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1 Pretreatment of rats with intraperitoneal injections of lead was shown to result in a depression
of the microsomal mixed function oxidase system, as assessed by a decrease in hepatic microsomal
P-450 and b5 content and by a decrease in the activity of the enzymes aniline hydroxylase and
aminopyrine demethylase. Lead had a more marked effect on cytochrome P-450 than b5.
2 The activity of the rate-limiting enzyme of haem biosynthesis, c-aminolaevulinic acid synthase,
was inversely correlated with the microsomal cytochrome P-450 content.
3 The activity of the haem biosynthetic enzymes 6-aminolaevulinic acid dehydratase, coproporphyr-
inogen oxidase and ferrochelatase were decreased by increasing lead pretreatment.
4 The activity of the haem catabolic enzyme, haem oxygenase, was increased by lead pretreatment.

Introduction

It has long been recognized that haem synthesis in
man is severely affected by increased body lead
burden. This inhibition of haem production is well
known to result in decreased levels of circulating hae-
moglobin in lead-exposed individuals. The possibility
of altered drug metabolism due to inhibition of syn-
thesis of the microsomal haemoprotein cytochrome
P-450 has been the subject of a number of studies
both in man and animals.

Recent reports (Alvares, Kapelner, Sassa &
Kappas, 1975; Meredith, Campbell, Moore & Gold-
berg, 1977) of human studies have shown that in acute
lead intoxication in man there is a depression in the
elimination rates of phenazone (antipyrine), a drug
metabolized by the liver cytochrome P-450-dependent
microsomal mixed function oxidase system. This in-
terpretation was supported by the finding of de-
creased half lives and increased clearance of the drug
following chelation therapy. Chelation therapy was
also shown (Meredith et al., 1977) to result in a fall
in blood lead levels and a rise in haemoglobin and
erythrocyte delta-aminolaevulinic acid (ALA) dehyd-
ratase activity, an intermediate enzyme of the haem
biosynthetic pathway.

Results of studies in animals have produced contra-
dictory results. Preliminary studies by Ribeiro (1970)
on the effects of arsenic, beryllium, lead and mercury
on mouse liver drug metabolizing enzymes indicated
that pretreatment of mice with lead nitrate to give
liver levels of io-4 and 10-6 M did not alter hexo-
barbitone sleeping times; nor were the in vitro micro-

somal enzyme activities, which were measured, affected.
When lead was added to control microsomes at con-
centrations between io-3 and iO-' M, no inhibition
of hexobarbitone oxidase was noted. In contrast the
results of Alvares, Leigh, Cohn & Kappas (1972) and
Scoppa, Roumengous & Penning (1973) suggest that
lead has a significant effect on microsomal drug meta-
bolism. Alvares et al. (1972) found a 40 to 50% de-
crease in metabolism of drugs by hydroxylation and
demethylation and a significant decrease in cyto-
chrome P-450 levels and an increase in hexobarbitone
sleeping times, 24 h after the intravenous injections
of lead chloride. From the results of their studies the
authors considered that lead exerts its effect on drug
metabolism via an inhibition of haem synthesis.
Scoppa et al. (1973) attempted to verify this hypoth-

esis by correlating the inhibition of blood and liver
ALA dehydratase by lead with drug metabolism.
They were able to demonstrate lowered activity of
this enzyme and a depression in cytochrome P-450
levels and an associated depression of in vitro activi-
ties of the microsomal mixed function oxidase system.

Despite these studies which give indirect evidence
of the relationship between depressed haem synthesis
and altered drug metabolism, there is no unequivocal
evidence that such a relationship exists.

This study investigates in rats the effects of lead
on microsomal cytochrome P-450 and the associated
mixed function oxidase system, along with the effects
of lead on haem metabolism. The latter include the
measurement of the activities of six of the enzymes
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of haem biosynthesis including the rate-limiting
enzyme ALA synthase and also the measurement of
haem oxygenase activity. This latter catabolic haem
enzyme has been shown to be activated in hepatic
microsomal preparations of lead-poisoned rats
(Maines & Kappas, 1976a).

Methods

Materials
Enzymes and co-enzymes were obtained from the
Boehringer Corporation (London) Ltd. Chemicals
and substrates were obtained from British Drug
Houses.

Animal treatment

Male Wistar rats weighing 160 g were injected daily
intraperitoneally with lead (as acetate) 10 ,mol/kg
body weight in saline (0.15 M). Control animals were
injected-with a similar volume of saline. Animals were
pretreated as described above in four groups of 6
lead-treated animals and four groups of 6 control ani-
mals. They received one daily injection for 1, 3, 7
or 14 days and were killed 24 h after the last injection.
The animals were deprived of food for 18 h before
they were killed but received water ad libitum.

Preparation of liver microsomes

The animals were killed by cervical dislocation and
their livers perfused in situ with ice cold saline; all
further procedures were carried out at 4°C. The livers
were quickly removed, blotted and weighed and 25%
(w/v) homogenates in 0.15 M KCl were prepared with
a Potter-Elvehjem homogenizer. The homogenate was
spun for 10 min at 900 g and supernatant produced
spun at 20,000 g for 15 minutes. The microsome con-
taining supernatant was spun at 105,000 g, the micro-
somal pellet produced was washed by resuspending
it in 0.15 M KCl and recentrifuging for a further 60
min at 105,000 g. The resulting washed microsomal
pellet was suspended in 0.15 M KCl to give a concen-
tration of 6 mg protein/ml.

Cytochrome P-450. The quantity of microsomal
cytochrome P-450 was determined by the method of
Omura & Sato (1964). The amount of cytochrome
P-450 was expressed as nmol of P-450/mg micro-
somal protein.

Cytochrome b5. The quantity of microsomal cyto-

chrome b5 was determined by the method of Omura
& Sato (1964). The amount of cytochrome b5 was
expressed as AE423 nm-410 nm/mg microsomal pro-
tein.

Aniline hydroxylase. Microsomal aniline hydroxy-
lase activity was determined by the method of
Schenkman, Remmer & Eastbrook (1967). The ac-
tivity was expressed as nmol p-amino phenol pro-
duced per mg microsomal protein in 1 h (nmol
p-aminophenol. mg-' microsomal protein . h-1) at
370C.

Aminopyrine demethylase. Microsomal aminopyrine
demethylase activity was determined by the method
of Cochin & Axelrod (1959). The activity was
expressed as nmol of formaldehyde formed per mg
microsomal protein in 1 h (nmol formaldehyde. mg1
microsomal protein.h-1) at 37°C.

Haem oxygenase. Microsomal haem oxygenase ac-
tivity was determined by the method of Maines &
Kappas (1975). The activity was expressed as nmol
bilirubin formed per mg microsomal protein in 1 h
(nmol bilirubin . mg-1 microsomal protein. h- 1) at
370C.

Haem biosynthetic enzymes

The activity of haem biosynthetic enzymes ALA syn-
thase, ALA dehydratase, porphobilinogen (PBG) de-
aminase, uroporphyrinogen (URO) decarboxylase,
coproporphyrinogen (COPRO) oxidase and ferro-
chelatase were determined by the method of Brodie,
Thompson, Moore, Beattie & Goldberg (1977). ALA
synthase activity was determined in 50% (w/v) homo-
genates in 0.15 M KCl from whole liver, in the 6
animals in each group. The remaining four haem bio-
synthetic enzyme activities were determined in 33%
(w/v) homogenates in 0.15 M KCl from pooled liver
samples, each sample being from two animals in the
appropriate group.
The activities were expressed as: ALA synthase,

nmol ALA formed per g homogenate protein in 1
h at 37°C; ALA dehydratase, jumol ALA utilised per
g homogenate protein in 1 h at 37°C; porphobi-
linogen deaminase, nmol URO formed per g homo-
genate protein in 1 h at 37°C; uroporphyrinogen
decarboxylase, nmol COPRO formed per g homo-
genate protein in 1 h at 37°C; coproporphyrinogen
oxidase, nmol PROTO formed per g homogenate
protein in 1 h at 37°C; ferrochelatase % ct/min of
59Fe incorporated into haem per g protein in 1 hour.

Lead levels

Lead levels were determined in microsomal suspen-
sions and liver homogenates by flameless atomic
absorption spectrophotometry (Perkin Elmer 306
with HGA 72 attachment) by the method of Mere-
dith, Moore & Goldberg (1977).
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Protein was determined by the method of Lowry,
Rosebrough, Farr & Randall (1951).

Results

Effect of lead pretreatment on liver weight, homogenate
and microsomal protein content and homogenate and
microsomal lead levels

The results in Table 1 show that there was no signifi-
cant difference in liver weight between control and
lead-treated animals in any of the four groups. There
was no significant difference in homogenate protein
content between control and lead-treated animals in
any of the four groups; this was also true of micro-
somal protein content. Liver homogenate lead levels
showed a progressive increase with increase in lead
treatment (Table 1), in each group the lead levels
being significantly higher (P < 0.001) in the lead-
treated animals in comparison to the appropriate
control animals. There was a similar progressive rise
in microsomal lead levels in the lead-treated animals
as compared to the appropriate controls, although
this was not statistically significant in the first group
of animals.

Effect of lead pretreatment on the activities of ALA
synthase, microsomal mixed function oxidase enzymes
and haem oxygenase

With progressive increase in lead treatment there was
an associated rise in the activity of hepatic ALA syn-
thase in the lead-treated animals as compared to their
appropriate controls (Table 2). This was highly signifi-
cant (P < 0.001) in the lead-treated animals of groups
3 and 4 with respect to their appropriate controls.
Increase in the activity of ALA synthase was associ-
ated with decreased microsomal cytochrome P-450
content, increasing lead pretreatment resulting in pro-
gressively lower cytochrome P-450 content. This
depression was significant in the lead-treated animals
of group 2 (P < 0.05), group 3 (P < 0.001) and group
4 (P < 0.001) with respect to their appropriate con-
trols (Table 2).
A least squares regression analysis of the inverse

relationship between ALA synthase and cytochrome
P-450 reveals a highly significant relation (r = 0.76,
P < 0.001) of the form:
cytochrome P-450 = [41.4 + 3.4]/ALA synthase

+ [0.098 + 0.034] (Figure 1).

Although, like the cytochrome P450 content, cyto-
chrome b5 content was decreased with increasing lead
pretreatment, the effect was not so marked and only
attained statistical significance (P < 0.05) in the lead-
treated animals of groups 3 and 4 (Table 2).
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Figure 1 Correlation of hepatic 6-aminolaevulinic
acid (ALA) synthase activity with microsomal cyto-
chrome P-450 levels in control (e) and lead-treated
rats (-).

The activities of the two cytochrome P-450-depen-
dent microsomal enzymes, aniline hydroxylase and
aminopyrine demethylase, followed a similar pattern
to that observed for cytochrome P-450 content. In-
creasing pretreatment with lead resulted in progress-
ively decreased activity of the enzymes when com-
pared to appropriate controls (Table 2).
The activity of the haem degradative enzyme, haem

oxygenase, was increased by pretreatment with intra-
peritoneal lead. This was statistically significant in
the lead-treated animals of groups 3 (P < 0.05) and
4 (P < 0.005) when compared to their controls.

Effect of lead pretreatment on the activities of haem
biosynthetic enzymes

The pretreatment of the animals with lead resulted
in raised hepatic levels of lead as determined in hepa-
tic homogenates, increasing lead pretreatment result-
ing in progressively increasing homogenate lead levels
(Table 3). Associated with this increase in homogenate
lead levels was a change in activity of various
enzymes of haem biosynthesis. As has already been
noted, lead pretreatment resulted in a significant in-
crease in the activity of the rate-limiting enzyme of
haem biosynthesis, ALA synthase (Table 2). Increased
hepatic lead levels were associated with decreased ac-
tivities of the enzymes, ALA dehydratase, COPRO
oxidase and ferrochelatase (Table 3). Statistical analy-
sis of these observations was not carried out because
of the small number of samples in each group.
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Effect on enzyme activities of in vitro additions of lead
to rat hepatic microsome preparations

Microsomal preparations from control male Wistar
rats were prepared and the parameters of the mixed
function oxidase system and haem oxygenase were

measured following the in vitro addition of lead, to
raise the microsomal lead concentration from 80 to
280, 580, 1080, 5080 or 50,080 nmol lead/g micro-
somal protein.
Cytochromes P-450 and b5 content were unaffected

by in vitro additions of lead whilst the activities of
the enzymes, aniline hydroxylase and aminopyrine de-
methylase, were only decreased at the highest concen-

tration of lead. The activity of haem oxygenase was

not increased by in vitro additions of lead and in fact
was slightly inhibited by the highest concentration of
lead.

Discussion

Results of previous animal (Alvares et al., 1972;
Scoppa et al., 1973) and human (Alvares et al., 1975;
Meredith et al., 1977) studies have demonstrated that
lead inhibits the elimination of drugs metabolized by
the cytochrome P-450-dependent microsomal mixed
function oxidase system. It has been suggested by
these authors that the decreased capacity for drug
handling results from reduced availability of cyto-
chrome P-450 due to inhibition of haem biosynthesis
by lead. Indirect evidence of such a mechanism has
been obtained by measuring inhibition of the activity
of the haem biosynthetic enzyme ALA dehydratase
(Alvares et al., 1972; Scoppa et al., 1973; Meredith
et al., 1977). It has also been suggested that lead exerts
its action directly on the hepatic mixed function oxi-
dase system (Alvares et al., 1972).

Results from the present study provide unequivocal
evidence that lead administration to rats results in
decreased cytochrome P-450 content and inhibition
of in vitro N-demethylase and hydroxylase activities
and that this is associated with a depression by lead
of haem biosynthesis. Increasing lead administration
resulted in a progressive decrease in cytochrome
P-450 content and a progressive decrease in the ac-

tivities of aniline hydroxylase and aminopyrine de-
methylase. As has been noted previously (Maxwell &
Meyer, 1976), associated with this impairment of the
mixed function oxidase system there was an increase
in the activity of the enzyme ALA synthase. This
mitochondrial enzyme catalyses the initial step of the
haem biosynthetic pathway and is the decisive con-

trolling factor for overall rate of haem synthesis in
the liver (Marver & Schmid, 1972). The activity of
this enzyme appears to be regulated by the end

product of the pathway, haem, and for this reason
a regulatory 'pool' of hepatic haem has been postu-
lated (De Matteis, 1971; Tschudy & Bonkowsky,
1972; Meyer & Schmid, 1973; Watson, 1975). The
precise mechanisms of this regulation remains contro-
versial (Scholnick, Hammaker & Marver, 1969; Sassa
& Granick, 1970; Hayashi, Kurashima & Kikuchi,
1972), although evidence for its existence has come
from various studies. When haem was administered
to rats (Marver, Schmid & Schutzel, 1968; Watson,
1975), or added to the incubation medium of cultured
chick embryo liver cells (Granick, 1966; Sassa &
Granick, 1970; Strand, Manning & Marver, 1972), it
blocks the response of ALA synthase to inducing
chemicals such as phenobarbitone or allyl isopropyl-
acetamide.
The inverse relationship between ALA synthase

and cytochrome P-450 content noted in the present
study (Figure 1) provides further evidence of the con-
trol mechanism whereby a decrease in the regulatory
'pool' of haem, as assessed by the microsomal content
of the haemoprotein cytochrome P-450, results in an
increase in the activity of ALA synthase. The decrease
in the microsomal content of cytochrome P-450 as-
sociated with lead pretreatment is possibly due to the
observed decreases in the activities of the haem bio-
synthetic enzymes ALA dehydratase, COPRO oxi-
dase and ferrochelatase reducing the available 'free
haem' for cytochrome P-450 synthesis. It is interesting
to note that these results obtained from the livers
of rats treated with lead follow a similar pattern to
that observed in the peripheral blood of a group of
lead workers (Campbell, Brodie, Thompson, Mere-
dith, Moore & Goldberg, 1977).
No direct action of lead on the hepatic mixed func-

tion oxidase system is evident from the effects of lead
added in vitro to microsomal preparations, lead only
exerting an inhibitory effect at very high concen-
trations that are incompatible with life.
The activity of the microsomal haem degradative

enzyme, haem oxygenase was found to be increased
as the pretreatment of the animals with lead in-
creased. This is in agreement with the findings of
Maines & Kappas (1976a) but conflicts with the
model suggested by Bissell & Hammaker (1976).
Their model considered that ALA synthase and haem
oxygenase are inter-related with respect to their regu-
lation by haem. They further predicted that these
enzyme activities vary reciprocally, this theory having
experimental support in the studies of Schacter (1975).
From this theory one would expect depletion of the
regulatory haem 'pool' which would activate ALA
synthase but depress haem oxygenase. In the present
study the experimental evidence does not support this
theory, for as lead pretreatment of the rats inhibits
hepatic haem synthesis and thereby depletes the regu-
latory haem 'pool' there is not only an associated
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increase in the activity of ALA synthase but also a
rise in the activity of haem oxygenase.
The results of the present study are consistent, how-

ever, with the theory postulated by Maines & Kappas
(1976b) that the mode of action of metals in inducing
haem oxygenase is based on a repressor component
in the regulatory mechanism of haem oxygenase.
They suggested that this repressor has an -SH active
constituent, the oxidation-reduction capacity of which
is necessary for controlling haem oxygenase produc-
tion. If the oxidation-reduction cycle of the -SH
groups of this component is blocked, as would occur
after treatment with lead which has a high affinity
for -SH groups, the regulatory function of this cellu-
lar constituent on haem oxygenase would be lost. The
system would then function without repressive regula-

tion, leading to an exaggerated synthesis of the
enzyme.

Thus, the impairment of the mixed function oxidase
system in lead intoxication has been shown to be as-
sociated with a decrease in some of the enzymes of
haem biosynthesis and an increase in the haem degra-
dative enzyme haem oxygenase. The present work
does not allow any conclusion to be reached on the
relative importance of inhibition of haem synthesis
and of accelerated haem degradation in the reduction
of microsomal cytochrome P-450 content following
lead administration. Both mechanisms are possible
and are not mutually exclusive.
This work was supported by a grant from the Medical
Research Council. The authors wish to thank Miss M.
Hughes and Mr Phillip Higgins for skilled technical assist-
ance.
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