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ABSTRACT OF THESIS

The thesis is concerned with the acute interaction of a single
injected dose of cadmium (5 mg cadmium acetate/Kg i.p.) with the rat

hepatic microsomal drug metabolizing system.

Cadmium caused a decrease in the in vitro metabolism of both
type I and type II substrates and this was associated with a triphasic
change in the cytochrome P-450 content. The biphasic decline phase
lasted for approximately 48 hours and was accompanied by a gimilar
biphasic decline in cytochrome b5 and total haem. Recovery of microsomal
drug oxidase activity and cytochrome P-450 content began after 2 days,
but was still incomplete up to 12 days. Hepatic microsomal glucose-~
6-phosphatase activity fell from the 48th hour onwards, indicating
a possible change in microsomal membrane integrity. However,
differences in the time-course of these phenomena suggested that
non-specific changes in membrane function did not contribute greatly
to the inhibition of cytochrome P-450 dependent metabolic activity.
Furthermore, the affects of decreased food intake and the accumulated
levels of cadmium and zinc in the microsomes, were ruled out as
major factors in the response. It was concluded therefore, that

cadmium mediates its inhibition of the dru% metabkolizing system after

acute administration by a specific effect on cytochrome P-450.

By comparison, the chronic, oral ingestion of cadmium did not
result in any alterations to the drug metabolizing system of the rat

even though a similar amount of cadmium accumulated in the liver.
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This led to an investigation of the factors regulating the
biosynthesis and catabolism of haem during the first 48 hours and to
the possible role played by metallothionein in reversing these

inhibitory effects.

It was concluded that metallothionein was not responsible for the
termination of the acute inhibitory effects of cadmium at 48 hours,
as the cadmium-thionein content was maximal at a time, (12 hours),
when microsomal metabolic activity was still in the decline phase.
Further, it was shown that while the cadmium-thionein content did not
change from 12 hours to 12 days after cadmium, the synthesis of

thionein continued and this bound zinc.

The activities of S§-aminolaevulinic acid synthetase, the rate
liniting enzyme in haem biosynthesis, and the dehydratase were not
affected during the first 48 hours after cadmium administration,
whereas microsomal haem oxygenase activity was markedly stimulated.

The stimulus which initiated the induction of haem oxygenase was not
identified conclusively. However, cumulative additions of cadmium

to microsomes im vitro, resulted in the quantitative conversion of
cytochrome P-450 to cytochrome P-420 and it has been speculated that the

denaturation of cytochrome P-450 may be such an initiating factor.

In conclusion, the increase in the rate of the catabolism of
microsomal haem is possibly the primary mechanism by which both

cytochome P-450 and b, are lost from the microsomes during the first

5

48 hours after cadmium. The fall in drug metabolic activity results

from the loss of the cytochromes, in particular, cytochrome P-450.
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GENERAL INTRODUCTION



1. Cadmium: history, chemistry, occurrence

Cadmium was discovered in zinc carbonate by Stromeyer in 1817.
Cadmium is a bluish-white metal with an atomic number of 48 and an
atomic weight of 112.41. Zinc; cadmium and mercury, commonly known

as the zinc family, constitute Group 2b of the periodic table.

There is a close resemblance between the chemistry and occurrence
of cadmium and zinc, in that they form similar compounds and are
more reactive than mercury. Cadmium is found in nature as an impurity
in the ores of zinc, lead, and copper and today, cadmium is obtained
as a by-product of the zinc¢ industry. In the biological sphere
however, the similarity does not exist; zinc is an "essential"” element

for some mammalian metalloenzymes while cadmium and mercury are toxic.

2. Cadmiwn and Man

The envionment in which Man lives is the most common source for
his contact with cadmium. The industrial use of cadmium and as a
carry-over contaminant of zinc both serve as a source for this
pollutant. Environmental levels have been reported and have been
summarized by Friberg et al (1974). They show that these vary from
year to year, country to country and from place to place but
generally, the more industrialized centres Have the greatest amount

of polluting cadmium in their surrounding environs.

Investigations into the toxicity of cadmium in reliation to Man
have been either epidemiological surveys of people exposed to cadmium

or short and long term exposure to cadmium in experimental animals.



Acute effects have been investigated mainly by injecting cadmium.
Such studies have indicated damage to the testes (Parizek 1956,
1957, 1960, Gunn, et al 1961, 1963), liver (Andreuzzi and Odescalchi
1958) and kidney (Favino and Nazari 1967 and Foster and Cameron 1963).
Long term effects include renal tubular dysfunction as evidenced by
proteinuria, glucosuria and aminocaciduria. These studies are cited to
show that cadmium is a toxic substance. The various biological actions
of cadmium have been more extensively reviewed by Friberg et al (1964)

and Singhal et al (1976).

The literature dealing with effects of cadmium on the drug
metabolizing system is not as extensive as for other systems
(e.g. renal and cardiovascular), but warrants further investigation
since cadmium accumulates not only in the kidney but also in the

livers of exposed animals and humans.

3. The Drug Metabolizing System

Only a simplified summary of the components and functions of the
microsomal drug metabolic enzymes will be presented at this time.
A more detailed discussion of the interaction of cadmium with this systemn
will follow later in this thesis. The drug metabolizing system has
been referred to as the microsomal mixed function oxidase system
(MMFO) , the cytochrome-P-450 dependent or microsomal biotransformation

system, or simply the microsomal enzyme system.

When a cell is ruptured during tissue homogenization, vesicular
structures form from the broken endoplasmic reticulum, trapping
within them many enzymes, including whole enzyme-mediated biotrans-

formation pathways. The structures are called microsomes, and the



fraction which sediments at 105,000 x g after differential centrifugation,

the microsomal fraction.

The key component of the drug metabolizing system is a membrane
bound hzaemoprotein called cytochrome P-450. The association of this
protein with membrane phospholipids is apparently required for full
enzymatic activity and when this association is disrupted, cytochrome
P-450 is converted to an inactive, often solubilized form, cytochrome
P-420. Cytochrome P-450 hag been found in a variety of plants, insects
and mammalian tissues (Wichramasinghe 1975), but the greatest activity
is found in the liver. Substrates include lipophilic drugs, xencbiotics
such as environmental pollutants, as well as endogenous lipophilic
compounds such as bile acids, fatty acids and steriod hormones.

It follows therefore, that if the system's activity is altered by an
exogenous substance, then its ability to perform its normal functions

may be affected with possible adverse consequences to the organismi.

The system is coupled to an electron transfer chain and has an
absolute requirement for NADPH and molecular oxygen. Cytochrome
P-450 is the terminal oxygenase; the preceding steps of the system

being primarily responsible for delivering 2 electrons to the cytochrcme.

Cytochrome P-450 can participate in electron transfer by means of
a reversible valency change of the iron atom in the haem moiety.
Under physiclogical conditions, cytochrome P-450 alternates between
the reduced and oxidized state. When in the reduced state, carbon
monoxide can bind at the position of the 6th ligand and forms a
complex whose difference spectrum has a peak at 450nm; this phenomenon

gives the cytochrome its name and enables its guantitative measurement.



When in the oxidized state, low spin-cytochrome P-450 can bind substrates
for biotransformation. A relatively small percentage of cytochrome
P-450 in microsomes is available for drug binding (Ullrich 1969),
indicating that not all the cytochrome P-450 present is in the low~spin
oxidized form. After substrate binding, a high spin-ferric-cytochromre
P-450-substrate complex is formed. This is followed by the addition

of the first electron, originating from NADPH and transferred by
NADPH-cytochrome P-450-reductase, forming ferrous-cytochrome P-450-
substrate complex. Molecular oxygen can bind to this complex followed
by the second electron, which is required to activate the bound

oxygen into a highly reactive form. Though still controversial, the
experimental evidence suggests that the second electron may originate
from NADH which may be transported to the ferrous cytochrome P-450-
substrate-oxygen complex via cytochrome b5. (Fetabrock et al 1971,

Mannering et al 1274).

The change in the spectrum (absolute and difference) of cytochrome
P-450 as well as the spin state of the haem iron are thought to

result from an alteration in the nature of the 6th ligard about the
haem iron. Drugs which bind have keen broadly divided into two classes
depending on the type of difference spectra they produce. They are
called type I or type II substrates and produce a type I or II spectra
respectively. A type I spectrum has a A max. in the range of

385 - 390 nm and A min. 418-427 nm, while type II is an approximate
mirror image in that its X max. extends from 425 - 435 nm and the A
min. 390 - 405 nm. The nature of the binding sites differ also.

Type I substrates are thought to bind to the apoprotein or an area
associated with membrane phospholipids. ({(Chaplin and Mannering 1969,

1970) . Type IT stubstrates are thonght to react directly by ligating



with the haem-iron at the position of the 6th ligand, creating a
specific ferrihaemochrome complex. (Schenkman et al 1967). There-
fore; a change in the ligand state occurs either by direct intervention
or mediated by a conformational change in the apoprotein after

substrate binding.

The formation of a cytochrome P-450-substrate complex is a
requisite step for the initiation of metabolism (Uilrich 1977) but
the production of a binding spectrum does not guarantee metabolism,

. . / .
nor does the absence of a binding spectrum preclude metabolism.

Somec compounds designated a$ type IT often possess some affinity
for the type I binding site and have been termed "modified type II"
compounds (Schenkman et al 1267). This leads to the suggestion that
compounds tend to bind to both sites but gererally bind preferentially
to one of the sites and from this they receive their designation as
being type I or II. Further, it follows that compounds which bind
equally to both sites, cancel out the peak and trough effect and
produce no nett binding spectra. Similarly, cytochrome P-450 species
exist which may have cne binding site defective or altered. For
example, polycyclic hydrocarbons induce the synthesis of a modified

cytochrome P-450, termed cytochrome P.-450 or P-448 which is thought

1
to have a defective type I binding site. (Mannering 1971, Remmer

1972) .

It has been deduced that the substrates to be metabolized
displace the 6th ligand of iron and that oxygen binds at the
position of the 5th ligand. (Chevion et al 1277). It becomes

conjecture as to how the oxygen can get into a sufficiently close



position to react with the substrate, in view of the fact that the

5th and 6th ligands project in opposite directions about the haem iron.
Conformational changes in the cytochrome molecule, in response to
substrate and NADH binding, have been proposed and perhaps this

brings the two reactants together. However, the exact mechanism of
action is still the subject of investigation and will not be

elaborated upon in this thesis.

4. Acute Effects of Cadmium on the Drug Metabolizing
System

Wagstaff (1973) examined the effects of cadmium given in the
diet (100 - 5,000 ppm) for 15 days in female rats and reported a dose -
dependent decrease in hexobarbital sieeping time and stimulation in
the oxidative cleavge of O-ethyl-p-nitrophenylphenylphosphonothioate
and O~-demethylase activity. These data suggest that enzyme induction
has occured. In contrast, although in another species, Unger and
Clausen (1973) found that on the 4th day after a single intraperitoneal
injection of cadmium nitrate (3 mg/Kg) in male mice, O-demethylase
activity was inhibited. It was suggested that inhibition could have
resulted from the formation of a cadmium-chelate with the thiol
groups (cysteine) present in haemoproteins. Alternatively, cadmium
could have bound to glutathione and inhibited epoxide-glutathione

transferase.

Further studies supported the view that acute administration of
cadmium led to enzyme inhibition, rathexr than induction. Schnell et al
{1974) reported that a single injection of 2mg cadmium/Kg i.p.
in male rats resuited in the potentiation of hexobarbital sleeping

time which began on day 1, while peak activity extended from day 2 to 5.



Johnston et al (1974) and Hadley et al {1974) both repcrted that cadmium
treatment did not alter the dose of intravenously infused hexobarbital
necessary to suppress EEG activity and it was suggested that impairment
of drug disposition rather than an alteration in the sensitivity of

the CNS was a major factor in the prolongation of sleeping time.

Hadley et al (1974) also reported that cadmium inhibited the in vitro
metabolism of aminopyrine, hexobarbital, p-nitroanisole and
zoxazolamine. Johnston et al (1975) reported that the pharmacclogical
response to hexobarbital after cadmium treatment was related to tissue
levels of the drug and that cadmium-induced changes could only be

observed in rats with intact livers.

From these papers, the following can be concluded. Firstly, acute
cadmium administration inhibits the drug metebolizing system of the
liver, resulting in the potentiation of the pharmacological effect of
substrates dependent on this system for elimination. Secondly, the
degree of potentiation of hexobarbital sleeping time is a time-dependent

phenomenon and will differ at various times after cadmium treatment.

These reports have also raised a number of further issues.
Hadley et al (1974) suggested that a decrease in food consumption
might explain some changes in microsomal activity, although this
was not a significant factor in their experiments. On the other
hand, Wagstaff (1973) also reported that the consumption of cadmium-
supplemented feed was less than in the controls. Since Marselos and
Laitinen (1975) found that rats starved for a period of 72 hours had
a greater p-nitroanisole demethylase activity than control fed
animals, it is possible that decreased food consumption may have been a

contributing factor to the enzyme stimulation reported by Wagstaff (1973).



AGdition of cadmium to microsomal preparations in vVitro
provides another aspect to the response. In concentrations of 5 x
10—7M to 5 x 10_4M, cadmium inhibits the metabolism of p-nitroanisole,
aminopyrine and zoxazolamine. (Hadley et al 1974) . This concentration
range is based on the levels of cadmium (6ug/qg) found in the livers
of rats after injection of an inhibitory dose of cadmium. However,
this concentration represents total liver concentration and the
cadmium content of the microsomal fraction was not determined. Hadley
et al (1974) were the Ffirst to report that the amount of cytochrome
P-450 in the cadmium treated rats was less than that in controls.

Therefore, a new and important factor was introduced.

Badley et al (1274) did not propose any specific mechanism for the
inhibition, but they speculated that the "transitory nature" of the
phenomenon is due to the synthesis of metallothionein which leads to
an intrahepatic redistribution of cadmium. Unger and Clausen (1973)
also suggested that the inhibition was related to the accumulation of
cadmium and that it was initiated when the capacity of metallothionein

{0 bind cadmium was exceeded.

This was the extent of the published literature at the time when
the experiments in Chapter 1 were begun. Since the completion of the
experiments, Yoshida et al (1976) reported on the time-course of
aminopyrine-N-demethylase activity in the 9,000 x g supernatant
fraction derived from male mice injected with cadmium chloride
(3mg/Kg) . Maximum inhibition occurred 48 hours after injection
while activity returned almost to control level by 72 hours. A
cimilar time-course of activity may also be deduced from the combined

data of Schnell et al (1974) and Hadley et al (1974) . However, a
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close examination of Schnell et al's (1974) data in rats indicates that
hexobarbital sleeping times were still prolonged beyond the 72nd hour
after injection. It is not kncown if this discrepancy represents a

true species difference.

Yoshida et al (1976) reported that 48 hours after cadmium
injection, (3 mg/Kg) aniline hydroxylase activity was also decreased
in mice and together with the aminopyrine-N-demethylase data, concluded
that the extent of the inhibition by cadmium was dose-dependent.
Further, they proposed that inhibition was a result of a direct
action of cadmium upon the drug metabolizing system. It was also
suggested that inhibition could have resulted from the decrease in
the cytochrome P-450 content possibly by cadmium inmpairing the
activity of 6&-aminolaevulinic acid dehydratase, though cadmium had
reduced the activity of the latter enzyme by only 20% in these

studies.

Recently, Teare et al (1977) found that aniline hydroxylase and
nitroreductase activities were inhibited and the level of cytochrome
P-450 was lowered after a single, intraperitoneal injection of
2.5 or 3.75 mg cadmium chloride/Kg in male Wistar rats. O-demethylase
activity was not inhibited by either dose of cadmium when the activity
was measurad in 0.05M phosphate-buffered incubation system. However,
the activity of this enzyme was inhibited when measured in a Tris-buffered
system. It is not known what caused the "buffer effect". Unger and
Clausen (1973) and Hadley et al (1974) both used Tris-buffers.

Wagstaff (1973) did not mention the buffer used.
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5a. Metallothionein

Early investigations into the biochemistry of metals led to the
recognition that mammalian kidneyvs and livers accumulated high
concentrations of cadmium which also had a long half-life (Schroeder
1956) . A cadmium containing metalloprotein, discovered by Margoshes
and Vallee (1957) in equine renal cortex, provides a possible
explanation for this. Kagi and Vallee (1960, 1961) isqlated and
characterized the protein and named it metalliothionein because of its
metal and sulphur content. (5.9% cadmium, 2.2% zinc and 8.5%
sulphur). Most of the sulphur is from cysteine residues and exists
aé thiol groups capable of binding cations in a tridendate complex.
The metal-free protein is called thionein and contains 16.3%

nitrogen and 9.3% sulphur (Kagi and Vallee 1961).

33% of the amino acids in metallothionein are cysteine, while
lysine, serine and glycine each account for approximately 10-11%
of the total residues. Phenylalanine, tyrosine, tryptophan and
histidine are absent. A direct result of these properties is that
metallothionein absorbs strongly at 250 nm due to the energy of the
cadmium-sulphur bond and absorbs weakly at 280 nm due to its lack cf
aromatic amino acids. The in vitro addition of cadmium to metallothionein
results in a dose-related increase in the absorbance at 250 nm.
The addition of acid results in the decrease of 250 nm absorbance
due to the displacement of cadmium from its binding sites by the
protons. Cadmium, zinc and copper bind to metallothionein but its
affinity for cadmium is by far the greatest and as such it can displace

zinc and copper from their binding sites.
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These then are the properties of metallothionein and some have
been used by other workers in subsequent years for the identification

and comparison of isolated metalloproteins.

5b. Nomenclature

The term metallothicnein will be used to refer to the
"metallothionein" first isolated by Kagi and Vallee (1960), tc the
Ycadmium-binding proteins" (Shaikh and Lucis 1971, 1972) and to othex
metalloproteins which have been isolated and have properties closely
resembling those of the original metallothionein. Thionein will
refer to the metal free metallothionein (apo-protein). Reference to
a specific metal associated with thionein, will be prefixed by the
name of that metal e.g. cadmium~thionein; zinc-thionein. A convention
for naming the various metalloproteins, similar to that outlined

above, was adopted by Webb and Verschoyle, (1976¢).

5c¢. Occurrence

pulido et al (1966) isolated a cadmium-metalloprotein in human
kidney which had similar properties to metallothionein and Buhler
and Kagi (1974) reported finding it in human liver. Kagi et al (1974)
found metallothionein in horse liver with virtually identical properties
to the equine renal protein. The metallothioneins referred to above
were from normal animals. Piscator (1964) reported a cadmium-
metalloprotein formed in rabbit livers after repeated injections of
cadmium which had properties similar to the metallothioneins.
Shaikh and Lucis (1970, 1971) reported that a cadmium-binding protein,

which possessed properties similar to the metallothioneins, could be
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induced in rat liver by injecting cadmium. Webb (1972b) and Davies
et al (1973) showed that a zinc metalloprotein, which formed in rat

- livers in response to zinc injections, had properties similar to the
cadmium-metalloproteins (metallothioneins). Piotrowski et al (1974,)
found that mercury could also induce metallothionein. These findings
were confirmed by Sabbioni and Marafante (1975), who also repcrted
that although silver and tin did not induce metallothionein, they

could bind to pre-synthesized protein.

Squibb and Ccusins (1974) and Squibb et al (1977) have shown that
the metals induce the de novo formation of metallothionein at the level
of transcription, resulting in the production of a specific mRNA.

I+ has also been shown, sc far in the case of zinc, that the messenger
is a short lived, poly -(A)-containing RNA which provides for a second
control point in the production of thionein, whereby translation

of the MRNA is de-repressed in instances of high zinc levels.

Cadmium and zinc metallothioneins have subsequently Leen discovered
in a wide range of animal species and tissues, besides horse kidney.
They have been isolated in rabbit liver by Piscator (1964), and
Nordberg et al (1972), mouse liver (Nordberg et al 1975), pig kidney
(Cousins et al 1973, Webb & Daniel 1975), chickens (Weser et al 1973),
fish (Marafante et al 1972), and dog spleen (Amacher and Ewing 1975).
The most widely used source of induced metallothicnein has been a
variety of tissues in the rat, including rat kidney (Webb 1972a,

Webb & Magos 1976, Shaikh and Lucis 1972, Shaikh & Crispin Smith 1976),
rat testes, (Webb 1972c, Chen & Ganther 1975 a,b), rat spleen (Rmacher
& Ewing 1975) and rat liver (Shaikh & Lucis 1970, 1971, VWebb 1972 a,b,

Winge & Rajagopalan 1972, Weser et al 1973, Suzuki & Yoshikawa
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1974, Sabbioni & Marafante 1975, Shaikh & Crispin smith 1976, Squibb et al

1977) .

Webb and Daniel (1975) showed that cadmium could induce the
synthesis of metallothionein in pig kidney cells in vitro. This
does not support Piscator's hypothesis (1964) that the metallothionein
found in kidney was originally synthesized in the liver and then

transported to the kidney in the bloodstream.

The amount of cadmium-thionein produced in response to a given
dose of cadmium is dependent upon the route of administration. When
cadmium is given orally, by gavage or in the diet, cadmium~thionein
tends to accumulate to a higher concentration in the kidney, whereas
if the metal is injected intraperitoneally or subcutaneously, the
liver is the major target organ. Further, Webb (1975) stated that
the pattern of accumulation resulting from the administration of
cadmium by one route does not affect the distribution of a

subsequent dose of cadmium given by a different route.

Differences between the metalloproteins found between species and
between different organs within the same species have been reported.
Webb (1975) reported that after induction with cadmium, the metal found
accumulating along with cadmium in the protein in rat kidney is
mainly copper and not zinc. Kagi et al (1974) stated that human
hepatic metallothionein contains predominantly zinc, whereas the renal

protein contains more cadmium.

Comparison has also been made between the amino acid composition

of the metallothioneins derived from different sources. Nordberg et al
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(1972) compared the metallothionein from rabbit liver with horse
liver and Winge and Rajacopalan (1972) compared their analysis of
rat liver metallothionein with Nordberg's data. Weser et al {1973)
compared hepatic metallothioneins obtained from rat and chicken.
Kagi et al (1974) compared the amino acid composition between eguine
hepatic and renal metallothioneins. Only minor differences were
found by those researchers; the proteins they investigated all

possess the fundamental properties of metallothioneins.

Both human and animal metallothionein have keen fractionated
further by several workers, resolving the protein into two forms. The
two forms are usually called metallothionein 1 and metallothionein
2 and both forms have similar molecular weights. Differences in the
amino acid composition have been found between the two forms, however,
both are rich in cysteine. Piscator (1964), using rabbit liver as his
source, obtained two metallothionein fractions by DEAE-Sephadex-A50
chromatography. Several techniques have been used to isolate and
characterize the different forms of metallothionein. These have
included: chromatography cf rat liver supernatant on DEAE-Sephadex-
A25 (Shaikh and Lucis (1971); iscelectric focussing of rabbit liver
proteins (Nordberg et al 1972); and disc-gel electrophoresis of human
kidney proteins (B;hler and Kagi 1974). DNordberg et al (1975) isolated
two forms of mouse metallothionein, but analysed only one form. Kagi
and Vallee (1961} separated equine renal metallothionein intc a majoxr
peak (75% cadmium) and a minor peak (4.9% cadmium) on DEAE~cellulose,

but used only the major peak for their characterization studies.

Human renal metaliothionein has only zinc bound to it, whereas

the proteins isnlated from rat and rabbit, in response to cadmium
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injections, contain cadmium as well. The stoichiometric ratio of 3
mercapto groups for 1 metal atom is found in both metallothicnein
forms. One form of human metallothionein contains more zinc than the
other and has also an additional metal binding site which is thought
to account for its greater electronegativity. Nordberg et al (1972)
reported that one form isolated from rabbit liver has an isoelectric
point at 3.9 and the other at 4.5, the latter containing more zinc.
The pI for mouse metallothionein investigated by Norxdberg et al

(1975) was 4.2.

The experimental work dealing with metallothionein in this thesis
was conducted on metailothionein obtained after Sephadex G-75 gel
chromatography. This was designated as a "eyude" preparation by Shaikh
and Lucis (1971). The metallothionein was not resolved into its two
forms because the guantitation of total metallothionein was of
~greater relevance. The separation of metallothionein into two separate
forms igs mentioned here for the sake of completeness in a discussion

relating to metallothioneins.

5d. Metallothionein in normal tissues

Horse kidneys were chosen for the initial studies on metellothionein
because of their relatively high cadmium content (Kagi and Vallee 1960).
In other animals e.g. the rat, the amount of thionein or =zinc thionein
present in non-treated animals, although higher in females than males
(Webb 1972a), is extremely small. For this reason, workers have used
cadmiwa to increase the metallothionein content. It has been claimed
that metallothionein does not exist in untreated animals, but this

assertion rests on two factors. Firstly, the metallothionein present
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results from the "normal" metal contact which the animals experience
and this is obviously variable. Secondly, if the method of detection
is by the absorbance at 250 nm, then this will not detect thionein

o or zinc-thionein. Vallee (1976) produced and isclated an antibody

to thionein and using this antibody, found a high level of thionein

in the heart, which is unusual in view of the fact that little cadmium

accumulates in that tissue relative to the kidney and liver.

Therefore, it is uncertain whether metallothionein is present because
it is normally a protein involved in some biclogical function or
whether it is a result of the normal, low level intake of metals from

the environment:.

5e. Molecular Weight

The reported molecular weight of metallothionein varies in
different reports. Kagi and Vallee (1961) estimate the equine renal
protein to be 10,000 : 260 daltons. Winge and Rajogopalan (1972)
found rat liver metallothionein to be 14,000, while Weser et al (1973)
reported that both chicken and rat metallothioneins are 12,000 £
500. Human metallothionein was estimated to have a molecular weight
of 10,500 L 1,050 (Pulido et al 1966). Nordberg et al (1972)
estimate rabbit liver metallothionein to be 9,000 - 10,000 by
Sephadex gel chromatography, whereas the calculated molecular weight
from amino acid analysis is 6,000 - 6,600 in agreement with the
calculated value for horse metallothionein (Kagi et al 1974) of
6,600. Bahler and Kagi (1974) calculated the molecular weight of

human hepatic metallothionein to be 6,100 - 6,200 and 6,600 when

bound with metal.
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These molecular weights are not erroneous per se, but rather
the values are subject to the way in which they were estimated.
Indeed, the value reported by Kagi and Vallee (1961) was derived by

averaging the values obtained by three different methods.

The higher values (9,000 - 14,000) are obtained if the protein
is in its native state, with metal bound to it, and estimated by
Sephadex G-75 gel chromatography. Pulido et al (1966) qonsiders these
estimates to be accurate to 10%. The lower values (6,000 - &,600)
result when the protein sample is first denatured before being applied
to a Sephadex column (B;hler and Kagi 1974 using the method of Fish
et al (1969)) or if the molecular weight is estimated by summing the
individual molecular weights of the amino acids comprising the protein.

The latter method is probably the most accurate.

5f. Half-life

Shaikh and Crispin Smith (1976) reported the half-life of
metallothionein to be 2.8 days, whereas Chen et al (1975) reported
an interval of 4.2 days. Since the latter authors did not take into
account the possible reutilization of the C14-cysteine, their value

could be an overestimation.

5g. Function of Thionein and Metallothionein

The association of metals with thionein, including scme
non-essential and toxic metals, has led to several theories regarding

its biological function.
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Piscator (1964) proposed that metallothionein (or more correctly
thionein) isg involved with heavy metal detoxification. Pulido

et al (1966) also supports this theory, but suggests that it might also
function in either catalysie, transport, storage, or immune phenomena.
The detoxification theory has been the most widely accepted however,
and was based, as far as information at that time indicated, on the
fact that metallothionein was not present in untreated animals but was
synthesized, following cadmium administration. A rcle in the metabolismn
of metals, e.g. copper, has also been proposed. (starcher 1969,

Evans et al 1970). Weser et al (1973) and Bremner and Marshall 1974)
suggested that it was a "metal decontaminating carrier" while Leber

and Miya (1976) proposed that thionein was a "cadmium scavenger".

Later, with the knowledge that zinc can also induce thionein and
that zinec is associated with cedmium-thionein, suggestions were put
forward that thionein played a role in the metabolism of zine.

(Webb 1972b, Bremner et al 1973, B&hler and Kagi 1974, Chen et al 1974,

1975, Richards and Cousins 1975, and Squibb et al 1977).

The latter proposal seems the most likely in view of the presence
of zinc-thionein in control animals (Webb 1972a). Secondly, the wcrk
of Chen et al (1977), showing that zinc is lost from zinc-thionein
three days after the administration of zinc ceases, and the report by
Squibb et al (1977) that a labile specific mRNA is produced in response
to zinc, together show that a highly refined biological system
involving thionein has evolved which could be a part of zinc's

homeostatic mechanism.
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6. Metabolisin of Haem

6a. Biosynthesis
Figure 1 is a diagrammatic representation of the haem biosynthetic

pathway.

Tn the mitochondrion, succinyl CoA and glycine combine to form
§~aminolaevulinic acid (6-ALA). The enzyme S§-aminolaevulinic acid
synthetase (6-ALAS) catalyzes this reaction and is the rate limiting
step. In the cytosol, §-aminolaevulinic acid dehydratase (5-ALAD)
condenses two molecules of 6-ALA to form one molecule of porphobilinogen
(PBG) . Polypyrryl methane, an intermediate structure formed by the
combination of several molecules of porphobilinogen, is catalyzed
by porphobilinogen deaminase. This molecule forms a tetra-pyrrole
ring structure, and under the action of either an isomerase or a
deaminase, synthesis of uroporphyrinogen III or I respectively takes
place. Next, uroporphyrinogen decarboxylase synthesizes the formation

of coproporphyrinogen III and I respectively.

Coproporphyrincgen III enters the mitochondrion, and there
coproporphyrinogen oxidase converts it to Protoporphyrin III No. IX
(also called protoporphyrin IX). Iron (Fe++) is inserted into the
protoporphyrin-IX nucleus to form haem in a reaction catalyzed by

haem synthetase (also called Ferrochelatase) .

6b. Bicdegradation

Figure 2 is a diagrammatic representation of the haem degradative

pathway.
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The first step in the degradation of haem is the rate limiting
step and is catalyzed by haem oxygenase, a microsomal enzyme. Haem
oxygenase cleaves the tetrapyrrole ring of haem at the o methene
bridge and quantitatively converts the meso carbon atom to carbon
monoxide. The central iron atom is liberated and biliverdin IX®, a
linear tetrapyrrole, is produced. Biliverdin reductase, a cytoplasmic
enzyme, converts biliverdin to bilirubin. Bilirubin is either conjugated
and excreted or is further metabolized. An outline of the fate of
bilirubin is given by White et al (1968) and is mentioned here for the
sake of completeness, though the metabolic pathway of bilirubin is

not relevant to this discussion.

7. Properties of Key Haem Biosynthetic and Degradative Enzymes

7a. §-Aminolaevulinic Acid Synthetase* (s-ALAS) (EC 2.3.1.37)

§ -Aminolaevulinic acid synthetase is synthesized in an essentially
inactive form by ribosomes in the cytoplasm, this being the precursor
of the active mitochondrial entity. The cytosol enzyme has a molecular
weight of 178,000 and in the process of entering the mitochondrion
and being transformed into the active moiety, the molecular weight
decreases to 77,000. Reference to §-ALAS invariably refers to the
mitochondrial form. No preformed, inactive, presursor of §-ALAS
can be detected in normal liver. The increase in the activity of the
enzyme due to e.g. chemical inducers, can be prevented by glucose,
haem and transcriptional and translational inhibitors.

*Symmarized from Whiting and Elliot (1972}).



7b. 6-Aminolaevulinic Acid Dehydratase (5-ALAD) (EC 4.2.1.24)

High activity of &-ALAD is found in erythrocytes, liver and kidney
where the enzyme resides almost exclusively in the cytosol. A number
of workers have examined the enzyme derived from a variety of sources.
From the publications of Gibson et al (1955), Del C.Battle et al (1967),
Nandi et al (1968), Komai and Neilands (1969), Gibson and CGoldberg (1970),
Abdulla and Haeger—Aronson (1971), Wilson et al (1972), Cheh and
Neilands {1974), RBorder et al (1976), Haeger-Aronson et al (1976) ,
Thompson et al (1977), and Meredith et al (1977), an introduction to
some of the properties of the enzyme can be obtained which are summarized
below. ©6-ALAD has been reported to behave as an allosteric enzyme,
and while the enzyme is thought not to contain a prosthetic group,
copper and/or zinc may be required for activity. The purified enzyme
can be deaggregated down to dimeric and monomeric forms. This has led
tc estimations of its molecular weight in the range from 140,000 to
260,000, The monomeric form of §-ALAD contains 56 cysteine residues/mole
while 11 and 28 thiol groups per molecule has also been reported. For
reactivity, the thiol groups of 5-ALAD must be in the reduced state
and when the enzyme is partially purified, the presence of glutathione
or cysteine is obligatory. As with other thiol containing compounds,
8-ALAD is subject to interference by metals, e.g. p-chloromercuribenzoate
and iodoacetimide. Aluminium stimulates §ALAD in erythrocytes both
in vivo and im vitro. At low concentrations, zinc is stimulatory but
becomes inhibitory at high concentrations, although Abdulla and Haeger-
Aronson (1971} have reported the opposite results. Copper, gsilver
and lead are inhibitory which zinc can counteract. Protoporphyrin, haem,

oxygen, EDTA and Tris buffer also inhibit activity.

The effect of cadmium is unique. Lauwerys et al (1973) showed

that erythrocyte §-ALAD is not inhibitea by cadmium in expwosed vorkers.



Seth et al (1976) found that in vivo cadmium did not inhibit
erythrocyte 6~ALAD in mice, Yoshida et al (1976) stated that cadmium
causes a 20% reduction in ALAD activity in rat liver. Wilson et al
(1972) showed that cadmium is inhibitory in the presence of low
substrate concentration and stimulatory at high substrate concentration.
From this data, Wilson et al (1972) concluded that cadmium can act on
the enzyme, both sterically and at its functional site, in such a

way that it uncovers more catalytic sites and aids substrate binding.
Alternatively, it may stabilize an enzyme conformation which may
possess a lower affinity for the substrate but a higher catalytic

efficiency.

7c. Microsomal Haem Oxygenase (MIO) (EC 1.14.99.3)

Microsomal haem oxygenase is bound to the membranes of the endoplasmic
reticulum. It does not require cytochrome P-450 as a terminal
oxidase for activity as originally thougl: (Tenhunen et al 1969,
Maines and Kappas 1974a, 1975a) . Maines et al (1977) solubilized
and partially purified the enzyme and reported its molecular weight
to be greater than 68,000 implying that apo-cytochrome P-450
(MW 50,000) is not haem oxygenase as had been suggested. Haem
oxygenase is inhibited By carbon monoxide and requires oxygen and
NADPH or NADH for activity, suggesting a cytochrome or haemoprotein
nature for the enzyme. The proposed mechanism of action, accomodates
this possibility. Maines and Kappas (1977a) and Maines et al (1977)
suggest that when haem binds to the enzyme, the resulting haemoprotein
is capable of acting as a terminal oxygenase of an electron transfer
chain which can accent electrons from NADH or NADPH depending on

which flavoprotein reductase is catalyzing the reaction. This
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results in oxygen activation and haem ring cleavage. The ephemeral
nature of the active, haemoprotein state of haem oxygenase is

indicated by the fact that following the conversion of haem to
biliverdin and the products released from the enzyme, the haemoprotein
nature is lost until another molecule of haem binds and forms a complex.
Some metals are suitable substrates for haem synthetase, forming
matelloporphyrins but not all metalloporphyrins can be degraded.

It is suggested that although they can bind to haem oxygenase, only
those metalloporphyrins which can bind molecular oxygen are

metabolized (Maines and Kappes 1977a) . These authors showed that

Fe-haem and Co-haem are degraded while Mn-haem and Ni-haem are not.

8. Haem

Haem can be used in the production of various haemoproteins such
as haemoglobin and cytochromes, while the haem which ics not utilized is
bound to a carrier protein(s) and constitutes the "free haem pool".,

The absolute requirement of cytochrome P-450 for haem indicates a
fundamental connection between the drug metabolizing system and the

haem metabolizing pathways.

In the liver, haem combines with an unknown co-repressor Or
aporepressor which feed back to repress the activity of §-ALAS.
Tn instances when the level of haem is lowered, derepression occurs
resulting in an increase in the activity of 6-ALAS leading to an
increase in haem synthesis. In instances of excess haem, haem
stimulates the activity of haem oxygenase thereby increasing the rate
of its own destruction. Haem, therefore, is ecentral to the control

of both the haem bio-synthetic and catabolic pathways and so factors
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which control the level of haem, control the pathways as well.

Theories have been offered on how regulatory haem levels are affected
by haemo-compounds, e.g. cytochrcmes, as well as the nature of the
haem source which is catabolized. The following section deals with a
discussion of these points as well as some of the proposed theories

on the nature of the control of haem biosynthesis and catabolism.

Tt has been observed in the past that the preparation of cultured
cells always results initially in losses of cytochrome P-450 and an
increase in the activity of haem oxygenase (Bissell et al 1974).
Experimental evidence showing a relationship between cytochrome P-450
and haem oxygenase activity has been reported by Bissell et al (1974),

Bissell and Hammaker (1976a) and Maines (1977).

Maines and Kappas (1977b) reported that haem in the "free"
form is preferentially metabolized in vivo compared with haem bound to
cytochromes or other functional haemoproteins. This is found when a
very low dose of cobalt is injected, but with a larger dose, cytochrome
P-450~haem is also catabolized. Bissell and Hammaker (1976a)
reported that after a tracer dose of 5-14C-ALA, the degradation of
intracellular haem proceeded very quickly initially (peaked at 2.5

hours), however, 12 hours after the injection, the loss of haem was

log-linear following first-order kinetics.

These workers concluded that the early peak was a result of the

catabolism of a rapidly turning over regulatory fraction ("free"
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haem pool), while the second phase is attributed to the loss of
cytochrome P-450-haém. Alternatively, the biphasic loss of haem can
mean that there are two forms of P-450 with different half-lives.
The relevance of the two possible forms of cytochrome P-450 will be

discussed further in the next section.

Maines (1977) regards the mechanism of the catabolism of
cytochrome P-450 as being one in which cytochrome P-450 is first
converted to cytochrome P-420 and in this form becomes a substrate for
haem oxygenase. Bissell and Hammaker (1976a)suggest however that
cytochrome P-450-haem dissociates from ité apoprotein and mixes with
the regilatory "free" haem pool before degradation. The suggestion
by Maines (1977) that the first step in the degredation of cytochrome
p-450 is its conversion to P-420, is based on the finding that cytochrome
P-420 is a better substrate for haem oxygenase than cytochrome P-450.
Indeed, it was reported that cytochrome P-450 is metabolized to a
negligible extent, but this may not be absolutely true. De Matteis
and Sparks (1973) stated that the aercbic incubation of microsomes
with NADPH form many products, one of which is carbon monoxide,
suggesting that haem oxygenase is active on cytochrome P-450.

McLean and Garner (1974) proposed that cyrochrome P-420 is not a
precise entity but rather that cytochrome P-420 preparations are
composed of haem non-specifically bound to the apo-protein. This
implies therefore, that if a denaturing agent is present in ViVo

which constitutes the first step in the destruction of cytochrome P-450
(Maines 1977), then it may function by dislodging the haem from its
normal binding site on the apo-protein. Similarly, it can possibly
dissociate some of the haem entirely, in keeping with the idea

proposed by Bissell and Hammaker (1976b). Maines et al (1974)

showed that cytochrome P-420-haem is more susceptible to dislocation
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from its binding site and exchanges readily with albumin, whereas

haem from cytochrome P-450 does not. BAnother aspect of the stimulation
of haem oxygenase and the catabolism of haem involves different
affinities that haemo-substances have for the enzyme (Maines 1977) .

This idea enables a marriage between the theory proposed by Bissell

and Hammaker (1976b) with that of Maines (1977). The suggestion is

that the availability of haem for degradation by haem oxygenase is
related to the nature of the apo-protein to which the haem ig bound,

as the various forms each have a different affinity for the enzyme.

When haem is bound to the apo-protein of cytochrome P-450, its attraction
for haem is greater than that of the enzyme, whereas when in the
denatured form (cytochrome P-420), the affinity by haem oxygenase is
greater. Further, when in the "free haem pool" state, the carrier
protein could be envisaged to have the least attraction for haem, as
compared with the other binding proteins, and so the haem is most readily

accessible to degradation.

Agents promoting the degradation of haemoproteins, can be imagined
to elicit their actions by lowering the affinity which the apo-proteins
have for haem as compared with the haem oxygenase's affinity. Agents which
readily convert cytochrome P-450 to cytochrome P-420 have been reported.
These include proteases, detergents and mercurials. (Omura and Sato
1964) . Cooper et al (1965) reported that p-chleromercurikenzoate
converted cytochrome P-450 to cytochrome P-420. Mason et al (1965)
observed similar changes with other mercurials, and concluded that
a sulphur atom (possibly cysteine) is ligated to haem. Alvares et al
(1974) reported that the addition of methylmercuric chloride to microsonal
suspensions resulted in the conversion of cytochrome P-450 to
cytochrome P-420. The report by Chevion et al (1977) that the axial

ligand trans to the sulphur atom is imidazole, means that the two
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axial ligands of haem can be attacked by electrophilic substances viz.
mercurials. It is conceivable therefore, that cadmium could elicit

a similar interaction and change cytochrome P-450 to cytochrome P-420.
The denaturation of cytochrome P-450 can also occur if sulphydryl

and imidazole groups, being part of the amino-acids constituting

the peptide backbone of the apoprotein molecule, are also attacked

by mercurial compounds and/or cadmium.

The two theories summarized above and the ideas which have
evolved from them are presented to illustrate the intricate relationship

which exists between cytochrome P-450 and haem oxygenase.

Evidence indicating that a relationship exists between cytochrome
P-450 and 6-ALAS activity is shown by the work of Padmanaban et al

(1973), Bissell and Hammaker (1976b) and others.

A theory to account for the control of §-ALAS activity by cytochrome
P-450 has been proposed by Padmanaban et al (1973), whe envisaged
that a protein, possibly the apo-protein of a haemoprotein or probably
apo-cytochrome P-450, serves as a positive control on the translation
of the § -ALAS messenger. However, when haem binds to the apo~protein
they form a functional repressor and inhibit translation. Further,
the translation of the mRNA provides a trigger for the transcxription
and formation of more mRNA. This step requires cortisol and is

inhibited by actinomycin D.



Drugs affecting the level of cytochrome P-450 cause changes in
the activity of §~ALAS. For example, allylisopropylacetamide (AIA)
increases the degradation of cytochrome P-45C-haem resulting in an

increased rate of synthesis of the enzyme.

Phenobarbitone and Phenylbutazone (Padmanaban et al 1973,
De Matteis and Gibbs 1972 and Rajamanickan 1975) increase the
production of microsomal proteins, including apo-cytochrome P-450
proteins and this in turn stimulates the production of §-ALAS,
thus ensuring an adequate supply of haem to form the complete
holocytochrome P-450. De Matteis and Gibbs (1972) showed that 3,5-
diethoxycarbonyldihydrocollidine (DDC) inhibited haem synthetase,
resulting in a fall in the level of haem, an increase in &6~ALAS
synthesis and in porphyria. Recently, Maines and Kappas (1977b)
proposed that the central iron atom of haem is the active regulator
of the synthesis of &-ALAS and not the whole haem entity. The
tetrapyrolemolecule serves merely as a carrier of the metal to the
regulatory sites in the cells. De Matteis and Sparks (1973)
reported that iron is involved in the loss of cytochrome P-450
haem both in vivo and im vitro. Whiting and Granick (1976a, b)
confirmed that chemicals which increase the activity of &6-ALAS
(e.g. AIA and DDC) do so by increasing the amount of enzyme in the
hepatocytes via changes in the rate of enzyme synthesis. Changes
in the rate of transcription and translation of ALAS-mRNA is favoured
therefore, rather than activating preformed enzyme as proposed by

Patton and Beattie (1973).

The proposition that the repression of ¢ -ALAS synthesis by haem is

mediated by inhibiting the translation of the ALAS-mRNA as
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advocated by Sassa and Granick (1970) and Tyrrell and Marks (1972)

and partly by Padmanaban et al (1973) was not favoured by Whiting (1976) .
Whiting (1976) proposed that haem decreases the amount of mRNA

in vivo rather than causing the accumulation of a specific translational
inhibitor. I»n vitprc experiments with. chick embryo liver cells

however, showed that haem did not directly affect the translation of
endogenous ALAS-mRNA. Maines and Sinclair (1977) reported that in
chick embryo liver cells, the mechanism by which the induction of

§-ALAS was inhibited by cobalt, cobalt-haem diethyl ester and iron -

haem was intermediate between that produced by actinomycin D and

cycloheximide.

These experiments serve to highlight the fact that the precise
mechanism by which haem causes feedback inhibition of the synthesis
of &ALAS is still not clear, but that it may possibly involve
control over the transcription and/or translation of the messenger

in a way in which both systems affect each other.

Schmid (1973), in summarizing several publications, concluded that
exogenous haem could regulate the biosynthetic and catabolic enzymes in
a similar way toc that proposed for endogenous haem. However, exogenous
haem could not function as a precursor for cytochrome formation.
Bissell and Hammaker (1976b) did not support this, as they found
suggestions in their work that exogenous haem was incorporated into
cytochrome P-450. Consequently, further work is required to clarify

whether more than one "free" haem pcol can exist.

Another enigma deals with the significance of the multiple forms
of cytochrome P-450. The different forms examined differ in several

respects, including their electron paramagnetic resonance spectra
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(i.e. the spin-state of the haem-iron) and the amino-acid composition
of the apo-protein. The latter point in turn reflects the different
relative stability and half-life of the many forms. From the work of
ILevin and Kuntzman (1969), Coon et al (1977) and Dus et al (1977), it is
possible to associate these characteristics with contributing to

either the fast or slow phase of the biphasic catabolism of cytochrome
P-450. If conversion to cytochrome P-420 is the initial step in the
degradation of cytochrome P-450, then it is reasonable to speculate

on whether the multiple forms of the haemoprotein may differ in their

susceptibility.

Further, if multiple forms of cytochrome P-450 have different
efficacies with regard to the de-repression of &-ALAS activity and
the induction of haem oxygenase, then it would appear that the

multiple forms cf cytochrome P-450 will require further investigation.

11. Discrepancies in the Cytochrome/Enzyme Interrelationship

The control which cytochrome P-450 exerts over the haem metabolic
pathways may not be operable in cells other than in hepatocytes.
Maines and Kappas (1974a) reported that cobalt chloride did not affect
the haem oxygenase system of the spleen. Correia and Schmid (1975)
showed that in the liver, cobalt induced haem oxygenase and benzpyrene
hydroxylase activities but decreased cytochrome P-450 levels, while
in the intestinal mucosa,haem oxygenase and benzpyrene hydroxylase
activities and cytochrome P-450 levels all increased after cobalt
treatment. It was suggested that the mechanism of the stimulation of
haem oxygenase may differ in extrahepatic tissues, and/or that the

level of cytochrome P-450 is not related to enzyme activity.
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Equally valid is the possibility that in tissues other than the
liver,a putative factor may protect against toxic agents which affect
enzymes involved in the haem metabolizing system. Moron et al (1977)
reported that the level of reduced glutathione in rat liver was higher
than in rat lung. Since glutathione has been found to prevent metal
induction of haem oxygenase (Maines and Kappas 1976a), the differences
in the effects of cobalt in liver and extrahepatic tissues seem
untenable. On the other hand, the requirement by liver for high
reduced glutathione levels implies that pertubations in the enzymatic
system responsible for maintaining these levels, would cause the
level to be more susceptible to toxic effects. In the final analysis

however, the reason for the differences is not known.

Besides the drugs already mentioned, heavy metals affect the
haem metabolic pathways. Lead inhibits &-ALAD activity in the blood
(Lauwerys et al 1973) and also in the brain, liver, kidney and bone
marrow (Gibson and Goldberg 1970). It has also been implicated in
inhibiting haem synthetase (Alvares et al (1976) . Maines and Kappas
(1976a, c) showed that lead stimulates both 6 -ALAS and haem oxygenase
activities. The inhibition of haem synthetase and the stimulation of
haem oxygenase may account therefore for the observed effects of an
acute dose of lead, where the levels of haem and cytochrome P-450
fall and this is reflected in a lowered rate of microsomal metabolism
both in vivo and in vVitro (Alvares et al, 1976). Further, the
elevation of &-ALAS activity and the reduced §-ALAD activity
result in the accumulation of ALA in the blood but since ALAD is
not the rate limiting step and is normally present in large
quantities, this enzyme may contribute marginally to the overall fall

in the level of haem. Alvares et al (1974) reported a similar fate
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for the levels of haem, cytochrome P-450 and microsomal metabolic
activity following mercury intoxication, despite the fact that mercury's

effects on 6-ALAS differ.

A common feature of all metals is their ability to increase the
activity of hepatic microsomal haem oxygenase. The effects of metals
on 6-ALAS is varied however, indicating that the ensuing fall in the level
of haem, due to the increase in its degradation, does not always result
in the expected stimulation of &ALAS activity. Cobalt has been the
most extensively studied metal, and these findings have been compared

with those for other metals.

Yasukochi et al (1977) showed that cobalt decreased the level of
cytochrome P-450 but did not affect the level of cytochrome b5.
Maines and Kappas (1976a) reported that cobalt, manganese, nickel and
lead all increase both §~ALAS and haem oxygenase activity, while
mercury and ziné are inhibitory. Chromium, iron (ferrous and ferric),
copper and cadmium increase only haem oxygenase activity without affecting
§-ALAS. Maines and Kappas (1975a) showed that cobalt's effect on
§-ALAS is biphasic in that it causes an early inhibition of §-ALAS
(max 2 hrs), followed by an increase in enzyme synthesis and activity
(max 8 hrs). De Matteis and Gibbs (1977) reported that cobalt inhibits
the §-ALAS enzyme itself, rather than inhibiting its formation.
These findings were contrary to those of Whiting (1976}, who argued
that effectors of GALAS mediate their actions via enzyme synthesis
rather than directly effecting the enzyme already formed. Cobalt has
been implicated in inhibiting haem synthetase, and this may be related
to the fact that cobalt-protoporphyrin forms after cobalt injection

(De Matteis and Gibks 1977) . Cobalt-protoporphyrin has been speculated
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to be the unidentified green bile pigment which forms after cobalt
intake, and which De Matteis and Unseld (1976) suggested could be an
effective and sustained stimulant to haem oxygenase induction. Maines
and Kappas (1975b) report that cobalt-protoporphyrin is a weaker
stimulant than ionic copper, but this need not discount the inducer

role proposed for cobalt-protoporphyrin.

Guzelian and Bissell (1976) complicated the issue further when
they reported that cobalt did not affect haem synthesis but rather
inhibited the association of haem with its apoprotein in the formation

of holocytochrome-P-450.

Another inconsistency in the reported effects of metals deals with
nickel. Maines and Kappas (1976a) showed that nickel increased
§-ALAS activity im vivo. In contrast, in a subsequent publication,
the same authors (Maines and Kappas, 1977c) reported that nickel
(as well as plafinum) depressed §-ALAS activity even though the dose,
route of administration and the time after injection at which the
animals were examined, was the same. Further, Maines and Kappas
(1976b) illustrated clearly that the classical interrelationship
of enzyme control does not always apply when they showed that selenium
causes an increase in §-ALAS synthesis, resulting in a transient
increase in the "regulatory haem pool" which in turn stimulates

the activity of haem oxygenase.

Reports concerning the effects of cadmium on &ALAS and haem
oxygenase are not as numerous as those for cobalt. Maines and Kappas
(1976a) showed that a single subcutaneous injection of cadmium stimulated

haem oxygenase activity but did not affect &~ALAS activity in rat
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liver. Maines and Sinclair (1977) reported that in cultures of
embryonic chick liver cells cadmium, copper and cobalt all inhibited

the induction of &ALAS by AIA.

In conclusion, questions relating to the significance of the
multiple forms of cytochrome P-450; to how many "free" haem pools
exist and which one may be regulatory, along with the other
inconsistencies detailed in this section, all suggest that the true
nature of the control of haem metabolism and the involvement of

cytochrome P-450 appear to be more complex than currently envisaged.

12. Summary ard Aims of the Project

The General Introduction has attempted to present a synopsis
of information dealing with cadmium and the drug metabolizing system,

metallothionein and haem metabolism.

At the time that this project was conceived, the information on
the interaction of heavy metals with microsomal enzymes was reasonably
rudimentary. Furthermore, cadmium was the subject of some concern
because it had been clearly established as one of the more toxic of

the metals to which Man may be exposed from environmental sources.

The initial aims of the project were to determine whether
cadmium induces or inhibits the activity of the microsomal mixed
function oxidase system, since the published data at that time were
contradictory. The experiments directed towards this aim are reported
in Chapter one and they include an investigation of the time-course

of the response.
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Tt had been recognized that most of the cadmium found in the
liver is bound to metallothionein and there had been some
speculation on the possible protective role of binding. The
experiments reported in Chapter two deal with the question of whether
metallothionein is involved in the recovery of microsomal enzyme

activity following inhibition by an acute dose of cadmium.

Finally, the mechanism by which cadmium initiates its effects on
microsomal enzyme activity was investigated. Chapter three reports
the experiments which were done to determine whether the decline in
cytochrome P-450 noted in chapter one, is associated with changes

in either the biosynthesis or degradation of haem.



GENERAL METHODS
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The methods for assays common to more than one chapter are

presented here. Those assays confined to one chapter only, are

detailed in the "Methods" section of that chapter.

1. Source of animals and chemicals

Male Porton-derived rats (220-300 grams) were bred at the University
of Adelaide Central Animal House. They were allowed food and water
ad libitum. Cadmium acetate was obtained from BDH Poole, England and
was "Rnalar Grade". Cadmium acetate was dissolved in normal saline
before injection and an equimolar dose of sodium acetate in saline was
given to control rats. Biochemical reagents were obtained from the
Sigma Chemical Company and Calbiochem. All other reagents were of

analytical or laboratory grade.

2. Preparation of Microsomes

Rats were stunned and decapitated and their livers, after
perfusion in situ with ice-cold saline via the portal vein, were removed
and weighed. All subsequent operations were carried out at 4°c. The
livers were minced and then homogenized in 20 ml of 0.25 M sucrose/0.05
M Tris-HC1 (pH7.4) using a Potter-Elvehjem homogenizer and a motor
driven pestle. The homogenate was centrifuged for 15 minutes at
10,000 xg, after which the supernatant was decanted and centrifuged
at 105,000 x g for 1 hour. The microsomal pellet was resuspended
in cold 1.15% KCl1 which was buffered with SmM phosphate buffer pH7.4
and recentrifuged for 1 hour at 105,000 x g. The washed microsomes

were resuspended in 1.15% KCl/phosphate buffer.



39

3. Estimation of Microsomal Protein Content

Protein was assayed by the method of Lowry et al (1951) using

Bovine Serum Albumin (B.S.A. Sigma Type V) as standard.

4. Estimation of Microscmal Cytochrome P-450

Cytochrome P-450 was determined from the carbon monoxide difference
spectrum of dithionite-reduced microsomes assuming a molar extinction
coefficient of 91 cm—l mM_l between 450nm and 490nm (Omura and Sato

1964) .

5. Estimation of Microsomal Cytochrome b5

Cytochrome b5 was determined from the difference spectrum between
NADPH reduced and air saturated microscmes. Microsomes were diluted
to 2 mg protein/ml with 0.1M phosphate buffer pH7.4 and 3 mls added
to each of 2 matched quartz cuvettes. The baseline of equal light
absorbance, was determined between 390-450 nm on a Unicam SP1800
split beam spectrophotometer. 20 pl of 2% NADPH were added to the
sample cuvette, 20pl distilled water to the reference cuvette and the
spectrum between 390-450 nm recorded after thorough mixing. The
cytochrome b5 content was determined from the difference spectrum
between 424 nm and 409 nm assuming a molar extinction difference of
185cm_1 mM_1 (omura and Sato 1964) . Results are expressed as nanomoles

cytochrome b_ per mg microsomal protein,

5
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6. Atomic Absorption Spectrophotometry

The dry-weight content of cadmium and zinc in tissues were estimated

using atomic absorption spectrophotometry.

Glassware - all glassware used was washed by soaking in diluted

Decon - 90 (Decon Laboratories Ltd, Brighton, England) for 24 hours

and rinsed in distilled-deionized water. This was followed by immersion
for a minimum of 24 hours in nitric acid/water 1l:1. A further rinse
using copious amounts of running distilled~-deionized water was followed

by drying in a heated cabinet.

Reagents - Merck Perchloric Acid (70%)

"analar" Nitric Acid, glass distilled

"analar" cadmium acetate was used as a source for cadmium
in the preparation of the stock solution, from which the standards
were prepared. The concentration of the cadmium stock solution was

1 mg cadmium metal/ml in 5% nitric acid.

Pure metallic zinc was dissolved in hydrochloric acid and the
standard stock solution prepared as described in Varian's Technical

Manuals.

Analysis - all tissues were dried at about 90—1000C for approximately
8 hours in an electric oven before digestion. Up to 250 mgms of dry
tissue was weighed and placed in a graduated 50 ml test tube then 1 ml
perchloric acid (70%) and 2 ml distilled nitric acid (concentrated)
were added and the tubes placed in holes drilled in an electrically

heated aluminium block. The temperature of the block was gradually
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raised to 180°C and the tissues allowed to digest. Digestion time was
about 3 - 5 hours and was terminated when about 1 ml of clear liquid
remained and no trace of yellow vapours could be seen. The tubes were
allowed to cool and the volume made up to 25 mls with distilled-deionized
water. Blanks were treated in the same way. After thorough vortexing,
the solution was aspirated directly into the flame of a Varian Techtron
1200 Atomic Absorption Spectrophotometer. The photomultiplier was set
to 228.8 nm for the estimation of cadmium and 213.2 nm for zinc and

the absorption noted from the digital readout after integration over a
3 second period. The metal content was quantitated by interpolation
from a standard curve. It was established that this method did not
suffer from non-atomic absorption and so matrix matching of the

standards was not necessary.

7. Statistics

The effect of experimental treatment was evaluated by applying
the unpaired sStudent's t-test (two tailed) to values obtained from
treated and control group of animals. A significance level of p< 0.05

was used as a basis for rejection of the null hypothesis.



CHAPTER ONE
THE DRUG METABOLIZING SYSTEM
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INTRODUCTION

The acute and the chronic effects of cadmium on the rat hepatic
drug metabolizing system are examined in this chapter. These experiments
were performed to clarify the apparent discrepancy between the enzyme
inductive effect reported by Wagstaff (1973) and the inhibition reported
by Unger and Clausen (1973) and Hadley et al (1974) . Furthermore, it
was intended that these experiments form the basis for an evaluation
of the mechanism of the interaction between cadmium and microsomal

enzymes (see chapter 3).

To satisfy both objectives, the time-course of the effects of
a single, intraperitoneal injection of 5 mg cadmium acetate/Kg.
(equivalent to 2.1 mg Cd/Kg) was examined, by assaying the activity of
the rat microsomal drug metabolizing system in vitro at 12 hours
and 1,2,3,4,6,9 and 12 days after injection. Aminopyrine was used
as a representative of a type I substrate and aniline for type II.
Further, hepatic microsomal cytochrome P-450, protein yield, liver
weights, the metal contents of some of the microsomal preparations

and the cadmium and zinc contents of the livers and kidneys were estimated.

The chronic experiments, as compared with the acute, represent a
situation in which the animals receive a small amount of cadmium

continuously over a long period of time.

The chronic studies were undertaken by housing rats in community
cages, from the time they weighed 150 grams, during which time they
were allowed food and water ad 1ibitum. The treatment group had

cadmium (100 ppm ) added to their drinking water. Based upon
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estimates of water consumption, this represented an intake of approximately
1-3 mg cadmium metal/day. The animals lived under these conditions

for 222 days, after which they were killed and microsomes prepared from
their livers. The microsomal cytochrome P-450 and b5 contents were
estimated as were aniline-para-hydroxylase and aminopyrine - N -
demethylase activities. Microsomal protein yield, liver weights and

the cadmium and zinc contents of the livers and left kidneys were also

determined.

The drug metabolizing system can be altered in many ways. In
order to evaluate whether the acute effects of cadmium were relatively
non-specific, the following parameters were assayed. Microsomal
glucose-6-phosphatase activity was determined as an index of the functional
integrity of the microsomal membranes (Fever et al 1965). The effect
of food deprivation was also examined, as it was noted that the cadmium
treated rats eat less food than the controls. This observation was

also reported and investigated by Hadley et al (1974).

The control rats of the acute experiments were injected with saline
as this was the solvent used for the cadmium acetate, hovever, rats treated
with an equimolar dose of sodium acetate were also examined, to
establish that any changes seen in the cadmium dosed group were not

due to the acetate molecule.

METHODS

2a. Estimation of Hepatic in vitro Drug Metabolism

Aminopyrine -N-demethylase and aniline parahydroxylase activities

were determined in incubation media as described by Schenkman et al
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(1967), except that semicarbazide (4.1 mM) was added to trap the
formaldehyde produced during the demethylation of aminopyrine. The
incubation media contained 5mM substrate and were incubated with shaking
(120 oscillations/minute) for 20 minutes at 37OC. Washed microsomes

{3 mg microsomal protein/3 ml incubate) was used as an enzyme Source.
Formaldehyde was estimated by the method of Nash (1953) and para-
aminophenol, the metabolic product of aniline parahydroxylation, by

a modified method of Imai et al (1966) .

2b. Hepatic Microscmal Glucose-6-Phosphatase Activity

The protoccol for the estimation of hepatic microsomal glucose-6-
phosphatase activity was based on the method of Harper (1965) . The
colorimetric determinations of the phosphate content was based on the

method of Fiske and Subbarow (1925).

Microsomes were diiuted to 2 mg protein/ml with 0.1 M citrate
buffer pH6.8. 0.1 ml microsomes were incubated with 0.1 ml 0.08
M glucose-6-phosphate for 15 minutes. 2 ml 10% TCA was used to stop
the reaction and the precipitate removed by centrifugation. 1 ml
supernatant was mixed with 1 ml 10% TCA and then 1 ml 15 mM ammonium
molybdate dissolved in 5 M sulphuric acid was added and mixed thoroughly.
When this was completed for all tubes, 1 ml 1% metol in 3% sodium
sulphite was added and the blue colour allowed to develop for 15

minutes and then read at 680 nm against the reagent blank.

Standards and both reagent and incubation blanks were prepared

and carried through the same procedure.
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The enzyme activity was quantitated on the basis of inorganic

phosphate released and this was calculated from the following formula.

ODexp = ODcont (P) 2.2 .4 .5
ODstand X3 X7 Xy X7y

where ODexp = Average optical density of the duplicate experimental tubes

OD cont = Average optical density of the duplicate control tubes

ODstand Average optical density of the duplicate standard tubes

(P) = umoles phosphate in standard tube (0.3228 pmoles)
4 = converts 15 minute incubation time to 1 hour
5 = converts 0.2 mg. microsomal protein to 1.0 ghimg

2.2 = volume of enzymatic reaction mixture after addition of TCA.

RESULTS

I ACUTE STUDIES

(a) The Acute Effects of Cadmium on the Microsomal Drug Metabolizing
System

The means (with the standard errors) of both the control and
cadmium treated animals' aniline-p-hydroxylase and aminopyrine-N-
demethylase activities as well as their cytochrome P-450 content for
each time of cadmium treatment, is shown in Table 1. By expressing
the mean of each cadmium treated group's data as a percentage of the
mean of its respective control and plotting this against the time of
cadmium treatment, the graph shown in figure 3 is derived. These
data show the time-course of the effects of cadmium on the drug

metabolizing system of the male rat.



TABIE 1 TIME-RESPONSE RELATIONSHIP OF CADMIUM ACETATE (5 mg/Kg i.p.) IN THE MALE RAT

Time
after
cadmium

12 hours
1 day
2 days
3 days
4 days
6 days
9 days

12 days

21l cadmium treated groups differ significantly (p

asterisk.

aminopyrine Demethylase
nmoles product/mg microsomal

protein/minute

Control Treated
5.14+0.17 (4) 3.6+0.1 (4)
6.85+0.32 (8) 5.14+0.21 (5)
6.92+0.33 (8) 2.57+0.16 (8)
7.00+0.25 (4) 2.99+0.15 (4)
7.59+0.44 (6) 3.68+0.18 (5)
5.06+0.39 (9) 2.96+0.25 (8)
5.62+0.18 (6) 3.8210.12 (5)
5.7410.29 (6) 4.53+0.18 (6)

Aniline hydroxylase
nmoles product/mg microsomal
protein/minute

Control

0.4210.02 (4)
0.65+0.03 (8)
0.71+0.02 (8)
0.84+0.03 (4)
0.8+0.02 (6)

0.75+0.02 (9)
0.60+0.02 (6)

0.70+0.02 (6)

Treated

0.43+0.02 (4)*
0.54+0.03 (5)
0.32+0.02 (8)
0.44+0.02 (4)
0.46+0.01 (5)
0.5540.03 (8)
0.54+0.02 (5)

0.61:0.02 (6)

Cytochrome P-450
nmoles/mg microsomal
protein

Control

0.980.05 (4)
1.0440.05 (8)
0.9940.02 (8)
1.04+0.06 (4)
0.99+0.03 (6)
1.07+0.04 (9)
0.84+0.04 (6)

0.96+0.06 (6)

Treated

0.7+0.01 (4)
0.6510.03 (5)
0.44+0.02 (8)
0.5740.05 (4)
0.63+0.02 (5)
0.90:0.07 (8)
0.73+0.05 (5)*

0.83+0.05 (6)*

< 0.05) from their respective controls, except those marked with an
Values are means+ S.E.M. for (n) determinations.

9%
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The changes in the metabolism of aminopyrine and aniline and the
level of cytochrome P-450 occurred quickly following the injection
of cadmium. At 12 hours, the three parameters had decreased to 70%
86% and 71% of control, respectively, while the greatest effect of
cadmium occurred at the 48th hour, resulting in the maximum loss of
type I and II metabolic activity and in the level of cytochrome P-450.
At this time, the metabolism of aminopyrine and aniline was 37%
and 45% of the respective controls and also had 44% of the control's
cytochrome P-450 content. From between 48-72 hours, the trend observed
in the 3 parameters during the first 48 hours reversed. At the 72nd
hour, the metabolic activity of aminopyrine demethylase and aniline
hydroxylase in the cadmium treated group was 43% and 53% of their
respective control and the cytochrome P-450 content was 55% of control.
The recovery to control levels continued, but by comparison with the
rate with which the enzyme system's activity was initially decreased,
this was slow, as Qontrol valyes had not been reached by the 12th
day. On the 12th day, the type I and II metabolic activities and
cytochrome P-450 contents were 79%, 88% and 86% of their respective
controls. The demethylation of aminopyrine was the most sensitive
to the effects of cadmium, while the metabolism of aniline and the
level of cytochrome P-450 paralleled each other throughout the 12 day

investigation.

(b) Microsomal Protein Yield

Table 2 shows that from 12 hours through to 12 days after
cadmium treatment, there was no significant change in microsomal protein

yield per gram of liver.
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TABIE 2 MICROSOMAL PROTEIN YIEID (mg/qm liver)

TIME AFTER CONTROL CADMIUM
CADMTUM

12 Hours 9.55 + 0.46 (4) 9.73 + 0.20 (4)
1 pay 10.14 + 0.53 (8) 9.74 + 0.59 (5)
2 Days 12.68 + 0.79 (8) 12.91 + 0.52 (8)
3 Days 7.83 + 0.76 (4) 8.42 + 0.57 (4)
4 Days 11.62 + 0.19 (6) 11.08 + 0.58 (6)
6 Days 13.30 + 0.99 (5) 11.47 + 0.44 (5)
9 Days 10.24 + 1.02 (6) 10.74 + 1.01 (5)
12 Days 10.78 + 0.73 (6) 11.42 + 0.82 (6)

The mean microsomal protein yield (+ S.E.M.) of each group is shown and

the figures in the parentheses represent the number of rats in each group.

No values differed significantly from controls (p < 0.05)
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(c) Liver weights

Liver weight (in gm/100 gm body weight) of cadmium treated rats,
and their respective controls are showm in Table 3. At most sampling
times, there were no significant differences (p» 0.05), but on days
1 and 2, a significant decrease was observed (0.02 < p < 0.05) and

on day 12, significant increase was observed (0.001 < p < 0.01).

(d) The ILevels of Cadmium and 7inc in the Livers and left Kidneys

Figure 4 shows the cadmium content in the liver and left kidney
after cadmium administration. The cadmium content in controls was
less than the quantitation threshold (1 yg Cd/gm dry liver). The
highest amount of cadmium was detected at day 2 where it was 123i
91g cadmium/gram dry liver. Subsequently, the mean level decreased
and remained approximately 80ug cadmium/gm dry liver for the remainder
of the observation period. Cadmium accumulated slowly in the kidney

throughout the course of the experiment and it was consistently lower

than corresponding hepatic concentrations.

Control liver and kidneys had a zinc content averaging 10044
ug zinc/gm dry liver and 98t 3ig zinc/gm dry kidney. Figure 5 shows
that after cadmium administration, the zinc content increased above
control levels in both liver and kidney, although there was some
difference in the rate of accumulation. On day 1, the zinc content
in the liver had nearly doubled but in the kidney, no significant

increase was seen until day 2.



51

TABIE 3 LIVER WEIGHT (gm liver/100 gm body weight)

TIME AFTER CONTROL CADMIUM
CADMIUM

12 Hours 4.05 + 0.18  (4) 3.79 + 0.12  (4)
1 Day 5.10 + 0.21  (8) - 4.31 + 0.20  (5)*
2 Days 4.67 + 0.11  (8) 4.37 + 0.07 (8)*
3 Days 4.50 + 0.11  (4) 4.29 + 0.21  (3)
4 Days 4.54 + 0.09  (6) 4.72 + 0.14  (6)
6 Days 4.39 + 0.10  (5) 4.69 + 0.29  (5)
9 Days 4.53 + 0.11  (6) 4.72 + 0.08  (5)
12 Days 3.84 + 0.10  (6) 4.29 + 0.08  (6)*

The mean liver weights (+ S.E.M.) per 100 gm body weight of each group is
shown and the figures in the parantheses represent the number of rats in
each group.

*Significantly different from control p < 0.05.
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(e) Cadmium and Zinc Content of Microsomes

Microsomes prepared from rats 1 or 4 days after treatment with
cadmium acetate were each assayed for their cadmium and zinc content.
The data are shown in table 4, and expressed both as nanogram metal/3mg.
microsomal protein in order to show how much of each metal was
introduced to the incubation medium by the microsomes, and as cadmium
concentration (nanomolar) after preparation of a microsomal incubate

containing 1 mg microsomal protein/ml.

At both 1 and 4 days, these values are well below the cadmium or

zinc concentrations reported by Hadley et al 1974, and Chvapil et al

1975, 1976 to inhibit microsomal metabolism,

(£f) Sodium Chloride and Sodium Acetate Treated Controls

Table 5 shows the results obtained from 4 rats treated with saline
and 4 rats dosed with an equi-volume, equimolar dose (relative to

cadmium acetate) of sodium acetate.

The data indicate that microsomal protein yield in the sodium
acetate treated rats was slightly less than that obtained in the
saline group (0.1 < p < 0.2). There was no significant difference in
any parameters (p< 0.05) indicating that either sodium chloride or

spdium acetate could be used as an appropriate control treatment.

() Hepatic Microsomal Glucose-6-Phosphatase Activity

Figure 6 shows the hepatic microsomal glucose-6~phosphatase

activities found in control animals, as well as rats treated with
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TARIE 4 THE CADMIUM AND ZINC CONTENT OF MICROSOMES

TIME AFTER TREATMENT

1 DAY 4 DAYS
nanograms 31 72
cadmium/3 37 58
mg microsomal 40 S 58 &5 22
protein 149
nM cadmium final 92 214
solution of 110 172
incubate g 29FEE 172 2P0 165
442
nanograms zinc/3 294 275
mg microsomal 304 252
protein 394 331 %32 260 206t 6
278
nM zinc final 1497 1402
solution of 1550 1285
incubate 2009 1685 % 163 1326 38131
1417

Data shown both as values from individual rats, and as mean + S.E.M.
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TABLE 5 MICROSOMAL: PARAMETERS OF CONTROL PREPARATIONS

SODIUM CHLORIDE SODIUM ACETATE

(n = 4) (n = 4)
Aniline-p-hydroxylase ° 0.51 + 0.01 0.43 + 0.02
Aminopyrine-N-demethylase ° 6.78 + 0.05 6.63 + 0.36

b
Cytochrome P-450 1.18 + 0.02 1.13 + 0.05
c

Microsomal protein 9.45 + 0.40 8.45 + 0.38 *
yvield '
Liver weight q 4.53 + 0.03 4.53 + 0.08

a nmoles product formed/mg microsomal protein/minute
b nmoles/mg microsomal protein

¢ mg/gm liver

d gm/100 gm body weight

* gignificantly different from control (p < 0.05)



_
o
1

—_
£~
I

—
N
1

—
o
i

9))
T

o~
T

N
T

o
-

Figure 6.

wmoles Pi formed/hr/mg microsomal protein
o

57

I

V7777

(e}
//////

7

Control 12hrs. 1day 2day 6day 12day
TIME AFTER TREATMENT

The effects of cadmium on hepatic microsomal glucose-6-phosphatas
activity. Number enclosed within columns represent the number

of observations.
*gignificantly different from pooled controls (p < 0.05)



58

cadmium for 12 hours, 1 day, 2 days, 6 days and 12 days. The data
indicates that there was no change in activity relative to the pooled
control valves, (p > 0.6) during the first 24 hours after the injection
of cadmium. From 48 hours and extending to the 12th day, enzyme

activity was significantly lower than the control. (p < 0.001).

(h) The Effects of Starvation on the Microsomal Drug Metabolizing System

A consistent feature seen in all the cadmium treated rats was a
drop in the amount of food they eat each day. By 24 hours it was
common to see a fall of about 10 grams in body weight and 20 grams by
48 hours. The intake of food usually resumed by the third or fourth
day, but a gain in body weight often did not occur until after the
fifth day. Also, the microsomal pellet in these animals was less
"sticky" than the controls, probably due to a lower glycogen content.
The nutritional status of a rat can effect its drug metabolizing
system (Campbell and Hayes (1974)), and so the effects of food
deprivation was examined. A starvation period of 48 hours was chosen
as it was at this time that the microsomes were maximumly inhibited

after a single injection of cadmium (Figure 3).

The results are presented in table 6, and they show that starvation
caused an increase in the rate of aniline-p-hydroxylation (p < 0.001)
and a decrease in aminopyrine N-demethylation (p < 0.001), but no
change in the amount of cytochrome P-450. (0.6 < p< 0.7). %he
micrcsomal protein vield per gram of liver also did not change
(0.5 <« p < 0.6) but, as expected, there was a marked stimulation in

hepatic microsomal glucose-6-photphatase activity. (p< 0.001).
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TABIE 6 THE EFFECT OF FOOD-DEPRTIVATION (48 Hours) ON HEPATIC MICROSOMES

Ad-libitum fed Food-deprived

control rats rats
Aniline—p—hydroxylasea 0.71 + 0.02 (8) 0.94 + 0.03 (8)*
Aminopyrine-N- demethylasea 6.39 + 0.26 (12) 4.47 + 0.28 (12)*
Cytochrome P—450b 0.92 + 0.05 (12) 0.88 + 0.06 (12)
Glucose—6—phosphatasec 15.79 + 0.46 (12) 29.77 + 1.44 (12)*
Microsomal proteind 11.80 + 0.50 | (12) 12.28 + 0.64 (12)
yield
Liver weight® 4.24 + 0.08 (12) 3.36 + 0.08 (12)*

*significantly different from controls (p < 0.05)

a. nmoles product formed/mg microsomal protein/minute

b. nmoles cytochrome P-450/mg microsomal protein

c. nmoles inorganic phsophate released/mgm microsomal protein/hour
d. mg/gm liver weight

e. gm/100 gm body weight
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X
IT CHONIC STUDIES

Table 7 shows parameters of microsomal enzyme activity in rats
which had 100 ppm cadmium in their drinking water for 222 days. 1In
contrast to rats treated with an acute dose of cadmium, there was no

evidence of microsomal enzyme dysfunction.

Hepatic and renal cadmium concentrations in rats chronically
exposed to cadmium (table 8) were higher than those achieved in the
acute cadmium experiments, although zinc ievels were not markedly
different. The main difference in metal distribution in this
experiment was that renal cadmium content was substantially greater
than the hepatic content, whereas, the reverse was found after

an acute dose (figure 4).
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TABLE 7 THE EFFECTS OF CHRONIC CADMIUM INGESTION ON MICROSOMAL

PARAMETERS
CONTROL CADMIUM
(n=4) INGESTTON
(n=4)

Aniline-p-hydroxylase a 0.32 + 0.01 0.32 + 0.03
Aminopyrine-N~demethylase - 3.49 + 0.13 3.22 + 0.19
Cytochrome P-450 N 0.89 + 0.02 0.87 + 0.04
Cytochrome bg b 0.49 + 0.01 ~ 0.46 + 0.01
Liver weight °© 3.25 + 0.13 3.12 + 0.20
Microsomal protein yield ¢ 11.66 + 0.66 9.68 + 1.30

Rats were maintained for 222 days on drinking water containing 100 ppm

cadmium

a nmoles product formed/mg microsomal protein/minute
b nmoles/mg microsomal protein
c gm/100 gn body weight

d mg/gm liver weight

No values differed significantly from controls (p < 0.1)



62

TABIE 8 HEPATIC AND RENAL, METAL, CONTENTS (ug/gm dry weight)

CONTROL CHRONIC
RATS CADMIUM
(n=4) INGESTION
(n=4)
CADMIUM
Liver a 155 + 27
L. Kidney a 391 + 19
ZINC
Liver 97 + 3 150 + 14
L. Kidney : 102 + 6 106 + 3

a The cadmium content of the control rats was below the quantitation
threshold of 1lUg cadmium/gm dry liver
Values are mean + S.E.M. of 4 rats

L. Kidney denotes the metal content of the rats' left kidney
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DISCUSSION

The only significant effect of cadmium on cytochrome P-450-dependent
drug oxidation was an inhibition observed after acute cadmium administra-
tion. These results are therefore consistent with those of Unger and
Clausen (1973), Hadley et al (1974) and Yoshida et al (1976) and

they are at variance with those of Wagstaff (1973) .

Differences between the findings of various investigations may
be due to a combination of factors, including the species, enzyme
substrates, doses and routes of administration. However, the fact that
the metabolic activities of the drug metabolizing system and the cytochrome
P-450 content differed each day after cadmium treatment, implies that
time should now be an important factor guiding further investigations

into cadmium's effect on the system.

The reports by Schnell et al (1974) and Hadley et al (1974)
showed that the cadmium-induced potentiation of hexobarbital sleeping
time is the result of the inhibition of the metabolism of hexobarbital
and that the maximum potentiation of sleeping time occurs on day 2.
Statistically, this inhibitién was shown to extend through to day 5.
These results imply that the time-course of cadmium's effect on
hexobarbital sleeping time could be a result of the time-course of
cadmium's effect on the drug metabolizing system. The results of
this chapter confirm and illustrate this implication of their work for
the first time. TLater, a report by Yoshida et al (1976), showed
that the maximum inhibition of aminopyrine-N-demethylase activity in
mouse 9,000 x g supernatant also occurred 48 hours after cadmium

injection (3mg/kg), but by 72 hours, the enzyme activity was nearly

back to normal.
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The cadmium contents in the liver are a pertinent consideration,
especially in view of the high content obtained by 24 hours. Hadley
et al (1974), showed that cadmium added to microsomes in vitro in a
concentration range of 0.5 uM-0.5 mM inhibited microsomal metabolism.
Although high hepatic levels of cadmium were recorded (figure 4), very
little of it was localized within the microsomal fraction. The
quantities of cadmium found in microsomes prepared from cadmium-treated
rats (table 4) were less than the concentrations found by Hadley et al
(1974) and Priestly (unpublished observations) to inhibit metabolic
activity im vitro. It may therefore be concluded that the inhibitory
effect of cadmium on the microsomal enzyme system, is probably an

in vivo and not an im vitro phenomenon.

Despite the large amounts of cadmium retained in the liver and
kidney, the chronic administration of the metal did not result in any
changes in the hepatic drug metabolizing system. This suggests firstly,
that metallothionein may have been synthesized and secondly that,
tissue metal content alone is not a significant factor in the
aetiology of enzyme inhibition. The possibility that metallothionein

acted as a detoxicant is discussed in chapter 2.

The rate of metal intake was lower in the chronically dosed animals
compared with the injected group, as it took 222 days to reach a hepatic
cadmium content of 155127 Hg cadmium/gm dry liver and only 48 hours
after a single, 5 mg cadmium acetate/Kg. intraperitoneal dose, to reach
123t9 pg cadmium/gm dry liver. The difference in the rate of cadmium
accumulation is probably due to the differing biocavailability between
oral and parenteral routes of administration. It appears, therefore,

that the inhibitory effects of cadmium on the system can be initiated



65

only if the amount of cadmium presented to the liver, soon after
administration, exceeds some "toxic-threshold". The "toxic—-threshold"
for the rat hepatic drug metabolizing system is not known, but Schnell
et al (1974) reported that injected cadmium doses, less than 2.0 mg
cadmium/Kg, did not significantly alter rat hexobarbital sleeping
time. This dose threshold is consistent with data obtained in our

laboratory as well (Hawke et al 1977).

Glucose-6-phosphatase activity was not affected during the first
24 hours, during which time cytochrome P-450 dependent activity
declined sharply. This suggests that the integrity of the microsomal
membrancs were not affected and so the actions of cadmium, at this
stage, are direct and relatively specific, for cytochrome P-450.
The fall in the activity of glucose-6-phosphatase from 48 hours onwards,
suggests cadmium-induced damage to the microsomal membranes which
presumably has an inhibitory effect on drug metabolic activity.
Consequently, after 48 hours, it appears that cadmium has also an
indirect, inhibitory effect on the activity of the microsomal drug

metabolizing system.

However, from the 3rd to the 12th day after cadmium, drug metabolic
activity returns towards control rates, while glucose-6-phosphatase's
activity is markedly inhibited and shows no signs of returning to control
levels. 1Indeed, there is no significant difference between the
activities observed on the 2nd, 6th and 12th days after cadmium (figure 6).
This indicates that the time-course of microsomal glucose-6-phosphatase
activity after cadmium is different to the time-course of cadmium's
effect on the drug metabolizing system. It seems therefore, that

the effects of cadmium on the drug metabolizing system are due mainly
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to the initial, direct actions of cadmium on the system, while the
effects resulting from the proposed membrane damage, contribute only

minimehly, if at all, to the inhibition in the rate of drug metabolism.

The data from the experiments with complete food deprivation,
indicate that reduced food intake alone could not have been responsible
for the inhibitory effects on metabolism. A similar conclusion was
reported by Hadley et al (1974). It was stated in the Resulits section,
(part h), that the cadmium-injected rats eat a little food (estimated
at 5-10% of control intake) and so the data obtained from the food
deprived rats represents an extreme case. Figure 6 indicates that
there was no fall in glucose-6-phosphatase activity during the first
48 hours after cadmium and it was concluded that membrane damage did
not occur during this time (Feuer et al 1965). However, it is possible
that damage to the endoplasmic reticulum did occur but was not detected
because of the tendency for glucose-6-phosphatase activity to increase
under conditions of reduced food intake. It follows, therefore, that
the decline phase could result from both the indirect effects of
microsomal membrane damage plus the direct effect of cadmium on the

microsomal mixed-function oxidases.

The data obtained in the acute and chronic studies do not provide

a conclusive answer to cadmium's mechanism of action, however, they
elucidate much information. The fact that the initial acute effects

seen are a result of a direct, in vivo action of cadmium on the microsomal
constituents and together with the fact that the metabolism of type I

and IT substrates follow a similar patternito the level of cytochrome
P-450, suggests strongly that the initial inhibition of metabolism

could be a result of the fall in the level of cytochrome P-450.
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Further, the apparent reversibility of the metabolic inhibition after
day 2, parallels the reversibility of the prevailing levels of cytochrome

P-450 and adds further support to this theory.



CHAPTER TWO
METALLOTHIONEIN
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INTRODUCTION

The time-course of the inhibition of the drug metabolizing system
induced by cadmium, was discussed in chapter one. The observation that
the inhibition reversed after the 48th hour, following the injection
of cadmium, indicated that cadmium may have ceased to have any effect
on cytochrome P-450. Further, the failure to induce a toxic reaction
following the chronic administration of the metal and the continued
high level of cadmium in the liver, merited investigation. If cadmium
was bound to metallothionein then firstly, did this protein play a role
in reversing the acute inhibitory effects of cadmium and secondly, did
it protect the chronically treated animals? This chapter attempts

to answer this.

The possibility that a detoxification mechanism operates within
the liver was one of the suggestions put forward by Pulido (1966) as a
role for metallothionein and he cited as supporting evidence, the work of
Piscator (1964). Since then other papers have appeared claiming a similar
role for metallothionein and these have been discussed in the General

Introduction.

Tf the effects of cadmiun on microsomal enzymes are related
to "free" cadmium concentration; i.e. simple sequestration of
cadmium is the mechanism of detoxification, then one might expect
that the recovery from the inhibitory effects on drug metabolism
should follow a similar time-course to the changes in metallothionein
content in the liver. That is, the level of metallothionein should
increase after the injection of cadmium, with the maximum content
occurring on or after the 48th hour, to coincide with the beginning of

the return to normal levels of cytochrome P-450 and the metabolic
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activity of the enzyme system.

To investigate this, the hepatic metallothionein content was

estimated in rats %, 1, 2, 6 and 12 days after administration of the

same dose of cadmium acetate as that used for the metabolic studies.

2. Methods

2a. Preparation of Metallothionein

Two or three rats, dosed with 5 mg cadmium acetate/Kg i.p. were
killed at the times indicated and their livers perfused with ice-cold
saline via the hepatic vein, excised, blotted dry and weighed. The
livers were homogenized in 20 mls of cold 0.1M ammonium acetate buffer
pH7.5 using a Potter-Elvehjem homogenizer. The homogenates were
centrifuged at 10,000 x g for 15 minutes and the supernatants
centrifuged at 105,000 x g for one hour. The resultant supernatants
were combined and clarified by filtering through Whatman No. 542
filter paper (see Appendix A). The filtrate was assayed for protein
by the method of Lowry et al (1951) and 400 mgms of protein, (see
Appendix B), in a final volume of 15 mls, was applied to a Sephadex
G-75 superfine column (85 x 5) cm with a flow rate of 0.91 mls/minute
which was maintained by an auto-analyzer peristaltic pump using grey
shouldered pump tubing with an I.D. of 0.051 inches. The eluting
buffer was 0.1M ammonium acetate pH7.5. The eluate was continuously
monitered at 254 nm by a Uvicord II spectrophotometer and 15 minute
fractions were collected. The spectrophotometer was connected to a
2 channel Rikadenki recorder; one channel tracing the 254 nm

absorbance/transmittance output, while the second channel was arranged
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to mark the chart paper at the change of every fraction tube. The
absorbance at 254 nm was used to monitor the eluates because cadmium-
thionein absorbs strongly near this wavelength. A peak found at

about Ve/Vo = 2, with an estimated molecular weight of 10,500 daltons
(see Appendix C) and which was not present in the control livers, was
initially accepted as being that of cadmium~-thionein. Subsequent assays
on the fractions provided evidence confirming this. The criterion used
to identify cadmium-thionein was based on the properties described by
Kagi and Vallee (1960) for the equine renal metallothionein. These

properties have been discussed in the General Introduction.

2b. Assays

The eluates which were thought to contain metallothionein were each
assayed for cadmium and zinc, directly, by atomic absorption spectro-
photometry. The cadmium and zinc content of each metallothionein
peak was quantitated by summing the cadmium and zinc content of each
fraction comprising the peak. The metal content of each tube is
presented in figures 7-12 while the total metal content of each
cadmium-thionein peak is listed in table 9, columns 5 and 8. The
250 nm and 280 nm absorbances of each of these tubes were read on a
Unicam SP1800 split-beam spectrophotometer and the values plotted
as shown in figures 7-12. Cadmium-thionein was quantitated by
weighing a cut out of the peak defined by the plotted 250 nm points.
The value of the areas thus obtained are presented in table 9 under

column 1 and are expressed in arbitary units.

2.7 mls of eluate from each of these fractions was placed in
each of 2 cuvettes and the spectrophotometer was adjusted to zero
absorbance if necessary. 10-20 Ul of cadmium acetate (2.5 mg

salt/ml) was added to the sample cuvette, and ammonium acetate
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buffer to the reference cuvette, each was mixed thoroughly and the
absorbance reading noted. An extra 10 ul was added to ensure that
there was no further increase in O.D. thus establishing that the
metallothionein was fully saturated with cadmium. The resultant
increase in absorbance due to the excess cadmium was plotted against
the eluted fractions and was quantitated by weighing as before. The
values obtained are presented in table 9, under column 2. Cadmium
binds by displacing zinc from its binding site (Kagi and Vallee 1961},
therefore, the values obtained are taken to be an estimate of the zinc-

thionein content for each time of treatment.

3. Results

Figures 7-12 enable comparisons to be made between each eluted
fraction comprising each cadmium-thionein peak. They show clearly that
the tube with the highest cadmium concentration had the largest
absorbance at 250 nm, in keeping with the properties reported by
Kagi and Vallee (1960) for metallothionein. Table 9 presents relevant
data obtained from the whole of each cadmium-thionein peak. They
enable comparisons to be made between the time after treatment at

which cadmium-thionein was examined.

3a. Metal contents

(i) ZINC (columns 7, 8, 9 of table 9).

In the control animals, a small amount of zinc was detected in
the eluates at Ve/Vo=2 (6 Hg zinc). After treatment with cadmium, the

percentage of zinc found in the metallothionein peak increased almost
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13-fold to an average of 57.6% of the total zinc. The remainder was
bound to other proteins indicating that zinc was widely distributed
in the eluates. 12 hours after injection, an additional 50 ug zinc
was present in the 400 mg sample of protein applied to the column.
An additional 112 pug of zinc appeared in the metallothionein peak,
indicating that with the de novo synthesis of thionein protein, a
transfer of zinc occurred from other proteins in the supernatant

to thionein and also that the uptake of zinc by the livgr had
increased. The level of zinc in metallothionein increased until a

plateau was reached at day 6. (columns 7-and 8).

(ii) CADMIUM (columns 4, 5 and 6 of table 9)

The level of cadmium in the eluates from control rats was found
to be so small as not to be detectable by the instrument in use. In
the treated animals the levels found were markedly increased. Column
5 shows that the level of cadmium in metallothionein from 12 hours
through to 12 days was of the same order. This is reflected in the
data in columns 4 and 6, where it was found that there was always
approximately 120 ug cadmium applied to the column and about 90%

of this was recovered bound to metallothionein.

3b. Metallothionein contents (columns 1, 2 and 3 of table 9)

(Special note to clarify the data of table 9)

Figures 8-12 show that a contaminating protein was present in
the first 5 - 6 tubes of each cadmium-thionein peak. The contaminating
protein always peaked in the third fraction (41 mls) before the peak of

the cadmium-thionein protein. The result of this is that the beginning

of the cadmium-thionein peak is ill-defined as the absorbance at 250 nm
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due to cadmium-thionein is overwhelmed by the much higher 250 nm
absorbance (part of the shoulder of the 280 nm peak) of the contaminating
protein. Therefore, the data of table 9 cannot be regarded as being
absolute; table 9 however, is of value, because it can show the

trends of the various parameters over the course of the experiment.

The detection of metallothionein depends upon the use of
indirect methods. The Lowry method for protein estimation (Lowry
et al 1951) is unsuitable as it depends upon the presence of phenyl-
alanine and tyrosine, both of which are absent or in extremely small
quantities in metallothionein. The absorptive behaviour of metallo-
thionein at 250 nm and 280 nm is however, highly specific. 2Zinc-
thionein does not have an absorption maxima at 250 nm, but is reported

to absorb strongly at 215 nm (Kagi and Vallee 1961).

In the control rats, no cadmium-thionein could be detected
as there was an absence of both cadmium and a distinct absorption at
250 nm in the eluted fractions which would normally contain metallo-
thionein. The addition of cadmium to the eluates produced a small
increase in optical density. Figure 7 indicates that this forms a
peak in an identical manner to those observed in the treated groups
in that the maximum absorption appeared in the third fraction after
the 280 nm absorbance peak. This suggests that a thionein is
present in the control animals, but in a small quantity and is
probably zinc-thionein. The pattern of zinc levels in these same
fractions, support most strongly the proposition that it is zinc-
thionein. The zinc-thionein content, as estimated by the increased
250 nm absorbance after cadmium addition to the eluates, is listed

in table 9, column 2 and it is evident that this increased with time.
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The trend in the values are that the levels at 6 and 12 days are about

the same, but are a little greater than at any time before.

Column 1, table 9, lists the cadmium-thionein content in the
treated rats and shows that the amount found at 12 hours did not

change during the remainder of the observation period.

The method used to quantitate the level of metallothionein
(cadmium-thionein) depends upon the presence of cadmium and so the
relative amounts of cadmium found at each time after treatment, should
be the same as the relative amounts of metallothionein found. This
was indeed the case, however, the important implication is that the
cadmium present in the metallothionein peak is bound specifically to

thionein and not to other 10,000 M.W. proteins.

Column 3, which is the sum of columns 1 and 2 at each time of
treatment, reveals the total metallothionein content. This data
illustrate that throughout the observation period, there was a
continuing production of thionein with the greatest amount appearing
on the 6th day after treatment, which is in agreement with the

results of Chen et al (1975).
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TABLE 9 METALIOTHIONEIN CONTENT AFTER CADMIUM ACETATE INJECTTON 5 mg/Kg i.p.

COLUMN 1 2 3 4 5 6 7 8 9
NO
PARAMETERS CADMIUM- ZINC—- TOTAL CADMTUM CADMIUM PERCENT OF | ZINC ZINC PERCENT OF
THIONEIN THIONEIN METALIO— [CONTENT CONTENT OF CADMIUM APPLIED CONTENT OF| ZINC
CONTENT CONTENT THIONEIN [APPLIED CADMTUM—~ APPLIED TO COLUMN |CADMTUM- APPLIFD
(Area under (Area increase|CONTENT [TO COLUMN THIONEIN FOUND IN (ug ZINC) |THIONEIN |FOUND IN
curve defined|after cadmium (Sum of |[(ng CADMIUM)| PEAK PERK PEAK PEAK
by A cn) saturation) columns (ng CADMIUM)| (%) (ug ZINC) | (%)
250
(1) & (2)
a a a a
Control N.D. 300 300 < Q.15 < 2.0 N.D. 124 6 4.8
12 Hours 7554 4743 12297 129 122 94.6 174 118 67.8
1 Day 6528 5585 12113 111 29 89.2 189 92 48.7
2 Days 7031 8650 15681 124 115 92.7 224 124 55.4
6 Days 7345 10094 17439 111 107 96.4 239 142 59.4
12 Days 7752 9204 16956 128 117 91.4 239 135 56.5

The lower limit of sensitivity was 10 nanogram cadmium/ml above blank levels using the most sensitive wavelength of
228.8 nm and so, the eluates would have contained 0-10 ngm cadmium/ml. Since 15 mls of supernatant was fractionated,
then the total cadmium content was less than 0.15 ug.

On average, the metallothionein peak was collected in 15 tubes of 13.6 mls each. Therefore, the control rats would have

had no more than 2.0 pg cadmium in their comparable fractions.

8
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DISCUSSION

Tt is possible to derive the following conclusions from the

data shown in table 9, columns 1, 2 and 8.

After the injection of cadmium, thionein is produced and together
with the zinc-thionein normally present, bind some 90% of the cadmium
in the soluble cytoplasm. The sequestration is completed by the 12th
hour and the cadmium-thionein content thus produced does not increase
thereafter. However, the productidn of thionein continues and this
incorporates zinc into its binding sites. This last point has been
subsequently confirmed by Leber and Miya (1976), whose experimental
evidence showed that both cadmium-thionein and non-cadmium bound

thionein had been produced in their cadmium treated rats.

It is unlikely that the newly synthesized metallothionein was
responsible for reversing the inhibitory effects of cadmium on
metabolism at 48 hours, because the cadmium-thionein content was
already maximal at 12 hours, at which time the activity of the
microsomal enzyme system continued in its decline-phase. Therefore, the
act of sequestering cadmium, does not mark the point where a reverse
in its effects begin. Instead, the reversal may be the result of
normal, healing mechanisms coming into operation. It is probable that
the sequestration of cadmium prevents the induction of further toxic

effects.

The explanation consistent with the relative time-course of
cytochrome P-450 dysfunction and metallothionein synthesis is that,

once cadmium initiates its toxic effects, then these subsequently
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progress without further requirement for cadmium. It seems then that
the initiation of the effects of cadmium on metabolism precedes the
induction of thionein. Therefore, an examination of the time-course
of metallothionein production should indicate how soon after injection
do cadmium's toxic actions begin. A number of workers have

published papers which provide such information, many of which were-

published after the completion of these experiments.

Cempel and Webb (1976) followed the production of metallothionein
from 1-48 hours after an intravenous injection of 1.6 mg cadmium/kg
in 10 week old rats. They detected metallothionein by assaying their
Sephadex eluates for cadmium and assumed that metallothionein appeared
at Ve/Vo = 2. From their data, they reported that the uptake of
cadmium by the liver was complete by 1 hour after administration. At
this stage, in the male rats, the cadmium was bound to high molecular
weight proteins and there was no metallothionein detected. They did
not find metallothionein until the 4th hour which coincided with the
data reported by Squibb and Cousins (1974), who injected 4.5 umoles
cadmium intraperitoneally and used 3H-cysteine as an index of protein
synthesis. They found that it took 2-3 hours for cadmium to induce the
transcription and to begin translation, of the specific mRNA for
thionein. Once produced, a rapid transfer of cadmium from the high
molecular weight proteins to the nascent thionein began and the
formation of metallothionein covered the 4th to the 8th hour, when
production was complete. Sabbioni and Marafante (1975) reported
supporting evidence when they found that in rats, injected with 1.0 mg
cadmium/Kg i.p., the synthesis of metallothionein was incomplete at
6 hours but was complete by 12 hours. Shaikh and Lucis (1971)

. 14 ) Ar . .
reported that the incorporation of C-cysteine into their cadmium
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binding protein increased continuously from 5 to 24 hours after a

single subcutaneous dose of cadmium chloride (0.03 mM/Kg).

Bryan and Hidalgo (1976) examined the association of cadmium with
the nucleus. Their information expands the data reported above. They
found that not only did cadmium bind to the high molecular weight
proteins, but it also entered the nucleus and bound firmly to nuclear
material. The transcription of the mRNA for thionein began after a
lag phase of about one hour and the cadmium which transferred to
the thionein protein came from both the high molecular weight proteins

and from the nucleus.

In contrast, Nordberg et al (1971) reported a lag phase of 24
hours between the injection of cadmium (3.0 mg cadmium/Kg s.c.) and the
onset of synthesis of metallothionein. Webb (1975) however, regards
this as beiné due to Nordberg's high dose of cadmium which can inhibit

protein synthesis in the liver.

Despite the different doses of cadmium and methods of quantitating
metallothionein used in all of these studies, a sequence of events
defining the synthesis of metallothionein can be compiled from the data.
Tt is clear that in the first hour after injection, cadmium is taken
up by the liver. A lag phase of perhaps 1 - 2 hours is followed by
the beginning of transcription of mRNA and metallothicnein appears at
about the 4th hour. Cadmium-thionein production continues until it
is completed by the 8th hour. Squibb et al (1977) examined the time-
course of zinc-induced synthesis of thionein and their data showed
that it was similar to the events seen with cadmium. Consequently,

it appears that the initiation of cadmium-induced changes in
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microsomal enzyme activity occurs during the first 1-2 hours after

injection.

The discussion so far has rested on the premise that thionein
is a cadmium detoxicant. This was not observed in the experiments
presented here and it was argued that this was principally because
the rate of thionein synthesis did not exceed the rate of development
of the toxic actions of cadmium. It follows therefore, that with
the formation of more binding sites after a single dose of cadmium, as
seen by the formation of zinc-thionein, the animals should be able to
tolerate second and subsequent doses of cadmium with less adverse
reaction. This has been the argument behind the many papers which
have examined the role of metallothionein and a short resumé of these
papers will be given. However, the simple sequestration of cadmium
has not been accepted by all, and exceptions have also been noted.

This evidence will also be included.

The recent investigations into the protective role of metallo-~-
thionein has been based on inducing metallothionein with either zinc
or cadmium several hours before a larger challenge dose of cadmium is
administered. The protection afforded by the induced metallothionein
against the challenge dose(s), has been substantiated by reports that
it has prevented testicular damage (e.g. Parizek 1957, 1960, Gun &
Gould 1966), decreased cadmium-induced mortality, in male rats
(Leber and Miya 1966, Yoshikawa 1970), in female rats, (Webb 1972)
and inhibited cadmium-induced lesions in sensory ganglia (Gabbiani

et al 1967).

Leber and Miya (1976) and Probst et al (1977) showed that the
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degree of protection, as illustrated by reduced mortality and a fall
in LD50s respectively, was related to the amount of pre-inducing
cadmium injected. The dose presumably influences how much thionein

is synthesized and what proportion of this has cadmium bound to it.

Protection against the effects of cadmium requires its quick
immobilizaticn, perhaps by exchange with zinc at binding sites on
preinduced metallothionein. This»exchange has been shown to occur
both <7 vivo and in vitro (Suzuki and Yoshikawa 1976, Leber and Miya
1976). However, an alternative hypothesis is favoured by Webb (1972).
He suggested that the exchange of zinc for cadmium was a transitory
and minor pathway, while protection was afforded via the preinducing
levels of cadmium or zinc "priming" the thionein synthesizing system.
That is, the inducing dose of cadmium or zinc gives the liver a
capacity to synthesize metallothionein at a much greater rate and
with a minimél lag phase. This mechanism is also supported by the
published data of Squibb et al (1977) and Bryan and Hidalgo (1976).
Furthermore, Stoll et al (1976) and Weser and H;bner (1970) showed
that, in vivo, cadmium and zinc could increase the rate of mRNA
synthesis as well as RNA-directed amino-acid incorporation. Squibb
et al (1977) reported that the poly-(B) -containing mRNA for thionein
was labile, so, the extent of protection due to preinduction, may be
related to either the life of the messenger or, whether it is

continually synthesized and/or, for how long the ability lasts to

derepress the translation of the messenger.

Chen et al (1977) reported that after the induction of zinc-thionein
with zinc, the zinc content decreased 3 days after the treatment

ceased. This means that the translation of the messenger for thionein
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is repressed in the manner described by Squibb et al (1977) and

since the messenger is labile, the mRNA content can decrease with

the absence of further stimulus. This may explain the 3 day limit of
protection against cadmium-induced mortality. (Yoshikawa (1970) and

Webb and Verschoyle (1976)).

The situation with cadmium therefore, can be that transcription
may not be affected and proceeds quickly upon the administration of
a second dose of cadmium but translation of the preformed mRNA, which
will provide the immediate de novo binding sites for cadmium, is
delayed. During this delay , mRNA is derepressed, and despite the
subsequent incorporation of cadmium into thionein, the toxic reactions

leading to death occur.

Therefore, protection is attained when there is sufficient
messenger to_be translated immediately in response to the second and
subsequent doses of cadmium and to bind cadmium quickly, before the
toxic reactions can begin. This process occurs concomittantly with
the incorporation of cadmium into preformed thionein, presumably zinc-

thionein.

There are however, doubts in the theory for a protective role
for metallothionein. The protective effects of a previous dose of metal
against cadmium-induced mortality last for only 3 days. Although this
has been used above, to support the hypothesis for a labile "priming"
mechanism, Webb & Verschoyle (1976) have themselves argued against this
hypothesis on the grounds that the increased capacity to synthesize
metallothionein persists for 10 days after injection of cadmium (Webb

1976). Shaikh & Crispin Smith (1976) have reported that this increased
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capacity may be maintained for at least 3 weeks. Also, Yoshikawa (1970)
reported that there are metals such as indium and manganese, which
protect against cadmium-induced mortality, but do not induce the syn-

thesis of metallothionein.

In summary, there is evidence supporting both mechanisms for
cadmium detoxification. It is likely that both cadmium-zinc
exchange on preinduced metallothionein and priming of the synthesizing
system play a role, with the degree of protection afforded by the
pretreatment, being a function of the total sequestering capacity
of these two mechanisms. Furthermore, the rapidity with which cadmium
may be sequestered is an important factor in the protective mechanism.
The importance lies in keeping the unbound cadmium below the "toxic
threshold". In instances where the challenge dose overwhelms the total
chelating capacity of the liver, then it may still be possible for a
toxic reaction to occur. Such cases could have occurred in the data
presented by Webb and Verschoyle (1976) where the zinc-thionein
induced by starvation had no effect on the LD 50's in female rats.
Starvation produced a very small amount of zinc-thionein (3.8 fg
Zn/gm wet wt tissue) and so its capacity for cadmium could have been
limited. Also, since the zinc-thionein synthesis was not via an earlier
encounter with cadmium or zinc, then there would have been a lag phase

before further thionein was synthesized.

The conclusions of this chapter are supported by the findings
from the chronic administration of cadmium (see Chapter 1). This
data showed that despite the continued intake of the metal and also
that the hepatic and renal cadmium contents exceeded the values

obtained in the injected group of animals, no inhibition (or
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stimulation c.f. Wagstaff 1973) of the drug metabolizing systems was
found. This phenomenon can now be explained on the basis of the

rate of sequestration by metallothionein.

The amount of cadmium presented to the liver after the initial
drinking of water containing cadmium, may not have been sufficient
to inducelany effects on the drug metabolizing system, but it
probably initiated the synthesis of thionein. Subsequently, after
each intake of cadmium, there would have been binding sites available
to sequester the cadmium and hence no inhibition or stimulation of
the enzyme system could have occurred. The behaviour of thionein
therefore, was to bind and store the cadmium, thereby preventing
the free ionic form from accumulating to an amount capable of inducing

a toxic reaction.

It is concluded therfore, that the major limitation to cadmium's
bioavailability is the sequestering action of thionein and that it is
the factors which control thionein synthesis which control the

capacity for protection.

The theory, while based on findings on work done with zinc and
thionein synthesis, could be applicable to cadmium, as the two metals
induce the synthesis of a thionein with similar properties and with

a similar time-course of production.



CHAPTER THREE
HAEM METABOLISM
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INTRODUCTION

In Chapter 1, it was postulated that the reduced rate with which
both type I and II substrates were metabolized was a result of the
decreased cytochrome P-450 content. An attempt is made in this chapter
to define cadmium's mechanism of action. To undertake such an
investigation requires a more detailed examination of the decline
phase of the microsomal enzyme system's activity and so the first

48 hours after the injection of cadmium is of interest.

A fall in the level of cytochrome P-450 can be due to the following

possibilities.

Cadmium could (1) inhibit the biosynthesis of haem.

(2) stimulate the catabolism of haem.

(3) inhibit the biosynthesis of cytochrome P-450-
apoprotein.

(4) stimulate the catabolism of cytochrome P-450-
apoprotein.

(5) disrupt the interaction of the haem and apoprotein
moiety in cytochrome P-450 already formed.

(6) prevent the formation of nascent cytochrome P-450
by interfering with the combination of haem and the

apoprotein moiety.

It was not possible to examine all of these possibilities with
the facilities available, but several of them appear to be less
likely than others. For example, if the mechanism involves changes
in the amount of the apo-protein, then one might have expected to see

a significant difference in the microsomal protein yield between control
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and cadmium treated rats. This was not found (Chapter 1, I part b).

A change in the turnover of haem is more likely and extensive work on
heavy metal interactions with haem oxygenase by Maines and Kappas
(1976) and De Matteis and Unseld (1976) has emphasised the importance
of this factor. 1In order to investigate the relationship between

haem turnover and the cadmium-induced impairment of microsomal

enzyme activity, the time-course of the cadmium-induced decline in
cytochrome P-450 was studied in relation to changes in enzymes involved

in the biosynthesis and degradation of haem.

The experimental protocol used, was to assay the activities of
§~aminolaevulinic acid synthetase at 1, 2, 22 and 46 hours and haem
oxygenase at 1, 2, 12, 22 32 and 46 hours after the injection of
5 mg cadmium acetate/Kg in male rats, as these enzymes catalyze
the rate-limiting steps in the biosynthesis and catabolism of haem,
respectively. &-aminolaevulinic acid dehydratase was also assayed
at 1, 2, 22 and 46 hours after injection. At the times of 1, 2, 12,
22, 32 and 46 hours after cadmium, the amount of cytochrome P-450
b5 and total microsomal haem were estimated.

As in the previous chapters, hepatic cadmium and zinc contents
were estimated to provide an insight into the accumulation of these

two metals over the first two days after the injection of cadmium.
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METHODS

(a) Haem

The haem content of microsomes was estimated by the difference
spectrum of the oxidized/reduced pyridine-haemochromogen between
441-457 nm using an extinction coefficient of 20.7 mM_1 cm'-1 as

described by Falk (1964).

1 ml of microsomes was added to 3.5 ml of water. 1 ml pyridine
and 0.5 ml 1IN sodium hydroxide were added consecutively and gently
mixed in a capped tube. 3 mls of the resultant haemochromogen was

" pipetted into each of 2 matched quartz cuvettes, the reference cuvette

containing 50 ¥1 of 3mM potassium ferricyanide while the sample cuvette

contained a few crystals of sodium dithionite. Complete reduction was
assumed when no increase in optical density occurred with additional

dithionite.

(b) Evaluation of hepatic microsomal haem oxygenase activity im vitro

Haem oxygenase was assayed by the method described by Maines and

Kappas (1975) with two minor modifications.

These were (1) The NADPH generating system used isocitric

dehydrogenase (1.65 units of activity) and isocitric

acid (48 mM) in place of glucose-6-phosphate/glucose-

6-phosphate dehydrogenase (3 units activity/6éml incubate)

(2) Individual reference and sample incubates were

prepared instead of dividing a common 6 ml incubate.
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(c) In vitro determination of &-aminolaevulinic acid dehydratase
activity

Rats were decapitated and their livers perfused in situ with
ice-cold saline, then rapidly excised and weighed. They were then
homogenized in 0.1 M phosphate buffer pH6.8 and 10,000g supernatants

prepared and adjusted so that 1 ml contained 250 mg liver.

Incubations were carried out under nitrogen in Packard scin-
tillation vials, sealed with rubber stoppers through which 3 syringe
neeales were passed. These provided for a nitrogen inlet and outlet
and for the introduction of substrate. Supernatant (0.75 ml) and
0.1M phosphate buffer pH 6.8 (0.75 ml) were pipetted into the vials,
which were then sealed and gassed with nitrogen for 1 hour to exclude
oxygen. The substrate, 0.5 ml of 30mM 6-aminolaevulinic acid,
neutralized to pH6.8 with 1IN sodium hydroxide was added using a 1 ml
syringe attached to one of the needles. Incubation proceeded for
10 minutes, with shaking at 37OC and the reaction was stopped with

1 ml 25% (w/v) TCA containing 0.1M mercuric chloride.

The precipitate was removed by centrifugation and 1.5 ml of the
supernatant was mixed with 1.5 ml of modified Ehrlich reagent, made
2N with respect to perchloric acid. The resultant chromagen was
read at 553 nm after 15 minutes. The porphobilinogen content was

-1

5 ' . . . . -1
quantitated assuming a molar extinction coefficient of 61 mM "cm .

(Mauzerall and Granick 1956).
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(d) In vitro determination of é—aminolaevulinic acid synthetase activity

§-aminolaevulinic acid synthetase activity was assayed in whole
liver homogenate (250 mg liver/ml in 0.1 M phosphate buffer pH 6.8) by
the method of Marver et al (1966). The 6-aminolaevulinic acid (ALA)
produced was quantitated colorimetrically by the acetylacetone method

of Poland and Glover (1973).

Incubates contained: 0.5 ml of the homogenate, 0.5 ml 40 mM
EDTA, neutralized to pH 7.0 with sodium hydroxide, 0.5 ml Tris-HC1l buffer
pH 7.2 and 0.5 ml 30 mM glycine. Incubation proceeded for 1 hour with
vigorous shaking at 37°C in 25 ml Erlenmeyer flasks and the reaction
was stopped with 0.5 ml 25% TCA containing 0.1M mercuric chloride
and then centrifuged. A 1.8 ml aliquot of the supernatant was mixed
with 0.9 ml 1IN sodium acetate/acetylacetone (10:1 V/V) at 6OOC, and
the mixture heated at 80°C for 10 minutes. The tubes were then cooled
and the pH adjusted to 7 with 0.6 ml of a solution containing 0.5M
NazHPO4/1N NaOH, 1:3 V/V. The aminoketone-pyrroles were extracted
by adding 2.5 ml of the neutralized solution with 10 ml dichloro-
methane. Following this, 1.5 ml of the aqueous phase was mixed with
1.5 ml of modified Ehrlich reagent and the absorbance of the chromogen
was measured after 15 minutes at 553 rm. The ALA was quantitated
assuming a molar extinction coefficient of the ALA-pyrroles to be

1 1

58mM ~cm . (Whiting, M. personal communication) .

(e) The in vitro addition of cadmium to microsomes

3 mls of a microsomal suspension (2mg protein/ml) buffered with

1.15% KC1l/Tris-HC1 pH 7.4 and reduced with sodium dithionite were



95

placed into each of 2 matched cuvettes. One cuvette (sample) was
bubbled with CO enabling the quantification of cytochrome P-450.
Following this, cumulative amounts of caédmium O, 60, 120, 240,

720, 960, 1440 and 2160 nancmoles, from a cadmium acetate solution
(6mM) dissolved in KC1/Tris, were added to the sample cuvette and a
equivolume of buffer added to the reference cuvette. After each
addition, a difference spectrum from 390-510nm was recorded to evaluate

the cytochrome P-450 and cytochrome P-420 contents.

In another pair of clean, matched cuvettes, the cunmulative
additions of cadmium was repeated to microsomes which had been neither
reduced nor bubbled with CO. A difference spectrum was recorded between

330-590 nm.

In a third pair of clean, matched cuvettes, containing 3 mls of
unreduced microsomes, 2160 nmoles cadmium (360 nmoles/mg microsomal
protein) was added to one cuvette (sample) and then both were reduced
and carbon monoxide bubbled into the sample cuvette. A difference

spectrum between 350-550 nm was then recorded.

(f) Hepatic cadmium and zinc determinations

The hepatic metal content from rats dosed with cadmium (5 mg
cadmium acetate/Kg i.p.) 1 hour, 2 hours, 12 hours, 22 hours, 32 hours and
46 hours after injection, was determined using atomic absorption

spectrophotometry, as described in the General Methods section.



(g) Estimationi of cytochrome P-420

Cytochrome P-420 was determined in hepatic microsomes from the
carbon monoxide difference spectrum of dithionite reduced microsomes
assuming a molar extinction coefficient of 110 mM'_lcm"l between

420-490 nm (Omura and Sato 1964).
RESULTS

(a) The in vivo effect of cadmium on the haem biosynthetic and catabolic
enzymes

Figure 13 shows the activities of haem oxygenase (upper portion
of figure) and 6-aminolaevulinic acid synthetase and dehydratase
(lower section of figure) during the first 46 hours after the administr-
ation of cadmium. The activities of 6-aminolaevulinic acid synthetase
and dehydratase.did not alter relative to the pooled control values

throughout the 46 hour period.

The éctivity of haem oxygenase did not alter during the first
hour after cadmium but increased by the second hour to 234% of
control and continued to increase until it reached a maximum at the
22nd hour, where it was 719% of control. It then declined gradually

to 300% of contrecl at the 46th hour.

{b) The in vivo effect of cadmium on hepatic microsomal haemoproteins

Figure 14 shows the cytochrome P-450, cytochrome b5 and total

microsomal haem contents in rat hepatic microsomes during the first
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Figure 13. Time-course of activity of haem biosynthetic enzymes,
§—aminolaevulinic acid synthetase and §-aminolaevulinic
acid dehydratase and the haem degradative enzyme, microsomal

haem oxygenase after administration of cadmium (5mg/Kg
i.p. cadmium acetate).
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Time-course of degradation of cytochrome P-450 and b5 and total microsomal haem after
cadmium (5mg/Kg i.p. cadmium acetate).
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46 hours after the administration of cadmium.

All three parameters declined in a biphasic manner, with the slow

phase occurring after approximately 12 hours. None of the changes

achieved statistical significance (p=0.05) during the first hour.

(c) The cadmium and zinc contents

Figure 15 shows the amount of cadmium and zinc in the livers
after cadmium administration. The hepatic cadmium content of the
control rats was less than the quantitation threshold (lug cadmium/gm
dry liver). The cadmium content increased after iﬁjection, being
24+8 ug cadmium/gm dry liver at the first hour and reaching a plateau

at the 12th-22nd hour with about 80 ug cadmium/gm dry liver.

The control animals had a hepatic zinc content of 86 # 2Ug zinc/gm
dry liver. One hour after injection, the amount detected was 2 + 1
Mg zinc/gm dry liver and at two hours it was 80 + 2 ug zinc/gm dry
liver. The content then increased continuously throughout the
observation period, reaching 182 + 8 ug zinc/gm dry liver at the

. 46th hour.

(@) The in vitro effects of cadmium on microsomes

The difference spectra obtained between dithionite reduced -
carbon monoxide saturated microsomes and reduced microsomes after
cumulative additions of cadmium to the carbon monoxide bubbled
cuvette, are presented in figure 16. The cytochrome P-450 and

cytochrome P-420 content found after each cadmium addition is presented
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in table 10. This shows that cadmium caused the guantitative conversion
of cytochrome P-450 to cytochrome P-420, as the sum of the two
cytochromes after each estimation, closely approximates the amount

of cytochrome P-450 found initially.

Figure 17 shows the difference spectra obtained between cadmium
added, non-reduced microsomes and non-reduced microsomes. The first
tracing was obtained when 160 nmoles cadmium/mg microsomal protein was
added and shows 2 peaks with maxima at 406 nm and 430 nm. As the
concentration of cadmium increased, the 430 nm peak decreased while the

406 nm peak increased.

Figure 18 shows the difference spectrum obtained when cadmium
(360 nmoles/mg microscmal protein) was added to microsomes followed by
sodium dithionite reduction and carbon monoxide and normal, non-
reduced microsomes (B). The tracing obtained after the addition
of the same amount of cadmium but without further treatment (A) (as

in figure 17) is included as a comparison.

The difference spectrum, B, has 2 peaks with maxima at 420 nm
and 450 nm indicating that the microsomes now contain both cytochrome

P-450 and cytochrome P-420.
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TABLE 10 THE EFFECTS OF CADMIUM ADDED TO MICROSOMES IN VITRO

AMOUNT OF CYTOCHROME CYTOCHROME SUM OF

CADMIUM P-420 P-450 P-450 + P-420
a QONTENT b CONTENT b CONTENTS b

0 0 0.9890 0.9820

10 0.0455 0.9753 1.0208

20 0.0568 0.9615 1.0183

40 0.0341 0.9341 0.9682

120 0.0728 0.8571 0.9299

160 0.0796 0.8516 0.9312

240 0.1364 0.8242 0.92606

360 0.2614 0.7280 0.989%4

Two matched quartz cuvettes each containing 3 mls microsomes (2mg protein/
ml) were reduced and CO bubbled into one cuvette. The cytochrome P-450
content was determined. Cumulative amounts of cadmium acetate (aliquots
from 3 mM cadmium acetate in TRIS-HCl pH 7.4) was added to the CO containing
cuvette and the cytochrome P-450 and P-420 content estimated after

each addition.

a nmoles of cadmium added/mg microsomal protein

b umoles of cytochrome/mg microsomal protein
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protein) on the CO difference spectrum of dithionite
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DISCUSSION

The fact that the activity of 6-aminolaevulinic acid dehydratase
was not inhibited or stimulated is in agreement with the findings of
Lauwerys et.al (1973) who studied blood 6-ALAD. The 20% inhibition
of hepatic 6-ALAD reported by Yoshida et al (1976) was not found, at
least during the first 4§ hours after the cadmium dose and in any
case, Haeger-Aronson et al (1971) reponted that the enzyme's activity
may be reduced to a third of the normal value before haem synthesis
is disturbed. Subsequent enzymes in the haem biosynthetic pathway
were not assayed and it cannot be ruled out that they were inhibited.
Tephly et al (1978) showed that cadmium inhibits haem synthetase
but is not as potent as manganese and cobalt. Nevertheless, since
§-ALAS, the rate-limiting step, was not affected it is unlikely that
the overall rate of haem biosynthesis had been altered to such an

extent as to affect the total microsomal haem content and the cytochromes.

The data in figures 13 and 14 therefore, suggest a correlation
between the loss of both microsomal haemoproteins and haem with the

increase in the activity of haem oxygenase.

Krasny and Holbrook (1977) have published qualitatively similar
findings, however they found peak microsomal haem oxygenase activity
occurred at the 48th hour, in contrast to the peak at 22 hours
reported here. Further, the earliest time at which they examined this
enzyme's activity and the cytochrome P-450 and b5 contents, was 12 hours.
Figure 4 shows clearly that the first significant effect of cadmium on

these parameters was observed 2 hours after injection.
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It is not known why the fall in the level of haem did not stimulate
the activity of S6-aminolaevulinate synthetase. Such behaviour,
contrary to the accepted theories, has been observed for nickel,
platinum, iron and copper (Maines and Kappas 1976a, 1977c¢). It can
be concluded that the metals may interfere with the mechanism of
§-ALAS derepression directly or aid and augment the action of the
de novo repressor unit on the 6-ALAS operon.

Y D

A most important issue yet to be resolved, is whether cadmium
initiates the destruction of cytochrome P-450 resulting in the stimulation
of microsomal haem oxygenase activity, or whether cadmium stimulates
microsomal haem oxygenase activity which in turn causes the decrease
in the cytochromes' and total microscmal haem contents. Maines and
Kappas (1975) favour the idea that heavy metals (e.g. cobalt) induce
microsomal haem oxygenase first, while Bissell et al (1974},
Bissell and Hammaker (1976a, b) and Maines (1977) support the breakdown
of cytochrome P-450 as the initial step. These hypotheses have been

discussed in the General Introduction.

The data obtained with sequential additions of cadmium to microsomes
provide the following information. Table 10 shows that cadmium can
attack and denature cytochrome P-450 converting it to cytéchrome P-420.
The spectra in Figure 18 show that cadmium denatures the cytochrome
molecule whether it is in the reduced or oxidized state and causes
alterations to the ligands about the iron. This is indicated by the
changes in the absorbance of 2 peaks at 406 nm and 430 nm; these are
similar to a modified type II spectra. It suggests that cadmium attacks
the cytochrome molecule wherever a suitable site exists. It can't be
claimed from this data alone that cadmium attacks only the ligands,

which are believed to be cysteine and histidine (Chevion et al 1977).
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If one conceives that cadmium attacks cysteine, histidine and other
susceptible residues and that these residues are situated throughout
the molecule, then conformational changes could indirectly effect

the nature of the ligands about the iron.

The information obtained in figure 18 shows that even though cadmium
interacts with the cytochrome molecule to change its spectral characteris-
tics, the resulting cytochromes can st}ll be reduced and bind CO.

Since CO binds to the 6th ligand, then.it would appear that this ligand
is not adversely affected by cadmium. Also, it can be seen that the
denatured microsomes, which give the modified type IT spectra, are

comprised largely of cytochrome P-450 and P-420.

Consequently, the belief that the catabolism of cytochrome P-450
begins with its conversion to cytochrome P-420 or the liberation of
haem (Bissell and Hammaker 1976a, Maines 1977) gains support from
these findings, although they do not provide proof. Although the
ability of cadmium to initiate such actions is shown, the extrapo-
lation from im vitro behaviour to in vivo mechanisms should be made
reservedly, particularly in view of the fact that the cadmium concentrations

added in vitro exceeded those found in vivo (see tables 4 and 10) .

Maines (1977) has postulated the existance of an endogenous
denaturant in vivo which initiates cytochrome-haem catabolism by
denaturing cytochrome P-450. Therefore, an alternative to the
hypothesis of direct Qenaturation, is that cadmium stimulates or
potentiates this endogenous denaturant. Whatever the mechanism,
it is unlikely that direct denaturation can account for the total

loss of cytochrome P-450 after in vivo cadmium administration. The
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more important factor is presumably the marked increase in microsomal

haem oxygenase activity.

There is other evidence which suggests that degradation of cytochrome
P-450 precedes the induction of haem oxygenase. Krasny and Holbrook
(1977) point out that non-haem inducers of haem oxygenase cause a
fall in cytochrome P-450 before the induction phase. They also
report that actinomycin D or cycloheximide block most of the induction
of haem oxygenase in cadmium treated rats, but neither prevents the
fall in cytochrome P-450 and b5. It is not clear whether the extent
of the fall in cytochrome P-450 is as great under these conditions.
Therefore, although it appears likely that cytochrome P-450 destruction
is responsible for the induction of haem oxygenase, the precise
sequence and mechanism of cadmium action on microsomes and cytochrome

P-450 is still uncertain.

The data of figure 15 provide more information about the rate of
cadmium and zinc accumulation in the liver during the first 48 hours
after the injection of cadmium compared with figure 4 in chapter 1.
Furthermore, it was stated in the second chapter that cadmium-thionein
production was complete by about the 8th-12th hour after the injeétion
of cadmium, whereas zinc-thionein synthesis continued beyond this time.
The findings (figure 15) that the cadmium content increased until it
reached a plateau at about the 12th hour and that the trend of the
zinc content was to increase at every time of estimation, confirm these

conclusions reached in chapter two.
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The investigations in this thesis have been aimed at characterizing
cadmium's effects on the rat hepatic drug metabolizing system, by
relating all the observations with the time at which they occurred
after cadmium administration. The importance of considering time
is made clear in chapter one where the mode by which cadmium affects the
drug metabolizing system was resolved into one and possibly two actions.

While the decline in glucose-6-phosphatase activity and hence

microsomal membrane damage was manifestéd at the 48th hour, it is
possible that the initiation of these effects occurred earlier. The
half-life of the endoplasmic reticulum membrane proteins is also 48
hours (Arias et al 1969) and so, it is conceivable that cadmium's
interaction with the membrane constituents begins soon after injection
but takes 48 hours for it to be resolved into a decline of glucose-6-
phosphatase activity. A possible reason for the lack of resolution
was suggested in chapter one. This aspect of cadmium-induced
membrane damage was not investigated further in this thesis, but

for continuing studies, considerable knowledge will be obtained by
examining more specific tracers of membrane integrity, e.g. lipid
peroxidation, changes in glutathione peroxidase activity and turnover

studies of membrane constituents.

The results of chapters 1 and 3 enable one to conclude that
following the administration of cadmium, the catabolism of cytochrome
P-450 increases. The conclusion reached that the decreased content
of cytochrome P-450 was responsible for the fall in type I and II
metabolic activity, ié further strengthened by the fact that the time

of the greatest rate of haem and cytochrome catabolism, preceded
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the observed time of maximum loss of type I and II metabolic activity.

The mechanism of cadmium-induced catabolism of cytochrome-haem is
still not clear. The various theories put forward for the breakdown of
cytochromes have been discussed in the General Introduction. If the
theory proposed by Maines (1977) is correct, in that an endogenous
denaturant may be present which converts cytochrome P-450 to P-420,
then the in vitro evidence of Chapter 3 supports such a mechanism
for cadmium. However, cytochrome P-420 has not been detected in
microsomes derived from cadmium treated animals. Indeed, cytochrome
P-420 seems to have only ever been recorded in im vitro experiments,
so, perhabs itsqrecording is an in vitro phenomenon. Alternatively,
any cytochrome P-420 formed in Vivo, may have been rapidly metabolized.
Further, the denaturant and/or cadmium could dislodge the haem completely
from the apo-protein inm vivo; this could account for the inability
to detect cytochrome P-420 which is a haemoprotein, and the resultant

free haem could induce haem oxygenase.

In trying to rationalize the data into an acceptable theory, it
must be borne in mind that the premise that cytochrome destruction
precedes and consequently initiates the increase in the activity of haem
oxygenase, may be incorrect. Just as it seems likely that cadmium
induces the production of thionein at the transcriptional level, then
equally acceptable is the idea that cadmium can induce transcription

leading to an increase in haem oxygenase synthesis.

Another factor to be taken into consideration is that cadmium may
attack other key components of the microsmal drug metabolizing

system, as well. As an example, suppose NADPH-cytochrome-P-450
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reductase was inhibited by cadmium, then this could also contribute to

the fall in the metabolic rate.

This possibility has been investigated by other workers in
relation to the inhibition of microsomal enzyme activity by other metals.
Alvares et al (1974) suggested that inhibition of NADPH-cytochrome
P-450 reductase may be a significant factor in the effects of methyl
mercuric chloride on microsomes. However, Tephly and Hibbeln
(1971) and Maines and Kappas (1975) reported that cobalt chloride

(60 mg/Kg) did not affect NADPH cytochrome ¢ reductase activity.

There has ﬁot been a great deal of consideration given to whether
changes in the cytochrome b5 content contribute to the results
observed. Other workers have generally considered that any effect
resulting from a fall in the cytochrome content is attributable to a fall in
cytochrome P-450, as its half-1life, (reported by Levin and Kuntzman
1969 to be 7-9 hours fast phase, 46-48 hours slow phase) is less
than cytochrome b5's half-life (5 days Omura et al 1967, 4 and 4.5
days Kuriyama et al 1967). However, since cytochrome b5 is involved
with the delivery of the second electron to the substrate-cytochrome
P-450 complex, then the prevailing level of cytochrome b5 could
contribute, even in a small way, to the overall rate of metabolism

observed at any time after cadmium administration.

Cobalt does not alter the content of cytochrome b5 (Tephly and
Hibbeln 1971, Yasukochi et al 1977), whereas the vresults presented
here show clearly that cadmium decreases the content of c¢ytochrome

b This illustrates an example of where some of cadmium's actions

5

differ to those of other heavy metals, and also suggests that cadmium-—
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induced inhibition of drug metabolism may involve, to some extent,

ramifications from the loss of cytochrome bS'

The lack of feedback stimulation of 6-ALAS activity following
cadmium-mediated reduction of microsomal haem has been mentioned in
Chapter 3. This enigma is one more inconsistency in the observed
behaviour of cadmium compared with the interaction of heavy metals
with the rate limiting enzymes of the haem biosynthetic and catabolic
pathways. Aspects of this interaction were discussed in the General

Introduction.

While the current state of knowledge is such that it is not
known how 8-ALAS activity is actually modified by either induction or
feedback inhibition, then the situaticn becomes even more complex when
trying to explain mechanisms by which cadmium and other heavy metals
interact with those systems. To understand this interrelationship
will require extensive knowledge of how heavy metals affect DNa,
transcription, translation and other nuclear processes. When such
systems are fully understood, it may then also be possible to evaluate

whether cadmium can induce directly the transcription of haem oxygenase.

The chronic administration of cadmium to rats, described in
chapter one, carried implications concerning the function of
metallothionein. The acceptance in the past that metallothionein
was a cadmium detoxicant was hased largely on the observation that
this metalloprotein increased in amount after cadmium administration.
The experimental work in this thesis showed that with chronic, low
level exposure, the administration of cadmium, although resulting

in the accumulation of a high concentration of cadmium in the liver,



was nevertheless not associated with abnormal metabolic function.

It was concluded in chapter two, that the rate of metal uptake
was important in that for cadmium to be toxic, the amount of cadmium
absorbed must exceed the "toxic threshold". From the data derived in
chapter two and from information obtained from other workers it was
hypothesised that it is factors controlling thionein mRNA synthesis
which controls whether or not an animal is protected from the effects
cadmium. Consequently, it is now concluded that a manifestation of
cadmium toxicity, like inhibiton of drug metabolism, results from
perturbations in the balance of 3 factors. These are the rate with
which cadmium is delivered to the liver, the prevailing sequestration
capacity of the liver, and the rate with which this capacity can
increase after cadmium. Therefore, the acute dose of cadmium
(5mgw cadmium acetate/Kg i.p.) used throughout the experimental work
of this thesis, is toxic because a large quantity was presented to the
liver quickly, and since there was no previous encounter with metals
capable of inducing metallothionein, other than those levels of metal
encountered‘in the rats' environment, then the rate of cadmium~induced
inhibiton of drug metabolism exceeded the rate of metallothionein

synthesis and cadmium sequestration.

Further, it can be said that since environmental levels of
cadmium at the moment are below the relatively large acute doses
administered, the ingestion of cadmium by Man from the environment
resembles closely the chronic administration of the metal. The

implication is that there is no significant hazard to the mixed

of

function oxidase system from prevailing environmental levels of cadmium.
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APPENDIX A

The use of Whatman Filter Paper No. 542

John and Van Laerhoven (1976) reported that when their aqueous
cadmium solutions (1-10 jg/ml) were filtered through Whatman No. 42
filter paper, 40-100% of the cadmium was lost from the solution due

to its absorption to the filter.

Whatman filter paper No. 542 was used in the present study to
clarify the 105,000 x g supernatants before they were fractionated on
the Sephadex column. Since the results pertaining to metallothionein
quantitation depend upon the amount of cadmium bound to the apoprotein
(thionein), it was important to determine whether any losses occurred
as a result of the filtration. Consequently, several 105,000 x g
supernatants were prepared and the cadmium and zinc content determined

by atomic absorption spectrophotometry before and after filtration.

CADMIUM ( ,g/ml supernatant) ZINC (pg/ml supernatant)
BEFORE AFTER BEFORE AFTER
TRIAL 1 9 9 13 13
TRIAL 2 5 6 8 8
TRIAL 3 6 6 8 8
TRIAL 4 5 6 8 8
TRIAL 5 6 6 8 8

It was concluded that there was no loss of cadmium or zinc from
the 105,000 x g supernatants as a result of filtration through No. 542,

Whatman filter paper.
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APPENDIX B

The use of 400 mg Protein for the Preparation of Metallothionein

To ensure that the supernatant applied to the Sephadex column and
from which metallothionein was extracted, came from a constant amount
of liver, groups of animals were injected with cadmium (5 mg cadmium
acetate/Kg) and the protein content of their 105,000 xg supernatants
yielded from 1 gram liver was quantitated. The data shows that the
protein yield did not alter with the time after cadmium administration
and so, applying 400 mg protein rather than the soluble fraction from
a fixed weight of liver, had no affect on the results. The table

below shows the data.

TIME AFTER n MG PROTEIN IN 105,000 XG SUPERNATANTS
CADMIUM DERIVED FROM 1 GM LIVER
CONTROL . 2 44.39 + 3.16
12 Hours 4 48.59 + 1.58
1 day 4 45.92 + 0.85
2 days | 4 44.89 + 1.33
6 days 4 45.39 + 1.22

12 days 3 47.32 0.39

1+
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APPENDIX C

Estimation of Metallothionein's Molecular Weight

The Sephadex column was calibrated using Bovine Serum Albumin
(B.S.A.) Sigma Type V, (MW = 69,000), Cytochrome C, Sigma Type III,

(MW = 12,384), and Myoglobin, from Whale Skeletal Muscle, Grade 3,

Calbiochem, (M@ = 17,000).

Figure 19 shows the graph of Elution Volume vs Molecular Weight

for the three compounds. The elution volume of the metallothionein was

routinely found to be 1,156 mls and by extrapolation, the molecular
weight was found to be 10,500 daltons. This is in good agreement
with other published values which range from 6,000 -~ 12,000.

(See section 5e of the General Introduction) .

Blue Dextran (Pharmacia) was used to calculate the void volume
of the column (570 mls), and fhe Ve/Vo of metallothionein was 2.03,

which is in excellent agreement with other workers {(e.g. Shaikh and

Lucis, 1971).
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