SECTION I

METABOLISM AND KINETICS OF TOXIC CHEMICALS
I. FUNDAMENTAL CONCEPTS

by
D.V. Parke

In the safety evaluation of chemicals, the basic reasons
for undertaking metabolism and toxicokinetic studies are
to elucidate the mechanisms of toxicity of the chemicals
in question and to facilitate the extrapolation of ’
experimental animal toxicity data to humans. Chemical
toxicity arises from reactions between the ingested toxic
chemical, or one or more of its metabolites with chemical
constituents of the body. For example, an ingested
chemical A may be metabolized into a "reactive
intermediate” B, which can then undergo further metabolism
by interaction with a body constituent, such as
glutathione, to give metabolite C, which is then excreted
in the urine or bile. Alternatively, "reactive
intermediate” B may undergo further metabolism to a
"proximate carcinogen" D, which may alkylate DNA,
resulting in mutations and possibly carcinogenesis. The
toxicity of the chemical will depend on the concentrarion
of the "reactive intermediate in the target tissue which
in turn will depend on the rates of the alternative
reactions B~—=C, and B-—=D. Reaction B~—=C would
generally be a "detoxication'" reaction, whereas the
reaction B-—=D is a "metabolic activation".

A knowledge of the changes which the ingested chemical may
undergo in the body enables us to understand the molecular
mechanisms of toxicity. For example, the formation of the
reactive intermediate epoxides of the polycyclic
hydrocarbons leads to their interaction with glutathiome
{detoxication) or with DNA (activation) or results in
their further metabolism to the less reactive phenols
(detoxication). A knowledge of metabolism has also
recently been shown to provide information on the likely
integrity of the body's defence mechanisms against
chemicals. Generally, these mechanisms act to protect the
animal organism against the toxic effects of chemicals by
detoxicating them and to protect against the toxicity of
excess tissue oxygen (1,2). Interference with these
enzymic detoxication mechanisms by highly toxic chemicals
may result in toxicity not only from the toxic chemicals
per _se but also from autoxidative mechanisms resulting
from damage of the body's chemical defence system. For
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example, halogenated hydrocarbons may form ligand
complexes with the cytochrome P=-450 of the mixed-function
oxidase system, leading to avtoxidation and lipid
peroxadation (2,3).

A study of the metabolism and toxicokinetics of chemicals
15 essential in animal toxicology studies conducted in the
safety evaluation of chemicals for the following reasons:

- to determine the rate of absorption, distribution,
metabolism and elimination of the chemical in the
particular animal species under study to understand
the mechanism{s) of toxicity and te identify the
target organ(s) for chemical toxicity;

- to enable the selection of the most appropriate
animal model for toxicity studies by comparison with
the chemobiokinetics and metabolism of the chemical
in humans;

- to enable calculation of the kinetically equivalent
human dosage for administration to the animal species
in the toxicity studies; and

- to facilitate the quantitative interpretation of
animal toxicity data relevant cto human safecy.

Detoxication and Activation

When toxic, particularly polar, noalipophilic, chemicals
are ingested, they may be rapidly excreted, or, if they
are lipophilic, they may undergo metabolism by which they
are converted into more polar, water-soluble compounds,
which are more treadily excreted {Fig. 1). The original
chemical or any of its metabolites may then be distributed
into the tissues or excreted from the body. 1In this way
lipophilic chemicals are made more polar and are
eventually eliminated from the body in the urine or bile.
Many compounds which are excreted into the bile may
undergo further metabolism in the gastrointestinai tract,
to be reabsorbed and then excreted once again in either
the bile or the urine - a process known as enterohepatic
circulationm.
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Fig. 1. Dispeosition of toxic chemicals in the animal body
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The various enzymic reactiens which may ogeur during the
metabolism of toxic chemicals have been classified into
bictransformation resctions (Phase 1 reactions) and
conjugation resctions {(Phase II reactions). These
biotransformatien and conjugation reactions may lead
either to the detoxication of the chemical and the
excretion of 1ca metabolites or ro gctivation of the
chemical inta reactive intermediates which may then
interact with glutathione, tissue proteins, RNA or DNA to
give rise to variouws tozic reactions. As an example of
detoxication and of Phase I and Phase II reactions,
toluene may undergo oxidation te benzoic acid, than
conjugation with glycine te yield hippurate, which is
finally excreted in the urine. The major types of
biotransformation reactiona {Table 1) consist of:
oxidations, reductions and hydrolyses catalyzed by the
enzymes of the endoplasmic reticulum (microsomal enzymes)
or by nonmicrasomal euzymes of the cell eytosol,
mitochondria or the blood plasma; and reductions and
hydrolyses (but not oxidatioms) catalyzed by enzymes of
the microflora of the gastroinmtestinal tract. The
prinecipal sites of metabolism by mammalian enzymesz are the
liver and the gastricintastinal tract, with lesser
activity present in the lungs, kidneys and skin.
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Table 1. Classification
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The endoplasmic reticulum 1s an intracellular membranous
system, well davelaped in moat epithelial cells,
assoclated with a number of functions, in particular the
synthesis of intracellular and extracellular
glycoproteins, svbstances essential for the Function of
the cell itself and alse for the whole living

organism (2), Examples of liver mictosomal myxed=functign
oxidations include aromatic and aliphatic hydrexylatiom,
epoxidation, W-cxidatiom, S-oxidation, dealkylation and
deamination. Examples of nonmicrosomal oxidation include
alcohol dehydrogensse, azldehyde dehydrogenase and
monoamine and diamine oxidase. The various enzymic
reductions and hydrolyses include nitro-reductasa,
azo-reductase, raduckive dehalogenation, aldehyde
reduction and hydrolysis of esters and amides. In the
conjugation reactions, the toxic chemical or its
metabolites are enzymically coupied with various
endogencvs molecules to mike them more hydrophilic, more
polar and more readily excreted from the animal organism.
These endogenous small molecules may be sugars {glucose
and glucuronic acid}, acids (sulfuric, acetic), amino
acids and peptides (glycine, glutamine and glutathiona),
alkyl groups (methyl}, ete.

Xylenes, widely used as solvents, may undergo oxidation of
a methyl group te yield telvic acids which are then
excreted in the urine as glucuronide or sulfate
conjugates. Alternatively, the xylenes or the toluic
acids may underge ring hydroxylation to give the xylemols
or hydroxytoluic acids, respectively, which are then
conjugated with glucurcnic acid and sulfate prior to
excretion in the urine. 4niline may undergo direct
conjugation of the amino group with sulfate or glucurenic
seid to give the sulfsmate and the N-glucuronide,
respectively, or underge ring hydroxylation to give the
isomeric orthometa— and para—sminophenols excreted as
their glucuronide amd sulfate conjugates or
N-hydroxylation to give phenylhydroxylamine which is also
exerered conjugeted, A more extensive pattern of
metabolism is seen with the petrochemical benzene which
may undergo ring nydroxylatiocu to give phenol and then
further hydroxylatian to yield catechol, quinol and
hydroxyquincl. The catechol may undergo ring scission te
yield muconic acid and evantually €Op, in addition,
benzene may alaw reset with glutathioune te yield,
eventually, a small amount of phenylmercapturic azcid which
is excreted ia the vrine. Styrene, a widely used chemical
in the plastics industry, contains an unsaturated bond in
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the aliphatic side-chain, and this bond undergoes
oxidative metabolism to form styrene epoxide: this
epoxide 18 subsequently hydrated by epoxide hydrase to
gi1ve phenylglycol which may undergo further oxidation to
yield mandelic acid or undergo oxidative decarboxylation
to benzoic acid.

Microsomal Mixed=-Function Oxidazses

The mixed~function oxidase reactions are catalyzad by a
microsomal emzymic system consisting of cytochrome P=450
(so named because of spectral absorptiom at 450 om), which
is the terminal oxygen transferase, coupled to cytochrome
P-450 reductase (containing both flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN)) and
linked to a soutce of elactroms from nicotlnamide adenine
dinucleoride phosphate {NADPH}, This mixed-functicn
vxidase system, in additiom to catalyzing the oxidacive
metsbolism of environmental chemicals including drugs,
pesticides, food additives and industrial intermediates,
also oxygenates sterols, steroids and fatcy acidas and is
responsible for the biosynthesis and deactivation of
steroid hormones, prostaglandins, prostacyclins and
thromboxanes (2,4), MNot surprisingly, therefore,
interactions of toxic chemicals with this wbiquitous and
important enzyme system can have far-reaching effects on
intermediary metabolism and on the whole eéconomy of the
cell and the animal organism. The cytpchrome P-450 system
is now believed te also have a role in the detoxicastion of
oxygen which can bacome one of the most cyCotoxice
chemicals normally found in Living rissues (5).

Cytochroms P~&450 is thought to functign by converting
melecular oxygen into superoxy anion which is then
converted inta peroxide by superoxide dismutase and then
to water by catalase. This detoxication of oxygen
prevents excess molecular oxygen in the cell from bDeing
activared by flaveoproteins iato singlet oxygen, hydroxyl
radicals and other highly reactive and toxic species (2).

Cytochrome P-4530 catazlyzes the insertion of an atom of
axygen from 07 into the chemical substrate RH while the
ather atom of oxygen associates with tws protouns and the
gain of two electrons to yield a molecule of water: hence
the classification of this system as a2 "mixed-function
oxidase” (Fig. 1} (6,7). Recent studies of this
mefbrane—bound enzyme system have enabled the enzyme
proteias to be solubilized, separated anc purified. They
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Fig. 2. Schematic¢ diag=am o»f microsomal mixed-function
axidation
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have thus revealed thac a number of cytochromes P-450 and
cytochrome P-450 reductases exist, and thac lipid,
especlally phosphatidylcholine, 18 essential for this
enzymic acrivicy {(B8). These mulciple cytochromes P—a50
are generally regarded as isceuzymes or enzyme variants,
but ancther form of cytochrome P-450, found in grearer
abundance in embryonic and neonztal bissues, is also the
form of this enzyme found in neoplastic tissue. This form
of the anzyme is known as cytochrome P-i448 (because its
reduced CO-ligand spectrum has a maximum at 448 mm)., It
it normally present in the high-spin form (5-1igand
complex) whereas t¢y¥tochrome P-450 1s normally present in
the lew—spin form (6-ligand complex)}. The sixth ligand af
cytochreme P=430 is occupied by the hydroxyl group of an
amine acid {or by the nictrogen of a histidine mmisty) of
the apoenzyme of cytochrome P-450 and can be displacea by
nitrogenous bases, thiols and various arher toxic
chemicals which can form stable complexes with ¢ytochrome
P-450 (Fig. 3). In the normal mixed-funcrion oxidase
activity of cytochrome P-450, the enzyme changes Erom a
low-spin state (B ligands) to a high-spia state {5 ligands
with the apoenzyme ligand broken), with a change in the
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counformation of the anzyme priocr to activatiom of the
oxygen and its tranefer inte the organic¢ substrace.
Hence, if a stable ligand cowplex of cytochrome P=430 1s
formed By interaction with toxic chemicals, the cnzyme is
geuerally unable te carry out its normel funecion of
mixed-function oxidation and instead sppears to catalyze
cytotoxic autoxidaction processes [2). Hany euvironmental
chemicals are now known to undergo metabolism by
cytochrome P-450 with the formation of carbenes and
possibly other highly reactive intermediates which then
form stable ligand complexes with cytochrome P~450, thus
inhipiting ics nermal enzymic activity. Several
halogenated hydrocarbons, such as halothane and the
Freons, arte known to underge reductive dehalogenation with
the farmation of carbenes which then form ligand complexes
with cytochrome P-450. This action is oftep an
alrernative to oxidative metabeolism DY cytochrome P-450,
Wherecas reductive metabolism in the caee of halothace
leads to the fowvmation of 2 stable carbene complex of
cytochrome F-450, oxidative metabolism in rhe presence of
HADPE results in hydroxyiation of the halogenchydrocarbon
with the eventugl fermation of trifluorcacetic acid (3},

Evidence is growing that this interaction of toxic
chemicals with cytochrome P=450, with the formation of
stable complexes, the loss of nermzl detoxicating
mixed-function oxidase activity and the increase in
autoxidation and lipid peroxidation may be one of the
major fundamental mechanisms of chemical toxicity.

Toxicokinetics

A knowledge of the rates of formation, reaction with
tissue components and excretion of various metabolites is
espantial for a full understandimg of the disposition and
@licination of the toxic chemical from the body, and of
the wechanism and extent of its toxicity. Fig. 4 shows a
typical plasma concentraticn/time plet of an ingested
envirormental chemical. The blood/plasma concentration of
the chemicsl usually gives & good correlation wikh the
concentration of the chemical in the body's tissu=g and
generally parallels the retes of change of concentration
of the chemical in the tissues. The slope of the log
concentracion/time curve is not linest and consists in
this case of three different slopes or rates of decay
(P-1, P=2 and P-3) which correspond with different
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Fig. 3 Llipand complexes af cytochrome P=450
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processes of disposition of the chemical. From rhese
slopes may be caleculated the plasma half-lives (t;a and
£LB ) whicn are indices of the period of time during which
the chemical remains in the body. The area under the
slope of this cyrve (AUC) Ls an index of apsorption and
persigtence in the body of chemicals which have entered
through the mouth, nose or skin and of the persistencs cof
those chemicals administered parenterally. From the slope
of the curve the elimination constant (kq)) may be
calculeted, and frow the AUC the volume of distribution
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{vy), and the clearvance (C1)¥ may be calculated.

These quantities (t , AUC, Vy,Cl) are the most widely

uwsed pharmacokinetic parameters and enable the rate of
absarption, distribution and excretion of the chemical and
irs various metabolites to be gquantified.

Fig. 4. Plasms concentratien time/curve for a chemical
administered intravenously
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% kpp = 0.693t, where the chemical is eliminated by
first order kidetics,

Vg = Di.v. where Di_y, 18 the intravenous dose
AUC. ka1,

Cl = Vy. koy = Di.v.AUC
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The area under the curve ia, of course, much affecrced by
the dose of the chemical ingested. For axample, a 10-fold
increase in the dose of the herbicide
2,%,53-trichlorophenexyacetic acid (2,4,5T) in the rat
ineresses the plasma meximom concentration and the area
vnder the curve approximately the same extent {Fig. 5).
Although a 1l0-fold imcreapse of the dose from 5 wmg/kg to

50 wgSkg does not change the slope of salimination, further
increases of dose to 100 and 200 mg/kg do resvlt in a
marked change, indicating that at these higher doses the
rate of wetabolism, distribution or excretion has become
markedly slower. This change suggescts that some process
has become saturated; for exsmple, Eissues have become
saturated with the 2,4,5-T, a metabolic process has become
saturated or possibly an enzyme poisoned by the
axcessively high dogage, thue resulting inm prolonged
retention ¢f the chemical.

Fig. 5. Plaama concentraticn/time curves for different
oral doses of 2,4,5=trichlorophencxyacetic acid
administered to rat (from ref. 9)
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The plasma coocentration does not always parallel the
concentration in the various body Lissues as when a
specific tissve affinity is present for a given chemical.
For example, paraquat has & high affinity for the lung.
The paraquat ¢oncentration in the lung increases during
the first twe hours whersas the concentration in the blood
plasma falls rapidly during thiz time. From the period
two hours onwards, the ti for peraquat in the lung iz
approximarely 20 hours, whereas in the bloed plasma tia
is about 1 hour aad tiB about 20 hours, the seme as that
in the lung {10).

With highly lipophilic compounds auch as hexabromobiphenvl
(which has a high affinity for lipid), the comcentration
in adipose tissue and in skin (which contains much adipose
tissue) may increase while the concentration in other
tissues (blood plaswma, liver and muscle) falls. On
repeated dosage (Fig, 6) the concentration in blosd, liver
and muscle may show a daily variation and then declinme
after cessation of repeated dosage while the concentration
in adiposa tissue and skin continues to increase and then
plateaus sfter terminagtion of dosage (11).

By using an animal modael such as the rat, axperimental
distribution studies may be carried out, and from a
caleulation of the kinetic parameters, compuber programmes
can be designed to predict the plasma and tissue
concentrations on repeated dosage at waricus dose

levels (11). . Computer programmes such as these, walidated
for humans, can be valuable in the accurate prediction of
blood and fissue concentrations of human individuals
exposed to known environmental concentrations of a
chemicegl. In addition, a knowledge of the mechanisme of
toxiceity, the limits of detoxication and the threshold
values may permit accurate prediction of the envirommental
concentrations of the chemical considered safe for humsn
subjects.

Finally, the determination of the toxicokinetic parameters
(ty, AUC, Vy, CL) and the pattern of metabolism of the
chimical at several different dose levals, particularly
those doses used for the animal foxicity studies i highly
desirsble because the toxicify of the chemical may change
with the dose, becoming greater at higher doseas saturating
the pathways of detoxication and excretion gnd leading to
pragressive accumvlation and toxicity. In the absence of
this information, the ewvaluation of chemical texicity,
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raprcially at high dosage, is difficult, and assessment of
the hggzrd oFf huoman exposwre w2V becowe nrremeocvs.

Fig. 6, Distributioan with time of hexabromobiphenyl in
tissues ot rat after repeats«d acgl dosing
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