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Abstract. The growing demand for enhanced food productivity to meet the needs of
the global population has led farmers to use sophisticated agricultural technology in
which pesticides play a crucial role. Pesticide use has a positive and dramatic impact
on agricultural production through protection of crops against insects, pests, and
disease, but every effort must be made to ensure that application is safe and, more
importantly, to assure safety for human and environmental health. Since our initial
review (1), global usage of pesticides has increased and knowledge regarding the
biological significance of bound pesticide residues has expanded. The fact that more
reports are appearing in the literature signifies an increased awareness of the pres-
ence of bound pesticide residues and indicates that a greater number of scientists are
attempting to establish the potential toxicologic consequences of this pesticide res-
idue fraction. Rico (2), in a review in 1990, concluded that covalently bound residues
in edible animal tissues were not carcinogenic, were not readily bioavailable, and
hence produced little, if any, adverse etfects. Whether this conclusion is applicable to
the presence and consequences of bound pesticide residues in plants and food com-
modities remains unanswered. Thus, the aim of this updated review is not simply to
list studies on bioavailability of bound pesticide residues in grains subsequent to the
review in 1992 (1) but also to establish the toxicological impact of this chemical

fraction on health.
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Ithough it may seem somewhat repetitious, it
is important to define clearly the role of bound
pesticide residues. The recognition that a por-
tion of the chemical remained bound to the plant even
when the pesticide was extracted from crops subse-
quent to application made scientists aware that even
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processed plant material exposed the consumer to the
agrochemical. Concern for bound residues has ranged
from the belief that unextractable product is of no
health relevance to the postulation that this chemical,
although bound, is cumulative and potentially toxic
(3). In addition to this ongoing debate, it became clear
among pesticide chemists that the definition of a
bound plant pesticide residue needed to be standard-
ized (4-6). In plant metabolism studies using '“C-
labeled pesticides the terms ‘‘bound,”” ‘‘insoluble,”
“‘residual,’” and ‘‘unextractable’’ have been employed
interchangeably to identify the fraction of radioactivity
present in the plant residuum. Bound pesticide resi-
dues in plants are defined as chemical species origi-



nating from pesticides, used according to good agri-
cultural practice and which cannot be extracted by
methods that do not significantly alter the chemical
nature of these residues (7). The chemical species here
refer either to the intact pesticide or compounds de-
rived from it. Extraction refers to the exhaustive re-
moval of the chemical species by solvents from a plant
matrix. It is important that in each study concerned
with bound residues the extraction procedure be de-
scribed. Bound residues exclude fragments of the
chemical species possessing no pesticidal or toxicolog-
ical activity and recycled into the natural polymeric
products through metabolic pathways of a biological
system. Furthermore, some ionic chemical species
that are not extractable by the ordinary organic sol-
vents should not be regarded as bound residues as
suitable pH and salt regimes can release them un-
changed from the substrate (5, 6).

Significance

With the establishment that bound pesticide resi-
dues are indeed present in plants and are subsequently
ingested by mammals, the environmental conse-
quences and human health significance have been the
subject of numerous debates. Huber and Otto (8) stip-
ulated that the following criteria should be applied to
evaluate the significance of bound pesticide residues:

1. The distribution of bound pesticide residues
within the plant should be determined. It is well known
that binding of pesticide residues into lignin creates an
insoluble material which is usually not digestible in
animals (9-11). Consequently, it would be anticipated
that binding of pesticide to lignin would serve as an
inactivation mechanism and not be potentially harm-
ful. However, in a recent study Sandermann et al. (12)
clearly demonstrated that administration of lignin-
bound pesticide to rats resulted in pesticide release
within the animal. The observed high degree (66%) of
pesticide release was suggested to reflect that these
residues may possess significant ecotoxicological im-
pact. Although the majority of studies favor the view
that distribution of bound pesticide residues within
plants, in particular binding to lignin, can act as a
buffer against potential mammalian toxicity (13), it
should not be assumed that pesticides bind solely to
lignin; and, hence, knowledge of the distribution is an
important consideration.

2. The amount of residue that becomes bound is a
concern for human health consequences. At the time
of harvest the degree of bound residue formation var-
ies with plant species and type of pesticide involved
(14). In general, the percentage of unextractable resi-
due increases in relation to the duration after treat-
ment (15). Zayed and Farghaly (16) demonstrated that
20%-30% of an applied dose of tetrachlorvinphos on

fava beans and 30%—40% on soya beans was present in
bound form and persisted for 30 weeks. Similarly,
Khan et al. (17) found that a single application of either
dieldrin, permethrin, or carbofuran to radishes re-
sulted in 23.5%, 28.6%, and 92.6% bound residue, re-
spectively, which persisted for 21 days post treatment.
The persistence of bound pesticide residues in treated
corn for periods of 8 to 12 weeks also has been dem-
onstrated (18, 19). The finding that ingestion of high
concentration of phosvel-treated corn by lactating
cows resulted in body weight gain and decreased milk
production, although this phenomenon was not appar-
ent with low pesticide amounts (18), supports the view
that the amount of bound pesticide must be taken into
account in evaluation of potential toxic consequences.

3. The chemical nature of the pesticide following
incorporation into plants will ultimately contribute to
potential toxicity. The administration of pesticides to
plants does not merely result in incorporation of the
parent compound into plant tissue and subsequent
elimination. It has been well established that plants,
like mammals, undergo extensive and complex metab-
olism of xenobiotics (3, 15). The complexity of plant
metabolic reactions indicated that a general classifica-
tion system was needed to denote inherently certain
characteristics of the residues involved and evaluate
their significance (20). Residues of pesticides and/or
metabolites in plants may be classified into three cat-
egories of residues: (i) freely extractable residues, (ii)
extractable conjugates, and (iii) unextractable residues
bound to natural constituents of plants (4, 20).

The free metabolites are considered the pesticide
residues that are derived from the parent molecule by
Phase I reactions and that do not react further with
natural constituents of mammalian systems. These
residues, in general, are apolar, easily separated from
each other, extracted with organic solvent, resemble
the parent compound structurally, and remain in the
organic phase when partitioned against water. It
should be noted that the Phase I metabolism involves
the production of free metabolites by various reac-
tions, including desulfuration, hydoxylation, dehalo-
genation, epoxidation, hydrolysis, oxidation, and re-
duction (21, 22). The free pesticides metabolites are, in
general, less active compounds; and are produced by
Phase I activation (involvement) (23).

The pesticide conjugate metabolites are products
of secondary metabolism in which a pesticide or its
metabolite is involved in a reaction with an endoge-
nous substrate such as glucuronic acid, sulfate, or
amino acid (24-26). The resultant product is chemi-
cally foreign to the natural cellular constituents and
extractable from the substrate with polar solvents, and
rarely partitions from water into apolar solvents. In
the majority of cases, conjugation is considered a
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detoxication mechanism, with the generation of bio-
logically inactive product. However, the finding that
ingestion of carbamate pesticide conjugates resulted in
cleavage to toxic derivatives (27, 28) suggests that not
all pesticide conjugates are biologically inert and, thus,
are of little toxicological significance. It is of interest
that Weiss (29) found that a significant portion of ap-
proximately 40% of lasalocid (a veterinary drug) me-
tabolites in beef liver extract was bioavailable when
fed to rats. In an in vitro guinea pig atrial strip prepa-
ration, the lasalocid metabolites beef liver extract did
not produce significant inotropic responses. The con-
sequences and toxicological significance of these bio-
available metabolites were not reported in the rat.

The natural constituents are classified as the resi-
dues derived from a pesticide or its metabolite, but
comprise a normal component of the cell (4, 20). The
natural constituents derived from the pesticide may be
extractable from a substrate or retained in the plant
matrix. As shown by Hutson and Hoadley (30), the
natural constituents are distinguishable from pesti-
cide metabolites, degraded into carbon dioxide, and
incorporated into amino acids, fatty acids, and glyco-
gen. Similarly, the presence of natural constituents has
been reported in conditions in which parent pesticide
molecules undergo biotransformation into carbon
dioxide (31, 32).

The fourth category, which is bound pesticide res-
idues, was previously defined (7). In the context of this
paper, the unextractability of bound pesticide residues
from plants has little meaning unless it is related to
their bioavailability. It is important to know the avail-
ability of bound residues to living organism, particu-
larly to animals and to those plants consumed in the
animal diet. Therefore, in the broadest sense, the
bound pesticide residues should be categorized as fol-
lows: (i) Biounavailable bound residues, (a) those
bound residues in soil that are not taken up by plants
and/or soil-inhabiting animals, and (b) those bound
residues in plants that when administered orally to an-
imals are not absorbed from the gastrointestinal tract
and are excreted in the feces (33, 34); and (ii) bioavail-
able bound residues, (a) those bound residues in sotls
that are taken up by plants and/or soil-inhabiting ani-
mals, and (b) those bound residues in plants that, when
administered orally to animals, are absorbed from the
gastrointestinal tract (5, 395).

4. The last criterion needed for evaluation of the
significance of bound residues has been alluded to sev-
eral times and is clearly of utmost toxicological impor-
tance. Bound pesticide residues are of toxicological
significance if these compounds become systemically
bioavailable to the organism that ingests the material
(36). It should be emphasized that studies on the bio-
availability of bound residues need to be linked with
concern for human safety, since current methodology
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has provided a more precise measure of the actual
concentration of pesticides (37, 38). With this en-
hanced precision of measurement, it is now possible to
determine the influence of minute amounts of released
bound pesticide on mammalian function as a result of
bioavailability.

Bioavailability of Bound Plant Residues
in Animals

It is known that urinary and/or biliary excretion of
a compound or its metabolites signifies that the mate-
rial is bioavailable. However, quantitative fecal elim-
ination without biliary excretion indicates that a ma-
terial is not bioavailable. The focus of the studies in
our laboratory has been to examine the bioavailability
of bound pesticide residues in rats given a diet con-
taining extracted plant material. In addition, the dis-
tribution of pesticide within the mammalian organism
and the potential adverse effects have been studied.
Khan et al. (39) fed bound '“C-atrazine-related resi-
dues in corn plants (mixed in with regular diet) to rats
for 2 days and collected the feces and urine during the
treatment and 2 days thereafter. Approximately 88%
of the total ingested '*C was eliminated in feces and
10% in the urine after 4 days. Almost all of the '*C in
feces was bound. Only trace levels of deethylatrazine,
its 2-OH analog, and 2-OH ammeline were identified in
the urine. When rats were fed extracted corn material
fortified with '*C-atrazine, there were appreciable
amounts of the '“C in the liver (2.1%) and kidney
(0.3%) 4 days after the dosing, whereas extremely
small amounts of '“C were found in the liver and kid-
ney of animals fed bound residues. The data show that
bound atrazine residues in corn plants have a very low
degree of bioavailability and, as such, that their toxi-
cological concern should be minimal. Unlike bound
residues, atrazine freshly added to plant material was
readily bioavailable when fed to rats. In contrast to
corn, Khan et al. (40) fed rats extracted bean plant
material containing '*C-deltamethrin for 2 days, fol-
lowed by normal diet for 3 days. The findings that
feces contained approximately 50% of the adminis-
tered dose after 4 days, while 30% was excreted in the
urine, demonstrated that bound residues of bean
plants treated with deltamethrin were bioavailable.
However, no residual levels of radioactivity were de-
tected in the liver, brain, kidney, or lung of rat. The
significance of the bioavailable deltamethrin fraction
remains to be determined. In a subsequent study,
stored wheat containing bound '*C deltamethrin and
metabolite residues was fed to rats and shown to be
highly bioavailable, with residual radioactivity present
in the liver, kidney, and lung (41, 42). During the
course of this experiment, rats displayed no apparent
toxic manifestations. Based on the high degree of bio-
availability, a maximum residue limit for deltamethrin



in wheat was recommended to not exceed 1 mg/kg. In
contrast to rat, ingestion of '“C deltamethrin in lactat-
ing cows resulted in 95% excretion of radioactivity in
feces, with the remainder of labeled compound ex-
creted in milk and urine (43, 44). Thus, it would appear
that deltamethrin is not bioavailable in lactating cows.

In a comparative study, Khan et al. (45) examined
the bioavailability of bound residues from radishes
treated with either carbofuran or dieldrin. Rats, when
fed bound '*C-carbofuran residues in radishes, ex-
creted about 90% of the '“C-activity in feces and less
than 2% in the urine during a 4-day period. Only 2% of
the 'C in the feces from rats fed the bound "C car-
bofuran-related residues in radishes could be ex-
tracted. This indicated that almost all of the C in the
feces was still in the bound form. Carbofuran, 3-hy-
droxycarbofuran and 3-ketocarbofuran were detected
in the urine and feces of the treated rats. The '*C con-
tent in liver, kidney, and brain of treated rats was very
low. In contrast, approximately 16% of the ingested
dose of dieldrin was eliminated in urine and 74%
voided in the feces. Higher residual concentrations of
dieldrin were present in rat liver, kidney, and brain
compared with carbofuran. Our data demonstrated
that bound residues in dieldrin-treated radishes were
more bioavailable than those in carbofuran-treated
samples. The relationship between the quantities of
pesticide bioavailable, even if these are low, and tox-
icological significance needs to be addressed. Indeed,
Mostafa et al. (46) in a recent study demonstrated
bound fava bean residues of carbofuran were highly
bioavailable (46% excreted in urine) and produced ad-
verse effects in liver and kidney as manifested by in-
hibition of erythrocyte cholinesterase activity and in-

crease in blood urea nitrogen (BUN), serum glutamic
oxaloacetic transaminase (SGOT), and serum glutamic
pyruvic transaminase (SGPT).

Based on our findings that bound plant pesticide
residues are bioavailable and may pose a potential
health risk to human health (1), various investigators
have examined whether this phenomenon is common
to other pesticide compounds. This review summa-
rizes the current knowledge on bioavailability of
bound plant pesticide residues and their toxic conse-
quences. Pirimiphos-methyl (0-2-diethylamino-6-
methyl-pyrimidin-4-yl 0,0-dimethyl phophorothioate),
“‘Actellic’’ is a broad spectrum insecticide used to
control a wide range of stored grain pests. It has low
mammalian toxicity and is applied directly to grains,
where it controls pests by both contact and vapor ac-
tivity. The studies presented in Table 1 emphasize that
the bound 'C residues of pirimiphos methyl in stored
wheat are highly bioavailable to the rat. Although
bound pirimiphos-methyl is metabolized to a certain
extent by hydrolytic processes involving dealkylation
and demethylation, the major excretory form is the
parent compound (47). Hence, the adverse effects de-
scribed in Table I may be attributable to pirimiphos-
methyl. Data thus suggest that bound pirimiphos-
methyl residues in stored grains are bioavailable and
exert toxicological manifestations in rats.

Malathion is an important selective organophos-
phorous insecticide being used for the control of pests
in stored products. Based on its relatively low mam-
malian toxicity (53, 54), malathion is applied directly
to grains prior to storage. Data in Table 11 indicate that
malathion is highly bioavailable when bound plant res-
idues are fed to mice or rats. Furthermore, the pesti-

Table I. Bioavailability of Plant Bound Pirimiphos-Methyl Residues and Toxic Consequences in the Rat

Percentage of C'*

Grain Parameters examined Reference
Urine® Feces

Wheat 72 17.9 | body weight gain 47
No histopathological alterations

Wheat 29 24.6 | serum AChE, lymphocytes and monocytes 48
| alkaline phosphatase and BUN

Wheat 30 40 Body weight not affected 49
| Spleen weight
1 RBC count and hemoglobin
{ plasma and brain AChE

Maize 30 55 ! body weight gain 50
| serum AChE
1T WBC count

Wheat 82 18 | whole blood AChE 51
1 serum alkaline phosphatase and SGOT

Wheat ND ND 1 SGOT 52
1 BUN

Rice ND ND 1T SGOT 52
1 SGPT

Note. 1, increase; |, decrease or inhibition; ND, not determined; AChE, acetylcholinesterase; BUN, blood urea nitrogen; RBC, red
blood cells; WBC, white blood cells; SGOT, serum glutamic oxaloacetic transaminase.

2 Quantity in urine denotes degree of bioavailability.

BOUND PESTICIDE RESIDUES BIOAVAILABILITY 65



Table Il. Bioavailability and Toxic Consequences of Grain Bound Malathion Residues in Rodents

Percentage of '*C excreted

Grain Parameter examined Reference
Urine® Feces
Wheat 63 16 | brain and serum AChE 53, 55-57
| SGOT and SGPT
1 BUN
| RBC and hemoglobin
1 alkaline phosphatase
Wheat 49 2 T SGPT 54-58
J body weight gain
| blood AChE
T hemoglobin
Wheat ND ND No maternal adverse effects 59
Present in fetus, thus placental transfer
Lentil 35 26 T BUN 60
T WBC
| serum AChE
Rice 7 75 J serum AChE 61
7 BUN
14 78 Not studied 62
Maize 36 47 T BUN 61
8 80 Not studied 62
Beans 60 3 | body weight gain 63
| serum AChE
T SGOT and alkaline phosphatase
Corn ND ND | body weight gain 64
1 SGOT, SGPT, alkaline phosphatase and BUN
Chickpea 29 49 ND 65

Note. 1, increase; |, decrease or inhibition; ND, not determined. For abbreviations, see Table |.

2 Quantity in urine denotes degree of bioavailability.

cide appears to produce hepatic and renal dysfunction
as evidenced by an increase in SGPT, SGOT, and
BUN (54-57). Although teratogenicity was not evident
under the experimental conditions of Bitsi et al. (59),
malathion readily crossed the placental barrier. It
should be noted that a fetus is more vulnerable to func-
tional and histopathological damage than an adult and

hence further study is warranted. The bioavailability
of a number of other bound pesticide residues has been
determined, and data are given in Table I1I. Evidence
indicates that these compounds, although bound to
grains, are bioavailable when fed to rodents and may
exert toxicological effects.

Increased awareness of the existence of bound

Table lll. Bioavailability of Various Grain Bound Pesticides and Potential Toxic Consequences
in Rodents

Percentage of '“C excreted

Pesticide Grain —— Parameters examined Reference
Urine? Feces
Chlorpyrifos-methyl Wheat 75 8 | plasma AChE 66
1 SGPT
T RBC and hemoglobin
Wheat 70 2 No signs of toxicity in clinical chemistries 67
No effect on body weight gain
No effect on histopathology
3,4-Dichloroaniline  Carrot 10 51 ND 68
Wheat 12 85 ND 69
Methyl bromide Bean 37 24 | WBC 70
1 SGOT and SGPT
T BUN
Lindane Wheat 4 26 ND 71
Diflubenzuron Wheat 47 50 ND 72
Fenvalerate Wheat 40 60 ND 73

Note. 1, increase; |, decrease or inhibition; ND, not determined. For abbreviations, see Table 1.

2 Quantity in urine denotes degree of bioavailability.
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residues in edible tissue and plants is now possible
through the development of analytical methods. Based
on the limited amount of data available, it would ap-
pear that bound residues exert adverse effects in ro-
dents. The effects of humans ingesting equal amounts
of bound pesticide residues are at present not known;
however, it is evident that a quantity of bound pesti-
cide residues would be bioavailable. The significance
of the released bound form of plant pesticide residues
in human requires further study.

This manuscript is an update of a previously published minire-

view (see Ref. 1).
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