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5.1 INTRODUCTION

Carboxylesterases (CarbEs) play an important role in xeno-
biotic metabolism in many organisms, from humans to
blowflies. The introduction of pesticides such as organophos-
phates (OPs), carbamates, and synthetic pyrethroids (SPs)
during the twentieth century has led to extensive research
into the role of CarbEs in pesticide metabolism and
detoxification. In the case of the OPs and carbamates, their
pesticidal activity is a consequence of their inhibition of

acetylcholinesterase (AChE) at the nerve synapse. Due to
the structural and mechanistic similarities between AChE
and CarbEs, hydrolysis of these pesticides by CarbEs is
a prominent pathway for their metabolism. In the case of
the SPs, although their primary pesticidal activity is not
via inhibition of AChE, their prominent carboxylester
bond renders them labile to metabolism by the CarbEs.
This chapter describes the chemico-biological interactions
between CarbEs and various pesticides (OPs, carbamates,
SPs) in vertebrates and invertebrates in detail, with
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particular emphasis on the role of CarbEs in metabolism
and toxicity.

5.2 ORGANOPHOSPHATES

5.2.1 Structural and Chemical Basis of the
Carboxylesterase-Organophosphate Interaction

Organophosphate pesticides (OPs) are structurally diverse, as
over 30 different commercially available OPs are actives
listed by the U.S. Environmental Protection Agency (www.
epa.gov). They generally share a number of characteristics,
being triesters of phosphoric acid with two alkyl side
chains, a variable leaving group, and a terminal oxygen or
sulfur moiety (Fig. 5.1; O’Brien 1960). The sulfur atom of
phosphothionate OPs is replaced by an oxygen through the
action of cytochrome P450 enzymes during metabolism
(Sultatos and Murphy 1983). This desulfuration step mark-
edly increases the toxicity of OP insecticides because the
oxon form is considerably more effective as an inhibitor of
acetylcholinesterase (AChE) (Feyereisen 1999).

The acute toxicity of OPs derives from their inhibition of
AChE, which is an essential enzyme that functions by termi-
nating signal transduction at the nerve synapse through the
hydrolysis of acetylcholine (Casida and Quistad 2004).
Inhibition of AChE results in interminable signal transduc-
tion at the nerve synapse, leading to paralysis and death.
Acetylcholine is rapidly hydrolysed via a catalytic mechan-
ism in which nucleophilic attack from a serine side chain,
activated by a catalytic triad also involving a histidine and a
glutamic acid, occurs at the electrophilic carbon of acetyl-
choline. This results in hydrolysis of the ester bond to the cho-
line moiety, departure of the leaving group, and formation of
an acyl-enzyme intermediate (Fig. 5.2). The acyl-enzyme
intermediate is then hydrolysed via nucleophilic attack from
a solvent molecule activated by the catalytic histidine, thereby

regenerating the active site (Sussman et al. 1991). The initial
steps in the inhibition of AChE by OPs are very similar to the
mechanism of acetylcholine hydrolysis (Fig. 5.2): after
hydrolytic attack at the electrophilic phosphorus of the OP
and departure of the leaving group, a phospho-enzyme inter-
mediate is formed. However, unlike the planar acyl-enzyme
intermediate that is produced during the hydrolysis of acetyl-
choline, the phospho-enzyme intermediate is tetrahedral.
Steric constraint then prevents rapid regeneration of the
nucleophilic serine via attack from a solvent molecule acti-
vated by the catalytic histidine in an analogous manner to
the regeneration of the acyl-intermediate (Millard et al.
1999). Instead, the enzyme has two possible fates: it can be
very slowly hydrolytically reactivated via free (unactivated)
solvent molecules, or undergo a subsequent aging reaction.
The aging reaction involves dealkylation of one of the side
chains and has been proposed to occur either through
hydrolysis or carbocation bond scission (Shafferman et al.
1996; Nachon et al. 2005). Most importantly, aging results
in the irreversible inhibition of AChE.

Carboxylesterases belong to the same serine hydrolase
superfamily as AChE (E.C.: 3.1.1.1) and have an essentially
identical catalytic mechanism. As an example of their simi-
larity, human carboxylesterase 1 (hCE1) has 34% sequence
identity with AChE and the two structures have only 1.2 Å
r.m.s.d. over the main-chain atoms when superimposed
(Fleming et al. 2007). However, the interaction between
CarbEs and OPs appears to be slightly different from the
AChE:OP interaction. Most importantly, many CarbEs
appear to be resistant to the aging reaction (Maxwell and
Brecht 2001). This phenomenon has been investigated in
structural studies (Fleming et al. 2007) showing that the resi-
stance to aging may be a consequence of a differently oriented
phospho-serine adduct in the active site. Specifically, the
catalytic histidine, which has been implicated in activating
the alkyl side chain in aging (Nachon et al. 2005) is posi-
tioned in close proximity to the phosphorylated serine in

Figure 5.1 The chemical structure of some commonly used phosphotriester and phosphothionate organophosphorus insecticides. From left,
paraoxon, parathion, chlorpyrifos, and diazinon.
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AChE, but is further away from the intermediate in the hCE1
structure. Additionally, two other regions implicated in pro-
moting the aging reaction, namely, the helix containing
tryptophan 86 (Shafferman et al. 1997), and the acyl loop
(Hornberg et al. 2007; Millard et al. 1999) are also missing,
or different, in CarbEs (Fig. 5.3). In summary, owing to the
close similarity between their catalytic mechanisms and
substrates, CarbEs also have high affinity for OPs and are,
initially, inhibited in the same manner as AChEs. However,
subtle differences between the structures appear to prevent
CarbEs from becoming irreversibly inhibited by the aging
reaction.

5.2.2 The Role of CarbEs in Vertebrate
Organophosphate Metabolism

There is evidence that CarbEs may be involved in conferring
low-level metabolic resistance to OP toxicity to mammals.
Early studies exploited the induction of liver CarbEs by phe-
nobarbitol to test the effects of increased amounts of CarbEs
on OP toxicity (Chambers and Chambers 1990; Clement
1984; Jokanovic 1989). All studies showed that CarbEs

contribute to increased resistance against OP poisoning in
vivo, suggesting that they function either by sequestering
OPs, and thereby acting as a sink, or through catalytic
detoxification. The inverse approach, in which CarbEs were
selectively inhibited by addition of 2-(O-cresyl)-4H-1,3,2-
benzodioxaphosphorin-2-oxide (Maxwell 1992), a metab-
olite of the phosphotriester tri-o-cresylphosphate that differ-
entially inhibits CarbEs versus ChEs (Jimmerson et al.
1989), further supported this interpretation.

It has also been noted that animals show differential sus-
ceptibility to OP poisoning at different life stages (Benke
and Murphy 1975; Pope et al. 1991). It was found that
although the sensitivity of cholinesterases to OPs, and
hepatic activation of OPs, did not change throughout the
life cycle, the levels of protection conferred by CarbE seques-
tration and/or cytochrome P450-mediated dearylation did
vary (Atterberry et al. 1997). This observation has been sup-
ported by later studies showing a clear correlation across life
stages between the level of CarbE activity and protection
against OP poisoning (Karanth and Pope 2000; Moser et al.
1998), and it appears that plasma CarbE activity may be of
more importance than liver CarbE activity. Studies have

Figure 5.2 The mechanism of acetylcholine and organophosphate hydrolysis by AChE. Acetylcholine hydrolysis proceeds via a planar acyl
intermediate, enabling rapid regeneration by an activated solvent molecule. Organophosphate hydrolysis proceeds via a tetrahedral phospho-
enzyme intermediate that must be hydrolyzed by free solvent.
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also been performed to address the question of whether the
affinity of CarbEs for OPs, or the number of CarbE
molecules, is the most important factor in conferring protec-
tion against OPs (Chanda et al. 1997). These studies have
shown that, although the affinity of CarbEs did not always
correlate with the level of OP sequestration, the number of
CarbE molecules did appear to correlate with the level of
metabolic resistance.

The studies described above were typically carried out
with rodent models. There is comparatively little known
about the role of OP metabolism by CarbEs in humans.
Recent work has shown that there is little difference in
either the levels of CarbE activity or sensitivity to OPs at
different stages of postnatal maturation (Pope et al. 2005).
Furthermore, unlike the levels of paraoxonase, butyrylcholi-
nesterase and paraoxonase activity in plasma, which vary sig-
nificantly throughout different life stages, there is little CarbE
activity in human plasma at any life stage (Ecobichon and
Stephens 1973). In fact, it appears that the major enzyme
involved in OP metabolism in humans is not a CarbE, but
the serum paraoxonase, or PON1 (Costa et al. 2005).

5.2.3 Physiological Effects of CarbE Inhibition
in Vertebrates

The work described up until this point has focused on the role
of CarbEs in preventing acute neurotoxicity through

minimizing the interaction between the OP and AChE.
However, chronic low-level exposure to OPs, such that
AChE-mediated neurotoxicity is not lethal, can lead to harm-
ful effects via the inhibition of CarbEs. This is particularly
important in the case of interactions with other xenobiotics;
affected organisms often show significantly altered metab-
olism of other xenobiotics (Cohen 1984), which can predis-
pose affected organisms to adverse reaction to medications
or even other OPs. Other studies have recently shown that
inhibition of CarbEs by OPs can lead to increased cholesterol
retention in macrophages, suggesting that other important
physiological roles of CarbEs, such as hydrolysis of choles-
terol esters in the prevention of atherosclerosis, might also
be inhibited (Crow et al. 2008).

5.2.4 The Role of CarbEs in OP Metabolism
in Insects

Although CarbEs may only play a relatively minor role in the
metabolism of OPs in mammals, a number of insect CarbEs
have been found to be directly involved in OP metabolism
and resistance (Oakeshott et al. 2005). These typically fall
into two categories: (1) overexpression of one or multiple
CarbEs that have naturally low levels of catalytic activity,
or (2) changes in the activity of the CarbEs leading to an
increased rate of OP hydrolysis. The sequestration mechan-
ism works by virtue of the fact that the close similarity
between CarbEs and AChEs means that they also bind OPs
with very low dissociation constants (Chanda et al. 1997).
Thus, if overexpressed in the target organism, they can
serve as an OP sink, thereby minimizing inhibition of
AChE function in nerve signal transduction. This strategy
also works because the native function of many CarbEs is
less essential than that of AChE and their inhibition is not
lethal. For example, many CarbEs are involved in xenobiotic
degradation already (Mikhailov and Torrado 1999). The cat-
alytic improvement mechanism is successful because the
high affinity of CarbEs for OPs means they can bind to and
hydrolyze, thereby detoxifying, the OP to prevent the inter-
action between the OP and the target (AChE). Over 20 differ-
ent examples of CarbE-mediated OP resistance have been
documented in insects (Oakeshott et al. 2005). The majority
of these examples fall into the first category, that is, overex-
pression of CarbEs. Of these, the E4/FE4 example in the
peach-potato aphid (Myzus persicae) and the esta and estb
genes in mosquitoes (C. pipiens) are the best characterized.
A well-characterized instance of catalytic improvement lead-
ing to metabolic resistance is seen in the aE7 CarbEs from
L. cuprina and M. domestica. These three examples are
discussed in detail below.

5.2.4.1 The E4/FE4 CBEs in Myzus persicae Early
work on the OP-resistant peach-potato aphid M. persicae
identified a correlation between CarbE activity and metabolic

Figure 5.3 The positions of G137D and W251L in the active site
of the aE7 CBE. The G137D is positioned to orient a water molecule
to hydrolyze the phospho-enzyme intermediate. The W251L
mutation will reduce the stabilizing contact between the enzyme
and the phospho-adduct.
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resistance (Needham and Sawicki 1971). It was later discov-
ered that the metabolic resistance observed was a result of the
increased expression of two b-esterase isozymes, E4 and FE4
(Devonshire and Sawicki 1979; Field et al. 1993; Field and
Devonshire 1998). The E4 and FE4 genes are almost identical
(98% identity) and genetically linked, suggesting that one of
these genes has recently been duplicated (Field et al. 1988).
As mentioned, the mechanism of resistance via E4 and FE4
overexpression appears to be through sequestration of OPs,
thereby preventing significant interaction between the OP
and AChE (Devonshire and Moores 1989). Indeed, the
steady-state rate constant for the hydrolysis of dimethyl OPs
by these enzymes is on the order of 3 h21,Q1 and is even less
for diethyl-substituted OPs (Devonshire and Moores 1982).
It is interesting that these CarbEs are secreted; salivary
secretions typically contain large amounts of digestive hydro-
lases, which could provide a plausible explanation for an
ancestral function for these enzymes (Oakeshott et al. 2005).

It appears as though the major mechanism by which the
expression of these enzymes is increased via gene amplifica-
tion (Field et al. 1999). Either gene can be amplified up to 80
times within a highly resistant strain. This remarkable level of
amplification is reflected in the levels of increased CarbE
expression, which can reach levels up to approximately 1%
of the total soluble protein (Devonshire 1989). It is rare that
both isozymes are amplified; most commonly only one of
the isozymes is amplified within large (approximately 24 kb
for E4 and 20 kb for FE4) amplicons in which the E4 or
FE4 gene is the only open reading frame (Blackman et al.
1995, 1999). Genetic analysis of the E4 and FE4 genes
from various resistant strains has indicated that the amplifica-
tion of E4 and FE4 originated from a single event in each
instance (Field et al. 1994).

5.2.4.2 Esta and Estb in Culex pipiens The esta and
estb genes encode two CarbEs that have higher activities
for a- and b-naphthyl acetate as substrates, respectively
(Hemingway et al. 2000). The esta and estb genes share
approximately 50% identity and, like the E4/FE4 genes,
are also thought to have derived from a duplication event
(Ranson et al. 2002; Vaughan and Hemingway 1995;
Vaughan et al. 1997). As is seen in the E4/FE4 esterases,
the resistance mechanism mediated by the amplified
C. pipiens esterases appears to derive from sequestration.
Again, the steady-state rate constant for OP hydrolysis is
effectively negligible (Ketterman et al. 1992). Whereas
E4/FE4 are secreted, esta and estb are associated with the
microsome, which has long been known to be involved in
xenobiotic metabolism (Terriere 1984).

Susceptible C. pipiens strains have significantly lower
levels of CarbE activity than resistant strains, which generally
express much higher levels of these genes as a consequence
of gene amplification (Karunaratne et al. 1995). Indeed, at
least nine distinct esta and/or estb amplifications have

been described in C. pipiens, involving either each gene in
isolation, or both in combination (Guillemaud et al. 1998;
Hemingway et al. 1998, 2000; Pasteur et al. 1981). Many
mosquito populations are polymorphic for several amplicons;
however, two amplicons (estb12 and esta21/estb21) are the
most common (Qiao and Raymond 1995; Raymond et al.
1987). As in the E4/FE4 esterases, the level of amplification
can be remarkable, with amplifications of up to 250-fold cor-
responding to increases in CarbE activity of up to 500-fold
(up to 0.4% of the total soluble protein of the organism)
and resistance factors of 800-fold (Karunaratne et al. 1993;
Mouches et al. 1990).

5.2.4.3 Catalytic Improvement of the aE7 CarbEs from
L. cuprina and M. domestica Unlike the sequestration
mechanism used by the E4/FE4 CarbEs in M. persicae, or
the esta/estb CarbEs in C. pipiens, the aE7 genes from
L. cuprina (LcaE7) and M. domestica (McaE7) utilize an
altered catalytic mechanism to confer metabolic resistance
to OPs on their host. The kinetic characteristics of the wild-
type enzymes make them good candidates to evolve towards
metabolic resistance. Most importantly, the affinity of these
CarbEs for their target is higher than that of AChE (ki

of LcaE7 with paraoxon ¼ 6.3 � 107 M21 min21 compared
with 5.1 � 106 M21 min21 for L. cuprina AChE; Newcomb
et al. 1997; Chen et al. 2001). Additionally, these microsomal
esterases are expressed in relatively high abundance across
the larvae and adult life stages during which the insects will
be exposed to insecticides (Parker et al. 1991, 1996).
Metabolic resistance to OPs in L. cuprina and M. domestica
can be conferred by either of two amino acid polymorphisms
in aE7; namely, G137D and W251L. The G137D substi-
tution confers broad spectrum resistance against a range of
OPs. In contrast, the W251L substitution confers a different
class of resistance, which is particularly effective against
malathion (Campbell et al. 1998a, 1998b).

The G137D substitution now dominates in contemporary
populations of both L. cuprina and M. domestica
(Claudianos et al. 1999; Newcomb et al. 1997, 2005; Scott
and Zhang 2003; Smyth et al. 2000). Although the mutation
appears to have occurred multiple times in different allelic
backgrounds, a single allele is now relatively common in
each species. The G137D variant displays significantly
faster steady-state rate improvements for the hydrolysis of
diethyl (about 55-fold) over dimethyl (about 33-fold) OPs
(Devonshire et al. 2003). These improvements can result in
up to 20-fold greater OP resistance in adult L. cuprina
(Campbell et al. 1998b).

Although a crystal structure of an aE7 CarbE is not avail-
able, the structural effects of this mutation can be inferred
from the structures of related enzymes, such as other CarbEs
and the cholinesterases (Fleming et al. 2007; Sussman et al.
1991). In the wild-type enzyme, G137 is a highly conserved
residue that forms part of the oxyanion hole via its main

5.2 ORGANOPHOSPHATES 61



chain nitrogen. As seen in Figure 5.3, this residue is directly
opposite the catalytic serine; mutation to D137 results in
the introduction of a potential general base in a position to
activate a water molecule to hydrolyze the phosphorylated
serine and regenerate the active site (Newcomb et al. 1997).
By activating a solvent molecule, the catalytic mechanism
of E3 has similarities to the deacylation step in the native
carboxylester hydrolysis activity (Fig. 5.2). Interestingly,
these structural changes, which result in an increase in the
promiscuous OP hydrolase activity, trade off with the original
carboxylesterase function, which decreases significantly.
This decrease in the native activity is most likely as a conse-
quence of altering the otherwise highly conserved oxyanion
hole (Claudianos et al. 1999; Newcomb et al. 1997). This
coincident gain of OP hydrolytic activity and loss of ali-
esterase activity defines the so-called mutant aliesterase
mechanism (Oppenoorthand van Asperen 1960).

As a consequence of the loss of the native CarbE activity,
L. cuprina expressing the variant G137D form of aE7 display
signs of reduced fitness in the absence of the insecticide.
Specifically, measurable fluctuating (bilateral) asymmetry is
seen in resistant strains of the insects in the absence of the
insecticide (McKenzie et al. 1982). Indeed, it was not until
this fitness cost was relieved by an epistatic modifier mutation
at a second gene that the polymorphism became widespread
(A. G. Davies et al. 1996).

The second polymorphism in aE7 genes that is associated
with insecticide resistance in L. cuprina and M. domestica,
W251L, is considerably less common (Claudianos et al.
1999; Smyth et al. 2000). Significantly, unlike the G137D
variant, the W251L variant retains significant, albeit different
to wild-type, CarbE activity (Campbell et al. 1998a). It is
interesting that in a recent PCR study of museum collections,
polymorphism at position 251 was found to exist at high
frequency (up to approximately 20%) in L. cuprina popu-
lations prior to the introduction of pesticides (Hartley et al.
2006). Thus, this mutation might be effectively neutral
where the native CarbE activity is concerned. The level of
improvement to the OP hydrolase activity is also signi-
ficantly less; 34-fold and 10-fold increases in the turnover
of dimethyl- and diethyl-substituted OPs, compared with
the wild-type enzyme from L. cuprina, respectively
(Devonshire et al. 2003). These in vitro rates are reflected
in the in vivo resistance of the insects; 5- to 27-fold increased
resistance in adult L. cuprina for dimethyl OPs versus 2- to
6-fold increases in the resistance to diethyl OPs (Campbell
et al. 1998b).

Like the G137D mutation, the structural effects of the
W251L mutation can be inferred from the structures of
close homologues. In fact, W251 is quite well conserved
throughout this class of enzymes. As can be seen in
Figure 5.3, there is no significant change in the catalytic
machinery; rather, the acyl binding pocket is widened. The
improved OP hydrolase activity is proposed to result from a

loss of stabilizing interactions between the protein and the
phosphorylated serine, leading to an increased rate of active
site regeneration. However, the loss of size of this residue
also results in losses of stabilizing hydrophobic interactions
with the remainder of the enzyme. Indeed, the W251L variant
of L. cuprina aE7 appears to be less stable than the wild-type
or G137D variant in vitro (C.J.J, J.G.O, unpublished data), Q2
which agrees with the results of another study that has
shown mutations at the equivalent residue in the aE7 gene
in Anisopteromalus calandrae also resulted in unstable
protein (Baker et al. 1998).

An interesting variation on these forms of catalytic meta-
bolic resistance is the resistance to malathion in insects
expressing W251L aE7, which occurs through OP hydrolase
as well as CarbE activity and can result in up to 130-fold
increased resistance to malathion (Campbell et al. 1998a).
Malathion is unusual among the OP insecticides in that it con-
tains a carboxylester bond within its leaving group. Thus, the
enzyme displays two activities in its presence: (1) OP hydro-
lase activity at the phosphoester bond to the leaving group and
(2) CarbE activity at the carboxylester bond in the leaving
group. It appears that the exceptional resistance to malathion
shown by insects expressing the W251L aE7 enzyme is a
result of increases in both the malathion CarbE activity and
the OP hydrolase activity. However, unlike the G137D
mutation, the in vitro activity does not correlate with the
levels of in vivo resistance (Smyth et al. 2000). First, the
wild-type enzymes have comparable malathion carboxyl-
esterase activities to the W251L variant, yet almost no
native resistance (Devonshire et al. 2003). Second, the
G137D variant has very low malathion CarbE activity in
vitro yet greater resistance levels than wild-type aE7 in vivo
(Campbell et al. 1998b). These observations suggest that
the malathion CarbE activity is of secondary importance to
the OP hydrolase activity. However, the primary metabolite
found in resistant flies is the product of the CarbE activity.
This may be explained by the fact that although wild-type
aE7 can efficiently hydrolyze the carboxylester bond in the
leaving group, it is still rapidly inhibited by the OP. Thus,
the W251L mutation likely confers high resistance because
it allows regeneration of the active site through the OP hydro-
lase activity, allowing the enzyme to perform as a CarbE with
significantly less inhibition.

In addition to these point mutations, there appears to have
been a recent duplication event in L. cuprina that has resulted
in the duplication of the chromosomal region containing aE7,
with two copies of this gene and others from the a-esterase
cluster being carried on one chromosome (Newcomb et al.
2005; Smyth et al. 2000). Interestingly, to date these dup-
lications have always resulted in the combination of a high
CarbE variety or the gene (wild-type or W251L) and a low
CarbE/high OP hydrolase variety (G137D). Some of these
strains have broader spectrum resistance profiles than those
containing either variety in isolation (Campbell et al. 1998b).
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5.3 CARBAMATES

5.3.1 Structural and Chemical Basis of the
Carboxylesterase-Carbamate Interaction

Carbamate pesticides are ester derivatives from particular car-
bamic acids and have a wide range of biocidal activities.
When the hydrogen atoms associated with the nitrogen are
substituted by methyl groups, the compounds generated
(methyl or dimethyl carbamates) present insecticidal activity
(Fig. 5.4). However, herbicidal or fungicidal activity is
acquired when one of the hydrogen atoms associated with
the nitrogen atom is replaced by an aromatic or benzimidazol
group, respectively. Sulfur can substitute for one or two
oxygen atoms in the carbamic acid moiety to form thio- or
dithiocarbamate compounds. The majority of carbamates
registered in the world market are fungicides and herbicides.
Among the carbamate insecticides, carbofuran, carbaryl, aldi-
carb, methomyl, and propoxur are the most frequently applied
in agriculture.

The mechanism of acute toxicity of carbamate insecticides
is similar to that of OP insecticides, that is, inhibition of
AChE activity at the cholinergic synapses (Fukuto 1990).
The mechanism of inhibition is similar to that proposed for
hydrolysis and involves carbamylation of the nucleophilic
serine, followed by release of an alcohol leaving group

(Sogorb and Vilanova 2002). Subsequently, the AChE can
be reactivated by attack of a water molecule, and the carbamic
acid is released and rapidly decomposed into CO2 and meth-
ylamine (Fig. 5.5). However, the onset and recovery of carba-
mylated AChE activity is faster than that for equipotent
exposure to OP insecticides. This is due to two factors:
first, unlike OP insecticides, the in vivo inhibition of AChE
activity by carbamates does not require prior metabolic acti-
vation of the carbamate for maximum anti-ChE potency;
second, carbamylated AChE does not undergo the previously
described aging reaction with OPs and can be reactivated at a
significantly quicker rate because the adduct is planar and not
tetrahedral.

The high diversity of the molecular structures of insectici-
dal carbamates accounts for their complex metabolism, which
can involve oxidation, hydroxylation, dealkylation, hydroly-
sis, and conjugation reactions (Fig. 5.5). As with other lipo-
philic xenobiotics, carbamates are converted to more
soluble metabolites by the introduction of a polar group
into the parent compound by a group of enzymes referred
to as phase I enzymes. These enzymes include the cyto-
chrome P450-dependent monooxygenases (CYP), flavin-
containing monooxygenases (FMO), and CarbEs (Kulkarni
and Hodgson 1980; Tang et al. 2006). The phase I metab-
olites can be conjugated with an endogenous molecule
(gluthathione, glucuronic acid, sulfate, or amino acids) to
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yield a more polar secondary metabolite. Conjugation is cat-
alyzed by a group of enzymes known as phase II enzymes
which include glutahione S-transferase, sulfotransferases or
UDP-glucuronosil transferase. Figure 5.5 summarizes the
wide variety of metabolic reactions to metabolize carbaryl.
CarbEs can hydrolyze either the parent compounds or the
phase I metabolites, provided the carbamic ester bond
remains intact. For example, the oxidative metabolites of car-
baryl (5-hydroxycarbaryl) or carbofuran (3-hydroxycarbo-
furan) can undergo further hydrolysis by CarbEs (Dorough
1968). Herein, the role of CarbEs can be crucial to reducing
the in vivo toxicity of the carbamate because occasionally

the oxidative metabolite can evidence greater toxicity
than the parent compound. This is the case for 5-hydroxy-
carbaryl, which shows an acute oral LD50 of 297 mg/kg to
rats, whereas the LD50 of carbaryl is 430 mg/kg (Dorough
1970).

5.3.2 Vertebrate Metabolism of Carbamates
via CarbE Activity

Most of the studies on the metabolism of carbamate com-
pounds in vertebrates have been performed using either
tissue homogenates or isolated whole organs from animal
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models. The majority of the data imply that a CarbE is at least
partly involved in carbamate metabolism. For example, iso-
lated perfused rat lung was used by Pillai et al. (1993) to
investigate the metabolism of carbofuran. They found that
11% of the administered dose of carbofuran was metabolized
by the lung after 1 hour of exposure and that the main metab-
olites detected in the perfusate were 3-hydroxycarbofuran and
carbofuran phenol. These oxidative and hydrolytic metab-
olites were also the most abundant in rat liver microsomes
incubated with this carbamate (Dorough 1968). Indeed,
CarbE-catalyzed hydrolysis of carbofuran in vivo seems to
be an important route of carbofuran detoxification; in an
experimental study using reverted sacs of rat small intestine,
Pekas (1972) found that carbamate hydrolysis catalyzed by
CarbEs was the rate-limiting step of intestinal detoxification
of methyl carbamates. The importance of hydrolysis as a
detoxification route of carbamates was also evidenced by
Ferguson et al. (1984), who found that the metabolic rate con-
stant for in vivo hydrolysis of carbofuran was higher than that
for oxidative metabolism in rats.

The importance of CarbE-mediated metabolism of carba-
mates in providing some toxicological resistance to these
compounds in vertebrates has been evidenced by studies
using rat plasma and liver CarbEs, which show that the
CarbEs play an important role as carbamate scavengers by
reducing the impact of carbamates on brain AChE activity
(Gupta and Dettbarn 1993). However, recent studies with
liver microsomes from other mammalian species have
shown that oxidative metabolism by CYP isozymes is the
primary pathway for carbamate metabolism, whereas the con-
tribution of esterases is minimal (Tang et al. 2002; Usmani
et al. 2004). Thus, although the literature is inconclusive
regarding the extent to which CarbEs are responsible for car-
bamate metabolism, they are clearly involved to some degree.

Beside carbamate insecticides, CarbE activity can also
participate in the metabolic detoxification of other carbamate
compounds such as ethyl carbamate, a potent carcinogen
also known as urethane (Zimmerli and Schlatter 1991).
Ethyl carbamate is actively metabolized by both the
CYP2E1 isozyme and the CarbE isozyme hydrolase A
(Forkert and Lee 1997; Nomeir et al. 1989; Yamamoto
et al. 1990). Although, some investigations support the prop-
osition that CarbE-catalyzed ethyl carbamate hydrolysis is
physiologically important (Nomeir et al. 1989; Yamamoto
et al. 1990), others have demonstrated that this chemical
inhibits liver and lung CarbEs, consequently decreasing
the concentration of ethyl carbamate available to oxidation
by CYP2E1 (Lee et al. 1998; Lee and Forkert 1999).
Likewise, the main oxidative metabolite of ethyl carbamate,
vinyl carbamate, also inhibits CarbE activity in human and
mice lung microsomes (Forkert et al. 2001).

In contrast to the effects of OPs, which often show greater
inhibition of CarbEs than AChE, carbamates generally inhibit
AChE activity more strongly. For example, plasma CarbE

activity was also more sensitive to the OP diazinon than
AChE activity in the nestling European starling Sturnus vul-
garis, whereas aldicarb resulted in higher inhibition of
plasma AChE activity (Parker and Goldstein 2000).

5.3.3 Physiological Effects of CarbE Inhibition
by Carbamates

Inhibition of CarbE activity by carbamates is not a general-
ized phenomenon as with OPs; it depends mainly on the
organism, the CarbE isozyme and the variety of carbamate.
Interactions of CarbE activity with anti-cholinesterase pesti-
cides have been widely investigated in the liver and plasma
of mammals, or in the microsomal fraction of metabolically
active organs such as liver, lung, and intestine. However,
some studies have reported high levels of CarbE activity in
the reproductive organs, with a possible role in the differen-
tiation and maturation of spermatozoids (Mikhailov and
Torrado 1999). A CarbE activity named hydrolase-A has
been described in rat testicular microsomes (Yan et al.
1995). This esterase seems to be implicated in the testicular
toxicity caused by the thiocarbamate herbicide molinate
(Jewell and Miller 1998). Molinate and its sulfoxide and sul-
fone metabolites are able to inhibit CarbE activity in the
Leydig cells, leading to a depletion of steroidogenesis. It
was postulated that the inhibition of CarbE activity by moli-
nate accounts for the inhibition of the mobilization of choles-
terol esters and consequently the synthesis of testosterone
(Jewell and Miller 1998). Some insecticidal carbamates
such as carbofuran or carbaryl affect the function and mor-
phology of reproductive organs and estrogen serum levels
in rats and fish, and inhibition of CarbE activity could be
involved in the manifestation of these adverse reproductive
effects (Kitamura et al. 2006).

5.3.4 Invertebrate Metabolism of Carbamates
by CarbEs

Unlike OPs, there are relatively little data regarding the role of
CarbEs in conferring metabolic carbamate resistance to
insects. This is surprising considering that carbamates are
considerably better substrates for CarbEs than OPs. Indeed,
structurally related enzymes have evolved in bacteria that
catalyze their hydrolysis at relatively fast rates (Pohlenz
et al. 1992). There is, however, a notable instance in which
metabolic carbamate (thiodicarb) resistance has been clearly
linked to an overexpressed CarbE in the moth Heliothis
virescens (Goh et al. 1995). This enzyme was also shown
to be immunoreactive to specific antibodies to, and share
sequence similarity to, the E4 esterase from M. persicae,
suggesting it is likely to be related.

Carbamate metabolism by aquatic invertebrates has been
studied in some detail. As seen in aquatic vertebrates, carba-
mates often more strongly inhibit AChE activity than CarbE
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activity in aquatic invertebrates. For example, in their study
of the Mediterranean mussell Mytilus galloprovincialis,
Galloway et al. (2002) reported that CarbE activity was
more strongly inhibited by the organophosphates paraoxon
(IC50 ¼ 0.4 mM) and chlorpyrifos (IC50 ¼ 10.1 mM) than
was its AChE activity (IC50 ¼ 1.83 mM for paraoxon and
IC50 ¼ 15.0 mM for chlorpyrifos), whereas the carbamate
eserine hemisulfate strongly inhibited AChE activity and
had no significant effect on CarbE activity. However, despite
differences in CarbE sensitivity to carbamates, sequestration
of carbamates by CarbEs is thought to be an effective stoi-
chiometric mechanism of detoxification. For example,
Barata et al. (2004) investigated the inhibition of ChE and
CarbE activities in the water flea Daphnia magna exposed
to carbofuran. A mean IC50 value of 900 nM of carbofuran
was reported for CarbE activity, suggesting a tight asso-
ciation between the CarbE and the carbamate. Similarly,
when organisms were previously exposed to the known
CarbE inhibitors triphenyl phosphate or 2-(O-cresyl)-
4H-1,3,2-benzodioxaphosphorin-2-oxide, the LC50s for
carbofuran decreased from 760 nM (carbofuran alone) to
160–110 nM if the daphnids were previously exposed to
the CarbE inhibitors. This significant increase in the acute
toxicity of carbofuran was explained by a higher availability
of the carbamate to inhibit the AChE activity.

The insensitivity of CarbEs to carbamate inhibition has
been reported recently in an in vitro study evaluating the
potential use of CarbE inhibition as a biomarker of pesticide
exposure in the terrestrial snail Xeropicta derbentina
(Laguerre et al. 2009). It was found that in vitro inhibition
of CarbE activity using three different substrates, a-naphthyl
acetate (a-NA), 4-nitrophenyl acetate (4-NPA), and 4-
nitrophenyl valerate, followed a sigmoidal concentration-
effect model when the inhibitors were OP pesticides (dichlor-
vos and chlopryrifos-oxon), but esterase inhibition was very
low or absent when the homogenate was incubated with car-
bamates such as carbofuran or carbaryl. Conversely, carbaryl
and other carbamates caused an inhibition of some CarbE iso-
zymes in the hepatopancreas of the mussel Mytilus gallopro-
vincialis (Ozretic and Krajnovic-Ozretic 1992). Carbaryl also
strongly inhibits the hepatopancreas CarbE activity of the
crayfish Procambarus clarkia, showing an IC50 value of
7 � 1027 M, whereas the esterase was resistant to serine
hemisulfate (Vioque-Fernandez et al. 2007).

This latter result suggests that a possible explanation for
some of the wide variation in the sensitivities of CarbEs to
carbamates found in the literature concerns the substrate
used for enzyme measurement (usually a-NA or 4-NPV).
Indeed, Sanchez-Hernandez and Wheelock (2009) found
that the inhibitory potency of chlorpyrifos-oxon on earth-
worm CarbE activity was highly dependent on the substrate
used for esterase assay. In a similar study, substrate-specific
differences in CarbE activity in Xeropicta derbentina were
observed with several OP and carbamate insecticides

(Laguerre et al. 2009). Further work is needed both on the
sensitivities of CarbEs to specific carbamates and on the
relationships between their sensitivities to inhibition and abil-
ities to hydrolyze the pesticides.

5.4 SYNTHETIC PYRETHROIDS

5.4.1 Structural and Chemical Basis of the Synthetic
Pyrethroid Carboxylesterase Interaction

Pyrethroid insecticides are synthetic analogs of the naturally
occurring pyrethrum flower (Chrysanthemum cinerariae-
folium; Casida 1973; Elliott 1976; J. H. Davies 1985).
Pyrethrum extract contains six different ester-containing
compounds that demonstrate insecticidal activity, with vary-
ing degrees of non-target-organism toxicity. In the 1960s,
significant advances in pyrethroid research resulted in the
replacement of pyrethrum extracts with synthetic pyrethroids
(Katsuda 1999). These new synthetic pyrethroids (Fig. 5.6)
were developed to overcome the photolability of pythrethrin
as well as to increase the selectivity for insects. The first
major modifications to the original pyrethrum structure
were made by researchers at Sumitomo Chemical Co. and
Michael Elliott’s group at the Rothamsted Research Center
in the United Kingdom (Elliott et al. 1965, 1973a, 1973b,
1974; Ohno et al. 1976).

The structures of pyrethroids can be most easily described
in terms of their alcohol and acid moieties, which are syn-
thesized via condensation to form an ester moiety. The initial
synthetic efforts to improve on pyrethrum involved multiple
structures, which were iteratively standardized to optimize the
insecticidal and physiochemical properties. The initial acid
moiety was standardized as chrysanthemic acid (Elliott et al.
1965) and was incorporated into allethrin, the first commercial
synthetic pyrethroid. A range of alcohol moieties was then
incorporated into the pyrethroid structure to optimize both
the insecticidal activity and the chemical stability. The next
product was resmethrin, which included a phenyl ring into
the alcohol moiety (Elliott et al. 1967). However, due to
chemical instability, the 5-benzyl-3-furylmethyl alcohol
moiety was replaced with 3-phenoxybenzyl alcohol (Elliott
et al. 1973b). To further increase the stability, chrysanthemic
acid was modified by substituting the methyl groups in the
isobutenyl side chain with chlorine atoms to form permethrin
(or with bromine to form deltamethrin; Elliott et al. 1973b,
1974). Further modifications involved replacing the cyclopro-
pane carboxylate moiety with a-isopropyl 4-chlorophenyl-
acetate (fenvalerate; Ohno et al. 1976).

The next major advance was the synthesis of type II pyre-
throids, which use 3-phenozybenzaldehyde cyanohydrin
instead of 3-phenoxybenzyl alcohol as the alcohol moiety
to give an a-cyano group-substituted ester (Elliott 1976).
This substitution converted the ester linkage from a primary
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to a secondary ester, which is the distinguishing feature
between type I and type II pyrethroids (i.e., permethrin vs.
cypermethrin). This developmental process has continued
and there are numerous additional pyrethroids available,
often with niche applications. For example, the sensitivity
of many fish to pyrethroid application has led to the develop-
ment of so-called “fish-safe” derivatives, including cyclopro-
thrin, etofenprox, flufenprox, and silafluofen (Pap 2003).

Pyrethroids are primarily sodium channel toxins that pro-
long excitation, but they exhibit little or no direct cytotoxic
effects (Casida 1973). The major site of action of all pyre-
throids is the voltage-dependent sodium channel; however,
a number of other potential interaction sites exist, including
the voltage-gated chloride channels (Farag et al. 2007),
GABA-gated chloride channels (Spencer and O’Malley
2006), and protein phosphorylation (Bradberry et al. 2005).
The degree of sodium channel excitability is dose related,
but the nature of the excitability is structure dependent
(Kulkarni and Hodgson 1980). Pyrethroids exhibit �2250
times greater toxicity to insects relative to mammals because
insects have increased sodium channel sensitivity, lower
body temperature, and smaller body size (Tang et al. 2002).
In addition, mammals are protected by poor dermal absorp-
tion of pyrethroids and rapid metabolism to nontoxic
metabolites.

Pyrethroids contain a variable number of chiral centers
and accordingly have a variety of optical isomers, often
with variable biological activity. For example, there are
eight different optical isomers of cypermethrin. The S,S-
isomer of fenvalerate has greater insecticidal activity relative
to the R,R-isomer or the racemic mixture, leading to the selec-
tive manufacture and sale of the S,S-isomer (esfenvalerate vs.

fenvalerate). Pyrethroid toxicity varies greatly with species
and is also life stage-dependent; for example, the oral LD50

for deltamethrin in adult rats is 81 mg/kg vs. 5.1 mg/kg in
weanling rats.

Pyrethroid metabolism involves CarbE-mediated hydroly-
sis of the esters to the corresponding alcohol and acid, with
organism-specific levels of CarbE activity often negatively
correlated with pyrethroid-associated toxicity (Abernathy
and Casida 1973; Wheelock et al. 2005a, 2005b, 2008).
The general catalytic mechanism for CarbE-mediated hydro-
lysis involves the previously discussed serine-histidine-
glutamate catalytic triad (Bencharit et al. 2003a, 2003b).
This process is shown in Figure 5.7 for the pyrethroid
permethrin.

Studies on allethrin (Abernathy and Casida 1973), resme-
thrin (Miyamoto et al. 1971; Ueda et al. 1975), phenothrin,
permethrin, and cypermethrin (Shono et al. 1979), have
demonstrated that the trans-isomers of the pyrethroids are
more rapidly hydrolyzed than the corresponding cis-isomers
in both mammals and insects. These findings support the
generally observed lower toxicity of the trans-isomers
(Miyamoto 1976; Soderlund and Casida 1977). A recent
study with a recombinant pyrethroid-hydrolyzing CarbE orig-
inally isolated from mouse liver found that trans-permethrin
and trans-cypermethrin were hydrolyzed 22 and 4 times
faster than their cis-isomers, respectively (Stok et al. 2004) Q3.
In addition, assays conducted with four fenvalerate isomers
showed that the two less toxic enantiomers (aR)(2R)- and
(aS)(2R)-fenvalerate were hydrolyzed �50 and 5 times
faster than the (aR)(2R) enantiomer. The most toxic fenvale-
rate enantiomer (aS)(2S)-fenvalerate (esfenvalerate) exhib-
ited essentially no CarbE-mediated hydrolysis, which

Figure 5.6 A variety of natural (pyrethrum) and type I (permethrin and fenvalerate) and type II (cypermethrin) synthetic pyrethroids. Chiral
centers are indicated (�).
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supports the observations from previous studies with
crude mouse liver microsomes (Kaneko 1988; Takamatsu
et al. 1987). Further testing on recombinantly expressed
mammalian pyrethroid-specific esterases (BAC36707 and
NM_133960) using pyrethroid-surrogate substrates found
that the esterase-specific stereospecificity varied significantly
among the eight cypermethrin enantiomers; the least toxic 1S
trans, aS-stereoisomer was hydrolyzed �300 times faster
than the two most potent isomers 1R cis, aR- and 1R cis,
aS-cypermethrin (Huang et al. 2005; Stok et al. 2004).Q3
These findings indicate that the study of esterase stereo-
specificity is important for understanding the efficacy,
toxicity, and metabolism of pyrethroids.

5.4.2 The Role of CarbEs in SP Metabolism
in Vertebrates

Pyrethroids are rapidly hydrolyzed in the liver, thereby pre-
venting the nervous system effects that are lethal to insects
(Aldridge 1990). It was recognized as early as 1977 that the
main routes of SP metabolism in vertebrates involve the func-
tion of esterases (Abernathy and Casida 1973), but more
recent work has shown that this esterase activity can be attrib-
uted to specific CarbEs. There are two main human CarbE

isozymes: hCE-1, which is primarily located in the liver,
and hCE-2 (or hiCE), which is primarily located in the intes-
tines (Redinbo and Potter 2005). Both isozymes have been
demonstrated to hydrolyze pyrethroids, but with very differ-
ent activity profiles (Ross and Crow 2007). For example,
hCE-1 and hCE-2 were shown to hydrolyse trans-permethrin
8- and 28-fold more efficiently than cis-permethrin, respect-
ively, whereas hydrolysis of bioresmethrin was catalyzed effi-
ciently by hCE-1, but not by hCE-2 (Ross et al. 2006). These
results were supported by Nishi et al. (2006) who examined a
range of authentic pyrethroids as well as fluorescent surro-
gates. Additional work by Ross and coworkers demonstrated
that trans-permethrin was effectively hydrolyzed by a sample
of pooled human intestinal microsomes (containing predomi-
nantly hCE-2 activity), while deltamethrin and bioresmethrin
were not.

Studies by Godin et al. (2006, 2007) demonstrated signifi-
cant species differences in the hydrolysis of deltamethrin in
rat and human liver microsomes, which were in part due to
differences in the intrinsic activities of rat and human
CarbEs. Humans lack serum CarbE activity, but a serum
CarbE isozyme has been identified in rats. This purified iso-
zyme was demonstrated to hydrolyze both bioresmethrin and
trans-permethrin effectively, but to only very slowly hydro-
lyze deltamethrin, esfenvalerate, alpha-cypermethrin, and
cis-permethrin (Crow et al. 2007).

5.4.3 Physiological Effects of CarbE Inhibition
by SPs

Pyrethroids generally exhibit low mammalian toxicity
(Vijverberg and van den Bercken 1990; Ray and Forshaw
2000). Despite their extensive worldwide use, there are rela-
tively few reports of human pyrethroid poisoning, with as few
as 10 deaths having been reported from ingestion or following
occupational exposure (Bradberry et al. 2005). Nevertheless,
SP toxicity does present some hazard to human health, either
through deliberate ingestion (Yang et al. 2002) or as a conse-
quence of pesticide application (Perry et al. 2007). There is an
expanding body of research data suggesting that SPs have
toxic effects in vertebrates, such as impaired testosterone pro-
duction (Zhang et al. 2007), impaired offspring development
(Farag et al. 2007), and adverse effects on the developing ner-
vous system (Sinha et al. 2006). Indeed, over 300 cases of
human illness associated with pyrethroid exposure have
been documented in California alone between 1996 and
2002 (Spencer and O’Malley 2006).

5.4.4 The Role of CarbEs in SP Metabolism
in Invertebrates

Although the major form of insect resistance to SPs appears
to result from mutations to the target site (kdr) (Bradberry
et al. 2005), over a dozen cases of SP resistance associated
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Figure 5.7 Esterase-mediated hydrolysis of pyrethroids. Esterases
hydrolyze an ester via the addition of water to form the correspond-
ing alcohol and acid, which are generally detoxification products.
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with increased expression of esterase activity have now been
reported (Anstead et al. 2007; Guerrero and Barros 2006;
McAbee et al. 2004; Oakeshott et al. 2005). In some cases
the increased activity is due to specific CarbE isozymes,
but in other cases several isozymes show more intense stain-
ing. Increases of over 100-fold have been reported in the
staining intensities of particular isozymes. None of these
cases have been elucidated as yet at a molecular level,
although the early literature at least (see Oakeshott et al.
2005 for a review) suggested that at least some of the cases
may be due to overexpression of CarbEs rather than structural
changes in the enzymes affecting their catalytic activities.
The increased activities appear to be stably expressed and
not inducible by the SPs. Interestingly, a few of the cases
involve cross-resistance to the unusual carboxylester OP
malathion (Oakeshott et al. 2005).

While there are no direct data as yet on the molecular basis
of esterase-mediated SP resistance, several studies have
shown that many insect CarbEs, even from SP-susceptible
strains, can hydrolyze SPs (Oakeshott et al. 2005). The
most detailed study in this respect involves the aE7 esterase
from the sheep blowfly Lucilia cuprina (Mouches et al.
1990), the same enzyme that has mutated to confer OP
resistance on this species (see above). The common, OP-
susceptible form of this enzyme has high SP hydrolytic
activity (up to 90,000 M21 sec21) for SPs and, like its mam-
malian counterparts, shows strong preferences for type I over
type II SPs, dichloro- over dibromo- substituents, and trans-
over cis- isomers across the cyclopropane ring. Significantly,
the general trend in the activities of the enzyme across differ-
ent SPs and their isomers is negatively correlated with the
relative efficacies of the different compounds and isomers
as insecticides. Also important, however, is the finding that
some naturally occurring variants of aE7 (including the
W251L change associated with resistance to dimethyl OPs
and, in particular, malathion) differ substantially in isomer
preference, and in particular their cis/trans preference
across the cyclopropane ring and R/S preference with respect
to the orientation of the a cyano group on type 2 SPs. SPs
are not in fact used in the field to control L. cuprina, but
this result nevertheless suggests that structural mutations in
CBEs could play a part in esterase-based resistance to
SPs. The most recent work on this enzyme by Devonshire
et al. (2007) has strongly supported this latter idea. These
authors showed that two variants of aE7 (again including
W251L) have more than 10- to 100-fold higher activities
than wild-type for fluorescent analogs of the most insecticidal
isomers of cypermethrin and fenvalerate, respectively.

5.5 CONCLUSIONS

The proliferation of synthetic pesticides in the twentieth cen-
tury has brought the role of CBEs in xenobiotic metabolism

into sharp focus. Their role in metabolizing pesticides in
human and other vertebrates appears to be at least partly
responsible for ameliorating their toxic effects. Similarly,
the function of CarbEs in insects, and the changes in their
expression and activity have provided target insects with
the means to detoxify pesticides and thereby survive and
reproduce, providing a fascinating system for the study of
evolutionary processes. The discoveries to date regarding
the role of CarbEs in pesticide detoxification justify further
investigations into this enzyme class. There is significant
research that remains to be done to fully elucidate the sub-
strate specificity, function, and distribution of these enzymes.
In particular, studies should focus on isozyme identification
and characterization, with an emphasis on substrate speci-
ficity. These data would be useful in predicting CarbE-
mediated metabolism of pesticides as well as understanding
the potential for resistance development in target pests.
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