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phase I chicnge. Some foreign compounds, ho.\c\.,, razy b,
me:abolized almost entircly by phase I r»..:...uons, sinTe i
products becauss of their pam"qu chemical or physicai
propsrties, do not undergo conjugation.

Benzen: is an example of a foreizn compound whish
undergoss a two-phase metabolism. Duriagiisfirst paascofi:s
metabolism, it is oxidizzd to phenol, and in the sccond phasa r..
phenol so produccd undergoss a synthetic reaction to form :oe
conjugates, phenyl slucuronide and phenyl hydrogen sul.,..a.g
If phenol iiself is administered, it can undergo the pitase I
reactioasdirc stly. Cyaaicsisa toxicion wiichale caazile. o
conjugation directly to form the relatively non-toxic tho-
cyanate. Ethanolisanexample of 2 compouad which appears
to be metabolized mainly by phase I reactions. Its ma:n
metabolite is carbon dioxide. Acetaldshyds and acetic acid
are intermediates in the oxidation of ethanol and, althouyh
acetic acid contains a carboxyl group which is petsatially
capable of uadergoing conjugation, this does not occur—
presumably because acetic acid is rapidly metabolized to
carbon dioxide through acetyl-<coenzyme A.

2. Sites of Matabolism

The metabolism of toxic substances occurs principally in the
liver aod in those organs and tissues which facilitate entry to.

a Species
b S[rn:m; genctic factors or exit from, the body—namely the intestines, skin, kida=ys aad
€ Age lungs. Most foreign compounds are normally ingested via the
f %”‘ gastroiatestinal tract, and after absorption are transported by
fE __n“.,l.'c' P the portal vein to the liver, wher= they tend to accumulats apd
References undergo metabolism. It would thus appear that the enzymes

Thes majority of chemicals normally regarded as foceign to the
body are metabolized and transformed into other substances,
irrespective of whether the foreign chemical is toxic or innocu-
ous. In the case of toxic compounds, metabolism can play an
imporiant role in reducing or increasing the toxic effects, for
a compound may producs signs of poisoning either because it
i3 toxic per se or because it is converted in the body iato a toxic
substanc=. The extent to which a toxic substance can exert its
delzterious effects may depend therefore on how effective the

which metabolize foreign compounds are strategically located
at sites where they are best able to protect the body from the
adverse effects of these compounds, and may have developed
as a defence mechanism against the. uamnny occurring toxic
chemicals of the diet and environment.

In the liver, many forcign compounds.are. metabolized by
enzymes present in the endoplasmic reticulum of the hepatic
celis. The major class of these enzymes is the microsomal
mixed-function oxidases which metabolize foreign compourds.
steroidsand lipids by a processof hydroxylation or oxygenation.
aphase I reaction (Parke, 1968). These enzymes requirered=cud

body is in metabolizing it. If a compound is toxic per se and is nicotinamide-adenice _dinuclectide ADPH)
transformed in the body to a less toxic or non-toxic metabolite, aod_ molecular and contain a hmnoprott
thez the more rapidly it is metabolized the less will be the toxic cytochrome W &QKM_
efiect of a given dose. On the other hand, if it is metabolired action 0| enzymes is to introduce an atom of oxys.7

to 2 more toxic agent, then the more rapidly it is metabolized
the grzater will b its toxic effect. There are, however, some
compounds which do notundergo metabolicchangeinthebody
and obviously metabolism is not involved in their toxicity.

1. Two-Phase Procass of Metabolism

Tne metabolism of a toxic compound is an enzymic process.
The metabolism of foreign compounds appears to occur ig two
phases. The reactions of the first phase include those which
may be classified as oxidations, reductions and hydrolyses,
whilst those of the second phase, often referred to as conjuga-
tiz=s, ars seactions classified as syntheses. During phase [
rzact.ons, the compound may acquice reactive zroupiangs such
=3 OH, NH., COOH and SH thiough which it can undergo
tre synthetie phase [I reactions. IF the foreign compound
alrsady possesses 3av of these r=active groupiags, it could
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mmm S, WIich results in the hydroxyiation o7
aromatlc and ¢ rings and :dkyl side cbains, the remoszl
ups ethers and. secondary_d tegtiary amic..
ve_deamination of amines and the oxidation of of
sulpludu to sulphoxides and sulphona. Many other enzymes
concerned i The metabolism of foreign compounds are 2150
located in the hepatic endoplasmic reticulum, 2s, for examplc.
the glucuronyl transferases, enzymes that catalyse tae syntis sis
of glucdroric-3cid conjugates, a phass II reaction.
mmmﬁ-rmam«ﬁ«mmm—t 33t metaboliz:
toxic compounds are found also in the kidgevs. Cpoc‘va"' :
PZ0 s also present in the tissuas of the :as:-omtsrx::! teact.
where the enzyme, benzpyrene hydro'ql_s:,phxch detoxiczilia
Mr a3d 5t%¢ér onally ingested poiycvelic h)r"oc"bo’ .
isTalso found (Wattenbers, Leong & Strand, 19562). 3Twe!
plasma also coatains a number of phase 1 crmmes iestuls
the esterases wh;Tcu:\iyse the h)dm['yszs of esters, such =

. om——— -
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MeyrABCLISY OF

Sonine :.'..‘ ;‘:o::i.::. Int 1 maizholismolnzn 'm Lia-
Joe Tt s s balues forend o thie Bver are Larther
St o l SGiIyUrony napiit -l :ne 2nd I.Z-n*phtho-
ae im tissues of the eye. This results in an increasc in
Gatyend l..d: to reiinal degeneratioa and lens opacity (van
,"..': & Phl:. |1J7)
.-i:v- 2 amines, sulphonamidss and hydrazidcs are
::.._1-,,.';/-:‘1 by acstylation of the amino group, a phass 1I
" ivr - ich ozcers in the reticulo-cadothelial cells of the
cpsplon lungs and gastrointesticzl mucosca (Govisr, 1955).
.o, bsth forcign and endogenous, may also undergo
'ztion, a conjugation reaction catalysed by 2 non-
.-methyl transferase which is highly active in rabbit-
<> (Axelrod, 1962).
;-\.,.,51_:.—. compounds may also unaergo metabolism in the
.'ru .o.:tnal tract by the action of the gut microflora.
v o“ tl1ese reactions are reductive in nature, as in the
v leoeslat ion of protocatechuic and hc'mpro'o:atechuxc
.J; (D2sre & Williams, 1968) and in the reductive scission of
-2 fosd dyes to toxic amine metabolites. Hydrolyses may
-5 oceur: for example, cycasin, the f-giucoside of methyl-
..ma:=apol and the toxic constituent of cycad nuts, is
. ol'_ se..mtoushcpatocamnogemcaglyconebyglucosxdas:s
* .« in-estinal micro-organisms. The microfiora of the gut
. vuive rise to the formation of a number of toxic compounds,
.2t =5 2mines, indoies, and aromatic hydrocarbons (Scheline,
L 103).

S

3. Excretion and the Nature of Metabolites

The me:abolic transformation of a toxic compound in the
-oJy can result in the excretion in the urine of (i) the original
. =ipoucg; (ii) the products of oxidation, reduction or hydro-

-«s(phas2 ] products); and (iii) conjugates (phase II products).
i".: progortion in which these three types of products are
:.:rotad lepends on several factors, including the chemical

cure of tne foreign compound, the dose, route of administra-

‘2, spcTies, strain, sex, diet and other environmental factors.

Meio!lism, polarity and excretion in the urine. When a

=1 so=pound is metabolized in the body, it is converted

g ﬂor--po.ar compounds. Phase I products of metabolism

BRI I - moze yre polar than the pirent compound, aad

’ :.-,_.-- Tare wually agdic compounds, such as gl Lc_u:gmg
<thereal suiphates, an
: \"re \uerso uble
“Timd o B?mmmmum metabolic

N5 150s converts lipid-soluble foreigiT thrpounds, which
"= 1:0 be reabsorbed by the kidney tubules, into water-soluble
2t srodcts which are readily excreted ; detoxication of such

“‘ou-:s may be a consequence of these processes. Thispayx.

2 v.kv many of the compounds that do not undergo

mm strongly

nr.h..,.hl lar.

Ltersricr in the bile. Mapy toxic chemicals are excreted in
" Mle, r=ostly as glucuronides and other conjugates, and
- or (-2 decomposition products are finally voided in the
“s. Excretion by this route appears to be dependent on
ws ¢l the compound excreted for, when the molecular
':( iy > 00, biliaryexcretion may be the major route of elimi-
“nhof e : compound from the body. Conjugates excreted in
5 22y be hydrolysed by theaction of intestinal microfiora
Taeire :-1~|nal toxic substances or may be decomposed to
- T Aew saxic substances. Polycyclic aromatic amines 2re

TOXIC SUESTANCIES Daunis U Furke & R Tecwyn Williz:n:s

metabolized vk ~]ncr'oo hydrosy=minss wihich arc exereted
as glucuronidy conjurnies inthe bilsy Hdiolvsis of thess
giucuronides in the gul liberates the free o-hydroxyamines
v.hich are ¢ursinogitis and could be i cause of intestivzl
turcours. Theaatibiotic ehleramphenico!, whichis poitros nic
in rats, is excrated in the bile as chloramphericol slizuronids
and thenu um.r,o-s hy drol)sxs and decoinpositivitin the gut 1o
form amiaes. Thesc amiass, which appear io b2 the goutro-
genic agaats, arc subssquently reabsorbed from ths gut
(Williams, Millbura & Smith, 1965).

Excretion by other routes. Toxic substanses and iheir
metabolites may 2lso bs excreted from the boly by otiser
routes. - Many volatile compomcb such as aromatic hydro-
carbons are cxcreted unchanged in the exprred air, as are”
volatilz metayolites scch ascarbon dioxide. Nizotine and otiver
basic compounds are sccreted in the gastric juice into the
stomach, aad afiatoxin, pesticides and many drugs may be
secreted into milk.

4. Two-Phase Metabolism and Toxicity

From the point of view of toxicity, phase I and phase I
products may difier. Producis of phase I mesabolism 1y be
less toxic, more toxic, or possess a diffcrent type of toxicity
from their precursors. In contrast, the majority of phase LI
products are either non-toxic or considerably 1255 toxic than the
parent compound, or its phase I metabolites should they bs
formed. However, foreign compounds may also be concerned
in certain synthetic reactions that produce toxic products or
toxic consequences. These reactioas are knowm as lethal syn-
theses and should be distinguished from the phase II or cog-
jugation reactions. Lethal syntheses inay come about as the re-
sult of a foreign compound or its phase I metatolitemimicking
a patural intermediary metzbolite, as, for example, fluaro-.
acetate which mimics_acgiate, enters the tricarboxylicaagid

Qnjugates.
yionuzed at thepH of the blood

Sycle and finally blocks this pathway of metabolism.  Alter-
mmrmpomnf'mmomolccules may becom:
slightly modified by the action of a foreign compound, for
example, dimethylnitrosamine is converted by an oxidative
process to an active methylating agent which reacts with
nucleic acids. These nucleic acids may be impor:ant in the
development of cancer (Craddock & Magee, 1966).

a. Phase I Reactions and Toxicity

As a result of phase I reactions, aa initially toxiz compound
may be converted into less toxic substances or an iritially non-
toxic compound may be converted into more-toxic metabolites.
A substance may aiso be converted into several metabolites,
some of which may be more toxic and others less toxic than the
original compound. Tetraethyltin is not itself biologicaily
active but it shows the same toxic effects towards the ceatral
nervous system as does triethyitin, except that the sympioms
are delayed in onset. This is appareatly because of the hepatic
ds-ethylation of tetraethyltin to triethyitin which then oxaris
its toxic effects upon the animal (Cremer, 1938). Metharol
causes blindgess inman, and this is the result ofizs oxid2 3375~

ehyde which then disturbs oxidative phosshorylatioa
in tHET mﬁsamcxd. aion
ISinactiveuntilit has beenconvertedinthetissuzsint pazaoxon
which is a powerful cholinesterase inhibitor (Gage, 1253).
Agzin, the peurological effects of tri-ocresyl phosghate
(TOCP) are duz in part to its oxication and coaverssion to 2
toxic cyclic phosphorus compound (Eto, Casida & Eco, 1532).
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Gt e el eonid amysditinshows tosdcin s Lisome animals
who s zivet Uy month, Lat aot when it i isjscted. [n this
car s it appedis that the glycoside is hyJrolzved, prebably by
! ososihises of the gut flosa, to muadslonitle which tksn
breats down t give the higaly toxic cyanide ian. ‘
Caaapics of the reduction o TOXRHY anc suarmacological
acthvey of substanees underzoing nictabolism by phase .1
‘s arc numecous. The carcinogea beazpyrene is
Jorod to bs & proximate carcinogan and undergoes
.eation by aromatic Liydeoxylation to give 3-hydroxy-
i ~:~v;ane and  6-hydroxybenzpyreme, swhich are pot
c.ccimogenie. Many barbiturates are similarty detoxicated and
i1zt 2tod by oxidation of their side chains, whether these be
:ic. as in peotobarbital (S-ethyl-5-(1 -methylbutyl)bar-
¢ wuris acid), or aromatic, as in phenobarbital (5-crhy1.-5-
rhem l2arbituric acid). Tyramige, 2 toxic hypertensive amine
piceent in cheese, wine and certain other food-stuffs, is da-
lovicatzd by the enzyme sionoamine oxidase and uadergoes
ewidaiive deamination to give p-hydroxyphenylacetic acid.
1tc orzanophosphorus insecticide, malathion, an inhibitor of
it: en:yme cholinesterase, is metabolized in mammals by
fro-oissis of the ethyl ester bonds to give the relatively noa-
ton:: malathion diacid; and the chlorinated hydrocarbon
iz weicide dicophane (DDT; 1,1,1-trichioro-2,2-di-(4-chloro-
~.ax Nethane)issimilarly detoxicated io mammals by metabolic
<:wdrochlorination to DDA (2,2-bis-(p-chlorophenyl)acstic

Jaid).
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b. Phase Il Reactions and Toxicity

T>: conjugation of toxic compounds or their metabolites,
oz pnase Il reactions, almost invariably results in reduction of
s v oitv. Hydrazine, a chemical used as a rocket propellant,
- :his probably toxic by virtue of its reducing properties
222 it tzndency to form hydrazides with physiologically
: .<atialcarbonyl compounds such as pyridoxal, is detoxicated
>y zceldation to diacetylhydrazine. The corrosive poison,
tenol, is detoxicgtsd ,wnnmm'
*"ITTTORIC acids; and the naccotic drug, morphine, is similafly

islivyed by formatiog of the 3-glucuronide which is
2din the bile. Salicylic acid, an antur atic drug that
~.+y unIouple oxidative phosphorylation. is deactivated by
- % .1a7wn with glycine to form salicyluric acid. The toxic
« l.z27, chlorobenzene, is detoxicated by a similar conjugation
s "a glatathione which, after further metabolism, is excreted
1t the acetylcysteine derivative, p-chloropheaylmercapturic
«. & F:mliy, the conjugation of cyanide ion by the enzyme
" nwiphate sulphurtransferase gives the noo-toxic thio-

.rinalt,

5. Facturs Affecting the Metabolism of Foreign Compounds
Tiz merabolism of a foreiga componad is controlled by
*"4y72Y, and any factor which affects these enzymes also
'3 1kt metaboliem of the compound aed consequently its
-7y, Scveral factors are now known which affect this
T 7mablam, these being species, straia (gemetic factors), age,
Trod2ue, stress, diet, chromic administration, and the
' etion of other foreign compounds. The nature of the
I sominay also be important, since they may play a role io
c “:holitm of toxic compounds ingssted orslly cr of
Tt sceretad ia the bi'z, These orgaaisms may vary
Turlospeviss, oceven withina giveaspecies, dependant
Tt and e-vironment.

'
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a. Sprcizs

The sufaly of drugs and other chemizuls vsil by imun i
assassod fargely by tests on laboratory animals, but th 2 acti- -
and toxicity of thsss chemicals are rot always the sqa.z 5=
animals as they are in man. One reason for thase ¢Yeren=s,
is that the metabolism of a compound in laboratory anima's
often differs froin that in man both qualiiztively and quanti:z-
tively. Spgeics diffecences in the metabolism of forvign co:a-
pounds (sce Williams, 19672,71967b; Smith, T1958) dzpe-.
maialy upon variations in the cnzymes which control phas: |
and phass II reactions. Thes: variations in enzyme activizy,
caa be due to differcaces in the following: (i) the absol.:s
amount or the specific activity of an enzyme; (ii) the amouc: or
nature of natural inhibitors of an enzyme; (ii) the activity of 2a
enzyme reversing the reaction; or (iv) the activities of enzymaic
reactions compsting for the same substraic.

Examples of species differences in toxicity which appeur to be
related to differences in the metabolism of a compouad are as
follows. The carcinogenic activity of the 2-acetamidofuorene
(I; R = H) is believed to be related to the conversion of
the compound in vivo to N-hydrery-2-acstamidofluorsne (I;
R = OH). The dog, cat, rabbit, rat, mouss and hamster are

i R

|

1

susceptible to this carcinogen aad they all coavert it ia part to
the N-hydroxy compouad. Thesteppelcmmingand guinea-pig
are not susceptible and do not A-hydroxyiate the carcinogen
to any appreciable extent. Man and monkey also N-hydroxy-
late the compound, but it is not known whether they develop
cancer from acetamidofluorene, although by inference from the
evidence of other species they should (\Veisburger, Grantham,
Vanhorn, Steigbigel, Rall & Weisburger, 1964).

The development of certain rodenticidss has been based on
species differences in toxicity, a case in point being z-naphtnyl-
thioursa (ANTU) which is highly toxic to rats but not to
domesticanimals.- A related compound, phenylthiourea, shows
similar species differences in toxicity to ANTU (for rats the
LDyq of pheaylthiourea is 5 mg./kg. body-wt.; far rabbits, 40
mg./kg.; for guinea-pigs, 250 mg./kg.; and for hens, abou:t
1 g./kg.). There is evidence to suggest that in this case, also,
toxicity is refated to metabolism (B. Bringloe, R. L. Saith and
R. T. Williams, uapublished datz, 1964; see Williams, 1965).
Phenylthiourea produces several urinary metabolites, includin:
phenylcyanamide, and it has been postulated that its toxicity
is due to the highly toxic hydrogen sulphide which is liberated
in this reaction (I0):

C>NH-CS-NHl —

Phenylthiourea

H,S + < ‘(‘ NH-CN ——s Other metabolite:.

Phenylzyanamide
1
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g bl bt o enyuiz taieee of HpS s
L, fosthat the o, toade benily l-1-pitznyt-
ce (5D, 200 mig.fke. body-wt. in ris) protects rats
- cinstatalntdoss of phenyhiliioure, jrobabiy Uy cempzting
for tre cnzyme releasing LS. Methylphenylthiourea would
protay bs metadolized similarly to give methanzthiol, a
produst hiss tenic than H,S. Phenylthiowrea is desulplurized
-y abzut thes same extent in the rat, rabbit 2od guinsa-pis,
£0-50%% of the dose being excreted as sulphaie in 24 hours, but
e guinca-pig cxcretes more nsutral sulphur compouncs
than the rat, and cxcretion of metabolites is more rapid.
Morcover, guinea-pigs are less susceptible to H:S than are
rats, the approvimate intrapsritonsally adrainisicred LDgg
veing 2-3 mg./kg. body-wt. in rats and about 10 mg./ks.
pody-wt. in guinea-pigs. Species diffccences in the toxicity of
p}.~;nyl:hiour=a may thereforc be related to species differcnces
ia the metaboiism of the compound and in susceptibility to the
1onic metabolits. B
The insecticide dimethoate is 70 times more toxic to the
cockroach and 325 times more toxic to the housefly than to the
rouse. Dimethoate is detoxicated in the tissues by enzymic
I.-drolysis which can occur both at the amide and the thiol
eitar boads. Studies with in-vitro preparations from vardous
¢secies have shown that the in-vitro rate of hydrolysis is
icversely rclated to the toxicity of the compound (Uchida,
Dauterman & O'Brien, 1964):

Amidase Estarmse
(CH0)+P$ -5 -CHy- CO- NH-CHy ———> (CH10)1PS-S+CH,- COOH——s {CH,0),PS- SH.

Dimethoate Dimethoate acid

b. Stroin: Genetic Factors

Differencesintheindividualsusceptibility totoxic substances,
aad idiosyncrasies towards certain drugs and food-stuffs, are
oft=n the result of impaired detoxication of these compounds
resciting from genetically determined variations intheenzymes
concermed. Differences in phase I metabolism have been
cnserved ip the rate of metabolism in vitro of a number of
foreiyn compounds in different strains of ratsand dogs (Siegert,
Alsleben. Lie~enschiitz & Remmer, 1964) and rabbits (Cram,
jeshau & Iouts, 1965). From Table I it may be seen that
.a=10ns by as ruch as a factor of 15 may occur in the rates
o’ -~st1bolism of toxic compounds in livers of dilferent strains
of rabbit. Furthermore, no correlation is apparent betwem
'ns different metabolic reactions in the various strains.
Cottontail rabbits in general appear to metabolize toxic
compounds the least cflectively, yet have the highest activity
among the difersnt strains for the metabolism of 3,4-benz-
piTene. Similarly, Dutch rabbits have the highest activity for
the metabolism for amphetamine and yet heve the lowest
activity for the metabolism of 3,4-benzpyrene.

Izdividual differences in the ability to metabolize drugs may
kave considerable bearing oa therapentic efficacy and toxicity.
As 2 consequence of this, many investigations into geaetic
¢:Terences in the metabolism of toxic substances have besn
corcerned with drugs. Hydrazine derivatives, suchas isoniazd
(:somicotinic acid hydrazide), hydrallazine and pheoelzine, and
t-: sulphoaamide, sulphadimidiae, all of which are metaboli-
c:ily deactivated by acetylation, exhibit polymorphism of the
caryme involved, liver acetyltransferase, which divides human
seets into “slow™ and ¢ fast™ deactivators (Evans,
1435). As would b: expected, the “slow™ deactivators ex-
~orranzed greazsr therapeutic efficacy and greater toxic side-
¢ =g thaa the " Fost” deactivators. Similar gonstic variants

991051 RewVerK
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erzye :wiuTi hpdiolytosanany elirs A CL ;(i\J;:;‘—_':-_..,“
such as the mu:sie 1claxant  succir.liwoline  (Treos
1965). A dolzivnsy of this envyass in suscoplisis B it
can resaitin e ratony failure following ths adinir ia
no:mal Jases of seccinyleholive. Wids ingdividual vasizhiln
in the detoxication of pasnazone faniipyrine), an antinyrs:.s
metabolized by hydroxylation, has bsen also cizarved is rus
and man (Veszll & Page, 1933).

The toxicity of forzign compouids nay also b2 afivessd b
genetic variations in the activity of enzymz;s that are coa-
cerned ouly indiractly in the mciabolism of thase substances.
For example, 2 aumber of drugs and other foreizn compounds
such as divicine und isouramil, pyri.nidinas that ars nrassnt ta
the broad Lean, produced haemolylic anawumia in certain
susceptibleindividualswho havebeenfound tohavezbaormally
low levels of slucose-6-phosphate cdehydrogenase activity in
their red biood cclls (Mager, Glaser, Razin, Izak, Bien &
Noam, 1965).

-

c. Aze

Newborn and fostal animals metaboliz2 some toxic sud-
stances slowly (sec Parke, 1968) because of the low activiy of
maoy of the respective enzymes which metabolize foreign
compounds. The hepatic microsomal phass I eazymes,
including cytochrome P-450, together with the phase [l enzymeas
responsible for the formation of glu-
curopic acid, glycine and glutathione
conjugates are atl at a low level or
absent at birth. The enzymes which
catalyse theformation of sulphate2nd
acetyl conjugates are present, however, at normal levels in
some species. In the newborn rat, glucuronyl transferase is
alreadyatadultlevel(Dutton, 1964). From birthonwards thase
enzymes develop rapidly, reaching adulit levelsin about 30 days
in the rat and in about 8 weeks in man, aad it is possibie that
their activity is partly stimulated by foreign chemicals present
in the dict. In consequence of these enzyme deficienciss the
newborn animal is generally more susceptible to the ioxic

Dimethyl
phosphorocdithionate

TasLE |. Differences in the rates of metabolism in
vitro of toxic compounds in various strains of
rabbit

: (Cram, Juchau & Fouts, 1955)

niteles of sabserace mbo_li“::g.
i (allowing strains n'b::: *
Substrate route of
mecabolism -
Dwtch | English | goie | | Cottoe:
Hexobarbital Aliphatic 140 170 250 20
hydroxylation
Aniline Aromatic k1 130 10 72
hydroxytacion
3.4-Benzpyrens | Aromatic il 3 30 50
. . hydroxylation
Amidopyrine Demethylation | 70 | 220 Ls] 15
Amphetamine | Oxidtive 150 %© 8 10
deamimtion
p-Niedrobcnxoic Reduction 90 70 120 S0
aci *

* The liver supermatint was orepared by homogenizing liver in
gavol.. 1.15% KCI solution, followed by centrifuging 2t 9.0C0 g ‘ar
min,
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Shed

w2y in rebora rats oF a number of drvss, Yeary,
I~ & s tciandin (1095) shiowedd thateest dregs nve 2-10
tri.. o v tonigs to 1--3-Cay-0td rats than to adalt rats,

T folius winds nis lesk of dotoasatic: errymes would
e ee ta be Las paciiculerly velaziable posidon, sinec many
St sompouads have been siiown to cross ths placental
b e ad enter the fostus. Morvover, the proteciion of the
saticnal Lvee may wiso become impaired. sicee the level of
Fogiiis ey iocihwonie P-430 may be raduced in pregnancy and
oy of the dotoxicating cnzymes 2ppear to be inhibited by the
hizh plrsma leveis of progestogans that occur in pregnancy.
:xt work has suz2sted that the human placenta, at least,
huas ua slisht abiliw (o dztoxicate foreign compoucds, and this
toother with tue somewhat diminished capacity of the
r.ocoonal liver may aflord reasonable protection to the fostus
(Ni. Neale and D. V. Parke, unpublished data, 1969).

d. Sex

C:rtcin foreizn compounds show differential toxicity in male
and :malc amimals. Hurst (1933) zives a list of some 30
corracunds that have been reported to bemore toxic to one sex
th 0 to the other. Ia this list human beings were mentioned
o', Lwice, sugsesting that women may be mors susczptible
then meon toamidopyrize and benzene. When toxicity has been

Jed to metabolism it does appsar that rats show sex
..r3nces in toxicity more frequently than other species.
;1T aives ihe LDy values of fiverelatively toxiccompounds

i Malz and fz2male animals. Strychaine administcred intra-
vIn so.ly IS 25udiily toxic to male and femaie rots but, wien
siven intmaperitone=!ly or subsutaneously, it is more toxic to
fumaizs. Kato, Chiesara & Vassanelli (1962a, 1962b) have
shown that sirychaine is more rapidly metaboiized to less
tosic mutabolizes by liver microsomal preparations from male
rz-: thaa from fermales and is consequently less toxic to the
".s. Urlike strychnine, parazhion is metabolized to a toxic
=olite, namely paraoxon and this occurs more rapicly in

fe=2’2 rai-liver preparations than in male (Davison, 1955).

\
NO, /N o;(os:),

Parzthicn is thus less toxic to the mzlz (Dulois, Davl,
Salerno & Coon, 1999). In mice, cuts and cozs, there i vy
sex Cilfluicnze in th toxicity of parathion and it voould appear
that ths corpeund i mictabolized equally v.ell Ly botkes, NG
Parnoxen, tirc tonis metabolits of purathion, siows no sux
dificcente in toxicity inthsrat. Teismstaboliced by wrierasssto
less toxic products aad there is probably nu gex ditfzrance in
ths activity of thiess enzyines (II1):

Enzymueis

sexdepeadane

Parathion

O
n Enzymetare not
NO, OP(OEY), ———
sexdependang

Parioxon (zoxic)
(__ 1
NO, / —\\OH -+ (E:O)}Oi-i.

p-Nitrophenol
m

Schradan, like parathion, is metabolized to a toxic substance
but, ualike parathion, it is more toxic to male than to femzale
rats, a conssquence of its more rapid metabolism in male rat
liver (Davison, 1955). Varfarin, the last compound in Table
11, is less toxic to male than to female rats, and like strychnine
is probably more rapidiy metabolized in the male to less toxic
metabolites. With these compounds, sex differences in toxicity
are found only after puberty. It appears therefore that, as far
as the rat is concerned, the metabolism of these compouads
and hence their toxicity are under the influence of the sex
hormones.

TABLE |l Sex differences in toxicity and metabolism

LDy
(mgJug. body—we)

. - Toxi':itz of ) Rate of
Campound Specres Routs o Referonces
Male Female e um':m‘:‘ feavenien
rn (L]
Strychnine Rat {ntravenous 0.57 0.57 .
Rat intraperitoneal | 282 | .62 G Less toxic M>F "'(‘l",-‘i"‘m: Vassanelli
Rat Subcutaneous 4.01 1.8} F
Parathion Rat intravencus |; z : : >:
faz Ord > .
M . . DuBois, Doull, Salerno & Coon
Mouse Intna 10 9-10 More toxic — . *
: lmm 5| 35 - (1949); Davison (1955}
Dog Intrapericoneal 12-20 | 12-20 —_
Paraz«<on Pat iatraperitoneal 1.2 1.2 ; :
Rt pasak 2|32 } Less toxic — | ouBcisetat. (1949
Schradan Ra: Intraparitoneal 7 ¥ M Moretoxic | M>F | Davison (1985)
.. A | O 7% 58 F Less toxic — | Hazan & Radomki (1533)

- f2ans that NO meisurernend have baen made
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e. Disease
1 i wellhnow s that numan patients aad & ..‘.‘:.l, with liver
t g are maic than rormelly suscepuble ta s tane cficets

L.
o douza and forziga chemnizals, and since th.. .o 13 Th major

oo of metabolic dotozication this is not surp rizing. aticnts
wiin liver diszases such as cirrhosis, obstructive jaundize and

s ostivs showed impaired ability to form givcuronide and

-l'7‘ 2t coruuf.x &5 (Mikcing, 1953) and rabbiis with cxperi-
poniai obstructive jaundice produced by lisz:ion of the bile
¢t showed impairmeat of the > :patic phace I enzymes that
o atively mestabolize drugs (MIcLuzn & Fouts, 1961).
Ta:z amoust of hepatic cytochroms P-450 and the 2ctivities of
2 microsomal enzynies of the liver are also diminished as the
resait of poisoning with the hepatotoxins carben tetrachloride
or dimsthylnitroramine (Smuck!er, Arrhenius & Hultin, 1967).
Liver damage may also chapge the pattern of metabolism, and
t~= carcinogen 2-acctamidoflucrene is metabolized to the
cacinogeaic  A-hycroxy-2-acetamidofluorene to a greater
extent in rats with liver damage than in pormal animals
(Margreth, Lotlikar, Miller & Miller, 1964).

f. Encironment

Stress. Adverse environmer:.tal conditions such as cold and
roice, which give rise to stress in animals, may result jn anin-
crcase ia che activity of the hepatic microsomal enzymes that is
molized throuzh the pituitary-adrenal axis. The hydroxyla-
tion of acetaail:ds oy rat-liver microsomes is alrcost doubled by
previous czpcmre of the animals to cold stress, and the meta-
olism of 2-naphilylamine to 2-amino-l-naphihol ia mice is
incr2ased mors than 509 by exposure to cold and mors than
1t0%, by coid plus noise (Dewhurst, 1963). As 2-amino-1-
naphthol is possibly the proximate carcinogen of 2-naphthyi-
amine, the stress conditions may be considered, in this case, to
rz,uit in an increase in toxicity.

Mureicion. For a discussion on nutritional aspects see the
;v by McLean & McLean, p. 278 of this Bulletin.

I :aition and stimulation of metaholism by foreign chemi-
¢2’;. The metabolism of a toxic compound by the hepatic
microsomal enzvmes may be initially inhibited by the presznce
ol competing substrates, but subsequently stimulation of
m2tabolism may result. Pre-treatment with drugs, steroids,
facd additives, toxic chemicals such as pesticides, polycyclic
nyérocarbons, polycyclic amines, and normal coastituents of
>0d of no nutritional value such as P-ionone and safrole
(Prks & Rabman, 1969) can mult in a twofoid to tenfold

378 nd toxic substances (Conney, 1967). This increase of
czr/me activity differs according to the inducing chemical, but
¢ould be mediated through an increased rate of synthesis of
«arvme protein, a decreased rate of tumover of enzyme, or an
ctivation of eazyme possibly by changes of structure or
taformation. The results of this phenomenon are also that
chronic administration of a drug or toxic compound may
¢ah:nce the activity of the enzymes that catalyse its metabolism.
When metabotism results in a reduction in the toxicity of the
tempound, chronic administration will redoce the toxicity
¢l 3 siven dose. When metabolism first gives rise to a toxic
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~d, E. & Sims, P, (1967) Biockem. J. 104, 394
AL HL(1987) Piurmne. Rev. 19, 317
ML & Magee, P. N. (1966) Biocrem. J. 100, 724

metabalite, whicu iv subscauently dotosisiing Uy fur s
metabolizm, the ¢fiests on over-all toxicity are consequom.
mois complc\

—ed
mc\.-b.n LA ol c.c'.un_na anuso-g:.l.m' c'. J;\. such as di-
coum:ro}, so it lhe ustidl therapeutic do.s becaaiss L.\C.n;'- =
and spontuncova hasmorrhaz: may cocur (solomon &
Schrozie, 1965) QOa the other kand, pra-treatmen: vioh
phcnobarbxml increasss the matabolism of dicuurmaral, thus
reduzing its anticoazulant activity. Toe c....xopms.nt oi
tolerance to barbituraies and certain other drugs is siuiiasly
duc to tue stu-nul..tors action of a drug on is own niziaboalism
{Conncy, 1957).

Theiuductionof theszenzymes by pre-trepement - itk “oioien
compounds doss not nacessanily increase the aziivity of ali
enzymes to the same cxiant. Certain metatolic pathuwa ys may
be prefercatially stimulated. The hepato-.amno 2-
acetamidaflycrene, is metabolirsd by hydsoxylation to r-u..

5-hydroxy-, 7-hydroxy- and N-hydmxy-z-acetmdoﬂuorene
the last compound b:ing the proxima:e carcinogen. Con-
tinuous administration of 2-acetamidofiuorene to rats resuits
in a preferential induction of the N-hydroxylation. Pre-
treatment with acetanilide, or 2-acetamidofluorzre plus
acetanilide, does pot iccrease the exten: of N-hrdroxylziion,
and consequently prevents or delays carcinozenesis by 2-
acetamidofluorene (Grantham, Mohan, Yamamoto, V. eis-
burger & Weisburger, 1968; Yunamoto, Glass, Franiel,
Weisburger & Weisburger, 1968). 7,12-Dimethylbenz(a)-
anthracene (DMBA), a carcinogen which also produces adrenal
necrosis, is hydroxylated principally at the methyl grouns. The
7-hydroxymethyl derivative is the active adrenocorticolytic
agent, whereas the 12-hydroxymethyl derivative aod ring-
hydroxylated meta - 'es are probably trve detoxicaiion
products. Pre-trez - t with 3-methylcholrathrene and
certain other polyc .  hydrocarbons protects azzinst the
DMBA-induced ac. -  necrosis because of 2 profersntial
induction of the mic - mal enzymes which shifts hydrosyla-
tion of DMBA fror . : methyl groups to the aromatic ring.
Phenobarbital pre-t. . —2nt gives similar protection, Sut acts
by a different indL:: on mechanism involving the further
hydroxylation of the /-hydroxymethyl derivative to 7,12-di-
(bydroxymethy!)beaz{a}anthracene and other products (Boy-
land & Sims, 1967).

Cytochrome P-450, an essential component of the hepatic
microsomal enzymes, is inhibited by carbon monoxide, and an
atmosphzre containing only 2%, carbon monoxide inhibits
the in-vitro hydroxylation of aniline and oxidative demethyi-
ation of amidopyrine in rats by about 50% (Kato, 1966).
Inhibition of the hepatic microsomal enzymes is also produced
by certain me:hylenedioxyphenyl and methylenedioxynapnthyl
compounds such as piperonyl butoxide and sesamex (Metcalf,
Fukuto, Wilkinson, Fahmy, El-Aziz & Metcalf, 1956). These
compounds are used as insecticide synergists since, by inhi-
biting the insect enzymes which deactivate insscticides, they
potentiate toxicity and insecticidal activity. It is perticent
to speculate on the possible cffzct of the chemicals which cow
contaminats the environment on the metabolism of texic
compounds in man.
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