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Comparative Metabolism and Selectivity
of Organophosphate and Carbamate Insecticides

R. M. HOLLINGWORTH 1

The comparative metabolism and toxicity of organophosphorus and carbamate insecti-
cides are reviewed with the purpose of assessing our present ability to design new toxi-
cants with improved selectivity. The occurrence of quantitative and qualitative differences
in metabolism in vertebrates and insects is considered and an assessment is made of the
role ofmetabolic activation and degradation in the complex interactions governing toxicity.

The desirability of finding insecticides with bene-
ficial selective toxicity has been stressed for many
years and the basis on which such selectivity might
be sought has been clearly outlined (O'Brien,
1961; O'Brien, 1967). However, no great success
has been achieved in rationally designing compounds
that will discriminate between desirable and un-
desirable species on the basis of observed differences
in their toxicological capabilities. The fact that
" serendipity " still plays the major role in finding
selective compounds does not mean that it is im-
possible to achieve such a goal, but only that
our understanding of comparative toxicology over
a broad range of species is, as yet, rudimentary
and that the interactions between the many processes
influencing the final toxicity of a given compound
in a given animal are highly complex.
On the other hand, insecticides that have low

toxicity for mammals and minimal potential for
harming beneficial species in the environment and
that are suitable for use in integrated control pro-
grammes are increasingly a necessity rather than
a luxury.

This paper attempts to answer three basic questions
concerning the role of selective metabolism in the
selective toxicity of the organophosporus compounds
and carbamates.

(1) To what extent can metabolism in different
species be systematized and predicted? Species of
particular concern are man, other vertebrates and
beneficial and noxious insects.

(2) To what extent does selective toxicity depend
on selective metabolism?
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(3) What is the possibility of rationally designing
compounds with desired properties of selectivity
based on selective metabolism?
A similar series of questions was posed by Win.

teringham (1965). Comparative metabolism and
its relationship to the biological effectiveness of
drugs and toxicants has been frequently reviewed-
e.g., Metcalf (1964), Smith (1968), Terriere (1968a),
Terriere (1968b), Winteringham (1965), and Win-
teringham (1969). Comparative metabolism of
drugs was the subject of a recent symposium (Fed.
Proc., 1967, 26, 963-1265).

THE TAXONOMY OF METABOLISM

This subject was discussed by Smith (1968)
with emphasis on conjugation mechanisms. Some
preliminary comments are necessary concerning
the problems involved in species comparisons.
Some of these were discussed by Terriere (1968b)-
e.g., the potential great effect of incubation tempe-
rature on reaction rates with warm- and cold-blooded
species, the effect of age, and the difficulty of
comparing liver metabolism in vertebrates with tissue
metabolism in organisms, such as insects, that do not
have a liver. Gillette (1967) also considered the
problems involved in studies of comparative meta-
bolism and stressed the need to determine Vmax
and Km rather than simple reaction rates as a basis
for comparing metabolic rates and assessing relative
contributions to metabolism. Failure to do so may
lead to quite erroneous conclusions, and examples
are given by Gillette. Few of the studies discussed
below have followed this good, but project-length-
ening, advice.
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Other factors that make comparative metabolism
a hazardous subject of study include the great
intraspecies and individual variations in metabolism,
which in many cases exceed interspecies differences
-for example, Cram et al. (1965) found up to 20-
fold differences in the rates of hepatic microsomal
mixed-function oxidase (MFO) activity in six strains
of the rabbit. However, the degree of difference
depended greatly on the substrate chosen, which
further complicates interpretations. Differences
between resistant and susceptible insects of the
same species may rival this example. A further
problem arises from the difficulty of extrapolating
from simplified in vitro conditions, with tissue
homogenates of varying purity and cofactor com-
position, to the living animal-e.g., housefly micro-
somes hydrolyse diazoxon quite readily when it is
supplied alone (Yang et al., 1971). When the
parent compound, diazinon, is also present it com-
petes for or blocks detoxification sites and prevents
diazoxon metabolism. The latter is the more
realistic situation in the living organism and compe-
titive effects for enzymes and cofactors are probably
very common. Finally, it is obvious that even in
the broadest studies only a tiny fraction of the im-
portant insect and vertebrate species are compared
and that one cannot generalize safely on this basis.
Despite these difficulties clear differences between
species are found in all phases of the metabolism
of insecticides, and these often have striking conse-
quences for comparative toxicity. In the discussion
that follows, MFO systems in general are considered
first, followed by some selected examples from the
comparative enzymology of the carbamate and
organophosphate groups.

MICROSOMAL MIXED-FUNCTION OXIDASES (MFO)

These enzymes lie at the heart of metabolism and
toxicity of both organophosphorus compounds
and carbamates (O'Brien, 1967; Lykken & Casida,
1969; Fukuto & Metcalf, 1969; Hodgson & Plapp,
1970). It is a plausible hypothesis that they repre-
sent an evolutionary defence mechanism against
lipid-soluble foreign compounds (xenobiotics), to
which all organisms are naturally and continually
exposed. This hypothesis would lead one to hope
that a simple taxonomic scheme could be devised
based on the habits of species and their relative
need for such MFO systems.
Along these lines Brodie & Maickel (1962)

suggested that aquatic organisms would not need

an active MFO system, since they could continually
dialyse out xenobiotics into a virtually infinite sur-
rounding medium. Development of an efficient
MFO capability was viewed as an adaptation to a
terrestrial habitat. Their report of the lack of such
enzymes in aquatic species has since been modified
(Adamson, 1967; Buhler, 1968) but it is still apparent
that aquatic vertebrates are relatively poor in the
oxidation of xenobiotics. A further example of the
relationship between environment and MFO levels
may be given by perinatal animals. Placental
mammalian neonates are well known to have low
hepatic MFO capacity (Brodie & Maickel, 1962),
presumably being able to rely on the maternal oxi-
dase for protection. In birds, however, the devel-
oping embryo has no such protection and thus
seems to develop an MFO system at a very early
stage (Brodie & Maickel, 1962; Roger et al., 1969).

Extrapolation of these generalizations to in-
vertebrates is toxicologically intriguing. Many
noxious and beneficial insects have aquatic stages
and all are produced from eggs. However, these
correlations do not seem to have been explored
critically. Scattered evidence suggests that aquatic
insects-e.g., mosquito larvae-have reasonably
active MFO enzymes, since, for example, they con-
vert aldrin to dieldrin (Menzie, 1966), oxidize
fenthion at both phosphorothiono and thioether
positions (Stone, 1969) and oxidize carbamates
readily (Shrivastava et al., 1969). The embryonic
insect, on the other hand, may have little or no
MFO activity. Thus, Perry & Buckner (1970)
could detect no cytochrome P-450 in housefly eggs.
These authors also found cytochrome P-450 to be
absent from housefly pupae and low in larvae.
Although there is not necessarily any correlation
between the level of this cytochrome and MFO
activity (Casida, 1970), it is also clear that very large
variations in the activity of MFO enzymes may
occur in the life cycle of insects, with consequent
repercussions on susceptibility to insecticides (Ca-
sida, 1970; Hodgson & Plapp, 1970). Williamson
& Schechter (1970) found no difference in aldrin
epoxidase activity between diapausing and non-
diapausing larvae of the pink bollworm and the
European corn borer, but Krieger et al. (1970) have
shown a drastic fall in the activity of midgut micro-
somal MFO activity in sawfly larvae as they cease
feeding. Another excellent example that illustrates
considerable age and sex differences in MFO
activity in the cricket has been provided by Wilkinson
(1971), whose data reveal a relationship between
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variations in MFO activity (aldrin epoxidase)
with age and sex, susceptibility to carbaryl, and
degree of response to synergism. Clearly these
low points in MFO activity may often represent
times of enhanced susceptibility to insecticides,
especially ones that do not require activation,
and are particularly favourable times for attack on
the insect.
Man is often considered to have a rather poor

ability to detoxify xenobiotics in comparison with
vertebrates used in the laboratory (Brodie & Reid,
1967). Studies of pesticide metabolism in man are
limited. Recent results with four carbamates and
human and rat liver microsomes (Strother, 1970)
suggest that the rat MFO system is more active
than the human in degrading these compounds.
Scaife & Campbell (1959) observed the degradation
of the organophosphate amiton by liver homo-
genates from several species, including man. It is
very likely that microsomal MFO enzymes were
largely responsible for metabolism. The rat, the
rabbit, the mouse, and the guinea-pig showed
high activity; the pig, the dog, and the cow showed
intermediate activity; activity in the frog was lower;
and activity in the cat and in man was negligible.
Recent work on xenobiotic metabolism by human
liver microsomes tends to confirm that man does

not have a high capacity for oxidative degradation of
foreign compounds (Ackerman, 1970; Alvares et
al., 1969). This observation may, in many cases,
be extended to include non-MFO enzymes active
in degrading pesticides. Thus, Uchida and O'Brien
(1967) found the amidase degrading dimethoate
in human liver to be lower in activity than in most
other animals. The hydrolysis of paraoxon by
human serum (A-esterase, phosphotriesterase, para-
oxonase) was at the lower end of the range in
several species (Aldridge, 1953). Matsumura &
Ward (1966) examined the degradation of malathion,
parathion, and carbaryl by human and rat liver.
Malathion was very rapidly and completely degraded
in both species, largely by carboxylesterases and
O-dealkylation. Rat liver showed 5-10 times the
activity of human liver in degrading carbaryl.
Neither the human nor the rat liver preparation was
very active in degrading parathion to water-soluble
metabolites. A series of these observations are
collected in Table 1. However, some of the results
should be accepted only with caution, in view of
the difficulty of obtaining fresh, healthy human
tissue samples, and since some of the investigations
were not carried out with ideal samples.

It would be dangerous to generalize too widely
on the basis of this evidence, but it does seem that

Table 1
Comparison of the rates of metabolism of pesticides and other xenobiotics by human and rat tissues

Compound

parathion

malathion

carbaryl

amiton

dimethoate

paraoxon

aminophenazone

codeine

Tissue

liver homogenate

liver homogenate

liver homogenate

liver homogenate

liver homogenate

plasma

liver microsomes

liver microsomes

3,4-benzpyrene liver microsomes

Factor measured

% degraded/h/20 mg

% degraded/h/20 mg

% degraded/h/0.2 mg

Mg degraded/h/g

Mg degraded/h/g

nmol nitrophenol/min/g

N-dealkylation Vmax
(Mmol/min/g liver)

0-dealkylation Vmax
(Mmol/min/g liver)

hydroxylation Vmax
(pmol/h/g liver)

Rate

man rat

14.0

98.0

14.8

b

0.54

115

0.088

0.143

0.25

7.1

99.8

63.1

150-200

15.8

204

0.26

0.413

1.88

ISex
- (rat) Reference a

M

M

M

F

7

M

M
M

1

2

3

4

5

5

6

a References: 1, Matsumura & Ward (1966); 2, Scaife & Campbell (1959); 3, Uchida & O'Brien (1967); 4, Aldridge (1953);
5, Ackermann (1970); 6, Alvares et al. (1969).

b " Negligible ".
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man is often less able than other mammals to
degrade insecticides in the liver. This has obvious
implications for the design of safer insecticides,
and further study, perhaps with tissue culture
techniques, is urgently needed in this area. The
observation should also induce caution in extra-
polating structure-activity relations from animals
such as the rat and the mouse, in which MFO
enzymes are highly active, to man. It is discouraging
that an intensive search by pharmacologists for
an animal reasonably similar to man in detoxifi-
cation abilities has not been successful (Brodie
& Reid, 1967).

Turning to insects, active microsomal MFO
preparations have been obtained from a number
of orders, including Diptera, Orthoptera, Hemiptera,
Lepidoptera, and Hymenoptera (Hodgson & Plapp,
1970). It seems that, despite minor differences, verte-
brate and insect microsomal MFO systems operate
by remarkably similar mechanisms (Casida, 1970;
Hodgson & Plapp, 1970). It is difficult to compare
insect and mammalian MFO activities in view of
the differences in tissue location, differences in
optima for procedures of preparation and incu-
bation, and the possible presence of inhibitors in
insect preparations (Hodgson & Plapp, 1970).
However, it would be wrong to assume that insects
are necessarily inferior in MFO activity, as pointed
out by Krieger & Wilkinson (1969). They found that
the aldrin epoxidase activity of their microsomal
MFO preparation from the gut of the southern
armyworm (Prodenia eridania) was 6-7 times the
highest specific activity reported for mammalian
hepatic microsomal MFO. Chan et al. (1967) also
measured aldrin epoxidase activity in MFO prepa-
rations from a variety of species and found that,
even when whole houseflies were used, the micro-
somes had a higher specific activity than those from
either the female rat or the female quail. Male ani-
mals of these species were more active than the
housefly, and both the trout and the blowfly had
lower activity. Some examples of aldrin epoxidase
activity of MFO preparations of different species
are shown in Table 2. Although the same assay
conditions were not used by all authors, the wide
range of values, the high activity of many insect
sources, and the considerable sex differences in
both insects and mammals are readily apparent.
The activity in the aquatic species, the trout, is
very low, in keeping with the preceding discussion.
Confirmation of the high activity of MFO prepara-
tions from many insects is provided by Chakraborty

& Smith (1967), who measured the rates of oxi-
dation of alkylbenzenes in postmitochondrial frac-
tions of rabbit liver, housefly abdomen, and locust
fat body. The rates were comparable for all three
sources, and, in one case, much higher in the fly
than in the rabbit tissue.

Several attempts have been made to find order
in the variety of rates of MFO activity found in
different insect species. Gordon (1961) suggested
that feeding habits and degree of exposure to
secondary plant substances may play a leading
role in determining the need for-and, thus, the
ability of-insects to degrade foreign chemicals.
Recently Krieger, Feeny & Wilkinson (unpublished
data) have examined this possibility in the larvae of
35 lepidopterous species with differing feeding speci-
ficity. Some of their data are included in Table 2.
A good correlation was found between the level of
aldrin epoxidase in gut microsomes and the number
of plants on which a given species is known to
feed. Although this can be only a rough guide to en-
zyme levels, it is suggestive of a helpful and reason-
able general relationship, which should be explored
further. However, the temptation to generalize
must again be resisted, since Brattsten & Metcalf
(1970), examining a wider range of species (54
species in 8 orders), could find no grounds for the
classification of MFO activity on the basis of diet,
degree of specialization, or phylogenetic position.
This study also illustrates the problems involved in
wide-scale investigations of comparative toxicology.
MFO activity was measured by the ratio of the
toxicity of carbaryl alone to its toxicity when com-
bined with the synergist piperonyl butoxide. How-
ever, it is not known whether such synergists are
themselves selective in relative effectiveness between
species (Weiden & Moorefield, 1965). Furthermore,
age, sex, and nutritional status may be critical in
influencing MFO activity-e.g., El-Aziz et al. (1969)
found that in male houseflies the synergistic ratio
for m-isopropylphenyl methylcarbamate alone and
with piperonyl butoxide varied from 6.0 at I day
of age to 1.1. at 7 days of age. The results of Bratt-
sten & Metcalf (1970), together with those ob-
tained by Krieger et al. (1970) in studies of larvae
of the sawfly, Macremphytus variamus, seem to
contradict the idea that the Hymenoptera, with their
many beneficial species, generally have a low MFO
activity. Hook et al. (1968) report the in vivo oxi-
dation of p-nitrotoluene to p-nitrobenzoic acid in
10 insect species of several orders. Considerable
variation in rate was observed, the highest rate being
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Table 2
Comparative rates of aldrin epoxidation by microsomal fractions from vertebrates and insects

(the rates are expressed in terms of pmol of dieldrin per min per mg of protein)

A. COMPARATIVE RATES IN VERTEBRATES AND INSECTS

Species Rate Species Rate Reference

VERTEBRATES b INSECTS

pig 142 housefly C 197 1

rabbit (male) 344 2

rat (male) 274 2

rat (male) 84 housefly c 41 3J

rat (female) 21 blowfly c 3 3

quail (male) 108 3

quail (female) 9 3

trout 6 3

B. COMPARATIVE RATES IN DIFFERENT INSECTS

Macremphytus varianus (Hym.) d

Prodenia eridania (Lep.) d

Panthea furcilla (Lep.) d

Pseudaletia unipuncta (Lep.) d

Antheraea pernyi (Lep.) d

Acheta domesticus (Orth.), male e

Heliothis virescens (Lep.), field strain c

Ostrinia nubilalis (Lep.), diapause c

263

2 145

513

26

147

4

1 090

50

Trichoplusia ni (Lep.) d

Danaus plexippus (Lep.) d

Hyalophora cecropia (Lep.) d

Acheta domesticus, female e

Heliothis virescens, lab. strains c

Ostrinia nubilalis, nondiapause c

42

8

82

15

250, 180

50

4

5

6

6

6

7

8

8

a References: 1, Brooks E Harrison (1969) ; 2, Nakatsugawa et al. (1965); 3, Chan et al. (1968); 4, Krieger et al. (1970); 5, Krieger
E Wilkinson (1969); 6, Krieger et al., unpublished data; 7, Benke & Wilkinson, unpublished data; 8, Williamson & Schechter (1970).

b Liver microsomes.
c Whole-body microsomes.
d Larval gut microsomes.
e Malpighian tubule microsomes.

found in the housefly and the lowest in the grass-
grub. However, it may not be a coincidence that
the two species showing the most rapid oxidation
rates (housefly and mustard beetle) were injected,
whereas the others were dosed topically.

In conclusion, it may be said that although
there may be some degree of order in the confused
taxonomy of detoxification mechanisms, our current
insight is insufficient to permit many broad gene-
ralizations, and it may be that the distribution of
MFO activity is as quantitatively and qualitatively
haphazard in insects as Williams (1967) found the
distribution of aromatic hydroxylation to be in
vertebrates.

SPECIES VARIATION IN METABOLISM OF CARBAMATE
INSECTICIDES

Both carbamates and organophosphorus com-
pounds are absorbed and metabolized very rapidly
and completely in vertebrates. Commonly 70-90%
of the dose is excreted within 24 hours in the form
of various detoxification products. Rapid meta-
bolism is not uncommon in insects, particularly
in resistant strains (Oppenoorth, 1971). Mechanisms
of metabolism of carbamates have recently been
reviewed by Knaak (1971), Lykken and Casida
(1969), Dorough (1970), and Kuhr (1970). Carba-
mate metabolism is commonly found to be excessive-

12
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ly complicated-e.g. Oonnithan & Casida (1968)
reported at least 13 ether-extractable metabolites
of carbaryl formed by rat liver microsomes and
Strother (1970) found at least 16 metabolites of
Zectran t with human liver microsomes. Inter-
pretation and comparison ofpathways is made more
difficult because many metabolites (especially con-
jugates) are not identified and others only tenta-
tively so. However, the three basic processes of
hydrolysis, oxidation, and conjugation (either direct-
ly with the parent carbamate or with metabolites)
seem to underlie metabolism of all carbamate insecti-
cides in organisms as different as plants and verte-
brates. The main differences between species are
found in overall rates of degradation, the relative
contributions of the three principal processes, the
sites of oxidative attack by MFO enzymes, and
the compounds used for conjugation. Thus, the
major conjugates are often glucosides in plants and
insects and glucuronides and sulfates in mammals.
Hydrolysis appears to be more important in mammals
than in insects and plants. However, the usual un-
predictable species variations are seen in mammals-
e.g., Knaak et al. (1968) found hydroxylation,
conjugation, and hydrolysis products of carbaryl
to be the principal metabolites excreted by the pig,
the sheep, man, and the monkey and by the rat
and the guinea-pig in an earlier study. Hydrolysis was
very slight at most in the monkey and the pig
but quite evident in man and the sheep. The dog,
however (Knaak & Sullivan, 1967), was quite
aberrant, producing a range of unknown metabo-
lites.

Limited studies on the metabolism of carbamates
by man suggest that, despite the lower rate (dis-
cussed above), some unique pathways may be in-
volved. Strother (1970) compared the metabolism
of four carbamates by human and rat hepatic micro-
somes. Ring hydroxylation, carbamyl N-methyl
oxidation, and ring alkyl oxidation occurred in
each species, but the production of N-methylol
derivatives was lower in man. Interestingly, human
liver produced two more metabolites than rat
liver from carbaryl, seven more from Zectran,t
and three more from methiocarb. Whether these
indicate the presence of novel pathways with poten-
tial for useful selectivity is still doubtful. Baron
& Locke (1970) studied carbaryl metabolism in
cell cultures of human embryonic lung. The meta-
bolites found were among those commonly pro-

t Names against which this symbol appears are identified
in the Glossary on pages 445-446.

duced by other organisms-i.e., the products of
4-hydroxylation, 5,6-diol formation, ester hydro-
lysis, and direct and indirect (metabolite) conju-
gation. Surprisingly, the common MFO-inhibitor
piperonyl butoxide did not reduce this metabolism.
Knaak et al. (1968) included human metabolism in
their studies with carbaryl, as mentioned above.
The basic plan of metabolism is similar in insects

and mammals, judging by the types of metabolite
produced, but considerable qualitative and quanti-
tative differences exist between different insect
species. A few examples will suffice to illustrate
this point. Gut and fat body homogenates of
cabbage looper larvae (Trichoplusia ni) oxidize
60-70% of a dose of carbaryl to theN-hydroxymethyl
derivative (Kuhr, 1970), while housefly microsomes
hydroxylate largely at the 4 and 5 positions of
the ring. Ku & Bishop (1967), on the other hand,
found that metabolism of carbaryl in the German
cockroach occurred primarily by hydrolysis, to
release l-naphthol. Hagstrum (1970) found a rather
low rate of metabolism of carbaryl in the spider
Tarantula kochii in vivo and tentatively identified
the metabolites as ring hydroxylation products,
with slight hydrolysis and some conjugation also
occurring.

Shrivastava et al. (1969) compared the metabolism
of carbonyl-14C-labelled and isopropyl-4C-labelled
propoxur in eleven insect species in vivo by means
of respirometry. The relative release of 14C-labelled
volatile substances from these sites was taken
(with caution) to relate to hydrolysis and ring
O-dealkylation. The ratio of 14CO2 to acetone-
14C in the 0-4-hour period after dosage ranged
from 3.9 for Periplaneta americana, to 0.3 for
Phormia regina, to 0.04 for the housefly and Aedes
aegypti. A large range in the total output of 14C-
labelled volatile substances was also seen in these
species. At 20 hours after topical dosage, the
principal organic-soluble metabolite produced by
spruce budworm larvae was N-hydroxymethyl
propoxur. The predominant metabolites produced
by houseflies were 5-hydroxy and O-depropyl
compounds.

These examples make it quite clear that both
the overall rate and the relative pathways of car-
bamate metabolism will vary widely in insect and
vertebrate species. Such variations encourage the
hope that useful selectively toxic compounds can
be developed, but much more investigation will
be needed to clarify the metabolic potential of
important species.
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SPECIES VARIATIONS IN METABOLISM
OF ORGANOPHOSPHORUS COMPOUNDS

The metabolism of organophosphorus compounds
is now seen to equal or exceed that of carbamates
in complexity. Even though the end-products
of metabolism are often limited in number and
relatively predictable, our understanding of the
nature and relative activity of the enzymes pro-
ducing them is distressingly limited. The basic
processes of MFO oxidation (both activative and
degradative), phosphatase hydrolysis, and gluta-
thione transfers probably underlie metabolism in
most species and, fortunately, conjugation is fre-
quently not significant. Our main problem lies in
determining which of several possible enzyme sys-
tems produces a given metabolite in vivo. Selected
examples of species variation in some of these sys-
tems are discussed below.

Phosphotriesterases
The confusing and largely unexplored variety

of phosphatases cleaving organophosphate triesters
at the " anhydride " bond is discussed by O'Brien
(1967) and summarized in useful tables by Kojima
& O'Brien (1968). The variability in substrates,
cofactors, and tissues is daunting. At the grave
risk of oversimplifying, it seems possible to classify
these enzymes according to their activation behaviour,
which tends to be rather specific, into three groups:

(1) calcium-activated;
(2) manganese-activated (cobalt ion may also

be active); and
(3) glutathione-activated.
The first group (sometimes, misleadingly, termed

paraoxonases) is found in many mammalian
tissues, but especially in liver and serum (Aldridge,
1953). Enzymes of this type have not been identi-
fied with certainty in insects. They are quite specific
for phosphates compared with phosphorothioates.
Table 3 presents a collection of data on the species
variation of these enzymes. Some studies giving
comparative results with this system have not been
included, since the degree of loss of the phosphate
was measured at low substrate concentrations and,
indirectly, by inhibition of cholinesterase. This
method has been shown to be unreliable (Lauwerys
& Murphy, 1969b). A number of conclusions
may be drawn from Table 3, allowing for the quite
different substrate concentrations used by the diffe-
rent investigators. There is no correlation between
levels in liver and serum in the same species. It

would be quite misleading to judge the general
capacity of these enzymes on the basis of the single
substrate paraoxon, since in several animals-
e.g., the horse, the chicken, and the green sunfish-
liver microsomes show a higher activity with the di-
methyl homologue of paraoxon. Two species-tissue
combinations are extraordinarily high in activity-
namely, rabbit serum with paraoxon and horse-
liver microsomes with the dimethyl homologue of
paraoxon. Fish seem to be quite deficient in these
enzymes. This is confirmed by the similar results
of Hogan & Knowles (1968) with the blue gill and
channel catfish. Enzymes of this type are difficult
to demonstrate in housefly preparations. A similar
conclusion was reached by Krueger and Casida
(1961). Generally, products of these esterases are
produced less rapidly in insect subfractions than
in mammalian preparations (Fukunaga et al., 1969).
The esterases of Group 2 (manganese-activated)

often seem to be limited to substrates such as di-
chlorvos, DFP,t or TEPP. They have been re-
ported from mammals (Hodgson & Casida, 1962),
insects (Krueger & Casida, 1961), and fish (Hogan
& Knowles, 1968). In all cases, they may have
very high activity. Manganese-stimulated esterases
degrading a variety of organic phosphates and
phosphorothioates were partially purified from the
guts of several lepidopterous larvae (Jarczyk, 1966).

Insects appear to be unusual in containing phos-
phatases that will degrade phosphorothioates directly
and are not glutathione-dependent (Matsumura &
Hogendijk, 1964; Jarczyk, 1966). Both these
papers reported the finding of enzymes that would
degrade both P= S and P=0 analogues, but
the former were degraded much more rapidly.
Nakatsugawa et al. (1969a), using parathion, could
not detect such enzymes in houseflies. Sakai & Mat-
sumura (1968) have reported some evidence for the
direct degradation ofparathion and diazinon bymouse
brain esterases, but further confirmation is necessary.
Similar esterases have also been found in the Ameri-
can cockroach (Matsumura & Sakai, 1968). In nei-
ther of the papers by Sakai and Matsumura was the
mechanism of degradation indicated.

Glutathione-stimulated enzymes have been repor-
ted to cause anhydride bond cleavage of diazinon
and diazoxon (Suwanai & Shishido, 1965, cited
in Kojima & O'Brien, 1968) and parathion (Naka-
tsugawa et al., 1969a, 1969b) in insects and rat
liver. Jarczyk (1966) found that at least some of
the phosphatases degrading a variety of parathion
analogues in the guts of lepidopterous larvae were
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Table 3

Activity of phosphotriesterases of different species and tissues against the dimethyl (MP) and diethyl
(EP) homologues of paraoxon

Activity (nmol of nitrophenol per min per g of tissue)

Species Plasma a Liver microsomesb Liver microsomes c Liver | Liver Plasma e
______-___________ - ______homogenate d homogenate e

EP EP MP EP MP EP EP EP

Mammals

rabbit 4 250 149 46 1.2 0.2 - - -

rat 204 - - 2.5 0 29.7 254 96

guinea-pig 176 - - - 126 31

mouse 85 196 84 - - 25.7 296 -

horse 92 37 2 155 _- -_

cow - 270 197 _ _ - _ _

Birds

sparrow _ - - - - 0.1 - -

chicken - 0 60 _ - 2.4 2 0.5

Fishes

bullhead _ - - - - 0.1 - -

sunfish - 5 7 - - 3.3 _

Insects

housefly - 0 0 0 0 ---

a Data of Aldridge (1953). Substrate - 7 mM; 370C.
b Unpublished data of Hollingworth. Substrate 1 mM; 370C.
c Data of Nakatsugawa et al. (1968). Substrate 0.025 mM; 25

glutathione-stimulated. The relationship of these
enzymes to glutathione S-aryl transferases (Boyland
& Chasseaud, 1969) is not certain, but they may not
be true phosphotriesterases.
The MFO-mediated cleavage of phosphotri-

esterases described by Nakatsugawa & Dahm (1967)
and Neal (1967) also readily produces hydrolysis
products. An interesting difference between insect
and mammalian microsomal treatment of diaz-
oxon was recently reported by Yang et al. (1971).
In housefly microsomes diazoxon is degraded by
an MFO route, whereas in rat liver microsomes
it is degraded by an NADPH-independent phos-
photriesterase.

O-dealkylation
Again, both MFO and non-oxidative (gluta-

thione S-alkyl transferase; GSAT) pathways have
been described (Hollingworth, 1970). This pathway
is variable in importance but can be a main mecha-

d Data of Murphy (1966). Substrate 0.08 mM (?); 38°C.
e Data of Lauwerys & Murphy (1969b). Substrate 0.4
mM; 370C.

nism in mammals (Hollingworth et al., 1967a),
insects (Kojima et al., 1963; Nolan & O'Brien, 1970),
and plants (Bull, 1968). The relative contributions
of the competing pathways have not been defined
clearly. Thus, Hollingworth (1970) could find little
evidence that mouse liver microsomes dealkylated
several organophosphates, although the GSAT
system was very active. Donninger et al. (1967),
on the other hand, reported high MFO dealkylation
with a diethyl substituted-vinyl phosphate (chlor-
fenvinphos) in several mammalian species. Remark-
able differences in levels of dealkylation were
observed in liver slices from the dog, the rabbit,
the mouse, and the rat, the relative activities being
88, 24, 8, and 1, respectively. Subsequently Hutson
et al. (1968) concluded that in rabbit liver the
relative rates of dealkylation of a dimethyl analogue
(Gardona t) by the GSAT and MFO systems were
about 2.7 and 1, respectively, while for chlorfen-
vinphos they were 0.33 and 1, respectively.
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Matsumura & Ward (1966) recorded a much lower
level of O-dealkylation of malathion in human
than in rat liver. However, they concluded that
this may have resulted from freezing the human
livers.
The status of O-dealkylation in insects is equally

uncertain. Fukunaga et al. (1969) described GSAT
activity in horn beetle and silkworm larvae. How-
ever, Dyte & Rowlands (1970) have reported that
in Tribolium castaneurn MFO inhibitors (e.g.,
sesamex t) strongly inhibit O-dealkylation of bromo-
phos and fenitrothion. Nolan & O'Brien (1970)
tentatively identified ethanol as the dealkylation
product of parathion in resistant houseflies, which
suggests a hydrolytic mechanism. This observation
needs confirmation in view of the report by Oppen-
oorth (1971) that MFO oxidation of paraoxon
occurs in resistant flies. Deethyl paraoxon was also
an important metabolite produced from parathion
by rats (Nakatsugawa et al., 1969b). Lewis (1969)
has described glutathione-dependent O-deethylation
of diazinon and diazoxon in resistant flies.

Other workers who have examined organo-
phosphate metabolism on a comparative basis
have considered net activation of or loss of phos-
phorothioates (Potter and O'Brien, 1964; Murphy,
1966; Rao & McKinley, 1969). Since at least three
enzymatic mechanisms are involved in this process
in the liver microsomes, interpretation of individual
enzyme levels is impossible. Hitchcock & Murphy
(1967) examined nitroreductase activity against
nitrophenyl phosphates in many species, but this
is not generally a significant reaction in vivo.
Murphy (1966) gives measurements of malathion
hydrolysis in liver homogenates from several species.
Fish had a particularly low activity in these assays.

In conclusion it should be apparent that we
are not yet in any position to attempt to systematize
metabolic capacity for the organophosphates. How-
ever, it does appear that in man and aquatic species
some of the phosphotriesterases and other enzymes
degrading organophosphates show low activity, as
is true of MFO systems in these species. There is
some reason to believe that the types of phospho-
triesterase in vertebrates and insects are consider-
ably different, which may present interesting possi-
bilities for selectivity.

RELATIONSHIP OF TOXICITY AND METABOLISM

It is axiomatic that toxicity almost invariably
depends on metabolism in both its activative and

degradative phases. Powerful evidence for this
comes from studies of the biochemical genetics
of resistance to insecticides and synergistic action.
The correlation of toxicity with metabolism may

sometimes seem relatively simple when comparing
strains of a single species-e.g., the ideal case of
laboratory-" synthesized " resistant and susceptible
strains, or when comparing individual response
at different stages of the life cycle (Wilkinson, 1971).
Occasionally this relationship may extend to com-
parisons between species. An excellent example of
a simple relationship was found by Uchida &
O'Brien (1967), who correlated the toxicity of
dimethoate for six vertebrate species with the total
rate of degradation in the liver in those species.
This was possible since degradation of this compound
was largely confined to the liver. Clear-cut cases of
this type are rare, however, and selective toxicity
usually must be explained on the basis of differences
in a variety of mechanisms. This is not surprising
since the ultimate response of an organism depends
on a variety of processes in addition to metabolism
-e.g., penetration, distribution, protein binding
and storage in different tissues, the relative sus-
ceptibility of the target to attack, and the degree
of resistance to the results of this attack (O'Brien,
1961). This fact is evident in many studies of
selective toxicity (O'Brien, 1967). A few examples
are shown in Table 4. Potter & O'Brien (1963)
examined the relative sensitivity to paraoxon of
the mouse, the frog, and the American cockroach.
Metabolism was more rapid in the mouse, but
metabolic effects were completely outweighed by
differences in the relative sensitivity of the acetyl-
cholinesterase in these species, which was the major
determinant of selectivity. O'Brien et al. (1965)
performed a similar comparative study with fam-
phur t in mice, large milkweed bugs, and American
cockroaches. Again, complex and opposing effects
of metabolism and target sensitivity were found,
which balanced out to correlate with, in this case,
the non-selectivity. Morello et al. (1967) found
that both metabolism and target sensitivity favoured
the mouse over the housefly with both isomers of
mevinphos. To take- an example of selectivity
between insects, various diisopropyl organophos-
phorus compounds, such as the diisopropyl homo-
logue of parathion, have been found to be of
remarkably low toxicity to honey-bees but potent
against houseflies. Camp et al. (1969) concluded
that this resulted from a higher rate of accumulation
of " isopropyl paraoxon " in flies, owing perhaps to
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Table 4
Some examples of selective toxicity based on interactions between more than one factor

Proportion (%) P5
Insecticide Animal LDso a detoxified in the CNSAChE

time stated IOSAh

famphur b mouse 11.6 96 6.5

American cockroach 9.0 64 2 h (in vivo) 6.0

milkweed bug 8.0 18 5.0

paraoxon c mouse 2.1 92 7.6

American cockroach 0.6 64 1 h (in vivo) 6.6

frog 44.0 63 J 5.7

cis-mevinphos d mouse 2.0 48 7.16

housefly 0.27 0 7.77

trans-mevinphosd mouse 45.0 80 1 h (in vitro) 5.25

housefly 14.5 0 5.77

a LDso values in mg/kg or ug/g.
b Data of O'Brien et al. (1965).

their higher MFO activity in activating the phos-
phorothioate, and from a much lower sensitivity
of honey-bee cholinesterase to this inhibitor. A
broad study of the toxicity of malathion, azinphos-
methyl, and parathion for a variety of vertebrates
has been conducted by Murphy et al. (1968). The
relationships are again complex, with clear contri-
butions from variations both in metabolism and
in sensitivity of the different cholinesterases to the
phosphate analogues-e.g., chickens are more sen-
sitive to parathion than are mice, their cholin-
esterase is several-fold more sensitive to paroaxon
than that of the mouse, and they have much lower
capacity to degrade this compound in the liver.
Hutson & Hathway (1967) reported a very complete
examination of the selectivity of chlorfenvinphos
in rats (oral LD50 10-15 mg/kg) and dogs (oral
LD50> 5 000 mg/kg). With such dramatic selectivity
one might expect to find a large difference between
these species in one of the enzymatic processes
controlling toxicity. In fact, no large differences
were found but in every process the rat was at
a disadvantage compared with the dog. Thus, de-
gradative metabolism was higher in the dog and
the rate of penetration into the brain was lower.
Uptake from the gut was inefficient in the dog, es-
pecially with increasing dosage. The brain cholin-
esterase was nearly ten-fold more sensitive in the
rat than in the dog. It is not unreasonable to

c Data of Potter and O'Brien (1963).
d Data of Morello et al. (1967).

suppose that these factors in combination would
give the dog a very marked advantage for survival.

Studies of the kind described above illustrate two
points. First, it is as likely that differences in the
target will contribute to selectivity as that metabolic
effects will do so. Probably the range in sensitivity
of cholinesterases (a single parameter) will vary
more widely than the range in metabolism (the resul-
tant of several enzymatic processes, which may
tend to average out) through a given number of
species. Secondly, most cases of selectivity are
complicated and depend on variations in a number
of processes, which interact in a complex system
in a quantitatively ill-defined manner.

Convincing demonstration of the role of meta-
bolism in such a system requires selective variation
of the rate of metabolism in the system and/or
mathematical systems analysis.

Synergists (especially with MFO systems) have
been used routinely to demonstrate the part played
by metabolism in controlling toxicity (e.g., Metcalf,
1967; Casida, 1970; Wilkinson, 1971). It is often
assumed that the effect of the synergist is itself
selective and leaves other elements of the system
unchanged. This may frequently be true, but caution
is necessary. Thus TOCP (tri-o-tolyl phosphate)
and other phosphates have been widely used as
carboxylesterase inhibitors to demonstrate the role
of these enzymes in bringing about the selectivity
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of malathion and related compounds. O'Brien
(1967) discusses this work and some of the problems
of interpretation it involves (pp. 223-225). Cohen
& Murphy (1970) compared the potentiation of
malathion by TOCP in four groups of vertebrates.
There was no correlation between the level of liver
carboxylesterase, the toxicity of malathion, and
the degree of its potentiation by TOCP. Thus,
100-fold potentiation was found in frogs, which
have only a low level of carboxylesterase, while mice,
which have a high level, showed only 29-fold
potentiation. The authors concluded that species
differences in liver carboxylesterase activity did
not explain differences in species toxicity and were
not correlated with sensitivity to TOCP potentiation.
Apart from the possible importance of extra-hepatic
carboxylesterases (O'Brien, 1967), a partial answer
to this problem may lie in the observation of Lau-
werys & Murphy (1969a) that TOCP also poten-
tiates paraoxon, which is not degraded by carboxyl-
esterases-although it inhibits these enzymes and
they may, therefore, have a sparing action. TOCP
pretreatment was found to abolish binding of para-
oxon to liver and plasma constituents and this, pre-
sumably, increased its free concentration in the
body. Triolo et al. (1970) followed similar reasoning
to explain the decreased toxicity of paraoxon after
pretreatment with aldrin. In this case plasma carb-
oxylesterase levels are increased.
A further recent example of the use of synergists

to demonstrate the role of metabolism in controlling
toxicity was the observation of Hollingworth
(1970) that compounds that lower liver glutathione
levels greatly enhance the toxicity of some selective
dimethyl organophosphates such as fenitrothion
for the mouse and that toxicity is inversely related
to glutathione level. Evidence was presented that
the main effect of lowered glutathione is decreased
O-dealkylation by GSAT.
Other workers have examined cases where the

level of metabolic enzymes was increased, parti-
cularly by induction of the MFO system with drugs
or chlorinated hydrocarbon insecticides, resulting
in considerable changes in the toxicity of organo-
phosphates and carbamates (e.g., O'Brien, 1967;
Murphy, 1969; Alary & Brodeur, 1969; Menzer,
1970; Triolo et al., 1970). These observations will
not be discussed here but it is clear that no simple
explanation of these interactions in toxicity is
possible since many elements of the toxicological
system are perturbed by such treatment-e.g., MFO
activity (both activative and degradative) increases,

liver phosphotriesterases and serum carboxyl-
esterases also increase, but serum phosphotriesterase
decreases.
A rather imaginative method of increasing enzyme

levels very selectively was devised by Main (1956),
who injected purified rabbit serum phosphotriester-
ase into rats intravenously. This elevated the serum
enzyme level of the rat by a factor of 4-5 and gave
marked protection against intravenously adminis-
tered paraoxon.
The discussion so far has established the fact

that generally selective toxicity is based on changes
in a complex system, and that attempts to analyse
the role of metabolism in such a system by increasing
or decreasing enzyme activity may also lead to
complicated results. Although the examples above
are based on organophosphate selectivity, the
conclusions apply equally well to carbamates or
any other toxicants.
A potentially useful technique in this situation

is the use of mathematical models. The use of
such models is well developed in the field of pharma-
cokinetics (e.g., Portmann, 1970), which deals with
problems analogous to those discussed above, but
they have been little used to analyse toxicological
situations with insecticides, despite the advent of
analogue and digital computer techniques that allow
complex models to be examined.
Robinson (1969) has successfully used " compart-

mental " models to analyse the pharmacokinetics of
dieldrin storage and accumulation in animals with
different exposures. Winteringham (1969) discussed
the way in which small changes in rate in several
of the elements of toxicological systems interact,
and concluded that more than a simple multipli-
cative effect might be seen, in which the cumulative
effect on the LD50 would be very great. He outlined
a simple model, based on the work of Hewlett (1958),
to demonstrate his concept, which is central to
the question of selective toxicity.
A somewhat different approach was taken by

Sun (1968) in modelling dynamic situations in
toxicology. He calculated the variation in rate of
penetration, activation, and detoxification of the
insecticide with time from values taken from the
literature. Areas under the curves represented the
amount of actual toxicant present in the body at
any given time and clearly illustrated the interaction
of these three processes in such phenomena as
synergism, resistance, and other cases of selective
toxicity. Shellenberger et al. (1965) derived kinetic
equations to model the changes in cholinesterase
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Fig. 1
Kinetic model of penetration and metabolism of fenitrothion

in susceptible (S) and resistant (R) houseflies
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S-Flies
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activity of rabbit blood during intravenous infusion
of direct inhibitors. The processes in this sequence
were inhibition, elimination, and reactivation and
aging of the phosphorylated cholinesterase. A good
correspondence between the model and observed
values was obtained.

Recently we have been attempting to develop
toxicodynamic models to analyse cases of selective
toxicity. One preliminary example is presented

in Fig. 1 in the hope of illustrating the uses to which
even simple models may be put and how they may
help us to reach a better understanding of the complex
interactions of the processes governing intoxi-
cation and detoxification. The kinetic relationships
on which Fig. 1 are based are shown in Fig. 2. All
rates are assumed to be first order, although models
can be constructed in which saturation and other
complicating effects become important. This scheme,

Fig. 2
Kinetic relationships on which Fig. 1 is based
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oversimplified as it obviously is, may be taken to
represent the processes involved in poisoning by
an externally applied compound that requires meta-
bolic conversion to an active form and is subject
to loss both before and after activation. The body
is assumed to be a single compartment.
The amount of the originally applied compound

present in any of these forms at a given time can
be calculated by solving the following differential
equations.

d(A)/dt = -k1(A)
d(B)/dt = kl(A)-(k2+k3)(B)
d(C)/dt = k2(B)- k4(E)
d(D)/dt = k3(B)
d(E)/dt = k4(C)

Fig. 1 represents a reasonable approxiination
of a basis for selectivity between resistant (R)
and susceptible (S) insects, and the rate constants
are broadly based on data obtained with R and S
houseflies treated with fenitrothion (Hollingworth
et al., 1967b), although the model has not been
optimized to fit these data. The decreased rate of
penetration (kI) and the enhanced level of fenitr-
oxon degradation (k4) in the R flies were the main
differences found between these strains. The effect
of varying these parameters on the level of fenitr-
oxon (C) accumulation is quite clear, and while
the S flies accumulate significant levels, little is
found in the R flies.
Although the investigation of such models

obviously cannot replace careful investigation in
living systems (on which, in fact, the models are
based), it can give us quantitative insight into key
events in systems too complex to analyse intuitively.

DESIGN OF SELECTIVE COMPOUNDS BASED ON METABOLIC
DIFFERENCES

Although long a major goal of toxicologists.
the complete design of selective compounds has
proved elusive. This is understandable. Clearly one
cannot rationally manipulate a system to advantage
unless there is a reasonable knowledge of its elements
and how they interact. Our understanding of the
elements of toxicological systems, including meta-
bolism, and their interactions, is at present too
crude (and will remain so for some time to come)
to allow the rational design of compounds to fit
defined " toxicological niches ". Advances in the
discovery of selective compounds will still depend
on chance, the analysis of trends in structure-

activity correlations, and the intelligent use of clues
to possible selectivity mechanisms (which, despite
our overall ignorance, may turn out to be effective).
Few examples of the design of insecticides in

which selectivity could be logically predicted in
advance on the basis of knowledge of metabolism
are to be found in the literature. Perhaps the best
example is the use of the carboxylester group to
convey selectivity (O'Brien, 1961). On the basis
of studies of the metabolism of malathion in insects
and mammals, O'Brien et al. (1958) predicted that
a phosphorothioate containing a carboxylester
group near the phosphorus atom would be more
rapidly metabolized and less toxic in mammals
than in insects. Such a compound, acethion,t
was found in a series of analogues with the pre-
dicted low toxicity for mammals and with reason-
able insecticidal action. Acethion t unfortunately
proved to have a less than satisfactory spectrum of
insecticidal action (O'Brien, 1967). There is per-
haps reason to hope that comparison of the proper-
ties of MFO systems in insects and mammals may
reveal other such groups conveying selectivity.
An analogous approach was taken by Arthur &

Casida (1958), who introduced carboxylester groups
on to the free hydroxyl of the phosphonate ester
trichlorfon. Optimum toxicity and selectivity were
found with the butyryl group (butonate). This
compound underwent hydrolysis in vivo to release
trichlorfon; its insecticidal activity was equivalent
to that of trichlorfon, but it was much less toxic
to mammals.
More recently, acetylmethylcarbamates were

described (Fraser et al., 1965) that have good
insecticidal action but lower toxicity for mammals
than the analogous methylcarbamates. In vivo
deacetylation of N-acetyl Zectran t to the parent
carbamate, the presumed toxicant, was shown to
occur in the susceptible spruce budworm, but in
mice considerable detoxification of the N-acetyl
derivative was found (Miskus et al., 1969).

In these latter two cases, we may have examples
of the " opportunity factor " originally described
by O'Brien (1961) to account for the greater degree
of selectivity against insects shown by the phos-
phorothioates than by the analogous phosphates.
In such cases, the need for activation favours the
mammal with its more efficient metabolizing systems,
which can degrade the relatively inactive precursor
rapidly while it awaits enzymatic activation. In-
sects, having less degradative ability, are not thus
favoured. Theoretically at least, this type of action
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would be less satisfactory with resistant insects
(fast metabolizers, undesirable species) and aquatic
vertebrates (slow metabolizers, desirable species).
A similar approach was recently described by Fahmy
et al. (1970), who synthesized carbamate esters
with N-substitution by phosphoryl groups in the
hope of increasing selectivity. These compounds
were much less toxic to mammals than were the
parent carbamates, although many of them retained
the insecticidal activity of the latter. The mechanism
involved in the selectivity of these compounds awaits
investigation.
The relatively unambitious goal of all the studies

described above was to produce compounds broadly
selective between insects and mammals, but even
this goal has been elusive. The task of producing

compounds of low cost, high insecticidal efficacy,
and tolerable persistence in the environment is
difficult enough. To add the requirements of low
toxicity for mammals and other vertebrates and
selectivity between harmful and beneficial insects
or susceptible and resistant strains is overwhelming.

In conclusion it is relevant to quote Weiden &
Moorefield (1965), who reviewed the selectivity of
carbamates and stated that from the taxonomic
viewpoint distinctions between desirable and un-
desirable organisms " are still so haphazard that
the development of better and safer compounds will
remain highly empirical for some time to come".
Six years have not changed the value of this judge-
ment and success in the quest for the perfect selec-
tive persticide lies well in the future.
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DISCUSSION

MAIN: Does your schematic representation of intoxi-
cation and detoxification rates include an arrow directed
to final intoxication and death of the target system?
It seems to me that such a final arrow and its associated
rate constant are critical for the prediction of toxicity
from such a scheme.

HOLLINGWORTH: Dr Main is, of course, right in a
general sense, but in the example given the resistant
and sensitive strains do not vary in the sensitivity of

their cholinesterases to organophosphorus compounds.
For the sake of simplicity in an initial model we decided
to omit this inhibition step and to regard accumulation
of the activation product as the discriminating factor
in comparing these strains. There will, of course, be
many situations in selective toxicity where differences
in the rates of inhibition of different cholinesterases will
be critical. It will then be quite easy to incorporate such
a step in the model, including reactivation and aging of
the inhibited esterase.


