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Abstract

Conjugation in species with defects in detoxication
.mechanisms has been studied. - luc-Labelled,phenol-was
administered to cats and pigs (25 mg/kg). The urinary
metabolites (ma;nly phenylsulphate in cat and
phenylglucuronide in pig) were identified by paper
chromatography and radioéhromatdgram scanning. céfs aﬁpear
to form no phenylglucuronide and pigs no phenylsulphate,
but detailed examination of radiochromatograms showed that
cats excrets small amounts of the glucuronide (less than 2%
of dose) and pigs small amounts of sulphate. When phenol
was‘administered intraperitoneally to cats, a new ﬁrinary'
metabolite (5 - 10% of dose) was identified by mass
spectroscopy as phenylphosphoric¢c acid, and when 32P-labelled
phosphate and phenol were administered, radioactive
phenylphosphate was detected in the urine. |

Several phenolic compounds were administered to cats and
pigs (25 mg/kg. Cats formed only small quantities (less than
5% of dose) of glucuronide when challenged with 1*c-labelled
l-naphthol, 2-naphthol or_phenacetin, the conjugates being
mainly sulphates. Pigs conjugated 2~naphthol and
4-hydroxyamphetamine largely with glucuronic acid excreting

only traces of sulphates, but approximately one third of a



dose of»l-naphthol was hxcreted as sulphate. The rate of
conjugation of l-naphthol and 2~naphthol was compared in vitro
using pig and rat liver homogenates. The rate of
glucuronidation of both'compoﬁnds was greater in pig than rat
(which forms approximately éqdal amounts of glucuronide and
sulphate conjugates), The rates of sulphation of 1~ and
2=naphthol were similar in pig, being much less than in rat.
14C-Babelled morphine was excreted in cat urine mainly as

a sulphate. Tritiated phenolphthalein was synthesized;

when administered to cats, approximately 30% of the dose was
recovered in the urine, two-thirds of this as the glucuronide.
In conclusion, therefore, although cats have little ability
to form the glucuronides and pigs the sulphates of many
phenols this is not true for phenolphthalein in cats or

lenaphthol in pigs.
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Section A

When foreign compounds, (xenobiotics or anutrients) get
into the body they can undergo thrge possible fates, namely,
they can be metabolized by enzymes; they can change
spontaneously into other substances without the intervention
of enzymes; or they can be excreted unchanged. The majority
of xenobiotics undergo the first fate but before considering
this the other two possibilities will be outlined.

Soume xenobiotics when ingested change spontaneously
- into cher compounds because they encounter suitable con&itions
of pH for spontaneous breakdown, or because they can react
chemically with certain compounds or groups in endogenous
macromolecules. One of the best examples of a drug which
breaks down spontaneously in the body is thalidomide (see

Schumacher, et al,, 1965).

Thalidomide
(spontaneous hydrolysis occurs at the substituted amide
bonds indicated by the dotted lines)
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In aqueous solution at pH 7.4 thalidomide decomposes by
spontaneous hydrolysis into some twelve other compounds.

The metabolism of foreign compounds usually tends to
make lipid-soluble substances more polar and water soluble
and therefore more easily excreted by the kidney. If a
xenoblotic is already highly polar then one would not expect
it to be readily metabolized and an examble of such a compound

is the sweetening agent cyclamate (Renwick'and Williams, 1969).

NHSO3

cyclamate pKa 1.9

Most, but not all, of the drugs which are not readily
metabolized are highly polar.

The enzymes that metabolize xenobiotics-are located meinly
in the liver, but metabolism by other tissues such as
intestine, kidney and lung can also occur to some extent.
Although the tissues of the body are the main sites of
anutrient metabolism the gut microorganisms can also play a
role, especially with compounds that are not readily absorbed
from the intestine or that are excreted in the bile in

appreciable amounts. The collective term for the metabolic
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pathways undergone by xenobiotics in the body is detoxication
reactions. The majority of these reactions are catalysed

by énzymes located mainly in the smooth endoplasmic

reticulum of the hepatic cells (Gillette, 1966).

The majority of foreign compounds absorbed are fat-soluble
and non-ionized at body pH and their metabolism introduces
polar, ionizeable groups, which cause the compound to become
more water-soluble and thus more readily excreted. The
principal routes of excretion of foreign compounds and their
metabolites are via the urine and the bile, but some compounds
may also be excreted in the expired air (volatile substances),
sweat, milk, saliva and by secretion into the stomach and
other parts of the gastrointestinal tract. The extent to
which an organic compound is excreted in the bile may be
influenced by a number of physiochemical factors, which
include molecular-weight, polarity, chemical structure and
1lipid solubility (Millburn, et al., 1967 a, b; Hirom et al.,
1972)., Furthermore, with some compounds the'extent of
biliary excretion varies widely with species and this umay
result in a marked interspecies variation in the overall
pattern of excretion of the compounds. Those compounds and

their metabolites that have a relatively low molecular weight
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(velow about 300) are excreted mainly in the urine rather
than in the bile, irrespective of species, but with organic
anions of higher molecular weight (300-500) extensive
elimination in the bile occurs in the rat and dog but not
in the guinea pig, rabbit and rhesus monkey (Abou~Ele-Makarenm,
et al., 1967).

It is useful to regard the metabolism of foreign compounds
as occurring in two phases. In the first phase (Phase I)
the compound ﬁndergoes reactions which can be classified
as oxidations, reductions and hydrolyses, whilst in the
second phase (Phase II) the products of the first phase,
having now acquired suitable groups such as =(Ql, =COOH and
'NHZ' undergo a synthetic reaction which is usually referred
to as a conjugation. During each of these phases, the
compound is usually made more polar, and the products of
conjugation are mainly fairly strong organic acids. The
metabolism of benzene provides an example of this;=

Phase T Reaction (oxidation)

;] a 1 hydroxylase
mlcrosomaﬁADﬁﬁ 0
> Ie

benzene , phenol
C

% ionized at pH 7.4 = 0% % ionized at pH 7.4 = 0.25%
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Phase II Reaction (conjugation)

phenol sulphotransferase

OH - | SO H
phenol phenyl sulphate )
% ionized at pH 7.4 = 0.25% % ionized at pH 7.4 = 99.9%

(excreted by the kidneys)

Most xenobiotics undergo this biphasic metabolism, although
some compounds may be metabolized predominantly by one phase.
Thus ethanol is almost entirely metabolized by oxidation
(phase I) to carbon dioxide, cyanide is metabolized
predominantiy by a phase II reaction through which it is
converted by synthesis to thiocyanate.

The reactions of the two phases of drug metabolism are
catalyzed by enzymes and it is from the study of the
qualitative and quantitative variations in these enzymes that
the explanations of species differences are likely to be found.
Quantitative variations in a metabolic reaction may be due

to differences in:=-

a) the absolute amount of an enzyme,
b) the amount of natural inhibitor of the enzyme,
c) the activity of an enzyme reversing the reaction,

d) the extent of competing reactions using the same substrate.
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Some detoxication reactions have a wide phylogenic

distribution, e.g. sulphate conjugation, while others are

restricted to certain species, e.g. glutamine conjugation

in man and some primates (James, 1972), Some metabolic

reactions appear to be specific to one species or closely

related species and do not occur elsewhere, e.g. cat forms
Quinaldic

an unusual glycyltaurine conjugate of Xyneurenic acid

(kaihara and Price, 1961).
OH

N CO—NHCHZCO—NHCHZCHZSOBH

(‘;u.:«m.\é-*cf

Glycyltaurylkyneumrentc acid

When describing a species which is "defective in a
detoxication mechanism®™ this phrase applies to a species
in which a common enzymic reaction is not invoked when
challenged with a potential substrate. An example of such
a species would be the pig which is reported to be unable to
form ethereal sulphates readily (Coombs and liele, 1926);
(ste kol, 1936). Xnowledge concerning the totality of any

defective detoxication mechanism is dependant upon the

instrumentation available for the determination of minor
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metabolites. Minor metabolites might be formed at very low
levels and not be detected because of their dilution in
the vahicle of excretion.

If such a species with a defect in detoxication mechanism
were challenged with a particular xenobiotic, which could
not be'metabolized and readily eliminated, then the species
would suffer as a result of the defect. Often an alternative
detoxication mechanism becomes responsible for the metabolism
of the foreign compound but this may not always be adequate..
The alternative detoxication mechanism might become
"saturated" depending upon the amount of the xenobiotic
present and this might result in fatal injury to the species.

By studying species with defects in detoxication
mechanisms much useful information concermning these mechanisms
might be obtained. Firstly, this information may be of use
in estimating safe parameters for the susceptible species
at which levels of xenobiotics being ingested must be
maintained; whether deliberately injested foreign compounds
such as chemotherapeutic drugs, or unavoidable environmental
contaminants. Also by studying the metabolism and
elimination of xenobiotics from the species with a defective

detoxication mechanism, information concerning the rate
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and capacity of the alternate mechanisms may be obtained.
Technically one detoxication mechanism may be studied with
greater ease when an altermative reaction is absent., By
comparing the metabolism of foreign compounds in a

species having a defect in a detoxication mechanism with a
species that does not have this defect knowledge might be
obtained of the genetic basis and metabolic control of
detoxication mechanisms. Finally} a laboratory species in
which an important detoxication mechanism is absent would
be omeful for screening new drugs as the species should be more
susceptible to the pomgounds and "exaggerate" any toxic

effects likely to arise.
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Section B
In this section the metabolic reacions xenobiotics
undergo in the body in order to facilitate their excretion
will be outlined. The Phase I reactions will be considered

first.

Phase I Reactions
The majority of these Phase I detoxication reactions are
catalysed by énzymes of the endoplasmic reticulum (microsomal
fraction) of the liver. Therefore these reactions may be
classified into those which are catalysed by these enzymes
(microsomal), and those which are catalysed by enzymes
located at other sites (nonemicrosomal). The microsomal

transformatiohs will be considered first.

Microsomal Phase I Reactions
These are classified according to their chemical

nature into oxidations, reductions and hydrolyses.

Oxidation Reactions

The endoplasmic reticulum probably consists of an

ordered lipoprotein structure with lipid molecules arrangcd

in a bimolecular layer. The substrates for the enzymes in the
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reticulum have to be lipid soluble at the pH of the reaction
(usually 7 - 8) which probably occurs at the surface.
Microsomal oxidation has a specific requirement for

NADPﬂ2 and 0 the overall microsomal oxidative

2’
reaction is:
NADPH, + Sub.H, + O, —> NADP + Sub.HOl + H,0

Sub.H2 = substrate

Sub.ii0H = oxidised substrate
The oxidising system contains at least two catalysts,
namely the NADPH oxidising flqyopfoteinT known as
NADPl{-cytochrome ¢ reductase, and a CQ« binding haemoprotein
called cytochrome P=450., Much of the speculafion
regarding the components of the microsoumal drug
metabolising system exist because attempts to solubilize
cytochrome P=450 in an active form failed, although more
recently Lu and coe-workers have done much toward solving
this problem (see review of Mannering, 1971). By their
solubilisation techniques they obtained an extract which
could be resolved into three components; cytochrome P-450,
a fraction containing an NADPi{ reductase and a fat soluble,
heat stable fraction. All three fractions were necessary

for the maximal oxidation of sompounds,
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The interaction of these components in the electron
transfer syxtem employed in the microsomal metabolism of
compounds is given in the schematic representation below

envisaged by Holtzman, et al., (1968):
: ' Substrate _
NADPH Fp.oxfili%red P-hso ox:\\\xr_‘_,,,///

:><: P=-450 ox.

Fpe.red X0X. ubstrate

Substrate

Substrate
f
OH

Phso red

In this schewme, Fp = flavoprotein, ox. = oxidised, and
red. = reduced. 1In the hepatic microsomal systems the
flavoprotein involved is NADPuz cytochrome c feductase, in
adrenal wmitochondrial P450 systems adrenodoxin redudase occurs.
It has been suggested that a further cowmponent, X, is -
required to bridge electron transport from the flavoprotéin-
reductase to the haemoprotein (Estabrook, et al., 1969).

In the adrenal mitochondrial system X is a non-haem iron
protein called adrenodoxin. The substrate hinds firmly |
with both the oxidised - and reduced forms of cytochrome P450.
The substrate-reduced P450 complex reacts with ox&gen to

give the oxidised substrate and the oxidised form of P=U50.
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Microsomal oxidations are inhibited by carbon monoxide which
readily combines with reduced P-450 and thus prevents the
binding of the mubstrate. Cytochrome P-450 thus binds and
hydroxylates the substrate playing an important role in the
oxidation of many xenobietics.

The oxidations carried out by the liver microsomes
include the following range of reactions all of which may

be ascribed to one common mechanism, namely hydroxylationj;

Aromatic hydroxylation

C6H5x __Jlﬂ__% HOOGHQX
Aliphatic hydroxylation [0]

RCHq —d RCH,01{
(R = alkyl chain or alicyclic ring)

anealkylation

ROCH, —_[L]_»Eocnzou —>ROH * HCHO
N-Dealkylation
RNHCH,, —fol, ENHCH,,OH — RNH,+ HCHO

Deanination

R R 4 R
~ Lo] ~ ~CO
i CHNH, — > | P C(OH)NH 4 R'/ + NH



- 21 -

Sulphoxidation
rsrt —01, Es*(ox{)n' —» RSOR' + 1"
' : (sulphoxide)

RSOR' —gga RSOZR'
(sulphone)

Aromaticvhydroxylation is one of the most intensaly
studied of phase I reactions. It has been found to occur
in all species examined including fish, insects, birds,
reptiles and mammals including man (see Williams, 1967).
"Althoush the reaction occurs in most species, there are
considerable species variations in the extent to which it
occurs with a given compound, in its orientation and also
in the extént to which it occurs with different compounds
in the same species (see Table b.l1). Thus it appears there
is no si_mificant phylogeniec develop_ment of this Phase I
reaction. Some oxidative reactions, for example the
7~hydroxylation of cownarin, are strongly evident in some
mammals, absent in others, and yet are found in insects and
other lower orders of the animal kingdom (see review of Williams,
1967). In all Phase I reactions the greatest versatiiity in

biotransformations is wshown bhy the simplest of organism, the

bacteria.
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Table B.l. Aromatic llydroxylation in Vivo

Extent of hydroxylation in

compound kan Dog Rabbit Rat Mouse Guinea Pig
Amphetamine L M L M - L
Ephedrine - L L M - L
Imipramine M - H L - -
Diethyltryptamnine M - - H H L
LSD - - - M - L
Aniline - H H H H H
Il = 25—50% of dose or mwre M= 5—20% L = £ 5%

Alternative m{;e I metabolic reaction

+ deamination
o dealkylation

¥+ none

figure from Williams, 1964

- gc =



Reductive reactions

Reductions are important Phase I detoxication reactions

some of the most important reactions that occur are:

1. Reduction of azo links
azo reductase

RN = NB" RNI-12 + R'NH2

2., Reduction of nitro groups

RNO nitroreductase RNH

3. Reductions of aldehydes or ketones

RGIIO aldoreductass'_ RCHZOH
e.g. CCL 3011(011)2 C. C14CIL,0H
chloral hydrate trichloroethanol

R = alkyl radicle oxr alicyclic ring

Reductive reactions have been shown to occur in liver
microsomes but the mechanisms of these reactions have not yet
been as thoroughly investigated as the oxidative reactions.
The reactions which have been investigated in most detall are
the reduction of azo and of nitro compounds (Gillette, 1966).
Presunably the splitting of the azZo groups in these reactions
takes place in two steps: first the formation of a hydrezo

intermediate and then the reductive cleavage of the MN=N bond.
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OO0 — =0 &
Azobenzene ' Hydreazobenzene Aniline

Similarly nitroreduction may proceed through various

intermediates:;

Nitrobenzene Nitrosobenzene Phenylhydroxylamine Aniline

‘the enzymes responsible for these reactions occur mainly
in the liver microsomes. There appears to be at least two
pathways for these reactions, one inhibited by carbon
monoxide and the other not inhibited by carbon monoxide. The
latter pathway does not depend upon cytochrome P=450 and
the reduction is carried out by NADPI cytochrome c reductase
alone. The first pathway is through cytochrome P-450 since
this cytochrome was once described as "CO=-binding pigment".
Azoreductase éctivity occurs under both aerobic and anaerobic
conditions but nitroreductase activity is inhibited by

oxyzen and occurs only in anacrobic conrditions. Both NADH
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Vand NADPH can act as the electron donor: in the reduction of
nitro compounds. As with oxidative reactions reductions
appear to vary with species and compound; thus rabbit liver
reduées p but not m nitrophenol whereas it reduces
chloramphenical twice as fast as p-nitrobenzoic or

anitrotoluehe. (see review of Williams, 1964).

derolxti ¢ reactions

The main hydrolytic reactions which occur are:
1. The hydrolysis of esters under the influence of esterases

ROCOR'! — ROH '+ R'COOH

2. The hydrolysis of amides by amidases

RCONH2 —_— RCOQOH + NH3

A large'number of drugs are esters of various kinds and
many are hydrolysed in the body to yield phenols, alcohols and
carboxylic acids. The enzymes which carry out tliese reactions
are widely distributed. Kalow,(1962) has reported that the
tissues of rats contain as many as 16 esterases. 1t was
pointed out that esterases are notoriously variable from specles
to sSpecies and n some species variation in pharmacological
activity of esters can be explained in terus of the nature and

amounts of esterases. ~The drug tromexan is an ester which



is de-esterified in the rabbit to tromexan acid, while in
man this reaction is of little significance, the drug
undergoing aromatic hydroxylation to hydroxytrouexan
(Burns, et al., 1953). Desterification of reserpine does not
occur tc a large extent in the dog and monkey, but it appears
that the intestinal mucosa of rats contains an esterase which

hydrolyses reserpine (Glazko, et al., 1956)

00C2H
0 5
Qﬁ&n oH
0
Tromexan \ Hydroxytromexan
Rabbits GOOH
IOH OH

C

|

H

0. 0

Tromexan acild

Nonemicrosomal Phase T Reactions

IForeign compounds are also metabolised by non-nicrosomal
enzyme systems. In the mitochondria are amine oxidases which
convert amines into aldehydes and enzymes tthich aromatize

saturated alicyclic compounds into benzenoid derivatives.
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In the sdluble fraction are found the enzymes alcohol
dehydrogenase, aldehyde oxidase and xanthine oxidase,
which oxidise alcohols and aldehydes. Many other enzymes
such as amine oxidases and esterases, that metabolise
foreign compounds are found in the blood plasma, and
enzymes of the intestinal flora are responsible for other
metabolic transformations., These numerous reactions by virtue
of their diversity are not mechanistically classified as
are the microsomal Phase I reactions; they have been
reviewed by Parke, (1968).

Having undergone Phase I metabolism a xenoblotic may be
excretod, more often however it undergoem a Phase II
synthetic (conjugation) reaction and it is these reactions

that will be considered next.

Phase II Reactions
Xenoblotics which possess or are able to acquire a
suitable chemical grouping (by one of the Phase I reactions
already described) may subsequently undergo one of a number
of conjugation reactiohs. These involve the linking of the
xenobiotic with an endogenous conjugating agent and are the
Phase II synthetic reactions. The conjugation generally

results in the molecule becoming more polar, less lipid-soluble
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and therefore more readily excreted from the animal body.
These reactions are characterised by the occurence of
activated nucleotides aa.infermediates in the asynthetic
process and all require energy usually provided by
adenosine triphosphate (ATP).A The nucleotide intemediate
can contain in its molecule either the conjugating agent
or the xenobiotic may be activated. Thus mechanistically

conjugation reactions may be divided into two types.

Tme one

g‘:;:gy Xenobiotic
. %® wactivated"
Conjugating agent —_— conjugatin >~ conjugated
: a geﬁt g product
e_Two
Energy Conjugating
Source agent .
Xenobiotic —~, "activated" . conjugated
xenobiotic product

Type one reactions occur in many tissues, type two reactions
appear to be restricted to liver and/oxr kidney. Type two
reactions are amino acid conjugations and the majority of
other conJugations'are_txpe-one. The conjugating agents are
.often coenzjnnes that participate in intermediary metabolism,
but the enzymes that catalyse the transfer are specific for

the format;on of these compounds. The cofactors and the
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conjugations with which they are associated are as follows:-

Uridine diphosphate cofactors

Uridine diphosphate glucuse (upPG) = (a-glucoside formation
Uridine diphosphate glucuronic acid (UDPGA) =
P-glucuronide fqrmation
Adenosine cofactors
3t=phosphoadenosine=5'-phosphosulphate (PAPS) -~ formation
of sulphate esters
S-Adenosyl mefhionine O-, N, and g-methylations

Coenzyme A

Acetyl coenzyme A - acetylation

Glutathione

Formation of glutathione conjugates and mercapturic acids
"Sulphur"
Conjugation with sulphur from thiomulphate in the

conversion of cyanide to thiocyanate,

Uridine diphosphate cofactors
Glucoside conjugation

Insects and plants apparently do not synthesise
glucuronides but form glucosides instead (see Smith, 1964).
The mechanism of glucoside formation is probably;=

UDP glucose transferase
UDP=glucose + phenol _— phenyl ‘s-glucoaide + UDP
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Trivelloni, (1960) demonstrated this reaction in the fat

body of locust (Schistocerca cancellata). Miller, (1938)

" showed that ethylene chlorchydrin was converted into
2-chloroethy1~PuD-glucosida in gladiolus corms. Sorbo, (1957)
and others have shown that the glucose donour is UDP-glucose.
Glucuronic Acid Conjugation

Glucuronic acid conjugation is widespread in nature
occuring in many species. Glucuronides may be formed in vivo
if the xenoblotic contains or acquires during its metabolism
any of the groups shown in Table b-=2., The mechanism of
glucuronic acid formation will be discussed in detail in
section D. Most mammals excrete glucuronic acid conjugates of
the xemobiotics shown in Table be2, the most notable exception
being the cat. The defect in glucuronic acid conjugation

in cat will also be discussed in detail in section D.



Table b.2 Types of Groups Forming Glucuronides

szroxxl
Phenolic

Enolic

¥Yrimary alcoholic

Secondary alcoholic

Tertiary alcoholic

Ilydroxylamine
Carboxyl

Axomatic

Primary aliphatic

Secondary aliphatic

Tertiary aliphatic

AxOIL

— CH = COH

— CHOH
= coH

= NOH

ArCOOH
- CH,COOH
~CHCOOH

=C. COoO0ll

Amnino and imino

Aromatic ArNH2

Carbamate = 0.CONH,
Sulfhydryl

Sulfhydryl — SH

Sulfonimide -SOzNH -

Heterocyclic —~NH

bithioic —CSSl

Table taken from Williams, 1967

_-[C -
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With birds glucuronide formation has been shown to
occur in domestic hen, turkey, goose, duck, domestic pigeon,
wood pigeon, dove, carrion crow and parrot (Baldwin, et al.,
1960), Although chicken possesses many glucuronyl
transferases, it appears a bilirubine-specific transferase is
absent or defeétive since hens do not form bilirubin
glucuronide (Dutton:, and Burchell, 1969). Glucuronide
conjugation has been shown to occur in amphibia and some
reptiles. It i8 not common in fishes and in insects glucoside
formation predominates (for general review see Dutton, 1966).
In the livers of newborn animals such as man, mouse,
guinea=-pig and rabbit, glucuronide synthesis is at a low
level, neonatal rat is an exception, their livers being more
active in this respect than the adult (Dutton, 1964).

lereditary manifastations of low UDP-glucuronyl
transferase are enccuntered in rat and man. The rat strain
described by Gunn, (1938) exhibits acholuric jaundige,
having a complete lack of bilirubin conjugation (Axelrod, et al.,
19583 Carbone and Gradsky, 1957; Lathe and Walker, 1957). This
condition is similar to the OGrigler~-NHajjar syndrome in man
(Schmid, 19723 Crigler and Najjar, 1252). Both conditions are
inherited as autosomal recessive characters and in the

homozygous individual an elevated plasma (unconjugated)
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bilirubin is p:eﬁent (17 = 40 mg/100 ml in man normal

plasma level i8 0.3 = 1 mg/100 ml), and the bile is almost

free of the pigment. The heterozygous rat has 55% of enzyme
activity of the normal (Strebel and Odell, 1971). The
homozygous rat and human can form othexr glucuronides although
some at reduced rates, Fevery et al., (197;) showed that Gunn
rat could not form the glucoside or xyloside of bilirubin.

The other heredilary defect in bilixrubin conjugation is Gilbert's
disease which is an idiopathic constitutional
hyperbilirubinaemia associated with a plasma bilirubin level
of 1 = 3 mg/100 ml., This izlinherlted as an autosomal
dominant character (Powelli i;67). Blopsy specimens conjugate
270} 140 (s.D.)pg. bilirubin/g.liver/h. compared with normal
11007 280 (Black and Billing, 1969). In many, if not all,

of these patients plasma bilirubin can be reduced by giving
phenobarbitone, the inductive effects of which have been
reviewed by Gelboin, (1971).

Adenosine Cofactors

Sulphate conjugation

Another important class of conjugate is the sulphate ester

or "ethereal sulphate" the types occuring are:=-
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Aryl sulphates - esters of phenolic compounds
Ax0l — Aﬁsoén e.g. Phenyl sulphate
Alkyl sulphates‘- esters of primary aliphatic alcohols
ROH — ROSOBH e.g. ethyl sulphate
Sulphamates « esters of amines and so contain a sulphamyl
(N~-Sulphates)
group
RNH, —> RNHSOH ' e.g. phenyl sulphamate
Steroid Sulphates - esters of alcoholic orxr phenoLic groups
of steroids, e.g. androsterone sulphate (alcoholic),
oestrone sulphate (phenolig). |
Carbohydrate Sulphates « esters of hydroxyl or amino groups
of carbohydrates. chondroitin sulphate (alcoholic).
Sulphate conjugation of phenols is a widely distributed
process and has been found to occur in most mammalian species
Phenol sulphotransferases are a well studied group of enzymes
and although little information is available on their properties
they have been shown to.occur in man, dog, rabbit, rat, cat
horse, cow, guinea-pig, goat and species of whale (Schmidte
Nielsen and Hdmson, 1921). Birds, reptiles and amphibia can
also form aryl sulphates (Smith, 1964, 1968; iitchcock and
Smith, 1964; Darby, Heenan and Smith, 1966). Sulphates are
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also reported to be formed in a variety of invertebrates.

It appears this conjugation is even more widely distributed
thah is glucuronide synthesis and is therefore an important
detoxication feaction. The mechanism of ethereal sulphate

formation will be discussed in section D.

Methylation
Another conjugation reaction involving adenosine

cofactors is methylation., Methylation is the fate of a number
of endogenous compounds, e.,g. adrenaline, as well as
xenobiotics. It is a potential regction of compounds
conthining amino or substituted amiis groups, bydroxyl or
sulphydryl groups. Methylation if not a general reaction of
aromatic amines, e,g. aniline is not methyléted in the rabbit
(smith, 1958). Methylation of hydroxy compounds is only
observed in certain phenols, usually polyhydroxyphenols such
as catechols. The methylation of various phenols was studied
in rat by Bakke, (1970). None of the monohydric phenols
administered were methylated to their corresponding anisoles.
An example of S-wethylation which is the rarest type, is the
methylation of thiouracil to 2-methylthiouracil in small

quantities in the rat described by Sarcibne and $ekol, (1958).
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_The methyl donor: is "activated methionine", l.e.
S~adenosyl methionine which transfers its methyl group to
& suitable acceptor and 1s convorted into S=adenosylhomocysteine.
Specificity in methylation depends on the transferase,
several enzymes exist which catalyse a specific QO=, N-,
or S-mothylation.
ATP + methionine ——» Seadenosylmethionine + pi + PPi
“ methyl
transferase
S=adenosylmethionine + acceptor — methylated acceptox
‘ - + S=adenosylhomo=
cysteine.
Qewethylations have boen observed in a number of
mammals (Axolred and Tomchick, 1958; Booth et al., 1957).
Nemethylations are also widely distributed. Doth Q= and
Nemethylations have been noted in amphibia, (Marki, et al,,

1962); fish and plants, (Towers, 1964).

O=Mothylation

OH catechol-O-methyl OH

transferase _
>

OH ' CH
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Coenzyme A cofactors

There are two types of conjugative reactions involving
coenzyme A intermediates. 1In the first type to be
considered Coenzyme A derivatives of foreign carboxylic
acids combine with endogenous amino acids, principally
glycine, to form aming acyl conjugates. In the second type
of reaction to be considéfed foreign aromatic amines are
acetylated by acetyl CoA.

Glycine conjugatiom

Conjugation with glycine and other amino acids is a
characteristic metabolic reaction of aromatic carboxylic
acids such as benzoic acid, substituted benzZoic acids and
heterocyclic carboxylic acids. Table b.3 shows the amino
acids used for conjugation by various species. The formation
of amino acid conjugates can be illustrated by the following
example where a glycine conjugate (i.e. hippuric acid) of
benzoic acid is formed:

COOH CO--AMP

+ ATP +PP1i

Benzoic Acid Adenyl benzoate
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CO=AMP | CO-SCoA o
l _ + CoASHt © + AMP
Adenylberzoate ﬁenzoy1'00enzyme A
CO=SCoA _ CONHCHZCOOH
acylase
+ HZNCHZCOOH —_— _ + CoASH

Benzoyl CoenzymeA Glycine Iiippuric Acid Coenzyme A

An example of a species defective in amino acid conjugation
is the Indian fruit bat (Pteropus giganteus) which is
apparently unable to form glycine conjugates of such

xenobiotics as benzoic acid (see French, 1970).



Table b.3 Amino Acid

Conjugation in vVarious Species

Spekies Xenobiotic Aminocacid conjugated

Mammals” Aromatic acids Glycine

Birds (cojumbiformes) Arylacetic acids

CInsects)

Birds (galliformes,anseriformes) Aromatic acids ornithine
Arylacetic acids (mainly)

(Reptiles)

Man Arylacetic acids Glutamine

(014 World Monkeys) |

Arachnids Aromatic acids

Arginine

+ excluding man and 01d World monkeys

- 6 -
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Acetylation
Acetylation is a general pathway for detoxication of

aromatic amines, sulplionamides, and some foreign aromatic
amino écids such as phenylcysteines. With sulphonamidés
acetylation yields N'- and g&-acetyl and diacetyl derivatives.
The acetyl group arises from endogenous sources, different
acetylase enzymes catalyse the acatylatipn of different
substrates. It appears in dog (and fox) some of these enzymes
are defective since this species can acetylate some amino
groups but not others (Marshall, 1954; Williams, 1967). The
dog can acetylate the N'=sulphonamido group of sulphanilamide
and acetylate phenylcysteine derivatives:into mexcapturic ‘
acids. Axylamines and the Qﬁ-amino group of sulphonamides
are not acetylated in the dog, Leibman and Anaclerio, (1961)
reported that dog liver and kidney contains an inhibitor of
arylamine acétyl transferase. The dog is also unable to
acetylate hydrazines and hydrazides, (McKennis, et al., 1959).
The guinea-pig ié unable to acetylate arylcysteines.
Sulphanilamide for example is readily acétylated by guinea=-
pig liver slices, but S-(=-p-chlorophenyl)=-L-cysteine is not.

(Bray, et al., 1959).
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acetylation of an aromatic amine

NII2 -+ NHCO CH3

arylamihe
acetyl transferase

=

CoASH .
Aniline Acetanilide

No Cofartor known

Glatathione (and Mercapturic acid) formation

Xenobiotics may be conjugated with glutathione to
form S~alkyl oxr Sqaryl glutathione derivatives, cysteines and
ultimately mercapturic acids. Benzene, naphthalene,
anthracene and the monohalogenated benzenes are metabolised
into mercaptﬁric acids, the L~acetyl-cysteine moiety replaces
a hydrogen atom. The fbrmation‘of a mercapturic acid takes
Place in fouxr steps:-

1) Conjugation of compound with glutathione

CHZCl CH2-SG
glutathione-gs~-alkyl
transferase
+GSH — +HC1l
Glutathione

Benzylchloride Benzylglutathione
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2) remwoval of the glutamyl group from the glutathione

conjugate by transpeptidation to form S~arylcysteinyle

glyecino,
CH,=SG CHszCYS-GLY
|
+ Glutamine glutathionase +Gtu:§2g1
acceptor > pep
Benzylglutathione Benzylcysteinylglycine

3) hydrolysis qf the S~arylcysteinylglycine by peptidases
to give an S-arylcysteine

CH2—SCYS-GLY ‘ CH2-SCYS

peptidase + Glycine

Benzylceysteinylglycine , Benzylcysteine

L) acetylation of the S-substituted cysteine to give a

mercapturic acid

CHZSCHZ?HNHZ GHZSCHZCHNHCOCHB
COOH COOQH
—_—
+ CHBCOSCOA +CoASH
Benzyleysteine Acetyl Coenzyme A Benzylmercapturiccgenzyme

Acid A
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Mercapturic acids are excreted by most mammals and also
by a fumber of insects (Gessner and Smith, 1960), In man
it has been reporﬁed that there is no detectable mercapturic
acid in urine fblloﬁing doses of bromobenzene (Wainer and
Lorinez, 1963); however, small amounts of mercapturic acid
conjugates have been detected chromatographically in human
urine following the administration of naphthalene (Boyland
and Sims, 1958). In the guinea~pig it is probably that all
the reactions of mercapturic acid synthesis e#cept the
1aat can occur, for the guinea«~pig is unable to acetylate
arylcysteines (Bray, 33'5L.} 1959){ When the hen is dosed
with bromobenzene no mercapturic acid conjugate is detected
in the excreta (Baldwin, 1961). Grover and Sims (1964)
have shown that liver preparations from hens and ducks
contain very low levels of glutathione S~-aryltransferase.

It is therefore probable that the first step in mercapturic

acid synthesis is defective in these species.

Thiocvanate Formation

Hydrogen cyanide and alkali cyanides are highly toxic

subgstancea, since these are converted into thiocyanates which
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are a ﬁundred times less toxic, this is an example of true
detoxication. The enzyme responsible, namely, rhodanese is
distributed throughout the body, the highest concentration
occuring in the liver. Rhodanese appears to require no
coenzyme for its activity, it is alhighly specific enzyme
catalysing the reaction:

I

2~
3203

3
where sulphur is transferred from thiosulphate (which arises

N+ ——  SCN + SO
from endogenous sources) to the'cyanide ion. This simplest
of conjugation mechanisms occurs widely in natﬁre; in man,
other vertebrates, non-vertebrates, plants and bacteria.

In this section (B) the general enzymic reactions
foreign compounds undergo have been outlined, and some
species which apparently have little ability to perform
one or more of these reactions mentioned. In the following
section (C) other factors which affect these enzymic
reactions and thus the overall detoxication of foreign

. compounds are discussed.
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Section C

Factors Influencing the ietabolism of Xenéobiotics

The control of the Phase II metabolism of xenobiotiés

may be @t various stagesi=-

1. at the uptake.of the endogenous conjugating agent into
the cells; |

2. at the conjugafion of the xenobiotic with the
conjugating'agent;

3. at the accessibility of the xendbiotic and conjugating
agent to the enzyme catalysing their conjugation;

4. at the level of active enzymej

5e at the avaiiability of cofactors necessary for the
conjugation;. '

6. at the secretion of the conjugate from the cellj

7. at the possible hydrolysis of the conjugated xenobiotic.
Control at any stage will depend upon the state of the

animal; its age, diet, hormonal or genetic complement, intake

of toxicants or drugs, its response to external environment and 7

its health.

Age
At birth many of the hepatic enzymes show a marked

increase in levels of activity, presumably to enable the
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neonate to become adapted to individual existence. Ilowever,
many microsomal eﬁzymes, especially those involved in
detoxication are greatly reduced at birth. Thus deficiency
in forming glucuronic ‘acid conjugates in newly born animals
is well known, although rat appears to be an exception to
this rule (see review of Dutton, 1971). ‘Some compounds
are glucuronidated in neonates, however, but when the
glucuronide~forming capaclity develops to adult levels is not
certain. an attractive theory is that the transferase
activity is "triégered" by accumulation of natural substrates,
such "triggering® by ienobiotics would be far less
prédictable. It is likely that newly born animals of
species in which a major conjugation mechanism is defective
(e.g; glucuronic acid conjugation in cats; sulphaté conjugation
in pigs) would be even more susceptible to the toxic effects‘
of xenobiotics normally detoxicated by this reaction than the
adult.

Very little information is available on the ability of
aged animals to metabolise xenobiotics. Dutton, (1971)
reported that although UDPGA and glucuronidation have not been
specifically studied in old animals indirect evidence

suggested it appeared lower. Thus it is probably that aged
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animals of species with defectiwve conjugation
mechanisms would be even less able to metabolise'and excrete

foreign compounds then mature animals.

Diet

The influence of the diet on detoxication mechanisms
has long been known (see Braunstein, et al., 1931).

Fasting animals of a number of species produce smaller

amounts of gslucuronic acids than normal but show no decrease

in transferasc activity in vitro (Miettinen and Leskinen, 1963).
Glucose loading increases liver UDPGA (Wong and Sourkes, 1967)
and possibly glucuronidation, (Mﬂller—Oerlinghause;i_i;67),
Since it is the glucuronyl transferase activity that is
defective in cat, increasing UDPGA by loading with glucose

is unlikely to increase glucuronidation substantially.

It is known that addition of sulpnate or sulphate
precursors increases sulphate conjugation. Laidlaw and Young,
(1948) showed by use of radioactively labelled inorganic
sulphate that this was incorporated into sulphate conjugates.
Coombs and Hele,(192¥) found that addition of sulphate

precursors did not stimulate ethereal sulphate formation in

pig. Furthermore since the pig is an omnivore it is unlikely
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that the defect in sulphate conjugation is due to a dietary.

deficiency in sulphate.

Sex Differences

Adult male rats metabolise many xenobiotics at higher
rates than female rats (Kato and Gillets, 1965). This sex
difference in the activity of the mlcrosomal enzymes has not
been obsaerved to the same extent in species other than rat.
Sex differences in iiﬁer UDPG-transferases.and glucuronide
biosynthesis have been cited and denied in many species.

Except for hamsters any greater activity appears in males

(see Dutton, 1966). It is unlikely however that a species
will be found where a specific detoxication reaction is

absent in one sex but not the other sex of the specles. No.
difference has been roported in the ability of male and female;
cats to form glucuronic acid conjugates, or pigs to form
sulphate conjugates. During late pregnancy the glucuronic
acid conjugation of foreign compounds is markedly reduced,
(Creaven and Parke, 1965). A similar inhibition of sulphate
conjugation has been observed in pregnant guinea-pigs and

rats (Pulkkinen, 1963). Obviously a pregnant animal in a
‘specles such as cat or pig would be even more susceptible to the

toxic effects of xenobiotics.
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Hormones

Various hormones are kndwn to affect drug metabolism
in vitro so that administration of hormones might possibly
alleviate the conjugation defect. Most of the information
derives from the studles of glucuronic acid conjugation.
Cortisone, ACTH, thyroxine and insulin had little effect on
glucuronidation oxr its énzymes, (Dutton, 1966). Many other
hormones inhibit glucuronic acid conjugation in vitro, e.g.
progesterone and pregnanediol, (11sia et al., 1963). These
hormones are pogsibly responsible for the decrease in
glucuronide synthesis associafed with pregnancy mentioned
above. Adrenaline and hydrocortisone raise liver UDPGA
(Wwong and Sourkes, 1967) thus administration of these hormones

might increase glucuronic acid formation in cat.

Disease

it is well known that human patients with liver damage
show an increased sensititvity to a wide variety of drugs, this
has been attributed to impalirment of the detoxicating
function of the liver. Patients with obstructive jaundice,
hepatitis, cirrhosis and other liver diseases exhibit impaired
formation of glucuronic acid and sulphate conjugates

(Muting. 1963). UDP glucuronyltransferase does not fall in
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damage or disease as rapidly as some drug metabolising
enzymes {vutton, 1969). ‘hercfore, damage to the liver
of species with defect in conjugative mechanisms will only

worsen ilie capacity to detoxicate xenobiotics.

Other Commounds

The metabolism of certain foreign compounds is enhanced
by simultaneous administration of other foreign compounds
such as drugs, pesticides and polycyclic hydrocarbons.

Foreign compounds are believed to elicit theit response by
increasing the amounts of microsomal enzymes, including
cytochrome P-450 and NADPH,=-cytoghrome-c reductase (Ernster
and Orrenius, 1965; Remmer and Merker, 1965). Muchk of the
information available is on stimulation of Phase I reactions
in in yitro systems. Could administration of a suitable
chemical stimulate the formation of glucuronic acid conjugates
in cats or sulphates in pigs? ruch of the relevant work

has been performed on UDP glucuronyl transferxase.

UDP glucuronyl transferase activity and glucuronidation
were increased in animals given the carcinogens 3,4-benzpyrene,
3-methylcholanthrene, 1l,2-,5=,6-dibenzanthracene (Dutton 1966;
Goldstein and Taurog, 1968) and diethylnitrosamine



- 51 =

(stevenson, et al., 1968), Of these carcinogens only
diethylnitrosamine was found to stimulate UDPGA transferase
activity in vitro w;th rat liver preparations. The stimulation
of glucuronide formation by diethylnitroaamine in vitro
appears to differ from that reported with ATP and UDP-N-
acetylglucosamine (Stevenson and Dutton, 1962) since
diethylnitrosamine, unlike these nucleotides, did not affect
the rate of destruction of UDPGA. llowever, the stimulatory
effect of diethylnitrosgmine is limited to the liver of

rats and the glucuronide acceptors Q-aminophenol and v
paracetamol (Stevenson, et al.,, 1968). Mowatt and aArias,
(1970) studied the stimulatory effect of diethylnitrosamine
on UDPGA transferase activity in liver preparations of rats,
Gunn rats, goats and cats, using g-aminophenol, p-nitrophenol
and bilirubin as substrates. Enhancement of UDPGA transferase
was only detected in the rat. In the Gunn rat vreatment with
diethylnitrosamine did not increase UDPGA transferase activity
in vitro with bilirubin as substrate, and in vivo
administration of diethylnitrosamine did not reduce serum
bilirubin levels. Therefore 1t is unlikely that
diethylnitrosamine treatment could enhance the ability of cat

in vivo to form glucuronic acid conjugates.

No stimulatory drug appears an obvious substrate for
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for UDPGA transferase; the potential substrate morphine
stimulates UDP glucose dehydrogenase instead (Takemori, 1960)
A large number of xenobiotics have been examined as possible
irducers of the transferase, nnly Some of the successful
examples will be cited.

Phenobarbital treatment was used by Yaffe et al., (1966)
to enhance the glucuronide conjugating capacity and thereby
increase the elimination rate of bilirubin in & hyperbili=
rubinaemic infant. Jansen and ilendersen, (1972) compared
the influcnce of phenobarbital treatment on the
glucuronidation of p~nitrophenol and bilizrubin in
Wistaf rat, Gunn rat and cat. In the VWistar rat both p=-
nitrophenol and bilifubin conjugation were induced; in the Gunn
rat p-nitrophenol but not bilirubin conjﬁgation'was increased;
conversely in the cat bilirubin glucuronidation was induced.
Thus by administration of certain foreign compounds the ability
of the cat to form glucuronic acid conjugates might be enhanced,
but it must be remembered that many xenobiotics inhibit rather
than enhance conjugation. Inhibition of glucuronide
conjugation of Q-aminophenol and bilirubin has been shown to
occur in yvitro in the presence of therapeutic concentrations of

the anti-inflammatory drugs, phenylbutazone, ibufenac

(4-isobutylphenylacetic acid) (Hargreaves, 1965). The
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porphyriogenic drug sedormid inhibits the in vitro
conjugation of p-nitrophenol (de Barriero, 1965),
chlorprdmaziﬁe inhibited peaminoplhienol glucuronidation in
vitro in rat (Dybing, 1972), a variety of inhalation
anaesthetics were shown to reduce glucuronidation in vitro
(Brown, 1972)., Administration of Eugenol (4-allyl-2 methoxy
phenol) showed competitive inhibition with p~nitrophenol
conjugation (Yuasa, 1972) in rats liver preparations.

Thus although it might be possible to enhance a
conjugation réaction which does not proceed readily in a
particular species owing to the unpredictable effect of varied
xenobiotiecs an inhibitory response with a resulting

detrimental cffect might occur.

Mode of Administration

WVhen considering a species which is unable ;o-perform a
particular detoxication reaction the route of administration
of the xenobiotic is particularly important. 1In the case of
cat the hepatic UDPGA transferase has little ability to |
conjugate various potential substrates (Dutton and Grieg, 1957).
It is possible that other tissues might contain UDPGA transfera:

with hlgher activity against potential substrates. UDPGA

transferase has been reported to occur in many organs of
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mammals (sce Dutton, 1966). This enzymic activity has been
demonstrated in the skin of guinea=-pig and mice (Stevenson
and Dutton, 1960; Dutton,  and Stevenson, 1962). Possibly the
slkkin ol cat might contrivbute to the glucuronidation of some
xenobloticse. ‘thus, appropriate administration of the
Xenobiotic tuv %Lthe sat might cause an increase in the amount of
glucuronic acid conjugate excroted., The dintestinal mucosa of
ﬂany séecies possibly conjugate xenobiotics with sulphate as
they are absorbed from the gut, (Roy and Trudinger, 1970).
Thus in the case of pig which is reported not to form sulphate
conjugates readily .g suitable substrate would be more likely to
Toril sulpiate’ conjungates following oral than intraperitoneal
adnini.stration. Uhére in the forumer case the foreign substratq
would iraverse the gut wall, whereas by intraperifoneal
injection it would pass directly to the liver. It is also
possible that a xenoblotic could be metabolised by the organisms
of the gut flora and such a compound would be metabolised
following oral administration but not following administration
by anot.ier route. Thus the mode of administration can have a
profound arffect on the metabolism and toxicity of xenobiotics.
In the next section glucuronic acid conjugbiion in cats

and sulphace conjugation in pigs will be considered in more detai
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Section D

The Metabolic Defect in the Cat and Pig

The apparent inability of cats to form appreciable
quantities of glucuronic asid coﬁjugates and the reported lack
of sulphate conjugation in the pig are the metabolic defects in
detoxication reactions chosen for further investigation. A
large range of compounds are detoiicated by these mechanisms,
and in the case of some compounds, e.g. phenols, glucuronic
acid conjugation iﬁ_the cat and sulphate conjugation in the pig
may be investigated by administering the same coﬁpound to each
species. It is also advantageous that cat and pig are more
easily obfained than the exotic species in which some defects
are manifested. These animals are also suitable for urine
collection for metabolic studies (young pigs of limited size

being used).

Toxicity of xenoblotics in the cat and pig
A toxic xenobiotic is likely to have a deleterious effect

on an animal ingesting it and if a metabolic defect results

in a delay in the excretion of tﬁis compound, the toxi¢ action
will be prolonged. It would be expected, therefore, that
animals unable to conjugate and thus excrete xenobiotics, will

be more sensitive to compounds normally detoxicated by these
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reactions. This is the case in the cat and pig. In Table d.l
it is seen that the cat is far more susceptible to the toxic
effects of phenolic, potentially gnucuronégenic agents than is
the rabbit, which can excrete glucuronic acid qonjugates of
many xenobiotics. . Similarly it is seen that the cat is far
more susceptible to phenol poiénning than the other

laboratory species cited (Spactor. 1956). This is therefore a
true example of a'"detoxicétion defect" whexre the toxicity as

measured by.the‘LD appears to be lowered by the absence of

50
important conjugation mechanisms.

There are a number of examples in the vetexrinary records
of phenols not being readily metabolised in pigs. Coal tar
"pitch" poisoning is well known in pigs (Aitken, 1956). It is
recommended that care should be made in the choice of tar for
pig pens.

If'flooring made from lignite pitch and bitumen contains
more than 6 mg. per cent of phenolic constituents, it must be
considered potentially dangerous to pigs (Rummler, 1962). Tarred
roofing materials are also toxic to pigs (Sautter and
Ferstermacher, 1957). Unconjugated cresols have been
demonstrated in the ingesta and livers of pigs dead from pitch
poisoning (o0liver and Ingram, 1957). It seems, therefore, that

pigs are susceptible to phenols and cresols,



Table d.l1 Toxicity of Some Compounds in Cat and Qthexr Speéies

Dosage
Compound Animal Route Dose mg/kg
Aniline cat PeOs LD 100-200
Rabbit S.C. 500
m-cresol Cat 8.C. LD 180
Rabbit S8.Cs LD 500~600
Morphine Cat 8.C. - MLD Lo-80..
Rabbit s.c. LD50 266
l=Naphthol Cat , PeO. LD 100-150
Rabbit PeOCe. LD 9000
2=Naphthol cat Pe0. LD 100-~150
Rabbit PeO. LD 3800
o=nitrophenol cat B.Ce LD 600
Rabbit S4Ce LD 1700
p-ni trophenol Cat 8.Cs MLD 197
Rabbit S.Cs MLD 1700
Ihenol ¢at 8.C. MLD 80
lMouse 8¢Ce MLD L 20-450
Guinea-pig SeCa MLD L50=550
Rabbit 8.Ce LD50 620
Rat 8.C. LD 500=~600

_'e9g._
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Phenothiazine 0,44 g/kg is extremely toxic. to young pigs,
although with older pigs 2.2 g/kg can be toleraged (Lopage,1943).
However this drug is non-toxic to cattle in three daily
consecutive doses of 100g; repeated daily doses of 160 g in
sheep; and lg was fed dally to héns for 45 days without
111 effects (cited in Garner, 1967). It appears therefore
that the lack of sulphate conjugation in pig renders this
animal, as cat, more susceptible to phenol poisoning. 1t was
interesting to nbte fhe high susceptibility of young pigs to
phenothiazine. As staged in the prevous section glucuronic
acid conjugation is low in very young animals so that the pig,
which is aiso unable to form sulphate_conjugates readily |

" would be particularly wvulnerable to such drugs.

The Glucuronide Defect in Cat
Conjugated glucuronic acids are f-glycosides of

D=glucuronic acid, the mechanism of formation is shown below the

product being fully described as p—D—glucopyranuroniside

uridyl

(see fig. d.1). transferase

Glucose~l-Phosphate + UTP —_— UDPG + PPi

UDPG
dehydrogenase
UbPG + 2NAD UDPGA + 2NADH2
uDP
transglucuronylase
UDPGA + ROH A —_—— ROC6H906 + UDP
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(upPG = Uridine diphosphated -D-glucose)
(UDPGA = Uridine diphosphatesc-D=glucosiduronic acid)
(R006H906 =[5-D-glucopyranosiduronic acid)

Glucuronides of p-D-glucosiduronic aclids are formed when
a molecule condenses with the C-1 atom of glucuronic acid.
Glucuronide formation is one of the commonest conjugation
mechanisms, presumably from the ready availability of
glucuronic atid in the tissues and the many groups forming
glucuronides. Glucuronide formation occurs in most mammals
the most notable exception being the cat. It was shown with
tissue slices, (Dutton and Grieg, 1957) also Hartiala,(1955)
and in vivo (see Robinson and Williams,1958) that if glucuronide
formation occurs it is at a very low level.

Cats excrete injected glucuronides so that the conjugation
with glucuronic acid not excretion is defective (see Dutton,
1959; Dutton and Montgomery, 1958; Abou-El-Makarem, et al, 1967)
UDPCA is plentiful in cat liver so that the enzymes responsible
for the formation of UDP glucuronic acid are not deficient. It
appears therefore that the defect lies with the transferase
enzymes Cat liver has a very low value when assayed for

UDP=glucuronyl transferase activity, this could indicate a

defect in the synthesis of the transferase. Attempts to
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aoiubilis§ the enzyme have proved very difficult as it is
intimately associated with the vesicular membranes of the
endoplasmic reticulum. The best purification of UDP

glucuronyl transferase so far described is that by Mowat and
Arias, (1970). The purified enzyme was obtained from guineaepig
liver and was achieved by ultrasonication, sucrose gradient
fractionation and sephradex G~200 elution. Electron microscopy
studies showed that membranous fragments were always associated
with active frac¢tions. The purification increased the capacity
to conjugate bilirubin in vitro twenty-fold and g~aminophenol
fifty-fold.

This purification procedure was applied to cat and Gunn rat
livers. Enzymatic activity was studied in the stages-of the
purification procedure as devised for guinea~-pig liver and failed
to show any change in the relative ability to conjugate the -
various potential substrates tested, nor was any substrate
conjugated by the purified preparations if it had not been
conjugated by the crude homogenate.

It is not possible at present to suggest whether
synthesis, activity or both factors are responsible for the
defect in glucuronide formation. There is at present an

unresolved controversy concerning the possible multiple nature
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of UDP-glucuronyl transferase. One school of thbught is that
the enzyme consists of a series of isoenzymes with differing,
if overlapping, specificities towards various substrates
(Dutton, 1971). This could be very important in cat, if there
are a number of glucuronyl transferases then they might not
all be defective. This would mean that somé-aubstrates might
be conjugaibed with glucuronic acid in the cat.

ﬁowever, as regards the cat which should be a key species
for study concerning the multiplicity of the transferase we can
only summarise obServations on an assortment of foreign and
endogenoua'substratesAand exercise caution comparing substrates,
tissues and other species. The other evidence derives from four
main sources; studies on kinetics, activations, developmental
rates and on mutants lacking specific transferase activities.
The fir;t three especially are difficult to interpret
with an insoluble enzyme, and the mutant strains have been
poorly characterised.

One distinguishable transferase forms N-glucuronides,
Marsh,(1966) points out the chemical peculiarities of these
conjugates. Liver slices from Gunn rats cannot synthesize a
large number of g-glucurohides but form aniline N-glucuronide
(Arias, 1961) Illing, et al., (1972) stated that although
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differences exist between the trénsferaae'éhzymes forming

§f and QO-glucuronides these are often no greater than the

differences existing between the "Q=" enzymes specific for
varying phenolic substrates.

UDP glucuronyltransferase activities towards hydroxyl and
carboxyl groups are not clearly divisible,although the acyl
glucuronide of bilirubin probably requires a different
transferase from those synthesizing phenolic glucuronides. Gumn
rat appears to be unable to glucuronidate bilirubin whereas
cat appears unable to conjugate most compounds other than
bilirubin. There are confliciting reports on the ability of
the Gunn rat to conjugate carboxyl and hydroxyl groups (Dutton,
1971), Cat forms no appreciable glucuronide of either benzoic
acid (Bridges, et al., 1970) or phenol (French, 1970) so that if
there is more than one transferase for these groups they

both appear to be defective.

The Sulphate Defect in Pig
Prohably because it is a less convenient animal to study,

even less is known of the defect in sulphate conjugation in
pig, than the defect in glucuronic acid conjugation in the cat.
In terms of toxicity the cat is at a greater disadvantage than

pig. Williams, (1938) stated that with increasing dose of
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phenol, sulphate conjugatiom decreased and glucuronide
canugatibn increaaéd. Exténding this idea it'seems likely
that the glucuronide conJugation "copes" with greater
concentrations of xeﬁobiotips.

As was mentioned earli®r the cofactor involved in the
fwrmafion of éulphate esters contains adeposinew. As seen in
Fig d.2 the sulphate is transferred from adenosine«3‘'-
phosphate~5'~phosphosulphate (PAPS) to the hydroxyl group
of the xenobiotic by a sulphotransferase or sulphokinase.
PAPS is formed from ATP. Several sulphokinases are known.
Phenol sulphokinases are relatively non-specific but can be
distinguiéhed from another sulphokinase which forms oestrone
ethereal sulphate (Roy, 1971). - Steroid suiphokinasea are
restricted to the liver. The formation of aryl sulphamates
requires a specific éﬁlphokinase and transfers sulphates to
such xenobiotics as aniline, l« and 2-naphthylamine but not to
others such as benzylamine or glucosamine (Roy and Trudinger,
1970).

It was mentioned earlier that sulphate was even more
widespread than glucuronic acid conjugation. Coombs and
Hele,(1927) and Steskol,(1936) however, reported sulphate
conjugation to be at a very low level in the pig. It was

also reported recently that the hamster could not form a
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a sulphate conjugate of phenol (French, 1970). The
Marsupial Opossum (Trichosurasvulpecula) has also been
demonstrated to have little ability to form sulphate
conjugates (Roy, 1963).

It is likely therefore that the defect in sulphate
conjugation in pig, as with glucuronic acid conjugation in
cat, is owing to a defect in the transferase enzyme. The
sulphate activation systems are widespread in nature having
been demonstrated in a variety of mammals, plants and
invertebrates. Pig colonic mucosa was used to study the effect
of vitamin A deficiency on sulphate activation (Wotf, et al.,
1961). It is likely therefore that the pig has the ability to
form PAPS. Turthermore, addition of PAPS to pig liver
homogenatgs does not stimulate sulphation (French, 1970).

There are a number of substrate specific sulphotransferase
enzymes (Roy, 1971). Enzymes specific for phenol, oestrone,
other steroids, choline, arylamines, and mucopolysaccharides
are known. In addition there are a number of enzymes which
transfer sulphate ions to various endogenous compounds. The
question lies with the specificlity of these enzymes. As with
the defective UDPGA transferase enzyme of cat the specificity is

important, if all the transferase enzymes are not defective,
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then there might be some compounds which are detoxicated by
sulphate conjugation in the pig.

The phenol sulphotransferases are probably among the most
studied group of eniymes but remarkably little information is
available on the properties of the purified enzymes. Roy and
Trudinger, (1970) suggest that, from the evidence available,
it appears the transferase is probably ubiquitous but present
in greatly differing amounts. How many individual phenol
sulphotransferases occur in mammalian tissues, in particular
liver, is not knowm. Banerjee and Roy, (1966) by chromatography
on DEAE~Sephradex, sepaiatu@ three fractions showing phenol
sulphotransferase activity from extracts of gulnea-pig liver.
One of these appears a true phenol sulphotransferase in that
the enzyme will not catalyse the transfer of the sulphuryl
group from PAPS to any other type of acceptor which has been
investigated. The other phenol sulphotransferases are closely
associated with steroid sulphotransferase and arylamine
sulphotransferase respectively. The phenol sulphotransferase
 from guinea~pig liver was isolated, partly purified and its
kinetics investigated by Banerjee and Rox,(l968); Their findings
regarding the specificity of the phenol sulphotransferase are
given in Table d.21



Table d.?.
-The values of Km and relative maximum velocities, V, for different substrates for

the phenol sulpliotransferase of guinea pig liver.

Substrate Km \4
phenol ' 2.5 0.30
p=~nitrophenol | 0;070 1.00
l-naphthol : : 0.025 l1.02
2-naphthol 0.025 0.95
5,6,7,8~tetrahydro~2-naphthol 0.056 0.63
Li=ni tro-l-naphthol | | 0.018 0.39
2=phenanthrol ‘ 0.017 0.51
15,16,dihydro=-3 hydroxy=-17=-oxo-cyclopentena~ a phenanthrene 0.015 0.13
equilin 0.020 0.21
equilenin 0.015 0.10
oestrone 0.015 0.00

figures from Roy and Trudinger, 1970

..L9..
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Thé conelusion from these data is that phenol
sulphotransferase can sulphate a wide variety of phenolics.
Tentatively extrapolating the result from guinea-pig to pig
tissues, it seems likely that the defect in sulphate
conjugation in pig ought to apply to all these compounds.

How the defect in the above transferase enzyme in cat and
pig arose is uncertain, or how far back in the evolutionary
history of the species it arose. This might be determined
by the admin;stration of sultable xenobiotics to related
species. Unfortunately the other members of the felidae are
unsuitable for metabolic studies. Pig is a member of the
artiodactyla which includes deer, cattle and sheep, the close
relatives however are more exotic wild pig speqies again
unsuitable for metabolic studies. The in vitro studies
performed on the livers of some artiodactyls, especially
sheep suggest hat the sulphate defect is not common to all
artiodactyls applying only to pig.

The foregoing chapter has traced the nature of the
conjugative defects of the cat and pig. In the following
chapters experiments designed to elucidate and compare these

defects are described.
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CHAPTER 2

THE METABOLIC FATE OF PHENOL

IN VARIOQUS SPECIES
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Introduction

Previous work on the metabolism of phenol (see Williams,
©1959) has shown that its main metabolites are phenyl sulphate
and phenyl glucuronide together with small amounts of
conjugated quinol and lesser amounts of conjugated catechol
(Parke and Williems, 1953). More recently the metabolism
of phenol in 19 species was described by French (1970) =
see Table 2.1. In the case of the cat no glucuronide
conjugates were detected by radiochromatogram scanning and in
the case of the pig no sulphate conjugates were detected.
The hamster also did not appear to form any sulphate conjugates.
Radioactive [?5;] sulphate was administered to the hamster
together with noneradioactive phenol and no radioactive
phenylsulphate was detected in the urine.

Thus, it appeared that the cat was defective in
conjugating éhenol with glucuronic acid and the pig and
hamster in conjugating phenol with sulphate. The metabolism

of phenol in these three species was therefore further .
investigated in order to establish whether the above

conjugation reactions were completely absent or occurred

at a low level.
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Materials and Methods

Chemicals

pPhenol, m.p. %2°, catechol, m.p. 103%, resorcinol,
MePo 109° and quinol, m.p. 170°. were purchased and purified.
Phenylglucuronide, m.p. 161=162° E;] %7- 78.5 (c, 2 in water)
was a sample previously prepared in this laboratory
(cf. Garton, et al., 1949). Potassium phenyl sulphate and
potassium 4-hydroxyphenyl sulphate (quinol monosulphate)
were preparod according to Garton,(1949). These sulphates
were characterised (see Table 2.2) by colour reactions before
and after hydrolysis with 2M «HC1 and with an arylsulphatase

preparation from Helix pomatia (Sigma Chemical Company, London).

Urine (1 ml.) was heated with an equal quantity of 24 HC1l for
15 min at 80-90°C in a water-bath. Under these conditions
ethereal sulphates, but not glucuronides, are hydrolysed

(see Garton et al., 1949). 4-hydroxyphenylglucuronide (quinol
monoglucuronide) was obtained as a gum from the urine of rabbits
fed with quinol according to Garton and Williams, (1948). The
gum was purified by t.l.c. in solvent A (see Table 2.2) in which
the glucuronide had an Rf value of 0.10. It was characterised

by colour reactions (see Table 2.2) before and after hydrolysis



with a beef liver p=-glucuronidase preparation (Ketodase;
Warner-Chilcott Laboratories, Eastleigh, Hampshire).
E;_lu(;_] Phenol (266 rd.‘i/mg) was purchased from The

Radiochemical Centre, Amersham.

Animais

' Detaiis of animals used will be found in Appendix 1, the
animals being obtained from dealers in the London area and
maintained on appropriate diets. [14§ Phenol, dissolved in
water, was administered orally or intraperitoneally. For the
collection of urine animals were placed in suitable metabolism
cages and their urine was collected daily in receptacles
containing a few ml of saturated aqueous HgCl2 solution to

prevent bacterial breakdown of conjugates.

Chromai;og;x_'aghz
The Rf values and colour reactions of phenol and its

metabolites on paper and t.l.c. are given in Table 2.2. For
radiochromatogram scanning the uz;ine (0.l = 0.5 ml) was
placed as a band on strips (5 cm wide) of Whatman No. 1 paper
and developed with the solvents listed in Table 2.2. The
paper was then scanned in a Packard radiochromatogram scanner,

model 7200.
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Thin layer chromatography was carried out with
fluorescent silica gel G (silica gel HF 5,0 Merck, Anderman &
Co. Ltd., London), 0.1 mm layers being used for detection

and 0.5 mm for preparative work.

Radiochemical Techniques

140 radicactivity was measured in a Tri-Carb

Scintillation Spectrometer (Model 3214) manufactured by the
Packard Instrument Company. Two scintillator systems were
used; the "Dioxan" system consists of 60g.. naphthalene,

Lg. PPO = 2, 5 diphenyloxazole, 200 mg. POPOP = 1, 4=

di 2-(5-phenyloxazoly1£] benzene, 100 ml. methanol and

20 ml1 of ethane =1, 2-&101 made up to one litre with dioxan.
The "Gel" system is a 5% suspension of Cab=0-Sil, a thixotropic
gelling agent supplied by the Packard Instrument Company,

in "Dioxan" scintillator.

Samples. Urine samples (0.5 - 1.0 ml) were counted in
quadruplicate in the dioxan scintillator fluid (15 ml). 1In
some experiments the paper strip chromatograms were cut into
l cm pieces and placed in dioxan scintillation fluid and the

assocliated 140 was determined.
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Counting Procedure. All samples were counted at 0°C and

recounted several days later to avoid possible errors due to
chemiluminescence. The "Channel Ratio" method (Bridges, et al,,
1967) was used to determine the counting efficiencies of
samples. Knowing the ratio of the counts given by a sample

in the two channels of the scintillation counter, the counting
efficiency and hence the absolute activity in disintegrations/
minute of the sample, can be determined. A counting time of

10 minutes was usually sufficient to give a suitable number of

counts for estimation by the channel ratio method.

Identification and Estimation of Metabolites
The metabolites were identified by radiochromatogram
scanning of the urine and the Rf of the 1“0 peaks compared
with those of authentic reference coumpounds (see Tgble 2.2).
The intergrator incorporated into the radiochromatogram
scannexr gave an approximate value of the relative sizes of
the peaks of activity (correaponding to the wvarious metabolites
of phenol) occurring on the trace. This method was not
sufficiently accurate when comparing minor metabolites with

with major ones. Furthermore metabolites present in quantities

of less than two percent of the activity banded onto the strips
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could not be detected amongst the background trace of the

radiochromatogram scanner. Cutting the strips into 1 cm

plieces and estimating the associated 140 by scintillation

counting solved both these problems. Thus accﬁrate percentage

values for the metabolites could be calculated. When

sufficient material 1s banded onto the chromatography paper

minor metabolites present in quantities as low as 0.1% of the

total activity can be detected after cutting up the

chromatogram and couhting4the.associated 140 as described above.

The Rf values can then be determined by constructing

histograms of the distribution of the 1*¢ along the strip.

The histograms can be compared with the radiochromatogram scans,
The results shown in the tables are the mean values

for three animals‘in 3 chromatography solvents., Results with

the same épecimens in different solvents did not normally vary

by more than five percent. The chromatograms and histograums

are typical photographs of the results obtained.

Results and discussion

ffrom radiochromatogram scanning it appears that in the
pig there is only one metabolite, namely, phenylglucuronide,

whereas in the cat there is no glucuronide conjugate; phenol
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being excreted mainly as phenylsulphate together with smaller
quantities of quinol sulphate (see Fig 2.1). This therefore
agrees with the work of French (see Table 2.1).

The paper chromatograms were then cut into 1 cm pieces

lhc

and the on each piece estimated by counting in the dioxan

scintillator. The distribution of the 14

C along the strip
was then plotted as a histogram (see Fig 2.3). In the case
of the cat a small amount of radiocactivity corresponding to
phenylglucuronide and in the case of the pig a small peak
corresponding to phenylsulphate was detected., 1In each case
the minor metabolite was separate from the main radioactivity
peak and had an Rf corresponding to authentic samples. The
minor metaboliteswas furthex identified by specific enzyme

hydrolysis (see above).

Cat

In the cat the major urinary metabolite of phenol given
oraily or intraperitoneally at a dose of 5 or 25 mg/Kg is
phenylsulphate. There is however a small but definite excretion

of phenylglucuronide which is less than about one percent of

the lhc in the urine (see Fig 2.2). Quinol glucuronide was

detected in the urine of one cat only in very small amounts
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140 in the urine). The cat also excretes

(0.1% of the
appreciable amounts of quinol sulphate, twice as much being
excreted aftexr the intraperitoneal injection of phenol than
after the oral edministration of the compound. This may be a
reflection of the ability of the intestinal. tissue of the cat
to conjugate phenol given orally. If phenol is partly
conjugated during absorption from the intestine, then less

free phenol is available for oxidation to quinol.

Pig
In the pig the major metabolite of phenol is

phenylglucuronide, with only traces of quinol glucuronide
being formed. Table 2.3 shows, h6Wever. that sulphate
conjugation is not entirely absent, but ocrurs at a very.low
level (see also Fig. 2.2). A very low dose (1.5 pg/Kg) of
phenol was administered to pigs to detefmine whether sulphate
conjugation was greater with lower doses of phenol. The
results in Table 2.3 illustrate that the excretory pattern of
phenol in the pig is similar‘at 1.5 pg and 25 mg/Kg., It was
interesting to note that the pig had little ability to

oxidise phenol to quinol at these dose levels.
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The cat and pig theréfbre appear to have defective
glucuronic acid and sulphate conjugation mechanisms
reqpectively for phenol. However these conjugations are
not entirely absent but occur at very low levels with this

compound.

Hamster N

The hamster had been reported by French,(1970) to be
unable to form sulphate cﬁnjugates of phenol (see Table 2.1).
Phenol was therefore administered to three female hamsters
arid the metabolites detected by chromatography using the
solvents given in Table 2.2. The results are summarised in
Table 2.4, and are the mean of values obtained in 3 solvents.
Phenylsulphate was detected and further characterised by
specific enzymic hydrolysis using a sulphatase preparation and
also by acid hydrolysis (see above). Chromatography and
radiochromatogram scanning revealed that the hydrolysis had
removed the radioactivity peak ascribed to phenyl sulphate
but not that associated with phenyl glucuronide. Phenol was
administered both orally and intraperitoneally to hamsters at
two dose levels and in all cases approximately twenty-five
percent of the dose was recovered as phenylsulphate. It was
concluded that the hamster was able to conjugate phenol with

sulphate, which is in contrast with the findings of French,(1970)
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The total urinary recovery of 1*C quoted by French
(approx. 47¢ see Table 2.1) was lower .than in this atudy (85%).
It is possible that in French's experiments bacterial
contamination from faeces of the urine resulted in
deconjugation of the phénol metabolites. If this occurred
then the major urinary metabolite, i.e. phenyl glucuronide,
might appear to be the only conjugate present especially if
the urine contained only relatively low levels of 1146. French
did not detect any free phenol in the urine of hamsters
- administered the .compound. If, in his experiments, phenyl
sulphate was converted to free phenol by the action of
Vbacter:i.a contaminating the urine then the urine would contain
free l:llE' phenol. This E’u(;_l phenol wa.s not detected by
radiochromatogram scanning and this may have been due to
the phenol vaporizing when the urine being applied to the
paper was dried. TFrench was unable to demonstrate
phenyl sulphate formation in hamster using E‘”s__s_' sulphate.
However, the E"’SQ labelled sulphate and cold phenol were
administered simultaneously and it is possible that the phenol

was excreted before the[ss_;_l was available for conjugation.
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SUMMARY
The metabolism of[EéE]phenol has been described in
the cat, pig and hamster.
The cat was found to conjugate phenol mainly with
sulphate forming only traces of the glucuronide. The
pig conjugated phenol almost exclusively with
glucuronide ohly traces of phenyl sulphate being detected.
The hamster was found not to be defective in

sulphate conjugation.
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Table 21 Urmary metabolltes of [“C]phenol in various spemes '

["L]Phenol in \\.ner was admmlatcrcd by stomach syringe or tube except in the case of the primates, carnivores and pigs, \\hm it was given: 1morpomted in thc fuml
r.drink.. Urinc was collected for 24 h and chromatographed (see text). Radiochromatograms were prepared and the areas correspondmg to peaks were cut out and
their *C determined by scintiilation counting. \Where 3 or more animals were used averages are given with ranges in-parentheses. “Individual values are given where
only one or two animals were used. tr. means =219% of urinary . — meins no “C pe'xk was detected by mdrochromatoura_m scanning. m- male; f - female

/
i

.Dose ' . 3’"C ewcreted in 24 h found as- :

Hpecm oo Familv orothet Phenol ue uc excrated in 24»h Phch . Quinol  Phenyl Quinol ~ - Total ~ Total - Towal
1 (No., sex and triv ial nnmL) description (mg'kg) (uCifanimal) . (% dose) - sulphate ‘sulphate glucuronide glucuromde sulphate gz.ucuromde quinol
- Primates L o SRR L ST gL T s S e e T e
"Man (3 m) "Homo 0-01 27 - 90(85—98) L 7769-90) -1+ T 0 16(4=23) ¢ tr 78, 160 Y TR
. Rhesus monkey (2 f) Macaca 50 10 - 37,49 60,70 - ..— " 40,30 —_ T .65 - 3% - —_—
" Squirrel monkey (3 f) Saimiri 25 . 8 . - .31(18-52) .. . 7(2-17) . - —: .. 68(55-86) 25(11-36) - 7 - 93 . .25
Capuchin (1)~ Cebus 25 . .8 . 73 - o oc— 65 ... 21 . . 147 8. - 21
Carnivores a : B o e Y S TN R SRR R
Ferret (3°F; mongrel) . \‘Iustehdae 25 5 T §51(49-54) 28(19-34) 30(21-34) 40(22-52) —_ 58 - 40 30 -
- Cat (3 f; mongrel) Felidae 25 8 59(52-61) 87(86-89) 13(11-14) — — 100 — 13
Dog (1 f 1m; mongrel) Canidae 25 10 ' 53,62 33, 68 43, 20 24,12 — 82 18 32
i Miscellaneous ‘ ' ’ R o . IR S P RS
Pip (3 £; larze White) Suidae 21 10 S1(18-72) - — — . 100 —_ - 100 —_—
Hedgehog( m; : i : : o . . : B
. Europcan) Erinaceidae 20 7 34,43 63, 86 17, 4 20, 10 L - 85 - 15 10
Fruitbat (2 f; Indian) Pteropidae 25 5 50, 58 9, 11 _— 91, 89 T - 10 0 - -
Rabbit (3 f; New . v . . . ) , .
Zcaland white) 1.eporidae 25 10 48(35-60) 45(41-48) 9(7-13) 46(39-52) —_ 54 46 9
Chicken (3 f; Rhode o . . : R .
Island red) Phasianidae 25 10 57(53-60) 78(57-91)  — . 22(9-43) — - 278 22 —_
. . . - + L
Rodents : o : - . R . :
Rat (3 f; Wistar albino) Muridae 25 S 95(91 100) 34(44-65) 1(0-2) 42(35-55) 2(0-5) 55 44 3
Mouse® (3 10f; ICH) Muridae 25 2:5 66(64-68) -46(40-31) 5(3-8) - 3-5?33-—37) . 15(12-17) 51 S0 20
Jerhoa (3 f; Fg\ pn.m) Dipodidae 25- 65 . 47(28-65) 61(51-71) 12(9-15) -26(20-33) 1(0-4) 73 27 13
Gerbil (2f; 1 m) Cricetidac 25 3 *'§5(45-68) 42(22-53) 19(13-23) 35(30—49 1(0-4) 61 36 20
Hamster (3 f; golden) Cricetidae 25 5 ATy -%9) L 68 @7.70) 32(50-33) - 0 32
[emming (3 f steppe) Cricetidae 25 56 40(15-67) 35(18-51) 10(8-12) 39{28-48) 15(10-23) 45 53 25
Gume.x-pm (2 f English)  Caviidae 25 2:7 64, 64 13, 22 tr, tr 82,73 s, S 18 82 S
*The urines of 10 mice were pooled for each determination,  +One subject only. L ]

- N ot

 (Figures taken from French, 1970).

Z Ce-;f_-



Table 2.2 Chromatography of Phenol and its Metabolites

For paper chromatography, Whatman No. 1 paper and the descending technique were used; for t.l.c
plates were prepared with fluorescent silica gel (see text). Solvents, paper chromatography:
A, propan-l-ol- ammonia soln. (8.8.0.88)(7:3 by vol.): B, butan-l-ol-ammonia soln. (s.g. 0.88)-
water (10:1:1&: Cy butan~leol=benzene-pyridine~water (5:1:3:2); t.l.c.t: D, benzene-methanol-
acetic acid (45:8:4): E, benzene-dioxan-acetic acid (90:25:4). Detecting reagents: freshly
diazotized p-nitroaniline followed by 0.5 M=KOH in ethanol. FeCl + ferricyanide: chromato-
grams were dipped in a mixture of equal vol. of FeCl ,6H20(0.3% w?v) and ¥ Fe(CN)6(o.3% w/v) in
water, then in 2 M-HCl and then water. Gibbs reagen@ is a spray of ethano?ic 2,6=dichloro-
quinonechloroimide (1%) followed by saturated NaliCO.. HCl then Gibbs reagent: the paper.uas
sprayed with 5 M-lCl, dried and then sprayed with ngbs reagent and NalCQO,. Naphtharesorcinol
is a spray of naphtharesorcinel (1% w/v) in aq. trichloroacetic acid (33%”w/v) followed by
heating the paper at 120° for 5«10 min. Phenols on the t.l.c. plateg were detected as dark
spots on illumination with u.v. light (254 nm) from. a Hanovia Chromatolite lamp, s=streaks;

-, not tested.

Rf values in solvents . Colour reactions on waper
, Diazotized FeCl, + -Gibbs HC1l then Naphth
A Pager c Thig-laygr p-nitroaniline ferrf- reagent Gibbs resor
Compound cyanide - reazent inol
Phenol 0.92 0.94 0.97 0.68 0.82 Yellow red Blue Blue Blue None
catechol s 8 0.90 0.54 0.62 Yellow red Blue Blue Blue None
Resorcinol - - - 0.45 0.55 - - - - -
Quinol s 8 0.89 0.42 0.49 Red_ Blue - - -
Phenyl sulphate 0.75 0.52 0,60 = - None None None Blue None
L-1lydroxyphenyl _ .
sulphate 0:55 0.25 0.55 = - Yellow red Blue Blue Blue None
Phenylglucuronide 0.45 0.10 0.25 = - None None None - Blue
L-}yydroxyphenyl=
&lucuronide 0.20 0.00 0.20 = - Yellow red : Blue Blue - Blue
3

Turns yellow red after 5-10 min



Table 2.3 Urinary Metabolites of [;“;I Phenol in the Cat and Pig

Four fully grown mongrel cats were used, A, B and D being females and C, a male. Five pigs
(large White 11-22 eﬁ s old; 18=40 kg.body wt.) were used., Nos. 1, 2, 3 and 5 being females
and No. 4 a male. T? C| Phenuvl was administered either orally mixed with food or in water by
i.p. injection. Urine was collected for 24 h and chromatographed on Whatman No.l paper using
solvent system C (see table 1) for cat urine and A for pig urine. The radighromatograms were
cut into suitable pieces then counted (seE text). For cat average values are given with the
range in parentheses. In column 5, the e output for each cat is given in the order found in
column 1. The values for pigs are in the order given in column 1; - means<0.1l% of the

14¢c in the urine. . :

Dose % lhc excreted in 24 h found as

Ahimals Phenol g Route of 1% excreted Phenyl Quinol Phenyl  Quinol: . ..i

(mg/kg) (rci/animalyadmini- in 24 h Sulphate Sulphate Blucuronide Glucuronide

stration® (4 dose) ‘

Cats{. o . 4
B, D, A 5 1¢ o 57(35,57,78) 93(89-95) 6.1(4.0-9) .1.4(1.0-2.0 - .
By, Cy, B 25 10 o 49(23,60,65) 88(81-98) 9.3(1.2=-15) 0 2( 0.1=0.3 0.1
By Ay A . 5 10 Lepe 79(66,85,86) 85(81=89) 10(8.2-14) 0.3( 0.1=-0.5 -
By, B, A 25 10 i.p. 63(49,69,72) 67(64=-69) 21(20-21) 0.2( 0.1-0.3 -
Pigs
5, 3 5 10 o 60165 O-h,OoB - 99,99 -
b, 3 25 10 o 76,95 3.6,1.2 - 96,99 -
1, 2 5 5 i.p. 89,97 3.3,0.2 - 93,96 3.8,3.4
50 k4 25 10 i.p. 79,115 4.3,8.3 - 96,92 -
3, 5, 4 l.5pg/Kg 10 i.p. 68(70,58,77) 6(4=8) - 87(82-89) 7(5=9)

£ With some cat urine some unidentified lhc-containing material remi'ns at the origin of the

chromatograms. This accounted for 5 and 124 respectively of the C excreted after

intraperitoneal doses of 5 and 25 mg/kg and 0.2 and 2.5% for the same doses given orally.
;[f = oral; i.p. = intraperitoneal

1

* h&] Quinol glucuronide was found in the urine of the male cat (C) only.

—58-



Table 2.4 }Metabolism of [;h;] Phenol in Hemster

Three female Golden hamsters (140 - 180 g¢. body wt.) were used. [E:é] Phenol was administered
orally by stomach tube or injected intraperitoneally. Urine was collected for 24 h. and
chromatographed on Whatmen No. 1 paper using solvents A, B and C. Average values avre given
with, in parentheses, the value for each animal.

1k

Phenol lhc Route of excrettg in. Phenyl » gﬁ:ﬁﬁ;éted in sgegiis ) Quinol
mg/kg ?Ci/animal) admin.+ 24 h Sulphate Sulphate Glucuronide Glucuronide
5 5 i.p. 68(64,70,69) 27(36,16,29) 2.7(0.1,0.1,7.8) 42(35,51,39) 28/27,38,28)
25 5 i.p. 97(102,95,93) 27(27,26,29) 0.8(0.;,0.1,2.2) 50(50,48,50) 22(24,24,19)
5 5 p.o. 91(98,93,52) 23(21,26,21) - by(45,49,48) 28(34,25,26)
25 5 p.o.  82(78,83,85) 24(24,27,21) -  50(50,44,56) 26(27,28,22)

+i.p. = intraperitoneal

ps0o. = oral
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CHAPTER THREE

THE METABOLISM OF 1l= AND 2=NAPHTHOL

IN THE CAT AND PIG
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Introduction

In order to investigate the substrate specificity in these
two speclies with defects in conjugation mechanisms a number of
low molecular weight phenols (whose conjugates have a
molecular-weight of less than 300) were administered to cat and
pig. As'stéted in Chapter One there is possibly a family of
UDPGA transferases, and also phenol sulphotransferases. By
administering structurally-differing potential substrates to
these two Species some active transferase isoenzymes might be
invoked. Among the compouﬁds chosen were l- and 2-naphthol
to determine whether the presence of another aromatic ring
might require an alternative enzyme to that used for phenol for
conjugation. The metabolism of l= and 2-naphthol is discussed
in this chapter and that of a number of other phenols in the
following chapter.

l= and 2-naphthol undergo the typical metabolism of phenols
in most species studied and are conjugated with either
glucuronic acid or sulphate in mammals. Thus, rats excrete
about 50=60% of a subcutaneous dose (0.lg/rat) of l- or 2-nmphth
as 1l- or 2-naphthylglucuronide and about 20% as 1= or 2-naphthyl
sulphate respectively and these conjugates have been isolated

from rat urine (Berenbom and Young, 1951). It has been
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reported that both naphthols are excreted mainly as the
glucuronides by the dog (Lesnik and Nencki, 1886). Rabbits
metabolize l-naphthol to the glucuronide, for this conjugate
has been iéolated from rabbit urine after dosing with the

phenol (Smith & Turbert, 1964).
Materials and Methods

Chemicals

E}lugl 1-Naphthol (106 rCi/mg.) (Radiochemical Centre,
Amersham, Bucks) lenaphthol, m.p. 94° and l-naphthyl @=D-
glucuronide, sodium salt, (KocheLight Laboratories Ltd.,
Colnbrook, Bucks.) were purchased. Potassium lenaphthyl sulphate
was synthesised by sulphating l-naphthol with chlorosulphonic
acid in pyridine (method of Feigenbaum and Neuberg, 1941).
This conjugate ran as one spot on chromatography in 3 solvent
systems (see Table 3.1) and gave a positive test for a free
aromatic =0l group only after acid hydrolysis (see Table 3.1).
The Rf vaiue of the sulphate in solvent A was the same as
that quoted by Binning et al., (1967).

E-lua 2-Nephthol (104 ,.Ci/mg) (Schwartz-Mann, New York,
U.S.A.) and 2-Naphthyl glucuronide, sodium salt (Koch-Light
Laboratories Ltd., Colnbrook, Bucks) were purchased.

2-Naphthol (May & Baker Ltd., Dagenham, Essex) was purified
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by recrystallisation from aqueous ethanol, when it gave a
melting point of 121°-123°. PpPotassium 2-Naphthyl Sulphate

was syﬁthesised and characterised in a manner similar to
lenaphthyl sulphate {see ébove) according to Feigenbaum and
Neuberz (1941). Tre Rf Qalue of the sulphate in solvent D

was similar to that quoted by Binning, et a., (1967) |

1, 3-dihydroxynaphthalene (naphthoresorcinol) m.p. 1240 and

2, 7~-dihydroxynaphthalene m.p. 192° was obtained from British
Drug Houses, Poole, Dorsets 2, 3=-Dihydroxynaphthalene m.p. 164°
and 2, 6-dihydroxynaphthalene m.p. 220° from Koch-Light
Laboratories, Colnbrook, Bucks., U.K. 1, 6-dihydroxynaphthalen§
m.p. 138° and 1, 7-dihydroxynaphthalene m.p. 179° from

K & K Laboratories Inc., Plainview, N.Y., U.S.A. Uridine
diphosphate glucuronic acid (UDPGA: Sigma Chemical Company,
London) and adenosine triphosphate (ATP: British Drug louses

Ltd. Poole, Dorset) were purchased.

mals
The cats and pigs (see Appendix 1) were obtained from
animal dea;ers in the London area and were maintained on
appropriate diets. [;_1#;] l-Naphthol dissolved in water
(IO}Aci/ml) was administered (1 ml per animal) intraperitoneally
together with sufficient carrier napnthol dissolved in ethanol

(0.5 ml/animal) to give a dose level of l-naphthol of
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25 mg/ke. [E-lhgl 2.Naphthol was similarly administered.
Female Wistar Albino rats (190-210 g. body weight) received

a similar dose of 1~ and 2e-naphthol. The radioactive compound
was dissolved in water (10 nCi/ml) and was administered

(0.5 ml/rat) intraperitoneally, together with sufficient
cafrier naphthol dissolved in aqueous ethanol (1/1, v/v

. 0.5 ml per rat) to give a dose level of 25 mg/kg.

Chromatography

For chromatography, Whatman No. 1 paper (5 cm strip) and
the descending technique were employed. The Rf values and
colour reactions of 1« and 2~naphthol and their metabolites

are given in Tables 3.1 and 3.2.

Radiochemical Techniques

Estimation of 140 in urine samples and radiochromatogram

scanning were carried out as described for [%g;’ phenol in
Chapter Two. In some experiments the paper strip
chromatograms were cut into 1 cm pieces and placed in dioxan

scintillation fluid and the associated 1¥¢ determined.

Incubation Techniques for Liver and Kidney Samples in Vitro

Preparation of iHomogenates. Liver samples (10g coaled

on ice) from several male and female rats (Wistar albino) and
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male and female pigs (Large White), removed immediately
after killing, were homogenized at 5° in a Waring blender
for 30 s. A Potter-Elvjeim homogeniser was then employed
to make up a 10% homogenate in a medium consisting of
0.154 M~-kC1 (80 ml), and 0.1 M-sodium phosphate buffer,
pi 6.8 (20 ml). The sub-mitochondrial fraction of the
homogenate was prepared by centrifuging in an MSE "high
speed"17" refrigerated centrifuge at 10,000 (G av.) for
10 min and part of this 10,000 (G av.) supernatant was used
for investigating glucuronide synthesis. The remaining
sub-mitochondrial fraction was centrifuged at 100,000
(G av.) for 1 h in an MSE Automatic "Superspeed 40"
centrifuge to .sediment the microsomal fraction and the
supernatant (soluble fraction) was used for investigation of
ester sulphate synthesis. De Meio, et al., (1953) have
reported that the microsomal fraction inhibits the synthesis
of arylsulphates.

Samples (10g.) of kidney were also taken from 3 different
pigs and homogenates prepared and incubations conducted in a
manner identical with that used for the liver. The conjugating
ability of the pig kidney towards 1l- and 2-naphthol could

thus be assessed and compared with that of the liver.
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Incubations

(a) For investigations of glucuronide synthesis, the
incubates in duplicate consisted of the 10,000 (G av.)
supernatant (2 m1); aqueous [ :] l-naphthol or Eﬁ-lh]
2-naphthol solution (0.05 ml 5u.Ci/incubate); 0.2 ml of
carrier l; or 2-naphthol solutions of sufficient concentration
to give a rangé of incﬁbation mixtures of substrate
concentration 30-70 pg/incubate; 0.05 ml of 0.154 M

Mgs0, solution; and UDPGA soln, (0+5 ml; 10 mg/ml). Suitable
controls in which the UDPGA was omitted were also prepared.
The mixtures were then incubated in glass-stoppered tubes

for 20 min at 37° in a shaking.water-bath (H. Mickle,
Gomshall, Surrey). At the end of the incubation UDPGA soln.,
0.5 ml as above, was added to the control incubates, and

the reaction in all the tubes terminated by adding 10%

aqueous sodium tungstate (0.5 ml). The incubates were
adjusted to 5 ml with water and then centrifuged at 2,000
rev./min for 10 min in the MSE Minor centrifuge to remove
precipitated protein.

(b) For the investigation of sulphate synthesis, the incubates
(duplicates) consisted of the 100,000 (G av.) supernatant

(2 m1); aqueous E_lhﬂ le=naphthol orxr E-lugl 2e-naphthol
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solution (0.05 mIISpCi/incubate); 0.2 ml of carrier l« or
2«~naphthol solutions of sufficiont concentration to give a
range of incubation mixtures of substrate concentration
30~70) pi/incubate; 0;05 ml oxr O.154 il #gS0; solne; and an
aq.soln, of ATP (0.2 mlj 31.2 mg/ml). In the controls the
ATP was omitted, The mixtures were incubated in glasse
stoppered tubes in a shaking water=bath for 1 h at 37°. At
the end of fhe incubation, ATP* as above was added to the
controls and then all the incubation mixtures were treated
with 105 aq. sodiua tungstate (0.5 ml), diluted to 5 nl.
with water and centrifuged as above to remove protein,
Sa@plos (0s1 ml) of the proteinefree incubatos were
chiromatocraplied as bands on 5 cm paper strips (Whatman o.l)
in solvents A and 3, (Tnbie k.1) and scanned for 1hc.1_
and 2eNaphthol and their conjugates were detected using.
reference sauples of these cowmpounds which were chromatc;raphed
simul taneously. ‘the conversion of l- and 2« naphthol to the
sulphate or glucuronide conjugates was estimated by cutting
out the areas of the chroumatograms corresponding to the

Hi
l‘c labelled peaks and counting them in dioxan scintillator.
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Results and Discussion

The in vivo metabolism of both l- and 2-naphthol was

studied in the cét. pig and rat.

Rat

In the case of the rat dosed with 1l- and 2~naphthol,
almost equal quantities of sulphate and glucuronide conjugates
are formed, { see Tables 3.3, 3.4, and the radiochromatogram
shown in Fig 3.3)s This is comparable with results obtained
when phenol is administered to the rat (see Table 2.1). It
is interesting to note that'very little oxidation to
dihydroxynaphthalene(s) occurs, presumably owing to the
rapid rate of conjugation of l= and 2-naphthol in the liver.

cat

When [;}IEEI l=-naphthol was administered to cat only
one radioactive peak was clearly detected by radiochromatogram
scanning (see Fig 3.2). This was identified e$ l-naphthyl
sulphate so that unlike phenol (see Chapter Two) lenaphthol
was not appreciably oxidised by enzymes of the liver. The
radiochromatograms were cut into 1 cm pieces and the total
th distribution along the strip estimated as in the case of

the phenol studies. A small, but clearly defined,peak of
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radioactivity of Rf valueAborreSponding to lenaphthyl
glucuronide was detected (see histogram shown in Fig 3.4).
This was not present on chromatograms of cat urine incubated
with ketodase (p-glucuronidase) except when the incubation
was carried out in the presence of saccharo l:4 lactone,
which specifically inhibits this enzyme.

When [%-IEE] 2=-naphthol was administered to the cat
two 140 labelled peaks were obsegved in the urine by
radiochromatogram scanning (see Fig 3.3) and both were

hydrolysed by a sulphatase preparation from }Helix pomatia

and also by dilute acid in the manner described by Garton,

et al., (1949). It was concluded that each peak was a
sulphate conjugate. FFurthexrmore, the larger one corresponded
in Rf value to R-naphthyl sulphate. Iollowing the enzymic

th peaks were observed on radiochromatogram

hydrolysis two
scanning, one of which was 2-naphthol and the other appeared
to be a dihydroxynaphthalene. It was not possible to identify
with certainty which isomer of dihydroxynaphthalene was
present although 2, 7-dihydroxynaphthalene seems to be the
most likely candidate from a comparison of its Rf values with
those of the unknown (see Table 3.2). We see, therefore, that

cat hydroxylates 2-naphﬁhol to form a dihydroxynaphthalene,
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this being excreted as a sulphate conjugate. When the
chromatograms were cut up to determine the % of metabolites
present a small but distinct amount of 140 which corresponded
in Rf value with 2e-naphthyl glucuronide was observed, (see
Fig 3.5). This could be removed by Ketodase but the
hydrolysis ﬁas inhibited by Saccharo 1314, lactone. It was
concluded that this metabolite was 2;naphthy1 glucuronide.

Thus cat metébolises 2~naphthol in a similar fashion to phenol.

Pig

When l-naphthol was administered to plgs two radiocactivity
peaks were detected on radiochromatogram scanning of the
urine (see Fig 3.2). One of these peaks had an Rf value
corresponding to l-naphthyl glucuronide and the other, which
accounted for approximately one-~third of the radiocactivity on
the chromatogram, had an Rf value similar to that of l-naphthyl
sulphate. The identity of these metabolites was confimmed by
acid and enzyme hydrolysesj l-naphthyl sulphate was attacked
by sulphatase and not Ketodase, and it was hydrolysed to free
l-naphthol on heating with dilute acid as described by Garton,
et al., (1949). The peak aseribed to l-naphthyl glucuronide
was hydrolysed by Ketodase and sulphatase (which contained

?-glucuronidase as impurity). This peak was not attacked by
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acid under the conditions which removed the sulphate peak
" completely from radiochromatogram scans, lThe chromatqgrgms
were cut up as before and the percentages of the metabolites
present accurately determined (see Table 3.4). It was found
that pig excreted approximately one-third of a dose of
le=naphthol as l~naphthyl sulphate and tpus does not have a
defective sulphate conjugation mechanism for this substrate.

The pig metabolised 2-naphthol in a manner similar to
phenol the compound being excreted almost exclusively as
2-naphthyl glucuronide (see Iig 3.2 and Table 3.4) the
identity of which was confirmed by enzymic and acid hydrolyses
as for l-naphthyl glucuronide (see above).2=Naphthyl sulphate
was however detected by cutting up the chromatograms as
described fox the cat and determination of the associated lhc
by liquid scintillation counting (see Fig 3.5). The 140
radioactivity corresponding in Rf value to 2~naphthyl sulphate
was noét present én chromatograms of urine which had been
treated with sulphatase or dilute acid (under which conditions
standard 2-naphthyl sulphate was hydrolyzed).

In the case of one pig no 2-naphthyl sulphate was detected
-even on cutting up the chromatograms (see Table 3.4). This

plg was given a dose of lenaphthol to ensure the results
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were due to differences in the isomer administered and
not due to differences in the pigs used. This pig excreted
29% of the dose of l-naphthol &as lenaphthyl sulphate. Thus
pigs are not defective in sulphate conjugation with respect
to l-naphthol. Neither l-naphthol nor 2-naphthol were

oxidised to dihydroxynaphthalenes in pig.
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Section b

in !iggg Studies

In Section a of this Chapter it was shown that the pig
was able to form substantial amounts of l-naphthyl sulphate
although it formed only»traces of 2enaphthyl sulphate. In
this section the in vitro metabolism by liver and kidney
of these two naphthols is compared.

De Meio, et al., (1953) found that phenyl sulphate was
synthesised from phenol and sulphate ions in the presence of

ATP and Mg>'

by the "microsome~free" supernatant preparations
from rat liver. They further showed that the enzyme system
could be separated into two components, one of which produced
an activated form of sulphate (PAPS), the other carrying out
the transfer of sulphate from this active nucleotide to a
phenolic acceptor (De Meio, et al., 1955). The synthesis of
glucuronides is also a multie-stage process, the final stage
taking place in the microsomal fraction of liver homogenates.
UDPGA ,the essential cofactor necessary for the synthesis of
glucuronides uwas isolated by Dutton and Sto;ey,(l953). The
glucuronyl moiety is transferred to the acceptor under the
influence of UDP=glucuronyl transferase to form a

p-D-gluburonide. The mechanism of glucuronidation and

sulphation are more fully described in section D, Chapter One.
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French,(1970) used the technique of De Meio et al.,
(1953) to compare the rates of sulphation and glucuronidation
of phenol in pig and rat liver (see Table 3.5) and found
that pig liver preparations glucuronidate phenol at least as
readlly as rat liver, but in the case of sulphate conjugation
the pig liver preparation was only able to conjugate phenol
at a rate of 3-8 times slower fhan the rate found with
rat liver homogenates. This agrees with the in vivo findings
with phenol (see Chapter 2) where sulphate formation is at

a very low level but is not entirely absent in the pig.

Results and Discussion

The rate of conjugation of 1l- and 2=naphthol at several
different concentrations was determined and the average rate
of conjugation for each pig liver and 10 g of pooled rat liver
is quoted in Table 3.6. No significant difference was seen
between the conjugation of l- and 2~naphthol in the pig.
Similarly in the rat, l= and 2-naphthol are conjugated at
the same rate, both in the case of glucuronic acid or sulphate
conjugation. In the case of pig this result would not be
predicted from the in vivo studies (see section a). It would
be expected that l-naphthol would be sulphated at a greater
rate than 2-naphthol in viiro since l-naphthol but not

2-naphthol is readily sulphated in vivo.
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The difference betweeﬁ the sulphation of l« and 2-naphthol
might be explained if‘more than one phenol sulphotransferase
enzyme exists and the various phenol sulphotransferase
enzymes have different requirements, (e.g. differences in
pH optimum ) for activity. Thus it can be hypothesised that
one phenol sulphotransferase enzyme accepts phenol, l= or
2-naphthol as substrates but this enzyme is defective in pig,
however, and very little sulphation is observed in this species.
Possibly another phenol sulphotransferase enzyme can accept |
l-naphthol but not phenol or 2-naphthol as substrates. This
enzyme is not defective in pig and is responsible for the
appreciable sulphation of l-naphthol in wvivo.

In the in yvitro studies the conditions employed are the
optimum for the first enzyme mentioned above whiéh has little
ability to conjugate phenol, 1= or 2-naphthol in pig. Under
these conditions the other enzyme which conjugates l-naphthol
in vivo might be inactive and therefore no sulphation of
l-naphthol would be observed. In order to test this hypothesis
further experimentation is necessary; varying the incubation
conditions., If this hypothesis is correct incubation conditions
will be found where le-naphthol but not phenol or 2-naphthol

will be sulphated in vitro. It must be remembered however



- 108 -

that the enzyme which sulphates l~naphthol might have a
different intracellular location and might possibly have
been removed in the preparation of the homogenate, e.g. in
discarding the microsomes.

Summarising, it is possible that this difference between
the sulphation of l- and 2-naphthol in vivo might be
evidence for the existence of more than one phenol
sulphotransferase enzymes, capable of conjugating l- or
2-naphthol. In this study there was no appaiant difference
in ability between pig liver and plg kidney to conjugate

either l- or 2-naphthol with glucuronic acid or sulphate.
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Summary

The cat excretes 1hc labelled l-naphthol and

2-naphthol almost exclusively as sulphates forming
only traces of glucuronides.. ‘

The pig excretes lhc labelled 2~naphthol almost
exclusively as a glusuronide forming only traces of
sulphate. lHowever, the pig excretes approximately one

third of a dose of l~naphthol as l-naphthyl sulphate.

From the in vitro studies it appeared there was no
difference in the rate of sulphation of 1~ and 2-naphthol

in pig and this was much less than the rate in rat.



Table 3.1 The Chrouatography of l- and 2-Naphthol and Their Principle Metabolites

For paper chromatography, Whatman, No.l. paper and the descending technique were used.
Solvents; A, buten-l-ol: ammonia soln. (8.g5.0.88): water (4:1:5, by vol.)3 B, pyridine-
pentan-l-olwwater (7:73:0); C, butan-2ecneswater (2:1); D, butan~l-ol: acetic acid
(glacial)swater (4:1:5). The upper organic phase was used for solvents A, C and D; B is
miscible. Detecting reagents; the free naphthols gave an orange.colour on spraying the
chromatograma with freshly diazotized p-nitroaniline followed by 0.5M KOII in ethanol. ’
The naphthyl sulphates were visualised by spraying with 2M HCl1l and heating at 100° for
2 min followed by spraying with freshly diazotized p-nitroaniline and KOH (see above),
when they appeared as orange spots. The naphthyl glucuronides gave a blue colour

on spraying with naphtharesorcinol (1% w/v) in aqueous trichloroacetic acid (33% w/v.)
followed by heating the paper at 120° for 5=15 min. '

Rf in solvents

Compound A B C D 1
: =
o
l-Naphthol 0.95  0.95 0.95 - |
l-Naphthylglucuronide o.ho 0.50 0.00 -
l=-Naphthylsulphate 0.70 0.82 = 0.50 -
2=Naphthylsulphate 0.70 0.74 0.60 0.66

2=-Naphthyl glucuronide 0.33 - 0.45 0 0.75



Table 3.2 ‘Llhe Chrbmatography of Some Dihydroxynaphthalene Isomers

The dihydroxynaphthalene isomers were purchased (see text). Attempts were made to
separate them using the solvents listed below. For peper chromatography 5 cm.
Whatman No.l paper and the descending technique were used. For T.L.C. fluorescent
silica Gel G IIF', . (Merck) was used. Solvents: Paper chromatography; B, Pyridine-
Pentan-l-ol Watsr (7:17:6by, vd), D* Butan-l-ol-Acetic acid-Water (l:l:5); T.L.C.
solvent 1, Lthyl acetate-=cyclohexane (3-7); F DBenzene-Ethyl Formate-Formic acid
(75:24:1). Detecting reagents: freshly diazotized p-nitroaniline followed by

0.5 M=KOIl in ethanol. | :

Rf Value .in Solvents . Colour with
: Papers Thin-layer diazotized
Compound o i} D E P -E-nitroaniline \
Unknown 0.89 0.90 0.57 0.52 - , E
2, 3=dihydroxynaphthalene 0.85 0.87 0.60 0.54 cherry-red =
1, 7=dihydroxynaphtlialene 0.86 0.87 0.55 0.52 purple !
2, 6=-dihydroxynaphthalene 0.8% 0.90 0.55 0.52 mauve
2, 7=dihydroxynaphthalene 0.88 0.90 0.56 0.52 dark-orange
1, 6=dihydroxynaphthalene 0.91 0.93 0.54 0.50 dark-green
1, 3-diliydroxynaphthalene 0.92 0.88 0.54 0.50 . ' orange

These two solvent systems were also used for the chromatography described in Table 3.1



Table 2.5 The Urigggz Metabolites of l—naghthol in the Cat, Pig and Rat

Three full grown wmongrel cats (2.5-3.5 kg body wt) were used. A was o neutered one
Year old male and B and C were females. Three fenale pigs (large White: 10-15 woeks
old; 12-15 kg body wt) werc used. {jree female Wister albino rats (190«210 g

body wt) were used. le=Naphthol [}— é] was injected intraperitoncally {see text).
Urine was collected for 24 h and chromatographed on Whatwan No.l paper using the
solvent systems described in Table 3.1l. The radiochromatograms were cut into
suitable pieces which were then counted (see text). Average values are given

with, in parentheses, the value for each animal in the order found in coluun 1,

. , 14 | .
Dose 140 excretgd jn % of 140 excreted in 24 h found asie

: . l-Naphthyle l-Naplithyle
Specles .l.g;?£;h°1 PCL/animal (% iﬁge) glucuronides sulphate #
Cat .
(D,B,A) 25 10 91(100,72,101)  32.4(0.8,1.6,1.5) 98(99,98,96)
rig
(7+8,9) 25 10 77(93,61,76) 64(52,79,62) 33(42,22,36)
Rat _
(A.U.C) 25 5 59(41063.73) 157(165,10’4,51) 53(51‘0560“9)

+ This 140 pealt was hydrolysed by both geglucuronidase (ietodase) and sulphatase

i&ontaius both sulphatasc and (3-glucuronidase activity) preparations to give @&
C peak with ithe If value of frec l-naphthol.

& This 1‘*C was hydrolysed to free l-naphthol by the sulphatase preparation only.

= cTT -



Table 3.4 The Urinary Metabolites of 2-Naphthol in the Cat, Pig and Rat

Three full grown mongrel cats (body wt 2.5 kg) were used. A was a neutered nale,

B and C were females. Threce male but sexually immature pigs, (large White; l6wiseks
old 20-22 kg body wt) were edy _ Three female Wistar albino rats (190-210 g. body
wt) were used. 2-Naphthol |8 d] was administered intraperitoneally as described
in the text. 24h urines were chromatographed in the solvent systems of Table 3.l.
Radiochromatogram scans were rlso cut into suitable pleces which were then counted
(see text). Average values are given with, in parentheses, the value for each
animal in the order found in column 1. '

Species Dose 140 excreted %-of 1hc excreted found as . '

P mg/ke rCi/animal in 24n Z-Naphthylglucuronide* 2=Naphthylsulphate Other*

cat : ' » .

(E,D,I") 25 10 73(73,72,74) 2.6(1.5,1.9,4.5) 78(60,89,65) 19(19,9.3,31)
Pig : ’ - 1
(4,5,6) 25 10 54(6&.95,90) 94(90,100,93) L " 6(10,0,7) n.d. H
Rat ' | . ' - | ( T
{D,E,F) 25 5 86(87,78,93) 52(49,57,50) | hs(51,43,50) - n.d.

+ This 1hc peak was hydrolyzed by both ¢ =glucuronidase (Ketodase) and spiphatase (contains

both sulphatase and  =glucuronidase activity) preparations to give a C peak with the
Rf value of free 2-naphthol. ‘

£ This 1“0 peak hydrolysed to free 2-naphthol by the sulphatase preparation only.

# This 1“0 peak was hydrolyzoed by sulphatase only, to give a 12"c peak which had an

Rf value similar to 2y7-diliydroxynaphthalene (see Table 3.2)
n.d. = not detected
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Table 3.5

ﬂonjugationvof 14

é] Phenol with sulphate and

Glucuronic acid in Rat and Pig Liver Homogenates

Converxrsion to

Conversion to

_ sulphate ester glucuronide
Substrate Species ¢ added "rate v added rate
' substrate (pmol/g  substrate (pmol/g
liver/h) liver/h)

Phenol Rat

1 80 8.6 - -

2 72 7.7 89 9.6

3 67 7.2 . 91 9.8
Phenol pig |

1 22 2.5 100 10.8
2 10 1.1 100 10.8
3 20 2.2 86 9.2

(Figures from French, 1970)



14 Table 306
e coujugation of € 1 and ZeNaphthol with Sulphate and
Glucuronic Acid in Rat and Pig Liver liouiogenates

for deiails of incubaotes see text.

-

‘ Conversion to Glucuronide Conversion to Sulphate
Substrate species % added , rato Y added - rate

substrate (pmol/g liver/h). substrate (pmol/g Liver/h)

l-naphthol pig 1 56 5.3 11 | -u.lG;G

"2 63 te5 25 Q.60

" 3 75 55 39 U069

TR Y 93 3.6 16 059

"oy 60 4.9 18 0+55

HEAN 4, MBAN 0.57

Rat é 9]?: 3.8 8§ 2.:53
“u 9 3e7 7 2

"3 ey 3.0 72 2.8

MEAN 3.5 MEAN 2.6

2-naphthol Pig 1 1611 2 Z 15 02};
"o 9 L. 32 O.

L 62 3.9 26 0.03

u ol 55 4.2 27 0«50

05 8 3.3 18 072

MEAN 4.2 MEAN Q460

Ret 1 68 3.9 7 2.8

« 5 93 3ol 72 21

_ MEAN 3.5 \ MEAN 2.5

- Q1T =
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CHAPTER TFOUR

THE METABOLISM OF SOME PHENOLS

IN CAT AND PIG
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Introduction

In Chapters Two and Three it was seen that in the cat
phenol, l-naphthol and 2-naphthol were excreted principally
as sulphates and this species appeared to have little
ability to form glucuronides of these compounds. In the
pig phenol and Z-naphthol were excreted principally as
gluéufénides and this species had 1little ability to fomrm
sulphates of these compognds. liowever, the pig readily
conjugated l-naphthol with sulphate. It could be
postulated that the formation of sulphate conjugates in the
pig, and possibly glucuronides in cat could be substrate
dependant, In this Chapter, therefore, a number of phenols
were administered to pig and cat in order to determine
whether this hypothesis was correct.

| Phenacetin was administered to the pig and cat to
determine the conjugation pattern of 4-acetamidophenol
resulting from its dealkylation. h-Hydroxyémphetamine was
also administered tq pPizgs. Doth these coupounds have basic -
groups in the p-position to the hydroxyl group of the phenol.

Morphine and phenolphthalein were administered to cats.

The conjugates of these compounds have a molecular welight
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in the range 350-500 and might therefore be excreted
extensively in the bile (see Abou-El-Makarem, et al., 1967).
Morphine and phenolphthalein have a larger molecular size
than the previous phenols admini stered to}cats. It is
possible that if a family of UDP~glucuronyl transferases
exist the structures of these compounds might be sufficiently
different to invoke an alternative transferase to that
conjugating phenol, l- and 2-naphthol and Lhe.acetamidophenol.
[;lacyacet i]. Phenacetin (acétophenetidine. p-
ethoxyacetamnilide) was administered to the pig and cat and
both species formed the phenolic metabolite 4-acetamidophenol

which could then. be conjugated and excreted.

+ +
NHCOCH3 NHCOCH3
H
C2H5 0
Phenacetin ’ t=aAcetamidophenol

+ = indicates lhc radioactive label

The major metabolic route of phenacetin is oxidative
O-de-ethylation to 4-acetawidophenol (Brodie and Axelrod,1949).

The urine of rats admministered phenacetin contains

heacetamidopienyl sulphate, 4-acetamidophenyl glucuronide,
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hephenetidine, 24hydroxyphenetidine sulphate, and also 2-
and 3-hydroxyphenacetin (see Buch, et al., 1967). The
2=hydroxy metabolite has been demonstrated in the urine of
treated cats, dogs and man, (Klutch, et al., 1966). More
recently the metabolism has been investigated in the rat
by Nervy, (1971) usiné [Ethyl-lhgﬂ phenacetin and[gcetyl 3%]
phenacetin. In this study four other metabolites were
detected, namely N-acetyl=S~ethylcysteine, quinol,
acetamide and a substance which was probably N~acetyl-S-2,4=
(ethoxyacetanilido) cysteine~-S-oxide. The quinol was
excreted usually as a glucuronide or sulphate. Recently the
metabolism of E_14C acetzg phenacetin was studied in
various spécies including rabbit, guinea»pig; ferret, rat and
man (see Smith and Timbrell, 1972). The(E?CO liberated was
monitored as a measure of deacetylation. This reaction was
found to occur to a greater extent in ferret and rat (13%
and 16% respectively) but was generally lower in the other
species (up to 4%)+ In the rat the major metabolite was
Lh-acetamidophenyl sulphate but in all the other species it
was heacetamidophenyl glucuronide.

L-ilydroxyamphetamine was administered to pigs. This
compound is used therapeutically as a vasoconstrictor. In

addition it arises from the metabolism of amphetamine
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( (:)z-amino-l-phenyl propane). In rat 4-hydroxyamphetamine
is the major metabolite (60% of administered dose) of
amphetamine, (Dring, et al., 1966) but it is a minor one

in man and certain other species (Dring, et al., 1970).

In man h-hydroxyamphetamine formed as a metabolite of
metamphetamine is excreted mainly as the sulphate conjugate
(caldwell, et al., 1973). Recently Sever et al., (1973)
investigated the fate of Adehydroxyamphetamine in man, rat and
guinea=pig and found that this compound was excreted partly _
as the free drug and pértly conjugated with glucuronic acid
(in rat and guinea-pig). In man,however, 4-hydroxyamphetamine
was excreted mainly as a aulphate conjugate. In the rat |

a stereospeéific hydroxylation of (+) 4=hydroxyamphetamine

to (+) 4-hydroxynorephedrine has been demonstrated (see
Goldstein and Anagoste, 1965).

-+
H CH,CHCH
NH

3
2

L4 _Hydroxyamphetamine

+ = position of 14C—radioactive label

In 1896 Marquis postulated that 3 forms of morphine were

excreted in the urine of animals receiving the drug; unchanged,
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"converted morphine" and "coupled morphine"™, . Later workers
postulated the excretion of the glucuronide but this was not
confirmed until 1954 by Seibert, et al. Later Yoshimura,

et al., (1969) demonstrated that in addition to morphine-3-
glucuronide, morphine«6eglucuronide was excreted as a minor
metabolite of this drug in the urine of rabbits,
Morﬁhine-quulphate has been demonstrated as a major urinary
metabolite in the chicken and cat, (Fujimoto and ilaarstad,
1969). Morphine=-3=-glucuronide and morphine~6-glucuronide
were shown recently to be metabolites of morphine in rabbits,
guinea~pigs, rats, mice, and humans. Normorphine resﬁlting
from N-demethylation of the drug was also found to be a
metabolite in these species.

Phenolphthalein usually undergoes conjugation at one of
thephenolic hydroxyl groups forming phenolphthalein
monoglucuronide (Flieg, 19093 Abel and Rowntree, 1909). The
monoglucuronide of phenolphthalein has been isolated from the
urine of rébbits f&llowing injection of this drug (Di Somma,
1940).Millburn, et al., (1967a), demonstrated in rat that
phenolphthalein was excreted in the bile as its glucuronic
acid conjugate. Abou-El-Makarem, (1967) demonstrated that

13% of a dose of phenolphthalein was excreted in the bile of
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cat in three hours, Irrespective of whether phenolphthalein
was given orally or intravenously more than 50% of the
radioactivity was excreted by dogs in the faeces, while
 some 36-37% was excreted in the urine in 3 days (cited.by
Williams, 1959). Brodie and Maickel, (1962) reported that
| the cat had negligeable UDPGA tranaferase activity towards

phenolphthalein.

Materials and }Methods

Phenacetin (m.p. 134°) was obtained from iiopkin and William
Chadwell ieath, Essex. E—lhc acetxﬂ Phenacetin was
synthesised by Mr. J. A, Timbrell in this laboratory and
had a specific activity of 0.05 PCi/mg. LheAcetamidophenyl
sulphate was synthesized.by Mxr., 1imbrell by the method of
Feigenbaum énd Neuberg, (1941). This sulphate gave one
spot in the solvent systems employed (see Table 4.1) and on
hydrolysis with dilute acid (see Chapter Two) yielded 4-acetamid
-phenol.

[E%g 4=} ydroxyamphe tamine E?)—z-amino-l-(h'-
hydroxyphenyl)lz}légl propane; Paredrine| hydrochloride
was a sample prepared by Dr. L. G. Dring in this laboratory
and had a specific activity of 0.9 pCi/mg. |
(2)4-iiydroxyamphetamine hydrobromide and (2)4-hydroxy-

norephedrine, [@i)z-amino-l-(h'-hydroxyphenyl)propan-l-oE]
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hydrochloride were samples available in th;s laboratory

(see calawell, et al., 1972), u-hydroxybgnzoic acid was

purchased from the Sigma Chemiqal Co., London.,

h-hydroxyhippuric acid was a sample prepared by Dr. L. G.Dring.
Morphiné hydrochloride was obtained from Macfarlan

Smith Ltd., Edinburgh, U.K. Morphine-3=-sulphate, (m.p.

2980) was prepared by the method of Fujimoto and Haarstad,

(1969). E‘

Radiochemical Centre, Amersham, Bucks, U,.K.

CXN I;I_g Morphine was purchased from the

Phenolphthalein, (m.p. 255-2579, was purchased from |
British Drug llouses Ltd., Poole, Dorset, U.K. Phenolphthalein
monoglucuronide, sodium salt, phen&lphthalein disulphate
tripotassium salt, were pu;chased from Xoch«Light Laboratories
Ltd., Colnbrook, Bucks., U.K. Phenol (m.p. %3°) and
phthallic anhydride (m.p. 131°) used in the following
experiment were purchased from Dritish Drug llouses, Poole,
Dorset, U.XK.

Tritiated phenolphthalein was prepared by the
condensation of phenol with tritiated phthallic anhydride
essentially as described by Vogel, (1956). 400 pCi of
Eﬁa phthallic anhydride, specific activity 665 mCi/mM,

was placed in a small round bottomed flask. To this was
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added 1 g+ of phthqllic anhydr;de, 5 g+ of phenol and 5 g.
of anhydrous zinec chloride, The mixture was heated‘with
stirring in an oil bath at 115° for 24 h. Then 5 ml. of
warm watgr was added to the reaction mixture and the
contents of the flask poured into 50 ml. of warm water. The
resul ting solution was boiied to remove all traces of phenol,
water was added‘to replace that lost by ovaporation, the
mixture was cooled mnd the resulting precipitate filtered,
This solid was added to 105 sodium hydroxide solution and
the insoluble reaction bi-products filtered. The filtrate
was acidified with 2§fHCI. cooled and the crude
phenolphthalein fi;tered. The phenolphthialein was dissolved -
in ethanol 25 ml, 5 ge. of decplourising charcoal added and
the mixturce refluxed for 30 min. The charcoal was filtered
- and washed with ethanol. The volume of the ethanol was |
reduced by half on the rotary evaporator and mixed with

200 ml. of water. The resulting solution was gently heated
and then left to cool. White crystals of phenolphtiialein
were obtained, filtered and weighed. 7The yicld was 1.25 g.
which is 63.8.) of the theoretical yield, m.p. = 256°, mixed
meliing point with the authentic cowpound = 256°. The

3 labelled pcak on

radioactive phenolphthaleln gave one
chromatography in the solvents listed in Table 4.7 which

corresponded to authentic phenolphthalein.
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Enzyme preparations: p-glucuronidase (Ketodasq; Warner-
Chilcott Labofatorieé, Eastleigh, Hampshire, U.X.} sulphatase,
which has both sulphatase and‘a-glucuronidase activity,

(llelix pomatia preparation) and sacchare-l, 4-lactone were

purchased from Sigma Chemical Co. Ltd., London.

Animals

The cats and pigs (see Appendix 1) were obtained from
animal dealers in the London area and maintained on
appropriate diets. [ilhc acetig] phenacetin (3.5 rCi/animal)
t;gether with sufficient carrier phenacetin to give a dose
level of 25 mg/kg was dissolved in 5 ml of dimethylsulphoxide
and administered intraperitoneally to each pig. In cats a
similar dose of radioactive phenacetin (3.5 rci/animal and
25 mg/kg) was dissolved in 1 ml of dimethylsulphoxide and
administered intraperitoneally.

E?C L-jiydroxyamphetamine, dissolved in water (4 mg;
3.6 FCi/ml) was administered (0.8 or 1 ml/animal)
intraperitoneally to pigs, giving a dose level of 0.1 mg/kg
(0.66 pmol/kg).

Ei— 140 methyl | morphine (10 pCi/ml in water) was
administered (1 ml/animal) intraperitoneally to cats together
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with sufficient carrier morphine hydrochloride dissolved in
0.5 ml of water to give a total dose of 5 mg/kg.

Tritiated phenolphthalein together with sufficient
carrier phenolphthalein was dissolved in 0.5 ml of absolute
ethanol to give a total dose of 25 mg/kg which was
administered intraperitoneally to each of 3 cats.

All animals were placed in suitable metabolism cages and

their urine collected for 24h.

Chromatography .

For paper chromatography Whatman No. 1 chromatography
paper (5 cm strip) and the descending technique were employed.
For T,L.C. silica gel G, il 25%, Merck (U.K. distributers
Anderman and Co. Ltde, London) 0.25 mm thick on glass plates
wvas usced, the silica being activated by heating at 105o
for 30 min before use. .

. The Rf values and visualisation techniques are given
as follows:=-
phenacetin, Table 4.1; 4~hydroxyamphetamine, ‘Table L,3;

morphine, 7Table 4,.6; phenolphthalein, Table 4.3.

Counting Procesiure

14

C was estimated in the usual manner (see Chapter 2).
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Urine (0.1 =« 0.2 ml samples) containing tritiated
phenoiphthalein was counted in quadruplicate in a
scintillation fluid comprising;

Naphthalene 200 g., PPO (2,5-diphenyloxazole) 10 g., POPOP
(1,4=-Di [g?(s-phenyloxazolygﬂ benzene 0.6 g., dioxan
1440 ml, toluene 270 ml mand methanol 90 ml, using the
Packard Tri Carb Scintillation Spectrometer (model 3320).
‘The samplés were counted at an efficiency of 30=35%,
determined by the twin-channel ratio method,
Radiochromatograms of urine Were prepared and scanned as
previously described (see Chapter Two). After scanning the
paper strip chromatograms were cut into 1 cm pieces and
Placed in dioxan scintillation fluid and the assoclated

radicactivity determined.

Results and Discussion

Phenacetin

Pig

When lz}luc-acetil| phenacetin was administered to pigs
one large radioactivity peak was seen on radiochromatogram
scanning of urine chromatographed in solvent I of Table 4.1

(see Fig 4.1). This peak had an Rf value of Q.10 which is
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identical to that quoted for 4-acetamidophenyl glucuronide
by ;Timbrell,.(1973). This radioactivity peak was removed
on incubafiqn of the urine with ga$lucuronidase and this
hydrolysis was inhiﬁited by saccharo-1l, 4-lactone (which is
a specific inhibitor for this enzyme). This metabolite of
phenacetin was not hydrolyzed by heating with 2N-1ICl1 under
which conditioﬁs sulphate conjﬁgates are hydrolysed (see
Garton, et al., (1949). It was concluded that this
radiocactivity peak was lA-acetamidoplienyl glucuronide.

IIydrolysis of 4-acetamidophenyl glucuronide with
F-glucuronidase revealed another small l4(: metabolite of
Rf value 0.20 in solvent I (Table 4.1) which had been
overshadowed by the larger glucuronide peak. 7The radicactivity
peak corresponding to this unknown metabolite was not |
hydrolysed by eifher P-glucuronidase or‘sulphatase. In
solvent IL (sece Table 4.1) a better separatinn between
h-aéetamidophenyl glucuronide and this unknown metabolite
was obtained (Rf values 0 and 0.21 respectlvely)

The percentage of the metabolites present were
accurately determined when chromatograms developed in Solvent II
were cut into 1 cm pieces and the associated'lhc determined
with a Tricarb Liquid Scintillation spectrometer (model 3320).

4uAuetamldopaenyl glucuronide accounted for 3545 of the 140
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in the urine (i.e. 16.2% of the dose) of pigs administered
radioactive phenacetin (see Table 4.2), while the unknown
metabolite accounted for 20% of the ll‘c:in the urine

(6% of the dose).

The Rf value (0.20) of the unknown metabolite in
solvent I was similar to that quoted for a metabolite of
phenacetin in a number of species identified by Timbrell,
(1973) as the cyéteinyl conjugate of 4-acetamidophenol,
i.e. 3Es-acetamido—z—hydroxyphenyl) hio alanine. Timbrell,
isolated this metabolite from the urine of rats dosed with
E?iﬂ phenacetin and it was purified and crystallised, but
the purified compound decomposed intﬁ 2-thiomethyl-4-

acetamidophénbl and glycine.

NHCOGH " NHCOCH

3 | 3 N2
NH o + HC=- COOH
S—CH,~CH-COOH SCH4 H
OH | 0H

The identity of 2-thiomethyl 4-acetamidophenol was
confirmed by mass spectroscopy and the glycine liberated

identified by chromatography. It is possible therefore that
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the nnidentified metabolite of phenacetin formed in pigs
was 3[Es-acetamido-2-hydroxypheny%ikhio alanine.

When chromatograms of pig urine developed in solvent II
were cut up and the associated 1hc estimated as described above:.
a small (10 of 1hc in the urine; 3.1% of the dose) but
clearly defined 1I‘C peak of Rf value 0.53 corresponding to
authentic 4-acetamidophenyl sulphate was observed. <This
pealk was hydrolysed when urine was treated with sulphatase
but not P-glucﬁronidase and it was also renoved by heating
the urine with 2N HCl as described by Garton, et al., (1949).
It was concluded therefore that this radiocactivity represcnted
h-acetamidophienyl sulphate.

Z .
l}C on the chromatograms

A small amount (16%) of the
(isee 4.8% of dose) was identified as free (anconjugated)
L~acetamidophenol since its Rf values corresponded to an

authentic sample chromatographed in the solvents of Table 4.1.
1hc (

14

The total recovery of 31% - see Table %4.2) in the urine

of pigs administered C~labelled phenacetin was lower than
that found for other phenols administered to pigs (see
Chapters Two and Three). This could be due to the removal of
the Ecetzl l@ label by deacetylation reactions or

by the metabolism of the luc phenacetin to non urinary

metabolites,
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cat
Radlochromatogram scanning of the urine of cats
administered E;i} phenacetin showed only one radioactivity
peak (see Fig. 4.1). This metabolite had the same Rf value
as an authentic sample of 4-acetamidophenyl sulphate in the
solvents of Table 4.;. This peak was not present in cat urine
which had been treated with sulphatase but it was not attacked
by a p=-glucuronidase (ketodase) preparation. IHeating a.
urine sample with dilute acid as described by Garton, et al.,
(1949) also caused the removal of this 1hg peak
corresponding to lY-acetamidophenyl sulphate, thus confirming
its identity as a sulphate conjugate.
Chromatograms developed in both solvents listed in
Table 4.1 were cut into 1 cm pieces and tlhe associated
luc-detcrmined using the liqqid scintillation spectrometer.
liistograus of the distribution of 140 along the chromatograms
were constructed and two 1ac¥radioactivity péaks were detected
in addition to the *¢ associated with h-acetemidophenyl
sulphate. The first of these 1*C peaks to be considered ran -
very close to the origin in solvents I and II (Rf values

0.1 and 0, respectively). From the experimentation in pig

it seems likely that this metabolite might be a glucuronic acid
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conjugate. It was found that this metabolite was

hydrolysed by'P-glucuronidase since it was not detected

on cutting up chromatograms of urine treated with this enzyme
and estimating the associated 140. The hydrolysis with
@-gluduronidaso was specifically inhibited by
saccharo-l,b~lactone. This radiocactivity peak wés also
hydrolysed by sulphatase which contains P-glucuronidase
activity., It was concluded that this metabolite was

probably 4-acetamidophenyl glucuronide. In cat only small

14

quantitics (3i)) of the ~ C on the chromatogram (1.7, of dose)

was present as this glucuronide (see ‘Table k.2).

The other 140 metabolite detected on cutiting up the

luC peak ascribed to

chiromatograus was distincet from the
h-acetamidophenyl glucuronide in both solvents listed in
Table 4.1 It had Rf values of 0.20 and 0.22 in solvents
I and ITI respectively and was present in similar quantities

(75, of the 14

C in the urine; 4% of dose) to the metabolite

of similar Rf value found in the pig. This &etabolite was
not hydrolyéed by enzyme or acid treatment and it is possible
that it is the 3 E}-acetamido-2-hydroxyphcny£ﬂthio alanine
metabolite detected by Timbrell, (1973) described above.

Treec heacetamidophenyl was only detected on cutting up
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the develoPQd chromatograms into 1 cm pieces and counting

the associated 140' ‘Pree le~acetamidophenol was excreted

in lower quantities in the cat than in the pig (see Table 4.2).
The tqtal recovery of luc-radioactivity was relatively

low in cat (as in the pig). It is possible that this could

be due to deacetylation reactions and subsequent loss of the

lhc label since Krebs, et al., (1947) showed that .

deacetylation reactions occur extensively in cat.

4 liydroxyamphetamine in Pipg

Table 4.4 shows that most (89¢%) of an intraperitoneal
dosc of E?iﬂ Lohydroxyamphetamine is excreted in the urine
in 2k I by the pig. Radiochrouatograns of this urine were
preparcd using solvents B and G (see Table 4.3). These
radiochromatograms were scanned and showed two 140 pecaks.
In solvent 3 these peaks had Rf values of 0.15 and 0.930,
(see Table 4.5), the latter corresponding to authentic
h-hydroxyamphctamine (See Table 4.3). Trcatment of the
urine with @-glucuronidasc caused the peak at Rf 0.15 to
disappear with a corresponding increasei the 4<hydroxy=-
amphetamine peak at Rf 0.80. Similarly, in solvent ¢, two
14

C pealts were detected corresponding to h-hydroxyamphetamine

(Rf 0.79) and its glucuronic acid conjugate (1f 0.26), the
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latter being hydrolysed by P—glucuronidase to free
4~hydroxyamphetamine. This hydrolysis was inhibited by
saccharo~l, 4-lactone.

on cutting chromatograms developed in solvent B into
sulitable pieces, which were then counted for radioactivity,

1hd excreted in 24 h (5% of dose)

C was found at Rf 0.54. The 140

a small amount (5.6% of the
see Table 4.4) of the 14
material at Rf 0.54 (solvent B) appears to be
fohydroxyamphetamine sulphate as it is hydrolysed by the
sulphatase preparation (which contained both sulphatase and
p=glucuronidase activity). This peak was not hydrolysed by
Ketodase (p=~glucuronidase).

These results show that the pig excretes 4-hydroxyamphet=
amine largely as the unahanged compound and its glucuronic
acid conjugate, wiich eééh acqount for approximately
40~504% of the urinary radioactivity, Only small amounts

(5.6% of the urinary 14

C) are formed of the mulphate conjugate
of 4-hydroxyamphetamine, Thus the pig forms only very small
amounts of sulphate conjugates of 4ehydroxyamphetamine, at
the same level a§ sulphate conjugates of phenol, 2-naphthol
and phenacetin,

Authentic samples of other possible metabolites of
h-hydroxyamphetamine which would arise by the metabolism of
the side chain, namely 4-hydroxynorephedrine (p=-hydroxylation)

and 4=hydroxybenzoic acid (deamination) and its glycine
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conjugate, 4-hydroxyhippuric acid, were chromatographed
in solvent B, In this solvent these compounds have different
Rf values from thoée of A4~-hydroxyamphetamine and its
glucuronide and sulphate conjugates (see Tables 4.3 and 4.5).
On the chromatograms cut up in solvent B no radioactivity
was detected at the Rf values of 4=hydroxynorephedrine,
hohydroxybenzoic acid and 4-hydroxyhippuric acid. This

14

means that less than 1% of the ~ ¢ in the urine was present

in each of these compounds.

Morphine in Cat

When {E% morphine was administered to cats two
radioactivity peaks were seen on radiochromatogram scanning
of thin~layer chromatograms, (see Fig. 4.3). The larger of
these peaks No. 2, (see Fig. 4.3), has the same Rf value
as authentic morphine-BQSulpphte in the solvents of Table 4.6.
The other radioactivity peak had the same Rf value as that of
the free drug in these molvents. When ﬁrine was ihcubated
with sulphatase, but not.Ketodase‘(@-glucuronidase) and
then chromatographed the radioactivity peak corresponding to
nmorphine-3-sulphate was observed fo have been hydrolysed and

all the 14c radioactivity corresponded in Rf value to free
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morphine. The peak ascribed to morphine-3-sulphate was also
hydrolyzed by 2N HCl as described by Garton, et al., (1949)
thus confirming its identity as a sulphate conjugate.

The silica on the plates was divided into 0.5 cm
segnents and then scraped into separate vials containing
scintillation gel and the associated 1hc determined by use
of the liquid scintillation spectrometer. Using this
‘technique the percentage of the metabolites present in the
urine was accurately determined (see Table 4.7).

When cat urine was chromatographed on paper using
solvent E of Table 4.6, an additional small 140 peak was
detected (see Fig. 4.3). It was found that this peak was
hydrolyzed by sulphatase and dilute aclid as described above
but not by(}eglucuronidase. It is likely therefore that this
140 peak was also a sulphate conjugate, possibly morphine-6-
sulphate which had been described (see later). This peak
was only detected on paper chromatography in solvent E, it is
likely that in the TLC systems it was not separate from the
larger morphine-3=sulphate peak. Paper chromatograms were
also cut into 1 cm pieces and the associated 140 estimated
Iin the liquid scintillation spectrometer. The percentage of

the metabolites present was accurately determined and 1% of

the activity was ascribed to morphine-6-sulphate. No other
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significant 140 radiocactivity other than that represented

by the metabolites ssen on radiochromatogram scanning was
detected on cutting up the papér chromatograms. Thus no
glucuronic acid cohJugates were detected either by T.L.C.
or paper chromatography.

Therefore in these experiments no glucuronide conjugate
present in quantities greater than 2,44 was detected in the
urine of the three cats after morphine administration.
Possibly this is due to technical difficulties involved in
the use of T.L.C, systems since less radioactivity can be
applied to thinelayer than paper chromatograms. With the
separations of metabolites obtained in these solvent systems
it is possible that any small amounts of glucﬁronide present
might be ovérshadbwed by the principal conjugate,
morphine~3=sulphate.

140 was recovered in

Approximately 88% of the injected
theuunirine (see Table 4.7), it is possible that some of the
morphine conjugates were excreted in the bile. Possibly the
higher molecular weight glucuronide conjugate (ﬁolecular
weight of morphine shlphate = 419, morphine glucuronide 548)
is excreted preferentially in the bile. Any N-demethylation

would result in the loss of the 140 label and it is possible
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that this reaction accounted for some of the radioactivity
which was not. recovered.

Fujimoto and laarstad, (1969) isolated morphine-3-sulphate
as the principal metabolite from cat urine when they
administered this drug. The results from the above
experiments are therefore in agreement with these workers.
Moxri, et al., (1972) synthesised morphine-6-sulphate and
found that it had greater analgesic properties than morphine,
however morphine-6-sulphate was not detected in the urine of
cats even after careful examination by T.L.C. In the
experiments described here a metabolite which may have been
morphine~6~sulphate was only detected on peper chromatography
in solvent E not in the 7T,L.C. systems (see Fig.h.3) which is
in agreement with the findings of Mori, et al. |

Yeh, et al (1971) reported that 14% of morphine was
excreted as a conjugate in the bile; YHowever, these workers
did not identify the biliary conjugate(s). It is possible
that some [EFE] morphine was excreted in the bile as a
glucuronide. Ilowever, these workers were able to detect
morphine=3-glucuronide on chromatography of the urine only

after total hydrolysis of the sulphate conjugate. Thus we
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see that morphine glucuronide is formed in small quantities
in cat although it was not detected in the experiments
described in this chapter even after total hydrolysis of
sulphates with dilute acid.

Summarising in this and other studies of the metabolism
of morphine in cat the principal metabolite is

morphine-3esulphate which is excreted via the kidneys.

Phenolphthalein in cat

3H radioactivity peaks Were seen on

TwWo

radiochromatogram scanning of urine of cats dosed with ju

phenolphthalein (see Fige. %.4). From Table 4.9 it is seen
that the main urinary metabolite of phenolphthalein was
phenolphthalein mohoglucuronide. The amount of glucuronide
and other metabolite present was accurately determined by
cutting up the chromatograms into pieces and determination of
the associated radicactivity by Liquid Scintillation counting.
No free phenolphthalein was detected in the urine.

The glucuronide peak had a similar Rf value to an
authentic sample in all the solvents employed (see Table 4.8).
The radioactivity peak corresponding to phenolphthalein

glucuronide was hydrolysed by treating cat urine with Ketodase
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(sce rig, 4.4) but not in the presence of saccharo-1,l-lactone
which is a specific inhibitor of p-glucuronidase activity.
This peak was also hydrolysed by sulphatase (which contains
@-glucuronidase activity) when it gave a radioactivity peak
corresponding in Rf value to free phenolphthalein. This

peak seen on radiochromatogram scamning of cat urine was not
removed by heating the urine with dilute acid, (a treatment
described by Garton, et al., (1949) which selectively
hydrolyses sulphate conjugates. It was contluded that the

3

largest “I peak seen on radiochromatogram scanning of urine,
corresponding to the principal mevabolite of phenolphthalein
in cat urine, was phenolphthalein glucuronide.

When cat urine was treated with sulphatase and dilute
acid as described above the other 3H metabolite was not
detected on radiochromatogram scamning. This metébolite
which had Rf values of 0.80, 0.80, 0.75, 0.68 and 0.90 in
solvents 1, 2, 3, 4 and 5 of Table 4.8, respectively, was
not hydrolysed on incubation with @-glucuronidase. It was
concluded theref§re that the other metabolite of
phenolphthalein in cat urine was probably a sulphate éonjugate.

An authentic sample of phenolphthalein disulphate was

available and was chromatographed in the solvents of Table 4.8.
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The Rf values of phenolphthalein disulphate in these solvents
does not correspond to the unknown metabolite which the
hydrolytic techniques indicated was a sulphate conjuéate. It
is likely, therefore, that the unknown metabolite present

in cat urine was phenolphthalein monosulphate.

Attempts to synthesize the monosulphate by the fechnique
of Fiegenbaum and Neuberg, (1941) were unsuccessful, the
disulphate being the final.prodﬁct. Attempts to liberate the
monosulphate from the disulphate by mild acid hydrolysis were
also unsuccessful. Thus, although this coumpound was likely
to be a monosulphate<without authentic reference compounds
its identity could not be confirmed.

‘The mean recovery of radioactivity in the urine was low.
This wight be predicted since Abou-El-}akarem, et al., (1967)
showed that, when administered, phenolphthalein glucuronide
is excreted extensively (37%) in the bile of cats. It was also
demonstrated by Abou-El-Makarem,(1967) that 13% of the dose
of phenolphthalein administexed to cat was excreted as
phenolphthalein glucuronide in the bile in 3 hours. It is
likely, therefore, that the low urinary recovery of -iI

radioactivity is a consequence'of the fact that phenolphthalein
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monoglucuronide is preferentially excreted by a biliary

route in this species. Approximately 60% of the recovery

- was shown to be a glucuronide conjugate, so that 17% of the
dose of phenolphthalein was excreted as a'gluquronide conjugate
in the urine of cats. As seen in the previous chapters

cats usually congugate less than 2% of the dose of

potentially glueurcnogenic phenols with glucuronic acid

so that in comparison with the other phenols administered

cat is8 not defective in forming glucuronic acid conjugates

of phenolphthal®in.
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Summary

cat excretes phenacetin mainly as h-acetamidophenyl
sulphate and only traces of the glucuronide conjugate

were formed.

Pig excretes phenacetin mainly as 4-acetamidophenyl
glucuronide and only traces of the sulphate conjugate

were formed.

Pig excretes A-hydroxyamphetamine mainly as the
clucuronide and only traces of the sulphate conjugate

vere formed.

Cat excretes morphine mainly as moxrphine-3=-ethereal
sulphate and glucuronide conjugates were not detected

in the urine.

The major urinary metabolite of phenolphthalein in cat
was phenolphthalein glucuronide which accounted for

approximately 17% of the dose.



Table 4.1 The Chromatography of Phenacetin and its Metabolites

For chromatography, Whatman No. 1 paper and the descending technique were used. Solvent I:
Butan-l-0l: Propan-l-ol: Ammonia (2M)}{2:1:1) by vol.; Solvent II: Butan-l-ol: Pyridine:
Water: Benzene (5:3:2:1 by vol.) h~Acetamidophenol was visualized by spraying the
chromatograms with freshly diazotized p-nitroaniline followed by 0.5M KOH in ethanol when
it gave a blue spot., h-AcgtamidOPhenyl sulphate was visualized by spraying with -

2 M HCl1 and heating at 100 C for 2 min followed by spraying with freshly diazotized
Erﬁitroiﬂiline and XOH (see above). (The Rf values quoted for phenacetin is that

of the ~ 'C peak given by the labelled compound).

Solvent I Solvent II
Phenacetin ‘ 0.90 0.90
hoAcetamidophenol 0.81 0.85

4opcetamidophenyl sulphate 0.43 0.53

- 29T -




Table 4.2 The Urinary letabolites of Eﬁ;] Phenacetin in the cat and Pig

Three male, but sexually immature pigs (large White): 18-20 wegks, Lo kg body wt. were
used. Three female mongrel cats; 3 kg body wt. were used. - C| Phenacetin was
injected intraperitoneally as described in the text. Urine was collected for

24 h and chromatogrpphed on Whatman No.l paper (5 cm strips) in the solvents of

Table 4.1. Average values are given with, in parentheses, the value for each

animal in order found in column 1,

Dose 1“0 excreted % of 1“0 excreted in 24 h found as
Species mg/kge pci/ in 24 n heAcetamido~ UL~Acetamido=~ Otherz h-Acetamido~
animal ' phenyl phenyl _ phienol
sulphate+ glucuronide= i
Cat : - o
(B,G,C) 25 3.5 56(93,38,38) 86(87,88,84) 3(2,1,6) 7(7+8,7) 4(4,5,3) W
. 1

Pig - C ' ‘
(5.6,4) 25 3.5 31(23,35,37) 10(17,1,14) 54(50,56,60) 20(19,17,25) 16(=21,12,15)

» This metabolite was hydrolysed by sulphatase and dilute acid (see text).
= This metabolite was hydrolysed by (=glucuronidase (see text).

£ An unidentified metabolite of phenacetin which was not hydrolysed by either sulphatase
or p=glucuronidase preparations. This metabolite may be
3 [(5-acetamido=-2<hydroxyphenyl}thio alanine (see text).



Table 4.3 Rf values and colour reactions of 4-hydroxyvamphetamine and related compounds

For paper chromatography, Whatman No. 1 paper and the descending technique were usecd.
Solvents: 13, pyridine-pentan-l-ol-water (7:7:6 by vol): G, butan-l-ol-acetic acid-
water (4:1:2). Phenolic compounds were visualised by spraying the chromatograms with
freshly diazotized p-nitroaniline followed by 0.5 M KOH in ethanol.

Compound ‘ Rf value in solvents Colour with diazotized

B G p-nitroaniline \
4~Hydroxyamphetamine 0.82 0.79 ' purple gi
L4<llydroxynorephedrine 0.68 - red !
L4~}Hydroxybenzoic acid 0.61 - : dark red
Y<liydroxylhippuric acid 050 - - cherry red

Solvents B and G were used in the study of 1« and 2«Naphthol (see Chapter h)



Table 4.4 Urinary Metabolites of {IL;] Lhejiydroxyamphetamine in the Pig

Three male, but sexuall 1amnature pigs (large White; 12 « 18 weeks old; 29-36 kg
body wt.) were used. f dj-h-nydroxyamphetamine was injected intraperitoneally
(0.1 mg/kg; 2.9 or 3.6 .Ci/animal). Urine was collected for 24 h and
chromatographed on Whatman No. 1l paper using solvent system B. (see Table 1). 7The
radiochromatograms were cut into suitable pieces which were then counted. Valucs
are given for individual animals together with the mean values.

14 % luc excreted in 24 h found as
C excreted A-liydroxyamphetamine Unchanzed
Pig in 24 conjugates: + lbehydrox amghetmmine
(% dose) glucuronid sulphate 4 yamp |
&
4 97 43 8.4 48 o
]
5 97 51 " 0.6 ‘ 4y
6 73 60 7.8 32
Mean 89 51 | : 5.6‘ L3

¥ In the case of pigs 4, 5 and 6, 61, 35 and 32y, of dose respectively in urine in
3 h and for pigs 4 and 6, 84 and 475, of dose respectively in urine in 6 h.

¥ This 1“0- pealk hydrolysed by p-glucﬁronidase (Ketodase) to give a 1uc-pcak with

Rf value of A4=hydroxyamphetamine. This hydrolysis by 3 =glucuronidase was inhibited
by saccharo~l,4=lactone.

14
+ This C-peak hydrolysed to free Ad-hydroxyamphetamine by the sulphatase preparation
(contains both sulphatase and =glucuronidase activity) in the presence of
saccharo-l,h-lacton¢, which inhibited the(3-glucuronidase activity of this

enzyme preparation,



Table 4.5 Compounds found in pig urine after the administration of Loyjydroxyamphetamine

The method of administration of 4-hydroxyamphetamine and the collection of urine are
deseribed in the text.

Metabolites found in urinec+ Rf value (solvent®) of metabolite
L-jjydroxyamphetamine 0.80 (B), 0.79 (G)

- ha)iydroxyamphetamine sulphate 0.54 (B)
bajjydroxyamphetamine glucuronide 0.15 (B), 0.26 (G)

+ See Table 2 for % lhc excreted in 24 h found in each metabolite

= The letters in this column refer to solvents given in Table 1

- = 95T -



Table 4,6 Chromatography of Morphine and its Metabolites

For paper chromatography, Whatman No. 1 paper and the descending technique were used; for
T.L.C. plates were prepared with fluorescent silica gel (see text). Solvents; paper
chromatography; LK, Benzenes Methanol: Amyl alcohol: Water: Pyridine, (9:7:3:2:1 by vol);
T.L.C.3A, Butan-l-ol: Acetone: 5% Acetic Acid: Ammonium hydroxide §%: Water (453115:10:
10:20 by vol.); B, Ethanol:dioxan:benzene;:con.NiyOH (5:40:50:5 upper phase); C, n-butanol:
Acetic acid (glacial); water (4/1/5 v/v. upper phase); D, Chloroform; methanol,

(3:1 v/v.) Morphine and its metabolites were visualized by spraying the coromatograms
with freshly diazotized p-nitroaniline followed by 0.5 M KOH in ethanol when a
reddish~-brown colour was obtained.

Rf Values in Solvents

- LCT -~

TeLsCe Paper
Chromatography
Compound A B C b E
Morphine o.42 0.1 0.44 o0.22 0.76
Morphine=3~glucuronide+ 0.15 - 0.35 - -
Morphine=6~glucuronide+ 0.25 - 0.45 = -
Morphine-3~sulphate 0.33 0.0 0.2 O - 0.22

+ The values quoted for these glucuronide conjugates were obtained from
the literature (sce ®xt).



table 4.7 Urinary metabolites of E;hé] morphine in Cat

Two female and one neutered male mongrel full grown cats were used. Lérlao methz;]
morphine hydrochloride (10HCi/anima1), together with sufficient carri morphine

to give a dose of 5 mg/kg all dissolved in 1 ml of water was injected intraperitoneally.
Urine was collected for 24 h then chromatographed in the solvents of Table 5.1.

1l‘c % 1hc excreted in 24 h found as;-
Wt. excreted morphine conjugates:
Cat Sex (xe) in 24 h glucuronic acids morphine—B—sulphate; Other+ Morphine
(% dose)

1 F 3 &5 nd 67 1 33
2 M 3 o1 nd 73 1 27 1
‘ » .
3 F 3 87 nd 7h 1 24 %
i

MEAN 88 nd 71 1 28

# This peak wab hydrolysed by a sulphatase preparation from (Helix pomatia)
and also by dilute acid as described by Garton and Williams,(1949). From
its chromatographic values concluded it was morphine-3-sulphate.

+ This peak was only detected in solvent E (paper chromatography). It was
hydrolyzed under the conditions above suggesting it was a sulphate, it
was concluded that it was morphine-6-sulphate.



Table 4.8 The Chromatopraphy of Phenolphthalein and its Metabolites

'or paper chromatography Whatman No. 1 paper and the descending technique were used. Solvents:
YButan-le-ol-Acetic Acid (glacial)=-Water (%4/1/2); (2) Butan-l-ol-Ethanol-Acetic acid (elacial)
water (32/8/1/12); (3) Propan-l-ole-ammonia (7/3); (4) Pyridine-Pentan-l=ol-Water (7/7/6)s
(5) Propan-l-ol-Pyridine-Water (1/1/1). Phenolphthalein was identified by spraying with
glycine buffer (pil 10.4) when they gave a red colour. Phenolphthalein disulphatc gove

this colour after hydrolysis by spraying with dilute HCl., warming at 100°C for 2 mins.
then spraying with buffer as above., Phenolphthalein glucuronide was identified by

spraying with 1% Naphtho=resorcinol in 33% Trichloracetic acid when it gave a blue

colour on warming at 100° for 15 min. Phenolphthalein, and hydrolyzed phenolphthalein
disulphate were also visualised by using freshly diazotized p-nitroaniline followed

by 0.5 M KOH when they appeared as yellow-orange spots.

Rf value in Solvent

Compound , 1 2 3 L 5
Phenolphthalein 0.91 0.93 0.90 0.91 0,90

Phenolphthalein !

monoglucuronide 0.59 0.85 0.50 0.55 0.78 o

Yo)

Phenolphthalein .

disulphate 055 0.46 0.l 0.25 0,50




Table 4,9 Urinary Metabolites of I—BH—, Phenolphthalein in the Cat

Two female and one neutered male full grown mongrel cats (3-3.5 kg) were used., The
phenolphthatein (20,,0:'1./anima1, 25 mg/kg) was administered intraperitoneally (see text).
The urine was collected for 24 h then chromatographed in the 'solve'nt§ of table 4.7.
The chromatograme were then cut into 1 cm pieces and the associated “H determined

by the Tricarb Scintillation Spectrometer. ' '

cat sex WP 3l excreted in 24 h ' A 311 excreted in 24 h found as
(xXg) (% dose) ~ Phenolphthalein glucuronide+ #Phenolphthalein monosulphate

. t

3 M 3.5 195 67 33 =

©

L F 3 b5 53 , b7 |
5 F 3 - 17 59 R
MEAN 27 60 | Lo

+ Hydrolysed by Ketodase, but not in the presence of saccharo-l,4lactone.
¥ Hydrolysed by sulphatase or dilute acid as described by Garton, et al., (1949) only
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CHAPTER FIVE

PHENYL DIHYDROGEN PHOSPLATE,

A NEW METABOLITE OF PHENOL IN THE CAT
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Chapter Two shows that in the cat [E%g phenol is
excreted in the urine mainly»as phenyl sulphate with some
quinol sulphate mand just detectable amounts (<1l% of the dose)
of phenyl glucuronide. However, there was also found an
appreciable amount (up to 8% of the dose) of an unknown metabos=
lite. fThus, radiochromatogram scans of cat urine showed,
when the chromatograms were developed in the solvents of

Table 5.1, a small unidentified 1%

14

C peak at the origin,
This C peak was detected when [Eﬁé] phenol was administered
both orally and intraperitcneally at 5 and 25 mg/ml (see
Tablé 2.3, Chapter Two). This Chapter describes the
identification of this unknown metabolite of phenol in

the cat as phenyldihydrogen phosphate.

OH

I
0-P=-0H
i

0
phenyl dihydrogen phosphate
The formation in vivo of the phosphates of foreign
organic compounds is a conjugation reaction which has been
rarely observed in the past. Troll, et al., (1959) detected

a new metabolite of 2-naphthylamine in the urine of dogs.
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Enzymic studies indicated that this was di(2-amino-lenaphthyl)
hydrogen phoéphate. This was confirmed by Boyland, et al,
(1961) who synthesized the new metabolite. Radomski, et al,
(1967) administered 1= and 2enaphthylamine to dogs and
although di(2~-amino-l-naphthyl) hydrogen phosphate was
detected, the comparable diester was not present in the
urine of dogs treated with l-naphthylamine.
Di(2~-amino-lenaphthyl) hydrogen phosphate has aroused
some interest as a detoxication product because
2e«naphthylamine has been implicated as a causitive agent of
bladder cancer in dogs and humans exposed to this chemicél.
In these two species 2-naphthylamine is hydroxylated to
2=amino~l-naphthol, which i3 excreted as the sulphate and
glucuronide conjﬁgates and also as the phosphate derivative.
2=Amino~l-naphthol is thought to be the active agent in the
induction of bladder tumours by 2~-naphthylamine and
hydrolysis of the above conjugates in the bladder would
release this known carcinogen. The sulphate ester of
2=amino«l-naphthol is apparently not hydrolysed by any known
naturally occuring sulphatase and the glucuronide conjugate,
although hydrolysed by'P-glucuronidase which is present in the

urine, has also been found in the urine of animals not
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susceptible to bladder tumour formation whén fed
2-naphthylamine (Troll, et al., 1963). However, it has
been suggested that d1§2~amino—1—naphthy1) hydrogen phosphate
is the probable cause of the bladder cancer because this
conjugate is excreted in dogs but not in rabbits, which
do not_develop_bladder tuﬁours in response to 2~naphthylamine,
and furthermore the bladder epithelium is rich in phosphatases
(Troll, et al., 195931963),(Schmidt, 1961).
Di(2-amino~l-naphthyl) hydrogen phosphate contains two’
molecules of 2-amino-1-naphthol to one of phosphoric acid.
Boyland, et al.,(1961) examined the urine of animals treated
with 2-naphthylamine for the mo..oaryl phosphate conjugate
containing one molecule each of 2«amino--l-nsphthnl and
phosphoric acid (i.e. 2-amino-lenaphthyl dihydrogen phosphate)
and failed to detect it.

Lotlikar & Wasserman,(1970) showed that N-acetyleN=-
hydroxy-2-aminofluorene interacts with phosphate buffer
at pll7 to produceAwater-soluble material which was
characterised as the N-O-phosphate. The phosphate ester of
N-acetyleN=hydroxy-2-aminofluorene was also formed by an ATP
aixd Mgz+ dependant enzyme-~catalyzed system from rat liver

in vitro. The evidence for the formation of this phosphate in
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the above in vitro system is,‘however, equivocal and has

been reviewed by Irving,(1970). This phosphate conjugate
has never been detected in rﬁt urine following administration
of Eracetyl-ﬁrhydroXyeZ-aminofluorene to rats and it has

been suggested that this is due to.the activity of |
phosphatases in bladder epithelia (Schmidt, 1961).

Monoethyl phosphate has been isolated from the livers of
rats given large doses of ethanol intraperitoneally. '
vsing *C labelled ¢thanol and E‘gﬂ phosphate the
phosphorylation was demomstrated in vitro with a rat liver
preparation, subsequent hydrolysis yielding radioactive
32 -

ethanol and ““P-labelled phosphoric acid (Tomaszewski &
Buchowitz, 1972). ‘ |

Phosphate conjugates have been found in some insects.
loNaphthol.»for example, as well as being conjugated with
glucose and sulphate, also appears to be conjugated with
phosphate. Thus, houseflies, blowflies and New Zealand
grass grubs (but not locusts) all excrete lenaphthyl dihydrogen
phosphate as a metabolite of l-naphthol, this conjugate
being the major metabolite in grass grubs (Binning, et al.,
1967). Heenan and smith, (1967) showed that p-nitrophenol and

l-naphthol form glucoside-6-phosphates in houseflies and
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blowflies, but in these conjugates the phosphate group is

not attached directly to the phenol.

Materials‘and Methods

Phenol m.p. h3° was purchased from British DrugyHouses,
Poole, Dorset and rqcrystallised from aqueous ethanol.
Amberlite XAD-2 resin and disodium phenyl phosphate were
also purchased from British Drug Houses. [E}lhé] Phenol
specific activity 266 rCi/mg, and disodium hydrogen [%ég
phosphate, specific activity 200 PCi/ mol., were purchased
from the Radiochemical Centre, Aimersham, Bucks., U.K. Acid
and alkﬁline’phoSphatase were purchased from the Sigma Chemical
Company, Londone. vPhenyl P-D-glucoside was obtained from
the Sigma Chemical Co. Ltd., London. The other compounds are

as described for the study of phenol in Chapter 2.

Animals

Details of cats used are given in appendix 1. [Ega Phenol
dissolved_in water was administered orally or intraperitoneally,
(10 PCi per animal) together with sufficient carrier phenol to
give a final dose of 25 ﬁg/kg.

Two cats were each given intraperitoneally in 1 ml of water
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1l mg of disodium hydrogen [E?é] phosphate on two
consecutive days. On the second day they were also given
in 1 ml of water neutralised by 2.5 M NaOi, 25 mg of pheﬁol
per kg. |

Thé animals were placed in suitable metabolism cages
and their urine collected daily in receptacles contailning
a few drops of 2 N=-lICl to lower the pH and prevent

bacterial breakdown of conjugates.

Radiochemical ggphniques

140 was estimated as described in Chaptexr Two. 32

P
redioactivity was determined using a Packard Tricarb
Scintillation Spectrometer (Model 3320). The settings of

the instrument were optimally adjusted (Gain 13.5%, window C-=D
50—>0Q) and the radiocactivity reading in this channel (Blue)
was taken., It was found that counting efficiencies of

95-100% were obtained. In some experiments the paper strip
chromatograms were cut into 1 cm pieces and placed in dioxan

scintillatior and the associated 32P radicactivity detexrmined.

Chromatography

The unknown metabolite was detected on radiochromatogram



scanning of the urines of cats which had received {EEE] phenol

at 5 or 25 mg/kg orally or intraperitopeally when it

appeared as a small peak at the origin of the chromatograms.

The largest quantity of the unknown 140 peak was obserxrved

on radiochromatogram scanning of the urine of cats receiving

[EFE] phenol intraperitoneally. Greater quantities of the

unknoﬁn metabolite were observed following intraperitoneal

rather than oral administration at both 5 and 25 mg phenol/kg.
With the solvents employed for the detection of phenyl

| or quinol sulphates and glucuronides (see Chapter Two, Table 2.2)

the unknown metabolite remained at the origin of the

chromatdgram. Six other solvents were used and the Rf value

of the unknown metabolite increased (see Table 5.1 and Fig 5.1).
When urine containing 32P was chromatographed a very

large peak was found at the origin due to inorganic l?%g}

phosphate (see Fig 5.2). This would have "overshadowed"

any smaller peak due to phenyl phosphate, so that a means of

reducing the inorganic phosphate content of the urine was

required; Amberlite XAD-2 resin was employed.. A column of this

resin, 2 cm in diameter and 40 cm long was constructed. This

column was washed with 3 x 25 mls of distilled water. The
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urine was then added to the column and the inorganic

[:;J phosphate washed through with water. The aromatic
conjugate was then eluted from the column with analar
methanol (3 x 25 ml), the volume of which was reduced to

1 ml, using the rotary evaporater. Samples (0.1 ml) of
this concentrated methanol eluate were then chromatographed

(in solvent 1, Table 5.1; see also Fig 5.2).

Enzyme lydrolyses
The unknown metabolite of [E{J phenol observed on

radiochromatogram scanning had an Rf value of 0.25 in

Solvent 1 of Table 5.1. This peak was not observed however

in urine which had been incubated with alkaline phosphatase
undexr the following conditiops, 1l vl of cat urine + 1 ml of
alkaline phosphatase (20 mg/mi 1n 0.1 M glyeine buffer, pH
10.4). In the control incubate boiled enzyme: was used. Both
incubations were at 37° for 18 h. The incubated urines (0.2 ml)
were then chromatographed as described above and the

distribution of 1%

C metabolites determined with the
radiochromatogram scanner. (Under these conditions standard
disodium phenyl phosphate (100 mg in 1 ml of fresh normal cat

urine) was hydrolysed and the resultant phenol detected with
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the FolineCoicalteau reagent).

Similar incubations under appropriate conditions were
performed with other enzymes; !Z-glucuronidase (Ketodase),
sulphatase and P-glucosidase (emulsin). In @i} the cases,
the relevant authentic phenol conjugates for these enzymes
were hydrolysed to phenol which was detected as ahove.

All the urines used for these incubations contained no
UgCl, (as a bacteriostat) since this might inhibit

enzyme activity.

and its identificat@gg by reverse isotope dilution

Cat urine (0.3 ml) was chromatographed on Vhatman No.l
paper (5 cm strip) in solvent 1 (Table 5.1) and the

unidentified ¥

C-labelled metabolite located by
radiochromatogram scanning. The area of the papexr
chromatogram correspording to the unknown metabolite was
eluted with water (10 ml). Twelve chrnmatograms were treated
in this way and the eluates pooled. The combined eluates
were concentrated at reduced pressure at 40° to a small
volume. A 1lml aliquot of this concentrated eluate was then
removed and incubated with alkaline phosphatase as described
above. A second aliquot (1 ml) was incubated with boiled

enzyme as a control. Phenol (100 mg) was added to the incubates,
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followed by sufficient bromine-water (approximately 8 ml)

to cause 2,4,6-tribromophenol to precipitate immnediately.

The 2,4,6-tribromophenol was filtered, washed with cold
ethanci, and recrystallised from a mixture of petroleume-ether
(bep.60-80°) and 1,2=-dichloroethane. The radioactive
recrysiallised product had me.p. 942 which agrees with the

reported melting point of 2,4,6-tribromophenol.

Isolation of the Unknown Metabolite from Urine and Mass
Spectroscopy

The combined urines collected for 24 h. from 3 cats which
had received lz%é] phenol (25 m~/kg intraperitoneally) was
filtered thfough Whatman No.44 paper. The urine was then
concentrated at réduced preisure to a small volume using é
rotary evaporator; the pH of the urine w;a alkaline (8=9)
and the temperature maintained below 550. The viscous urine
concentrate was codéled in ice and then acidified by the slow
addition of 11M=HCl (5 ml). After keeping at 4° for 1 h,
the acidified concentrate was extracted by prolonged shaking
with chloroform (3 x 50 ml). The chloroform extracts were
evaporgted to a brown oil which crystallized on keeping at

4° for 5 days in an evacuated desiccator. The radioactive
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product was extracted from the brown oil with a small
quantity of chloroform to give colourless crystals which were
répeatedly recrystallized from chloroform to a constant

mepe. of 98°. Phenyl«phosphoric acid has a m.p. 97-98°
(Jacobsen, 1875).

An authentic sample of disodium phenyl phosphate (1 g)
was dissolved in water (5 ml), 11 M-Cl (5 ml) added, and
phenyl phosphoric acid crystals (m.p. 98°) isolated in
a similar fashion to the crystals prepared above from cat

urine.

Preparation of the dimethyl ester of phenyl phosphoric acid

The 12‘C-la.belled phenylphosphoric acid isolated from

the urine of cats dosed with E?;] phenol and the phenyl
phiosphoric acid prepared from authentic disodium phenyl
phosphate were converted to theif dimethyl esters by
methylation with diazomethane. DBoth acids were dissolved
in methanol ( 1 mg/ml). 1 ml of each solution was placed
in separate yials and the methanol evaporated with a2 stream
of nitrogen. lhen the volume had been reduced to dryness,

1 ml of a freshly prepared solution of diazo-methane in ice-

cold ether was added to each vial (see Vogel, 1956).
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rMass Spectroscopy

The methanolic solutions of the urinary and standard
phenyl phosphoric acids and their dimethyl derivatives
were examined in a Varian MAT CH5 mass spectrometer. The
mass spectra were determined by direct insertion; probe
temperature‘l70°‘for phenyl dihydrogen phosphate and
135° for its dimethyl ester; source temperature 180°., The

electron-beam energy was 70 eV,

Results and Discussion

From Table 5.1 we see that the unknown metabolite of
EQEJ phenol has an Rf value &lmost identical to that of
standard disodium phényl phosphate in the six solvents used.

Cat urine containing this metabolite was heated with
dilute acid (undér which conditions sulphate conjugates are
hydrolysed as described in Chapter Two see Garton, et al.,
(1949). Trollowing this hydrolysis the unknown metabolite
was not detected on chromatography and radiochromatogram
scanning of the urine. Under these conditions authentic
disodium phenyl phosphate dissolved in cat urine was also
hydrolysed and the phenol liberated was detected using the

Folin=Coicalteau reagent.
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The unknown luc-metabolite was not detected on
radiochromatogram scanning of urine incubated with alkaline
phosphatase., Furthermore, using this enzyme a solution
of standard disodium phenyl phosphate in.control cat urine
was also hydrolysed, the free phenol liberated being
detected with Foline~Colcalteau's reagent. Boiled alkaline
phosphatase was also incubated with a sample of the cat
urine as a control and the unknown metabolite was not
hydrolysed (see Fig 5.1). Incubations with p =glucuronidase,
sulphatase or qulucosidase did not hydrolyze the unknown
metabolite. Thus it appears from these preliminary enzyme
hydrolyses that the unknown metabolite is a phosphate
conjugate. It is likely that this conjugate was a monophosphate
since alkaline phosphatase only attacks monophosphates.

Wong =~ , (1972) suggested that glucosides might be
formed as alternative metabolites to glucuronides in cat.
lHowever, the unknown metabolite was snown not tc be a
glucoside because it was not attacked by p-glucosidase
(emuls{dp) and the Rf value of phenyl glucoside is different
from that of phenyl dihydrogen phosphate (see Table 5.1).
The liberation of EFE’ pPhenol from the radioactive
metabolite by alkaline phosphatase was demonstrated as follows.

The unidentified ll‘c-me't;a.bolzi.'l:e was eluted from twelve
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chromatograms and the unidentified combined eluates
concentrated to a small volume and this concentrated eluate
hydrolysed with alkaline phosphatase. This gave [EFC

phenol whioh was isolated as radioactive 2,4,6-tribromophenol
(see ﬁethods). In control experiments using inactivated
alkaline phosphatase no radioactivity was detected in

the 2,4,6-tribromophenol isolated as above.

The lhc—labelledvphenyi phosphoric acid extracted from
cat urine (see Methods) was shown to have the seme m.p. (98°)
as the acid prepared from disodium phenyl phosphate. This
agrees with the repﬁrted m.p, of monophenyl phosphoric
acid (see Jacobsen, 1875). |

When the phenyl phosphoric acid crysfals isolated from
cat urine and the authentic sample were investigated-by
méss spectrometry the spectra of both samples were almost
identical (see Fig 5.3). The phenyl phosphoric acid isolated
from cat urine showed a very small molecular ion at m/e 174.
Ions characteristic of éhenol were observed in both spectra
(see Fig 5.3). (The mass spectrum of phenol shows peaks
with m/e values of 94, 66, 65, 55, 51 and 50 respectively,
see Beynon,‘gslgi.. 1968) . The peak with m/e 94 corresponds
to the parent ion. The peaks at m/e 66 and 65 probably aiise
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by loss of CO and CHO respectively from the phenol molecule.

OH

molecular ion (m/e = 94)

suggested intermediate
form of phenol molecular ion

-CO \ -CHO

m/e = 66 m/e = 65

The peak at m/e 77 could be a phenyl (C6H5)+ ion
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The methylated derivative of authentic phenyl dihydrogen
phosphoric acid and the saumple isolated from cat urine were
almost identical (see Fig 5.4). Both spectra showed a
peak at m/e 202 (parent ion). Some of the peaks at
m/e, 168, 141, 139, 128 and 115 are also found in the
spectra of the free acid.

Thus from the mass spectroscopy studies we see that the
unknown 140 metabolite isolated from cat urine is phenyl
dihydrogen phosphoric acid. Also the presence of phenol in
this compound was confirmed by the recognition of some of
the mélecular fragments.

When the amount of the inorganic 32P-radioactivity
present in the urine was reduced in the manner described in
Methods subsequent chromatography and radiochromatogram
scanning showed a distinct peak corresponding to monophenyl
phosphoric acid in the solvents of Table 5.1. This peak
was not detected in day one cat urine before phenol had been
administered (see Fig 5.,2). From this experiment it is
concluded that in cat phenol is conjugated with phosphate
in vivo. It was not possible to calculate the percentage
of the dose of phenol conjugated with phosphate, because

endogenous phosphate would also be available for conjugation
with phenol.



- 185 -

From these results it is concluded that monophenyl
phosphoric acid is formed as a minor metabolite of phenol
in the cat. Phosphate conjugates are rare in nature and
it is interesting to note that in the cat a phosphate
conjugate was only detected after phenol was administered;
phosphate conjugates of l« and 2-naphthol, phenacetin,
moxrphine or phenolphthalein were not detected (see Chapters
Two, Three and Four).. It could be postulated that the
enzymes forming phosphates (in the case of cat presumably
a "phenol kinase") are relatively substrate specific, This
would be expected since the endogenous substrates for
kinases are often substrates of intermediary metabolism,
and the reactions catalysed are irreversible and important
in that they "activate" many compounds {e.g. glucose=6-
phosphate, fructose-l1,6-diphosphate). It is to be
expected therefore that the active sites of these enzymes
have evolved to determine relatively high substrate-specificity
and consequently kinases might not be suitable as A
detoxication enzymes. In the case of cat the presence of
other groups on the ring might cause ateric hinderance at

the active site of the enzyme and thus only phenol would

be suitable as a substrate for the kinase.



Table 2.1 The Chromatogzgghx of Phenxl Phosghate

Paper chromatography using 5 cm strip of Whatman.. No.l paper and the descending technique
were used. Disodium phenyl phosphate was visualised (a) by spraying chromatograms with
concentrated nitric acid, heating the paper at 100°C for 2 minutes followed by Spraying'with
L¢, ammonium molybdate and warming the paper until a dark blue~brown colour on a yellow
background appears, and (b) by spraying with cobalt chloride (1% solution in acetone) followed
by gentle heating until blue spots develop (see Donner and Lohs, 1965).

Butan-leol: '
Propan~l=-0l Ethanol ' Acetic Acid: Butanel=ol Pyridine: Butonsleol
Solvent Ammonia Water (Glacial) Ethanol Penton=l-0l: Acetic Acid
(5.G.0.88) (7/3)v/v Water e Hater Water (Glacial):
(1/1)v/v (12:3:5 by vol (;731120 by vol (7:7:6)by vol Water :
(1) (2) (4 (5) (4311:2)by vol
: (6)
UNKNOWN
Rf by _
radiochromatogran 0.25 0.k4o 0.16 ' 0.2h 0.03 0.25
scanning '
: s
Disodium 0.24 0. 44 0.17 0.24 0 0.25 g
]

Phenyl Phosphate

Phenyl g =D ‘
glucoside 0.65 - - - 0.50 0.70
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Table 5.2
The Urinary Excretion of 22p following the
administration of disodium hydrogen

Eiz phosphate to cats

Two cats were each given intggperitoneally in 1 ml of
water 1 mg of disodium hydrogen [“<P] phosphate on two
consecutive days. On the second day they were also glven

in 1 ml of water neutralized by 2.5 M NaOH, 25 mg of phenol/kg.
Urine was collected over 48§ h and counted as desctibed in the
text.

% Excretion of J<p radioactivity
over 48 h

0=l be6  6-2b  Total

DAY ' 1 Cat One 64 8 12 85
Cat Two 56 22 19 - 97
DAY 2 Cat One - 48 32 79.

cat Two 49 23 33 105
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Fig 5. 3 Mass Spectra of Phenyl PhoSphoric Acids
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Fig 5.& Mass Spectra of Dimethyl Phenyl
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CHAPTER SIX

PRELIMINARY STUDIES

ON METABOLISM OF PHENOLS

IN OTHER SPECIES
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Introduction

As well as conducting the experiments on the metabolism
of phenols in cats and pigs described in the previous chapters
some preliminary investigations with other species were
carried out. These were the effect of the route of
administration on the excretory pattern of phenol in the
hen and the metabolism of phenol and 4=hydroxyamphetamine
were examined in four primate species.

The majority of species studied to date are reported to
conjugate morphine with glucuronic acid. One exception is
the cat which excretes morphine principally as
morphine~3-sulphate (see Chapter Four). Hen also excretes
Vthis drug principally as morphine=3-sulphate, Fﬁhimoto and
Haarstad, (1969) isolated thias conjugate from thc excreta of
hens which had been injected intramuscularly with morphine.
Thus the hen appears to conjugate morphine in a similar fashion
to cat which forms glucuronic acid conjugates only at a very
low level. From these experiments it could be speculated that
the hen is defective in forming glucuronic acid conjugates
of morphine. It has been reported that hen is unable to
form glucuronic acid conjugates of bilirﬁbin (Dutton and
Burchell, 1969). The hen excretes orally administered

phenol, D= or L-borneol,'h-chloro-3.5¥xylenol, benzoic acid



and g-methoxybenzoic acid partly as glucuronic acid
conjugates (see Baldwin, 1961). It is possible, therefore,
that ir the hen the route of administration of the foreign
compound might influence the type of conjugate excreted.
In thé experiments described in this Chapter [E#;] phenol
was administered to hens by various routes in order to
determine whether the mode of administration of this
compound can influence the.type of conjugate excpeted.
French,(1970) administered 15; phenol orally to man
. and three species of primates; Rhesus monkey (0ld World
monkey species) and two species of New World monkey (squirrel
and capuchin monkey). It appeared that man and 0ld World
monkeys conjugated phenol mainly with sulphate, whereas the
herbivorous New World monkeys conjugated phenol mainly with
glucuronic acid. I{owever, man received a much lower dose of
phenol (0.0l mg/kg) than the other primates (25 mg/kg). These
primates were thus dosed orally with phenol at a level
comparable with man to ascertain whether this excretory
pattern was still applicable. The primates dosed with phenol
were alaso dosed with 4-hydroxyamphetamine by the same route
and>at a comparable dose level to determine whether any
conclusions drawn from the results of the phenol studies would

apply to other phenolic compounds.
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Materials and Methods

The matérials used in the experiments on hen, and the
methods used for their estimation are fully described in
Chapter One. The materials and methods used for the
investigation of phenol metabolism in primates are also
described in Chapter One. The materials used for the
investigation of 4ehydroxyamphetamine in primates are
described in Chapter Four.

Animals

The animals used (see Appendix 1) were obtained from
dealers in.fhe London area and maintained on appropriate
diets. E}g} Phenol (10 uCi/animal) dissolved in water
(0.5 mls), togethexr with sufficient carrier phenol neutralised
with 2M NaoH (1 ml/animal), to give a final dose of 25 mg/kg
was administered to hens by various routes. For oral
administration a crop tube was employed, otherwise phenol
was injected either intraperitoneally, or intramuscularly
(1eg muscle).

E?iﬂ Phenol (10 rCi/animal. 0.01 mg/kg) dissolved in
water (1 ml) was administered to the primates in their food.
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E"Q Lhoydroxyamphetamine (3.2 Pci/animal, 0.01 mg/kg)
dissolved in water (1 ml) was also administered to these
primates in their food.

For collection of urine animals were housed in suitable
metabolism cages and their excreta collected on galvanised
metal trays. The trays were washed with distilled watex
(3 x 50 m1) and the faeces removed from the combined
washings by centrifugation at 2,000 r.p.m. for 10 min.

The washings were then counted and chromatographed as

described above for urine samples,

Results and Discussion

Hen |
| Following the administration of Ez";_] phenol intraperitone
eally, orally or intramuscularly to hens, about 50% of the
dose was recovered in the excreta in 24 h (Table 6.1). When
E] phenol was administered orally or intraperitoneally

to hens two large radioactivity peaks at Rf values 0.44 and
0.75 in solvent A of Table 2.2, (see Chapter Two) Were seen

on radiochromatogram scanning of the excreta (see Fig. 6.1).
When E] phenol wag administered intramuscularly to hens
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only one large radioactive peak at Rf 0.75 was seen on
radiochromatogram scanning (see Fig. 6.1). Chromatography
of authentic samples showed thét thigse peaks at Rf 0.44 and
6.75 corresponded to phenyl glucuronide and phenyl sulphate
respectively. The identity of the radioactivity peaks

was confirmed by acid and enzymic hydrolysis. It was

found that a radioactivity peak of Rf 0.4l was not detected
on radiochromatogram scanping of excreta incubated with
(f=glucuronidase or sulphatase (which contains p-glucuronidase
activity), whereas the radioactivity peak at Rf 0.75 was h

hydrolysed on sulphatase incubation of the excreta. The

radioactivity peak at Rf 0.75 was not detected on
radiochromatogram scanning of excreta heated with 2N HC1
under which conditions sulphates, but not glucuronides are
hydrolysed (see Garton, et al., 1949). It was concluded,
therefore, that the radioactivity peaks at Rf values 0.44 and
0.75 in Solvent 1 represented phenyl glucuronide and phenyl
sulphate respectively.

‘ Radiochromatograms representing hens which had received
E};] phenol by each route were cut into 1 cm pieces and

the associated 1“0 determined using a liquid scintillation



- 200 -

spectrometer. Using this technique the percentage of the
metabolites present were accurately determined. It was

14

found that a greater quantity (41%.of ~ C recovered) of

glucuronide was formed after intraperitoneal than oral

(28% of 14

C recovered) administration of phenol (see Table 6.1).
In the case of hens dosed ihtramuscularly with phenoi a
small but distinet amount (4%) of lhc-radioactivity, of
Rf value 0.44, corresponding to authentic phenyl glucuronide
was present. This radiocactivity was not detected on cutting
up radiochromatograms of urine which had been incubated with
p-glucuronidase. Thus hens dosed intramuscularly with
Phenol excreted only small quantities of phenyl glucuronide
and therefore conjugated this compound in a similar fﬁshion
to cat which is defective in forming glucuronides.

Generally when a foreign compound is administered to
an animal intramuscularly it is absorbed gradually into the
blood stream from where it will be circulated to the principal
site of drug metabolism, the liver. When a similar dose of
foreign compound is administered intraperitoneally it is
usually rapidly absorbed and passes directly to the liver
so that the hepatic enzymes are in effect challenged with a

greater dose of xenobiotic, presumably for a shorter interval
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of time. Therefore from the metabolic aspect intramscular
administration could be likened to a lower dose over a
prolonged period. Williams, (1938) stated, and it is
generally accepted, that as the dose of a foreign compound
increases the amount of sulphate conjugation decreases and
the amount of glucuronide conjugation increases correspondingly.
Thus following intraperitoneal administration a greater amount
of glucuronidation of a compound would be expected, whereas
following intramuscular administration a greater amount of
sulphate conjugation_may occur.' This was seen to be the case
in the experiments performed on hen. Therefore the
observation that in hen phemyl glucuronide excretion depends
on the route of administratic.: of this compound could be
explained in terms of differing absorption rates.
Furthermore, however, there is an anatomical
consideration when considering these experiments on the hen.
The hen has a renal portal blood system so that blood from
the legs is returmed to the heart via the kidneys. Thus
before reaching the liver compounds administered to hens via
the leg will traverse the kidneys. It is possible that the
kidney of the hen is responsible for the extensive sulphation
of the phenol administered so that the compound is conjugated
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before reaching the liver where it might be conjugated with
glucuronic acid, In order to determine which of these
hypothéses is correct further experimentation is necessary.
A similar dose of phenol must be administered to hens via
the breast muscle. If appreciable quantities of phenyl
glucuronide are formed then the lack of glucuronide
conjugation observed when the phenol was administered via
the leg would be due to the umusual renal portal system of the
hen, If véry little phenyl glucuronide formation occurs
whether the phenol is administered via the breast or leg
muscle then this is likely to be due to the slow rate of
absorptioh following intramuscular administration. '
Primates

(a) Phenol [Eé;] Phenol was administered to 0l1d World
monkeys (2 rhesus monkeys and one cynomolgus) and to New
World monkeya (é squirrel monkeys and 2 capuchins). The

recovery of ;h

C radioactivify in 24 h. monkey urine was not
as high as in experiments performed with other species. This
was probably due to technical difficulties encountered in
working with these primates. Small amounts of urine were

produced which dried on the galvanised collection trays.
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Bacterial contamination from faeces might result in
deconjugation of metabolites and the E‘a phenol (m.p. 43°)
liberated would vaporize under these conditions, or possibly
be oxidised to polyhydroxyphenols. Unidentified Y*c-material
believed to be oxidation products of phenol was observed at
the origins of chromatograms of the urine of these primates.
On radiochromatogram scanning of the urine from 0ld World
monkeys one malin radioactivity peak of Rf value corresponding
‘to an authentic sample of phenyl sulphate in the solvents of
Table 2.2, Chapter Two, was detected, 0On radiochromatogram
scamning of the urine of New World monkeys three
radioactivity peaks, the Rg values of which corresponded to
authentic samples oquuinol glucuronide, phenyl glucuronide
and phenyl sulphate in the eolvents of Table 2.2, Chapter Two.
The identity of these radioactivity peaks was confirmed by
specific snzyme hydrolysis, The conjugates assigned
glucuronides were hydrolysed by p-glucuronidase since they
were not‘observed on radiochromatogram scanning of monkey urine
which had been incubated with p-glucuronidase or sulphatase
(which conteins P-glucuronidase activity). The sulphate

conjugates were hydrolysed byvsulphatase only.
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Radiochromatograms developed in solvent A,
representative of each type of primate used, were cut into
1 cm pieces and the associated lhc—radioactivity determined
using the liquid scintillation spectrometer. By this
technique the percentage of each of the metabolites present
were determined (see Table 6.2)., It is seen that in the
case of New World monke&s phenol is conjugated extensively
with glucuronic acid (squirrel monkey 66% and capuchin 52%).
0ld World monkeys however formed greater amounts of sulphate
conjugates (rhesus 62%, cynomolgus 82%). Thus it appeared
that 01d World monkeys conjugated phenol preferentially
with sulphate whereas New World monkeys utilise glucuronic
acid. These results are, therefore, in agreement with the
findings of French, 1970.

(v) 4~Hydroxyamphetamine E?;] Lh-Hydroxyamphetamine was
administered orally to the same primates which had received
phenol. on radiochromatogram scanning of the urine one
1l‘c-radioactivity peak of Rf values Q.54 and 0.48 in solvents
By, G (see Table 4.5, Chapter 4) was detected in the urine

of all the primates. This radiocactivity peak did not
correspond to any of the authentic samples of Table 4.3
(Chapter Four). However, it corresponded to the Rf value

ascribed to 4-hydroxyamphetamine sulphate (see Table h.s).
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In the case of the cynomolgus monkey a large amount of
radioactivity which corresponded in Rf value to authentic
h-hydroxy#mphetamine in solvents and was detected in addition
to the %&O peak detected in all the other primates. The 140
peak of Rf value 0.54 in solvent B was not seen on
radiochromatogram acanhing of monkey urine which had been
incubated with sulphatase. This peak was not hydrolysed

by P—glucuronidase. It was concluded therefore that this
radioactivity peak corresponded to 4-hydroxyamphetamine
sulphate.

Chromatograms of'urine developed in the solvents of
Table 4.5 representative of each of the primates were cut
into 1 cm pieces and the associated radiocactivity determined
using a liqui d scintillation spectrometer. A small but
i,

distinct amount of C of Rf value 0.15, 0.26 in solvents B

and G respectively ﬂas‘detected. This peak had an Rf value

in these solvents similar to that ascribed to 4-hydroxy-
amphetamine glucuronide (see Table 4.5). This 1hc was not
present on chromatograms of urine incubated with.P-glucuronidase
It was concluded therefore that this small amount of
luc-radioactivity corresponded to 4~hydroxyamphetamine

glucuronide. Thus in all the primates receiving
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E}EJ Lh~hydroxyamphetamine fhe principal.conjugate formed
was h4-hydroxyamphetamine sulphate and only traces (<2%)

of 4-hydroxyamphetamine glucuronide were excreted. Thus the
difference in.éonjpgative pattefn between New and 01ld World
monkeys‘seen with phenol does not apply to all other phenols
for, in the case of h-hydroxyamphetamine, extensive sulphate
~ eonjugation predominates for all the monkeys. This is
comparable with metabolism of h-hydroxyamphetamine in man,
whqre a dose.of this drug is also excreted principally as
h-hydroxyemphetamine sulphate (Sever, et al, 1973).

' I'rom these studies on hens and primates some useful
parameters relating to speciés with defective conjugation
reactions are obtained. In order to describe a species as
. defective in a conjugafion reaction it must have a limited
ability to form this conjugate regardless of the mode of
administration of the substrate. liens receiving phenol
by intramuscular injection Qia the leg appear to have little
ability to form glucuronide conjugates. Ilowever, when phenol
is given orally or intraperitoneally to hens considerable
- amounts of phenylglucuronide are formed. Turthermore, from

the results of phenol metabolism in the primates (see Table 6.2)
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it appears New World monkeys are poor at conjugating even
very low doses of phenol with sulphate (preferentially
utilising glucuronic acid). However these species are
not defective in sulphate conjugation since all the
monkeys studied conjugated 4~hydroxyamphetamine with
sulphate rather than glucuronic acid.

In conclusion a épecies'with a defect in a conjugation
mechanism must be one where a number of potential substrates .
administered at aimilar dose levels do not undergo the

reaction in question when administered by various..routes.
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3.

Summazry

The extent of glucuronic acid conjugation of phenol in

the hen is dependent upon the mode of administration

of this compound.

01d World monkeys appear to conjugate phenol mainly

with sulphate whereas New World monkeys form

glucuronic acid conjugates more extensively.

Both 0l1d and New World monkeys excreted 4~hydroxy-

amphetamine almost exclusively as the sulphate.



Table 6.1 The Metabolites of E;é] Phenol in the Hen
25 mg of phonol/kg

Three Rhode Island Red liens (2 = 2.5 kg body wt) were used.
24 hr excreta was collected

was administered by injection orally using a crop tube.
on galvanised trays and the faeces removed by centrifugation (see text). Samples
Average values

were chromatographed on Whatman No. 1 paper (5 cm strip) by the descending
the range of values for the animals found in column 5.

technique developed in the solvents of Table 2.2 (see Chapter 2).

% 1% excreted in 24 h found as;
Phenyl Quinol

are given with, in parentheses,
Phenyl Quinol
Sulphate Glucuronide Glucuronide

14 oxcreted in 24 h

Phenggse lhc Ruute of
Hens | o /ie pci/ Administration+ (% of dose) Sulphate
animal
3 3 1o i.p. 55.4(50-60) 56(53-62) 3(0-9)  41(37-47) - |
3 25 10 peo. 57 (53-60) 72(64-80)- - 28(20-34) - S
\o
3 25 10 i.m. 45.2(33-69) 93(87-98) 3(0-h4) 4( 2- 9) - |

+ l.p« = intraperitoneal injection
p.o. = oral (by feeding tube)
iem. = intramuscular injection



Table 6.2 The iletabolism of Phenol in Some Primates

The details of the primates used are given below., Phenol was administered orally
in the food. The urine was collected for 24 h. and then chromatographed in the solvents
of Table 2.2 (see Chapter 2) on Whatman No. 1 paper (5 am strip) and using the
descending technique. The Rf values given are the mean for 2 animals, with, in parcnthesis,
each individual value where appplicable.

monkey (1F)

14 :
Sp;gies Phenggse 14 excre:ed % 8¢ excreted in 24 h found as 1=
Sex ana  Tamily .. uci/  in 24 h Phenyl Quinol  Phenyl Quinol +
Trivial Name enimal (% dose) Sulphate Sulphate Glucuronide GlucuronideOther
Rhesus 2F ) _ »
Monkey( ) Macaca o.01 1o 40(51.29) 58(57,58) 4(2,5) 6(2,10)  2(0,4) 30(23, 37)
[
Cynomol gus : o
Crab-Lating Macaca 0.01 10 31.2 82 n.d. 9 9 S
'

Squirrel | ’ ,
Momkey (2r) Saimiri 0.01 1o  40(37,43) 7( 0,14) n.d. 58(42,68)  8(0,16)  27(23,31)
h
ngz;ein(ZF) cebus 0.0l 10 50(62,38) 33(31,34%) n.d. 45(43,51)  7(6, 8)  16( 7,22)
+ Other = Unidentified Iuc-material at the origin believed to be an oxidation product

of phenol
n.d. = Not detected
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Table 6,2_The.Metabolism of 4=iiydroxyamphetamine in Some Primates

The details of the primates used are given below. 4-l{ydroxyamphetamine was
administered orally in the food. The urine was collected for 24 h. and then
chromatographed in the solvents of Table 4.3 (sece Chapter 4) on Whatman No. 1 paper
(5 cm strip) and using the descending tethnique. 7The values given are thc mean for
2 animals, with in parenthesis, each individual where applicable. - :

Species Dose ., 140 % 18¢ excreted in 24 h found as;-
No. Femil h-Hydroxy- c excreted Jehydroxy- Lehydroxy- Free
Sex and Y  amphetamine rGi/ in 24 n  2wphetamine  amphetamine L-Hydroxye
Trivial name " mg/kg animal (4 dose) sulphate glucuronide amphetamine
Rhesus
Monkey (2F) Macaca 0.01 3.2 .72(70,71+) 93(9;.97) 2(1,2) 4(2,6)
Cynomolgus : _
Crab-Eating Macaca 0.01 3.2 60 12.6 2.8 th,6
Monkey (1F) :
Squirrel . , :
Monkey (2r) Selmiri 0.0l 3.2 21(20,21) 92(97,57) 1(1,1) - 7(3,12)
capuchin (2F) Cebus 0.01 3.2 65(45,84)  97(99,95) 1(1,1) 2(0,4)

No other metabolites were present in quantities greater than 1% of the dose.

- Tic -~
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CHAPTER SEVEN

GENERAL DISCUSSION
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General Discussion

The investigation has been carried out in oxrder to obtain
information concerning the éxtent_and specificity of some
defects in detoxiciation mechanisms. Sulphate and
glucuronic acid conjugation are phylogenically the most
widespread, and therefore lmportant, of the synthetic
detoxication mechanisms and these have been investigated in the
pig and cat respectively. From the preliminary studies in other
species discussed in Chapter Six a species with a defect in a
comjugation (detoxication) mechanism is one where the enzyme
performing the detoxication reaction has little ability to
metabolise various potential substrates administered at

similar dose levels by various routes.

cats Glucuronic Acid Conjugation
WVhen phenol was administered to cats either orally or

intraperitoneally detailed examination of the urine showed that
small amounts (0-2% of the dose) of phenyl glucuronide were
formed. It appears therefore that the cat is not totally
incapable of conjugating phenol with glucuronic acid. This

is in accordgnce with the original work of Robinson and

Williams, (1958) who reported that the amount of



- 218 -

l~methylumbelliferone glucuronide formed in response to the
administration of the fluorescent aglycone w;s almost
negligible, but not totally absent.

When radioactive 1~ and 2-naphthol and phenacetin
were administered to cats a similar excretory pattern to that
of phenol was found. Small quantities (2% of the dose) of
the corresponding glucuroniec acid conjugates were formed., In
the case of cats receiving morphine no glucuronic acid
conjugates were detected, but it is likely that this metabolite
might have been present in very small quantities since Yeh,
et al., (1971) were able to detect morphine=3-glucuronide in
the urine of cats following total hydrolysis of the sulphate
conjugate. Thus, with the above phenols cat is not totally
unable to form glucuronic acid conjugates, minor quantities
of these metabolites bsing excreted in the urine.

When E?;] phenolphthalein was administered to cats,
however, 60% of the 1“0 recovered in the urine was found to be
a monoglucuronic acid conjugate, the remainder was probably
phenolphthalein monosulphate. The recovery in the urine was
low (approximately 30%) so that approximately 20% of the dose
of phenolphthalein was excreted in the urine as the

monoglucuronide conjugate. In the case of the other phenols



administered. to cét no greater than 25 of the dose was
excreted in the urine as a glucuronic acid conjugate so that in
comparison with the other compounds administered cat was not
defective in forming glucuronic acid conjugates of phenolphthalein
It was concluded, thérefore, that the cat may form
appreciable quantities of glucuronic acid conjugates of soue
phenols and it might be possible to predict thé phenolic
likely to be c#creted aé a glucuronide.

In Chapter One the possible exisfence of a "family" of
UDP glucuronyl transferase enzymes was discussed. If such a
multiplicity of UDPG transferase enzymes with differing,
possibly overlapping, specificities occurs and if some of the
transferase enzymes are not defective then the extent of the
defect in glucuronic acid conjugation in cat will depend upon
the specificity of the defective UDPG transferase enzymes(s).
Enzymes involved in detoxicatiqn reactions are relatively
non-specific (compared with those of intermediary metabolism).
It is likely therefore that the UDPG transferase enzyme
(or isoenzyme) which has little ability to glucuronidate phenol
in cats will also be unable to form glucuronic acid conjugates
of a large number of other related phenols. Thus, to estimate

the specificity of the defective UDPG transferase enzyme(s)
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of the cat various phenols of differing structure were
administered and the levels of glucuroﬁic acid conjugate
excreted in the urine determined. It appeared the presence
of another planar aromatic ring (as with 1~ and 2-naphthol)
was not sufficient to invoke an al_ternative UDPG transferase
enzyme although there could be an alternative enzyme for these
compounds which was also‘defective in the caf. Similarly
h-acetamidOphénol, which was formed Ly the dealkylation of
phenacetin, was also excreted principally as a sulphate and
was therefore metabolised in a similar fashion to phenol.
Thus, the basic group in the p-position to the phenoiic =011
also does not invoke a nonedefective UDPG transferase enzyme.
forphine and phenolphthalein were also administered to
cats. These compounds have a larger molecular size than the
other phenols. It is likely that the molecular size of these
compounds woulu cause steric hindrance of the enzyme
responsible for.the conjugation of the smaller phenols, and an
alternative UDPG transferase would be necessary for these
larger phenols. Since morphine was excreted principally as a
sulphate in the urine it appears that the defective UDPG
transferase of cat which has little ability to glucuronidate

phenol can also utilise morphine as a substrate.
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Phenolphthalein, howevef, was excreted mainly as a

glucuronic acid conjugate in cat. It was concluded that the
cat was not defective in forming glucuronic acid conjugates

of phenolphthaléin. Therefore, an alternative non-defective
UDPiglucuronyl transferase enzyme might be responsible for the
conjugation of this compound. Gram, et al., (1968) studied

the intracellular distribution of UDPG transferase in rat

liver preparations using phenolphthalein, g=-aminophenol

and p-nitrophenol as substrates. Activity towards
phenolphthalein appeared equally in both rough and smooth
microsomes but activity towards o-aminophenol and p-nitrophenol
wvas predominantly in the rough microsomes. This was postulated
as evidence for the possible existence of diffe;ent transferase
enzymes for the glucuronidation of phenolphithalein and the
cther smaller phenols. The in vivo results described in
Chaptcr Four are, in agresmént with this idea.

From these limited studies it is difficult to.Speculate
upon the type of compound which could be conjugated with
glucuronic acid in the cat.. It is likely, however, that
larger phenols with a number of aromatic rings such as steroids
will be more likely to be excreted as glucuronides. The

compounds with the basic groups in the p=position to the
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phenol =0H group administered to the cat were not readily
glucuronidated, As discussed in Chapter One since phenols
are not readily glucuronidated in the cat their toxic effects
are prolonged and thus the cat will have a lower LD50 for
thése compounds than other species. Table 7.1 compares the
LD of the o-and p~ isomers of some phenols in the cat, It is
seen that 6=-cresol and o-aminophenol are more toxic to cat
than the respective p-isomers, o-nitrophenol, howWwever is less
toxic than penitrophenol. Both nitrophenols are less toxic
than the aminophenols or cresols. This could indicate that
nitrophenol’ié conjugated more extensively with glucuronic
acid than either aminophenol or cresol.

Table 7.1

Time of death
after the administration
of the compound

Dosage

Compound |Animal |Dose
P °8¢! mg/kg

Aminophenol Cat LD

o~ " n ;37 1.75 h

2. " n 30 h
Cresol Cat LD

o- " " 55 ’ 60 h

2_ L " 80 120 h
kitrophenol cat | LD :

-o-'- " " 600 -

B~ n " 197 -

Route of administration was Bubcutaneous injection
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This is in accordance with the findings of Mowat: and Arias,
(1970) who working with cat liver preparations showed that
p-nitrophenol waS'conjugated with glucuronic acid at a
slightly greater rate th#n o-aminophenol.

Thus far the effect of the molecular size and shape of
the compound has been discussed in terms of invoking a
specific UDPG transferase. The nature of the chemical group
which is conjugated will have an important bearing on the
specificity of the UDPG transferase. All the groups of
Table Y-1, Chapter One are potentially capable of forming
glucuronic acid conjugates. Therefore various compounds which
contain these groupa‘in their structure should be administered
to cats to determine whether non-defective UDPG transferase(s)
exist for the conjugation of groups other than the phenol =0H.
Various phenols have been administered to cats and the results
are summarised in Tablé 7.2,

Glucuronic acid conjugation in cats was reviewed by
Dutton, (1966). The cat had reportedly negligible UDPG
transferase activity tuwards o-aminophenol, menthd,
phenolphthalein, 8«hydroxyquineoline, lenaphthol and p-nitrophenol
French, (1970) demonstrated the apparent inability of the cat

to form glucuronic acid conjugates of phenol,benzoic acid and
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chlorobenzene. More recently Miller, et al., (1973) has shown
that only traces ({2%) of 2,6-dimethoxyphenol, quinol and
chlorophenol aré excreted as glucuronic acid conjugates in the
urine of cats. Some compounds have been detected in the bile
of cats as glucuronides including progesterone, testosterone,
corticosterone, thyroxihe._tyropanoic acid, ifiodopanoic acid,
and hydroxy derivatives of N=2efluorenylacetamide. These
glucuronides were detected but were not quantitated because
they were difficult to assay in bile. Information relating
to the excretion of some steroids in the bile of the cat was
reviewed by Taylor, (1971). In the case of corticosterone and
progesterone approximately 20% of the dose of these steroids
was excreted in the bile in 4 hours as glucuronic acid
conjugates, Some endogenous compounds are excreted partly
as glucuronic acid conjugates in the cat these include
metanephrine which is excreted in the urine (Axelrod, et al.,
1959) and bilirubin which is excreted in the bile, Dutton, (1966)
Thus the cat can conjugate both endogenous and foreign
compounds with glucuronic acid forming ethereal and ester
glucuronides. It was reported by Dill, et al., (1960) that the
glucuronic acid conjugate of the antibiotic chloxramphenicol
was excreted in the urine of cats. When this urine was

chromatographed an area of the chromatogram which corresponded



Table 7.2 Glucuronide Conjugation in Cat

—

vehicle Compounds reported not to Compounds reported excreted as

Dxcrgiion be excreted as glucuronides in cats glucuronides in cats
Urine p-nitrophenol 1l lorazepan 6
menthol 1l chloramphenicol 7
salicylamide 1 metanephrine 8
benzoic acid 2
phenol 3& 4
chlorobenzene 3
amphetamine 1
2,6=dimethoxyphenol 4
quinol L
4emethylumbelliferone 5
p-chlorophenol L
o=-aminophenol 1
l=naphthol 1
Bile phenolphthalein 9 progesterone 11
testosterone 1
corticosterxrone 11
thyroxine ‘ 1
tyropanoic acid 1
iodopanoic acid 1
bilirubin 1
hydroxy derivatives of
N=2«fluorenyl-acetamide 1
in vitro phenolphthalein 1 p~nitrophenol 10

- 9z¢ -

The number behind each compound is a reference to the author(s) reporting the
work. See key overleaf.
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KEY TO TABLE 7.2
Author(s)

Dutton, (1966)

4
(«]

Bridges, et al., (1970)
French, (1970)

Miller, et al., (1973)
Robinson and Williams, (1959)
Schillings, et al., (1971)
Dill, et al., (1960)

Axelrod, et al., (1959)

\OOO\IO\U'I-F‘UNH’

Abou-El-Makarem, (1967)

N
o

Mowatt and Arias, (1970)

[
b=

Taylor (1971)

Full details of references appear on page begihning
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to chloramphenicol glucuronide had no antibiotic activity against

Sarcina lutea. Treatment of this area with Pnglucuronidase
hydrolysed the glucuronic acid conjugate and the anti_biotic
action against the bactefia was restored. The amount of
chlorausphenicol excreted as a glucuronic acid gonjugate was
not deterinined. Recently Schillings, et al., {(1971) has
demonstrated that the principal metabolite of Lorazepam
(7-Chloro-5-(o=-chlorophenyl)-1l, 3=dihydro-3-hydroxy-2ii-1,
h-Benzodiazepin—é-one) in cats and 3 other species was a
glucuronide the other metabolites accounting for less than 1%
of the dose. The percentage of the dose of Lorazepam excreted
as a glucuronic acid in cat was not reported although the
authors had isolated this metabolite.from the pig and cat

and no other conjugates weré detected in these speciles,

An appreciable amount of quinol was formed in cats
following the administration of phenol and this was excreted
in the urine as quinol sulphate. Greater quantities of quinol
were formed following intraperitoneal than oral administration
of phenol. When phenol was administered orally to cats some
of the compound was probably conjugated with sulphate in
crossing the gut wall and thus less phenol is available for
hydroxylation by the liver. When Z2-naphthol was administered
intraéeritoneally as with phenol appreciable oxidation to
dihydroxynaphthalene occurred. No dihydroxynaphthalene was

deteoted following the intraperitoneal administration of

l-naphthol however.
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Phosphate Conjugation
Wong, (1972) aiter comparing the activities of

bilirubin UDP transglucosidase and UDP transglucuronidase
postulated the importance of the formation of p-glucosides as
an alternative conjugate in a species such as cat which is
defective in forming glucuronides. No glucoside conjugates have
been detected in cat urine following the administration of
the phenols discussed in the previous chapters. Ilowever,
phenyl phosphate was detected as a minor metabolite in the
urine of cats foiiowing administration of phenol and this
could be an important conjugate in a species with low
glucuronic aclid conjugation ability.

1t appears likely that the enzyme concerned in
phosphorylating phenol was a hepatic one. A larger quantity
of phenyl phosphate was formed following intraperitoneal
injection'than oral administration of phenol. The larger the
dose of phenol the greater was the amount of phenyl phosphate
formed, this could reflect the limitation of the sulphating
capacity of cat, the phosphate being formed as an alternative
metabolite to the defective glucuronic acid conjugate.

Phbsphate is more plentiful in the animal body than is
sulphate, large quantities of phosphate being excreted in the

urine. A phosphate conjugate would be ideal for detoxication

purposes since it would be ionized at physiological pH and
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therefore readily wateresoluble and excreted. However
phosphate metabolites have proved remarkably rare in nature
(see Chapter Five). It has been suggested that this is
because bladder epithelia (and many other tissues) are rich
in phosphatases. Thus phosphates might be deconjugated and
then possibly recirculated and excreted as different conjugates.
The question is, therefore. why is the phosphate conjugate
detected in cat? It is possible that the bladder epitheleum
of cat contains less phosphatase enzymes than most other
species, alternatively the absence of the efficient
glucuronic acid conjugating mechanism facilitates easier
detection of any other minor metabolites.

Whether phosphate conjugates were formed as minox
metabolites in other species is technically difficult to
determine with the presence of other metabolites not found in
the cat (phenylglucuronide and often quinol conjugates also).
Phosphate conjugation might be important in pregnancy, for

example, where both glucuronide and sulphate formation are

reduced.

The importancé of the phosphate metabolite to the cat as an
alternative conjugation mechanism is difficult to assess since
it was formed in the greatest quantities (up to 8% of the dose)

only with larger doses of phenol. The effectiveness of the

combined phosphate and sulphating capacity must be limited since
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the LD of cat for phenol is lower than most other speciea

50
(see Table d.1 Chapter One). This low LD.. in the cat was

50
ascribed to the defective glucuronic acid conjugation in
~cat and this must be more effective in detoxicating phenols in
other species than the comblned phosphate and sulphate
conjugation mechanisms. Furthermore, the failure to detect
phosphate conjugates of any of the other phenols suggests the
enzyme responsible for the phosphate formation is
reiativély specific. This renders phesphate metabolites less
suitable for detoxication purposes since a detoxication enzyme
should have activity against a broad range of substrates. The
kinasg enzyme which phosphorylates endogenous substrates are
by necessity specific, assuming it is such an enzyme which
conjugates the phenol h&droxyl group then the othexr phenols
administered to the cats might be sterically unsuitable for the
enzyme. This, therefore, could not only explain why only
phenol was phosphorylated in the cat but also the comparative

rarity of phosphate conjugates in nature.

Pig
When phenol was administered either orally or

intraperitoneally to pigs it was excreted mainly as phenyl

glucuronide. However, detailed examination of the urine
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showed that small quantities of phenyl sulphate were excreted.

In the pig it is likely that the intestinal mucosa is
defective in forming sulphate conjugates as is the liver since
phenol is excreted almost exclusively as a glucuronic acid
conjugafe whether it &s administered orally or intraperitoneally.
In the cat which is not defective in sulphate conjugation less
hydroxylation occurs following oral than intraperitoneal
administration of phenol since this compound was partly
sulphated in érossing the‘gut wall (see above),

Williams, (1938) suggestod, and it is generally accepted
that as the dose of a xenoblotic increases the amount excreted
as a sulphate conjugate decreases while the amount excreted
as a glucuronide increases correspondingly. A greater amount
of phenyl sulphate should be excreted, therefore, when a low
dose of phenol is administered to pigs. A very low dose of
phenol (pg quantities) was administered to pigs but the amount
of phenyl sulphate excreted was of the same order as when
phenol is administered at 5 and 25 mg/kg. Thus, in the pig
glucuronic acid conjugation predominates regardless of the
dose of phenol administered.

In Chapter One the possible reason for the poor ability of
the plig to form sulphate conjugates was described. This was

ascribed to a defect in the phenol sulphotransferase of theplg.
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The number of sulphotransferases known to occur were reviewed
by Roy, (1971). The specificity of a phenolsulphotransferase
extracted from guinea~pig liver and the existence of a
multiplicity of sulphotransferase enzymes is described in
Chapter One. In the cat it was iikhly that the UDPG
transferase enzyme was a multiple enzyme consisting of
isoenzymes with differing, possibly overlapping, specificities,
for a very wide range of substrates. It is possible that

the phenol sulphotransferase enzymes of the pig ere similar. If
more than one sulphotransferase enzyme capable of conjugating
pheﬁols exists in the‘pig then,thesef;nzymes might not all be
defective. Therefore some phenols might form appreciable
sulphate conjugates in the pig.

In order to determine whether some compounds might be
excreted as sulphate conjugates in the pig phenacetin,
Lh.hydroxyamphetamine, lenaphthol and 2-naphthol were
administered. Phenacetin, 4-hydroxyamphetémine and 2enaphthol
were all excreted principally as the glucuronic acid conjugates;
as with phenol only traces of the silphate conjugates were
detevted on detailed examination of the urine. Williams, (1938)
discussed the effect of some groups adjacent (ortho-) and

opposite (para=) to the phenol =0l group in the sulphation of
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some phenols in the rabbit. Some groups increased, while
others decreased sulphate conjugation. The basic group of
4~acetamidophenol (which is formed by the metabolism of
phenacetin) and of 4-hydroxyamphetamine do not have any effect
on the amount of sulphate conjugation in the pig, since these
compounds are sulphateda a similar level as phenol. In the
pPlig 2-naphthol was excreted almost entirely as a glucuronic acid
conjugate in the urine.

llowever, when l-naphthol was administered to pigs
approximately one third of the dose was recovered in the urine
as l-naphthyl sulphate. With this compound, therefore, the
pig was not defective in sulphate conjugation. The phenols
Were administered to test the specificity of the conjugating
transferase enzymes. One could conclude that in the case of the
plig a non-defective phenol sulphotrgnsferase exists which can
accept l-naphthol but not 2-naphthol oxr phenol as substrates.
The isomer difference between l- and 2-naphthol appears
therefore to be sufficient to invoke the activity of this
non-defective phenol #ulphotransferase. To establish that the
results were owing o an isomer difference bétween these
naphthols and not to a difference between animals, one pig
received doses of l- and 2-naphthol respectively and only traces
of 2-naphthyl sulphate were formed, l-naphthol waé conjugated

readily with sulphate.



it is likely that metabolically 2-naphthol is morxe
similar to phenol than is lenaphtliol. This is possibly
indicated from the experiments performed with cats. Wwhen
phenol was administered intraperitoneally to cat a
considerable amount of hydroxylation (resulting in quinol
formation) occurred. 2«Naphthol, but not l=naphthol was
hydroxylated to a simiiar do;roe when administered to cats
by this route. Thus with respect to this Phase I oxidation
reaction the metabolism in the cat of Z2e«naphthol ia
cortainly more similax to phenol than is lenaphthol.

In Tgable d.1 (see General Introduction) the phenol
sulphotransferase isolated fromn guinea=pig liver had a similar
V max and km values when challenged with a variety of phenols
including 1= and 2e«naphthol. In the case of pig however this
enzyme ia defective and inothor sulphotransferase, possibly a
steroid sulphotransferase, "accepts" lenaphthol, but not its
isomer as a substrate.

A numbex of interxesting obsexrvations arise from the
in vitro studies of pig and rqt liver homogenates. Firstly
the rgta of synthesis of.n:phthyl glucuronide (assayed in pmolel/
ge¢ of 1iveerVas higher inpig than rat..Pig therefore aépoared
to be a faster glucuronide former than rat with the substrates

used,
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The rat formed sulphate conjugates of le-naphthol and
2enaphithol in roughly similar quantities and at similar rates
in vitro. The pig foxmed little of the sulphates of these
phenols at a very slow rate in vitro. 1l1=Naphthol was not
sulphated at a greater rate than its 2-hydroxy isouwer. This is
apparently difiicult to reconcile with the in vivo findings; it
might be expected that the rate of lw-naphthyl. sulphate formation
in pig should be comparable with the rate in rat. If however,
a different sulphotransferase from that required for phenol
were responsible for conjugating the lenaphthol then the lack
of sulphation in vitro might be explained in terms of différing
optiomumn conditions. The incubation conditions are the
optimum for phenol sulphotransferase (which is defective in the
pig); the isoenzyme or related enzyme conjugating l~naphthbl
with sulphate might have differing pH optima and/or activators,
etc. so that it would not be active under these conditions. It
is also possible that this enzyme is located in a different
site in the cell and is possibly removed in the preparation of
the homogenate, e.,g. when removing the microsomes. Further
studies varying the conditions of the incubation are therefore
necessary to detexrmine if such anothexr enzyme exists and if so

to elucidate its kinetic parameters.

Thus it was concluded that a nonedefective sulphotransferase
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enzyme e¢xists in pig capable of sulphating le-naphthol. It is
difficult to speculate on any other phenols than l-naphthol
likely to be conjugated with sulphate in the pig since a
coumpound as similar as 2-naphthol was not sulphated., The
metabolism of few couwpounds have been investigated in the pig
and thus the only information available on the specificity of
phenol sulphotransferase is indirect. No phenol
sulphotransferése has been obtained as a single protein. The
most highly purified enzyme of this type is that from
guinea-pig liver described in Chapter One, which had no
detectable steroid, alcohol or arylamine sulphotransferase
activity. The compounds conjugated by this enzyme are listed
in Table d.1, Chapter One, which shows that this enzyme
conjugates phenol, lenaphthol, 2-naphthol and other phenols.
It is likely that if a similar phenol sulphotransferase enzyme
is defective in the pig l-naphthol is conjugated by one of the
other sulphotransferase enzymes possibly stercld orxr alcohoi
aulphotransferase.

A comparable study to the investigation carried out in the

plig has been made in the Marsupial opossum (Trichosorus

vulpecula) by Roy,(1963). 1In vitro experiments with liver

preparations from opossum revealed that if formed no ethereal

sulphates of p-nitrophenol, naphthylamine, androstenolone,
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oestrone and testostorone. 7The defect was not apparently due
to an inability to synthesiso PAPS, the addition of whiclhi did
not stiuwulate sulphato conjugation. It appears thorefore that
the transferase enzymes are def'ective here. in vivo
axperduents showed that the ilarsupial oposswa had negligible
activity towards a nuuber of phengls including lenaphthol. The
opossun appears, as does the pig to be defective in forming

sulphate conjugates of a wide variety of phienolic compounds.

Conclusions fxrowm the Invgsgégatigns in the cCat and rig

From the studiesa in the cat and pig two important points
emerges The first is that in beth aniumals the defect is not
total, minox quantities of glucuronic acids in cat and sulphate
oonjugates in pig being excoreted in the urine. 7he second is
that the conjugative defect <loes ot apply to all the possible
substrates for these transferase enzymes. Wwhat conclusions
may be drawn from these observations on the pcssible cause of
the defect? ‘The fact that small quantities of the minor
motabolite:‘can be detected in the cat and pig suggests that
the transferase enzymes responsible for their synthesis are
active at very low levels,

The classical system of Jacob and Monod, (1961) might

apply to the genetic contrel of the synthesis of such



- 238 -

transferase enzymes (see also Monod, Jacob and Gros, 1967).

An operator zero (0°) mutation (see Beckwith, 1964) would

lead to the defect in conjugation as observed in the cat and pig.
Such mutations cause greatly reduced levels of all the

enzymes of the operon and are probably identical with polarity
mitants, extreme with respect to the first gene in the operon
and in extent. In all likelihood they are caused by deletions
in this first gene and are expreséed at the translational
level. Howevey, mutations in any part of the genome leading
to a change in the essential amino acid sequence of the
transferases might result in an enzyme with decreased affinity
for its substrate. With the limited information available

it is not possible to determine the nature of these defects

at the genetic level, detailed amino acidesequencing studies
on purified enzymes being necessary.

In vitro studies on liver homogenates could yield
information on whether any inhibitors were present. If a
liver homogenate from the cat or pig is mixed with a similar
rat liver homogenate, and a large decrease in the
glucuronidating ability of the rat mixed with cat or
sulphating ability of the rat mixed with pig homogenate, results,

then it is likely an inhibitor of the respective conjugation
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reactions is present in the cat or pig homogenate. No
inhibitor has been found in cat liver preparations other
than the usual nucleotide-inactivating enzymes (see Dutton, 1966)
The existence of more than one sulphotransferase is
certain, (see Roy and Trudinger, .1970; Roy, 1971) and although
much of the evidence is indirect, it appears to be
overvhelming to support the postulated "family" of related
UDP glucuronyltransferases (see Dutton, 1971). When
attempting to determine the specificity of these enzymes
great care must be taken in the interpretation of individual
results. When compounds are administered which the species
may never have encountered in its history, specifically
evolved transferases are assailed with unfamiliar molecules;
from the response of these'enzymes the specificities towards
these and other substrates are deduced. The "detoxication enzymi
being assailed with varying and often unrelated compounds are
by necessity unspecific with broad spectra of activity. In
this case we are seeking information on the range of substrates
for the transferase enzymes in species in which these enzymes
are defective, so that more often we are looking at what is pot
formed, rather than what is, TFurthermore foreign substrates

no matter how useful pharmacologically are clumsy tools with



- 240 -

which to probe such intricately evolved 3-dimensional
structures as the active sites of engymes .

To summarise this study it should be said that the
term "defective" is better defined as "has little ability" and
the extent of the defect is dependent upon the specificity
of the enzyme concerned. Bearing this in mind rules or
generalisations concerning defects in detoxication mechanisms
should not be attempted until the conjugation of many more
xenobiotics has been investigated in these comparatively

neglected species.



- 241 -

REZFERENCES

Abel, J. J., and Rowntree, L,C.,(1909) J. Pharmacol., 1,231

Abou—El-—Mak.arem, }I. I‘I" I\Iillburn, PO’ Snith’ RQ LQ’
williams, R. T., (1967) Biochem. J., 105, 1289-1293

Aitken, W. A.,(1956) J. Amer.Vet.med.Assc., 128, 262
Arias, I. M.s(1961) Biochem. Biophys Res. Commun., 6, 81l=84

Axelrod, J., Schmid, R., lammaker, L., (1951) Nature (London),
160, 771=786

Axequd, J.,_TomChihk,'R‘. (1958) Je biol. Chem.. gﬂ' 702-705

Axelrod, J., Iniscoe, J., Tomkins, G. M., (1958) J. biol. Chem.,
232, 835=-851 ‘

Axelrod, J., Weil-Malherbe, H. R., Tomchick, R., (1959)
J. Pharmacol., 127, 251=256

pakke, ¢: M., (1970) Acta pharmacol et. toxicol, 28, 28-38
Baldwin, B. C., (1961) Ph.D. Thesis Univ. of London

Baldwin, B. C., Robinson, D., Williams, R. T., (1960)
Biochem. J., 76, 595=600

Banerjee, R. K., and Roy, A. B.,, (1966) Molec. Pharm., 2, 56-66

Banerjee, R. K., and Roy, A. B.,(1968) Biochim. Bilophys. Acta,
151, 573-586

Beckwith, J. R., (1964) J. Mol. Biol., 8, 427-430
Berenbom, M., and Young, L., (1951) Biochem. J., 49, 165-169
Beynon, J. lI., Saunders, R, A., Williams, A, E., (1968) in The

Mass Spectra of Organic Molecules published by Elsevier Pub.
Co., London.



- 242 -

pinning, A., Darby, F.J., lleenan, M.P., Suith, J.N.,(1967)
Biochem. J., 103, 42-48

Black, M., and Billing, B.l.,(1969) New Engl. J. Med., 280
1266~1271

Booth, A.N., [Emerson, OL:H.,bJones. F.T.y De Eds, F. ,(1957)
J. blol. Chem. , 222, 51-59

Boyland, E., and._sims. p.,(1958) Bibchem Jey 68, W4ho-bh7

Boyland, E., Kinder, C.H., Manson, D.,(1961) Biochem. J.,
78, 175-1%79 '

| Braunstein, A.E.,, Parschin, A.,N., Chalisowa, 0.D.,, (1931)
Biochem. Z. ® 22§| : 311"‘327

Bray, H.G., Franklin, T.J., James, S.P.,(1959) Biochem. J.,
73, 465-573 . : _

Bridges, J.W., Davies, D.S., Williams, R.T.,(1967) Biochem. J.,
105, 1261-1267

Bridges. J-W.. French, M.Rs mith. ReLey Willimns. RoTc}(1970)
Biochemt Jl.'lls. L‘7-51

Brodie, B.B., and Axelrod, J.,(1949) J. Pharmacol., 37, 58=67

Brodie, B.B., Maickel, R.P.,(1962) Proc. 12t Tntern. pharmacol.
Meeting, Stockholm Vol §, 229. Pergamon Press, Oxford.

Brown, B.R. (Nov. 1972) Anaesthiology.‘ﬂ. No.5, 483-488

B'uhh’ Hey Pfleger. K.y Rummel Wey Ullxich, V., Hey. D.,
Staudinger, HJj.,(1967) Biochem. Pharmacol., 16, 2247-2256

Burns, J.J.. Weiner, Moy Simson. Go. m‘Odie' BQB.,(1953)
J. Pharmacol., 108, 33-k41

caldwell, J., Dring, L.G., and Williams, R.T.,(1972)
Biochem. J., 122, 11-22



- 243 -

Carbone, J.V., and Gradsky, G.M.,(1957) Proc. Soc. Empl. Bio.
Med., 94, 461-463

Coombs, H.I., Hele, T.S., (1927) Biochem. J., 21, 612622

Creaven, P.J. and Parke, D,V., (1965) Fed. Europ. Biochem. Soc.,
2nd. Meeting Abstract, A 128, 88-89

crigler, J.F., and Najjar, V.A.,(1952) Pediatrics, 10, 169-180

parby, F.J., Heenan, M.P., Smith J.N.,(1966) Life Sci, 3,
No.16, 1499=1502

de Barriero, 0.C., (1965) Biochem. Pharmac., 14, 1694-1696

de Meio, R.H., Whserkaniuk, M., Fabiani, E.,(1953)
Je+ Biol. Chem, 202’ 257-263

de Meio, R.H.,, Wizerkaniuk, M., Schreibman, I., (1955)
Jo. Blol. Chem., 2121 l"39"l“l‘3

Di Somma, A.A., (1940) J. Biol. Chem., 133, 277-284

Dill, W.A.,, Thompson, E.M., Fisken, R.M., Glazko, A.J.,(1960)
Nature (London), 185, 535-536

Donner, Rc, and LOhs. Kh-. (1965) Je Chromaf.og.. 3.1' %9-35"'

Dring, L.G., Smith, R.L., Williams, R.T.,(1966) J. Pharm.Pharmac,
18, 4o2-hok

Dring, L.G., Smith, R.L., Williams, R.T.,(1970) Biochem. J.,
116, 425-435

Dutton, G.J., mand Storey, I.D.E.,(1953) Biochem. J., 53, 37P
Dutton, G.J., and Grieg, C.G.,(1957) Biochem. J., 66, 52P
Dutton:;, G.J., and Montgomery, J.P.,(1958) Biochem.J., 70, 17P
Dutton, G.J.,(1959) Blochem. J., 73, 29P

button, G.J., Stevenson, I.H.,(1962) Bioche¢n. Biophys. Acta,
58, 633-634



- 244 -

Dutton, G.J.,(l96h) Proc. Eur. Soc. Study of Drug Toxicity,
b, 121.129. .

Dutton, G.J.,(1966) in "Glucuronic Acid Free and Combined"
Academic Press, New York and London

Dutton, G.J. and Burchell, G.J.,(1969) cited in Dutton (1971)

Dutton, G.J.9(1971) in Handbook'of‘Exﬁtl. Pharmacol, 28-2,
378-394,  springer-Vertag, (New York

Dybing, E.,(1972) Acta. Pharmacol et Toxicol, 31, 287295

Ernster, L., and_Orfenius, S.,(1965) Fed. Proc., 24, 1190-1199

Estabrook, R.W.,, Hildebrandt, A., Remmer, H., Schenkman, J.B.,
Rosenthal, 0., Cooper, D.Y.,(1969) The 19 Colloquim dexr
Gesellschaft fdr Biologische Chemie, 142-177, Eds. Hess, B.
and Staudinger, H.J., Berlin, Springer, 1969

Feigenbaum, J., and Neuberg, C.A.,(1941) J. Amer. Chem. Soc.
63, 3529-3530

Fevery, J., Heirwegh, K.P.M., Compernolle, F. and De Groote, J.,
(1971) 6th Meeting of the European Association for the Study
of Liver, Abstract 7, Eyre and Spottiswood

Fleig, M.C.,(1909) J. Pharm. Chim., Paris, 29, 55

French, M.R.,(1970) Ph.D. Thesis (Univ. of Lond.)

Fujimoto, J.M., and Haarstad, V.B.,(1969) The Journal of
Pharmacol. and Exptl. Therap., 165, No. 1, 45=51

Garner, R.J.,(1967) in Veterinary Toxicology, Third Edition,
Editors Clarke and Clarke, Pub. Tindall and Cassell

Garton, GiA., Robinson, D., Williems, R.T., (1949), Biochem.J.
l_‘i, No. l’ 65-67

Gelboin, H.V., (1971) in Handbook of Experimental Pharmacol.,
" 431-448, pditors Brodie, B.B. and Gillette, J.R., Springer-
Vertag, New York.



- 245 -

Gessner, T., and Smith, J.N.,(1960) Biochem. J., 75, 165-179 .
Gillette, J'R.,(i966) Advanc. Pharmacol., 4, 219-261

Gibaldi, M., and Feldman, S.,(1972) European Jo Pharmacol.,
19, 323=329

GlaZkO’ Asd oy Dill' We An, Wo:-f, L.M.y Kazenko, Ao,(1956)
J. Pharmacol, 118, 377=387 .

Goldstein, M., and Anagoste, B., (1965) Bioch¢m. Blophys. Acta,
107, 166-168

Goldstein, J.A. and Taurog, A.,{1968) Biochem. Pharmacol,
17, 10491065

Gram, T.E., Hansen, A.R., Fouts, J. R.,(1968) Biochem. J. 106,
587-591

Gover, P.Ll and Sima, Po,(1958) Biochem. Jo. %)_, 603"606

Gunn, C.K.,(1938) J. Heredity, 29, 137-139

Hargreaves, T.,(1965) Nature (London), 208, 1101-1102
Hartiala, K.J.V.,(1955) ann. Med. Exp. Biol. Fenn., 33, 239-248

Heistand, R.N., and Todd, A.S.s (June, 1972) American Industrial
Hygiene Association Journal 378«381

Hele, T.S.,(1923) J. pPhysiol., 57, 46P

H:I.ram. P.Cey Millbum, Pey Snith’ ReLe s Williams. RoTo,(1972)
Biochem. J., 129, 1071-1077

I{iram, PuCoy }Illlbum. Pey Snith. ReLey Williams, RoTo,(1972)
Xenobiotica, 2, 205-214

Hitchcock' Mo. andSnith. JeN. ,(1964) Biochem. Jo, 22, 392-“'00

Holtzman, J. L., Gram, T.E., Gigon, P.,L., Gillette, J.R.,(1968)
Biochem. J., 110, 407-412

HSia' D. Y. Yn’ Riabov. Sey DOWben’ Rol’!n,(1963) Axrch. _Biochem-
Biophys, 103, 181-185



- 246 -

Illing, H. P. A., and Dutton, G. J.,(1972) Biochem. J., 129,
No.2, 15P

Irving, C. C., (1970) in Metabolic Conjugation and Metabolic

Hydrolysis, 1, 103-105, Edited by Fishman, W. i.,
Academic Press, New York and London

Jacob, . and Monod, Je,(1961) J. Mol. Biol., 3, 318-356
Jacobsen, G.,(1875) Ber. Deut. Chem. Ges., 8, 1519=-1523

James, M. O.,(1972), Ph.D. Thesis (Univ. of Londw)

Kaihara, M., and Price, J. M.,(1961) J. Biol. Chem., 236,
508~511

Kalow, W.,{1962) Proc. 1lst Internat. Pharmacol. Meeting,

Kalow, W.,{1963) Ann. N.Y, Acad. Sci., 104, 894=904

Kato, R., and Gillette, J. R., (1965) J. Pharmac. Exp. Therap.,
150, 279=-284

Kluteg, 2.. Harfenist, M., Conney, A.H.,(1966) J. Medicin, Chem.,
9, 63=-66

Krebs, H. A., Sykes, W.0., Bartley, W.C.,(1947) Biochem. J.,

Laidlaw, J. C., and Young, L.,(1948) Biochem. J., 42, 1P
Lathe, G.ll., and Walker, M.,(1957) Biochem. J., 67, 9P

Leibman, X. C. and Anaclerio, A. M.,(1961) l1st Int. Pharmacol.
Meeting, 6, 91-96

Lesnik, M. and Nencki, M.,(1886) Ber. dtsch. chem. Ges., 19, 1534
Lopage, G.s(1943) Vet. Rec., 55, 184=186

Lotlikar, P. D. and Wasserman, M.B.,(1970) Biochem. J., 120,
661-665



- 247 -

Mannering, G. J.,(1911) in Fundamentals of Drug Metabolism and
Drug Disposition, Editors Lafu, Mandel and Way Publisher
Williams and Wilkins, Baltimore, U.S.A.

Marquis, E.,(1896) Ueber der Vorbleib des Morphines im
tierischen organisms. - Pharm. Ztschr. f. Russland, 35, 549

Marshall, E. K. Jr.,(195%) J. Blol. Chem., 211, 499-503

Marsh, C. A.,(1966) Chemistry of D-glucuronic acid and its
glycosides.’ In: Glucuronic Acid, Academic Press, New York.

Marki, F., Axelrod, J., Witkop, B.,(1962) Blochem. Biophys.
Acta., 58, 367-369

McKennis, H. Jr., Yard, A.S., Weatherby, J.H., Hagy, J. A.,(1959)
Je Pharmac()l-' 126. 109"‘116 ’ ’

Miettinen, T. A., and Leskinen, E.,(1963) Biochem. Pharmac.,
12, 565-575 '

Millburn,P., Smith, R. L., Williams, R. T.,(1967a)
Biochem. J., loq, 1275-1281

Millburn, P., Smith, R, L., Williams, R.T.,(19673) Biochem. J.,
105, 1283-1287 ' '

Miller, L. P.,(1938) Contr. Boyce. Thompson. Inst., 9, 425-430
Miller. Je Jeyp Powell. Ge Moy 018V983n| A Hay Curtis. Ce Goy

(1973) Communicated at 540th Meeting of the Biochemical
Society, 10th and 11lth July, 1973

Monod, J., Jacob, F., Gros, F.,(1964) In "The Structure and
Biosynthesis of Macromolecules®, Biochem. Soc. Symp., 21.,
Cambridge, Eng. -

Mori, M., Oguri, K., Yosh.imura, Heq Shimomura, Kes Kamata.. Oey
Ueki, S., (1972) Life Science, 11, Part 1, 525-533

}Iowat'b' A Pc’ and Arias I. M. 1970 Biochim.et Blophys. Acta.
212, 65-78 ’ » (1970) i '

Mowat., A. P. and Arias, I. M.,(1969) Pediat. Res., 3 No.22, 352



- 248 -~

Miiller-Oerlinghausen, B., liasselblatt, A., Johns, Rey (1967)
Life Sei., §_. 15291533

Mﬁﬁing, Do’(1963) Germ. Med. Mon.,, §_’ 198-202
Nery' RO’(1971) Biochem. Js, 122. 317-326

oguri, K., Ida, S., Yoshimura, H., Tsukamoto, H., (1970)
Chem. Pharm. Bull,, 1§,(12), 24142419

Oliver’ W T.’ and Ingram' D, G‘c’(1957) Canad. J. comp « A‘Iedop
21, 36=39

parke, D. V., and Williams, R. T.,(1953) Biochem. J., 55, 337=340
Pelkan, S., and Whipple, D. V., (1922) J. Biol. Chem. 50, 499-513

PoWell, L. Wo, Hemingway. E., Billing, Be Hey Sherlock, So,(1967)

Pulkkinen, M. 0.,(1966) Acta. Physiol. Scand., 66, 120-122

Radomski, J. L., Brill, E., Deichmann, W. B.,(1967) in "Bladder
Cancer a Symposium", Chapter 5, 80«88, Pubiishers
Aesculapius, Birmingham, Alabama.

Remmer, }I, and Merker, H. J.,(1965) Ann. N.Y; Acad. Sci., 123
79-97

Renwick, A. G. and Williams, R, T., (1969) Biochem. J., 114, 78pP
Roy, A. Bo,(1963) Austral. J. 8XP s BiOl. _lﬂ..' 331-31‘2

Roy, A. B., and Trudinger, P. A.,(1970) in "The Biochemistry of
Inorganic Compounds of Sulphur", Cambridge University Preas

Roy, A. B., (1971) in Handbook for Biochemical Pharmacology, 2
Chapter 53, 536=-563 Editors Brodie, B. B.,, and Gillette, J. R.
Springer-Vertag, Berlin.



- 249 -

Rummler, H. J.,(1962) ih, Vet. Med., 17, U482

SarCiOne, Ee Jey and SOI{OI’ Je Eo,(1958) Je. Biol. Chem.,

Sautter, J. :H., and Ferstermacher, R.,(1957) J. Amer. vet. med.
Ass., 130,(Case 15) 302-305

Schillings, R. T., Shrader, S. R., Ruelius, H. W., (1971)
Arzneim-Forsch, 78, 1059-~1065

Schmid, R. (1972) The Metabolic Basis of Inherited Disease,
Editors: Stanbury, J. B., Wyngaarden, J. B., Fredrickson, D.S.,
3xrd edition McGraw Hill, New York.

Schmidt, G.,(1955) "The Enzymes™, 5, 37, Editors: Boyer, P.,
Lardy, H., Myrbick, Koy :Aoademic Press, New York.

Schmidt-Nielsen, S., and Holmsen, J.,(1921) Arch inst Physiol.,
18, 128 -

Schumacher, H., Smith, R. L., Williams, R. T.,(1965) Brit. J.
Pharmacol, 23, 324-337

Seibert, R. A., Williams, C. E., Huggins, R. A.,(1954) Science,
120, 222-223 | |

Sever, P, S., Dring, L. G., Williams, R. T.,(1973) communicated
at the 540th Meeting of the Biochemical Society, 10-l1lth July,
1973,

smith, J. N., (1958) Biochem. J., 69, 509-516

.Sm:l.th, Je N+, and Turbexrt, lH. D. (19615) Biochem. J., 2_%. 127=131

smith, J. N. (1964) in "Comparative Biochemistry", 6, 403,
Editors: Florkin, M., Mason, II. S., Academic Press, New York,

Smith, J. N.,{1968) Adv. comp. Physiol. Biochem., 3, 173-232

Smith, R. L. and Timbrell, J. A., (1972) Biochem. J., 128,
No. l"o. lllo-ll&lP



-250~

Sorbo, B.,(1957) Biochem. Biophys. Act., 24, 324-329

Spector, W. S.,(1956) Handbook of Toxicology, 1, (Acute
Toxicities) Editor Spector

Steckol, J. A.,(1936) J. Biol. Chem., 113, 675-682
Stevenson, I. H., Dutton, G.J., (1960) Biochem. J., 77, 19P
Stevenson’ I. ey Dutton; Ge J.’ (1962) BiochQMo Jey §£J 330’3“0

Stevenson, I. lI., Greenwood, D., McEwen, J.,(1968) Biochem.
biophys. Res. Commun., 32, 866-872

Strebel, L., and odell, G. B.,(1971) Pediat. Res., 5, 548-559

Takemori, A. E.,(1960) J. Pharmacol. exp. Therap., $£30, 370~374

Taylor, W.,(1971)'in Vitamins énd Hormones, 29, 201 -28% Editors:
HHarris, R. S., Diczfalusy, E., Munson, P. L., Glover, Jey
Publishers Academic Press, New York, Lundon.

Thiarfelder, il., and Sherwin, C. P.,(1915) Hoppe-Seyers Z.
physiol. Chem., 94, 1.

Tomaszewski, M., and Buchowizc, J.,(19%2) Biochem J., 129,
183=-186

Towers, G. H. W.,(1964) Biochemistry of phenolic compounds,
249-294, Editor, Harborne, J. B., Academic Press, New York.

Trivelloni, J. C.,(1960) Arch. Biochem. Biophys., 89, 149-150

Troll, W., Belman, S., Nelson, N.,(1959) Proc. Soc. Exptl. Biol.
Medo’ 100. 121-122

Trgéé:6g%, Tessler, A. N., and Nelson, N.,{(1963) J. Urol., 89,

Wainer, A., and Lorinez, A. E.,{1963) Life Sci., 2, 504=-508
Williems, R. T.,(1938) Biochem. J., 32, 873-887



- 251 -

Williams, R. T.,(1959) in "Detoxication Mechanisms", 2nd
edition, Publisher Chapman and Hall Ltd., London

Williams, R. T.,(1964) Proceedings of the European Society for
the Study of Drug Toxicity, 4, 9-21

Williams, R. T.,(1967) Fed. Broc., 26, 1029-1039

Wolf, G., Varandani, P, T., Johnsen, B. c.,(1961) Biochtm.
Biophys. Acta., 46, 59~87

Wong, i« Pay and Sourkes, T. L., (1967) Fed. Proc., Eé.’(i)
No. 3235, 835 ‘

Wong, K. P.,(1972) Biochem, Pharmacol., 21, 1485~1491

Yaffe, S. J., Levvy, G., Matsuzawa, T., Baliah, T. »(1966)
New England Journal of Medicine, 275, 1461-1465

Yeh, S. Y., Chernov, H. I., Woods, L. A.,(1971) J. Pharm. Sci.,
60, 469-471

Yoshimura, H., Oguri, K., Tsukamoto, H.,(1969) Biochen.
Pharmacol., 18, 279=286

Yuasa, A.,(1972) Japanese Journal of Veterinary Science,



AREendix

Details of Animals Used in Metabolism Studies

cont/o .o

. Strain -
Animal Order Family Species or Sex " Diet Supplier
Breed :
Rhesus Macaca ~ Dixons 41D Shamrock
Monkey Primates Cercopithecidae mulatta - r supplemented P s Ltd
. (Bengal) - with fruit arm *
Squirrel . Saimiri . |
Monkey vPrimates Cebidae sciureus ¥ do A.S.L.
[
Capuchin Cebus : N
Monkey Primnates Cebidae apella P do - A.S.L. N,
1
Cynomolgus
Macaca
Crab-e¢ating Primates Macaca E
TFelis
cat Carnivora Felidae eatus Mongrel M,F Meat, milk N. Stacey,
Esq.
Rat Rodentia Muridae Rattus Wistar F Dixons 4113 Sl S,
norvepricus albino
Hamster . Mesocricetus : N A. T« Longuoor,
(Golden) Rodentia Cricetidae SuTotus F Di;ons L1 Esq.
Dixons 41D i .
Pig Artiodactyla Suidae scgg%h ﬁ;i%: M,F supplemented Ve« 1l8rTis,
—_— with vegetables ksq.
Hen Galliformes Phasianidae Gallus I 1ded Pauls' Layers
. domesticus ;egn F mash No.1 Y* ¥ Neegle,
"Bq.
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Abbreviations used in Appendix

Bi Male

remale

=
I}

Animal Suppliers

Shamrock rarms (Gé. Britain) Ltd.,
Upper llorton Farm,.

Small Dole,. :

Henfield,

Sussex.

A.S.L. Tarms Litd.,
. 685 High Road,

N. Iinchley,
Londbn, N.12.

N. Stacey, Esq.,
Sidlow Nurseries,
Ironsbottom Lane,
Sidlow, :

Nr. Reigate, Surrey.

S.A.Ss,

Home Farm,
Aldenham Park,
Elstree, lerts.

A, e Longmoor, ESQ.,
63 sherrard Road,
FForest Gate,

London, Eo? .

We I’Iarris' F.sq- s
"Chelmwood®",

St. Anne's Road,
Mount Wessing, Essex.

P, W, Needle’ ESQO.
Ryndon Farm,

Silver Street,

Goff's Oak,

Waltham Cross, lerts.
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_Species Variations in the Metabolism of Phenol

By 1. D. CAPEL, M. R. FrencH, P. MiLLsurN, R. L.
Smit and R, T. WiLLiaMs (Department of Bio-
chemistry, St.
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Marked species variations in the pattern of mcta- :

bolism of a number. of simple organic compounds,
including benzoic acid (Bridges ef al., 1970), amphet-
amine (Dring et al., 1970), phenylacetic acid (James

et al., 1971 and quinic acid (Adamson'ef al., 1970), - -
_ have been reported. These studies have now been - '

" extended to an examination of the species variation.. -~
: in the metabolism of [**Clphenol in 19 species of -7

animals. The animals were dosed orally or injected
intraperitoneally with [**C]phenol (25mg/kg), and

" urine was collected for 24h and then analysed for
- metabolites by paper chromatography followed by .

radiochromatogram scanning. For man (three male
subjects) the oral dose was 0.01mg/kg and, for the

rhesus monkey it was 50mg/kg. The recovery of 1C -

in the 24h urine ranged from 30% for the squirrel

monkey to 95% for the rat; for most species it was '

about 50-70%;.
Eight of the species exammed namely, the rat,

mouse, jerboa, gerbil, hamster, lemming, guinea pig

and man, excreted four metabolites, these being the

sulphate and glucuronic acid conjugates of phenol - :

and its oxidation product, quinol.

Six species, namely the squirrel monkey, capuchin, |

ferrel, dog, hedgehog and rabbit, excreted only three

metabolites. The two ' herbivorous New World i
monkeys excreted phenyl glucuronide, quinol glucu- -

ronide and phenyl sulphate, and, at the dose of phenol

" used, glucuronic acid conjugation appeared to be =
more effective than sulphate conjugation ln these two

species. The other four species, however, excreted
phenyl sulphate, quihol sulphate and phenyl glucuro-

Mary’s Hosplral Medical School'

" nide were also found in the urine.

1972, Vol 127, No 2, 25-26r.) -

to whlch lhey utilized the two conjugation mecha- :

nisms and in the extent of ox:dal:on of phenol to

quinol. : .

Four species, the rhesus monkey, cat, fruit bat and
chicken, excreted only two metabolites, and one
species, the pig, only one. The rhesus monkey, fruit

- bat and hen excreted phenyl sulphate and phenyl

glucuronide, but no quinol conjugates. The cat
appeared to excrete only phenyl sulphate and quinol
sulphate, whereas the pig appeared to excrete only
phenyl glucuronide. .

The apparent inability of the cat to utilize the
glucuronic acid mechanism and the pig the sulphate
mechanism for the conjugation of phenol was there-
fore investigated in greater detail. It was found that
these mechanisms were not entirely absent as far as
phenol is concerned, since they were found at a very
low level. The pig given [**Clphenol orally or intra-
peritoneally excreted more than 90%; of the 24h *C

" -excretion as phenyl glucuronide, but small amounts

of phenyl sulphate (0.2-8.3%,) were also detected.
Similarly, in the cat, although phenyl sulphate and

' quinol sulphate accounted for over 90% of an oral
" or injected dose of [1*C]phenol, small amounts (0.1-

2.0%; of the 24h '"C excretion) of phenyl glucuro-

This work ‘was supported by a grant from the Medical

~ Research Council.
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The Fate of [“C]Phenol in Various Species

I. D. CAPEL, M. R. FRENCH*, P. MILLBURN,
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(Received 26 October 1971)

) 1. [C]Phenol has been administered to man (dose, 0-01 mg/kg) and 18
animal species (25 mg/kg) and the urine examined for metabolites by radio-
chromatogram scanning.

2. In three men 909, of an oral dose was excreted in 24 h mainly as phenyl-
sulphate (77% of 24 h excretion) and phenylglucuronide (16%) with very
small amounts of quinol sulphate and glucuronide.

3. Four metabolites, the sulphates and glucuronides of phenol and gquinol,
were found in the urine of the rodents, the rat, mouse, jerboa, gerbil, hamster,
lemming and guinea-pig after an oral dose of phenol.

4. Three metabolites were excreted by some species, namely, phenol and
quinol glucuronides and phenylsulphate by the squirrel monkey and capuchin
monkey, and phenol and quinol sulphates and phenylglucuronide by the ferret,
dog, hedgehog and rabbit.

5. Two metabolites were excreted by the rhesus monkey, fruit bat and hen
(phenylsulphate and phenylglucuronide) and by the cat (phenylsulphate and
quinol sulphate). One metabolite (phenylglucuronide) only was excreted by the
pig.

6. The cat appeared to form no phenylglucuronide and the pig no phenyl-
sulphate, but detailed examination of radiochromatograms showed that the cat
did excrete small amounts of the glucuronide and the pig excreted small amounts
of the sulphate.

7. In vitro studies with rat and pig liver preparations showed that the rat
preparations conjugate phenol with sulphate and glucuronic acid with roughly
equal facility, but the pig liver preparations conjugated phenol with glucuronic
acid at a much faster rate than with sulphate.

Introduction

Species variations in the metabolism of some relatively simple organic
compounds which include benzoic acid (Bridges, et al., 1970), quinic acid
(Adamson, et al., 1970 a), sulphadimethoxine (Adamson, et al., 1970 b) and
amphetamine (Dring, Smith & Williams, 1970) have been reported recently
from this laboratory. The fate is now described of phenol in nineteen species
of animals including man. Previous work on the metabolism of phenol (see
Williams, 1959) has shown that its main metabolites are phenylsulphate and
phenylglucuronide together with small amounts of conjugated quinol and lesser
amounts of conjugated catechol (Parke & Williams, 1953). In this paper it is

* Present address: Department of Biochemistry, University of Ibadan, Nigeria.
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shown that, in most of the species examined, phenylsulphate and phenyl-
glucuronide are indeed the main metabolites except in the case of the cat and the
- pig.  The catis known to have a defective glucuronic acid conjugation mechanism
for certain compounds and it formed only small amounts (0-1-2:0%, of the 24 h
excretion) of phenylglucuronide when dosed with phenol. By contrast, the
pig excreted only small quantities (0-2-8-39, of the 24 h excretion) of phenyl-
sulphate and it may thus have a defective sulphate conjugation mechanism.
Preliminary studies with pig liver homogenates showed that sulphate con-
jugation was not entirely absent but occurred at a much slower rate than

glucuronic acid conjugation, whereas in rat liver preparations both conjugations
occurred with equal facility.

Materials and methods
Chewmicals

Phenol, m.p. 42°, catechol, m.p. 103°, resorcinol, m.p. 109° and quinol,
m.p. 170°, were purchased and purified. Phenylglucuronide, m.p. 161-162°,
[«]i;-78:5° (¢, 2 in water) was a sample previously prepared in this laboratory
(cf. Garton, Robinson & Williams, 1949). Potassium phenyl sulphate and
potassium 4-hydroxyphenyl sulphate (quinol monosulphate) were prepared
according to Garton (1949). These sulphates were characterized (see Table 1)
by colour reactions before and after hydrolysis with 2mM-HCl and with an
arylsulphatase preparation from Helix pomatia (Sigma Chemical Company,
London). +-Hydroxyphenylglucuronide (quinol monoglucuronide) was
obtained as a gum from the urine of rabbits fed with quinol according to Garton
& Williams (1948). The gum was purified by t.l.c. in solvent A (see Table 1)
in which the glucuronide had an R, value of 0-10. It was characterized by
colour reactions (sce Table 1) before and after hydrolysis with beef liver
B-glucuronidase preparation (Ketodase;  Warner—Chilcott Laboratories,
Eastleigh, Hampshire).

[U-11C]Phenol (266 nCi/mg) (Radiochemical Centre, Amersham), uridine
diphosphate glucuronic acid (UDPGA: Sigma Chemical Company, London)

and adenosine triphosphate (ATP; British Drug Houses Ltd., Poole, Dorset)
were purchased.

Antmals

The animals used (see Table 2) were obtained from animal dealers in the
London area, and were maintained on appropriate diets.  [**C]Phenol, dissolved
in water, was administered orally or intraperitoneally. For the collection of
urine, animals were placed in suitable metabolism cages and their urine was
collected daily in receptacles containing a few ml of saturated aq. HgCl, soln.
to prevent bacterial breakdown of conjugates. The excreta of chickens was
collected on galvanized metal trays placed below their cages. These excreta
were extracted with three separate portions (40 ml) of water to remove the water-
soluble conjugates of phenol. The three extracts were pooled and made up to
150 ml with water. This soln. was then treated in the same way as the urines
of other animals for the estimation of *4C and for chromatography (see below).

The solid excreta remaining after the above extraction procedure contained no
detectable radioactivity.



Table 1. Chromatography of phenol and its metabolites

For paper chromatography, Whatman No. 1 paper and the descending technique were used; for t.l.c., plates were prepared with fluorescent
silica gel (sce text). Solvents, paper chromatography: A, propan-1-ol—ammonia soln. (s.g. 0-88) (7:3 by vol.): B, butan-1-ol—ammonia soln.
(s.g. 088)—water (10:1:1): C, butan-1-ol—benzenc—pyridine—water (5:1:3:2); t.l.c.: D, benzene—methanol—acetic acid (45:8:4): E, benzene—
dioxan—acetic acid (90:25:4). Detecting reagents: freshly diazotized p-nitroaniline followed by 0:-5 M-KOH in ethanol. FeCl,+ ferricyanide:
chromatograms were dipped in a mixture of equal vol. of FeCl;,6H,0(0-3% w/v) and K,Fe(CN)s(0:3% w/v) in water, then in 2 M-HCl and
then water. Gibbs reagent is a spray of ethanolic 2,6-dichloroquinonechloroimide (1%) followed by saturated NaHCO,;. HCI then Gibbs reagent:
the paper was sprayed with 5 M-HC, dried and then sprayed with Gibbs reagent and NaHCOQO,. Naphtharesorcinol is a spray of naphtharesorcinol
(1%, w/v) in aq. trichloroacetic acid (33%, w/v) followed by heating the paper at 120° for 5~10 min. Phenols on the t.l.c. plates were detected as
dark spots on illumination with u.v. light (254 nm) from a Hanovia Chromatolite lamp, s =streaks; —, not tested.

Ry, values in solvents

Colour reactions on paper

Paper Thin-layer
Diazotized FeCl, + Gibbs HCI then

Compound A B C D E p-nitroaniline ferricyanide reagent Gibbs reagent Naphtharesorcinol
Phenol 092 094 0-97 0-68 0-82 Yellow red Blue Blue Blue None
Catechol s s 090 0-54 062 Yellow red Blue Blue Blue None
Resorcinol — — — 0-45 0-55 — — — —_ —
Quinol s s 0-89 042 049 Red Blue — — —
Phenyl sulphate 0-75 0-52 060 — — None * None None Blue None
4-Hydroxyphenyl sulphate 0-55 0-25 0-55 — — Yellow red Blue Blue Blue None
Phenylglucuronide 045 010 025 —_ — None None None — Blue
4-Hydroxyphenyl-

glucuronide 0-20 000 0-00 — — Yellow red Blue Blue — Blue

*Turns yellow red after 5-10 min.
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Table 2. Urinary mectabolites of [14Clphenol in various specics
[*'CIPhenol in water was administered by stomach syringe or tube except in the case of the primates, camivores and pigs, when it was given incorporated in the food
or drink.  Urine was collected tor 24 b and chromatographed (sce text).  Radiochirmmatograms were prepared and the arcas corresponding to peaks were cut out and
their YC determined by santillition counting, Where 3 or more animals were used averages are given with ranges in parentheses.  Individual values are given where

only onc or two anintals were used. e means - 1% of urinary YC; — means no Y'C peak was detected by radiochromatogram scanning.  nr- -malde; £= - female
Dose %'C excreted in 24 h found as
Species Family or ather  Phenol Be BC excreted in 24 1y Phenyl Quinol  Phenyl Quinol Total T'otal Total
(No., sex and trivial name)  description (mgfkg) (Cifanimal) (% dose) sulphate  sulphate  glucuronide glucuronide sulphate glucuronide  quinol
Primates
Man (3 m) Hono 0-01 27 90(85-98) 77(69-90) 1t 16(4-23) tr 78 16 1
Rhesus monkey (21) Micaca 50 10 37, 49 60, 70 — 40, 30 — 65 35 —
Squirrel monkey (3 ) Satmiri 25 8 31(18-52) 7(2-17) — 68(55-86) 25(11-36) 7 93 25
Capuchin (1 f) Cebus 25 8 73 14 — 65 21 14 86 21
Carntvores
Ferret (3 f; mongrel) Mustelidace 25 5 51(49-54) 28(19-34) 30(21-34) 40(22-52) — 58 40 30
Cat (3 f; mongrel) Felidae 25 8 59(52-61) 87(86-89) 13(11-14) — — 100 — 13
Dog (11,1 m; mongrel) Canidae 25 10 53, 62 33, 68 43, 20 24, 12 — 82 18 32
Miscellaneous
Pig (3 f; larpe White) Suidac 21 10 51(18-72) — — 100 — — 100 —
Hedgehog (2 m;

European) Erinaceidac 20 7 34, 43 63, 86 17, 4 20, 10 — 85 15 10
I'ruitbat (2 f; Indian) Pteropidace 25 S 50, 58 9, 11 — 91, 89 — 10 90 —
Rabbit (3 f; New

Zealand white) Leporidae 25 10 48(35-60) 45(41-48) 9(7-13) 46(39-52) — 54 46 9
Chicken (3 f; Rhode

Island red) Phastanidac 25 10 57(53-60) 78(57-91) — 22(9-43) — 78 22 —
Rodents
Rat (3 f; Wistar albino) Muridae 25 5 95(91-100) 54(44-65) 1(0-2) 42(35-55) 2(0-5) 55 44 3
Mouse* (3 10 f; ICI) Muridae 25 2-5 66(64-68) 46(40-51) 5(3-8) 35(33-37) 15(12-17) 51 50 20
Jerboa (3 f; Egyptian) Dipodidae 25 65 47(28-65) 61(51-71) 12(9-15) 26(20-33) 1(0-4) 73 27 13
Gerbil (2f; 1m) Cricetidace 25 3 55(45-68) 42(22-53) 19(13-23) 35(30-49) 1(0—4) 61 36 20
Hamster (2 f; golden) Cricetidae 25 5 73,78 27, 24 1, tr 44, 41 28, 27 26 70 28
Lemming (3 f; steppe) Cricetidac 25 5:6 40(15-67) 35(18-51) 10(8-12) 39(28-48) 15(10-23) 45 54 25
Guinea-pig (2 f; English) Caviidac 25 27 04, 64 13, 22 tr, tr 82,73 5,5 18 . 82 5

*The urines of 10 mice were pooled for each determination.  +One subject only.
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Chromatography

The Ry values and colour reactions of phenol and its metabolites on paper
and tl.c, are given in Table 1. For radiochromatogram scanning the urine
(0-1-0-5 ml) was placed as band on strips (5 cm wide) of Whatman No. 1 paper
and developed with the solvents listed in Table 1. The paper was scanned in a
Packard radiochromatogram scanner, model 7200.

Thin-layer chromatography was carried out with fluorescent silica gel (silica
gel HF,;,, Merck, Anderman & Co. Ltd. London), 0-1 mm layers being used
for detection and 0-8 mm for preparative work.

Radiochemical techniques

UC was determined using a Packard Tri-Carb Scintillation Spectrometer
(model 3214). Urine samples (0-5-1-0 ml) were counted in quadruplicate
in a dioxan scintillator fluid (20 ml) (Bridges, Davies & Williams, 1967). In
some experiments the paper strip chromatograms were cut into 1 cm pieces
and placed in dioxan scintillation fluid and the associated *C was determined.

Experiments with liver preparations

Liver samples (10 g cooled on ice) from several male rats (Wistar albino) and
female pigs (large White), removed immediately after killing, were homo-
genized at 5° in a Waring blendor in a medium consisting of 0-154 nM-KCl
(78 ml), 0-154 Mm-MgSO, (2 ml) and 0-1 M-sodium phosphate buffer, pH 6-8
(20 ml), to give 109, w/v homogenates (see De Meio, Wizerkaniuk & Fabiani,
1953). The sub-mitochondrial fraction of the homogenate was prepared by
‘centrifuging in an MSE ‘high speed 17’ refrigerated centrifuge at 10 000 (g,.)
for 10 min and part of this 10 000 (g, ) supernatant was used for investigating
glucuronide synthesis. The remaining sub-mitochondrial fraction was centri-
fuged at 100 000 (g, ) for 1 hinan MSE Automatic ‘ Superspeed 40’ centrifuge
to sediment the microsomal fraction and the supernatant (soluble fraction) was
used for investigating ester sulphate synthesis. De Meio, et al. (1953 ) have
reported that the microsomal fraction inhibits the synthesis of arylsulphates.

Incubations

(a) For investigation of the glucuronide synthesis, the incubates in duplicate
consisted of the 10 000 (g, ) supernatant (2 ml), aq. ["*C]phenol soln. (0-3 ml,
equiv. to 0-2 mg phenol and 0-5uCi) or o-aminophenol soln. (0-2 ml; 1 mg/ml)
and aq. UDPGA soln. (0-5 ml; 10 mg/ml). Suitable controls in which the
substrates were omitted were also prepared. The mixtures were then incubated
in glass-stoppered tubes for 1 h at 37° in a shaking water-bath (H. Mickle,
Gomshall, Surrey). At the end of the incubation time, [C]phenol soln.
(0-3 ml as above) was added to one control incubate, and the reaction in all
the tubes containing phenol terminated by adding 109, aq. sodium tungstate
(0-5 ml). The reaction in the tubes containing o-aminophenol was terminated
by the addition of a mixture of equal parts of 2 m-trichloroacetic acid and
2 m-orthophosphoric acid (2 ml). The incubates were adjusted to 5 ml with
water and then centrifuged at 2000 rev/min for 10 min in the MSE Minor
centrifuge to remove precipitated protein.
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(b) For investigation of sulphate synthesis, the incubates (duplicates)
consisted of the 100 000 (g, ) supernatant (2 ml), aq. [**C]phenol soln. (0-3 ml,
equiv. to 0-2mg phenol and 0-5uCi) and an aq. soln. of ATP (0:2ml; 624
mg/ml). Inthe controls phenol was omitted. The mixtures were incubated in
glass-stoppered tubes in a shaking water-bath for 1 h at 37°. At the end of
the incubation time, [**C]phenol (0-3 ml as above) was added to the controls
and then all incubation mixtures were treated with 109, aq. sodium tungstate
(0-5 ml), diluted to 5 ml with water and centrifuged, as above, to remove protein.

Samples (0-1 ml) of the protein free incubates were chromatographed as
bands on paper strips (Whatman No. 1) in solvents A, B and C (Table 1) and
scanned for ¥C. Phenol, phenylglucuronide and phenylsulphate were located
using reference samples of the compounds which were chromatographed
simultaneously. The conversion of phenol to phenylsulphate or phenyl-
glucuronide was estimated by cutting out the areas of the chromatogram corres-
ponding to phenol and its sulphate and glucuronic acid conjugates and counting
in dioxan scintillator. The extent of formation of o-aminophenylglucuronide
was determined colorimetrically by diazotization and coupling with N-(1-
naphthyl)-ethylenediamine according to Levvy & Storey (1949) using a Unicam
SP 500 spectrophotometer and a standard curve.

Results and discussion

The radiochromatogram scans of the urines of some of the species (Table 2)
receiving ["C]phenol showed four peaks which corresponded to phenyl-
sulphate, phenylglucuronide, quinol monosulphate and quinol monoglucuronide.
Catechol conjugates did not appear to be formed in sufficient quantities to be
detected on any of the radiochromatograms under the conditions of these
experiments and at the dose level of phenol (usually 25 mg/kg) used. Parke &
Williams (1953) had reported the presence of minor amounts of catechol con-
jugates (19, or less of the dose) in the urine of rabbits receiving doses of ['*C]-
phenol of 50 mg/kg.

The above four metabolites of phenol were detected in the urine of eight
species, namely the rat, mouse, jerboa, gerbil, hamster, lemming, guinea-pig
and man. Apart from man, all these are rodent species. 'The results for man
however are not strictly comparable with any of the other species listed in Table 2
since the dose of phenol taken by the three human subjects was only 0-01 mg/kg
which is 2500 times smaller than that given to the other species. However,
this shows that man can conjugate phenol with sulphate and glucuronic acid
and oxidize it to quinol. In six of the species listed in Table 2 only three of the
four metabolites were detected. This means that the fourth metabolite is
either absent or more probably is present at levels too low for detection by the
methods used. The two New World monkeys, the squirrel monkey and
capuchin, excreted the two glucuronides and phenylsulphate. At the level
of phenol administered, glucuronic acid conjugation is much more effective
than sulphate conjugation in these herbivorous monkeys, and the ability to
oxidize phenol to quinol is also quite significant (25 and 219, of the 24 h
excretion). The other animals which excrete three metabolites are the ferret,
dog, hedgehog and rabbit, but this time the metabolites are the two sulphates and
phenylglucuronide. In the dog and hedgehog, sulphate conjugation at the
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level of phenol administered (25 mg/kg) is much more effective than glucuronic
acid conjugation, while in the ferret and rabbit the two conjugation mechanisms
are almost equally effective. The ferret and dog appear to oxidize phenol to
quinol (about 30%) more effectively than the hedgehog and rabbit (about 109,
of the 24 h excretion).

There are four species in Table 2, namely the rhesus monkey, cat, fruit bat
and chicken which excrete only two of the metabolites, and one species, the
pig, which excretes only one metabolite. The rhesus monkey, fruit bat and hen
excrete phenylsulphate and phenylglucuronide but did not appear to oxidize
phenolto quinol. 'The sulphate conjugation is more effective than the glucuronic
acid conjugation in the rhesus monkey and hen, whereas in the fruit bat there
is nine times as much glucuronide excreted as sulphate. It will be recalled
(Bridges, et al., 1970) that whereas most species conjugate benzoic acid mainly
with glycine, the fruit bat conjugates the acid almost exclusively with glucuronic
acid. The cat appearsto conjugate phenol and quinol only with sul phate whereas
the pig appears to excrete phenol entirely as phenylglucuronide.

The cat and the pig

Theresultsin Table 2, which were obtained by radiochromatogram scanning,
show that most of the species examined except the cat and the pig excrete phenol
conjugated with glucuronic acid and sulphate. The cat appeared to produce
no glucuronide and the pig no sulphate. The cat and the pig were therefore
examined in greater detail and the radiochromatograms of the urine of these
animals were examined by scintillation counting after cutting the whole
chromatogram into small pieces. The results of these experiments are shown
in Table 3.

In the case of the cat the major urinary metabolite of phenol given orally or
intraperitoneally at 5 or 25 mg/kg is phenylsulphate. 'There is, however, a small
but definite excretion of phenylglucuronide which is less than about 19 of
the 1C in the urine. Quinol glucuronide was detected in the urine of one cat
only in very small amounts (0-1%, of C in urine). The cat also excretes
appreciable amounts of quinol sulphate, twice as much being excreted after
intraperitoneal injection as after oral administration (see Table 3). 'The greater
production of the quinol conjugate after intraperitoneal injection of phenol may
be a reflection of the ability of the intestinal tissue of the cat to conjugate phenol
given orally. If phenolis partly conjugated during absorption from the intestine,
then less free phenol is available for oxidation to quinol.

The cat appears to have a defective glucuronic acid conjugation mechanism
(see Dutton, 1966), but the conjugation is not entirely absent for it occurs at a
very low level with phenol as indicated in Table 3. It is probable that for many
compounds the capacity of the cat to conjugate them with glucuronic acid is
at a low level. However, Mowat & Arias (1970) have shown that cat liver
homogenates are able to conjugate p-nitrophenol but not ¢-aminophenol with
glucuronic acid. It is thus possible that glucuronic acid conjugation in the
cat may be at a low or negligible level for some compounds but not others.

The pig seems to be the reverse of the cat in that phenol is conjugated almost
entirely with glucuronic acid. However, Table 3 shows that the sulphate
conjugation is not entirely absent, but occurs at a very low level. Some pre-
liminary experiments were carried out with pig liver homogenates and the results



Table 3. Urinary metabolites of ['4C| phenol in the cat and the pig
Four fully grown mongrel cats were used, A, B and I heing females and C, a male.  Five pigs (large White; 11-22 weeks old;  18-40 kg
body wt.) were used. Nos. |, 2, 3 and 5 heing females and No. 4 a male.  [YC}Phenol was administered either orally mixed with food or in water
by i.p. injection,  Urine was collected for 24 1 and chromatographed on Whatman Na. 1 paper using solvent systemn C (see table 1) for cat
urine and A for pig urine.  "The radiochromatograms were cut into suitable picces which were then counted (see text).  For cats, the average
values are given with ranges in parentheses.  In column 5, the MC output for each cat is given in the order found in columin 1. “I'he values
for pigs arc in the order given in column 1; —means <0-1% of the "C in the urine.

Dose 0L 1MC excreted in 24 h found as

Animals Phenol He Route of MC excereted in 24 h Phenyt Quinol Phenyl Quinol

(mg/kg)  (nCifanimal) admintstratian (“odose) sulphate sulphate glucuronide glucuronide
Cats *
B,D,A 5 10 0 57(35,57,78) 93(89-95) 6-1(4-0-9) 1-4(1-0-2:0) —
B,CB 25 10 o 49(23,60,65) 88(81-98) 9:3(1-2-15)  0-2(<0-1-0-3) 011
B, A A 5 10 i.p. 79(66,85,86) 85(81-89) 10(8:2-14)  0:3(<0'1-0'5) —
B, B A 25 10 1.p. 63(49,69,72) 67(64-69) 21(20-21)  02(<0-1-0-3) —
Pigs
53 5 10 o 60,65 04,03 — 99,99 —
4,3 25 10 0 ) 76,95 3.6,1:2 — 96,99 - —
1,2 5 5 i.p. 89,97 3:3,0-2 — 93,96 38,34
5,4 25 10 i.p. 79,115 4-3,8:3 — 96,92 . —

*With cat urine some unidentified '*C-containing material remains at the origin of the chromatograms. This accounted for 5 and 129,
respectively of the C excreted after intraperitoncal doses of 5 and 25 mg/kg and 0-2 and 2-5%, for the same doses given orally.

1 o=oral; i.p.=intrapcritoncal

1 [¥C]Quinol glucuronide was found in the urine of the male cat (C) only.
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Table 4. Conjugation of [14C]phenol with sulphate and glucuronic acid in rat and
pig liver homogenates
Each incubate contained 201-9 ug (2:15 pmol) phenol and 0-5 pCi of ¥C, or 200 ug
(1-84 umol) o-aminophenol. The other components of the incubation mixtures and
details of incubation and estimation are given in the text

Substrate Species -Conversion to sulphate ester* Conversion to glucuronidet
% added rate % added rate
substrate (umol/g liver/h) substrate  (umol/g liver/h)

Rat
Phenol 1 80 86 — —
2 72 7-7 89 96
3 67 7-2 91 9-8
o-Aminophenol 2 — — 68 6-3
3 C— — 64 59
Pig
Phenol 1 22 2-5 100 >10-8.
2 10 11 100 >10-8
3 20 2:2 86 92
o-Aminophenol 2 — — 61 56
3 — — 38 33

* Using the 100 000 (g, ) supernatant (see text).
+ Using the 10 000 (g, ) supernatant (see text).

in Table 4 show that these preparations are not devoid of the ability to conjugate
phenol with sulphate. The homogenates were able to conjugate phenol with
glucuronic acid at a relatively fast rate but with sulphate at a slower rate. In
similar experiments with rat liver the rate of conjugation of phenol with sulphate
is almost equal to that with glucuronic acid. It would appear, therefore, that
in the whole pig, glucuronic acid conjugation of phenol, administered at the
level used in these experiments, is so facile that sulphate conjugation, which may
be slow, has little opportunity of occurring. Rapid conjugation of phenol
with glucuronic acid may also prevent the oxidation of phenol to quinol. -

It has been reported by Roy (1963) that liver homogenates from the mar-
supial oppossum, Trichosurus vulpecula, had a low rate of sulphate conjugation
of p-nitrophenol. Furthermore, sulphate esters were not detected in normal
oppossum urine, and a dose of 1-naphthol was excreted mainly as glucuronides
with only traces of the ester sulphate.
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