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Pesticides  almost  always  occur  in  mixtures  with  other  ones.  The  toxicological  effects  of  low-dose  pes-
ticide  mixtures  on  the  human  health  are  largely  unknown,  although  there  are  growing  concerns  about
their safety.  The  combined  toxicological  effects  of  two  or  more  components  of  a  pesticide  mixture  can
take  one  of  three  forms:  independent,  dose  addition  or interaction.  Not  all  mixtures  of  pesticides  with
similar chemical  structures  produce  additive  effects;  thus,  if  they  act  on  multiple  sites  their  mixtures  may
produce  different  toxic  effects.  The  additive  approach  also  fails  when  evaluating  mixtures  that  involve
a secondary  chemical  that  changes  the  toxicokinetics  of  the  pesticide  as  a  result  of  its  increased  activa-
tion or  decreased  detoxification,  which  is  followed  by  an  enhanced  or  reduced  toxicity,  respectively.  This
review  addresses  a number  of  toxicological  interactions  of  pesticide  mixtures  at a  molecular  level.  Exam-
ples  of  such  interactions  include  the  postulated  mechanisms  for  the  potentiation  of  pyrethroid,  carbaryl
ntagonism and triazine  herbicides  toxicity  by  organophosphates;  how  the  toxicity  of  some  organophosphates  can
be potentiated  by  other  organophosphates  or by previous  exposure  to  organochlorines;  the  synergism
between  pyrethroid  and  carbamate  compounds  and  the  antagonism  between  triazine  herbicides  and
prochloraz.  Particular  interactions  are  also  addressed,  such  as  those  of  pesticides  acting  as  endocrine  dis-
ruptors,  the  cumulative  toxicity  of  organophosphates  and  organochlorines  resulting  in  estrogenic  effects
and the  promotion  of  organophosphate-induced  delayed  polyneuropathy.
. Introduction

Pesticides are unique, intrinsically toxic chemicals designed to
e deliberately spread into the environment to kill off pests. They
re comprised of many different categories of chemicals whose tox-
city is increasingly reduced as less toxic compounds benefit from
tricter regulations. Approximately 5.2 billion pounds were used
orldwide in 2006 and a similar amount in 2007 (US-EPA, 2011),

ut only 1% of this amount reaches the target pests at lethal doses
Gavrilescu, 2005). Herbicides account for the largest portion of that
mount, followed by other pesticides, insecticides and fungicides

US-EPA, 2011).

Exposure to pesticides can occur through multiple pathways
e.g. food, drinking water, residential, occupational) and routes
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ax: +34 958246107.
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(oral, inhalation, dermal). Although the contribution of a given
route or pathway to overall exposure depends on the pesticide, it is
the totality of exposure, by multiple routes and multiple pathways,
what determines the risk (EFSA, 2008). The type and severity of
adverse health effects of pesticides are determined by the individ-
ual chemical category, the dose and the duration of exposure and
the exposure route.

Because of their intrinsic toxicity and limited species selec-
tivity, pesticides exhibit undesirable harmful effects on sensitive
non-target organisms such as humans and wildlife populations
(Hernández et al., 2011a). Given that humans are much larger than
the target species for pesticides, they are expected to be unaffected
by small amounts of these compounds. However, pesticides are
indeed toxic to humans not only at high doses, responsible for acute
poisonings, but even in low doses, as are mixtures of pesticides
(Tsatsakis et al., 2009; Zeliger, 2011). Long-term exposures may

lead to an array of health effects including cancer and neurodegen-
erative diseases (Bassil et al., 2007; Kanavouras et al., 2011; Parrón
et al., 2011), reproductive and developmental toxicity (Hanke and
Jurewicz, 2004) and respiratory effects (Hernández et al., 2011b). It

dx.doi.org/10.1016/j.tox.2012.06.009
http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:ajerez@ugr.es
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s now well established that exposure to pesticides during critical
eriods of development can present lasting adverse effects in early
evelopment and later in life, particularly the developing brain and
he endocrine system are both very sensitive targets (London et al.,
012).

Since pesticides are often applied in mixtures to crops, their
esidues can be found in foods and drinking water. However, mix-
ures of pesticides are common not only in the human food supply
ut also in the aquatic environment, including surface waters that
upport aquatic life (Laetz et al., 2009). In fact, more than 50% of
ll streams tested in the United States contained five or more pes-
icides (Zeliger, 2011). If streams and groundwaters are used as a
ource of drinking water, and the previous treatment fails to elim-
nate pesticide residues, humans can be exposed to mixtures of
esticides and their degradates.

Despite many papers describe the toxic effects of pesti-
ide mixtures, relatively little information is available on the
ature of interactions that may  occur between the constituents
f a pesticide mixture, especially when they deviate from
dditivity.

. Toxicological interactions of pesticides

Pesticide interactions include agent-to-agent interactions,
oxicokinetic and toxicodynamic interactions. Thus, to make
cience-based judgments about these interactions it is necessary
o have a good understanding of the chemical reactivity, the toxi-
okinetics (including metabolic pathways) and the mechanisms of
ction of each compound (IGHRC, 2009).

Exposure to multiple pesticides may  cause changes in the
oxicokinetics of the individual compounds, thus modifying the
redicted toxicity. Toxicokinetic interactions are the result of one
esticide altering the absorption, distribution, metabolism or elim-

nation of others (Reffstrup et al., 2010) and can occur at all dose
evels, but the effects may  not be measurable at low doses. The

ost likely effect of these interactions is to alter the relationship
etween the external dose and the corresponding level of a pesti-
ide at its target site, leading to an alteration in the threshold for
ffects (IGHRC, 2009).

Toxicodynamic interactions requires that a sufficient amount
f a pesticide reach a target tissue and causes some perturbation
f normal physiology and that a sufficient amount of a second
oxicant also reach the same tissue and causes a second pertur-
ation which either exacerbates (potentiates) or compensates for
antagonizing) the effects of the first compound. The key require-

ent for toxicodynamic interactions is that the dose levels for
ach pesticide are sufficient to have an effect (i.e., above the
hreshold of effect). When dose levels are below thresholds of
ffect, no toxicodynamic interactions are expected to arise (IGHRC,
009).

There are two main principles describing how individual pesti-
ides in a mixture affect one another: the concept of additivity and
nteraction. Additivity expectations can be derived from the con-
epts of dose addition and independent action, which assume that
hemicals act by the same or different modes of action, respec-
ively (Silins and Högberg, 2011). In this situation, also termed
non-interaction”, the toxicity of a mixture resembles the effects
xpected to occur when all mixture components act without
nhancing or diminishing their effects. By contrast, interaction
rises when the observed mixture effects deviate from what was
xpected. In this case, one or several pesticides may  have interacted

ith each other, e.g. by facilitating or diminishing their uptake,

ransport, metabolism or excretion. Interaction is the term for syn-
rgisms (mixture effects greater than expected) and antagonisms
Kortenkamp et al., 2009).
gy 307 (2013) 136– 145 137

The combined toxicological effects of two or more components
of a pesticide mixture can take one of three forms: independent,
dose addition or interaction.

2.1. Independent action

Independent action, also referred to as response or effect
addition, occurs when the toxicological effects of the individual
pesticides in a mixture have different mechanisms or modes of
action. The effects of such a combination will be the sum of the
effects of each compound when given alone, reflecting that they
do not influence each other’s action, and therefore neither additiv-
ity nor potentiating interactions are generally found (Boobis et al.,
2008; COT, 2002). When this is applied to pesticide residues that
have different modes of action, and each component is below any
threshold of effect, the default assumption is that the combined
exposure will not have any toxicological effect in consumers, given
that the individual exposures do not exceed the respective refer-
ence values (Boobis et al., 2008).

2.2. Dose-addition

The generally held view is that dose addition should be assumed
for mixtures of pesticides that produce the same toxic effect by
affecting the same target organ via the same mechanism of toxicity
over the whole dose range (COT, 2002; IGHRC, 2009). Two pesti-
cides act via a common mechanism of toxicity if they cause the
same critical effect and act on the same molecular target or tissue
or on the same biochemical mechanism of action, possibly sharing
a common toxic intermediate (US-EPA, 1999).

The combined effect of pesticides that have similar chemical
structures and/or modes of toxic action can be predicted by an
additive toxicity approach that assumes that the cumulative toxic-
ity of the mixture can be estimated from the sum of the individual
toxic potencies of each individual compound (Lydy et al., 2004;
Hernández et al., 2011a). This is the case of organophosphates (OP)
pesticides, (di)thiocarbamates or chloroacetanilides. In concurrent
multiple OP exposure, a summation of the inhibitory effects of
individual compounds on acetylcholinesterase (AChE) activity is
usually observed. This also applies to OPs and N-methylcarbamates
(NMC), two different classes of insecticides that share a common
mode of toxic action: inhibition of AChE. According to acute oral
toxicity (LD50), the combined effects of two insecticides have been
reported to be additive for OPs plus OPs and for OPs  plus NMC  in
most cases (Sun et al., 2000).

Additive effects may be observed when a mixture of two pes-
ticides, each below the no observed effect, produces a predicted
toxic effect when the sum of their concentrations is greater than
the threshold level for toxic action (Zeliger, 2011). Given that food
residues of pesticides are generally found at exposure levels far
below their respective NOAEL, they are not expected to cause more
than an additive effect.

2.3. Interaction

Chemical interactions represent a deviation from simple addi-
tivity because individual compounds affect toxicity of one another,
resulting in more or less than an additive effect (Rider and LeBlanc,
2005; Silins and Högberg, 2011). Thus, the combined effects of
two  or more pesticides is either greater (supra-additive, potentiat-
ing, synergistic) or less (infraadditive, inhibitive, antagonistic) than

that predicted on the basis of dose-addition or response-addition
(Boobis et al., 2008). Interaction does not occur at doses that are
at or below the NOAEL of pesticides in a mixture; however, when
exposures exceed their respective NOAELs, both toxicodynamic and
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oxicokinetic interactions resulting in synergy or antagonism can
ccur (Moser et al., 2006).

.3.1. Potentiation
Potentiation is observed when the effect of a pesticide is

nhanced by the presence of one or more other chemicals (either
esticides or not) that are only slightly active. Evidence for poten-
iation has been reported when exposure to the mixture exceeded
he threshold of effect for some or all of the components, although
t is not scientifically valid to extrapolate this assumption to much
ower dose levels (COT, 2002). Potentiation may  occur in mixtures
hat involve a secondary chemical that changes the toxicokinetics
f the pesticide as a result of its increased activation or decreased
etoxification, ultimately leading to an enhanced or reduced toxi-
ity (Hodgson and Rose, 2007; Lydy et al., 2004). If the dose levels
f compounds in the mixture are large enough to cause enzyme
nduction, this could lead to potentiation of pesticides requiring

etabolic activation.
Piperonyl butoxide (PBO) is a pesticide synergist, especially

or PYRs and rotenone, because it is a potent CYP450 and non-
pecific esterase inhibitor. PBO does not have, by itself, pesticidal
roperties; however, when added to insecticide mixtures, typically
yrethrin, pyrethroid and carbamate insecticides, their potency

ncrease considerably (Tozzi, 1998). CYP450 and esterases act as
ajor detoxification pathways for many pests, and so inhibiting

hem allow higher unmetabolized systemic concentrations of the
ctive insecticide to remain within the target animal for a longer
eriod (Androutsopoulos et al., 2009; Moores et al., 2009).

.3.2. Synergism
Synergism is observed when the effect of exposure to a pesticide

ixture is much greater than that expected from an additive effect
nd responses cannot predicted by the known toxicology of the
ach individual compound (Zeliger, 2011). One of the compounds
n the mixture changes the body’s response resulting in either a
reater response than would be observed for an additive effect
quantitative response) or in the attack on a different target organ
hat is not predicted (qualitative effect) (Zeliger, 2011). Frawley
t al. (1957) documented for the first time a pesticide synergy when
bserved that the simultaneous administration of malathion and
PN (ethyl 4-nitrophenyl phenylphosphonothioate) resulted in a
0-fold synergistic effect in rats and a 50-fold synergistic effect in
ogs for the acute toxicity.

Certain insecticide combinations show a clear pattern of syn-
rgism at low, environmentally relevant concentrations (Laetz
t al., 2009). Mixtures of five OP pesticides (chlorpyrifos, diazi-
on, dimethoate, acephate and malathion) have been reported to
roduce greater than additive effects when administered to labo-
atory animals (Moser et al., 2006). Not all mixtures of pesticides
ith similar chemical structures always produce additive effects;

hus, different toxic effects can be observed if they act on multiple
ites. Despite the similarities in their chemical structure, PYRs act
n multiple sites and their mixtures produce different toxic effects
Zeliger, 2011).

Exposures to mixtures of different classes of pesticides produce
ffects that are often difficult to anticipate. Permethrin and the car-
amate propoxur elicited greater than additive toxicity due to the
omplementary modes of toxic action of PYR and NMC, two  insec-
icide classes that act on different components of nerve impulse
ransmission (Lydy et al., 2004). Diazinon (an OP) and benomyl (a
enzimidazole fungicide), which individually fail to exhibit geno-
oxicity, are genotoxic when administered together (Zeliger, 2011).
.3.3. Antagonism
Antagonism occurs when two pesticides interfere with each

ther’s effect. The result is a reduction in the effect predicted for the
gy 307 (2013) 136– 145

individual compounds which do not need to be structurally similar
(Zeliger, 2011). One chemical may  stimulate the metabolism of a
second one or somehow interfere with its absorption. The following
are examples of pesticide mixtures that produce antagonisms: DDT
and parathion, because DDT induces and parathion inhibits CYP450
activity; prochloraz and triazine herbicides, because prochloraz
exerts an inhibitory effect on aromatase (CYP19) whereas triazine
herbicides stimulate this enzyme activity involved in the conver-
sion of testosterone to estradiol (Fig. 1). PBO may  also antagonize
the toxicity of OPs, as has been demonstrated by the progres-
sive shift to the right of the concentration-response curves for
malathion and parathion (Rider and LeBlanc, 2005).

A simulation of the interaction threshold for the joint toxic-
ity of two OP pesticides (parathion and chlorpyrifos) has been
developed in rats using physiologically based-toxicokinetic mod-
els (PBTK) that take into consideration CYP450 bioactivation and
AChE binding sites, that is toxicokinetic and toxicodynamic inter-
actions, respectively (El-Masri et al., 2004). The simulations showed
an interaction threshold below which additivity was observed, but
above this threshold antagonism occurred by enzymatic competi-
tive inhibition (El-Masri, 2007).

3. Examples of toxicity of pesticide mixtures at molecular
level

The toxicological effects of low-dose pesticide mixtures on the
human health are largely unknown, although the general public is
increasingly concerned about their safety and potential toxic effects
(Dialyna et al., 2004; Hernández et al., 2011a; Tsatsakis et al., 2011).
Toxicity studies involving pesticide mixtures have resulted in a full
spectrum of responses in which the complexity of the interactions
depends on differences in the chemical properties and modes of
toxic action of the pesticides.

3.1. Potentiation of malathion toxicity by isomalation

In some cases, concurrent multiple OP exposure may lead to
a potentiating effect, based on the interference exerted by one
compound on the detoxification process of the others through
metabolic inhibition. Such an effect has been observed in Pak-
istani applicators after handling of malathion formulations that
had deteriorated during storage in a tropical climate with a sig-
nificant increase in the isomalathion content (Baker et al., 1978;
Aldridge et al., 1979). The same enhanced toxicity was observed
in Belgium after people were exposed to pure malathion that was
converted to a highly toxic mixture of malathion and isomalathion
after more than 5 years of storage (Dive et al., 1994). Isomalathion
acted as a potentiator of the malathion toxicity by inhibiting the
carboxylesterase responsible for the detoxication of the insecticide
(Maroni et al., 2000).

Mammalian carboxylesterases (CEs), enzymes widely dis-
tributed in the body, particularly in the liver, gastrointestinal
tract and the brain (Jansen et al., 2009) are involved in the rapid
degradation of malathion to monoacid and diacid derivatives. This
reaction efficiently competes with the CYP450-catalyzed formation
of malaoxon, which is also detoxified by CEs rendering malaoxon
mono- and dicarboxylic acids (Buratti et al., 2005; Wielgomas and
Krechniak, 2007) (Fig. 2).

3.2. Potentiation of PYR toxicity by anticholinesterase insecticides

The interaction effects of simultaneous OPs and PYR exposure is

relatively well known, since formulations containing both classes
of insecticides are available on the market. CYP450-activated OPs
decrease the organism’s ability to detoxify PYRs due to esterases
inhibition, so greater than additive toxicity is often observed.
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Fig. 1. Organophosphorus chemicals (OPs) are potent inhibitors of the human metabolism of both testosterone and estradiol. These compounds are activated by a P450-
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atalyzed desulfuration reaction that releases highly reactive sulfur atoms that imm
o  estradiol by CYP19 (aromatase) that can be either inhibited by the fungicide p
eceptor (ER). Conversely, organochlorine pesticides (OC) can interact with the ER r

oexposure to �-cypermethrin and chlorpyrifos inhibits the
arboxylesterase-mediated hydrolysis of �-cypermethrin, lead-
ng to an increased tissue concentration of this compound and

 decreased urinary excretion of 3-phenoxybenzoic acid (3-PBA),
he major metabolite of PYRs (Wielgomas and Krechniak, 2007).
imilarly, chlorpyrifos oxon (the toxic metabolite of chlorpyrifos)
trongly and irreversibly inhibits permethrin hydrolysis at low con-
entrations, whereas carbaryl inhibits such hydrolysis although
ith less potency than chlorpyrifos oxon (Choi et al., 2004), indicat-

ng that it also potentiates permethrin toxicity (Hodgson and Rose,
007) (Fig. 3).

.3. Potentiation of OPs toxicity by organochlorine insecticides

The CYP450 family of enzymes is important for both the acti-
ation and detoxification of OPs. The relative rates at which
rganophosphorothioates (OPTs) insecticides are activated and
etoxified may  be an important determinant of toxicity. Indepen-
ently of the chemical structure, bioactivation of OPTs such as
alathion, chlorpyrifos, diazinon, azynphos-methyl and parathion

o the very highly toxic oxon forms is carried out by the same
YP450 systems (Buratti et al., 2005). These insecticides feature

 thio-phosphate moiety that is subjected to oxidative desulfu-
ation in which the CYP450s remove the sulfur atom attached to
he phosphorus and insert atomic oxygen (Fig. 4). This results in
ovalent binding of sulfur to CYP, a reaction that occurs prefer-
ntially at cysteine residues leading to an irreversible inactivation

f the enzymes that catalyze the reactions. This mechanism-
ased inhibition of CYP450 is a suicide reaction for the P450
arrying out the reaction (Hodgson and Rose, 2007; Kyle et al.,
012).
ly bind to the heme iron of P450 and inhibits its activity. Testosterone is converted
raz or induced by triazines herbicides. Prochloraz also antagonizes the estrogen

or thus eliciting a hormonal effect.

At  low OPT concentration, oxon derivatives formation is mainly
catalyzed by CYP1A2 and to a lesser extent by CYP2B6, whereas
CYP3A4 is relevant only at high OPT levels (Buratti et al., 2005).
Individuals with low CYP2C19 activity, responsible for the oxida-
tive cleavage of OPT, but high CYP1A2 and CYP2B6 activities
might be more susceptible to OPT toxicity (Hodgson and Rose,
2007). Given that organochlorine pesticides, such as endosulfan-
�, are CYP3A4 inducers, previous or concurrent utilization of these
compounds can potentiate OPs toxicity (Casabar et al., 2006), par-
ticularly when the OPs occur at high concentrations (see Fig. 4).
DDT is also able to induce CYP2B and CYP3A in rat liver (Smith,
2011).

3.4. Potentiation of carbaryl toxicity by OPs

An increased sensitivity to the NMC  pesticide carbaryl fol-
lowing pretreatment with malathion or chlorpyrifos has been
attributed to the OPT-induced suicide inhibition of CYP450 ulti-
mately resulting in inhibition of carbaryl metabolism (Hodgson and
Rose, 2007; Johnston, 1995). CYP1A2 has the greatest ability to form
5-hydroxycarbaryl, while CYP3A4 is the most active in generation
of 4-hydroxycarbaryl (Fig. 5). The production of carbaryl methy-
lol is primarily the result of metabolism by CYP2B6 (Tang et al.,
2002). Therefore, the suicide reaction of the CYP450s involved in
the oxidative desulfuration of OPT insecticides will prevent car-
baryl from being detoxified, remaining only the hydrolysis step
catalyzed by esterases yielding �-naphtol. However, such esterases

can be inhibited by the oxon generated in the desufuration step and
thus any pathway of carbaryl metabolism is completely blocked,
leading to a potentiation effect beyond the expected additive anti-
cholinesterase effect (Fig. 5).
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Fig. 2. The OP insecticide malathion can be spontaneously degraded to a highly toxic mixture of malathion and isomalathion after protracted storage. Isomalathion acted
as  a potentiator of the malathion toxicity by inhibiting the carboxylesterase (CE) responsible for the detoxification of the insecticide. CEs are enzymes involved in the
rapid  degradation of malathion to monoacid and diacid derivatives, a reaction that efficiently competes with the CYP450-catalyzed formation of malaoxon, the biologically
active metabolite, which in turn can also be degraded by CEs yielding similar metabolites or by other esterases to render dimethylthiophosphate (DMTP) and a detoxification
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roduct. On the other hand, malathion can be degraded to dimethyl dithiophosphate
soforms.

.5. Potentiation of OP toxicity by triazine herbicides

As previously mentioned, many OP insecticides are bioactivated
y the CYP450 system to an oxon form within the target organism,
hich further inhibits the activity of AChE, a key enzyme in the

reakdown of the neurotransmitter acetylcholine. Recent studies
ave demonstrated the potentiating effects of triazine herbicides,
uch as atrazine (the most commonly used triazine herbicide), to
he toxicity of a variety of OP insecticides (Trimble and Lydy, 2006).
riazine herbicides may  stimulate CYP450 activity thus increasing
he rate of bioactivation of OPs to the oxon form. This interaction
esults in the potentiation of the cholinesterase inhibiting prop-
rty of OPs (Belden and Lydy, 2001; Miota et al., 2000). In insects,
trazine has been shown to induce not only CYP450 but also gen-
ral esterase activity, which may  increase or decrease the toxicity
f insecticides depending upon whether the subsequent metabolite
s more or less toxic than the parent compound (Pape-Lindstrom
nd Lydy, 1997).

.6. Promotion of organophosphate-induced delayed
olyneuropathy

OP-induced delayed polyneuropathy (OPIDP) is a rare toxi-

ity caused by certain OPs compounds whose molecular target
s considered to be neuropathy target esterase (NTE), a nervous
ystem enzyme that possesses phospholipase activity for lysophos-
hatidylcholine. Neuropathic OP compounds cause OPIDP when
TP) and a non-toxic phosphoric metabolite, an ester cleavage mediated by CYP450s

>70% of NTE inhibition is achieved and the residue left attached
to the NTE undergoes the “aging” reaction that consist in the
loss of an alkyl group bound to the enzyme. However there
exist other compounds (such as other OPs, sulphonyl halides, car-
bamates, thiocarbamates and phosphinates) which inhibit NTE
without undergoing the “aging” reaction and thus protect from
OPIDP when given before a neuropathic OP. Interestingly, when
these compounds are given after neuropathic OPs an aggravation
of the clinical expression of OPIDP is observed, which is referred to
as promotion of OPIDP, a sort of potentiating effect that seems to be
caused by esterase inhibitors (Gambalunga et al., 2010; Jokanovic
et al., 2002; Lotti, 2002). The above mentioned compounds can also
promote a peripheral neuropathy even in the context of a pre-
existing subclinical neuropathy. This refers to the aggravation of
traumatic and toxic morphological neuropathies, which seem to
be caused by esterase inhibitors and NTE as a modulator (Holisaz
et al., 2007).

3.7. Endocrine disruptor chemicals

Some pesticides have the potential of modulating the neuroen-
docrine system in humans by producing agonism or antagonism
of estrogen receptor (ER) binding (Fig. 1). Pesticides such as vin-

clozolin, p,p′-DDE, fenitrothion and procymidone are androgen
receptor (AR) antagonists, whereas others such as p,p′-DDT and
methoxychlor are ER agonists (Kojima et al., 2003). For certain
endocrine disruptors, dose-additivity may  occur even if they do not
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Fig. 3. The pyrethroid insecticide permethrin is hydrolyzed by carboxylesterases (CE) yielding inactive metabolites, one of them is phenoxybenzyl alcohol that is further
metabolized to phenoxybenzoic acid (PBA), a common metabolite useful for biomonitoring pyrethroids exposure. Permethrin metabolism can be inhibited by the insecticides
chlorpyrifos and carbaryl, although the former compound needs to be activated to chlorpyrifos oxon, which is a strong inhibitor of CEs. The oxon form is then detoxified to
diethylphosphate and trichloropyridinol (TCPy) by paraoxonase-1 (PON1). Thus, both chlorpyrifos oxon and carbaryl effectively inhibit the initial hydrolysis of permethrin
thus  potentiating its insecticidal activity.

Fig. 4. Specific CYP450s may  both bioactivate the parent organophosphorothioates (OPTs) to highly toxic oxon forms and concurrently detoxify them by dearylation to form
dialkylthiophosphates (DATPs), inactive metabolites. CYP2C9 or CYP2C19 are the isoforms responsible for the dearylation reaction. Bioactivation of OPTs is also carried out by
CYP450 systems. At low concentrations, oxon derivatives formation is catalyzed by CYP1A2 and CYP2B6, whereas CYP3A4 is relevant only at high concentrations. The oxon
form  is a strong esterase inhibitor that can be effectively scavenged by pseudocholinesterase (BChE) and carboxylesterases (CEs), and the remaining free (non-detoxified)
amount may  reach target organs where inhibit acetylcholinesterase. The oxon can be alternatively hydrolyzed by paraoxonase-1 (PON1) yielding dialkylphosphates (DAPs),
inactive metabolites that are excreted through the urine. OPT insecticides feature a thio-phosphate moiety that is subjected to oxidative desulfuration in which the CYP450s
remove  the sulfur atom attached to the phosphorus and insert atomic oxygen. This is a suicide reaction for the P450 carrying out the reaction. Given that organochlorine
pesticides, such as endosulfan-� and DDT, are CYP3A4 inducers, prior exposure to these compounds can potentiate OPs toxicity, particularly when these compounds occur
at  high concentrations.
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Fig. 5. OPs insecticides inhibit the metabolism of carbaryl, a widely used anticholinesterase carbamate insecticide. Carbaryl undergoes oxidative metabolism forming either
ring  or side-chain hydroxylated metabolites (4-hydroxycarbaryl and 5-hydroxycarbaryl or carbaryl methylol, respectively). The different CYP450 isoforms involved in these
hydroxylations that can be previously inhibited by the reactive sulfur released from the oxidative desulfuration of OPs, which is mediated by the same CYP450s. Another
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etoxification pathway for carbaryl is the hydrolysis catalyzed by non-specific este
arbamic acid. However, this reaction can also be effectively inhibited by the oxon 

hare a common molecular target (Kortenkamp, 2007). Thus, com-
inations of compounds with different mechanisms of toxic action
i.e., steroid biosynthesis or antagonism of the AR) exhibit dose
dditivity (Boobis et al., 2008). Organochlorine pesticides may  act as
ndocrine disruptors through more than one mechanism, includ-
ng their agonistic or antagonistic effects on different receptors.
hey have the potential for additive rather than synergistic effects,
uggesting that a toxic equivalency factor approach is appropriate
Kelce and Wilson, 2001; Li et al., 2008). Despite the assumption
f additivity has been applied to environmental endocrine active
ubstances, more than additive and less than additive effects have
een observed (Kelce and Wilson, 2001).

.8. Cumulative toxicity of OP and organochlorines resulting in
strogenic effects

Metabolic interactions of pesticides are not limited to other
esticides and have also been reported with endogenous sub-
trates, such as testosterone and estradiol (Hodgson and Rose,
007). OPs are potent irreversible inhibitors of the human micro-
omal metabolism of testosterone, by interfering with CYP3A4, and
stradiol, by inhibiting CYP3A4 and CYP1A2 function (Usmani et al.,
006) (Fig. 1). This metabolic interference may  partially account
or the endocrine disruption effect attributed to OPs. Inhibition of
teroid hormone metabolism by OPs compounds containing the

 = S moiety is assumed to be due to the generation of reactive
ulfur that binds irreversibly to the CYP450s (Hodgson and Rose,

007). Concurrent exposure of OP with organochlorine pesticides,
hich are known ER agonists, may  produce cumulative toxicity
ue to a dose-addition approach. These findings suggest that low
oncentrations of OPs insecticides have the potential to inhibit
uch as carboxylesterases (CEs) resulting in the formation of �-naphtol and methyl
f OPs generated during the oxidation of the parent compounds.

enzymes important in normal sexual development (Hodgson,
2011).

3.9. Synergism between PYRs and carbamate compounds

The synergism between insecticide mixtures may not only occur
by enzymatic competition between components but also through
complex physiological processes involving target sites, such as
sodium channels, AChE, muscarinic receptors, etc. (Corbel et al.,
2006). The following sequence of events may  occur after the appli-
cation of propoxur in combination with permethrin. Permethrin
increases the release of acetylcholine within the synaptic cleft by
affecting voltage-dependent sodium channels. At the same time,
the propoxur-induced inhibition of AChE increases acetylcholine
concentration and the excess of non-hydrolyzed acetylcholine acti-
vates presynaptic muscarinic receptors involved in the negative
feedback mechanism. This leads to a decrease in the subsequent
release of acetylcholine resulting in depression of the compound
excitatory postsynaptic potential.

Gulf War  Syndrome has been reported to be related to the
synergistic health effects of the combination of the insect repellent
N,N-diethyl-m-toluamide (DEET) and permethrin with pyridostig-
mine bromide, a drug taken prophylactically to counteract toxic
gas warfare agents (Abou-Donia et al., 1996). The concurrent
administration of any two  compounds of these three chemicals
resulted in greater neurotoxicity than that resulting from treat-
ment with any individual compound. Neurotoxicity was further
enhanced by the concurrent administration of all three com-

pounds. However, when the chemicals were administered alone,
even at doses three times the level Gulf War  veterans received,
no effects were observed. Animals exposed to the three chemicals
in combination experienced neurological deficits similar to the
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ymptoms of the soldiers (Abou-Donia et al., 1996). Brain damage
as been observed after prolonged exposure to the combination of
he three chemicals under stress conditions, very likely because of
tress-induced disruption of the blood–brain barrier and further
euronal death (Abdel-Rahman et al., 2004).

.10. Antagonism between triazine herbicides and prochloraz

The commonly used 2-chloro-s-triazine herbicides are able to
nduce aromatase activity (CYP19), the rate-limiting enzyme of the
onversion of androgens to estrogens that plays a key role in the
iosynthesis of steroid hormones. Higher than normal CYP19 activ-

ty may  account for some of the reported hormonal disrupting and
umor promoting properties of these herbicides (Sanderson et al.,
000).

The fungicide prochloraz elicits multiple mechanisms of action
s it antagonizes both ER and AR, agonizes the Ah receptor and
isrupts steroidogenesis by inhibiting aromatase activity (Fig. 1).
he molecular basis of this inhibition is the presence of an imida-
ole moiety that interacts strongly with the iron atom of CYP19.
he binding is fairly unspecific and thus imidazole fungicides
lso inhibit the activities of a broad spectrum of other CYP450-
ependent enzymes (Vinggaard et al., 2005). Therefore, concurrent
xposure to these two pesticides (triazines and prochloraz) might
ounteract their respective effects on aromatase.

. Summary and implications for human health

Human exposure to low-dose pesticide mixtures may  occur
rom environmental or nutritional sources (foods and drinking
ater) and may  have a long-lasting and negative health impact in

he long-term, some being connected with the increase of chronic
egenerative diseases, neurodevelopmental deficits and cancer in
umans from western countries. The interaction between sev-
ral different types of pesticides may  result in multiple responses,
epending on differences in the chemical properties and modes
f toxic action of each compound. For a better understanding of
he toxicity of pesticide mixtures it is necessary to have enough
nowledge on the chemical reactivity, the toxicokinetics, metabolic
athways and the mechanisms of action of each compound. In addi-
ion, epidemiological studies, physiologically based-toxicokinetic
nd toxicodynamic models, statistical modeling and inference, and
omputational (in silico) toxicology approaches can be also used
or the evaluation of toxicological interactions. Predicting risk from
xposure to pesticide mixtures is complex, as these compounds can
nteract in terms of both toxicokinetics and toxicodynamics, caus-
ng greater or lower effects than when found alone or than simply
he sum of the individual effect of each pesticide.

For some pesticide mixtures the health effects may  be more or
ess than what would be expected from simply adding the effects
f the individual components, raising concerns about their poten-
ial impact on the health. If each component has different modes of
ction and is below any threshold of effect, the combined exposure
ill not have any toxicological effect. When pesticides have the

ame mechanism of action, their combined effect is the sum of the
otency-corrected doses of each individual compound (i.e., a sum-
ation of the inhibitory effects of individual compounds on AChE

ctivity in case of concurrent multiple OP exposure or when OPs and
MC  are found together). However, not all mixtures of pesticides
ith similar chemical structures produce additive effects; thus, if

hey act on multiple sites they can elicit different toxic effects, with

ome mixtures having the potential of producing greater toxicity
han would be predicted based on the potencies of the individual
ompounds (synergism). Synergistic effects could also occur when
xposures are above dose thresholds.
gy 307 (2013) 136– 145 143

Metabolic interactions of pesticides involve inhibition or induc-
tion of detoxifying enzymes and can occur not only between
two  or more of these compounds but also between pesticides
and endogenous substrates. Potentiation may occur when one of
the components of the mixture changes the toxicokinetics of the
pesticide as a result of its increased activation or decreased detox-
ification, leading to an enhanced or reduced toxicity, respectively.

Antagonism may  occur when two  pesticides interfere with each
other’s effect or when one of them stimulate the metabolism of
the other, resulting in a reduction in the effect predicted for the
individual compounds.

Assessment of pesticide exposure to humans is generally based
on measurement of non-specific metabolites in urine and hair sam-
ples, which enables the assessment of the type of exposure and to
associate this exposure to relevant health issues (Kavvalakis and
Tsatsakis, 2012; Tsatsakis et al., 2008). According to biomonitor-
ing studies, more than half of adults and children have detectable
concentrations of pesticide residues in their bodies (Zeliger, 2011).
Pesticide interactions may  occur when doses of exposure are
above the NOAEL of each compound. Thus, either toxicokinetic or
toxicodynamic interactions may  occur, resulting in potentiation,
synergism of antagonism. Nevertheless, as pesticide residues are
found at concentrations far below their respective NOAEL, they are
expected to cause additive effects.

In the European Union and the U.S., legislation has been laid
down regulating the presence of pesticide residues in food products
by setting maximum residue levels (MRL) of individual pesticides.
As long as the individual residues do not exceed the MRLs, the pres-
ence of multiple residues in one sample as such is not a reason
to be considered as not compliant with the MRL  legislation (EFSA,
2011). Although international regulations do not consider harmful
health effects of pesticides interactions at their low (<MRL) con-
centrations, in the near future the combined toxicological effects
of low dose pesticide mixtures will have to find regulatory forms
for a more comprehensive protection of human health. A number of
toxicological challenges will need to be overcome before this vision
can be fully implemented.

Conflict of interest

Authors declare that they do not have any conflict of interest.

Acknowledgments

This study was  partially supported by a grant from the Council
of Innovation of the Andalusian Government (Consejería de Inno-
vación de la Junta de Andalucía), reference number P09-CVI-5062.

References

Abdel-Rahman, A., Abou-Donia, S., El-Masry, E., Shetty, A., Abou-Donia, M.,  2004.
Stress and combined exposure to low doses of pyridostigmine bromide, DEET,
and permethrin produce neurochemical and neuropathological alterations in
cerebral cortex, hippocampus, and cerebellum. J. Toxicol. Environ. Health A 67,
163–192.

Abou-Donia, M.B., Wilmarth, K.R., Jensen, K.F., Oehme, F.W., Kurt, T.L., 1996. Neu-
rotoxicity resulting from coexposure to pyridostigmine bromide, deet and
permethrin: implications of Gulf War  chemical exposures. J. Toxicol. Environ.
Health 48, 35–56.

Aldridge, W.N., Miles, J.W., Mount, D.L., Verschoyle, R.D., 1979. The toxicological
properties of impurities in malathion. Arch. Toxicol. 42, 95–106.

Androutsopoulos, V.P., Tsatsakis, A.M., Spandidos, D.A., 2009. Cytochrome P450
CYP1A1: wider roles in cancer progression and prevention. BMC  Cancer 9, 187.
Baker Jr., E.L., Warren, M.,  Zack, M.,  Dobbin, R.D., Miles, J.W., Miller, S., Alderman, L.,
Teeters, W.R., 1978. Epidemic malathion poisoning in Pakistan malaria workers.
Lancet 1, 31–34.

Bassil, K.L., Vakil, C., Sanborn, M.,  Cole, D.C., Kaur, J.S., Kerr, K.J., 2007. Cancer health
effects of pesticides: systematic review. Can. Fam. Physician 53, 1704–1711.



1 xicolo

B

B

B

C

C

C

C

D

D

E

E

E

E

F

G

G

H

H

H

H

H

H

I

pdf

J

J

J

K

44 A.F. Hernández et al. / To

elden, J.B., Lydy, M.J., 2001. Effects of atrazine on acetylcholinesterase activity
in midges (Chironomus tentans) exposed to organophosphorous insecticides.
Chemosphere 44, 1685–1689.

oobis, A.R., Ossendorp, B.C., Banasiak, U., Hamey, P.Y., Sebestyen, I., Moretto, A.,
2008. Cumulative risk assessment of pesticide residues in food. Toxicol. Lett.
180, 137–150.

uratti, F.M., D’Aniello, A., Volpe, M.T., Meneguz, A., Testai, E., 2005. Malathion
bioactivation in the human liver: the contribution of different cytochrome p450
isoforms. Drug Metab. Dispos. 33, 295–302.

asabar, R.C., Wallace, A.D., Hodgson, E., Rose, R.L., 2006. Metabolism of endosulfan-
alpha by human liver microsomes and its utility as a simultaneous in vitro probe
for CYP2B6 and CYP3A4. Drug Metab. Dispos. 34, 1779–1785.

hoi, J., Hodgson, E., Rose, R.L., 2004. Inhibition of trans-permethrin hydrolysis in
human liver fractions by chloropyrifos oxon and carbaryl. Drug Metabol. Drug
Interact. 20, 233–246.

orbel, V., Stankiewicz, M.,  Bonnet, J., Grolleau, F., Hougard, J.M., Lapied, B., 2006.
Synergism between insecticides permethrin and propoxur occurs through acti-
vation of presynaptic muscarinic negative feedback of acetylcholine release in
the  insect central nervous system. Neurotoxicology 27, 508–519.

OT. 2002. UK Committee on Toxicity of Chemicals in Food, Consumer Products
and  the Environment. Risk assessment of mixtures of pesticides and simi-
lar  substances. Available from: http://cot.food.gov.uk/pdfs/reportindexed.pdf
(accessed 07.06.12).

ialyna, I., Tzanakakis, G., Dolapsakis, G., Tsatsakis, A., 2004. A tetranucleotide repeat
polymorphism in the CYP19 gene and breast cancer susceptibility in a Greek
population exposed and not exposed to pesticides. Toxicol. Lett. 151, 267–271.

ive, A., Mahieu, P., Van Binst, R., Hassoun, A., Lison, D., De Bisschop, H., Nemery,
B.,  Lauwerys, R., 1994. Unusual manifestations after malathion poisoning. Hum.
Exp.  Toxicol. 13, 271–274.

FSA, 2008. Scientific Opinion of the Panel on Plant Protection Products and
their Residues (PPR Panel) on a request from the EFSA to evaluate the
suitability of existing methodologies and, if appropriate, the identification
of  new approaches to assess cumulative and synergistic risks from pesti-
cides to human health with a view to set MRLs for those pesticides in
the  frame of Regulation (EC) 396/2005. EFSA J. 704, 1–85, Available from:
http://www.efsa.europa.eu/en/efsajournal/doc/705.pdf (accessed 07.06.12).

FSA, 2011. The 2009 European Union report on pesticide residues in food. EFSA
J.  9 (11), 2430, 225. http://dx.doi.org/10.2903/j.efsa.2011.2430. Available from:
http://www.efsa.europa.eu/en/efsajournal/doc/2430.pdf (accessed 23.04.12).

l-Masri, H.A., 2007. Experimental and mathematical modeling methods for
the investigation of toxicological interactions. Toxicol. Appl. Pharmacol. 223,
148–154.

l-Masri, H.A., Mumtaz, M.M.,  Yushak, M.L., 2004. Application of physiologically-
based pharmacokinetic modeling to investigate the toxicological interaction
between chlorpyrifos and parathion in the rat. Environ. Toxicol. Pharmacol. 16,
57–71.

rawley, J.P., Fuyat, H.N., Hagan, E.C., Blake, J.R., Fitzhugh, O.G., 1957. Marked
potentiation in mammalian toxicity from simultaneous administration of two
anticholinesterase compounds. J. Pharmacol. Exp. Ther. 121, 96–106.

ambalunga, A., Pasqualato, F., Lotti, M.,  2010. Soluble phenyl valerate esterases
of  hen sciatic nerve and the potentiation of organophosphate induced delayed
polyneuropathy. Chem. Biol. Interact. 187, 340–343.

avrilescu, M., 2005. Fate of pesticides in the environment and its bioremediation.
Eng. Life Sci. 5, 497–526.

anke, W.,  Jurewicz, J., 2004. The risk of adverse reproductive and developmen-
tal disorders due to occupational pesticide exposure: an overview of current
epidemiological evidence. Int. J. Occup. Med. Environ. Health 17, 223–243.

ernández, A.F., Gil, F., Pla, A., Gómez, A., Lozano, D., Parrón, T., Requena, M.M.,
Alarcón, R., 2011a. Emerging human health concerns from chronic exposure to
pesticide mixtures. Toxicol. Lett. 205, S4–S5.

ernández, A.F., Parrón, T., Alarcón, R., 2011b. Pesticides and asthma. Curr. Opin.
Allergy Clin. Immunol. 11, 90–96.

odgson, E., 2011. Metabolic interactions of pesticides. In: Krieger, R. (Ed.), Hayes’
Handbook of Pesticide Toxicology. , 3rd ed. Academic Press, London, pp.
941–959.

odgson, E., Rose, R.L., 2007. Human metabolic interactions of environmental chem-
icals. J. Biochem. Mol. Toxicol. 21, 182–186.

olisaz, M.T., Rayegani, S.M., Hafezy, R., Khedmat, H., Motamedi, M.H., 2007. Screen-
ing  for peripheral neuropathy in chemical warfare victims. Int. J. Rehabil. Res.
30,  71–74.

GHRC, 2009. The intergovernmental group on health risks from chemicals. Chemi-
cal  mixtures: a framework for assessing risk to human health (CR14). Institute
of  Environment and Health, Cranfield University, Cranfield, UK, Available from:
http://ieh.cranfield.ac.uk/ighrc/Chemical%20Mixture%20Final%20May%202009.
(accessed 07.06.12).

ansen, K.L., Cole, T.B., Park, S.S., Furlong, C.E., Costa, L.G., 2009. Paraoxonase 1 (PON1)
modulates the toxicity of mixed organophosphorus compounds. Toxicol. Appl.
Pharmacol. 236, 142–153.

ohnston, G., 1995. The study of interactive effects of pollutants: a biomarker
approach. Sci. Total Environ. 171, 205–212.

okanovic, M., Stukalov, P.V., Kosanovic, M.,  2002. Organophosphate induced delayed

polyneuropathy. Curr. Drug Targets CNS Neurol. Disord. 1, 593–602.

anavouras, K., Tzatzarakis, M.N., Mastorodemos, V., Plaitakis, A., Tsatsakis, A.M.,
2011. A case report of motor neuron disease in a patient showing significant
level of DDTs, HCHs and organophosphate metabolites in hair as well as levels
of  hexane and toluene in blood. Toxicol. Appl. Pharmacol. 256, 399–404.
gy 307 (2013) 136– 145

Kavvalakis, M., Tsatsakis, A., 2012. The atlas of DAPs; assessment of cumulative
human organophosphorus pesticides’ exposure. Forensic Sci. Int. 218, 111–122.

Kelce, W.R., Wilson, E.M., 2001. Antiandrogenic effects of environmental endocrine
disruptors. In: Metzler, M.  (Ed.), Endocrine Disruptors, vol. 3, part 1. Springer-
Verlag, Berlin, pp. 39–61.

Kojima, H., Iida, M.,  Katsura, E., Kanetoshi, A., Hori, Y., Kobayashi, K., 2003. Effects of a
diphenyl ether-type herbicide, chlornitrofen, and its amino derivative on andro-
gen  and estrogen receptor activities. Environ. Health Perspect. 111, 497–502.

Kortenkamp, A., 2007. Ten years of mixing cocktails: a review of combination effects
of  endocrine-disrupting chemicals. Environ. Health Perspect. 115 (Suppl 1),
98–105.

Kortenkamp A, Backhaus T, Faust M.  State of the art report on mixture
toxicity. Final report dated 22 December 2009. Study Contract No.
070307/2007/485103/ETU/D.1 (Contractor: School of Pharmacy, Uni-
versity of London). Available from: http://ec.europa.eu/environment/
chemicals/pdf/report Mixture%20toxicity.pdf (accessed 07.06.12).

Kyle, P.B., Smith, S.V., Baker, R.C., Kramer, R.E., 2012. Mass spectrometric detection of
CYP450 adducts following oxidative desulfuration of methyl parathion. J. Appl.
Toxicol., http://dx.doi.org/10.1002/jat.1792.

Laetz, C.A., Baldwin, D.H., Collier, T.K., Hebert, V., Stark, J.D., Scholz, N.L., 2009. The
synergistic toxicity of pesticide mixtures: implications for risk assessment and
the conservation of endangered Pacific salmon. Environ. Health Perspect. 117,
348–353.

Li,  J., Li, N., Ma,  M.,  Giesy, J.P., Wang, Z., 2008. In vitro profiling of the endocrine
disrupting potency of organochlorine pesticides. Toxicol. Lett. 183, 65–71.

London, L., Beseler, C., Bouchard, M.F., Bellinger, D.C., Colosio, C., Grand-
jean, P., Harari, R., Kootbodien, T., Kromhout, H., Little, F., Meijster, T.,
Moretto, A., Rohlman, D.S., Stallones, L., 2012. Neurobehavioral and
neurodevelopmental effects of pesticide exposures. Neurotoxicology,
http://dx.doi.org/10.1016/j.neuro.2012.01.004.

Lotti, M., 2002. Promotion of organophosphate induced delayed polyneuropathy by
certain esterase inhibitors. Toxicology 181–182, 245–248.

Lydy, M.,  Belden, J., Wheelock, C., Hammock, B., Denton, D., 2004. Challenges in
regulating pesticide mixtures. Ecol. Soc. 9 (6), 1.

Maroni, M., Colosio, C., Ferioli, A., Fait, A., 2000. Biological monitoring of pesticide
exposure: a review. Toxicology 143, 1–118.

Miota, F., Siegfried, B.D., Scharf, M.E., Lydy, M.J., 2000. Atrazine induction of
cytochrome P450 in Chironomus tentans larvae. Chemosphere 40, 285–291.

Moores, G.D., Philippou, D., Borzatta, V., Trincia, P., Jewess, P., Gunning, R., Bingham,
G.,  2009. An analogue of piperonyl butoxide facilitates the characterisation of
metabolic resistance. Pest Manage. Sci. 65, 150–154.

Moser, V.C., Simmons, J.E., Gennings, C., 2006. Neurotoxicological interactions of a
five-pesticide mixture in preweanling rats. Toxicol. Sci. 92, 235–245.

Pape-Lindstrom, P.A., Lydy, M.J., 1997. Synergistic toxicity of atrazine and
organophosphate insecticides contravenes the response addition mixture
model. Environ. Toxicol. Chem. 16, 2415–2420.

Parrón, T., Requena, M.,  Hernández, A.F., Alarcón, R., 2011. Association between
environmental exposure to pesticides and neurodegenerative diseases. Toxicol.
Appl. Pharmacol. 256, 379–385.

Reffstrup, T.K., Larsen, J.C., Meyer, O., 2010. Risk assessment of mixtures of pesti-
cides. Current approaches and future strategies. Regul. Toxicol. Pharmacol. 56,
174–192.

Rider, C.V., LeBlanc, G.A., 2005. An integrated addition and interaction model for
assessing toxicity of chemical mixtures. Toxicol. Sci. 87, 520–528.

Sanderson, J.T., Seinen, W.,  Giesy, J.P., van den Berg, M.,  2000. 2-Chloro-s-triazine
herbicides induce aromatase (CYP19) activity in H295R human adrenocorti-
cal  carcinoma cells: a novel mechanism for estrogenicity? Toxicol. Sci. 54,
121–127.

Silins, I., Högberg, J., 2011. Combined toxic exposures and human health: biomarkers
of  exposure and effect. Int. J. Environ. Res. Public Health 8, 629–647.

Smith, A.G., 2011. Toxicology of DDT and some analogues. In: Krieger, R. (Ed.),
Hayes’ Handbook of Pesticide Toxicology. , 3rd ed. Academic Press, London, pp.
1975–2032.

Sun, J., Chen, B., Yao, P., 2000. Assessment on acute toxicity of combined pesticides.
J.  Hyg. Res. 29, 65–68.

Tang, J., Cao, Y., Rose, R.L., Hodgson, E., 2002. In vitro metabolism of carbaryl by
human cytochrome P450 and its inhibition by chlorpyrifos. Chem. Biol. Interact.
141, 229–241.

Tozzi, A., 1998. A brief history of the development of piperonyl butoxide as an insecti-
cide synergist. In: Jones, D.G. (Ed.), Piperonyl Butoxide: the Insecticide Synergist.
Academic, San Diego, CA, pp. 1–5.

Trimble, A.J., Lydy, M.J., 2006. Effects of triazine herbicides on organophosphate
insecticide toxicity in Hyalella azteca.  Arch. Environ. Contam. Toxicol. 51,
29–34.

Tsatsakis, A.M., Tzatzarakis, M.N., Tutudaki, M.,  2008. Pesticide levels in head hair
samples of Cretan population as an indicator of present and past exposure.
Forensic Sci. Int. 176, 67–71.

Tsatsakis, A.M., Zafiropoulos, A., Tzatzarakis, M.N., Tzanakakis, G.N., Kafatos, A., 2009.
Relation of PON1 and CYP1A1 genetic polymorphisms to clinical findings in
a  cross-sectional study of a Greek rural population professionally exposed to
pesticides. Toxicol. Lett. 186, 66–72.
Tsatsakis, A.M., Androutsopoulos, V.P., Zafiropoulos, A., Babatsikou, F., Alegakis,
T.,  Dialyna, I., Tzatzarakis, M., Koutis, C., 2011. Associations of xenobiotic-
metabolizing enzyme genotypes PON1Q192R, PON1L55M and CYP1A1*2A MspI
with pathological symptoms of a rural population in south Greece. Xenobiotica
41,  914–925.

http://cot.food.gov.uk/pdfs/reportindexed.pdf
http://www.efsa.europa.eu/en/efsajournal/doc/705.pdf
http://dx.doi.org/10.2903/j.efsa.2011.2430
http://www.efsa.europa.eu/en/efsajournal/doc/2430.pdf
http://ieh.cranfield.ac.uk/ighrc/Chemical Mixture Final May 2009.pdf
http://ec.europa.eu/environment/chemicals/pdf/report_Mixture toxicity.pdf
http://ec.europa.eu/environment/chemicals/pdf/report_Mixture toxicity.pdf
http://dx.doi.org/10.1002/jat.1792
http://dx.doi.org/10.1016/j.neuro.2012.01.004


xicolo

U

U

U

A.F. Hernández et al. / To

.S.  Environmental Protection Agency, 1999. Policy on a common mechanism of
action: the organophosphate pesticides. Fed. Register 64, 5795–5799.

.S. Environmental Protection Agency, 2011. Pesticide Market Estimates:
2006–2007. Office of Pesticide Programs, Washington, DC, Available from:

http://www.epa.gov/opp00001/pestsales/07pestsales/table of contents2007.
htm (accessed 07.06.12).

smani, K.A., Cho, T.M., Rose, R.L., Hodgson, E., 2006. Inhibition of the human liver
microsomal and human cytochrome P450 1A2 and 3A4 metabolism of estradiol
by  deployment-related and other chemicals. Drug Metab. Disp. 34, 1606–1614.
gy 307 (2013) 136– 145 145

Vinggaard, A.M., Christiansen, S., Laier, P., Poulsen, M.E., Breinholt, V., Jarfelt, K.,
Jacobsen, H., Dalgaard, M.,  Nellemann, C., Hass, U.,  2005. Perinatal exposure
to  the fungicide prochloraz feminizes the male rat offspring. Toxicol. Sci. 85,
886–897.
Wielgomas, B., Krechniak, J., 2007. Toxicokinetic interactions of �-cypermethrin and
chlorpyrifos in Rats. Polish J. Environ. Stud. 16, 267–274.

Zeliger, H.I., 2011. Human toxicology of chemical mixtures. In: Toxic Consequences
Beyond the Impact of One-component Product and Environmental Exposures,
2nd ed. Elsevier, Oxford.

http://www.epa.gov/opp00001/pestsales/07pestsales/table_of_contents2007.htm
http://www.epa.gov/opp00001/pestsales/07pestsales/table_of_contents2007.htm

	Toxic effects of pesticide mixtures at a molecular level: Their relevance to human health
	1 Introduction
	2 Toxicological interactions of pesticides
	2.1 Independent action
	2.2 Dose-addition
	2.3 Interaction
	2.3.1 Potentiation
	2.3.2 Synergism
	2.3.3 Antagonism


	3 Examples of toxicity of pesticide mixtures at molecular level
	3.1 Potentiation of malathion toxicity by isomalation
	3.2 Potentiation of PYR toxicity by anticholinesterase insecticides
	3.3 Potentiation of OPs toxicity by organochlorine insecticides
	3.4 Potentiation of carbaryl toxicity by OPs
	3.5 Potentiation of OP toxicity by triazine herbicides
	3.6 Promotion of organophosphate-induced delayed polyneuropathy
	3.7 Endocrine disruptor chemicals
	3.8 Cumulative toxicity of OP and organochlorines resulting in estrogenic effects
	3.9 Synergism between PYRs and carbamate compounds
	3.10 Antagonism between triazine herbicides and prochloraz

	4 Summary and implications for human health
	Conflict of interest
	Acknowledgments
	References


