ent perception of hazards from chlorpyrifos (as well 
as the few other OP insecticides still used), based on 
older studies of residues in households and urine bio-
monitoring, are inconsistent with the studies showing 
chlorpyrifos residues are only infrequently detected 
in food—as well as the fact that the compound is no 
longer used directly on fruit or in urban environments. 
Indeed, within two years after removal of chlorpyrifos 
from urban uses, researchers could detect lower ex-
posures, concluding that aggregate potential doses of 
chlorpyrifos were well below published reference dose 
values (Wilson et al. 2010).

Any compound that affects any of the nervous sys-
tem biochemical parameters is considered automati-
cally to be a neurotoxicant. As is true for all biochemi-
cals, the probability of causing observable neurotoxic 
responses to chlorpyrifos and similar chemical com-
pounds depends on dose, or the degree of exposure. 
When there is proven exposure in a case-controlled 
epidemiological study, the results do not support a 
case for hazardousness. For example, applicators of 
chlorpyrifos-based termiticides were logically a very 
exposed subset of the population. Thus, if chlorpyrifos 
is a potent neurotoxicant in adults, one would predict 
severe neurotoxicology problems in applicators. Yet, 
an epidemiological study of 191 applicators, whose 
urine proved they were over 100 times more exposed 
than a non-applicator control population, concluded, 
“The exposed group did not differ significantly from 
the nonexposed group for any test in the clinical ex-
amination. Few significant differences were found in 
nerve conduction velocity, arm/hand tremor, vibro-
tactile sensitivity, vision, smell, visual/motor skills, or 
neurobehavioral skills” (Steenland et al. 2000). The 
latter observational results would be considered more 
objective than questions seeking subjective informa-
tion about applicators’ personal experiences. The only 
subgroup where personal experiences regarding illness 
could be reliably measured were the eight applicators 
(of a total of 191) who had a past acute illness associ-
ated with chlorpyrifos use. 

from up the nerve axon. When OP insecticides bind 
to the enzyme, they inhibit its function. Inhibition 
of AChE allows excessive concentrations of AChE to 
persist in the synapse and, consequently, stimulation 
of the nerve axons continues unabated. 

Inhibition of AChE is the only known biochemical 
effect of chlorpyrifos at exposure levels associated with 
legal rates of application in the environment. However, 
chlorpyrifos itself is not functional in inhibiting ace-
tylcholinesterase. Rather, chlorpyrifos has to be me-
tabolized to an oxidized form called chlorpyrifos oxon 
to have biological activity. Therefore, of public health 
interest is whether chlorpyrifos oxon is detected in 
food. The USDA AMS (2009) reported no findings of 
oxon residues in food, thus validating very minimal ex-
posure of human populations to chlorpyrifos. Athough 
chlorpyrifos can be metabolized to its oxon form within 
an organism, its further metabolism and excretion in 
humans is so fast that it cannot be detected even within 
hours after dosing (Timchalk et al. 2002).

Despite the low potential for current exposure of 
U.S. citizens to chlorpyrifos insecticide residues, the 
literature is replete with data showing widespread de-
tection of an essentially nontoxic breakdown product 
called trichloropyridinol in human urine, as well as al-
kyl phosphate metabolites (Payne-Sturges et al. 2009). 
Thus, the perception that people today are widely 
exposed to chlorpyrifos residues is generated from 
these studies. However, these studies reflect the results 
from urine samples collected when chlorpyrifos was 
widely used and before the significant restrictions on 
its use. Furthermore, evidence suggests that the non-
toxic alkyl phosphate metabolites occur already on the 
fruit before consumption (Zhang et al. 2008). Thus, 
detection of these chlorpyrifos degradation products 
in urine is not an accurate reflection of exposure to the 
toxicant. Because dietary exposure, rather than house 
dust, has been considered a primary pathway of ex-
posure to children (Morgan et al. 2005), detection of 
chlorpyrifos residues in households is also not directly 
applicable to actual exposure levels. Thus, the pres-
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a PAD) of 0.0005 mg/kg/day). The comparable long-
term (chronic) PAD, which included the combined 
1000-fold safety factor, was designated as 0.00003 
mg/kg/day. EPA’s final decision for re-registration 
of chlorpyrifos in 2006 was predicated on no further 
urban uses and no uses on fruit trees post-bloom or on 
certain vegetables, like tomatoes (EPA 2006a). Perti-
nently, EPA uses the Rf D as an exposure guideline to 
ensure the congressional mandate of “safe”, meaning 
a “reasonable certainty that no harm will result from 
aggregate exposure to the pesticide chemical residue, 
including all anticipated dietary exposures and all 
other exposures for which there is reliable informa-
tion” (Food Quality Protection Act 1996). 

EPA cited the growing developmental neurotoxic-
ity literature at the time of its reregistration decision, 
noting that a noncholinergic mechanism could be at 
work (i.e., a mechanism that does not inhibit acetyl-
cholinesterase). The most recent literature based on in 
vitro studies suggests that acetylcholinesterase func-
tions as a morphogen — i.e., the intact enzyme stimu-
lates growth of nerve axons. Simple binding to the 
enzyme without inhibiting its activity could reduce 
this morphogenic functionality (Yang et al. 2008). 
Another proposed mechanism is the altered regula-
tion of genes that code for neurotrophic factors that 
affect nerve growth (Slotkin et al. 2010). Although 
EPA did not consider these effects when delineating 
its Rf D for protection of infants and children, a recent 
risk characterization for school children by the Cali-
fornia Environmental Protection Agency proposed a 
child specific Rf D of 0.0001 mg/kg/day after consid-
ering the noncholinergic mechanisms that may affect 
the developing central nervous system and applying a 
300-fold safety factor to a NOAEL for such effects.

A second issue raised by a putative novel mecha-
nism of action of chlorpyrifos, and perhaps other OP 
insecticides that are either no longer used or have very 
minimal usage today (i.e., parathion and diazinon, re-
spectively), is what level of exposure for either pregnant 
mothers or newborns/infants might be associated with 

One concern about chlorpyrifos exposure voiced 
frequently in the literature is the potential neuro-
toxic effects on developing fetuses, newborns, and 
adolescents. Many of the reports suggesting potential 
effects in these vulnerable age groups stem from one 
research lab at Duke University starting in the 1990s 
and continuing through today, although other labs 
have reached similar conclusions (cf. literature reviews 
in Slotkin 1999; Eaton et al. 2008). Studies have in-
cluded both in vivo exposure of neonate rat pups (e.g., 
Campbell et al. 1997; Whitney et al. 1995; Song et al. 
1997; Dam et al. 1998, 1999; Aldridge et al. 2005a) 
and occasionally mothers (e.g., Qiao et al. 2003; Meyer 
et al. 2003; Aldridge et al. 2005b) and in vitro studies 
on axonal type cell cultures (e.g., Jameson et al. 2006; 
Yang et al. 2008; Slotkin et al. 2010). The conclusion 
of all of the aforementioned types of studies is that 
chlorpyrifos may cause developmental neurotoxicity 
through mechanisms other than through cholinergic 
effects (Slotkin et al. 2006). 

Several issues are raised by the plethora of re-
search on chlorpyrifos and putative mechanisms of 
development neurotoxicity, owing to the policy that 
EPA has adopted for regulating organophosphorus 
insecticides. Presently, EPA regulates this group by 
defining the NOAEL for acetylcholinesterase inhibi-
tion. In particular for chlorpyrifos, however, a plasma-
residing form of acetylcholinesterase, popularly called 
“pseudocholinesterase,” or just plasma cholinesterase, 
is actually more sensitive to inhibition than true 
acetylcholinesterase, which is found in the central 
nervous system as well as in red blood cells (Eaton et 
al. 2008). Thus, inhibition of plasma cholinesterase 
is the most sensitive endpoint chosen to character-
ize risk and calculate an Rf D. For example, based on 
the NOAEL for plasma cholinesterase inhibition and 
application of a 100-fold safety factor, EPA has set an 
Rf D of 0.005 mg/kg/day for short-term (acute) chlor-
pyrifos exposure. To protect children under six years 
old, EPA included an additional 10-fold safety factor 
to yield a population-adjusted reference dose (called 
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of chlorpyrifos would result in a worst-case aggregate 
intake from food, water, and mosquito control use for 
children one to six years of age, of ~0.00067 mg/kg 
(EPA 2006a). Thus, EPA’s estimated exposure for cur-
rent use patterns of chlorpyrifos would be nearly 1000-
fold lower than the lowest doses given to neonatal rats 
in many studies of developmental neurotoxicity. For 
example, in one study concluding that adverse neu-
rodevelopmental effects follow gestational exposures, 
pregnant rats were dosed subcutaneousy by injection 
with 1-5 mg/kg chlorpyrifos (Aldridge et al. 2005b). 
Neonatal rats and post-natal rats were dosed by injec-
tion with one and five mg/kg, respectively. 

Studies conducted in vitro using model cell cul-
tures of nerve axon growth are not directly compa-
rable to dosages from in vivo studies. One problem is 
that in vitro cell culture studies place the toxicant at 
the surface of cell membranes, an exposure situation 
that is completely devoid of all the pharmacokinetic 
mechanisms that would significantly reduce concen-
trations arriving at target sites through transport in the 
blood stream. However, the concentrations in in vitro 
studies can be compared to blood concentrations of 
chlorpyrifos or TCP that have been measured in as-
sociation with known dosages either to neonates or to 
pregnant females. 

To perform a risk characterization that would be 
conservatively protective in perspective, one should 
examine a study that has found an adverse effect at 
the lowest dose relative to other studies. Recently, a 
well-conducted study showed that axon growth by 
lengthening was reduced when cultured rat dorsal 
ganglion cells from the brainstem were exposed to 
0.001 µM (equivalent to a chlorpyrifos concentration 
of 0.351 µg/L) (Yang et al. 2008). Although another 
study from the same lab showed no significant re-
sponse until the concentration was 0.01 M, one could 
use 0.001 µM as a benchmark for comparison to what 
a fetus or neonate might have in its blood. One study 
showed that “fetuses of dams given 1 mg/kg/day had 
a blood CPF level of about 1.1 ng/g (0.0011 µg/g), 

the developmental neurological effects. A dispropor-
tionate number of studies that have shown develop-
mental effects through noncholinergic mechanisms 
have used exposure routes and dosages that do not 
reflect environmental reality. For example, many studies 
use subcutaneous injections of chlorpyrifos in dimethyl 
sulfoxide, a solvent that promotes rapid penetration 
through biological tissues (Pathan and Setty 2009). 
Furthermore, dosages of chlorpyrifos have ranged from 
about 0.5 mg/kg body weight to 1-5 mg/kg. The real-
ity of exposures is that humans would be exposed as a 
fetus through the mother’s placental barrier, or as an 
infant through mother’s milk, or as a child through the 
food supply. Note that chlorpyrifos is no longer used 
around homes, so consideration of this specific route of 
exposure is not relevant to characterizing the remaining 
uses of chlorpyrifos. Also, exposure would be divided 
throughout any one day and not a single acute bolus, as 
occurs in many lab studies that focus on mechanisms of 
an effect rather than on likely risks of an effect. An analy-
sis of the effect of route, vehicle, and divided doses on 
pharmacokinetics and concentrations of chlorpyrifos 
and metabolites in blood suggest that single bolus doses 
in vehicle (corn oil or dimethylsulfoxide) raise blood 
levels higher than levels from divided doses in the diet 
(Marty et al. 2007).

Although the routes of exposure and concentra-
tion in the preponderance of developmental neuro-
toxicity studies do not reflect reality, one could still use 
the data to determine whether chlorpyrifos exposures 
are likely to have the effects seen in neonatal labora-
tory animals. Such an analysis would require informa-
tion about the likely intake of chlorpyrifos residues. 
The analysis would also benefit from information 
about blood and/or tissue levels of chlorpyrifos or its 
detoxification metabolite TCP (trichlorpyridinol) for 
comparison to effects observed during in vitro studies. 

As part of its decision to re-register chlorpyrifos, 
EPA estimated the aggregate intake of residues if 
certain agricultural, and all urban uses, were to be 
curtailed. For example, such restricted use patterns 
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The present literature on autism spectrum disor-
ders does not indicate that neurotoxicant pesticides 
like chlorpyrifos are etiologic factors in this disease 
phenomenon (e.g., Newschaffer et al. 2007). Fur-
thermore, trend data indicates a rapid rise in diagnosed 
cases during the late 90s and early 2000s (Spzir 2006) 
at a time when OP insecticide use was declining. 

Another curious observation relates to trends in 
IQ, which of course can be a controversial subject in 
itself, as discussions devolve into the classic nurture vs. 
nature debate. Nevertheless, there has been a trend in 
rising IQs since the 1950s (Lynn and Pagliari 1994; 
Blair et al. 2005), a period when some of the first OP 
insecticides became commercially available. (Major 
intelligence improvements are seen in the domain of 
abstract problem-solving ability on cultural-free tests 
(Colom et al. 2005).) The phenomenon of rising IQs 
(know as the Flynn effect, after seminal research by 
Flynn 1984, 1987) in many countries worldwide may 
be slowing down in recent years (Teasdale and Owen 
2008), but ironically the hypothesized recent trend 
seems coincident with severe restrictions on OP in-
secticide use and even outright cancellations of uses. 
Thus, if OP insecticides were potent enough to cause 
neurodevelopmental anomalies in association with 
levels of real-world exposures, one would predict both 
a direct correlation with use and trends in macro-level 
effects like autism and IQ. Yet such a correlation is not 
present, or is opposite what would be predicted. 

Pyrethroid Insecticides

The term “pyrethroid” refers to all synthetic ver-
sions of insecticidal compounds based on the struc-
ture of components of the botanical extract called py-
rethrum. Chrysanthemum cinaerifolium, one of about 
30 species in the genus Chrysanthemum, is particularly 
useful as a source of pyrethrum extracts that become 
concentrated in the flowers. While gardeners still tell 
tales of planting chrysanthemums to ward off insect 
pests around their gardens, in fact only C. cinaerifolium 

but had no inhibition of ChE of any tissue” (Mattsson 
et al. 2000). Thus, this study proved that chlorpyrifos 
could be detected in blood without any cholinergic 
effects. If blood is assumed to have a density close to 
1 g/mL, then 0.0011 µg/g translates to about 1 µg/L. 
Although a dose of 1 mg/kg is frequently described as 
“low” in the published literature, EPA estimated that 
worst-case aggregate exposures (i.e., food, water, and 
mosquito control combined) may be about 0.00067 
mg/kg/day. If there is a numerically linear relation-
ship between what is in the blood and the dose, such 
as the findings suggested in Mattsson et al. (2000), or 
those reported in Eaton et al. (2008), then a pregnant 
mother exposed at the aggregate exposure level esti-
mated by EPA (i.e., 0.00067 mg/kg/day) may result 
in exposure to the fetus at a level of ~0.00067 µg/L, 
which is not likely to be detectable with typical detec-
tion limits of ~ 4 µg/L (Marty et al. 2007). So, even in 
vitro mechanistic studies designed to show an effect at 
very low levels are still using doses that are unlikely to 
be seen in fetal or even neonatal rats. 

A preponderance of studies have now shown that 
chlorpyrifos, and a few other OP insecticides at doses 
100 or more times higher than current EPA estimates of 
exposure, have mechanisms different than those causing 
acute or subchronic toxicity. Thus far, no studies have 
shown that these effects occur at the known environ-
mental levels. The whole issue may soon become moot, 
as manufacturers are either not re-registering OP insec-
ticides or EPA is further canceling their uses. Neverthe-
less, one could question whether any evidence supports 
neurobehavioral effects during the time that these types 
of insecticides were heavily used. Several neurological 
endpoints might be probed to answer this question. For 
example, one could look at trends in autism spectrum 
disorders or IQ in general as being related to exposure 
to neurotoxicants. Thus, one hypothesis would be that 
if chlorpyrifos were as potent as mechanistic lab studies 
are interpreted, then trend data would show a down-
ward direction, especially when these compounds were 
most intensely used.
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today to treat head lice infestations occasionally af-
fecting young public school-age children. However, 
use of pyrethrins and pyrethroids in this manner is 
strictly under regulatory control of the Food and Drug 
Administration (FDA) rather than EPA. 

Pyrethrum, a complex mixture of at least six bio-
active components, is concentrated in C. cinaerifolium 
flowers. Each flower contains about 3-4 mg of pyre-
thrins, the most insecticidal components of the pyre-
thrum mixture (Casida 1980). Flowers were dried and 
traditionally applied to the body as a powder. In Japan 
during the early 1900s, the flowers were extracted and 
components partially elucidated (Katsuda 1999), 
with more definitive structural determinations made 
in Germany. In the 1920s, flowers were extracted com-
mercially with kerosene to isolate and concentrate the 
active principal components (Casida 1980). 

One important aspect of the early work on pyre-
thrum mixture chemistry was the discovery that the in-
dividual components consisted of a melange of three-
dimensionally distinct structures called stereoisomers. 
Stereoisomers are molecules that share the same mo-
lecular formula and sequence of bonded atoms but are 

is a useful source of pyrethrum, and it is not commer-
cially produced in the U.S. This particular species is 
still cultivated commercially for its trove of pyrethrum 
components, but the geographic foci include Kenya, 
Rwanda, Ecuador, and Australia (Gullickson 1995; 
Wainaina 1995; MacDonald 1995). Pyrethrum and, 
more specifically, pyrethrins, which are components 
of the whole extract, are sold commercially, and are 
one of the few neurotoxic insecticides approved for 
certified organic agricultural production under the 
USDA National Organic Program and various State 
organic program rules (WSDA 2010). 

Because the synthetic pyrethroids have generally 
the same mechanism of biochemical toxicity as the 
naturally occurring pyrethrins, consideration of the 
historical aspects of the invention of these compounds 
and their use helps elucidate the modern safety record 
of these compounds. Pyrethrum-containing flow-
ers were likely first used as palliatives for warding off 
body and head lice in the early 1800s among tribes 
of the Caucasus region and in Persia (Casida 1980). 
Pyrethrins, and also permethrin—which is a synthetic 
analog of the natural products—have medicinal uses 

1 R trans permethrin

Bioactive Insecticide

1 S trans permethrin

Not Active
Pyrethrins and their synthetic analogs exist as enantiomeric mixtures that consist of identical molecules existing in two distinct three-
dimensional configurations that are mirror images of each other, much like a left hand cannot be superimposed on a right hand. Such 
chemistry is significant from the perspective of biological activity, as noted above for the synthetic pyrethroid permethrin.

Figure 12.  
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ficiently effective, especially if a well thought-out IPM 
plan were deployed. 

With goals of increasing biological activity and 
environmental persistence of the natural pyrethrum 
constituents, Michael Elliott and coworkers obtained 
funding from the British government to examine ways 
to alter the pyrethrin structure to increase environmen-
tal stability against sunlight without losing its safety 
with respect to birds and mammals. Tinkering with the 
structure, Elliott and his team were credited with invent-
ing the first stable synthetic pyrethroids (Elliott et al. 
1973a), as well as pyrethrin analogs with greater insecti-
cidal activity but even lower vertebrate toxicity than the 
natural products (Elliott et al. 1973b). This research laid 
the groundwork for synthesis of many analogs, wherein 
tinkering with the basic pyrethrins structure increased 
persistence without substantially altering mammalian 
safety and high potency as an insecticide. 

Closer examination of the reasons why pyrethrins 
and derivatives are safe for mammals and birds but 
not for insect pests is consistent with the themes of 
selectivity among species and the role of pharmaco-
kinetics in predicting the likelihood of biological ef-
fect. Pyrethrins are quickly metabolized to non-toxic 
compounds by birds and mammals, and thus when 
exposed via the skin, as would be typical of envi-
ronmental or medicinal use, these components are 
extraordinarily safe yet effective at killing insect pests. 
Part of the selectivity from environmental dermal 
exposures comes from very low penetrability (~1% in 
human skin) (Ray and and Forshaw 2000). In general, 
the synthetic derivatives, which have evolved in struc-
ture over the last 30 years, have similar properties of 
extraordinary safety and effectiveness. In addition to 
low potential for pyrethroids to cross the epidermis, 
selectivity among insects and mammals and birds is 
due to differences in the ability of pyrethroids to bind 
to vertebrate and insect nerve membranes, differences 
in metabolic pathways between mammals and insects, 
and the fact that insects are “cold-blooded” (Casida 
and Quistad 2004; Narahasi et al. 2007). 

different in the three-dimensional spatial orientations 
of their atoms (Moss 1996). The pyrethrins and their 
synthetic derivatives, for example, are special types of 
stereoisomers called enantiomers because they exist in 
at least two different three-dimensional configurations 
that are mirror images of each other. Molecules that 
are mirror images are not superimposable, analogous 
to the right and left hand of an individual (Figure 12). 
Research has proven that enantiomers have differ-
ent levels of toxicity and also rates of environmental 
degradation (Elliott and Janes 1977; Qin et al. 2008). 
Thus, to simply talk about potency of most pyrethrins 
and their synthetic derivatives is misleading because, 
in reality, they are enantiomeric mixtures, and not 
all the components are insecticidal. Nevertheless, 
elucidation of the complexity of three-dimensional 
structure gave impetus to the discovery of synthetic 
analogs that could potentially enhance insecticidal 
qualities of the natural product (Katsuda 1999). Such 
enhancements lead to more selective compounds that 
are more potent against pests and thus can be applied 
in comparatively lower amounts. 

Pyrethrins can be rapid-acting and extraordi-
narily toxic to a number of insect pest species, yet of 
extraordinarily low toxicity to mammals. However, 
pyrethrins have little to no use in agriculture because 
they literally degrade in hours when exposed to sun-
light (Elliott 1976). This environmental lability is ar-
guably one rationale that the USDA National Organic 
Standards Board (NOSB), under recommendation 
of the Organic Materials Research Institute (OMRI), 
has used to approve natural toxins for use by certi-
fied organic farmers. Ironically, if a pest infestation 
is not controlled sufficiently by using the unstable 
pyrethrins, a farm manager may feel justified in mak-
ing repeated applications, which of course requires 
more labor, more chemical cost, and increased fuel 
and water usage. Thus, the ideal would be to “invent” 
a compound with the safety (i.e., very low toxicity) of 
pyrethrins but with sufficient environmental longev-
ity such that one application would typically be suf-
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The insecticidal activity of pyrethrins and certain 
older synthetic derivatives can be enhanced by an 
additive called piperonyl butoxide (PBO). Although 
formulations including PBO are not permissible for 
use in certified organic agriculture, many household 
versions of pyrethrins that are sold to consumers do 
contain PBO. PBO functions as a synergist that in-
hibits microsomal oxidase enzymes (Hodgson and 
Levi 1998), further reducing the ability of insects to 
detoxify the pyrethrins. Because humans can detoxify 
pyrethrins by a different metabolic pathway than do in-
sects (i.e., via esterase cleavage (Abernathy and Casida 
1973)), PBO is of very low concern for human health 
under permissible usage conditions. Interestingly, the 
toxicity of the modern pyrethroids is not enhanced 
sufficiently by PBO to warrant adding this synergist to 
their commercial formulations.

The historical record and knowledge of toxico-
logical mechanisms accumulated over the last 50 years 
shows that use of a naturally occurring botanical com-
ponent and its synthetic derivatives has a high degree of 
safety. So, what are the objections to using such technol-
ogy? Aside from the general disdain for use of synthetic 
chemicals in agriculture (or other social sectors) among 
certain advocates, rumblings questioning the safety of 
these compounds have emerged over the last few years. 
Atypically, however, long-term concerns about cancer 
or neurodevelopment do not seem to be strong moti-
vators for these concerns, as are those that have been 
observed for older chemistries. After all, the literature 
shows the pyrethroid structures are not mutagenic 
(Pluijmen et al. 1984; Miyamoto et al. 1995). Further-
more, the environmental use rates are at least 10-fold 
lower than the use rates for the older chemistries, and 
thus exposure potential is quite limited. Pyrethroids are 
used in commercial agriculture, but their use tends to 
be limited to field crops, including cotton and corn, and 
some vegetables rather than to fruit crops. Entomolo-
gists are wary of recommending pyrethroids in fruit 
crops, owing to their tendency to knock out beneficial 
predacious mites and thus stimulate a pest mite out-

First, the natural pyrethrins and synthetic versions 
all bind to proteins in the nerve cell membranes along 
the signal conducting axon. These proteins act like 
gated channels, allowing the influx of sodium into the 
axon, but they only open and close briefly in response 
to an electrical stimulus (i.e., a voltage change across 
the membrane caused by an oncoming nerve signal). 
Pyrethroids bind to the protein, preventing it from 
closing quickly, causing a prolongation of nerve sig-
naling (Narahashi 1987; Soderlund and Bloomquist 
1989). However, vertebrate sodium channels have a 
very low binding affinity for pyrethroids, but the insect 
channel protein is bound very readily by extremely 
small quantities of pyrethroid. Thus, pyrethroids are 
typically hundreds to thousands of times less toxic to 
mammals than to insects (Elliott 1976; Casida et al. 
1983; Katsuda 1999). Such differences mean that very 
small amounts of pyrethroids can be deployed to con-
trol insects, and these amounts are vastly lower than 
the amounts that might cause harm to mammals. Sec-
ondly, mammals can very rapidly detoxify pyrethroids 
with two types of enzyme systems (i.e., esteratic and 
oxidative enzymes), but insects cannot because they 
are deficient in esterases that are active against these 
chemicals. 

A third reason for differential toxicity between in-
sects and mammals is that toxicity of pyrethroids rises 
as temperature falls, a phenomenon not seen by other

extant types of insecticides (Narahashi 2007). The 
highly protective role of the skin in preventing entry of 
toxic substances into the blood stream (i.e., systemic 
circulation) is illustrated in lab experiments wherein 
direct injection of natural pyrethrins into the blood 
results in lethality at doses quite similar to the most 
neurotoxically potent OP insecticides like the banned 
parathion. The continued approval of certain formula-
tions of pyrethrins for use in organic agriculture (e.g., 
Long et al. 2005; Zehnder et al. 2007; Reganold 2010) 
leads to the conclusion that at least some advocates 
have realized how toxicity is greatly modified by phar-
macokinetic phenomena. 
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these products have been on the market a long time. 
But most reports involve some kind of skin sensitiv-
ity or irritation. Such observations are especially 
true with pyrethrum extracts for two reasons. First, 
because the extracts are derived from flower parts, 
allergic reactions are possible. Indeed, head lice sham-
poo products warn against use if allergy to ragweed 
is suspected, although modern extraction techniques 
minimize the co-extraction of allergens (Frankowski 
et al. 2002). Second, natural pyrethrin extracts have 
long been known to cause a skin tingling and burning 
sensation called parasthesia (Ray and Forshaw 2000). 
However, the sensations associated with parasthesia 
are temporary effects that are incidental to the specific 
neurotoxicological effects of the insecticides known 
from insect and rodent studies. 

A second recent issue seems to be restricted to 
California, where pyrethroid insecticides are heavily 
used in urban environments. Extensive monitoring 
studies of urban streams have shown the presence of 
multiple types of pyrethroid insecticides in the bottom 
sediments. Pyrethroid residues will bind very tightly 
to sediments, limiting bioavailability to species like 
fish swimming in the water column (You et al. 2008). 
Indeed, very few, if any, residues can be measured in 
water because the water solubility of most pyrethroids 
is extremely low. Bioassays with sediments collected 
from urban waterways in California have been tested 
using Hyalella azteca, a sediment-dwelling amphipod. 
A positive correlation has been reported with increas-
ing detections of multiple pyrethroid insecticide resi-
dues and lethality of the sediments to the amphipod 
(Weston et al. 2005; Amweg et al. 2006). However, a 
clear NOAEC is present in the dataset. Furthermore, 
similar monitoring in Tennessee, another State where 
pyrethroid use in urban areas is likely prevalent, 
showed few pyrethroid detections in the sediment and 
no toxicity to amphipods (Amweg et al. 2006). These 
observations suggest that urbanites in California may 
be disproportionately disposing of pyrethroid rinse 
water on hard surfaces following lawn and house pest 

break (Hoyt et al. 1978; Hull et al. 1985). Indeed, the 
judicious use of pyrethroids is evidenced by monitoring 
data that shows most fruit and vegetables do not have 
pyrethroid insecticide residues (USDA AMS 2009). 

Perhaps the biggest factor in pushing newspaper 
stories that question pyrethrins, and thus pyrethroids 
safety, comes from the use of lice control shampoo 
formulations. As stated above, such use is considered 
pharmaceutical and under control of the FDA. Flames 
were fanned within the last several years over an ad-
vocacy report that questioned whether pyrethroid 
chemistries were actually as safe as advertised (Pell 
and Morris 2008). Recent reassessments of safety, 
leading to re-registration of the pesticides, delineated 
the overall low acute and chronic toxicity of these 
compounds (EPA 2006), but such documentation 
was ignored in favor of a database of complaints from 
people using pyrethroids at home for lice control. The 
advocacy report led off with a story about a child who 
died following the parents’ use of a pyrethrin product 
to rid her of head lice. However, the report did not 
question whether the product was used strictly as 
directed, which is expected of consumers using any 
type of medication. Indeed, the report mentioned the 
child being in the bathtub while her parents washed 
down her hair, but it did not connect the two events. 
In fact, product labels strictly tell parents to apply the 
insecticidal shampoo dry by rubbing directly into the 
scalp and then washing off after a short contact time 
(Frankowski et al. 2002). The label informs parents the 
product should not be administered in the bath, which 
would easily cause the active ingredient to penetrate 
highly penetrable body regions such as the genitalia. 
Head lice products may be applied one more time 
within 7-10 days after the first application. When this 
stricture is violated, transient toxicity could result—as 
was reported for a toddler whose parents applied a 
pyrethrin product three times within a 12-day period 
(Hammond and Leikin 2008). 

Reports to poison centers following use of pyre-
thrin-type products has a long history, partly because 
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and Ravi 2004). This fenvalerate detection limit is 800 
times lower than the levels causing a positive response 
in vitro . To place the lack of potency of fenvalerate in 
perspective, let alone the high dose tested relative to 
blood levels (or lack thereof), estrogen (i.e., estradiol) 
gave a similar cell response as fenvalerate at a concen-
tration of ~0.006 µg/L (Garey et al. 1998). Thus, in 
the cell culture assay, estradiol is about 70,000 times 
more potent than fenvalerate. A baseline estradiol level 
in the blood of human males is ~0.028 µg/L (Raven 
et al. 2006). Thus, normal males have about five times 
as much estradiol in their blood as has been proven to 
cause an in vitro response in estrogen-responsive cells. 
Yet, after chronic environmental exposures, males 
have no detectable levels of fenvalerate, suggesting that 
concerns about endocrine system effects are unwar-
ranted if one considers that natural titers of estrogen 
themselves are far more potent than fenvalerate. Other 
studies that show an estrogenic response from pyre-
throid exposures in vitro suffer the same logical flaw of 
conflating concentrations used in the laboratory with 
actual environmental exposures. Furthermore, such 
studies ignore the titers of the highly potent natural 
hormone estradiol. 

Glyphosate

Glyphosate-containing formulations have been 
marketed since about 1975. Glyphosate itself is best 
chemically described as a phosphonated amino acid. 
In fact, part of the structure is actually glycine, a natu-
ral, non-essential amino acid. The only known primary 
mechanism of biochemical toxicity of glyphosate at 
the rates of use as a herbicide is through inhibition of 
the EPSPS enzyme (Schonbrunn et al. 1991; Sikorski 
and Gruys 1997). This enzyme is specific to plant 
metabolism, although it also occurs in some bacteria. 
Specifically, plants synthesize aromatic amino acids in 
the shikimic acid pathway that involves EPSPS. Ani-
mals, lacking the pathway, must acquire these types 
of compounds from their diet. For this reason, any 

control, thereby increasing the chance of direct runoff 
into sewage drains. Further studies should elucidate 
pathways of contamination and suggest improved 
educational programs for homeowner disposal of pes-
ticide waste. 

Now that OP insecticide use has decreased signifi-
cantly in agriculture and been practically eliminated 
from urban use, pyrethroid insecticides have become 
the dominant insecticides, especially in residential 
areas. Thus, increasing focus on sublethal effects 
will be seen in the literature, and claims of low dose 
effects are likely to be made, somewhat similarly to 
those claimed for the effects of chlorpyrifos on neu-
rodevelopment. Indeed, some studies have shown that 
pyrethroid insecticides can interact with the estrogen 
or androgen receptors (Du et al. 2010). However, the 
flaw in assessing hazard, let alone risk, from this new 
crop of studies remains the same. The premise that 
the studies represent low-dose exposures is not con-
sistent with exposure estimates. Furthermore, in vitro 
studies use doses that are orders of magnitude higher 
than estimates of pyrethroid residues in blood, which 
could be considered a surrogate for understanding 
concentration effects at the cellular level. Also, in vitro 
studies tend to use dimethyl sulfoxide to dissolve the 
hydrophobic pyrethroid insecticides, thereby creating 
an artificially high bioavailability that does not occur 
in living organisms.

An example of ignoring how concentration is re-
lated to effects is illustrated in perhaps the first study 
to suggest that pyrethroids have endocrine receptor 
binding activity in cultures with estrogen responsive 
cell lines (Garey et al. 1998). Examination of the 
graphs in this report suggests that binding may have 
occurred with doses of fenvalerate around 420 µg/L 
(~1 µM). To place this concentration in perspective, 
examination of blood levels of pyrethroids is useful. 
One study of blood samples from 45 human volun-
teers who had been exposed nightly to repellent uses of 
pyrethroids for mosquito control found no pyrethroid 
residues were detected at a limit of 0.5 µg/L(Ramesh 
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acreages treated, fewer than one-third of monitored 
water samples have detectable levels of glyphosate, 
and the concentrations are typically less than 1 µg/L 
(Battaglin et al. 2005). 

For glyphosate to be optimally effective against 
plants, it is applied in conjunction with a surfactant. 
Thus far, Monsanto, the original patent holder and 
still the main manufacturer of glyphosate products, 
continues to formulate glyphosate in formulations 
that contain the surfactant POEA. Various versions 
of the formulation called Roundup are typically the 
most prevalently used form of glyphosate in the U.S. 
This polyethoxytallowamine surfactant seems to best 
facilitate the penetration of glyphosate through leaf 
surfaces. Of all the herbicides in the market today, the 
presence of POEA has created the most confusion 
regarding the question of glyphosate toxicity versus 
its formulations toxicity. POEA is a comparatively 
potent surfactant and, given the well-known mecha-
nism of surfactant interactions with cell membranes 
(Bonsall and Hunt 1971; Jones 1999), its presence in 
formulations of glyphosate are predictably more toxic 
to aquatic organisms than glyphosate alone. However, 
the amounts of POEA in any glyphosate formulation 
are approximately three times lower than the concen-
trations of glyphosate itself. Furthermore, POEA rap-
idly degrades in the presence of sediment if it should 
run off or drift into water (Wang et al. 2005). 

Because of the general mistrust in Europe of crops 
bred using genetic modification, such as the Roundup 
Ready crops, glyphosate-containing herbicides have 
been the focus of intense scrutiny by environmental 
advocates. Thus, in addition to raising doubts about 
the safety of the crops themselves, despite the plethora 
of scholarly papers proving a lack of adverse effects, 
environmental advocacy groups have highlighted two 
areas of research that stem from one specific labora-
tory in the U.S. and two laboratories in Europe. The 
published papers from these labs are discussed to illus-
trate why regulatory agencies still consider glyphosate 
to be of essentially zero risk for all approved uses.

environmental residues resulting from legal uses of 
glyphosate-containing formulations are often orders 
of magnitude lower than doses causing lethality to 
aquatic or terrestrial organisms. The World Health 
Organization (WHO 2005), the Environmental 
Protection Agency (EPA 1993), and the European 
Union (EC 2002) have extensively reviewed the full 
range of toxicological information about glyphosate, 
pronouncing it of extremely low toxicity and thus 
near-zero risk. In addition to scrutiny by the various 
regulatory agencies, numerous risk assessments have 
been published in the scholarly literature (for example, 
Geisy et al. 2000; Williams et al. 2000; Solomon et al. 
2007). These latter publications pertinently consider 
all the toxicological endpoints that have been defined, 
including both the regulatory and mechanistic toxi-
cology data, and integrate the most sensitive effects 
with the likely exposures. None have suggested any 
environmental or human health hazard from routine 
legally sanctioned uses of glyphosate. 

Glyphosate has broad spectrum activity against 
most plants, and thus it historically had very limited 
uses in growing agricultural crops. Furthermore, only 
young weeds are susceptible to glyphosate at the levels 
that are allowed for use. Once weeds grow and de-
velop extensive root systems, glyphosate is much less 
effective at complete control and thus does not hold 
any greater potency than other less broad-spectrum 
herbicides. With the advent of soybeans, corn, and 
cotton in the U.S. bred using biotechnological tech-
niques involving a resistant bacterial EPSPS gene or 
a modified resistant plant EPSPS gene, glyphosate in 
the mid 1990s began to be used widely on these field 
crops. Today, glyphosate-containing formulations are 
the most widely used herbicides, ostensibly owing 
to the disproportionately large acreages of the three 
aforementioned crops (USDA NASS 2009). As would 
be predicted from environmental chemistry models, 
the greater volumes of glyphosate used would lead to 
detections of residues in water and occasionally in un-
processed soybeans or corn. However, despite the vast 
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due to the surfactant POEA in the Roundup formula-
tions than due to the glyphosate active ingredient itself. 
The problem with these studies, however, is that the 
levels of exposure (i.e., body dose) from using Roundup 
formulations mixed in a spray tank are many orders of 
magnitude lower than the concentration in the spray 
tank. The authors of the European studies have mistak-
enly interpreted their data as representing what work-
ers and perhaps the general public are exposed to. The 
subject studies have all been in vitro examinations of 
cell cultures and/or enzyme systems exposed to either 
Roundup formulations or glyphosate. The authors of 
those studies end their papers by concluding that the 
10-1000 ppm of Roundup equivalents that the cells are 
exposed to represent actual human worker exposures. 
In none of the papers have the authors attempted to 
use any of the pharmacokinetic data from controlled 
exposure of rodents or any of the clinical literature to 
examine whether their cell exposure levels make sense 
from an environmental perspective. For example, in 
one of the latest papers (Benachour and Seralini 2009), 
the authors begin to see some cellular toxicity in a cell 
culture exposed to one Roundup formulation with a 
glyphosate dose equivalent to 20 µg/mL. While this 
concentration seems low to the authors, in reality it is 
equivalent to a blood level exposure about five times 
higher than that measured in the blood of rodents 
after an extreme exposure to an oral dose of 400 mg/
kg glyphosate in corn oil, a notably effective solvent at 
facilitating toxicant or drug absorption (Anadon et al. 
2009). To put this dose in perspective, the worst case 
exposure to an adult female pesticide applicator from all 
possible exposure routes has been estimated at ~0.125 
mg/kg, or 3200 times less than the exposure given to 
test rodents. Yet, the authors of the cytotoxicity stud-
ies failed to critically analyze their data in comparison 
to the 4.6 µg/mL level in blood following the extreme 
rodent exposure. Furthermore, the authors ignored the 
fact that skin exposure only results in about 3% absorp-
tion of glyphosate in a 24-hour period, and absorption 
from the intestine is less than 40%. 

First, on the heels of concerns about the effect of 
low aquatic concentrations of atrazine on the African 
leopard frog, reports from a U.S. lab suggested adverse 
effects of Roundup on several different frog species (see 
Relyea 2005a,b,c,d). While the press releases based on 
lab research stir up strong feelings, they do not focus 
on the critical aspect of these studies that make them 
irrelevant to assessing whether the actual agricultural 
use of glyphosate can harm frog populations. Spe-
cifically, the concentrations in water that putatively 
cause frog lethality in the aforementioned published 
experiments are at least an order of magnitude higher 
than what is found in the environment, even after an 
overspray (Battaglin et al. 2009; Goldsborough and 
Beck 1989; Goldsborough and Brown 1993; Newton 
et al. 1984; Scribner et al. 2007, Tsui and Chan 2008). 
Although an overspray of a Roundup formulation 
across a body of water is expressly prohibited by the 
product label, glyphosate itself rapidly dissipates in 
water within 24 hours. Under laboratory conditions 
representing direct application of Roundup to water, 
toxicity to the subject frog species was detected only 
following 10 days of exposure. Thus, the extrapolation 
of observations from a lab study to the environment is 
not supported by simply examining known concentra-
tions. Furthermore, even when caged frogs were tested 
during actual commercial applications, no unusual 
adverse effects were noted, either following exposure 
to expected environmental concentrations (Wojtaszek 
et al. 2004) or residues resulting from commercial 
forestry spray operations (Thompson et al. 2004). A 
deterministic and probabilistic risk assessment ap-
plied to direct oversprays of glyphosate-containing 
herbicides also concluded little impact on a diversity 
of aquatic species (Solomon and Thompson 2003).

The second set of studies from two laboratories in 
Europe has been interpreted to find that sub-agricul-
tural use rates of glyphosate can cause cytotoxicity in 
various types of cells (e.g., Marc et al. 2002; Benachour 
and Seralini 2009). Pertinently, the data from these 
studies strongly suggest that the toxicity is more likely 
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happens. Proclaiming that spray tank concentrations 
of glyphosate expose workers to hazardous levels of 
glyphosate and its surfactants defies logic in the light 
of actual exposure measurements and in vivo rodent 
studies. The interpretation of in vitro studies is realistic 
only when concentrations reflect levels likely to occur 
in blood and/or interstitial fluids.

In summary, pronouncements of adverse effects 
of glyphosate and its surfactant seem relegated solely 
to the laboratory; in the environment, exposure is 
just too low for any measurable effects. Indeed, the 
European authors own studies show clear thresholds 
for an effect. In other words, their studies show that, 
at some concentrations in the cell cultures, nothing 
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with modern techniques for examining hormonally ac-
tive agents. But upon close examination to determine 
what is missing, one finds a plethora of in vitro testing 
that overestimates by large amounts what is expected 
in a whole person’s blood, bolus exposures that defy 
the reality of environmental exposures, and measuring 
of tissues without definition of what it means to the 
whole organism. To claim that industry has not been 
testing for endocrine system effects is to ignore the 
value of whole organism developmental and multi-
generational reproductive toxicity tests mandated for 
many years by EPA (Stevens et al. 1997). The system 
of testing has not been static, as EPA has incorporated 
new measurable endpoints. 

Another paradigm being pushed involves the idea 
that organisms are exposed to multiple residues of 
contaminants. The response to such a paradigm shifter 
is, frankly, yes. When an organism eats any food, but 
especially plants, they are exposed to multiple highly 
bioactive biochemicals, a number of which have 
known “toxicological” effects when tested at sufficient 
doses, just like all other xenobiotic chemicals. So, noth-
ing seems new here. Indeed, counter-analysis suggests 
that concerns about pesticide mixtures are overblown 
because the environmental levels of exposure are just 
too low to have measurable effects (Carpy et al. 2000). 

Missing from much of the public debate are the 
benefits of chemical technology, especially as applied 

is perceived as having an adverse effect. These studies 
that overwhelmingly are mechanistic in focus become 
the fodder for the 24/7 info-news culture. On the 
other hand, the risk assessment reports that EPA is-
sues with each pesticide registration decision, or the 
infrequently published but still accessible regulatory 
toxicology research papers are not very interesting to 
a society hooked on the adrenaline rush of a disaster 
movie. Perhaps this pronouncement is harsh about 
our modern perspectives, but an honest assessment 
of the wide array of pesticide studies and application 
of the risk assessment paradigm does not support the 
perspective of widespread adverse health effects, or 
even ecological effects, from modern pesticide use. In-
deed, in the four cases highlighted within this report, 
so-called low dose effects are not really caused by low 
doses when one examines the actual exposures. Fur-
thermore, in some cases, as is true for atrazine, one set 
of studies is directly refuted by another set of studies. 
Certainly, all studies should be subjected to vigorous 
debate, as science should endeavor to make happen. 
But in a press release world of communication, only 
the truly scary stories get told.

Some advocates have been pressing the idea that 
the paradigm for toxicological phenomena has shifted 
over the last fifteen years from a focus on cancer to a 
focus on endocrine system effects. Some advocates 
argue that current pesticide regulations fail to keep up 

Conclusions

I n the new world of 24/7 information demands, we seemingly have more headlines 
with less informational content. In the world of toxicology, basic research 
dominates all published subjects, and thus just about any chemical ever studied 
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Finally, we in the United States take for granted 
our country’s lack of serious outbreaks of epidemic 
disease transmitted by insect vectors. We ignore the 
fact of 300 million new cases of malaria elsewhere each 
year and the devastating effects on an economy. The 
list of vectored diseases is large, but we do not think 
about the important contributions of pesticide use to 
the protection of our public health. Yet communities 
besieged by outbreaks of biting mosquitoes clamor 
for their communities to be treated with mosquito 
control insecticides, as long as it is done out of sight at 
night. Studies have proven that bans of DDT in South 
America were correlated with increased incidences of 
malaria that plummeted when spraying of wall surfac-
es resumed. If one doesn’t like DDT, one still cannot 
ignore the effectiveness of pyrethroid-treated bed nets 
to protect sleeping kids and their parents from feeding 
mosquitoes. Indeed, such nets, which would cost us 
the equivalent of pennies, are expensive commodities 
to many in the world. 

The point is, chemical technology has improved, 
and will continue to improve, human health, whether 
helping to make vegetables and fruits of high quality 
more abundant and cheaper or to preserve the health 
of individuals who can then help their society to 
progress. 

to crop protection. Negative critiques of modern ag-
riculture are vaguely familiar as echoes of complaints 
nearly 40 years ago, just prior to the suspension by 
EPA of DDT use for agriculture. The report herein did 
not engage in trying to defend old chemical technol-
ogy because agriculture has moved far beyond it. Crop 
protection specialists themselves began long ago to 
argue for the judicious use of crop protection agents. 
Industry long ago began to examine the problems of 
the most persistent chemicals with broad spectrums 
of toxicity to nontarget organisms and synthesize new 
compounds with less persistence, less toxicity, and 
greater selectivity for specific pests versus nontarget 
organisms. Furthermore, the amounts of new chemi-
cals needed to control pests today are small fractions 
of what they were just 20 years ago. 

Some advocates call for wholesale adoption of 
organic agriculture. But if the calls are motivated by 
concerns about pesticide use, then disappointment 
will reign because USDA rules for certification of 
organic agriculture do allow pesticide use. But it is a 
“pick your poison” choice of eschewing certain prod-
ucts in favor of others. Ironically, some of the same 
active ingredients with known nervous system toxicity 
used by so-called conventional growers are also used 
by practitioners of organic agriculture. 
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Y ear in and year out, agricultural pesticides have been the subject 

of considerable fear-mongering, leaving the typical consumer 

with the impression that these chemicals taint much of our food 

supply and are harmful to human health. In fact, just the opposite is closer 

to the truth. Th e published scholarly literature has failed to turn up evidence 

of adverse human health eff ects from use of modern pesticides in the real 

world. Furthermore, in light of the current economic perturbations, as well 

as the progressive severity of worldwide food shortages and the resulting 

malnutrition and spiking prices of basic food commodities, the claims that 

these pesticides pose a threat to human health are false, misleading—and 

dangerously irresponsible. In Pesticides and Health: Myths vs. Realities, 

environmental toxologist Allan S. Felsot explains the real benefi ts—

both health-related and economical—of an informed use of pesticides.

Th e American Council on Science and Health is a consumer education consortium concerned with 
issues related to food, nutrition, chemicals, pharmaceuticals, lifestyle, the environment and health. 
It was founded in 1978 by a group of scientists concerned that many important public policies related to 
health and the environment did not have a sound scientifi c basis. Th ese scientists created the organization to 
add reason and balance to debates about public health issues and bring common sense views to the public.


