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Abstract—Thirty-two organophosphorous pesticides have been examined for their ability to cause
porphyrin accumulation in cultures of chicken embryo hepatocytes. Greatest porphyrin accumulation
is associated with compounds which have an aromatic leaving group and are phosphate or thiono-
phosphate ethyl esters. Compounds of this type cause accumulation of uroporphyrin in the medium.
Paroxon and diazoxon cause inhibition of uroporphyrinogen decarboxylase in the cells. The ability to
cause accumulation of uroporphyrin in the medium does not correlate with the alkylating properties of
the compound as measured by its rate of alkylation of 4-(p-nitrobenzyl)-pyridine.

The association of some organochlorine compounds
with porphyria cutanea tarda is well known. Inrecent
years special interest has been shown in the chloro-
dioxins [1], and the polychlorinated biphenyls [2].
Porphyria cutanea tarda is relatively common in rural
areas of Australia. Some cases of the disease appear
to be associated with exposure to the organo-
phosphorous insecticide, diazinon (3, 4]. Recently, a
case of the disease was seen where an association
could be demonstrated with a close structural ana-
logue of diazinon, pyrimiphos-ethyl [5]. It was there-
fore of interest to examine a range of similar com-
pounds for their ability to interfere with porphyrin
biosynthesis. Although its relevance to effects on
whole animals may need to be treated with caution,
the chicken embryo hepatocyte system of Granick
[6] was used as a convenient screening method.

MATERIALS AND METHODS

Most organophosphorous compounds were gifts
from the manufacturer [7]. Diazoxon was prepared
as follows. 2-Isopropyl-6-methylpyrimid-4-one (2 g)
was dissolved in dry methanol (20 ml) containing
sodium methoxide (0.8 g). After evaporation and
drying, the sodium salt of the pyrimidone was
suspended in acetonitrile (20 ml). Diethyl chloro-
phosphate (1.68g) was added and the mixture
heated at 75° for 2hr. After addition of di-
chloroethane (20 ml), the mixture was washed with
water (4 x), dried over K,COj; and evaporated to
dryness. The remaining colourless oil (2.2 g) showed
n.m.r., mass spectra and u.v. spectra consistent with
the structure of diazoxon. Paraxon was prepared
using the same molar quantities and conditions from
4-nitrophenol and diethyl chlorophosphate. Iso-

Abbreviation: ALA, d-aminolaevulinic acid.

diazinon was prepared by the method of Nichol et
al. [4] and isoparathion by an analogous method
from 4-nitrothiophenol. Cells for tissue culture were
derived from chicken embryos eighteen days after
fertilisation and were cultured in Williams medium
E using a modified method of Sassa and Kappas
[8]. Embryos were perfused through the heart with
calcium and magnesium free Hank’s solution and
were disaggregated by incubation with collagenase
(Sigma Type IV, 5 mg/ml) and hyaluronidase (Sigma
IVS, 4 mg/ml) in Williams medium E. The cells were
grown either in 24-well Linbro boxes (for screening)
or on 3.5cm Petri dishes (for enzyme assays) on a
layer of rat tail collagen. The collagen was prepared
by the method of Wood and Keech [9]. The layers
were prepared by addition of 0.02ml of a 1 mg/ml
solution of collagen in isotonic saline to a 3.5 cm dish
and 0.01 ml of solution per well in a Linbro box.
After air drying at 20° the dishes were sterilised
under u.v. light and were used within 2 hr. Cells
were cultured for the first 24 hr in medium containing
5% foetal calf serum. After this period the medium
was replaced with Williams medium E. About 1 mg
of the organophosphorous compound was dissolved
in 0.1 ml of ethanol which was diluted with sterile
water immediately prior to addition to the cultures.
0.01 ml of this emulsion was added to each culture
to give a final concentration of 65 uM. The cultures
were incubated with the organophosphorous com-
pounds for 24 hr, diluted with an equal volume of
0.5M perchloric acid in methanol and allowed to
stand for 15min. Porphyrin concentrations were
determined fluorimetrically using coproporphyrin as
standard. Each compound was tested in at least ten
wells or dishes. Analyses did not vary by more than
10% between wells. Protein determinations were
carried out by the Lowry method on the cell mono-
layer using two separate wells per dish. Cells were
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homogenised in 0.5M NaOH. Porphyrins were
extracted from the cultures and examined as their
methyl esters by T.L.C. by methods given earlier
[4]. Measurements of alkylation rates were carried
out by a modification of the method of Fischer and
Lohs [10]. 0.05 mmole of organophosphorous com-
pound was dissolved in 0.05M 4-(p-nitrobenzyl)
pyridine in ethylene glycol which had been preheated
to 80°. Heating was continued at 80°. 0.05 ml aliquots
of the solution were removed at 5 min intervals up to
30 min after addition of the compound. The aliquots
were added to 0.95 ml of 5% methanolic KOH and
the absorbance read at 554 nm. The reaction rate
was linear up to 30 min after commencement of the
reaction. Assays of uroporphyrinogen decarboxylase
were carried out by the method of Elder [11] on cells
scraped from 3.5cm plates 24 hr after incubation
with 65 uM paraxon or diazoxon. Pentacarboxylate
porphyrin was a gift from Professor Elder.

RESULTS AND DISCUSSION

Table 1 shows the effect of thirty-two organo-
phosphorous compounds of industrial importance
on porphyrin accumulation in cultures of chicken
embryo hepatocytes. The highest porphyrin con-
centrations are associated with compounds which
cause accumulation of uroporphyrin and hepta-
carboxylate porphyrin. ALA loading had little effect
on the type of porphyrin accumulating with these
compounds. With compounds which cause accu-
mulation of coproporphyrin and protoporphyrin,
ALA loading caused a marked increase in the rela-
tive amount of coproporphyrin produced. Control
cultures loaded with ALA produced little porphyrin
other than coproporphyrin.

The compounds show a clear division into two
groups—those causing coproporphyrin and some
protoporphyrin accumulation and those causing
uroporphyrin and heptacarboxylate porphyrin accu-
mulation. With few exceptions the most striking
structural feature of the latter group is that they are
ethyl esters with an aromatic leaving group which is
strongly electrophilic. Methyl esters generally are
associated with accumulation of coproporphyrin.
Since ALA loaded controls also produce copro-
porphyrin, the most likely explanation for this pat-
tern of porphyrin accumulation is simple induction
of the synthesis of cytochrome P-450 and of ALA-
synthase, a phenomenon which is well known for
lipophilic compounds [12]. The accumulation of
coproporphyrin rather than protoporphyrin under
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these conditions may be characteristic of collagenase
treated cells since trypsinised cells accumulate pro-
tophorphyrin [13]. Compounds associated with
uroporphyrin accumulation may be phosphates
(paroxon and diazoxon), phosphorothionates
(bromophos-ethyl, pyrimiphosethyl), or phosphoro-
thiolothionates  (azinphos-ethyl). The higher
activity of the phosphates suggests that this form
of the organophosphorous compounds may be
the active form. Nonetheless, phosphate methyl
esters (fospirate, naled) are inactive as uroporphyrin
accumulators. The influence of the ethyl ester on
uroporphyrin accumulation is most clearly seen in
the compound, chlorpyrifos (3, 5, 6-trichlorophyrid-
2-yl diethyl phosphorothionate), a uroporphyrin
accumulator, its methyl ester analogue, Dowco 214,
a coproporphyrin accumulator, and fospyrate, the
phosphate methyl ester analogue which causes little
porphyrin accumulation at all. Accumulation of
uroporphyrin and heptacarboxylate porphyrin in cul-
ture is typical of inhibitors of uroporphyrinogen
decarboxylase. Direct assays of cells exposed to
paroxon and diazoxon (Table 2) confirm that this is
the cause of the accumulation of these porphyrins in
cultures treated with these compounds.

The effect of organophosphorous pesticides on
enzymic systems is associated with two main types
of reactivity—phosphorylation of serine residues of
such enzymes as acetylcholine esterase, and alky-
lation reactions. The rate of alkylation of 4-(p-nitro-
phenyl)-pyridine is a convenient colorimetric
measure of alkylation potential. Alkylation rates of
this compound are shown in Table 1. Clearly no
positive correlation between alkylation rate and por-
phyrin accumulation exists. In fact, as would be
expected, methyl esters show much greater alkyl-
ation rates than ethyl esters. Most compounds with
good alkylating ability cause little porphyrin accu-
mulation (naled, demeton-S-methyl, dichlorvos).

Although hydrolysis rates should provide a
convenient guide to phosphorylation potential of
organophosphorous compounds, such a study was
not undertaken. It is unlikely that the active inhibitor
of urophorphyrinogen decarboxylase is a pho-
sphorothionate or phosphorothiolothionate. Such
compounds almost certainly undergo oxidative
desulphurization to the corresponding phosphates
and other metabolites. This is suggested by the mar-
ked activity of paroxon and diazoxon which may act
as direct inhibitors of the enzyme. Both of these
compounds are considerably less lipophilic than their
phosphorothionate analogues. indicating that their

Table 2. Inhibition of uroporphyrinogen decarboxylase in cultures of
chicken embryo hepatocytes

Activity of uroporphyrinogen decarboxylase

Coproporphyrin

(pmole coproporphyrin/min/mg protein)*

Controls
Paroxon treated
Diazoxon treated

1532+ 1.84
3.54 £0.97+
5.87 £ 1.14%

*Values are means = S.D. for six determinations.

P < 0.005
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effect on porphyrin accumulation is specific and not
associated purely with induction of cytochrome P-
450 synthesis.

A mechanism which may explain the greater
activity of the ethyl esters rests on the proposition
that the active inhibitor of uroporphyrinogen decar-
boxylase is the phosphate analogue of the compound
in question.

The main competing reactions in the detoxification
of phosphorothioates are oxidative desulphurization
to the phosphate and dealkylation reactions,
especially glutathione S-alkyl transfer. The latter
reaction is favoured in the case of methyl phos-
phorothioates [14]. Ethyl esters are detoxified by the
dealkylation routes much less readily. In the case
of parathion, for example, experiments with O3
indicate that oxidative desulphurization appears to
account for most of the breakdown products,
paroxon, diethyl phosphorothioate and diethyl phos-
phate [15]. The reduced rate of detoxification of the
ethyl esters, reflected in their increased toxicity to
whole animals, may well favour reaction with pro-
teins and peptides other than glutathione. It may
also favour reactions involving the aryl leaving group
rather than the relatively unreactive alkyl (ethyl)
groups. It is reasonable to suggest that this type of
reaction may occur between the ethyl organo-
phosphates and the reactive sulphhydryl group of
uroporphyrinogen decarboxylase. Indeed, sulphhy-
dryl arylation reactions have been observed with
diazoxon in rat liver homogenates by Shishida [16].
This suggestion opens the possibility that organo-
phosphate ethyl esters may prove useful labels for
investigation of the reaction of the sulphhydryl group
of uroporphyrinogen decarboxylase with intermedi-
ates formed during the detoxification of hexa-
chlorobenzene and other organochlorine pesticides
(17,18].

The finding that diazoxon acts as an inhibitor of
uroporphyrinogen decarboxylase suggests that some
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cases of human porphyria cutanea tarda linked to
diazinon use may be associated with this metabolite.
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