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ABSTRACT ,’

The metabolism of g—nitrotoluene in both mammals and insects

mainly involves oxidation ol the methyl side éhain tona‘carboxyl
group. Among the various species of insects studied in Xigp,

the most rapid oxiddation occurred in flies. lIn isolated locust
organs, most‘oxidation took place in fat body and éut. Homogenate§'
-of insect tissues were assayed fbr erizymes capahlé of oxidizing
,Efnitrotoiuene to_Ernitrobenzoic acid.Only locust fat body and

fly ébdomen homogenate 10,000g. supernatant contained 'lenzyme
activity. Various properties of the locust fat body enzyme systém'
'wérefstudied. The 90,000g. ‘'microsomal'’ éediment of this supernatant
" was ipactive unless cémbined with 90,000g. supernétant and

requifed no sdded cofactors. Homogerates of other insects or

locust organs and 10'OOUg. sédiment from locust fat body

inhibited microsomal oxidations carried out hy locust fat body

or rabblt 11ver enzyme. Inhibitory power was high in homogenate

:of whole flies and it could not be reversed by theAadditiOn of
excess amodﬁts’of.NADPH2 . Inhibiﬁion'appea?ed tﬁlinvolve both.
irreversible inactivation ofvéhé enzyme and the removal of

essential cofactors,

Rates of oxidation of toluene, n~ and iso-propylbenzene



|
and n- and tert-butylbenzene were measured in 10,000g. supér-
natants of'homogenated locust fat body, flyfabdomen and rabbit
“1iver. Aéti#iiy per.g. of animal was of the same order in the
different species; In the rabbit, the alkyl side éhain hydfoxyiase '

was found to be located in the microsomal fraction of liver and

2
more rapidly than the higher alkyl groups ard in higher'homologuéé,

required NADPH, for its activity. Methyl groups were oxidizéd
hydroxylation of the a-methylene group occured more readily than
terminal or penultimate oxidation. Oxidations in vertebrates

and insects were inhibited by piperonyl butoiidezand similar .
insecticide synergists. The oxidation enzyme was stimulated

by pretreatment with phenobérbitone or 3,4 benzpyrenerin rats

but not in insects.



) : PREFACE

This thesis describes work carried out in the Department
of Biochemistry of St. Mary's Hospital Medical School between
April 1962 and March 1965,

In the last decade, metabolic studies.of foreign
compounds in mammals have yielded a body of knowledge invaluable
to the understarding of the relationship between the chemical
structure and effectiveness of biologically actlve molecules.
Moreover, these studies have turned up metabolic oroducts which -
were found to be more potent than the parent compounds in clinical
use. In recent years, attempis have beer made to extend these
investigations to the fieid of insecticides in ordérrfo findr
out compounds of predictable selectivity. Sometimes compounds
with selectivity between different species of irsects are desired
fo avoid the destruction of useful irsects together with the pest's
predators and parasites. The other type of selectivity concernrs
the most important requirement of an ldeal insecticide- high
insect and low mammalian toxicity. With the extensive use of
insecticides, the effect of tyeir presence in foodstufi's upon

1

public health has become the most important of all considerations



R
in the design and use.bf such compounds; Our knowledge of
selectivity is most advanced in its relation 1o metabolism.

It ié in.the establishment and exploitation of metabolic
differences that there is room fbr greatest ingenuity, gince

quite subtle modification of a molecule may profoundly altexr

its behaviour in biochemical systems and may lead to the
development of new compounds with the desired properiies.

I am most indebted to Prof. R. T. Williams for his
interest and guidance throughout this work and‘for the excellent
tacilities made available to me in his department. I express
sincere gratitude to Prof. J. N. Smith for invaluable advice,
eﬁcouragement and patience in hié supervision of this wOrk and‘
for his continued interest after leaving the department for
Victoria University, Wellington, New Zealand. I wish to thank
Dr. J. W. Bridges ard Dr. D. V. Parke for their helpful suggestions
at various stageé of this work and duringvthe prevaration of the
manuscript. My thanks are due to ihe members of the staff of the
-department with whom I have had many fruitful discussions. I
would also like to thank Mr. A#das and his staff of technicians
who have been always helpful and Miss H. B. Turbert for her

assistance with the experiments on the stability of NADPH2 in



ingect preparations.

Finally, I wish to thark the Agricultﬁrai Research
Cougcil for the financial support and Anti—chust Research
Centre and Rbfhamstead Expérimental Station for supplies of

insects.
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CHAPTER I. IKTRODUCLICN

Part I. Chemical oxidation of organic compou¥ds.

The term 'oxiﬁation' has been vart of common che@ical usage

since the time of Lavoisier. During that period of close to

two centuries, several definitions of the term have been

offered. Transfer of oxygen, transi'er of hydrogen or trarsfer

’of elec%rons have been the commonly used descriptions of
oxidation .and reduction processes, the last being the favoured
defirition at the present time. For practical pdrposes, organic
chemists use the term oxidation to denote prbcesses includiﬁg
oxygen addition or hydrogen abstraction, while iﬁorgaﬁic

chemists find it more convenient to picture oxidation‘aé electron
removal. The two descriptions arerequivaieht, in that in ény
oxidation process there is a net gain of electfons by the oxidiéing
agert, but since in practically all covealent compounds every

atom 1is always surrourded by completed electron sheiis,Ait is
often difficult to gauge the oxidation levels of organic compounds
except by reference to their hydrogen or oxygen conitents.

Classirication of oxidation vnrocesses - The study of

oxidation reaction mechanisms is essentislly an examination
. /
of ways by which electrons can’/be removed from crganic

compounds. Covalent bond tfission is an essential feature of



orgenic reactions and it can be effected’by two different
pathvioys, vis homolybtic resctions in which elect&oh pairs are
symuetrically disrupted and heterolytic reactions in which -
electron pairs are transferred from one particlé to anofher as
aﬁ individual entity. These two pathways havel- |
distinguishable characteristics. In homolytic oxidﬁtibns
electrons are removed singly from organic molecﬁles by active
"atoms or free radicals. It uéually involves the removal from

the molecule of one electron together with a hydrogen nucleus.

Re + 'H-(IE- > R-HE + ,-3;- ()

The initial product must uﬁ&emgo a reaction of similar
type or combine with another free radical before stable enfity
results. Mblecularvoxygen forms peioxides by this reaction
(see Eqse. 5 & 6)° Homolytic electron-transfer reactions
require considerably less activation energy than that ﬁeeded
for the direct breakage of covalent 1inks; hence homolytic
oxidations once started, proceed véry rapidly indeed, The
traces of free radicals required for the initiation of
homolytic oxidation may be formed by the thermal dissociation
of molecules which ha#e weak covalent bonds by disruption of
molecules by exposure to radiant energy, high enérgy varticles

or electrons or by single electwon transfer from ions of



"transition element having incomplete inmexr electfpn shells.
Consequenfly, oxidations which are demonstrably prone to
catalyéis in these ways are homolytic in type. ‘In
heterolytic oxidations the carbon~hydrogen bond is cleaved
by either hydride oxr proton abstraction. A heterolytic
oxidant apﬁroaches an organic molecule at the poinﬁ at
which its valency electrons are most expésed. Farther,
heterolytic oxidations often involve sequences of reaction
ending with the elimination from an organic compiex of the

oxidaht together with its extra electrons as shown below *-

CH,-CH OH + Cl, ————> CH.CH.OCL + HC1  (2)

3 2 2 372
cd '
‘ 3 A CH3
: H_c_ofﬁl > H-C=0 <+ HC1 (3)
| , y
H

Heterolytic reactions yield stable molecules, or ionic’
products in one or at most two consecutive stages and very
seldom 'lead to chain reactions. On the other hand, they
usually require more activation energy than homolytic reactions
and so tend to be slowex processeg;

The number of oxidizing agents now known is so large that
it is impossible to aover them in a short review. It is also

difficult to classify them in terms of the mechanisms of their



action, as an oxidizing acent can react in more than one way
under different conditions and with different cémpounds. The
following survey will therefore be confined to some imporfant
oxidation reactions,

Autoxidations := The term 'zutoxidation® is applied_éenerally'

to show oxidatlion which can be effected by free oxygen at
moderateitemperatures. . It is promoted by light and small
quantitites of many catalysts, notably the oxides and oil-
soluble sélts of heavy metals as well as by various veroxidic
substancés, In the initial stages,'peroxides'are chafqéteriétic'
products of almost all the autoxidations of organic'comﬁoﬁnds.

As the oxidation proceeds these veroxides break down té-complex>"
mixtures of more stable products. | It was suguested that‘the

- autoxidations are free radical processes. Thus the following
mechanisﬁ hasAbeen nronogsed for the cafalytic ligquid phase
oxidationlﬁf ethylﬁenzene by air, which giveS’acetophenoné and

methylphenylcarbinol (Emerson et al 1948).

CgHsCH,CH, + Catalyst ————> CH CHOH, - (4)
+ catalyst He '
. - g0
OgHzCHOH, + 0, —————% C/H CHCH, (5)
00, ! OCH .
l I .
06H50H20H3 + 06H50H0H3 > 06H50H0H3 + CgHCHCH, (6)



At 1400 the ol~phenylethyl hydroperoxide ?an'decompose

thermally into two free radicals.

?OH | clJ.
- o] . '
CGHCHCE3 _1407 ~ CgH,CHOHy + HO. (1)
c|>. . OH
CgHGCHOH + CoHSCH, Oy ~———> 06H50H0H3 + 06H50HCH3 (8)
(l)OH o T 00H
Q6HSCHCH3 + HO, -—-—-> HSC-CH + EO (9)
C.H_.COCH ~+ HO.
o5 3

Paraffin hydrocarbons are mch more resistent to éuto-
oxidation'than are olefins; but the side chains of aromatic‘
hyarocarbons are proune to attack in the o=-nogition to nlve |
substituted benzyl radicals in which the odd electron can
hybridize with the 4T electrons of the benzene Ting.
Peroxidatioh :- The peroxy compounds.of the generallformuia
R-0-0-R are all valuzble oxidiiing.agents° The reactions of
these compounds derend to sone extent on whether or not
hydrozen is one of the attached groups. The hydrb-
oerox1una, including hydrogen ne;o cide, have a Qider range Qf
resetions than do the ordinary veroxides. The central O-O

bond of hydrogen veroxide and its analoguzs is o relatively



weak one (bond strength not more than 66K.cal) and
)

consermuently the compounds in this seriescan fai&ly easily

split to give H-0, and R-0, radicals., Most oxidations in

which the dialkyl, diaryl or mixed peroxides are involved are

in fact autoxidations involving molecular oxygen, and the
L) {) y

role of the peroxide is merely that of an initiator of the

chain reaction.

(RCOZ)Z‘ > 23005‘

Ar CHO + RCO;

) 3
Ar 90 + 02 ———— ArCOs

> ArCO.E + AxGO

ArCO.® + A¢CHO —
-3 3

(10) .
(11)
(12)
(13)

The per-acid can react with more aldehyde by an acid-

catalysed heterolytic reaction.

OH
R-CE=0 - l
——3  R-C-H
+ | , 2RCOCH
. R=CO=0-0H : 0=0~COR

(14)

Alkyl and aryl peroxides can function as oxidants in

their own right under certain circumstances (Stewart 1964).

Dehydrogenation can be effected with radicals like phenyl,

Ph,, Methyl, Me., tert-butoxy, Mé3C—O., Benzoyloxy, PhCo.0,,

but with greatly differing degreeé of resctivity, which

!

decreases in the order given sbove, Fenton's reagent (1894)

which is hydrogen peroxide containing a small quantity of a



ferrous salt can oxidizé a wide variéty of orgaric compounds
(Waters194ég. This system hés been extensively used for the

studies orn the mechanism of biochemical oxidations. It was found
“that in the aromatic hydroxylations ard related oxidations by
Ferton's reagent, the oriertation of the enterirg hydroxyl grbup
is in accord with a predominartly homolytic process involving

free hydroxyllradicalv(Mason 1957). Primary and secondary alcohols,
aldehydes ard etheré oxidigze by chain reaction which hés row been
proved to depend orn the fact that these substances yield 6rganic
radicals that are capable of reducirg ferric iors.

+4

ret' 4+ H-0-0H ——— Petttiecm + o (15)
“0H  + R-CH,OF ———> H,0 +RCHH - (16)
R-CHOH + Fe'™"

7 ﬁCH=O + B + Fe++ - U7)

The hydfoxylation of'aromatic compounds deperds upon the presence

of a high concentration of ferrié ions, for otherwise thé oxidation
of.the primary adduct is much slower than dimerization{ Waters 1964).
It is generally accepted that ir acid solgtion hydrogen peroxiﬁe.

is reduced to water in two one-electron steps. The overail reaction
is as follows.

++ : ; 4 N
2Fe +  HO, — oFe" 't 4+ 2(0H) (18)

The hydroxyl radical set free ir the first step of this reactior

initiates its characteristic reactions. Wher the corcentratior of



hydrogen peroxide is large relative to that df ferrous ion
initially preéent, and pH is higher, other reaction‘may occur

includirg a chain which leads to evolution of»oxygen(Baxendale195b).

. - .
H,0, + OH > HO, +  HD ‘(19)
Y v . - R
Fe*t + HO —> Fe'tt 4+ HO (20)

2 » _ 2

-’ X -+ — -

Ho2 > | + o2 | (21)
Fet™t 4 0,” > Fe'tt 4 0, (22)

It was proposeéd thatlhydpoperoxy radicals (H52) are produced in
the modified.Fenton's reagert which is made of ascorbic acid
acting in the presence of air, in a solution of ferrous ions and
versene (EDTA) ( Acheson & Hazelwood 1960; Norman & Radda 1962).
rThis system wil}rbé discussed later ( Part II, Sec. D). Which
radical, OH or H62 is predominantly concerred in several catalysed
reactions that can be effected in nearly neutral solution of
hydrogen peroxide is still uncertairn. |

Miscellaneous oxidations :~ Chromic acid and potassium permanganate

are two powerful and extensively used oxidizing agents in oréanic
’ cheﬁistry. The activity of Both of them is a function of the acidity
of the medium. Unlike permanganate the ability of chromic acid to
oxidize organic compounds virtéally dimipishes ir. basic solution.
Mn02 is the usual product of reduction of permanganate in all but

strongly basic solution; in the latter solution manganate fails to



dispropbrtionate. The oxidation of substituted toluenes to

the corresvordirg beﬁzoic acid has been étudied in acetic acid
solution ( Sperori ard Barchielli 1941} Cullis and Ladbury 1955).
Electron donating groups in the ring fagilitate the'oxidation rate ‘
but a Hammett plot'for meta and para methyi, chiero, and nitro
toluenes showed only a rouzgh fit. It was suggested that both
permanganate.ion aﬁd margarese ions of lower valence were involved
ir. these reactiors. The most common lower oxidation state of chromium
don is Cr (III ) ard oxidafions‘generally,lead to thiS'state.
However, few if any reactions irnvolve a three electron trarnsfer in
ore step, ard fherefore,most reactions lead either to Cr (V) or

Cr (IV) as .an intermediafe. These compournds may effect further
oxidations arnd may-lead to different products than those eioecte@
from Cr (VI) oxidatiors( Hampton~gt al 1956). Besides chromic ?cid
the most commonly uséd Cr (VI) derivatives afe chromyl chloride and
chromyi acetate. The oxidation of aryl alkares with chromic acid
gives oxidatior mostly at the carbon attached to the arbmatic/rirg,
wherezs the oxidétibh_using aq. Sodium dichromate éives oxidation
.principélly.at the end of the aliphatic qhain rather than at the
a-position (lWiéberg 1965)._Th§;major products in both cases are
acids. The,oxidation of alkyl-éroups in substituted benzeres

by chromyl chloride occurs pfeferentially at the carbon one-removed o

from the aromatic ring producirg aldehydes or'ketonéS'( Wieberg’g}

al 1362; Viieberg 1965 ). Oxidatiors of orgaric compounds'by



10

" by lead tetraacetate introduce hydroxyl group in the

molecule in.a protected form. With alkylbenzeres the

reactior takes place on the u-carbon atom ( Criegee 19653
Detilleax and Jadot 199H). Reactions of transition metal
oxidarts involve reactive catiors which are stable in
solutions of mineral acids, though‘unstable’in neutral
solution. The oxides of nitrogen, sulphur, ard selenium are
also frequently used for oxidizing 6rganic compourds. There
Iare many other oxidizing agents that afe difficult to be
classified éither by structure} mecharism or function. They
include carbonium ions, gquinones, anodic oxidations ard the

halogens.
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INTRODUCTICN.

Part II. Enzymic Oxidations,

A wide variety of orsanic compounds, both exogenous and
endogenous, are oxidized by living organisms. -Before

dealing with the oxidation reactiocns of compounds foreign

to the body, a brief introduction is ¢glven in Seotion A to
biological oxidation and classification of the enzymes involved
in oxidation. The review is based on irformation obtained in
mammals though a large number of fhe enzymes concerned have
also been found in insects (Gilmour 1961). Section B covers
in detail the biological oxidation of fatty acids. The
chemical alterations alkyl side chains undergo, during the
metabolism of fatty acids, are of special significance.in
relation té thé metaholic fate of such gréups in foreign
substrates 1ike alkylbenzenes. Here aégn, the information

is confined to memmals, as in spite of the accumulation of
analytical date on thelr fatty acid comnosition, very little is
known of the metabolism of insect fats (Gilmour 1961). This
ébsence of any information on the'pathWay of fatty acid
oxidation represents a serious gap'in our knowledge of insegt‘
biochemistry. In Section C, the known metabolic oxidations of
‘foreign connounds in mammals and %hsects are reviewed, and
Section D covers the microsomalvehzyme system, responsible for
the oxidative metabolism of foreign compounds. The various

theories proposed on the mechanism of microsomal oxidations are
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also included in the later section. = In Section E the role of
comparative metabolic studies in mammals and inpects is
discussed, specially with reference to the work presented in

this thesise.

Section A. Biological oxidation and claggsification of the
enzymes involved.

The invantigatinn of biological ostidndicn was begun by,
Lavoigier ébout two hundred years ag0. Since then, |
oxidation of org@nic substances by living o:ganisms has
remained cone of the most important topics in biological
~science. Lovoisier and his contemporaries defined the term
"oxidution" as the addition of oxygen atoms fo a substrate,
but now it is employed to signify removal of electrons, removal
of hydrogen atoms ox incorporation of oxvgen. It soon became
apparent that living orianisms contain a number of enzymes which
catalyse the oxidation of wvarious biological substances; these
were designated "oxydases! (Bertrﬁnd 1896)0 The'early worké%
generally presumed that by some means the oxygen molecules
were activated, and then combined with substratess Otto
Warburg (1549) suggeéted that the essential process in cell
respiration was the activation of oxygen and that this |
activation was catalysed by iron~containing comoounds which he
referred to as the "atmungsfermenf".meaning respniratory enzyme.

,
according to him, the iron compléx, X~Fe, functions in

oxidzticns as follows s
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- ' ————— 3 X-Fe-0 :
X~Fe + 02 X-Fe-0, (23) |
A-Fe-0 + 2A —> X-Fe + 200 (24)
Activated efizyme-oxygen Substrate ! Oxidized
complex substrate

This role of oxygen molecules per se in biological

oxidation processes was questioned upon the discovery by
Schardinger of an enzyme in milk which oxidizes aldehydes to
acids in the presence of methylere blue, which itself is
reduced in thevprocess, under arserobic conditions. This
firdirg prompted Wielard to put forward his theory of

'hydrogen activation' according to which certain hydrogen atoms
of the substrate are activated by an enzyme ( dehydrogenase )
so that theyvmay.be removed by a 'hydrogen accepior' ' (ca:fier)
which can be molecular oxygen or other oxidizing agent. A
carrier may;be definéd as a reversible oxidation-reaﬁction
system, the oxidized form of which can accept hydrogen or
.electrons and be reduced, and the.reduced form can be oxidized
by giving hydrogen or electrons to another cafrier or to
oxygen. The function of a simplebcarrier may be represented

as follows':-

SH + c —_— S + CH. (2v)

Substrate adtivated Oxidized  Oxidized  Refuced
by dehydrogenase form of substrate carrier

| carrier

Phis 'dehydrogenation' theory gained experimental éupport

through ingenious experimerts by Thunberg, and numerous
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dehvdrogenases have baew isolated from mammal, insect and plant

" gources as well as from micro-orpanisms. Pyridihe nucleoﬁides,‘
flavin nucleotides and cytochromes have been found to act as
carriers foi various dehydrogenases. In cases when the

oxygen moxcules serve as the immediate elect?on acceptbor,
without invelving the electron transport chains the enéymes
have been célled oxidases. Classical oxidases can be

. divided into two cotegories. In the first category, thé
enzyme calalyses the transfer of two electrons to one

molecule of oxygen forming hydrogen veroxide (Bu. 26). ' Some
flavin - containing enzymes, such as D—amino‘acid_oxidase,
glucose oxidase, xanthine oxidase belong to this groun of
enzymes. In the second type, two electrons are transferred
to an atom of oxygen to produce water (Eq. 27),v Cyfochrome
oxidase‘and ascorbic acid oxidase are éxamples of this class of
oxidase. lMason (1957) called these two types of enzymes

electron transfer oxidases,

AH + 0, : > A + H0, ' (26)

AH, o+ -’2-02 > A + H,0 - {27)
where AH2 is the substrate aﬁd A 1s its oxidized form.

The other two groups of oxidases according to Masorls'
classification (1957) are oxysen transferases and mixed

function oxidases. Oxygen transferases catalyse the

consumption of one molecule of oxygen per molecule of substrate
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{Eq. 28) and both ztoms of oxyzen appear in the product.
]

> )
A + 0, A0, (20)

wherg A is the substrate.

Well knowr. examples are pyrocatechase, homogentisate
oxicdase, tryptophan oxidase, irdole ocxidase, lipoxidase and
dihycroxyfumaric oxidase. MixXed furnction oxidase catalyses the
corsumption of one molecule of oxygen per molecule of substrate.
One atom of this oxyger appears in the product and the other
is recuced to H20 ir. tne presenée of an approprigte eleofron
donor (Lg. 29).

A+ O2 + XH2 — A0+ HZO + X ‘(29)
where A is the subsirate and XH2 is the electron donor.

These two types of reaction (Eqs. 28 &29Y) both involve
oxyger tixation ;nto a substrate molecule, and theretore they
are different from the oxidase reaotions»represented in ngs. 26
& 2(. They are similar to the oxygenation reactions known to
oceur by chemical ard photochemical processes, and Hayaishi et al
(1956) proposed the Term '"oxygenase' to designate the enzymes

responsible for these reactions.

Mixed functior oxygenases i~ These oxygerases have two interde-
i .

penaant activities, reduction of one atom of O2 coupled TO speciric

oxygepnation or hydroxyiation of the substrate. As shown in Lg.2y,

tnis type of enzyme is characterisen py apparently paraacxicai

requiremeriis 3
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(1) 0, is necésswry, as a specific‘oxidizing'agent.
' (ii) a source of electronsis needed to reduce! one atom of
O2 to 00 o In most hydroxylation reactions NADPH2 appeérs to
be a specific eleétron donor, but in certain instances
compownds including NADE,, ascorbic acid, o-divhenols and
‘dihydroxyfumaric aecid also act as soﬁrces ol eleétrqns
(Hayaishi 1962)9. It is now known that the liver enzymes
systems whiéh are regponsible for the hydroxylation of 
foreign compounds in mammals are of the mixed funetion
oxysenase type. The proposed mechanisms of action of
these enzymés will be dealt with in Seection D.  Other
examples of mixed function oxygenases are the phenolase
complei, imidazole~acetic acid oxidase, vhenylalanine
hydroxylase, g~hjdroxyphenylpyruyate oxidase, steroid

hydroxylase and the peroxidase hydroxylating system. .

Section B, Biological oxidation of fabty acids.

The fatity acids in the body are broken dovn into two

carbon units as acetyl Cod, CH,-CO-S~Cok, by an overall

3
process known as'f-oxidation™, Xnoop (1905) tagged the
hydrocarbon ends of even and odd falty acids with the phenyl

- group, fed these phenyl-substituted‘fatty acids 1o dogs and
examined the urine for end productgiof oxidatibno He found
that phenyl-gubstituted even carboﬁ acids weré oxidiged
to phenylacetic acid in the body and odd carpon acids were
converted to benzoie acid; He explained this by proposing

that oxidation of the fatty acids was teking place at the
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-carooﬁ atom ir the ﬁ4po$ition 10 tné carboxyl Froub. Dakin (1721)'
exterded and confirmed Kroop's observations and éonQ;uded that.

- r'atty acids in general are oxidised at the f-carbon atﬁm,with

the gpritting off of the two terminal carbon atoms, leaving a
fatty acid chain shorier by two carbons than the original.acid.'
As & result of many investigations over a lonz period ofvtime,

the detailed mechanisms of the ﬁ—oxi@ation of fatty acids have

been established. The reactions involved ate outlined beLow :—

I. Activation of fatty acids, formation of acyl coenzyme A

derivstives.

: . Thiokinese + M e
RCH,CH_COOH + HSCoA + AT® — e m—

~

s 11 : o
‘RCHZCHZCOUCOA o+ AME + P207

(30)
II. Formetion of u,ﬁ-unsatgrateé fatty acyl CoA derivatives by
acyl déhydrogenase.
HOH,CH,00.SCoh + FAD ————>  RCH=CHCO.SCoA + FADE, (31)
FAD and FADH2 represert the oxidised and feduced forms of
the flavoprotein acyl dehydrogenzse enzyme respectively.
III. Hydration of a,p-unsaturated acyl CoA aefiVativés to form
E-hydroxyl acyl CocA defivatives-by enoyl hydrgse or crotonase.
RCH=CHCO.SCoA + HOH —————5 RCHOHCHZCO.SCOA (32)

IV. Oxidation of p-hydroxy acyl CoA derivatives to [-kevoacyl Col

derivatives by f-hydroxy acyl dehydrogenase.

RCHOHCHZCO.SCOA + NAD - RCOCHZCO.SCOA + NADH

< 2.
(33)
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Y. Thiolytic cleavage of p-ketoacyl CoA derivatives by
thioclases. | J |

RCOCHQCO.S.CQA + HS.CoA —-—‘__—;e CHjCO.S.COA +  (34)

| RCO.S5.Co4

All these processes of fatty acid oxidation-také place in cell

mitochondria of tissues in general ( Green 1954 ). The f-oxidation
scheme discussed above'accounts for the major portion of oxidative
reactions of fatty acids. In addition to f-oxidation, o-oxidation
and‘bj—oxidation yield products ot some metabolic importance (Mahler
& Cordes'196§).

Section C. Oxidative metaboiism of foreign compounds in msmmals
and insects.

One of the important factors'governing biologicgl activity
of a compound foreign to the body is metabolism. The majority of
compounds undergo transformation in the body, which on the whole
helps the body to get rid of the compound. In most cases oxidation
leéds to the formation of less active or bioclogically inert products,
however, in some instances, more active products are produced and
these can cause 2 toxic effect. Therefore, the duration of 'action
arnd toxicity of a compound are often related to the rate and route
of its metabolism in the body./in the last decade, development of

v /
new techniques, gas—liqgid chrématography, spectrofluorometry for

example, has made enormous contribution to metabolic studies. Metabolic

pathways of a wide variety of compounds including drugs, pesticides,
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food additives, cosmetics and detergents are now known and many
more are beirg investigated. All information on this subject,:
until 1Y% has been covered by R.Y1'. Williams in his book 'Detoxication
ldechanisms' (Williams 1959). The work doné in the last few yearé |
had been reviewed in a number of ariicles ( ieyrert 1961; Williams
1962, 1964; Boyland & Booth 1962; Gillette 1963; Shideman & Mannering
19635 Shuster 1964; Williams & Parke 1964; Ariensr& Simonnis 1564;
Remmer 1965 ). Numerous studies have shown that metabolism of a
large number of chémical substances follow‘a very few chemical
pathways. The chemical changes ihvolve& in the metabolism'qf foreign
compounds in mammals can be divided into oxidations, reductions,
v
hydrolyses, and syntheses which are mairly gonjugation reactions with
carbohydrates and amino acids ( Williams 1959 ). A cbmpound nay
undergo any of these reactions or any combiration of them,
corsecutively. Many of the oxidations, reductions or hydrolyses are
followed by synthetic reaction. Until a few years ago, most of the
metebolic work was mainly dore in memmals. During the past few years
there has been increassing interest in similar siudies in insects,
though the compounds selected for study were lardely confined to
‘insecticides. The different types of metabolic processes found to
occur in insects have been rev1ewed by various authors (Smith 1955,
1962, 1964, Casida 1959; Perry 1960) It pppears that the nature of
the metabelic reactions in insects and mammals are very similar,

licst differences are quantitative rather than qualitative. Generzl
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comparative aspects of these mechanisms have also beeh reviewed
recertly ( Smith 1964b). Among the known metaéolic pathways,
oxidation is one of the major changés foreign compourds undergo
both in inéects and mammals, ‘The various types of oxidation
reactions are carried out by enzyme systems, which in mammals are
loqated in the microsomes of liver cells. Similar particulate
systems from insect fat body and whole homogenate preparations
have beern reported { Ferwick 19583 Agosin et al 1961; Terrier et al
1962, 1965 ). The enzyme systems require reduced NADP and oxygen
for their activity. Tpe oxidative metabolic geaCtions which occur
in mammalslénd insects can be classified into the foliowing types.

Each type of reaction is illustrated with examvles.

(1) Alkyl side-chain .oxidation - A .mimbé.r of important
drugs, barbiturates for example,‘aré metabolized by.alkyl
side chain oxidation. Oxidation at bofh terminal (W) and
penultimgte (@ .~1 ) carbon atoms has been demonstrated with.the
barbiturates -ir dog, rat, rabbit , and man ('Williéms 19959 ).
In a typical barbiturate structure there afe.usually two subsii-
tuents in.position 5.4 but only one undergoeé bioCheﬁical change}
Any exiensive change which the molecule undergoeé'gp.i;zp‘has been

: ! . :
~fourd to be located in this suéstituent. The metabolites are the
alqoholic and ketonic products of alkyl side chain oxidation. Recently,
liayneri{1965). has sh&ﬁn that thouszh the w and(UD—1}carbon atoms of
alkyl sub;tituents ir barbiturates bear the brunt of oxidative attack,

- the reaction is not restricied to these two atoms ipn the chain.,
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Metabolism of barbiturates in mammals.

@) A

. —B '
HN
| > (35)
o-:_\\ =0 4 o:::\\ ,
ﬁ _

(where A and B are the substituveuts and C is the metabolized
form of B).

The eazymic aspects of these reactions have not yet
been studied in detail, Cooper and Brodie (1957) showed that
pentobarbital .and thiopéntal areroxidized by the action of
engymes. in microsomes th=t have the recuvirement for both
,NﬁDPHz and oxygen. Pentobarbital‘forms about equal amouvnts
_ of an alcbhol (penultimate oxidation) and an acid (terminal
oxidﬁtion)o Thidpental yields mainly a compound with a
carboxylic group on the fterminal carbon together with a
_small amount of an alcohol (penultimate oxidation).

Gillette (1958) demonstrated thaf rabbit liver

microsomes oxidize thiopental at the terminal carbon atom to

yield a primary alcohol, which is further oxidized to the

- corresponding acid by enzymes'in the soluble part of the -
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cell. Oxidation of a methyl group to a carboxyll group is a
common Treaction of methylbenzenes in mammals. The metabolic
changes of higher alkylbenzenes in mammals in vivo, so ifar

reported are limited to the fdllowing reactions ( Williams 1999). ‘

(1) Hydroxylation of the activated methylene group next to the
benzene rirng to form an alkyl phenyl carbirol which is normally

excreted as glucuronide.

Ph.CHQKCHQ)nCH — Ph.CHOH(CHz)nCH —

3
Ph.CHOGL (CH,) CH, (36)

3

(2) Hydroxylation oi the perultimate carbon atom to rorm a
methylcarbinol which may be conjugated or furiher oxidigzed to

an acid with twq carbon atoms less than the original molecule.

, — Ph.(CH,) CHOGLCH

Ph.(CHz)nCHECH 3

~ —> ?h.(CH,) CHOHCH

\I,

Ph.(CH,) _,COOH

The phenyl fatty acid produced could then be oxidized in the
B~position to yield benzoic acid or phenylacetic acid according

to the number of carbon atoms in the alkyl cheain.

(3) The third reaction is wW-oxidation leading to the formation
of pheryl fatty acids which are then converted to benzoic

phenylacetic acid according to the number of carbon atoms in the
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" side chain. i

. Ct ) 7 . 00 o]
Ph CH20H3 : > Ph.CH,CO0H (38)
The available information on the metabolism of the alkylbenzenes

is presented in detail in Chapter IIL.

The ﬁammalian enzyme system responsible for
the oxidation of the alkyl side chain of P-nitrotoluene has
been.studied by Gillette ( 195y ). He showed that a rabbit liver _
microsomal enzyme system converted p-nitrotoluene to_g-nitrobenzyl
alcohol in presence of.NADPH2 and oxygen. The alcqhol.is thén_
oxidized to_g—nitrobenzoic'acid by the alcochol and aldehyde
dehydrogenases in the . soluble fraction.

Microsomes +

p-NO_.. C H CH,6 —— S  p-NO,..C H_CH OH -—>
-2 6573 NADPH, + O, 2652

Dehydrogerases  + 5COUH (39)

1. e ;CH
) ¢'\ pI 2 6
NAD

Meprobamate and the related carisoprodol and mébutamate
are aisolmetabolized in mammals by oxidétion, the site of‘oxidatgon4
beirg the longer substituent aitached to 02 of thepropap—1,3—di§l
portion of the molequle‘(Walkenstein‘gi al 195&; Befggr 5954). In

'fact, all the metabolites of meprobamate excépt the N-glucuronide



24

are those which could be expected as a result ofwand (h3-1)
oxidation of the x-propyl chain of the drugl( Ludwig et al 1961;

Yamamoto et al 1962).

lietabolism of lieprobamate in mammals.

Humar, dog &

CH. C{CH, OCUNH > CH., C(CH_.OCONH
3 ('}:{ e o2 rabbit 3 ('ni 2 22
{2 [ 2
o, sog & s
CHj rabbit : , &H3 (4v)

) ONH 0
CH3 (l,(CH20C .1\}{2)2 CH3 ?(CHZOC NH2)2
CH : CH

i 2 | 2
co + CH

| ‘ | 2
CH3 COOH

The alkyl side chains of sulphonylureas are also the
sites of oxidati#e métabolic attack in man, rat, rabbit and guinea
pig. These species oxidize the p-methyl group of tolﬁutamide to the
carboxylﬁc acid which is excreted. In some cases, small amounts
of alcohol are also found ( Scholz & Haussler 1964 ).

Metabolism of a number of compounds in insects
also involves alkyl side chain oxidation. Terminai oxidation of an
aliphatic chainr probably occuré in locust's cuticle. After
hydrolysis of the cuticle which had been tanned with
3,4-dihydroxyphenylbrooionic écid, some 4-methylcatechol was
fourd, as well as ithe 4-ethylcatechol. 'Wais suggests that the

following sequence - RCHZCHZCOOH —— RCH2CH;ff9 RCH2COOH
.

> RCH3 occured { Malek 1960 ). Another example of
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berminal oxidstion of a methyl group is found in the metzbolism
| ‘

of prolan [},1~bis (p-chlorophenyl)—2—nitropropan%]in house-

flies (Perry & Buckner 1959).. It has been sugzested that the

recction goss as follows i-

H

H
. .
C1.CH,— C—CHCL _ o Cl.CAH,—0— CAH..CL,
H~<||3—N02 o H—4(I:_—_rr02 _.
Ci - COCH (41)
(Prolan)‘

Oxidatiqn of an aliphatic position adjacent td é benzene
ring { ®-methylenic oxidation);,has been observéd in the
metsbolism of bDT in variocus insect gpecies (Smith 1962),

It has Bean reported (Agosin et al 1961)that e cockroach
ﬁicrosomal preparation §xidizes DIT [}, 1—(2~chloro§h@ny1)

2, 2, 2—trichlproethaﬂ€§ 0 kelthane [},"1-bis-(g-chlqrophenyl)
2, 2; 2-trichloro&thnoil‘in the presence of KADPH2 and oxygen.
Another similar comoound DEC Epis-(9~chlorophenyl)-methyln
'_carbinoz} ’ an lnsecticide synergist is metabolizealby
resistant house-flies and éxoxeted as .&a product tentati#ely
identified as vbis-(?-chlorophenyl)—acetic acid (Perry et al
1953), Rgcantiy,‘it has begn suggested that alkyl chain
oxidation play an important role in the metabolism of pyrefhroids

in house-flies (Fine 1963).
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}(ii) Aromatic ring hydroxylation :~ The introduction of

a hydroxyl group into an aromatic ring is a common

reaction in mémmals ( Williams 1959 ). In vivo this is
usually followed by conjugation producing glucuroride

( mummals ), glueoside | inseets ) or sulphute { inssocis

ard mammals ). his reactior has been extensivel& studied
%p vitro with liver microéomal prepgrations and the results
show that the enzyme system requireSKADi’ﬂ2 ard oxygen 1or
1ts activity. Tne aromatic compounas which are hydroxylated
by liver microsomes include acetanilide, anilire, gquinoline,
raphthalene, benzere, 3y4-benznyrene, salicylic acid,
2—~aminotluoreneé, Z-nzphthylamine, diphenyl and coumarin

( Brodie et al 150 ; Creaven et al 1965 a, b ). Aromatic
rings can be hydroxyiated in more than one position ( Mitoma
1956 3 Boylarnd & Booth 19DYV§ Williams 1959 ; Creaven et al
1965 b ). It has been suzgested that hydroxylation at
different positions may involve different enzymes ( Parke =
Williams 1956 ; Creaven et al 1965 b ). The following:;2;ws
how aromatic hydroxylation can vary from species to species

. / . -
ard from compound to compound in the same species.
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‘able 1, Aromztic hydroxyilation in vivo. (Williams 1964)

I
Compound - * bxtent of hydroxylstion in
‘Maxr.  Dog Habbit ' Rat  louse  (.Pig
1 .

Amphetemine L M L C ok - L
_ 2 ,

Lphedrire - L oL i\ - L
J.mlprz:zm:}.neﬁ'f 1 - R L - -

Diethyl wry-

tamine” 5 - - H o L
LSDZ - - - i - L
Aniline’ - oo H H H o H

H, 25-50% or more ; L, 5~-20% ; L, less than %% .
Alterrative metabolic resction : 1, deamination; 2, dealkylationj
3; rone.

Hydroxylation of aromatic rings also occur in insects.
iicrosomal preparations have been made from insect tissues which
have similar properties ‘o the liver microsomal enzymes of
mammals { Terriere & Arias 1962 ; Terriere et at 1965 ). In vivo
naphthalene is converted to a number of ring hydroxylation éroducts
and their conjugates in g. pigs, rats, fébbits ard housefiies
(Williems 1959 ; lerriere 1961). However, only metaboiifes t'ouna

/
in vitro using microsomal preparations of rat and housetfly were
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1-naphthol and 1,2-dihydronaphthalene-1, 2-diol. (Boyland

and Booth 1958; Terriere & Arias -19b2). /

(42)

Kaphthalene 1-Kaphthol 1,2-Dihydronaph~
: ‘ thalene-1,2-diol

Recently it has been reported thut two of the metabolites
of Sevin (‘l-naphthyl‘ﬁfmethyl carbamate) in raté, cockroaches -
énd house~flies are 4-hydroxy-l-naphthyl N-methyl czrbemate
and 5-hydroxy-l-naphthyl N-methyl carbamate (Dorough and
Caside 1964). Locusts excrete chlorobenzene as’
conjugates of 0= , m- , and E-chlorophenol‘énd 4-chlorocatechol
(Smith and Gessner 1960). Spiders can also hydroxyiate the
aromatic ring, since umbelliferone is excreted by them as the
ethereal sulphate of its hydroxylation product, esculetin
(Saith 1962). / |
(iii) Epoxidation - Epoxi&ation has been suggested as an
infermediate step in the aromatic ring hydroxylation.

According to Boyland and Booth (1962) the liver microsome
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~NADEH .~ O, system converts naphthalere to {,2-dihydro-1,2-

2
eﬁoxynaphthaiene which then rearranges ard reacts with water
- forming 1-naphthol ard 1,2—diﬂydro—1,2-dihydroxynaphthalene’
‘respectivelyf Epdiidation has been mairly ercountered in
’the metabolism oif cyclodiere insecticides.-ﬁor exa@ple,

Heptachldr is converted to its epoxide ir the dog, rat and

cow ( Davidow : et al 1953, , ; Bly et zl 1955 ).
' 4

Ci ' .
ci ‘ 143)
i
ct H Ci
( Heptachlor ) Heptachlor epoxide

The metabolism of cyclodiene insecticidés follow the same
route iy iﬁsects, A number of such compounds have been foundf‘
to be metabolised to their'eboiides in'houseflieé and

Americar. cockroaches ( lietcalf et &l 1956 ; Peryy et al 1958;
Brooks 1960 ;lPerryb1960 j Cohen and Smithi1961; Smith 196?). ‘

(iv) N-dealkylation:- The/oxidative removal of N;alkyl

groups from foreign compounds is a general reaction in mammals.
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{ Brodie gﬁ g}_ﬁ95&). In recent years consiqerable

ad?ances haye‘been made in outlining the enzyme’system
involved in these reactions. Liver microsomal ﬁreparations
have been shown to:dealkyléte a variety of Efalkylémines
inc{uding aminop&rine, methylaniline, dimepﬁylaminbézobenéene,
methylamphetamirne, methadone, dizcetylmorphire, and codeine
(Mueller & Miller 1953 ; La Lu et al 199> ; Axelrod 19905;'
Gaudette and Brodie 195y }. Demethylation in the body of
N-methyl hydantoins ard barbiturates has been established as
a general step in their metaboliém ( Fishman 1956 )f

Uehleke (19615 1963) suggeéted that g—dealkyla£ion proceed
via N-hydroxylation iollowed by-rearrangement.‘SthAa.scheme’
suggestis a close relationship between yydealkylation ;
N-hydroxylation arnd the formationjof N-oxides, such as fhose
obtaired from trimethylamine, chloropromazine y imipramine,
‘and nicotinamide ( sSaker & Chaykin 1962 ;.Fishman et al 190%& N
Kirchrer et al 1963 ). Accordirg to isk et al (1957, 1956) ’

dealkylation of alkylamines proceed along the following pathway:-
‘ 0

- - T » - -~
H-N(CH,), —> R—N(CH3)2‘ > E-N(CH,) CH,0H —

——— R-NHGH, + CHQ (44)

3
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Schradan (Octamethyl pyrophosphoramide), an frganophosphoroqs
insecticide is converted to a potent cholinesterase iphibitor
by microsomal ernzyme from mammalian liver and locust fat body.
The vroduct is row believed to be hydroxymethyl Schradan

( Heath et al 19555 Fenwick 19585 O'Brien 1960 ). It is now
known thatly-alkyl oxidation also piays a signiticant role in
the metabolism of carbamate insecticides ( Casida 1903 ). The
rat liver microsome—NADPHz-oxygen system hydroxylates p-nitro-
phenyl N,N-dimethyl carbamate, probably yielding Efnitrophenyl-
N-methylol carbamzte (Hodgson & Casida 1960, 1961 ). It has
been suggested that analogues of this carbamate with different

alkyl groups follow similar metabolic pathway.

8 /CH3 luicrosome +
p-NO,.C H_ -0-C-N ——— >
27675 \CH3 LADPH2 + 02‘
0 CH
TR
p-NO,,.C H_~-0-C-N (45)
265 <
CHQOH

Flies and cockroacneé form an unstable intermediate
from_B;nitrophenyl~§,§fdimethyl carbamate which is probably
the N-methylol derivative ( H§dgson & Casida 1960, 1561).
Recently metabolic studies oﬁ the carbamate insecticide Sevin

(1-naphthyl N-methyl csrbemate)in rat liver,flies and cockroaches
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have shown that one of the metubolites is the N-hydroxymethyl

derivative (Doroush and Casida 1964). / |

(v) 0-dealkylation := Aromstic ethers undergo O-dealkylabion

forming vhenols in mammals and insects (Williams 1959; Brodie
et al 1258; Smith 1964),  Bray (1955) demonstrated thatb

the deme%hyluﬁion of substituted anisoles occur in rabbit
liver slices and that the methyl group is oxidatively split to
form aldehyde., Axelrod (195%) showed thot the ether cleavage
enzyme system is localized in microgomes and require NADPH2
and oxygen., He alao suggested that more than one ether

clesvage enzyme is present in liver microsonmes,

(vi) N-hydroxylation := A new type of hydroxylation reaction

Ain vivo has been Uemonstrated by the isolation of the
arylhydroxylamine, N—hydroxy-?-acety;aminofluorene from the
urine of rats whioa-had been fed 2eacetylaminofluorene
(Boyland and Booth 1962). It has also been shown that the
hydroxylamine is a precursor of the ortho-hydroxylation
produet, l-hydroxy-2-ccetylaminofluorene (Millér_g_;gl
1960&,b)' Further work published in recent years sugpest
that orthohydroxylation of aromatic amines take place by
N-hydroxylation, followed by pgarrangement of N-hydroxy

derivatives, probably via the corresponding quinonimide
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(Miller et al 1960 a,b; Boyland & Booth 1902). This reaction
has not been reported in insects.

(vii) Phosphorothionate oxication 3~ Phosphorothionate

insecticides are metabolized by mammals tp potent cholinestgrase,
inhibitoré b& oxidation of the phosphorothionyl groups. to
‘phosphates (O'Brien 1960; Gillette 1963). lp vitro gtudies have
shown that the microsomal fraction of liver carries out this
activation in the presence of cofactors ( Davison 19bb§ Murphy &

DuBois 1953 O'Brien 19%Y).

?02H5 OC H

. 125
PNOL Oy = 5 —————> p-NO,.G¢lf,-P =0 (46)
002H5 ' OCZHS
(Parathion) : (Paraoxon)

-This reaction was tirst shown to occur in insect tissues:by

Metcalf & Match (1953). They showed that cockroach gut oxidized

a number of organophosphorous compounds includirg Parathion, methgl
Parathion and Acethion Amide. 1t wus reported that in the cockroa;h
the fat body was the most effective of all tissues in oxidizing
~Parathion and Malathion (Kok & Walsop 1)54; 0'Brien 1957 ). As
with liver preparations, hompgenization of insect tiésues
eliminates oxidizing capacity. Addition of NAD, #agnesium and
nicotinamide to a homogenate of/;ockroach gut preparation was

fourd Yo restore a little of thé Malathion oxidizing enzyme

activity ( O'Brien 1957 ).
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(viii) Thio ether oxidation &=

0
R o '
~CuS=Cm —— -c-i,-c- ——— -c-ﬁ-c- - (47)
0 0
(thio ether) (sulfoxide) ~ (Sulfone)

Thio ethers such as.ChloIOPromazine and 4,4-diaminqdiphehy1-
sulfide aie oxidised by mammals to the corregponding sulfoxide
derivatives (Giletté 1963), Thio ether oxidation is also
.invoived'in the metabolism of some organophosphorous insecfi-
cides of the Systox type (March et al 1955; Benjemini et al
1959) Thionﬁ-Systox, for example, is converted by mouse |
liver and American cockroach tissues to its sﬁlfone

derivative,

Section Do Microsomal oxidising enzyme system.

Studies with tissue preparatioﬁs have revealed that the
enzymes responsible for metsbolic oxidations in mammals are
present mainly in the li?er; in fact most ere found only in
this organ. These enzyme systems are localized in the micro-
somes of liver cells and reguire NADPH2 and oxygen for their
activity(Gillette 1963).  Although therexamples are very feﬁ,
enzymes with gimilar properties have also been prepared from
locust fat body, hoﬁéeflies and cbckroaches (Penwick 1958,

Agosin et al 1561, Terrier 1962). ttempts to define



35

microsomnl enzyme systems have been beset by numerous
difficultics, Véry few of these enzymes have been
isolrted in a form pure enough to allow proPEi |
churvacherization, ILiver microsomes, as isolated by
differential centrifugation, appear to consisf of fregments
aviging from the endonlasmic réticulum and other membranes
during cell rupture. The reticulun comprises two. major
conponentss a rough—surfacei form consisting of small,
dense pvarticles éalled ribosomes and a smooth-surfaced form
devoid of ribosomes. On homogenization, the network of
tubules is broken and forms small vesicles‘whiéh can be’
isoleted as "rough" and “smooth" microsomes,

Al)though the ribosomes play an egsential role in
b:otéin synbhesis, 1t was found that these particles are not
important in netabolic oxidations, Fouts (196 )
separated the "smooth" and "rough' wicrosomes and shiowed that
the énzymes dealing with foreign compounds are concentrated
mainly in "smooth"vmicrosomes. Since the smooth
endoplasmic reticﬁlum of liver cells is associeted with
glycogen, attempts were mede tolcorrelate the liver glycogen
content and the enzyme activity of the liver microsomes (Fouts

96 ), However, such correlétions ere quite noorx,
especially since it is very difficult to alter glycogen content

without producing other changes as well, It is not clear
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wvhether the oxidative microsomai enzymes are localised ih the
lumen ot the endoplasmic réticulum or in the,}ipoid membrane.
T'he f'act that %reatmént of’ microsomes with sonib osillations
or hypotonic solutions fail to solubilize the enzyme system
even_though these treatiments rupture the microsomal vesicles,
indicates that these enzymes are firmly‘attadhed'to'the membranes.
1here bas beer. no lack of eftort to bring miérosomal erizymes
in sélution. Conventional methods of seclubilization were fourd
“to destroy the activity of many of the micrésomal enzymes. |
In recent years it has been suggestéd that one or more

ehzymes tfrom the lipid-containing microsomal membranes can be
separated by meané of a phospholipase from snake vernom. The
enzyme preparation was reported tp be cupable of oxidizing
aniling to_Efaminophénoi and its activity was not reduced
(Imai & Sato 1960). Krisch (1962) used pancreatic 1ipésé for
solubilizing acetanilide nydroxylase of pig liver., Other
microsomal enzymes which are reported to have been solubilized
'include glucorony! tranferase, esterase, y—demethylése ;
nitroreductase and azoreductase { Schﬁster 1964,); The common
‘requiremerts of NADPHziand oxygen tor various éxidgtioh

reactions in microsomes suggésf that the enzyme systems are
. / : : '

i
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closely related. _Other enzyme systems requiring NADPH2

and oxygen ihclude those which catglyse the qxidatién of
phenylanriline to tyrosine and the hydroxylation of steroids.to
steroid hormones (Mason 19573 Kautman 1Y%f). It has been shown
that like these‘enzymes the liver microsomal enzjme system also
incorporate atmospheric oxygen into the substrate ( Mason 195y ;.
Posner et al 1961 ; Baker & Chaykin 1962 ). How NADPH, is involved
in these reactions is not clearly known. It hasAbeen.Suggeéted
that P45V, a cytochrome of unusual structure , found in the
microsomal fractions from a large number of tissues may-constiﬁute’
the teiminai oxidase, responsible for interactiqn with oxygen in

the microsomal oxidizing enzyme system ( Mahler & Cordes 1966 b ).

The sequence postulated is shown below.

NADPH,, Fe'? Protein
P4%0. F&?
s o
- P450(FeTT
)
44 CHj
NAD? | Fe . Protein  P450.Fer/

RCH_OH
Fp = flavoprotein 2

/-
N 1} > . ! - . .
All oxdetion reactions in microsomes may be written as hydroxylations

and the enzyme systems considered as hydroxylases (Gillette 1963).
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Aromatic hydroxylation 3

OH
- - ~C CH
R Cbe’ R-C.H 4 (4v)
Alkyl chain oxidation 3
, OH ‘
— 2 - H (
R CI—I3 — 4 R 0320 (49)
N-dealkylation :
' OH N [< o _
RPNH.CH3 —> R-hH.CHQO%]————9 Rth + CH20 (bua)
O-dealkylation ¢
- OH
R—O—CH3 > ER—O—CHQOEEI —> ROH +cH20 (;Ob)
Sulfoxidation @
OH + . .
R-5-R > [:R-—SUH-H] —— R-S0-R+ K (50
E—Uxidation t
OH + +
R, — [RBNOH] ——— RO+ H  (50))

“Gillette et al (195() found that Liver microsomes contaiﬁ
an enzyme systeﬁ that oxidigzes NADPH2 even in the absence of any?
toreign substrate, generating hydrogen peroxide. This tinding
and further evidence produced by other workers ( Baker_ Q-Chaykin
1962 3 Gillette 1963) indicate that a NADPH2 oxidase is an

integral part of the microsomal oxidation enzyme system. The fact

that peroxide is formed by the oxidation of KADPH, suggests that

2
hydrogen peroxide may be utilized by non-specific enzymes in
microsomes o catalyse the various metabolic reactions. An

objection to this concept is that cyanide, which inhibits most

peroxidases, does not ettect the oxidation of hexabarbital
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( Cooper & Brodie 19%5 ), monomethyl-4-aﬁino antipyrene -

( Gillette et al 195( ) or the sulfoxidatioh of chloropromazine
( Gillette & kamm 1960 ). Moréover, a hydrogen peroxide
generating system cannot replace the requirement tfor NADPH2

in tne various metabolic oxidations (Giliette et al 1957). It
was suggested that the“active oxygen'formed_in microsomes is
probably not hydrogen peroxide but an intermediate ieading to
the formation of this peroxide (Gillette 1963). Acording to
liason's classification of oxidases (Mason 195( ), the liver
hydroxylating systems are considered as mixed tfunction oxidases
as they require molecular oxygen and a specific electron donor.
Since active oxygen is derived from molecular oxygen, it must
possess 4, 3, 2 or 1 oxidizing equivalents., Using thiS~reasoning
the following'hechanisms were.proposed for the formation of

hydrbxylating intermediates.

1. Four equivalents, O2

. a) Quaternary complex ( I'ype I )
0,- B -AH- NADPH, ————> AH + NADP +k + HQO (51)
b) Active 0, ( Type 1I )

0-E + A ———3  AOH + EO (52)

/
f

2. ‘Three equivalents, HO,, tree radical ( Type V )

HO,~ E + A > ACH + EOH . (53)
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3. Two eguivalents
a) Peroxide (Type IV) f ‘
HO,-E + A —> ACH + E + H,0 (54)
b) .Atomic oxygen (Type III) - |
0-E + AH —> ACH + E . {55)
4., One equivalent, OH free radical |
HO-E + AH ———> AOH +H +e + E (56)
where E representé the enzyme and AH is the substrate oxidized,
It was observed that ron-specific honéenzymic hydroxylation
occurs in the presence of 02, ascorbic acid, ferrous iohs and
"EDTA. The_prodﬁcts obtained from a number of aromatic qompqunds
are similar\to those produced biologically ( Udenfrierd et al
19543 Brodie gt,g%?yﬁead et al 1958). Studies with this model
hydroxylating systme were undertaken to aid in the elucidation -
of microsomal enzyme systems. A hydroxyl free radiéal mechanism
for  this system was advanced by Kreuger (19?§), but such
mechanism could not explain the orientation of the entering
hydroxyl group. . . . Ariline arnd P—creéql are oxidized to .
condernsed products by free hydroxy radical gererating system
whereas the model system forms orly simple hydroxylgted
derivatives ( Brodie et sl 1955; Mason 1957 ). Udenfriend et al
(1954) postulated that the hyarox&lating intermediate is the

cation 0H+. The OH+ theory explains orientation of the entering
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hydroxyl group in the model reaction. Doubts have been

. . . ' + . .
raised concerring the existence of OH in agheous solution

(Burton et al 19563 Coulsor 1956). Udenfriend et al nroposed

an alterrative theory that the hydroxylation reagent is a

product of hydrogen peroxide and ascorbic acid (Udenfrierd

et al 1954 ). The behaviour of the hydroxylating intermediate

of the.model system aos a cation was explained by Mason(19957)

in terms of type II ard type III mechanisms put forward for

mixed function oxidases.

Tyove II mechanism

EDTA-Fe'! + 0. —m———> EDra-Fett 0,

2

EDTA-Fe* Y o,

EDTA-Fe''0 + 2¢ ~————>  EDMA-Fe''

Type 11I mecharism

Epra-Fe't 0. + 2¢ ————— EprA-re’t 04+ O

2
or

(51)

+ Al ~————>  EDPA-Fe 70 + ACH  (58)

+ 0 (vy)

(60)

EDTA-Fe' 70, + 2¢ —> Eora-Fe't0,™™ — EDIA-Fe*t0 + 07 (01)

2 2

ErA-re’™t 0 4+ AH  ——— EDTA-Fe™t 4 AOH  (62)

where AH is the substrate.

Accordirg to Braslow ard Lukens (1960) there is not enough
: e

evidence to support the view that an electrophilic

hydroxylating speqies is’ formed in the model system. They
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observed that the nature of hydroxylation by this system |

is very similar to.the pattern found with Fénton's reégént,‘

aﬁd does not show any special preference tor attack on eleciron-
rich positiona. ‘I'hey postulated a free radical mechanism similar
to thé reaction of l&nton's reacent as shown below.

+4

fe + B0, ——e—y  Foul’ " _+‘05 (63)
Mason-gt.gl ( 1957, 1958 ) studied the hydroxylation o some
aromatic compourds in a system cornsistirg of horseradish
peroxidase, dihydroiyfumarate and oxygen. Since this system
‘hydroxylates in electropositive in addit;on to electronegative
positiors, it is brobable that the reaction ocecurs through'a
free radical mechanism ( Buhler & lason 1961 )e Moreover, the
firding that hydrogen pegoxide could not replace oxygen in

the system suggests that the attacking species is a perhydroxy
radical ( H52 ) and not a free hydroxyi radicsl. Participation
of the perhydroxy radical in the model system was also

suggested by other workers ( Acheson & Hazelwood 1960 3}

Norman & Radda 1962 ). All these repoits indicate that the -
microsomal oxidative enzyme systems may act through the

formation of free radiéals. ;ndeed, many reactions carried out by
microsomal erzymes ror exampﬁe the oxidation oflg—nit:otoluene

( Gillette 1959 ) are difficult to explain by ionic mechanism.
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. The pattern of hydroxyiations ot monosubstituted benzeres

ir. the animal body suggesfs that these reactions are carried out
by an enzyme-generated iree hydroxyl radicals.( Smith 1950 ;

Parke & Wiiliaﬁs 1958 ). More recently Diner ( 1964 )

sugurested tbat éctivated molecular oxygen is involved in ﬁhese
reactions rather than free radicals of the hydroxyl or perhydroxyl
type. He cohsidered.some electronic indexes of the'perturbed |
- molecules and préposed that the mechanism for mefabélic ring
hydroxylation was through the epoxidation of a double bbnd

of the substraie molecule in an excitéd state followed by a
rearrangement leadirg to a phenol. The opeﬁirg of an epoxide

ring occurs according either to the relative affinities of

carbon atomsvfor oXygén atom, or.to the :elativé gtability of

the end producfs, deperiding on the conjugatién strength

between the OH group and the aromatic rirg.

Section E . Comparative metabolic studies in mammsls and insects

-

It is now a commonly ugsed practice to look into
the metabolism of any new compound in & number of animal

species before it is considered for human use. 4s a result,
i

»

metabolic fate in mammals oi;% wide variety of foreign organic

’

compounds are known and this knowledge has been profitably used

in the design of never drugs.
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In contrast, inadequate studies on the mefaboﬁic processes

of foreign compounds in insects have been the main limiting
factor in the rationsl development of imnsecticides. Until

a few years ago, the tedious wasteful methods of larg —scéle
semi-random synthesis and soreening were the usual features

of fesearch for producing effective irsecticides. With the

use qf these compounds of various kird on an ever increasing
scale, their effect upon human health, animal and plant 1ife
has become a matter of major concern. The history of a number
of well known insecticides is marked by an‘early'and enthusia—
stic acclaim for their potency? often followed by eondemnation
due to their devastating action on plant and animal life.
Although a numﬁer ot human diseases including allergy, Sinusitis,
Alkalosis, Gastro-intestinal upset,.Pneumonitis and insanity
have been attributed to the intoxicating action of‘inseéticides
( Wayland 1960 ) without sufficient evider.ce, these reporté led
the Federal Aufhorities in the Unifed States and increasingly
in other countries to demand extensive data upon the metabolism
ol new insecticides beforé permitting them to be introduced

in the market. ;n'recent year@;efforts have been médé to
understand the factors which 6ontribute to the selectivity in the

toxicity of a compound. It appears that the present day knowledge
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of seleciivity is most advance ir its relatiog té metabolism;

It is in the establishment and exploitation of metaﬁoiiq
differences that there is room for ingeruity, since gquite subile
modification of a molecuie may profoundly alter its behaviour

in biocnﬁmioai systems and mey lead tb the development of
compounds of high inseci and low mammalian toxicity. Results

from metabolic studies in mammals and insects have been used with
‘some success in the designing 6f some phosphorous insecticides,
The best example of this ié found among those organophosphates
which contain carboxyester amide éroups ( Kreuger and O'Brien
1959 5 Dauterman & O'Brien 1964 ; Smith 1964x)' The low mammalian
' toxicity of these compounds results from the more extensive
hydrolysis of ester or amide lirks in these species. The term
tselectophore' has been applied:to those organic functional
groups which offer a point of selective atiack for abdetox;cation
mechanism. It should be possible, if an extensive enoﬁgh sezrch
is made, to find éut other selectophoric groups which will act
through metabolic processes other than hydrolysié. It is obvious
that such studies will be more fruitful if simple compounds are
used in the beginning. Once a ditfererce is found, it will be
necessary to determine the spe?ificity of the enzymé(s) responsible

for the differences.-- -If it is not highly specific, it may form
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the basis for a selectopnore to be built into.a known toxophoric
nucleus. Another important requirement for ; selectophore
is that it should not increase the polariiy of the molecule,
From these considerations it appears that
alkyl groups may function as ideal selectophorés. Introduction
of such 8roups is a common f'eature in the constitution of
a large nuﬁber ot insecticides. One of the reasons tfor the
ircorporation of an alkyl group in an'insectic;de-is to increase
its lipid solﬁbility which permits it To pass through the insect
cuticle and rerve sheath. This 1argeiy'inf1uencés the biological
activity of a molecule : the greater the lipid solubility: the
higher the efficiency. Some vertebrates can oxidize the alkyl
‘chain in ale%behzénes with g;eat ease { Williams 1959 ), and
since little is known of their fate in insects, we have studied
) thé metabolism of a series of alkylbenzenes in insects in vivo

card in vitro ard compared these results with those from similar

experiments using vertebrate material,



CHAPTER 1II.

METABOLISM OF p—NITROTOLUENE AND

p-NITROETHYLBENZENE IN MAMMALS AND INSECTS.
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CHAPTER II

VELTABOLLSYM OF p-NITROTOLULNL AND p~-RITROETHYLBENZENE

IN MAMMALS AND INSECTS.

Section A. Chemical oxidation and metabolism of p-nitro-
toluere and p-nitroethylbenzere,

B;Nitrobenzoic acid ic the oommon nrodﬁot or‘thé
oxidation of E-nitrotoluene by a rumber of oxi1dizing agents,
including nitric acid, chromic acid and permangaﬁate. 52594%
of m- ahd g-ﬁitrotoluene is oxidized to thevcorrespondihg .
benzoic écid by aqueous chromic acid at 2500 . o-Nitrotoluene
is degradea under the same conditions ( Wiberg 1965 ). |
Oxidation with chromium trioxide in acetic anh&d?ide in the
‘vresence of a strong acid gives the corresponding benzal
diacetates. Chromyi chloride converts ritrotcluene to pitro-
benzaldehyde. The effiency of the reaction has the order
b->m->0o- . Lead tetfaacetate oxidation of E—nitrotoluene
vroduces g—nitfdbénzyl acetate ( Cavill aﬁd SQlOmOD}1954.).
Llectrolytic oxidation of Dh-nitrotoluene usiﬁg platimum
electrodes yieids B—nitrobenzyl alcohol, Bfritfocresol ’
whereas with Pb02 electrodes ;t yields Bjnitrobenzoic acid.
gfﬂitroacetophenone is the common product ot various oxidation
‘ _reactibns'of gfnitroethylbghzene. Oxidation of_gfnitroethylben-

zere carried out at molecular ratio with KMnO4 at 65—750
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]
yields 60-62% p~nitroacetophenone . Liquid phase oxidation

with oxygern at atm. preséure at approximately 1330 also
giveé the same product.

The metabolic rate of o- and p-nitrotoluene
vas studied at an early date by Jatfre ( 1874; 1898~y ) who
found that in dogs gfnitrotoluene was oxidized at the methyl
group to yield both g—nitrobenzyl alcohol and gfnitrobenzoic
acid. At 1east‘23% of the dose fed was excreted in urine as
a glucuroriide of the alcohol, while g—hitrobenzéic acid
Tormed amounted to about 10%. ''he end proaucts of gfnitrotoluene
metabolism’wére identiried asigfnitrobenzoic acid and;g—nitro—
hippuric acid.,
cn

'l)—i\f() CH_5 -—-———) 2-1\‘02 CbH CH_CH —42-1\()2 ch

4 %o ,COOH

2 4 > 4

¥ p-N ‘
P L02 CbH CONHCHZCOOH

4
In rabbits nitrobenzoic acids { o-, m-, p-)

are largely excreted unchanged ( Bray et al 1949 ).

‘Gillette (195Y) showed that p<nitrotoluene is oxidized to the

/ _ -
" correspording alcohol by a NADPH2 dependant enzyme system in

-~

rabbit liver microsomes. The p-rii:uvnenzyl aldohol is then
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‘ I
further oxidized to p-nitrobenzoic acid by NAD dependant

enzyme systeﬁs localised in the soluble fraction of tpe

liver (Fig. 1 ). lo information is available on the memabolism
of Bfnitroethylbenzene in mammals or insects. Thezﬁétabolism

of ethylberzene have been studiéd by Thierfelder & bLaiber (19Y23), .
Smith et al( 1954 a,b ) and £1 Masri et al (1956). 1ln the

rabbit in vivo, ethylbenzene is mainly metabolised %o methyl—
phen&lcarbinyl glucuronide ard hippuric acid. These compounds
are tormed in roughly equal amounts ard account for.about
60—70% of the dose. In addition to these, twé other ﬁetabolites
tourd are pheraceturic acid (015~-25%) and mandelic aéid(1~'ﬁ). .

No oxidation of the aromatic ring has been reported.
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|
Metabolism of p-nitrotoluene in the rabbit

in vitro ( Gillette 1959 ).
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. 02



51
CHAPTER IT

Section B. Materials and Methods .

. ‘ J
Comgounds t- p-Nitrotoluene was crytallised {rom ethanol-

‘water mixture (8:2), m.p. 53—340. p-Aminobenzoic acid, m.p.

1dY° ’ p—nitraphgnylacetic acid, m.D. 1bSO ,‘E—aminohippuric
acid, m.p. 199° and p-nitroethylbenzene, b.p. 245°/ 760 mm. ,

ngu 1.54 were all commercial samplés, which' or. paper chromato-~
gréphic examination were fourd to pe free of impurities.

v E—Nitronippuric acid;Im.p, 1350 was prepared by the Schotter—
Bauman reaction using glycine and B—hitrobenzoyl‘chioride.
1—(p—Nit;qphenyi)ethénol b.p. 162° /16 mn. and 2—(E~nitrophenyi)_
ethanol m.p. 560 wére prepared by sodium bofonydfide redﬁgtion
qf.E~nitroa§etopnenone and methyi_E—nitrophénylacétate |

respectively.

Animals and dosing :- Fifth instar locusts (Schistocerca

gregaria ) were obtained from the Anti-locust Research Centre,
London, ard were kept as described by Myers and Sﬁith (1953).
The insects were fed on fresh grass and watervgg lip. Normal ’
atrain of houseflies was obtained trom the Rothamsiead
Experimental Station as pupse and was used within S.days of
emergence. Other insects were obtained from the samé source and
/ ,
used immediately. The resistant strains of flies were obtained

rrom the Department of Entomology , London School of Hygiene and

Tropical Medicine. Compounds were administered at 200ug./g. in
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acetone (0.01-02 ml.) by injection with Agla Micrometer
syringe (Burroughs Wellcome,Ltd.). Flies énd'mdsfard beetles
(Phaedoxn) were dosed topically at 100 ug./g. and 200 ug./g;
respectively.

Female New Zealard white rabbits maintained on a diep
of rabbit cubes | S.Ge¢71yJ.Rark Lid).and water, were used. The
compound was admiristered by stomach tube as suspension in 10 mi. of
water. PFemale albiro rats maintainéd on a diet of rat cubes
were usea. E—Nitrotoluene in arachis oil (4 mi.) was given to

rats orally using a syringe with a long blunt-ended needle.

Tissue preparations -

(1) Intact tissues :- The tissues were removed from the insect and
placed in an ice-cooled beaker. The contents . of the gut were
removed before use..

(ii) Homogerate and sub-cellular fractions :- The tissues

(rabbit, rat or insect) or in some cases, the whole insects were
homogenized in O.25 sucrose for 1-2 mins. at 0-3°. & Potter—
tlvehjem homogenizer with & loose-fitting teflon pestle dri&en

by a Towers motor was used, The hémogenate was centrifuged in

a M.S.E. 'High Speed 1(' refrigerated centrifuge at jo at 10,000g.
for 10 miné. . The supernatan& (10,000g. sup.) was used for

routine assays. For the preparation of microsomes, the 10,000g.
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superrnatant was centrifuged in a M.S.E. 'Superspeed 40!
centrifuge at 90,000z, for t hr. at O-bo . The soluble fracfion
was poured off and the microsomal pellet was‘resuspehded in
the requiréd volume of 0,25l sucfose by gentle hombgenization.
ALL homogehates and sub-cellular fractions ﬁerg prepared to
give a sev weignt or 2950 mg.tissue/ml. or 1;5-2 locuris'! fat
body/mi. « In some preparavions, espeéially those from beetles,
Tlies and caterpiliars, higher tiséue concentration was uéed.

During the later part of the work only abdomens were used 1'or

.

fly enzyme preparation.

Quaiitative examination of the metabolites :-

Dosed.iﬁsects were ground in a homogenizer with
5 ml. of aceténe/water (BU% V/V) and fhe mixture was pentrifuged.
The superratant wes conéentrated'in vacuo at 430 and examined
by paper chromatography. Urine (5 ml. ) from dosed rats and
rabbits was hydrolysed by 1 ml. péglucufonidase.(_Ketodaée,
W.R. Warner & Co. Ltd. , 5,000 units/ml.) using 0.2l acetate
butier, pH 4.6.(5 ml.). The incubations were carried out at 38°
for 1o hrs, . Some urine samples had to be concentrated in vacuo
at 450 bef'ore paper chromato?raphic analysis. In descendihg solvent
systems unkﬁown\ﬁere'run agéinst refereﬁce compounds on Whatman

No. 1, 4 or MM paﬁer strips. Rf values of the compounds used are'
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quoted in ‘'lable 2.
J

Detection methods :- The acids were conveniently located on

the papers by illuminatior with U-V 1lignt of 254 mp . from é
Hanovia Chromatolite lamp. In this light g—aminobehzoié acid and
p-aminohippuric acids are feebly purple, while g—nitrobenzoic acid
and g—nitrohippuric acid strongly guench the backyground tluores—
éénce ot thé paper and appear as dark svois. These compounds

were also loceted as pink spots, when the paper was sprayed with
‘fitanous chloride solution in HC1 (0.15% W/V) and then oversprayed
with p~dimethylaminocinnamalaehyde {(0.5% solution in a 131

mixture of ethanol and glacial acetic acid). Yellow'spots were
ovtained by spraying with g—dimethylaminobenzaldehyde gnder the

same conditions.

Quantitative examination of the metabolites :~

Estimation of p-nitroberzoic acid in various
preparations was done by the I'ollowing method. Single large insects
or 1g. batches of insects were homogenized in 5 ml.:water
containing 0.9 ml. of O.5N NaOH. Protein was removed by the
addition of O.% ml. of 10% (W/V) ZnSO4 solution and 10 ml. of

carbon tetrachloride was added to extract unchanged p-nitrotoluene,
; £

After shaking (3 mins.) and centritugation, 3 ml. of the

superratant was abidified with Q.1 ml. ot 28 HCL and shaken for
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half minute with 1 ml. ot 1% (W/W) Zinc amalgam. The p-amino-
penzoic acid formed was then determined according to Bratton

and Marshall's method (193Y). The method consisted of diazotising
B—aminobenzoic acid , destroying the excess of sodium nitrite

by using ammonium sulphamate and coupling the digzonium salt with
g—(1—naphthyl) efhylenediamine. The colour was measured at |
555 mu ( Fig. 4 ). In some insects, particularly flies, large
blank values were obtained Irom untréated irsect exfrgcts. This
was minimised By extracting the dye in 5 miL. of amyl alcohol in
wh;ch the interfering material was not soluble. ln experiments
where E-nitrobenzyl alcohol was the subsirate, ether was used
ipstead of carbon tetrachloride to extract excess substrate and
the diazo cblougs were measured within 10 mins. of coupling.
B-NitrODenzyl alcohol gave the same intensity of diazo colour in
the procedure tor assaying B—nitrobénzoic acid bﬁt the speed of
azo;coupling was considerably slower ( Fig. 2 ). Reco?eries'of
p-nitrobenzoic acid added to 1g. of locust homogenate were 83,2
S.E. M.+ 1.9 (10).41n the case of rats and rabbits, urine samplés
(0.2-0.4 ml.)-were banded across & inches wide Whatman 3LM paper.
The chromafoérams were developed in butan—1—ol/NH3 ( sp.gr..O.ﬁﬁ)/
water (4:1:5 V/V) for 5 hrs. .,The appropriatevstrips of the
paper { their position determiped with reference spots of the

known compounds) were cut out and eluted with qil. ammonia solution «
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p-Nitrobenzoic .acid and p-nitrohippuric acids in the elustes
were then determirned by the method described earlier. Hereafter,
this p-nitrobenzoic acid estimation procedure will be referred

to as the standard method.

Estimation of f—\p-nitrophenyl)ethanol s— The rgactién mixture
(> mlL.) was acidified with 3 ml. of 10N HCL and'extréc;ed with'
3x%x 5ml. of ether. The ether layer was evaporated to small

bulk and transferred to a pasper chromatogram and run in solvent

. system A. The zore corresponding to 1-(gfnitrophenyl)ethanol

was eluted with methanol ard this was assayed by the same method
as described for Ernitrobehzoic acid. Colour\devélopment was
allowed to proceed for 3 hrs.‘before the measurement and calculation
as méde by reference 1o a calibf&tion curve prepared f'rom knownj

amounts of 1—(E—nitrophényl)ethanol. Recoveries ot known amounts

of material aadéd to 5 ml. of incubation mixture were

(1 S.EM. T 3.2 (6).
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. Values of some aromatic ritro ard amino compounds.

Table 2 . Ri

Chromatograms were run on Whatman k6.4 papei until solvent fronts had moved
12 inches. Solveni sysiems & A, g—hexane/di—isopropyi ether (5:1, v/v) TUrn on
paper treated with formamide-saturated ethei_ard dried; B, hutanQZ—OLe/zg NHj
(1:1, v/v); C, butar-1-ol/ammonia (sp. gr. 0.88)/weter (4:1:5 v/v); D, ethenol/
water (7:3, v/v) on paper treated with 5% \V/v) olive oil in etner and-dried;

E, r-hexere/di-isopropyl ether -(5:1, v/v)'on paper treated with a saturated
solutipn of carbowax 4000 in ether-etharol (50:1) arnd dried; F, nenzene/butan~1—ol/

ammonia, sp.gr.0.00 (2:5:2, v/V), upper phase; G, butan-1-ol saturated with waver.

Compound . A _ B c D E F G
i-(p-Nitrophenyl)ethanol - 0.20 0.92 U.93 0.92 .30

2-(p-Kitrophenyl)etharol  '0.15 0.91 0.90  0.90. 0.2) ~
p-Kitrophenylacetic acid 0.02 0.60 0.42 0.91 0.34

E—Nitroethyibenzene 0.91 0.v2 0.9 0. (0 U.40

p-Fitrovenzoic acid 0.01 U.{1 0.T3 U1 032 0.31  0.63
P—Nitrohippuric acid V.50 0.29 0.23 V.24
P—Amindpenzoic acid ) '_ 0.49. 0.07 ’ , ' 0.05 O.ou
Pp-Amirohippuric acid C - 0,09 0.10
p-Nitrobenzyl alcohol - ‘ 0.95 .68 ' ‘

p-Nitrotoluene . 10.92 0.93 0,90 0,72 0.1
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]

rig. 2 « Time curves for colour development by coupling
diazotized p-aminobenzyl alcohol at various

concentrations with E;(1—naphthyl)ethylenediamine.
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Fig. 3. Absorption spectra of the dye formed by coupling
diazotized p-aminobenzyl alcohol with
N{ﬁ-naphthy)ethylenediamine.
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rig. 4 .

Aosorption maxima of the dye tormed by
couplirg dinzotized p-aminobenzoicj acid with

N-(1-naphthyl)etbylenediamine.
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CHAPTER II

Section C. Metabolism of p-nitrotcluene in m%mmals and

insects in vivo.

Idertification of the metabolites of p-nitrotoluene :- The

metabolites were identified as described under methods.

Insects were used 16 hrs, atter dosing, while in the case of rat
ard rabbit 24 hr. urine samples were eXamined. PQNifrobenzoic
acid was found to be the majof metabolite in every species of
insects ahd mammais studied. In some cases p-nitrohippuric acid
(iocust, rat & rabbit)‘aﬁd p-aminobenzoic acid (rat, rabbit &'
600kroach) were fourd as mino? metabolites. The results are

given in Table 3.

Quantitative assay of p-nitrotoluene oxidatibﬁ :~ Quantitative
assaysbwere madé on four large insects or 1g. batbhes of small

. insects at different time interval after desing. A linear
relationship was'nofiqed between time and amocunt of Efnitrobenzoic
-acid formed. In the case of the rat and rabbit, urine samples

vere coiiectgd,évery 24 hrs.:ror 4 dajs after dosing. 5 Mi.'qi
0.2l acetate Buffer, pH 4.6 was added to H ml. of concentrated
urine and the mixture was incubated with 1 mi. ot B—giucuronidase
solution (500U units/mi. 3 KetQEase} W.R.Warnér & Cd.Ltd)

li

overnight at jbo. The hydrolysate was concentrated and
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‘cﬁromatograpned. Details of the procedure foi}owed for thne
estimation ot the metaboLites, B—nitrobenzoic acid and‘g—nitro-_
hippuric'acid are given under methods (P.54). These compouﬁds
were still present in Hth and Hth day urine but only in trace

amounts. The results are given in Tables 4,5 & 6.
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Table 3. Qualitative examination of p-nitrotoluene

' : metabolites in insects.and mammals.
Bglow are giVen the metabolites identified in rat and
rabbit urire ard in the whole insects dosed'with p—nitro—
toluene (206 ug./kg. ). The method used for identification .

has been described in Section B.

Species. o PNBA PNHA PABA
Rat + + " .+
Rabbit + $ - Y .
Locust\Schistocafca) + + S -

+
1
+

Cockroach{Peripleneta)

Cockroach(Blatta) + - +
Cricket(Gryllus) + - A -

Flour Beetle(Tenebrio) + - -

" Mustard Beetle

(Phaedon) + - o -_.,
Housefly(@EEEE) + - . - i
- Cotton stéinér
(Dysdercus) + - -
Caterpillar(Pieris) + / .- -

i

The abbreviations used are : PNBA, p-nitrobenzoic acid ;

PNHA,‘B-nitrohippurié acid § PABA, p~aminobenzoic zcid. .

+ and - indicate the presence and absence respectively of any

metzbolite.
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Tabie 4. Metabolism of p-nitrotoluene iy insects

in vivo ( Dose : 200 nge/ge e

The methods used for measuring p-nitrobenzoic acid has been

degseribed in Section B.

Species Pormation oif p-nitro- t, (hrs.)
= 2
benzoic acid.

( ug./8. insect/hr. )

Locust (Schistocerca) 10 13
Cockroach (Peripleneta) 9 ' 15
- Cockroach (Blatta) 7 12 11
Cricket (Grylius) ' 12 - 12
Flour beetle {Tenebrio) 8 ' 19
Mustard beetle (Phaedon) » 20 6
Housetly (Musca) : 25 ' -2
Cotton staiher (Dysdercus) ' 5 : 30
Caterpiliar‘\gigzi§) | e 25

The half-1ife values (tl) vere calcu;ated by plotting the log.

=

values of residual p-nitrotoluene in the body at various time

intervals after dosing against time.
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Table 5 . Metabolism of p-nitrotoluene by femgie albino’

ratvs. Dose 200 mg./Kg.

The animals were dosed orally and the urinary metabolites
p=nitrobenzoioc neoid and p-nitrbhippurid noid aspayed as desoriboed

in Section B. The results represernt averages of three animals.

Day - % Dose excreted as

p-Nitrobenzoic acid (total) "p—mitrohipnuric zcid Total

1 29.5 | s 35
2 S 17 - 4.5 . 20
3 | 8 | | 3 BT
4 | 2.5 | e -. 2.5
st 13 ] o 10.5

* less than U.5% of the dose.
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Table 6 . Metabolism or p—nitrotoluene by fdmaie lew Zealand

white rabbits. Dose 200 mg./kg.. .

The snimals were dosed orally and the urinary metabolites
p-nitroberzoic acid andbg—nitrohippuric acid were measured as
described under methods (Section B). The results represent

~ averages ot two arimals.

Day ‘% Dose excreted as

p-Nitrobenzoic acid(total) p-Nitrohippuric acid Total

1 o o | 1 51
2 : 12,5 2 / 14.5
3 6 1 {
4 T 0.8 : 1.9

65.5 : 14.9 ) 80,3
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CHAPTER II

Section D. Metabolism oi p-nitrotoluene and p-nitroethyl-

benzene in mammels and insecis in vitro.

L

. Metabolism of p-nitrotoluene in irtact tissues of locust

and cockroach ¢— In each experiment tissues f'rom six

“insects were added to‘é ml. of saline together with 7.3

'umolee of p—nitrotoluere in 0,02 ml. of acetone. They were
1ncubated in air in a thermostatlcally COntrolled shaklng
water bath ( Mlckle Incubation Shaker ) at 37 for 30 mins.

( Cohen & Smith 1964 ). The mixture was then ground in a
PotterfElvehJem homogenizer and p-nitrobenzoic acid_was,
estimated by the Sfandard method. All the iocust tissues
examiﬁedeproduced génitrobenzoic acid as the major metebqlite;
p-nitiohippuricvacid was aleo found‘in trace amounts. Thefresults
given in Table 7 are expressed as the amount oi p—nltrobenzolc
~acid iormed per locust per hour. The cockroach tissues were

iound to be devoid of any p—nltrotoluene ox1d121ng act1v1ty.

Metabolism of p-nitrotoluene by insect homogenates ::- In locust,

the f£at body, gastric cecas apd gut-are the most effective in

oxi@izing'g4nitrotoluene in vitro (Table (). Homogenates of

' these tissues, prepared as previously described (Sec.B) were

¥
K
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. I
,examired for p-nitrotoluens oxidase\activity alone and also

in the presence of various cofactofs. Similar investigations
were also cafried out‘with homPgenates of wholeAhouseflies
‘(qgﬁgg), cotton stainers (Dysdercus),caterpillars (gggiigj,
) and beet;es (TEEEEEEO & Egggggp). Homogenates used in each
_incubation mixtu;e corresponded td 3g.vof insects. A typical
. incubatioﬁ mixture contained 4 ml. of homogenate preparation,
b.5,ml. of b.1§ Tris buffer, pH 7.5y (.3 pmoles of B~nitrotoluene
in 0.02‘ml; of' acetone. The finalivolume'was ﬁade up to H mls. .
_The added cofactors common to all incubations were NAD;’0.3 umo;s,
'~g1ucose+béphosphate 19‘pmoles, nicbtinamide, 40 pmoles, MgClzy
30 pmoles. In gddition to.thesg, some’ mixtures contained 0.27
_ pmole.of_NADPHz (cotactor mixture 1) and some 0.3 pumole of
NADH2 (06féctor mixturg 2). .All intubations wére 6arried'9ut'at
37°‘for 307Mihs; . Qualitative and quantitative.eiaminétion
of_the_miitureg showed fhat.the ohly preparation which had_
.B—nitrotoluéne oxidizing activity‘was'the looustvfat'boiy.=/
homogenaté.iﬁven Witéi?issué,_the'amount of B—nit¥obehzgic acid'
formed is only just enough tojbé seen on baper chromatograms.

Addition of cofactors waslfoukd to have no effect.on the enzymé'

activity of the preparations (Table ¥).
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Examinations of the p-nitrotoluene oxidizing achivity of

locust cell_fractions t- Since only one of the'hpmogenates'used
.showedlé—nitroteiuene oxidizing activity, the pqssibility ot the
presence of endogendus inhibitors wefe considefed. 10,000g. Super-
natant fractions from various homogenetes‘were assayed fqr E-nitro-
toluene oxiqizing activity.AThe supernatant‘preparatione were made
ae‘deseribed undef methods (Sec.B). Each preparation’was incubated
'bo#h,alohe and supplemented with the various cofacfore, described
for whole_homogenatevincubatibns. All incubations were carried out
‘at 37° for 1hr. in air. The results are given in Table 8. This
shows thaf_with tﬁe eiception of locust_fatvbodyv10,00ng superna-
tant, all other‘insect preparations wefe inactive, Centrifugefion
of iocust tat bbay hemegenate yielded‘anraetive eneyme in the
10,000g. euperpatant..The enzyme activity of this fraction doee not

increase‘by the addition of any'cofacfor (Table 10)."

Properties of the locust fat body p-nitrotoluene oxidizing enzyme

system :- .Various brOpertiee of the enzyme system werse studied§41h
all experimente the standard incubation mixture contained 4 ml. of'.
enzyme preparation, O.5 ml. of 0.1M tris buffer,pH T.4 and 7.3 pmo;es.
of the eubstrate.in'o.ob @1. of qeetene. The finaileoiume was mede

up to b mi, and tﬁe reactien was.carried out in.aif_for 30 mins.get
310. The standard method was used for the B—nitrobenzoic acid aseays.

The ettect of added cofactors was tested in a number of experiments
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with lLocusts trom dit'tferent batches buit no increase in enzyme

activity was pfoduced in the standard incubation mixture by the
addition of NAD, NAIP, NADH2 or NADPH2 (NAD & NADH2 0.3 pmole

each 3 NADP & NADPH2 0.27 ymole each) s 49 pmoles of nicotinamide
Cand 30 umoles of Mg012 » The results are given in Table 10. The

locust fat body engyme is similar to that of the vertebrate liver

in that, centrifugation at approximately 10,000g. tor 10 mins. yields
an active enzyme system in the supernatantr Centrifugation of‘this
supernatant at $0,000g. for 1hr. yields a-sédiment which is'inactive
unless combined with 90,000g. supernatant (Tqble 10). Preparations

of faf body homogenate were cehtrifuged at vafioué spéeds for 10 mivs.
and the activities ot the supernatants produced were graphed (Fig. G).
‘I'ne graph showed a broad maximum in thé region 10-12,000g. . All
samples were cenitrituged at 10,000g. tor 10 mins. thereafter. The
activity ot the enzyme preparations were found to be linear with time
for periods up to 1hr. and normally reactions were cariied out for

30 mins, (Table 11).,The optimum substrate concentration was found to
be 1.75 mM and a double-reciprocal plot of substrate concentration
and reaction'vélocity gave an apparent Ké value 6.3 x 10—4 (Figs, 8 & 10).
The pH of the reaction mixture wa§ #aried by addition ot 0;5 ml. of

U.1M Tris butter to the étandard/reaction mixture. The t'inal volume

' was made up to 5 ml. ahd the reaﬁtion veloéity was measured betwgen

6.5 and 6.5 ( Fig; 7 )i A narrow pH-acfivity curve was obtained

pesking at 7.4 «
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‘The stability of the enzyme preparation was examined by storipg‘

it under different conditions (Table 13). It ias found‘tnat

about 20%.of the activity was lost when stored at 0° for 16 hrs.

or if left at room temperéture for three hours. Vhen the homogenate
was left at room temperature for three héurs before centrifugation,
no activity was found in the 10,000g. supernatant. Expériments

were carried out to determine the ettect of homogenizing fat body
.fof dif'f'erent periods on the_g-nitrotoluene oxidizing activity

of the 10,000g. supernatant. The results in Table 12 show that

homogenization of the tissue for more than 2 mins. destiroys the

enzyme .

Metabolism of p-nitroethylbenzene in the 10,000g. supernatant of

locust fat body.:- The enzyme preparation trom 25 locusts was

incubated for 1hr. with 36.5 umolesvof_g—nitroethylbenzene.at
510 in air. After acidification with 3 ml. of 10N HCl and extraction
with ether, the ether extract was examined by paper chromatography

'
- and ionophoresis. The major metabolite found was 1—(B—nitrophenyl)-
ethanél together with a trace ofig—nitrophenyiacetic acid. Iﬁ’ |
guantitative éssays the rate of tormation of the alcohol was found

to be 2 pg./locust/hr. .

The eftect of locust tat body ﬂomqgenate on p-nitrotoluene oxidation

by rabbit liver :- Locust fat body 10,000g. 8up. engyme was found

to be inhibited by the sedimented tractions and this inhibiting

‘ettect was not altered by boiling the sediment for 15mins.(Table 14).
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The nature of this inhibition was investigated usirg
rabbit liver engyme prepared aé described‘previousiy, with
" inhibitor concentrations equivalent to the sediments of
0.5~1.25 locusts' tat body over a range of éubstrate”
corcentrations . ''he incubations were carried out at pH77.4 ’
tortitied with various cotactors ( Table 16 l). The resul ts
at each substréte concentration irdicated an irreversible
inh;bition in which inhibitor from 1.5 1oqusts was sutticient
to completely inhibit the 10,000g. sup. enéyme froﬁ 0. 158
rabbit liver in an incubate containing the standard
cotactors ( Fig., 11 ). Attempts were made to measure the
" rate of inhibifion by leaving resuspended locust fat body
10.C00g, sediment ir contact with the rabbit enzyme at‘0°
for varying periods, centrituging off the inhibitor sediment
and assaying the remaininé supernatant. A small reduction
of activity.waé found after leaving the fat body sediﬁert =
in contact with rabbit enzymg,:but most of the inhibitory
activity coyld be centrifuged awa& (Tablé 18 ). 'The sediment
did not appear to intertere w?ﬂh the determination ot p-nitro-
benzoic acid (Tables 18 ). As prolonged hmmogenisafion

( 2 min.) gave a progressively.less active enzyme ( Table 12 ),

the possibility of an inhibitor being released on protracted
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grinding was cqnéidered. A sample of 10,000g. sediment

trom a preparatibn that had been homogenised for 30U sec.
was resuspended in sucrose and ground at O° tor various
times to examine whether ité irhibitory power increased.
This quantity of locust inhibitor reduced the rate of
oxidation'of a rabbit enzyme preparation from 144 mumoies
to 100 mpmoles p-nitrcobenzoic acid/min. but no increased
inhibition was fourd if the homogenisation was proiongedA
ard no‘Water soluble inhibitor was relea;éd ( Table 20 ).
Attempts to prepare an oxidizing enzyme from locust gut
were not successful though in Yiﬁ£° this tissﬁe torms more
p-nitrobenzoic acid tﬁan the tat body ( Table 7 ). Assays
lwere theretfore méde using rabbit engyme with the equivalent
of homogenised pérts of the gut of one locust added. Whole

. ]
homogenate of mid gut was markedly inhibitory ( Table 15 ).

e

Inhibition of vertebrate enzyme by other insects :- The

10,0uug.'supernatant equivalent to 4g.'of flies from
‘homogerates mdde in either 0.25 M sucrose or 0.15 M KC1 had
no oxidizing activity with_gﬁhitrotoluene as substrate even

when fortified with the amourts of NADP, NAD, Hgll, and

Jnicotinamide used With rabbit enzyme, I'he 90,000g. sediment
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fraction of the tly preparation (4 g.) remained inactive
when 90,0003, supernatant from O.jg.‘raﬁbit livér was

added with the cofactors used in the rabbit assay system.
Fly homogenates'were also effective inhibifors of the ’
rabbit oxidizing enzyme (Table 17 ), and the inhibition

by homog enate of 0.U5 or V.075g. of tlies was orly partly
oftset by the addition of very large amounts of IAD:‘H2 or
by the use of a regenerating system for NADPH (Table 17 ).
Cockroaqh fat body, mustardvbeetles and:caterpmllars

(Table 18 ) conﬁainéd much less irhibitor than flies but
.nefertheléss‘their 1U;UOOg. superratants were inacfive when

.feated tor pQﬁitrotOIuene oxidizing power,either alone or

with added cofactors.

The'stability of-NADPH in various insect'preparafions -

The 1nh1b1t10n of rabblt liver p—nltrotoluene ox1d121rg

_ enzyme by 10 OOOg. superratants from various 1nsects coul&
have been due to their rapidly destroying the_cofactors
?necessafy for the.proper functibﬁirg of fhe rabbit er.zyme
system. This might also expiain'the'failure to obtain ény

any p-nitrotoluene oxidation in'inseem preparations. other '

than that trom locust fat body. Another factor which was
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I
considered was the possible presence of some iphibitor(g)
which interferes with the regeyeration of NADPH2 » Experiments
were carried out to find out the stability of NADPHé in
insect preparations both alone and in the presence of added
nicotinamide. ''he et'tect of éddition of glucose-b-phosphate
on the level of NAI)J:’H2 in the systems was also examined in
order to determine whether there was enough glucose~6-phos—~
phate dehydrogenase in there for the regeperation of NADPHZ.
‘'he level of NADPH2 in any sample was foiiawed by a dirept
~ spectrophotometric measurement at 340 mu. Lhe results show

(Fig. 12 ) that NADPH, is stable in locust fat body 10,000g.

2
supernatant ard addition ot G-6-phosphate and nicotinamide
has no ettect. Smalllamounts of KADBHe Qere oxidized in
caterpillar and beetle preparation but most of it was
regemerated by'the‘addition of G-6b-phosphate (Fiés.'12 & 14).
" Whole fly 10,000g. sup. rapidly oxidized most of the added’
NAD?Hé in about 10 min. but signiticant amount of it was
regenerated by the addition of'G—é-phosphateu. The presence
of nicotinémide appgrehtly ha% ho ettfect (Fig.'15 )e

Fly aﬁdomen preparation béhavea rather differently from the

. whole 1y 10,000g. sup. . NADPH2 disappeared much more

slowly in this preparabion than observed in whole fly 10,000g éup. .‘ 
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Metabolism of p-nitrotoluene in housefly abddmen

preparation.:- 10,000g. Supernatant preparations from fly

. abdomen were found to be capable of ozidizing g-nitrotoluene
to_g-nitrobenzoic acid. No other metabolite was produced.

Attempts were made to fortify the enzyme system by adding

various cofactors and maximum activity was obtéined with NADP

and NAD (Table 19 ). Preliminary examinations indicated that both
nmicrosomal fractién and 90,000g. supernatant are required tor

the enzyme activity. The oxidation of p-nitrobenzyl alcohol by

fiy enzyme was measured undexr the conditiéns used for the oxidation
of'P-nitrotoluene and over the concentration range 0.2-1mM. The |
double reciprocal nlot of these reéultstwas linear and gave..

& value of Km‘ﬁ 2.8 %163 . The rate of oxidation of gfnitrobehzyl.
'alcohol at low concentrations ( 3 pg./g. of flies/hr. ét O.me)"

was considerably lower than the rate of formation Of'p-nitrobenzoic

acid from p-nitrotoluene in the routine assay.



Table 7 . Rate of formation of gfnitrobenzogc acid from
p~nitrotoluene by locust orgars in vitro.

Organs from six hoppers were used in each experiment . The

incubation was done in saline to which (.3 pmoles of the

substrate in 0.02 ml. of acetone had been added. Af'ter the

incubation was completed the mixture was ground and p-nitro-

benzoic acid was estimated as described in the text.

Organ

Fat body
Gastric'éecae
'Foregut
.Midgut

Hindgut -

‘Malpighian tubes -

Tofal__

Formation ot p-ritrobenzoic acid,

mpmoles;/.locust / hr.

liales

30.5

©16.8

4.1y

4.1y

1.8

{

- 1.8

/x

i

5943

d3.2

Females Mixed sexes»l
37.1 47.3 
8.7 24

5.96”. 10,6

15.96 11.4

1.8 4.8

3.6 11.4

109.6

.
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Table 8 . p-Nitrotoluere oxidizing activity in indect

homogenates and 10,000g. superratants.

4 M. of a preparétion equivalent‘to ng ot insects‘was
incubated with O.b ml. ot U.14 Tris burfer, ﬁﬂ ‘{1« and
Te3 pmoles of p-nitrotoluene for 30 min. at‘jTo . The

cofactor mixtures used have been described in the text.

Methods used for qualitative examination have been described

in Sec. B,
Homogenate ‘ p-Nitrotoluene oxidizing activity in
the preserce of '
Yo cotactor . Cof, mix. 1 ~ Cof's mix 2
Locust trat body _ + o+ +
Castric cecas - : - -
Gut - 2 - -
Houset'ly (Musca) - . ' - -

Cotton sfainer(DysdercuB)
Caterpillar (Pieris) £ - -

Mustard beetle(Phaedon) —/ - -

+ 4 Indicates the preserce and —5, the absenge of

of enzyme activity.
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. Lable'9 . Effect of speed of centrifugation'of thé
locdust fat body homogenate or the p-nltrotoluene
oxidizing. act1v1ty of the supernatant.

Aliquots of a.fat body homogenate preparation were
centrifuged at ditterent speed and'thé supernatant fractions ‘
were assayed for p-nitrotoluene oxidizing activity. The
incubation mixture contained 4 ml. of enzyme, O.% ml of O.1 M
tris buffer, vH. 7.4 and .3 pmoles of sibstrate in a total

} volume of b ml. . ''he reaction was carrled out for 30 min.

at 37° . p-Nitrobenzoic acid was measureg by the standard

method., : : ‘ N

\

Speed of centrifugation p?Nitrobenzoic acid formed,

mumoles / locust / hr.

600 g, - 3 9T

1700 g. B , | 14

10,000 g. : 32 -
Y - 26

16,000 g /' 3o
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Table 10 . Cofactor requirements and sub-cellular
distribution of the p-nitrotoluene oxidizing
enzyme system of locust fat body.

A typical incubafion mixture contained the enzyme
ﬁreparation (4 ml.), the cofactors quoted, 0.5 ml. of .
O.1M Tris buffer, pH 7.4, and 7.3 umoles of the substrate
in a total volume of 5 ml. . The reactions were carried out
for 30 min. at 37° and fhe enzyme assayed as described in
the text.

Incubations - _ p-NitrobenZoic,acid formed,
mumoles;/ locust / hr.

10,000g. sup. alone - 37

+ NADP + NAD + G-6~phosphate + - 32
nicotinamide g
~ + NADPH, + NAD + nicotinamide g2
+ NADH2 + picotinamide -t : 30
M;crosomg .'f ' ' .- nil
"90,000g. guﬁefnatant - B 4.2

S
" Microsome + 9Q,OOOgs supernayﬁnt o © 32
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. Table 11.. .Rate of formation of p-nitrobenzoic acid from

P-nitrotoluene in locust fat‘bddy 10,0QOg;

supernatant.

The standard ircubation mixture contained 4 ml. enzyme
U.H ml. tris butter, pH 7.4 and {.3 pmoles of_g—nitrotoiuene.
The reactions were carried out for ditrrerent lengths of time

and p-nitrovbenzoic acid was measured by the standard method.

Incubation period - p-Nitrobenzoic acid formed

in minutes. mumoles;/ locust
1V ' ' 5.4
20 , 11.4
30 | 14
45 " 20 '
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Table 12 ¢ p-Nitrotoluene oxidizing activity of 10,000 g.
supernatant fractions of locust fat body
preparation homogenized for various lengths
ot time,

A fat body preparation was homogenized and aliquots were
taken out at difterent intervals, centrituged and the
10,000 g. supernatant fractions were assayed for p-nitro-

toluere oxidizing activity.

Period ot hombgenization | p—Nitrobenzoic acid produced,
in min. | B mumoles /.ldcust / hr.
2 | . A_&o.z:
i | 0
6. s
'  8 B | 136
12 | o P . nil
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Table 13, Act1v1ty of the p—nltrotoluene oxidizing
system in locust fat body preparations stored
under various conditions.

knzyme prenarations used for the assays given below were

obtained trom the same stock fat body homogenate. 4.5 ml.
of engyme wés incubated with 0.5 ml. of tris buffer ard v
T+.3 pmoles of p-nitrotoluene for 30 min. . p-Nitrobenzoic

acid: was measured by the stsndard method.

Sample .. % _Lloss of activity
IWU,UUg. sup. stored a 0° tor 20.5
: 16 hr. '
10 OOUg. sup. stored at room . - ' 20

.temperature for 3 hr.

-10,000g. sup.-stored at Uo for : o 68.5
49 hr. . .
10,000g. sup. from homogenate = » " qo0

Ieft at room temperature tor
"3 hr;‘befpre‘centrifugation.f



Table 14. Inhibition of locust fat body enzyme by the

sedimented fraction.

10,000g. supernatant ( 4.5 ml. )} was incubated with

]

84

T3 pmoles of p-nitrotoluene at j?o'in a total volume of

b ml. in air at pH 7.4 . Sediments equivalent to three

locusts' fat bodies were used as inhibitor.

mumoles / locust / hr.

Incubation

Expt. 1
Ko inhibitors T1e9
10,000g. sediment added -
after incubation
1000g. sediment ' 12.7
10,000g. sedimenj _ 3
10,000g. sedimént heated / -
15 min. at 100 o {

Washingd of 10,000g. sediment -
after heating tor 15 min.

at 1000 .

= ,4Means not determined .-

61.9

p-Nitrobenzoic acid tormed’

Expt. 2

20.6

20.6

Expt.3

24

24

5.1

9.1

20.6
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Table 15 . Inhibition of rabbit liver p-nitrotcluene
oxidation enzyme system by homogenates of

locust organs.

v Whole homogenates equivalent to organs of one locust in
0.25M sucrosé were incorporated ir the standard rabbit
enzyme mixture and the oxidation of p-nitrotoluene

_measured by the standard method.

A ' | A
Homogenate added to - % Inhibition
‘rabbit enzyme

Mid-gut | o L 46

Fat body 10,000g sediment 32,4
Eore-gﬁt? ; | | | ‘, 15 .:"
‘Hind-gﬁtA . - " 0
Gastriq ceqae. S 0

Malpighian tubes { : 0
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Table 16 + JInhibition of rabbit enzyme b} locust
fat body 10,000g. sediment.

Each incﬁbation mixture contained 10,000g. supernatant

from a homogenate of U.75g. rabbit liver with the addition

of 10,000g. sediment from locust fat body homogenate equivalent
to stated no, of locusts in a total vol. of 5 ml. containing
0.675 pmole KADPH2 s 0.T5 pmole NAD, 10 pmoles MgCl2 y 24
pmoles nicotinamide and 0.5 ml. of 0.1 M Trls butter at pH 7.4.
‘ Incubatlons were carried out at 3{ in alr, w1th shaking Ior

0 5 hr., . p-Nltrobenz01c acid was measured as described in

the text.
Substrate concentration
Inhibitor -
concentration M/2720 M/1360 M/680

\no. of locusts) Amount of p-nitrobenzoic acid tormed,

pmoles / g.of liver / hr.

0.5 1.06 1.3 2,18
0.75 : 0.99. . - 1.07 1.73
1 ol o 0.69 | 1.27

1.25 0.27 0,29 0.67




87

Table 17 + Inhibition of rabbit oxidation énzyme by
housefly preparations. B .

Fly oreparations were incorporated in the standard rabbit
aséay system along with the cotactors quoted and the mixture
assayed with p-nitrotoluene as described in the text.

Additions to rabbit . % Inhibition

system,
‘No additions , ' _\ 0
Fly homogenrate(0.25g. of fly) _ 100
90,V008. sup.(0.25g. of fly) , 4444
Homogenate (U.1g. of tly ) 100
Homogenate (0.U(5g. ot tly) - Kk
Homogenate (0.U1g. of fly). | 0

'Homogenate(U.OYSg. of fly)‘+ ' 19.4

10,7 ‘pmoles of NADHH,
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_ Table 18 . -Inhibition or rabbit microsomal oxidation by insect preparations.

Rabbit enzyme ard cofactors were used as described in the text. Innibitors:were
added at 0° and centrifuged of't at 10,000g. after stated contact times. E-Hitrobenzoic
~acid produced vias estimated by-the standard methcd. inhibitors were U.25M sucrose
homogerates éf s~ A, 0.5g. cockroach tat body 3 B; 18. cockroach fat body 5 C, D,
10,0008, sediment from locust fat -body ; E, 0.293. of mustard beetles 3 F, 0.53. of
mustard beetles 3 G; 0.5g, cabbage catérpillar.
'p-Nitrobenzoic acid formed,

Contact times ' .~  umoles / g. of liver / hr.
in min. *

. No inhibitors . 1.94 1.94 1.89 1.15 1.94 1.94 2.°(5
Inhibitor added atter 2.1 | 14 1.94
incubation
Inhibitor not removed 1 T 0 1.05 ' 2.61
before incubation . ) o~
Inhibitor alone 0 o o 0 0 0 0
Inhibitor cenfriguged . :
of¥ bet'ore assay 4 1.94 2.39 ° 1.39 0.67 . 1.82 1.53
14 1.92 2.3y 1.2 0.81 1.75 - 1.53
. 24 1.8 2.39 1.2 0.74 1.68 1.58
8 34 ' 1.2 )
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Table 19 . Cofactor requirements of the’g—nitrotoluenel
oxidizing enzyme system in fly.

_ 'The 10,000g. supernatant (4 ml.) from fly abdomen

- homogenate equivalent to 1 g. of flies was incubated
with 7.3 pmoles of p-nitrotoluene ; 0.5 mi. of Tris
buffer, pH 7.5, and_various cofactors quoted in a
total volume of 5 ml. . The incubations were done for
1 hr. at 370 in air. EfNitrobénzoio acid was measured
by the standard meihbd.

Additions - ’ Yield of p-nitrobenzoic
acid, mumoles / g.0f flies/hr.

10,000g. supernatant o trace
+ NADP + NAD + G-6-P + ' 17.8
M5012‘+ Nic.
+ NED? + G-6-P + MgOl, + Nic. 65.9"
+ NAD + G-6-2 + MgCl, + Fio. 359

The abbreviations used are @ G-6-P, glucose-b-phosphates
Nie. nicotinamide, / ‘

/

i
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Table 20 . Effect of prolonged homogenizatiop on the ,
inhibitory activity of the locust fat body 10 OOOg.
sediment.

Rabbit liver enzyme (0.5g.) was‘incubated with the inhiBitor

{0. b locust) sy 0.68 umole NADPHQ, 0.7Y pmole NAD, 10 pmoles

of MgClQ, 24 pmoles of nicotinamide, Y. 3 umOLes of p-nltrotoluene,
and 0.5 ml. of 0.1M Tris buffer at pH (.4 , in a total volume

of 5 ml. . The reactions were carried out at 37 in air for 30 mins.

-and p-nitrobenzoic acid formed was measurég by the standard method.

Homogenization period

{of the resuspended 10,000g. sediment ) % Inhibition
0 30
2 30
,j 4 . o 27.4
6 33 /
6 ( 10,0093. supeinatant)' o 4

i

6 ( 10,000g. sediment ) - 34
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I
Fig. 5 Progress curve of the p-nitrotoluene oxidising o B
enzyme system in locust fat body 10’000g. sup. .
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f

3/locust/hr.

p-Nitrobenzoic‘acid formed,
‘mumole x C.

Fig. 6. Effect of speed of centrifugation on the
p-nitrotoluene oxidizing aotivity of the locust
fat body enzyme. :

’I .

[,

: : L
4000 v : f12pﬂﬂ . 20000

Speed of centrifugation (&)
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Effeot of pH on the rate of oxidation of

Fig. Te

p-nitrotoluene by locust fat body enzyme system.

L © ©

*Iy/408sut/CZ°0 % sTomNm
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p-Nitrobenzoic acid formed,

~ mpmoles x 0.25/locust/hr.

Fig. Y,

a

-
i

Effeot of substrate concentration on the
p-nitrotoluene oxidizing activity of locust
= ' fat body 10,000g, supernatant. «

4 v L]

1 2 3
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0

ormed,

0.25 mpmole/irsect/hr. .

£
-~

O

p~Nitroberzoic acid

—

Fig., 9, .lEffect of prolonged homogenization on the
- p~nitrotoluene oxidizing motivity of
looust_fat body enzyme,

i

i

2 6 | 12
" Period of homogenization (min. )
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Pig. 10. Lineweaver-Burk plot of 1/v against 1/S for locust
fat body g—nitrotoluene oxidizing enzyme system.
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Fig, 11. Inhibition of rabbit liver p-nitrotoluene oxidizing

120 1

pgs/0.75g. of liver/30 mins.

p—Nitrobenzoic‘acid<formed

o
O

.20

enzyme system by locust faf body 10,000g. sediment

at various substrate concentrations.

Substrate concentration

@ M/2720
A ) M/1360
@ /680

005 ," 1 105 ’
Amount of inhibitor (no..of lo§ust).
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§(340mu)

Fig,12,8tability of NADPH2 in various insect 10 »000g. supernatent

preparatlons.
NADPH2 (1.35 pumoles) was added at zero_time to the
the following_preparations: O s locust fat body
sup.(0.1g./ml.)jA,locust fat body sup. + nicotinemide;
@ ,caterpillar 10,000g. qup.(0.15g./h1.) + GSH(0.5mg./m

5. 10 15 . 2 5 |
‘Time after addition of NADPH (mine.)
Arrows indioate the points at which G—6-Phosphate was added.

- )
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Fig.13. Destruction of NADPH,, by fly abdomen 10 OOOg.

2 supernatant.‘

'The absorption at 340 mp was recorded at,various
intervals after the addition of 1.35 uﬁole$ of

NADPH, to the ebdomen preparation ( 0.12g. /mi.). ‘
s * y The point at which gluoose-b—phosphate (3 B pmoles)
- was added.

1,0
g .
o 0.75
<3
m
—~?
(5] .
0.5
0425 g

{

/)

5 10° T ' 20

. : ‘ Time af'ter the additionldf NADPH2 (Mine.)

A e i - S g ¢ e ek e e Cemieied e g e s s S eh et etm s e eyt K ni e A A b rs © s sniqa e s e e menin e e s P



100

B (340 m )

Fig. 14.Destruction of NADPH

2,2

2.0

1.8

by mustard beetle 10,000g.

2 supernatant preparation.

1+35 pmoles of NADPH2 was added to the preparation
containing O.1%g. of beetles/ml. and the absorption
at 340 mp was measured at various intervals.
#* , The point at which glucosefb—phospnate
: (3.8 pmoles) was added.

10 20 30 40~
Time after the addition of NADPH2 (mins.)
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E (340 m )

Fig,15. Destruotion of NADPH, by whole fly 10,000g.
: supernatént preparations,

' The preparations used oontained 3 flies/ml. .

The levels of NADPH2 were followed spectrophoto—

metrically at various times after the addition
of 1.35 pmoles of NADPH, (O)or 1.35 pmoles of

NADPH_ and 16 pmoles of nioqtinaEIaé ().

2

1q — 20 30 40 50

iy

Time ( mins. )
*, Time when glucose-b-phoephate(B 8 pmoles) was added.

“t
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Results and discussion J

The oxidation by an inseof of an insectioide is often

of primary importance in deciding its eiffectiveness ,

since this reacfion can lead to either activation of the
molecule or deactivation. In prectical insebticidés:the

more sctive conjugation mechanisms such as glucosidation
usually act only after the oxidation engymes have introduced.
a centre forlconjugation. Results in Tégle 3 show that %Et¥12°
4B—nitrotoluene undergoes oné ﬁain reaction in all species
studied-~ oxidation of the methyl group to carboxyl group to
form g—nitrobenzoic acid. In addition to this réaction, in
rat, rabbit and locust, oxidation is followed by glycine
conjugation férming_g—nitrohippuric acid. In rat and rabbit
70 and 80% respectively of administered.P—nitrotoluene was
excreted as g-nitrobenzoic acid in free and conjugated form
in four days (Tables 5& 6). Table 4 shows that the rates of
P-nitrotoluene oxidation in vivo in various insect species
are in the order, housef1y>/;ustard beetle) cricket =
cockroach(Blatta)) 1ocust>Védckroach(Peripleneta)> flour

beetls = caterpi}lar cotton stainer . Housefly oxidizes
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'E—nitrotoluene‘5 times as fast as cotton stainer. Half
life of p-nitrotoluene in the intact body was determined
by measuring the amounts of_g—nitrobenzoic acid‘formed
in‘various time intervals and plotting the log.values of
thé reSiduai g-nitrotoluene agairst time (Table 4). The
halt life of E4nitrpfoluene.in flies was 2 hr. against
30_ﬁr. in cotton stainers. It should be mentioned here
'that flies and mustard beetles were dosed tdpically; whereas
,;the others wéfe by injection(i.p). {E Qiﬁ?o studies -showed.
thét in locust,fat body is the most aétive of'all organs
in oxidizing p-nitrotoluene (Table 7). Females appeared
to be more éfficient than males. | |

- - The study of the feeble oxidatibn.systems in insects
is difficglf,-pérticularlﬁ when 16w doses of toxic compounds
t-az;e usedlénd the use of microsomal enzyme preparations
rathér than‘wﬁole'insects'is more cpnvenient and can ease/f
thékproblem of Separating metabélites from irrelévant tiésue' 
material. Insect microsomal‘ﬁreparatipns aré usugliy made
from'homogehates of' whole ﬁﬁsects'and are therefore more . '
complex than vertebrate,liéer preparation. The diverg;ty ‘

of tissues in the homogenate may introduce a vafiety of
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: endbgenous inhibitors. Previous attempts t! locate the

main site of‘phosphorothionate apd phosphoroamidate
oxidizing énzymes in insects were not successful; Inspite

-. of the fact that a nﬁmber df intact tissue.hommgenates
oxidized theée compounds and the. enzymes concerned'wére
found fo be similar to those in mammalién liver in their
-cdféctor requirementsy no single tissué was thé principal
site of metabolic oxidations as is the liver in ﬁammais

( O'Brien 1960 ).bThe inconélusivenéss éf'such ﬁetaboiic
studies in insects might be due to two reasoﬁs; firsf, use of
-tiséue‘homqgénates, and seéond, fhé differgnces inAthe |
:elative p¥opoftion of oxideses and phosphatases in various
tissués.‘As onl& orne reaction is mainly ihvol&éd in the
metébolisﬁ of p-nitrotoluene in inseéts,( Tabie,j.), it>ié a

more suitable substrate than any of the compounds mentioned

above for in .vitro metzbolic studies in insects. The preparations

-
[

examined for p~nitrotoluene oxidiziné activity were made
f'rom intéct tissues ( locust & cockroach ), homogenatés of
tissues ( locust & cockroach’) and whole insect hbmogénates
:\ caterpillar, mustard beetle, tlour beetié'&ifly.j. 10,000g..
supérnatantS'of all homogenate preparations wefe also assayéd

for p-nitrotoluene oxidizing enzyme activity. With all insect
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preparations, incubations were done alone and in the

presence of various cofactors(Table 8). Satisfactory enzyme
extracts were obtained only from two preparations, locust

fat body and fly abdomen. In both cases, centrifugation at
approx. 10,000g. for 10 min. yielded an active enzyme in the
supernatant and the microsomal sediment of this supérnatant .
at 90,000g, for one hﬁur wasg inactive unless combined with

the 90,000g. supernatart. The enzymes 6onvertedlg;nitrotoluene
to B—nitrobenzﬁic acid and no al?oholic ﬁetabolitenwas detected.
The locust fat body ernzyme oxidized_B—hitroethyibenzene mainly
to 1—Qg—nitropheny1)ethanol togethér with a trace of B—nitro-

phenylacetic acid. No 2-{p=nitrophenyl)ethanol was found.

The 1ly enzyme needed NAD and NADPH2—generating system(Table 19),

but the locust enzyme could not be fortified by added
.cofactors(Table 10). This may be due to the presence of

sufficient endogeneous cotactors in the locust fat body

P

(Eenﬁick 1998 ). The activity of this préparation using p~nitro-
toluene as the suystrate ranged from 5-10 pgrams/locust/hr. .

“The enzyme reaction is'linear?with time up to one hour and

[

'gives m&ximum activitj at pH'7.4 (Figs. S5 & 7 = )e It

lost about & Fifth of its activity when stored at 0° for 16

-
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hours (Table 13). Assays ol the oxidizing activity of the

10,000g. supernatant from the fat body were made ét intervais
on a large group of locusts. Rates of 3.64114.5, 4.5, and 6.4
ug/hr./locust were obtained 2, 4, aﬁd 11 days after collection.
Moulting started in the group at i1 days an&:eﬁéyme from -udults
assayed on the fourteenth and gighteenth days had fateg of B
1}5‘and 2 ug.-of_g—nitrobenzoic<acid/hr./locust. Similar
109ust‘and fly tissue preparations have been repbrted to
~ oxidize Shradan ( octamethyl pyrophésphofamide ) and Sevin
( 1-paphthyl N-methylcarbamate ) respectively( Fenwick‘195b;
Casida 1963 ). A

The reason for the'failure to get any enzyme activity
in cockroach and whole tly 10,000z éupernatanf could not be
understood as these preparatibns‘have been reported to be
capable of hydrbxylating DDT and riaphthalene ( Agosin etral
1961 3 Terriere et al 1962 ). Investigations carried out by
incubating various insect preparations with rabbit liver g
enéyme an& éssaying theigfnitrsbenzoic acid produced by the
later showed that locust fat body 10,000g. sediment and
. homogenates of‘locust gut, cqékroéch s mustard beetlés, flies
and caterpillars‘inhibited_Bfnitrdtoluene oxidizing enzyme

system ( Tables 15, 17 & 18 ). Cockroach fat body , mustard

ibeetles, and caterpillars contained much less inhibitor than
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fliés but nevertheless their 10,060g. supernatgﬁt were

inactive when assayed for E-nitrotoluene oxidiiing.power.

The locust tat body 10,000g sediment inhibitor was heat

stabie (Tableb14) and appeared to0 be irreversible in

nature ( Fig. 11 ). '"hough prolonged homogenisation of “the

t'at body gave a progressively less active enzyme ( Table 12),

this was not due to release of excess inhibitor from the

nuclei or mitochondria ( Table 20 ). Attempts were made to

measure the rate of the inhibition by leaﬁing resuspended‘

locust fat body 10,000g. sediment in contact with rabbit

enzyme at 0o° for varying periods., ceﬁtrifuging off the

inh;bifor sediment énd assaying the remaining supernatant.

A small reduction of activity was found after leaving fat body

sediment in contact with rabbit enzyme, but most of the

inhibitory activity could be centrifuged away ( Table 18 ).
" The stabiiity ot NADPHé in some diluted insed¢t p

preparations was measured ( Figs. 12, 13,_14‘& 15 ). The

results show that loss of NADPH2 is more rapid in whole:

fly 10,000g. sup. than in othérs, However, the 340 mp

absorption could be restoredféignificantly by adding

glucose~6~phosphate { Fig. 15 ). This suggests that the
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nucleotide étructure‘is not attacked in these preparafions}
by any nucleosidase catalysing the hydrolysis of nucleotides.
It was also noticed that 1ﬁhibition of rabbit enzyme by fiy
preparation was supressed only very slightly by using 16-fold
excess of NAIDPH2 (Table 17). Further investigations on the
whole tly 10,000g. supernatant using g-nitrobenzyl alcohol as
substrate showed that the alcohol and aldehydé dehydrogenasgs
was present there in aufficiént amounts. So, it is likely that
the inhibitor(s) interferes with the first hydroxylation step
of the reaction i.e. formatioﬁ of g-nitroben;yl alcohol from

p-nitrotoluene.



CHAPTER IITX.

METABOLISM OF SOME ALKYLBENZENES

IN MAMMALS AND INSECTS.



109

CHAPTER IIl
METABOLISM OF SOME ALKYLBENZENES IN MAMMALS AND INSECTS

Section A. Chemistry , metabolism ard toxicity of
' alkylbenzenes., ' :

Physical properties $-— The alkylbenzenes are highly

refractive colourless substances very sparingly soluble

in water , having a low viscosity and surface tension.
Alkylation of the henzene ring diminishes the solubil&ty

in water. The water solubility of mono-alkylbenzenes -
decreases with +the length of the side chain. The boiling
point iﬁcreaees with increasing molecular weight. A
Progressive decrease in volatiiity accomp;nies tﬁe length-
enirg of the side chain. The intensity of their odour depends
or the number of alkyl groups , ?heir length and the degree
of eaturation.and the branching of the side chain in the -
molecule. In general , lengthening of the side chain
diminishes the perdeptible odour of the compound since the

vapour pressurs decreases with increasing molecular weight.

-

Chemical oxidation 3t~ The homologues of benzene undergo

oxidation with g wide variety of oxidizing agents including
permanganate , dichromate, dil. hydrochloric acid , sulphuric

acid and chromic acid. The bqhzene rirg is not usually
attacked but in most cases side chain régardless of its

" length is converted.to a carbbxyl group. o-Methylenic
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groups‘are often preterential points of tree radical
attack resulting in hydrogen abstraction, the removal

of these atoms.being facilitated by the Low dissociation
energies of the corresponding carbon—hydrogen bonds 57
these are associated with the appreciable resonce

ehergies of the bengzyl-type rédicgls formed. These reactions

are of primary importance in the oxidation of alkylbenzenes.

Kooyman (1951 ) studied the reactivity of aromatic hydro-
carbons towards the trichloromethyl radical , using their
ability to retard the addition of carbon tetrachloride to

cetene as the criterion.

X» 4. Ph-CH,~R ———— Xi + Ph~CH-R

where X®*denotes an active radical , capable of continuing-

the chain reaction , e.g. by abstracting a chlorine atom:
" L

from carbon tetrachloride to produce a new CCl3 radical.

Compounds‘cépabie of giving stable radicals by reactions

analogous to the one above exert a marked retarding

influence on the carbon tetrachloride addition reaction.
Kooyman showed that : (i) 1it§ﬂe‘or no retardation occurs
by compounds not containing a-methylenic hydrogen atoms

(i1) o-methylenic activity is increased by substitution at;
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the o-methylenic groups. The effect of Various substifuenté
onvreaptivity és expressed by Kooyman séem.to be analogous
to the.influence on bond strengths. The following table
illustrates the.influencesvof substitutionion C-H bond
engrgies in some aimplg hydrooa:bbné ( Rdbert arnd Skinner

1949 ).
‘Table 21 . Dissociation energies of ¢ —H bonds.

Difference with respect to

Compound D, ¢
ll(KcafjH o Dc_ﬁ in methane'(Kcal)

'cn4 e - 102 0
X

CHj;CHé—Cﬁj - 90.8 ._"' ‘- | 11.5»

CR s6.5 155

Ogl5~CHy s L
| CH2§CH—CHB: 78 | ’24.

The table on the ngxt page spowé the relative
reactivities of some.alkylbénzenes towards Vafious.free‘

radicals ( Kooyman 1951 ; Russell 1956 ).
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o I
. Table 22, Relative react1v1ties of aryl alkanes toward
some free radlcals.

Cogpéggg _ Béroxx rasicai | Trichloromethyl radical -
Cumene‘ . 1 | S 1

Ethylbenzene 0.59 o 0.37
Toluene 0.075 T oo
E—Nitrofoluene o 0.025

B—Nitrocumene o 0.53 ‘\

E—Xyiene ' 0.12

The figures represent relative reactivities per a—hydroéen
atom taking cumene as the standard.

The rate of reaction of a peroxy radical ﬁith various
substituted hydrocarbons shows a pronounced dependence on

f polarity, Electron- withdrawing groups tend to decreasevand
elctron- donating groups increase the reactivity of the
a—hydrogen,stoms of compounds toward a free radical. The
reactivities of.thevvarious toluenes and cumenes examined
cannot alore be explained from a consideration of the Tesonance
energy of the aralkyl r&dicai formed. p-Chloro , anitro ’
.p—cyano or p—bromo groups increase the resonance stabilization

of benzyl radicals, whereas these groups decrease the reactivity
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.‘ of toluene towérd a peroxy radical ( Szwarc 1948a;b ;1951a,b,).
It was also pointed out that the bond strength observed

for substituted benzyl bromides is apparently not

connected with the Hammett o~-value of the substituent

gince Ekmethyl ard_g-nitro group have nearly the same

effect on the carbon-bromine bond dissociation energy.

The capacify of aryl . compounds with substituted side
chains to autojaxidize has been studied ( Hock and Lang 1943).
Ethylbenzere was found to be more readily attacked than
toluerne , xylenes and.cymenes in‘ag¥éement wiﬁh Kooyman's:
results. tggt—Butyibenzene was unéffected. In pérmgnganate
oxidation of'alkylbenzenes complete oxidation_of.the alkyl
group to the carboxylie acid‘occurs in most cases. Some:
compoupds cqntaining a tertiary hydrogen can  be oxidized

to the‘corfesponding glcéhol.in.éxcellent yield (Stewart 1965).
The autok;datioﬁ of aryl alkanes at benzylic positions

can”be initiated bylpermanganate ; There seems little douﬁ%
that resonance-stabilized benzyl radicals are intermediates

‘ in these teactions (Waters 1946b)° Oxidation of alkylﬁénzenes
by chromic acid mainly occugé on fhe a—carboﬁ atom. Regardleass
of its iength s the alkyi group iS‘finally oxidized to a

carboxyl group (Fﬁ%tig et al 1869 3 Friedel and Balsohn 18793
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Abell 1991 ). Ethylbenzene gives benzoic acid along with

some acetophenone ﬁsing chromic acid in acetic acid.
{ép—Propylbenzene gives some 2—phény1-2—propan01 albng
with acetophenone ( Boedtker 1901 3 Meyer.and_Bernhéuer
1929 ). tert-Butylbenzene having no a~-hydrogen is very
resistant to oxidation. n-Propylbenzene gave only benzoic
acid under the same conditions. In aqueous acidic chfomic
acid solution , besides Eenzoic acid Efpropylbenzéne gives
acetic acid § n-butylbenzene gives proﬁionic and acetic.

" acids and %Ep-propylbénzene produces only benzoic aéid

( Jurecek et al 1959 ). The oxidation using aqueoué sodium
dichromate occurs principally at the end of the alkyl sidé
chain rather thgn at the a-position { Reitgema and Allphin
1962 ). Ethylbenzene gives phenylacetic acid in 96% yield.
Vigorous conditions lead to the degfadation of the acid to
benzoic qcid, n-Propylbenzene , iso-prepylbenzene and |
Efbutylbenzene givé 3-phenylpropionic acid , 2—phen&1-.
propionic acid an& 4-phenylbutyric acid respectively. Chromyl
chloride oxidation of alkylbenzenes occur preferentially

at the carbon—qne removed f%om the aromatic ring. Thus
ethylbenzene gives phenylacetaldehyde as the major product.

Similar results have been obtained with cumene and
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p-propylbenzere ( Wieberg 1965 ). As a result of a

rumber of investigations‘, theré'is a considerable body

of data concerning the Cr(VI) oxidations of aryl alkanes.

Mares and Rocek ( 1961 ) found that in 99% acet1c a01d,

the relatlve rates of ox1datlon of toluenre , ethylbenzene‘,"
iso-propylbenzene and tert-bﬁtylbenzene are 11 7.2 371.1:0.019,’
Accordirg to Wieberg ard Lvans ( 1960 ) the relative rates |
of oxldatlon of hydrocarbons tend to parallgl their‘rates

of reactions with hydrogen—atom‘abstréqtprs. Ore possibie
mechanism-for_cgrbon—hydrogen bond'cleaVage whidh'is in

accord with the experimentsal observationé,is'the foliowing:-

RyCE  + On(VI) ——> R, Ce +or( v )

The radical is probably oxidized by one of the chromium
species 4, possibly forming an'ester which is fthehl;
hydrdlyéed giving the finel product. Dimroth and Schweizer

{ 1923 ).obserted that lead tetraacetate converts toluengf
to‘benzyi acetate. Ethylberizere undeszggﬁitions gives
acetaté of methylphenyl carbinol ( Detilleux and Jadot 1955 ).
Dewar (1949) proposed that /in these reactions a radical chain
reaction is involveg. This is supported by the observation
that éxidation ofiethylbenzené by lead tetraaéetate-ig

accelerated by the addition of 5% of dibenzoyl peroxide.
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Metabolism s~ The earlier work ofiTheirféldér_and
Klenk { 1924 ) on fhe metabolismlcf E—alkylbenaénes higher
in the series than toluere showed that most of these compounds
underwent (O -oxidation to phanyl fatty acids thch were then
converted by P-oxidation to either benzoic or paenylacetic
acid according to the_number of carbon atoms in the side
chain. More recantly the metabolism ot thesa compounds in
. rapbits ig_y;yo'Was studied ( Smifh g}vgj 1954&,& Robinson
and Williams 1955 ; k1 Masri et al 1956 ). 1t was found that
ntaeoridation only accounta for a portion cf thevalkylbenzéne y .
a scbstantial part of.the compound being metabolized by -
oridaticns involving carbon atoma in the alkyl chain other
thanlthe k)-afom.. - From these findings tha metabolism cf
ethylbehdene_; E—propylbenzepe R rgp-propylbenzene s p-butyl-
benzene and tert-butylbenzene in the rabbit caa bé summnrized
‘as folloWs.:— |
(i) Ethylbenaene :; The main oxidation of ethylbanzene-océnrs
at the activated a—methylenlc group to zive methylphenylcarbinol
which is the precursor of hippuric acid ard mandelic acid.”
Methylphenylcarbinol is excrbted in the urine as its
glucuronide o W -0Oxidation also takes place as 15—20 % of - the

dose is excreted as phenaceturic acid .
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(ii) n-Propylbenzene :- In the rabbit , the major metabolites :
of n—propylbenzene are the glucuronides of ethylphenylcarbinol
and benzylmethylcarbinol. ‘These compounds account for over.‘
half the dose fed . About 15 % of the dose is converted

to hippuric acid which probably arises from oxidetion of

the carbinoie or of p-phenylpropionic acid.

(1ii) {Eo-Propylbenzene t- RabbitS'largelyiconvert
rgo—propylbenzene to carbinols up to 70 % which are

excreted conjugated with glucuronic acid . About 40 % of .the
doge is oxidized to 2—pheny1propan—2—o1;\Hydratropyl alcohol

. and hydratropic acid which are formed by oxidation of one

of the ﬁ—carbons of the side chain are produced in roughly
equal amounts and account ior about half of the dose . Small
e, amounts of etheral sulphate and mercapturic acid have been
reported as uetgbolitee of iso-propylbenzene , but nothing

is known of their nature.

(1v) n-Butylbenzene :~ The butyl‘chain is oxidized by
.rébbits:at'the o~ and (63;1)~4positione . The glucuronides'
of methylphenyletnyl carbinol and phenyl-n-propyl carbinol
are the major metabolites in/the urine o From 1520 % of
the dose is excreted as phenaceturic acid. This may be .
the further oxidation product of methylphenylethyl carbinol
or 4 —phenylbutyric acid , the @ ~oxidation product of

n~buty1benzene .
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tgzt-Butylbenéene ¢t~ The metabolic fate.of'this.compound
in the rabbit appears to'be simple . The compound is
almost completely oxidized ét ore of fhe g~carbon atoms

to 2,2—dimethyl-z—phenylethano} which is excreted as its
glucuronide . Traces of a,a—dimethylphenylacetic acid were

also detected in the urine.

Toxicity s~ ‘he aromatic hydrocarbons have a particﬁlar
affinity for nerve tissue bec¢ause of its high lipid

content . Their presence in the cells of the brain interf;res
" with nonﬁal metabolic processes ., resultihg‘in signs of
central nervous system depression t sluggishness , stupor ,
anaesthesia , narcosis and coma . he narcotic pofency
depends on chain length , thg extent of branchiﬁg and the
number of alkyl groups attached to the benzene ring . The
effect decreases markedly with .chain length 4, falling off at
four carbon atoms and diminrishing steadily‘. When given
orally , toluene and ethylbenzene are'fast acting' by .

comparison with n-propyl and n-butylbenzene , their rate of

action depending on their rite ot absorptlon into the blood

i

and transport to the brain . he effect is probably due to the

fact that the rate of absorption of a .compound into the

‘blood stream from the gut depends partly - on its water
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solubility . Since the water solubility of the hydrocarbons
dimirishes rapidly with chain length , the short chained
hydrocarbons are better absorbéd and theretf'ore show a more
"rapid toxic action. However , the duration ot the nervous
system depressart effect increases with the length and
branching of the side chain . Thus for example cumene and
E—butylbenzene are 'long acting' as cdmpared to toluene and
ethylbenzenre . Erom a systematic study of the toxicity of a
number of alkylberzenes it has been poégible to draw certain
conclusions as to the relationship betweén chemical |
constitution and toxicity tor this family of compounas

( Gerade 1969 ) . The percentage mortality in rats
receivirg a single oral dose of the hydrocarbons ( smg | Xg )&.
are shown in»the follqwing table . For compounds with

single urbranched side chains the toxicity is maximal with

the two carbons in the side chain and as.the chain lengthens ,
the toxicity decreases . Branching of the side chain tends/.

to increase the'toxicity .
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Table 23 ;_Toxicity of some'ﬁono—substituted
derivatives of benzene in male albino rats .

Dose 5 mg[Kg s given orally . ( Gerade \9¢o - )e

*
Compound - = R Mortality
Toluere . : .\.\30
Ethylbenzene -' | 70
.n-Propylbenzene , ' 20
iso-Propylbenzene o » . .60
n-Butyibeﬁzen‘e 20

* In each experiment 10 rats were used .
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Fig. 16 Metabolism of ethylbenzene and g—propylbénzere3

, ir the rabbit ( Williams 1959 ).
Lthylbenzene , : - '

CH2 CHj

———> ' rh. i, CUUE ——3 rh.CH,CUNHCH COUH

~ 15-208)

l

'rh.cnoncnj' —_— Ph, CHUH CUOH

l ' (1-2%) .

Ph.CHUGlCHJ Ph, CUOH =———————) ¥h. CONHCH,,COUH

(30-35%) (30-~35%)
Effropxlbenzene* '

CH20H20H3‘

/ | \
]
. I .
Ph. CHUHCH CH Ph CH CH COOH Ph.CH CHOHCH

3
IT\\\\\\Ehiggg? &———‘—f——"il .

Ph. CHOGICH CH Ph. LOhHCH CUOH rh.CH CHUGle3

* In the scheme for p-propylberzene the major routes are
given in thick arrows, the minor routes in thin arrows and

the hypothetical routes ir dotted arrows .
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Fig. 11 . Metabolism of iso-propylbenzene and g;butylbenzene'
in the rabbit ( Williams 1959 1)«

iso-Propyl benzene

CH(CH3)2
T
PhCOH ‘ | Ph. GHCH 0 ———> gh.?ﬁcnzocl
H : o H. . H
Gy , Gy - Oy
l o l L 2 )
Ph. COGICH. - .CHCOUH PhH. CHCO.
Ph CH 1CH, Ph ? C —_ h c': 0.UGL
o o CHy ' CH,
(40%) , (25%)
- _CH_CH.CH.CH.
n-Butylbenzere 272 ‘ o
/ l ‘ ST
. P . ] . - ‘ '
£h CHUHC3H7 | Ph. CH,,CH, CHOHCH 3 'Ph. cnszcnzcoon
'Pl;.CHOGlCBH., Ph.CHZCHZCHOGlCH 5 #h. CH,CONHCH, COOH |
- o . (15-20%)
- 50% [ | =

The hypothetical route is shown in dotted arrow .
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| CHAPTER IT1

“Section B .- ‘Gas-Liquid Chromatographx '

bas chromatography is a spec1al form oi general
chromatography in which a gas is the mobile phase, the
solute travelllng through the column as a plug of gas or
vapour where it ma& become partly oissolved ip‘or adsorbed
on therstationary phase., The suggestion that a gas mightnbe
used as the mobile phase was tirst made. by Martin & Syhge in |
1941 but it was not implemented until thefwork ot James et él
(1952) and Cremer et al (19531 a,by c). In.recent years the
. technlque has penetrated almost every area of analytlcal and
biochemical research. Gas chromatography can be accomplished
using either a 1iquid on an inert particulate support (_GLC orl
gas liquid chromatography ) or an active solid as the stationary
phese ( Gas solid chromstography or GSC ). Alternativelyo,_the .
‘liquid can be coated on the internal surface of a long capillary |

‘tube with very 'small bore. The columns most widely used in

gas liquid chromatography are of glass or metal , packed
'uniformly with a tinely divided free-flowing powder prepared by
impregnating an inert solid wlfh a liquid of low volatility .

The 1liquid must not be eluted from the column at the



operating temperature employed. The injeotion block is

heated electrically to vapourise the sample which is ‘then
carried down the column by the carrier gas. - Ideally the

oonsfituents of the sample move at different rates and emerge _

from the column at different times, Their presence in the

carrier gas can be detected by various means and the'response
of fhe-detector‘is.usually registered on a strip chart
recorder;' ‘The data are recorded as ‘s séries of péaks spfgad
out along & ibhgitudinal time axis as shoﬁg ih the figufes -
in.the foliowing section. Eagh peak représents a

chemical coripound or a mixture of compounds with identical -
partition coefficients. The tiﬁé'required for e;oh
component to émerge from the column at a given température is
charactéiistic of the compound and is known as its-retentioﬂ. '

time. The area under the pesk is proportionsl to its

concentration in the sample.

" Principle of sepération $=' Bach compound has a.oharaéteristfc’ :

partition coefficient, which is given by the following '

equation 3

weight of solute/hé. of gtationary phase
weight of solute/ml, of mobile (gas) phase

Thus if the partition coefficient of & compound 'A' ig small it

L e
1
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will pass through the column rapidly, since it will not be
‘retarded by the stationary liguide Another compound with a
larger partition coefficient will pass through the column
slowl& and register a pesk on the reéorder chgrt at a later
time than the compound 'Al. .It must be femembered thét the
gsolute present in the gaé vhasge ig in dynamic equilibrium with
the same solute in.the liquid phase at all times.

"Column s= . The column is the key element in the separation -
process, Most columns used #ary from 3 to 6 mm in internal
diameter and 4 to 12 feet in length. They may be of glass,
copper, stainless stéel or aluminium, The requirements fox

~ the s0lid support used in columns are that it should have s

low adsorptive capacity in addition to a large surface and

thet the individusl particles should be of fairly wniform

‘ ‘3129; The supporting material commoﬁly used include celité,
ground firebfick and glass beads.,v In order t§ attain high

"column efficiency, th§4supporting material mgt bé closely

* graded by careful sieving of other means. ‘The stationary -~
_phaée should ﬁormally be chemicaily gimilar to the coﬁpounds
to‘be sépaiated; However, an important'faétor which limits

“the choice is that the ‘liquid/lphase must not be'hi_ghly

.viscous at the operating teméerature, nor muat it havé an

appreciable vapour pressure, If the boilihg point of the

—~
:
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component mixture is véry different, it is probable that an
adequate separation will be obtained on a nbn-polar'iiquid
phasé such aSvsqualené_or silicone oil.or a slightly polar
compound such aé phthalate ester, Amounts of liquid bhasp
ﬁsea in column packings have varied f?om 0.01 per cent Omﬁﬂ)
to about 50 per cent (W/W). 1In loading a column, even
packing‘is'desirable 80 that the gas fiowdees not vaxy

either across the column or irregularly along its length.

, Operationai temperature 1= The effect of temperature on

| column efficiency is complex, In generai, increaseg of
temperature lowers column efficiency and it is therefore
usually desirable to work at room temperatures. Héwever,
the longer reﬁention times of components of low‘vépouf.
pregsure encountered at low temperature with a consequént
diffﬁsion of peaks may'be a disadvantage. This may be
partly‘countered by using a lower liquid phase to support
ratio. A'redent development has been the.ﬁse of prdgrammed/ ‘
heating in which the column is subjected to an exactly
controlled temperature rige, yhich reduces the retention
times of the leas volatile coﬁponents enabling a mixture of
compounds with e widé range df volatility to be analysed more
rapidlyo

Column efficiency s~ The efficiency of a column is

] ' {
¢ [
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determired by the rumber of theoretical plptes preseht..
The humber of theoretical plates can be determined from the
peak width and the retention volume by means of the following

expression.

n= 16

2
Retention volume|
Peak width

n Represents the rumber of theoretical plates,
The nuhber varies with the nature of the solute'involved
as well as with the column characteristics. In préctice, a
theoretical plate efticiercy of about 5,000-6,000 , when
coupled with the use of appropriate liquid phases or'preparation

’ ! . . ! ¢
of appropriate derivatives is generally satistactory. The |

followiﬁg fabtors give the most efficient columns 3 |
1. Low ratio of inlet pressure to ouﬁlet pressure.
2. Optimum overéll gas velboity. ' | 3 -
3., The use of suitable carrier gas. |
4.,A small column diameter. - -
Y« A small proportion of stationary phase.
6. A small sample size. .

{

f« A small range of papticle sizes of the support.

Detectors 31—  Several properties of chemical substancés have
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been used as the basis for detection and.a wide choice of types
is available, Those of importence are / |

1, Katharometers

2s éas-density neters

30 TFlamedetectors

4, ITonization detectors

Of these, the‘latter ig the most recent inovation and has
largely superéeded the otherso' They have the advantage that
they are much mbre sehsitive, regponding to as little as’lo-lo
to 107Y7 mole of & solute in the carrier ges, and are more
stable wifh respect to changes in opératiné\parametgrs. A
numbér of ionization detectors have been described in the
literature (Lipsky et sl 1960, Lovelock 1961) but only a few
have found widé spread use as yet. These include the argon
ionization, the flame ionization, the radio-frequency and the
electron capture detector. Basically, most df these
ionization detectors operate oh the same principle; an
organic oohpound is ionized, and the ions (or electrons)
formed are used to carry an electric current. The
msgnitude ofthe signal is then recorded with or without
: intermediate amplification, /fhe detector used for the work
presented in this thesis was ;f flame ionization type. Its

operating principle is described below,

4

/
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Flame ionization detectors := In the flamé’ionization

detector, carvier gas from the coiumn is mixed with a
hydrogen/air mixture and is burnt in the detector abt a jet |
above in which & collector electrode is placed (Fig.1% ). “
The rate of ion production in the flame is measured by |
applying a potential of 100-300 volits between the jet aﬁd the

- collector electrbde. This is sufficient to give a,saturationl
- current. When an organic substance is addéd to the flame
the ionization increases gieatly, the ionizetion efficiency

- per caxbon atom being about 1 in 105'(as Snly about one
hydrogen molecule in 10%2 produces an ion). The reason for
the high ionizaﬁion efficiency of carbon is not yetrfully
undersfood. According to one view the ions derive from |
minute carbon partiéles formed in the flame, solid carbon
having & much lower ioniZation:potential than organic
moleculeso- According to another view, the ioﬁization.resuits
from pooling of energy stored in excited molecules, radicals .
and free atoms., .The flame detector is not adverseljl

affeéted by waler and therefore has a gréat advantage over
other detectors in the analysiglof aqueous splutionso_ The
responge bo organic cOmpounds'is‘roughly proportional to the
amount of carbon they contain but this does not hold for
oxygenated and hitrééen containing compounds which glve a

!

i
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lower response than expected from their carbon content,

Gas chromatography of aromatic alcohols and lacids t-

Characterization and estimation of alcohols and acids at low
concentration levels waé an extremeiy difficult task before
the introduction of gas chromatography. The earlier methods
used were not sensitive enough to measure trace amounts of
alcohols or acids, Moreover, they were mogstly based on non-
specific chemical reactions, The development of GLC .
procedures has provided the first effective method for the
qualitative and Quantitativé study of‘mixtures of acids and
of alcohols at microgram or submicrogram ievel. Another.
advantage of thé method is that gamples of less than
analytical purity can be used sincé the amount of iqpurities_
is readily measured, For GLC analysis ﬁf acids it is
necessary to convert them to more volatile derivatives,

the methyl estgr being'at present the derivati?e of choice,
In recent years gas 6hromatography has been successfully used
_ for the exemination of & mumber of aromatic acids. (Sweeley &
Williems 1961, Williams 1962, Horning & Vandenheuvel 1963).,
It has also been found invalusble for the analysis of.

- aliphatic alcohols (Storr 196g; Horning & Vandenhcuvel 1963);‘
The main initisl problem a,ssofciated with the direct GIC
separation of alcohols lies in'tailing effects and‘

g
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ipreversible adsorption resulting trom fhe usp of supports f('
which are not completely inert; The;various'stationary phaség
which have been round satisfectory include glycerol, phthaléte,
adipate and sebacate esters, diglycerol, tetraethjleneglycolp
dimethylether, polypropylene and polyethylene glycols of varéous‘
molecular weights.(Storrs 1962 ;3 Horning & Vandenheuvel 1963).
The work presented in this thesis shows that gﬁs-chromatogpaphy.
can also be satisfactorily used for the analysis of aromatic;
alcohols. ﬁ

It has beep-described in tﬁe previous sectidp
that, in mammals, the alkylbenzenes are metabolized mainly to
the corresponding alcohols and excreteg as their gldcuronides.
In the past, the metabolites have been identified and estimated
by isolating the glucuronides which were produced in vivo in
large amounts, when high doses otf the hydrocarbons were given,
Metabolic studies of these compounds Eg yiﬁ{p, however, requires
E fér more sensitive‘methods in order to estimate the alcohols and.
acids which are their expected metabolifes. Gas chromatography |
was found suitable for this pdrposé and the details.of the

f
methods developed for the analysis of relevant aromatic alcohols

and acids are described in theff0110wing,section.
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Fig. 18, Flame ionization detector and its basic ﬂéasuring circuit,
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kxperimental :- The irstrument employed wss made by

Gas Chromatography Ltd . It combrised an electrically
heated oven'(1j@k10.§&1;?5 ) accomodating the spifal-
shaped chromatographic columns ard surmounted by the
detector . Signals from the detector was fed via an
amplifier \.Gas Chromatography Ltd , Ik 11 ) to a 1"

chart width 1 mv FSD recorder { Hone&well Model 143-18).
The-aﬁpliijer vas fitted with variable input impedances ;
The irput impedance wss selected by using the appropriate
input oosition on the selector switch and the_correspohding
'plug‘at thé rear of the amplifier . A'metali fl1ame ionisation
detector ( 1E 201 ) was used thfougﬁ?ihe work . Dbetector
.voltage available fanged trom 100V to 1400V . A variable

, oﬁtput selector switch gave sepsitivity chapges fram‘1—100 .
/It was found that sersitivities higher than 25 could rot be
used for quartitative work due fo the high noise level ,
Fror routine rar thé chgrt speed ot the recorder was set . '

R 7}
et 12 /hr. .

. o o
Columr preperation $- Copper tubing ( I‘D'U&) wes used
— : / :
. i / ) ) . .
for mzking the columns . ‘the statiorary phase was dissolved
ir Analar ethyl acetate and the required smourt of fhe‘

supportirg medium { GLC grade celite ) was added to the
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solution . The orgaric solvert was removed on a hot water
bath , stirring the mixture throughout the evaporation .
‘'he celite was spread on a tray , dried for three hours
at 1:_)00 in an oven , ard BU-100 mesh fraction collected .
Filling‘the copper tubing was dore by putting in small:
smount of packirng matericl at?fime ard tapping the coiumn
repeatedly in order to écnieve upirorm packing . Each

nev column was‘cdnditioned in the chrbmatography oven '

: \
with a small frlow ot rnitrogen passing through it for at’

least 24 hr. betore use .

Temperature‘and carrier gas :- The oven wgs‘always left
at 900 . Thé thermastat of the oven was set at the desired
operational temﬁerature for at least 2 hr. before running
any sample .through .vMost of the work presented here was
done betweeﬁ 100° ard 130° « ‘Oxygen free nitrbgeh was.uged
as the cérrier gas (20 1bs./in2) . |
Maferiais'h; celite (G~cel, acid washed) ; polyethylene
glycol adipate ard poiyethy%ehe glycol (Carbowax 4000)
used for making columns wegé obtaired from Griftin and
'Géorge Ltd.. Alkylbeniénes‘weré‘commercial samples ;

‘which contained trace amoubts of alcohols and ketones.
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They were distilled ahd left over sodium for a week and
"then redistilled usirg'a tractionating column . Aromatic
alcotiols and acids were redistilled or ?ecrystallized
commercial éamples or were prepared by puﬁlished methods

( Smith, Smithies & Villiams 1954 ; Robinson, Smith &
Williams 1954 ; Robinson & Williams 1955 3 El Masry,Smith -
& Williams 1956 ) and were homogeneous by gas chromato-
graphy . Some physical constants of the aromatic‘hydrocarbons,_

\'.
alcohols ard acids used are given in the tollowing table .

Table 24 .

. [o) (o]
. Compound B.2( C) - M.P( °C)
Ethylvenzene : 135

( L.Light & Co Ltd)
1-Phenylethanol ’ 205
(B.D.H. Ltd):
2-Phenyletharol 220
2-Phenylacetic acid ‘ . : 76-78
{B.D.H. Ltd)
n-fropylbenzere 159
(Eastman org. Chemicals) /
1-Phenylpropan—1-ol 507/15 mm.

1-Phenylpropan-2-ol 105/15 mm.
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: Table 24 o Contd.

VCompound“ . B.P{ °c ) 3 M.P_
1=-Fhenylpropan-3-ol 234

(L.Light & Co Ltd.)

c )

3-Phenylpropionic acid ' 48-50

{B.D.H. Ltd)
iso-Propylbenzere ' 152

2-Phenylpropan-2-ol 202
(L.Light & Co Ltd.)

" 2=Phenylpropan-1-ol | 114/14 mim.
L.Light & Co Ltd.) .
Hydratropic acid 265
n-Butylbenzéne 182
1-Phenyl butan-1-ol 169/100 mm.
1-Phenylbutan-2-o1 121/20 mm.
1-Phenylbutan=-3-ol- 160/20 mm,

{

1-Phenylbutar-4-ol /140/14 mm.

i

4-Phenylbutyric acid ’ 52
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Identification end assay of alcohols and acids ( as their

methyl esters ) isolated from various tissuesg $—- Identification

of the alcohols and acids‘in the incubation mixtures

was dore on various columns { Table 25) ,'by comparison

of their retention times with‘those of reference compounds
ard by demorstration ot their iderntity of ietention times

in mixed chromatograms ( i.e. co-chromatography ) . Phenols
had high retenfion times on the columng used and no pe;ks‘
were found in the experimental exfractétin this regipn.

With the apparatus used , the mirimum detectable quarntity

of an alcohol or ester was 0.01 pug and normally 2ul volumes
of n—hexane'solutions were used in ihjections + Preliminary
investigations on the effedt'ofioven temperature and |
carriéer gas flow raté or the detector response and separation
- of the compounds concerned showed that the conditions |
mentiored in Table 2§ were most suitable .Quantitative .
measurements were made by comparison with the heigﬁt or
peak area {(for compounds of retention tiﬁes more than ten
minutes) froﬁ aninjectiph/;f'a standard solution of thé

compourd being measured ard the value corrected for losses:

on extraction by reference to the appropriate correlation curve.
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Chapter 111 .
METABOLISM OF SOME ALKYLBENZENES IN lNSECTq AND MAMMALS

3

Section C ¢~ Incubation , enzyme assay, results

and discusstion.

‘Incubations:- krzymes from vertebrate liver and iﬁsects'
were prepared as described previously. The standard incubation
mixture contained 4 ml. of supernatant fraction { 1 g.)

0.68 pmole NADP, 0.7 pmole KNAD, 7.7 pmole glucose~b-
phosphete, 10 hmole MgCl2 s 24 umole nigotinamide ard‘O.S ml.
of 0.1 M tris butfer, pH 1.4 . Substraté§, 1 mg in 0.05‘m1.‘
acetone , were added to test and enzyme-free control mixtures
to start the reaction. Controls were also prepared from
separately ingcubated enzymes which were mixed with the other
cémponents immediately betore assay . Incubations were carried
out tor 1hr. in 50 ml. beakers in a shaking water bath ( Mickle
Incubation Shaker ) at 31° ip air. Other incubations

requiring 25-30 ml. volumes wererbarried out in 250 ml.

. beekers. The oxidation rate , per gm. liver or insect was ghe
same whefhér measured in a 5 ml. or 25 ml. incubation mixture
"and oxidation rates were linear during the period used for

/

routine incubations. :
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Extraction ot metabolites ot alkylbenzenes from the incubation

mixtures ard preparation of the methyl esters t:~ Incubation

mixtures (5-25 mi.) were aciditied with 10N st04 (1.5 m1.)
and extracted vith ether (3 x 7 mi.). After drying o{zér
anhydroué sodium sulphate the ether was evaporated in a
stream»of N2 . The residue diésolved in 1C0 pl. of hexane and
2-5 pl. portions used for analysis. In‘the.determination ot
acidic-metabolites the incubatioﬁ mixtures were extracted with
ether at above ard acidic compounds traﬁgferred into 5 ml. of'
0.5N sodium hydroxide which wes then aciditied with 2N HCl and
extracted into etner (2 x 5 mi.). The ethef was dried, evaporafed
intN2 as before and treated wiﬁh‘a treshly diétilled ethereal
solution ot diazomethane , until a permanent yellow colour

. was obtained. Atter 1 hr. this solution was evaporated ih a
sﬁream of N2 and the residue was-dissolved in 100 ul. of
E—hexame for gas chromatography. Recovery experiments.

"in which‘b-50 Hgs. of the difterent alcohols and acids stuéied
were addéd.tq ditterent volumes ot 10,000g. supernatant from |
'liver, locust tat body or hoqsef;y prepérations showed that

a constant iloss of H-f ug. 94 éiééhol and acid occured.

This loss occured during the evaporation of the ether extract
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and ﬁas~more sighifioant at higher.témparatures.. Thé
- volumes qf.ethef were therefore standardised as above
rand evaporétioq ca#ried out at 0° , Uﬁder théée conditions
1ine§r_co?re1atioh ourves‘relating_alcohol or acid added ‘

ard amounts recovered were obtaired .
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‘Table 25. Gaé—liquid'chromatography of metabolites of
. alkylbenzenes,

~ Retention times are given in mirutes on A: 3% (w/w) polyethylene
glycol adipate on Celite, 6ft., 100°; B: 3% (w/w) Carbowax 4000
“on Celite, btt.,125°%; C: 2% (ﬁ/ﬁ) Carbowax 4000 on Celite; 6ft.,
‘1200; D: 1.b%l(w/w) Carbowax 4UU0 oh Celite, 6ft.,90°.'The '

rlow rate of N2 was 10uml./min. .

A B 4 Y
Benzyl al cohol _' o - ’_ . —~"\f : 4;5' -
Methyl benzoate - oo o N s -
:7.Acetophen6ne ' - - - T 2.0 -
1-Phenylethanol 2.5 3.0 3.5 . -
" 2-Phenylethanol 5.0 4.5 6.0 -
» Meihyl phenyladefate 3.5 .- 3.0 -
_' p—Ethy1pheno1 ‘ .: - - 20.0 -
::1—Pneny1prbpaﬁ-1401 : 4.5 T 5.0 . . '5.5
'1—Pheny1propan—2-ol 2,0 3.0 S 55
,ﬁ—Phenylpropan-B—oll v :9.0 - 9.5 - 11.0
o-Phenylpropan-1-ol 5.0 55 - 7.5
2—Phenylpfdpan¢é-ol ;2.5 2.3 - 3.0
Methylt pheny;propibnate 60 - - =
_Methyll2—phenylpropionate 3.0 - s -
'1-Ppenylbﬁtan-1-ol' - 6.5 ‘. ‘b.b A. .; | .:10.5
"1-Phepylbutan—2-ol . ; 5(0 "Lz 5.0. | - u”’. 8.5k£
' 1-Phenylbutan-3-ol 5 T - 05
1-Phenylibutan—4-ol 15;5'., 51.5 - : —‘..
Methyl phenyibutyrafe 9.5 | - o -

2y2-Dimethylphenylethanot - 1B - -
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Table 26 . Uxidatiorn of alkylbenzeres by fly and
locust enzyme, _ |

Enzymes were prepared trom flies and locusts and incubations

were carried out as described in the text. The results with

n-propylbenzene ard igo-propylbenzene represent mean values

of two determinations.

Subastrates and products

'oluene

Benzoic acid

p-Nitrotoluene

p-nitrobenzoic acid

. p-Propylbenzene
1-Phenyipropan—1~o;
1-Phenylpropan-2-ol-
1-FPhenylpropan-3-ol
3-Phenylpropionic acid

iso-Propylbenzene
2-Phenylpropan—-1-ol
ZQBhenylprqpan-Q-ol
2-Phenylpropionic acid

Relative rates of formation of
metabolites, mpmoles / hr./ g. of
' whole insect

Logust Fly
24, 18, 66, 54 N/d
30 144, 102, 240, YO
3.6 7.2
£0.6 ' - £0.6
<0.6° £ 0.6
0.6 - 0.6
< 0.6 ] <102 e
3 6.2

0.6 1.2

'N/d = not djﬁermined
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Table 27 . Oxidation of alkylbenzeres by rabbit liver

enzymes.,

;

The incubatiors arnd erzyme assays were carried out as

described in the text. The results are expressed as mean:+

stardard deviation. Figures in parantheses give the number

of animals used.

Subgtrates and products

p-Nitrotoluene

p-Nitrobenzoic acid

Ethylbenzere
1-Phenylethanol
2-Phenylethanol
Phenylacetic acid

n-Propylbénzene
1-Phenylpropan-1-oL
1-Phenylpropan—-2-ol
1-Phenylpropan-3-ol
3—Phenylpropiohic acid

Rate qf formation of products,

mymoles / hr. / g. of whole rabbit.

Y
.\
A
\

41.7 + 6.0 (3)
15.6 (1)
<o0.6 (1)
1.8 (1)
15.2 + 3.0. (3)
5'4 + 1.5. k3)
<0.6 (3)

3 '+ 0.0 (3)3,



144

'able 28 . Oxidation of alkylbenzeres by rdbbit liver
: o enzymes. 3

lncubations and enzyme aseays‘wére carried out as deEcribed_
-in the text. ''ne results are expressed as mean + standard
deviation. The figureslin parantheses give the number of

animalse used.

Substrates ard products RHate of formation of products,

mymoles / hr. / g. of whole rabbit.

\
\

iso-Propylbenzere

2-Phenylpropan—1—oi : ‘ 3 + 1.0 (3)
2-Phenylpropan-2-ol 14.9 + 4.5 (3)

2-Phenylpropionic acid 2.4 + 0.6 (3)

n-Butylbenzene

4-Pherylbutan-1-ol. . T 8 (3)
1-Phenyl butan-2-ol ‘ <0.6 (3)‘
1-Phenylbutan-3-ol . ‘ 4 + 1.5 (3)
1-Phenyl butan-4-ol o <0.6 )
4-Phenylbutyric acid _ 2.4 + (3)
tert-Butylbenzene _
2,2-Dimethy1phenylethanol/ 5 +1.3 (3)

2,2-Dimethylphenylacetic jacid  <0.6 (3)
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Table 29 3- Cofactor requirement of the rabbit liver
enzyme responsible for the conversion of
iso-propylbenzere to 2-phenylpropan-2-ol .

Incubations contained the supernatanf fraétion'eqﬁivalenf

to 1 g. of liver in a total volume of 5 ml;',;contéining

U.5 mL., of 0.1 M tris buffer, pH 7.4 and cofactors as shown -
below. The amounts of Various_cofactors used have been .

given in the text. Substrates, 8.3.pmoles in O.H ml. acetore
were added to the mixtures and the reactions were carried out

for 1 hr. at 37Q in sir.

Additions Yield of 2-phenypropan-2-ol

pmole / g. of liver / hr.

NADP + NAD + U-6-Phosphete ' 0.64

NADP + G-6-Phosphate | .72
NAD + G-6-~Phosphate 0.29
NAD + NADP O 0.b9 .
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Table 30l; Cofaétor requirement and subcellulai
distribution ot enzyme activity for oxidation of -
iso-pripylbenzene to 2-phenylpropan-2-ol by rabbit

liver.

Subcellular tractions (4mi.) equivalent to 1 g, of liver

weré incubated with 10 pmoles of LgCl, , 24 uymoles of
nicotinamide, 8.3 pmoles of substrate, various cofactors ard
0.5 ml. of 0,14 tris butter, pH (.4 at 3(° ‘tor 1 hr, 0.675 plioles
of NADP, 0.6 pmole of NADPH2 7.7 pmoles of glucose-b—phoéphéte,
and YU units ot glucose-b-phosphate dehydrogenase were added‘

as indicated.

'issue frraction NADY NADPH2 . G=b-P (-6-P, dehyd. - Yield of
: : 2-Phenylprop~
an- 2- 01 ]

- umole[g.(hr;

10,4000g. sup. - - - - 0.7
10,0008, sup. + - - - 0.81
Microsome + sup. + - - - 071
Microsome + - - - 0.24
Microsomé + - S+ + 7 0. 65
" microsome - + - - . V.59
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Table 31 . Species ditterence in the oxidétion ot
g-nitrotoluene and iso-propylbenzene in tlies and

“vertebrates.

Rabbit liver and tly abdomern enzymes were prepared and

incubated as described in the text and assays pertformed for

p-nitrobenzoic acid or 2-phenylpropan~2-ol. 'l'he resultis are

presented as mean value + standard deviation. The figures in

the parantheses give the number of arimals used.

Species

. Coypu

Chinchilla rabbit

Hamstere

Guinea pig

Cat

Rat

‘Flies normal
FC\carbamafej
SKA{Diazonin & DDP?
P\pyrethrins)*
A(organophOSphates)*

R{reverted strain)*

Rate of oxidation,
umoles /g.ot liver or 10 g. whole insect

g-ﬁitrotoluene

101 + 0.25 (3)
1.36 + 0.15 (3)
0.96
0.61 + 0.1 (3)
0.49 + 0.06 (3)
0.37 + 0.06 (3)
0.64
1.2
- 0.48
1.14 /
;0472
| 0.2

i

@ livers tfrom two animals were pooled.

* Resistant to insécticides in parantheses.

/ hr.

iso~-Propylbenzene

0.66 + 0.04 (3)
0.45 + 0,05 (3)
0.55
0.37 + 0.1 (2)
0.42 + 0.05 (2)
0,242
0.22
0.31
0.29 |
0,29
0.29
0.29
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' Yield of 2-phenylpropan-2-ol,

umole x 10/3. of liver/hr.

Fig. 19, pH- Activity curve of iso-propylbenzene

[o-]
1

(9,

oxidation by rabbit-liver enzyme.

. Iy

pH

o-
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Detector response

. Fig. 20

. Gas chromatographic separation of the alcoholic metabolltes of

1so—pr0py1benzere in the rabbit in vitro.

Instrument. uas Chromatography Ltd.

Column: 6 x?/d 'I.D. metal

Liquid Phase: 3% Polyethylene glycol
adipate.

Column temp. 3 100° C. Isothermal

2-phenylpropan-2-ol

2-phenyl propan-1-ol

r

Al
L} -

Retertion time (mins.)
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Detector response

Fig.21 . Cas chromatogram of the methyl\esters of some aromatic acids.

Solvent

oo

Instrument ¢ Gas Chromatography Ltd.
Column 3 3% Polyethylene glycocl adipate,
[ s
6 x1/8 I.D. metal

Over. .temperature : 100°C. Isothermal

Ph.COOCH3
Ph.CH20000H3
Ph.
h CH20H20000H3
Ph.CH20H20HQCOOCH3

C

2

|,

4 6 10

Retention time (mirs.)
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Detector response

Fig. 22. Gas chromatogram of the alcoholic metabolites of n-propylberzene
in the rabbit in vitro. '

Instrument: Gas Chromatography Ltd.
. o ” .
= Column : 6 1/8 I.D. metal
_ o
$ e . Liquid rhase : 3% Carbowax 40C0
g é Column temp. : 125°C. Isothermal
: &
5 g
2 o
& 2 —
= % o
oy - 1
} A, "
- - i I
- =
@
a.
o
4
Q,
=
g
@
!
Y
s
2 4 6 8 . 10

Retention time (mins.)
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Results and discussion

The metabolism‘of a nuﬁber of alkylbenzenes by vertebrate
liVef, housgfly sbdomen and locust fét body preparatioﬁs

wag studied. The metabolic studies with B-nitrotoluene

showed that (Chapter I1), the locust fat body and fly

abdomen have similar enzymic characferistiGS'tq the mammalian
liver. So, for further metabolic studies in insects these

two tissué prepargtions.were used. In-experimentsAwith

insect tissues where the enzyme was de?ived from lqrge

numbers of insects( 30-40 locusts or up to 1000 flies),

- the preparations were assayed with p-nitrotoluere as substrate

to confirm the activity of the enzyme. The other two compounds
inciuded in the metabolic studies in both insects and mammals
were B—propylbenzene and @gp—propylbenzene;'The results

( Tables 26, 27 & 28 )‘show.that the routes of metabolism

of each of these compounds in locust, fly and rabbit are
identical. The only difference is in rate. Oxidation of the
hethyl group to carboxyl gfoup was the énly reaction observed

with p-nitrotoluene in alf spacies studied. The major

metabolites of n-propylbenzene were the correspdnding}

J
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sécon&ary'alcohols; 1-phenjlpropan—1fol and 1—§hepylﬁropan-
2-0l. The other metabolite formed by the rabbit liver was the
to —oxidation product 3—pheny1propionic acid.lInsect‘enZyme
prepagations oxidized n~propylbenzene to 1—phenylpropan-1-6l
(Tables 26 & 27). Both in insects and mammals , &—carbon atom
was the main site of oxidation in iso-propylbenzene, producing
2-phenylpropan-2-o0l. Oxidation ot one of fhe B-cafbon at&ms
aisvoccured,'producing hydrotropyl alcohol:aﬁ& hydrotropié_‘
acid as minor metabolites. Loqusts oxidiZg toluenelmo:e
_rapidly than;g—nitrotoluene. The ditfference in the rate of

oxidation of p-nitrotoluene in locusts and flies in vitro

is in agreement with the observations in vivo ( Tables 4 & 26).
"Flies are more eftective than other insects in oxidizing

alkyl side chain. Withwg—nitrotoiuene, 0.03 and O.11 pmole

of the substrate is oxidized / g. of wh61e ipsect / hr. in
locust and_fly respectively. The rate ot tormation of‘g—nitro-
benzoic acid ( pmoles / hr. / g; of whole insect or animal 3
from.anitfotoiuene-in locust fat body, fiy abdqmen and
* rabbit liver preparation has the order j fly) rabbit)» locust..
With the increase in size of/the alkyl side chainvfrom methyl
to p-propyl and iso-propyl , fhe order changes to -

rabbit) fly » locust. It is noticeable that in rabbit, the
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rate of o&idation ot E—propylbenzéhe énd igp—pfopylbenzene
is approximately half the rate obéervéd with.g-ﬁitrotoluene,'
whereas in locust and fly th drop in enzyme activity was
found to be markedly higher, approx. Y0%. Of course, it'
should be taken into account that the figures quoted fox
the insects are probably minimallsince the oxidation of g—nitro—
toluene.occurs in other organs of the loeust énd the fat body
acébunts for'bniy about half of the oxidizing capacity of the -
_insect‘(‘Table 7 ). Similar consideratiqnvprobably apply to-
lthe{fly abdomen preparation used here. E;Butylbenzenévis
‘oxidized 0.015 pmole / hr. / g. 6f whole animal y compared to
0.024 pmole / hr: / g. with n-propylbenzene. Attéhpts to
identify the.métabblites of B—butylbenzene in insects were
npt'sﬂécessful.‘Probably the rate of reactiﬁn is toq smgll to
to detect. The results obtained in vitro studies of ethyl-
Tbenzene;Ag—propylpenzene,,igo-propylbenzene,‘g—butylbenzgne &
tq;t-ﬁutyibenzeﬁe confirm the eérlier in Yiyo'studies of .~
these éomﬁounds on the rabbit where the metabolitea'were
isolated from urine { Williams 1959 ). It is clear that the
metabolism of alkylbenzeneJ essentially involve. the oxidétioné

of their side chains producing the corresponding alcohols and
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acids which in thelliving animal are excreted hs various
céhjugates. The majbr oxidation prqdﬁct Qf the alkylbenzenes,
'whefe this. is possible, was the secondary alcqhoi formed by
h,ydi;oxylation at the a-methyiene groﬁp of the side chain. The
oxidation of the penultiméte (w-1) methylene group of sﬁraighti
cnains,‘e.g; in g—butylbehzehe was somewhat siower_and occured
"to the same exteﬁt as thg oxidation of terminalimethyl group; The
n)~oxidatidn'prqduct was found fo be the c¢orresponding écid;'Where
no a—'or penultimate methylene group was'avgilable, the oxiéatibn
of the molecule waslmuch slower and‘ﬁgzﬁ-bué&;bénéene wés oxidized
néariy‘ten times slowér than ﬁoluene or»g~nitrotolueﬁe by the same
preparation. No pheholic metabolitelﬁas identified in éhy caée. |
Ethyibenzene was'mainly oxidized at the c-methylene group'yieldiﬁg
1—phenylethanol.fPhenylacetic acid was the minor metsbolite. In ,
n-propylbenzene , more oxidation took place at the aémethylené
" group (0.015 pmole/hr./g. of whole rabbit) than at the (w=1)
_carboﬁ atom (0;005 umolé/hr./g.). od—0xidation product;j-phenyl—‘
propionic acid wés also found in small amounts‘(Q,OOJ.umole/hr./
g« of whole rabﬁit). The oxidation of igg-propylbenzené took plaﬁe
almost exclusively at the a-met%&lene group yielding 2—pheny1pr6pan—
2-0l (0.01Y umole/hr./g7 of'whdie rabbit). The other metabolites
were the Qxidation'prgducts of one of the-B-carBon atoms, 2-phenyl-

propan-1-ol and 2-phenylpropionic ackd (U.003 pmole & 0.002 pmole/
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hr./g. of whole rabbit respecfively). Like othérs, preferential
oxidation of the methylene gzroup nearest to the benzene ring -

was also observed in n-butylbenzene (6.007 umole/hr./g. of whole
animal). The oxidation of the penultiﬁate methylene group was
somewhat slower and occured to about the same extent as the
oxidation of termirnal methyl group. The W-oxidation product
4-phenylbutyric acid was not found in the urine.of rabbit dosged
with n-butylbenzere (Fig. 17). It is likely that in vivo this
'compound.is ﬁ—oxidized to phenylacetic écid\which is excreted

as its glycine conjugate. This cbnjugate waé‘found in the'urine
and accounted for 19-20% ofAthe dose. tert-Butylbenzene was
oxidized at one of the B-carbon: atoms producing 2, 2—d1methyl-
phenylcarbinol (0 005 umole/hr./g. of whole rabbit) The resulis
(Tables 27 & 28) show that in the same species the total rate of
-oxidation varieé'with substrates. Rabbit‘oxidizes gfﬁitrotoluene
1.7 and 2.Y times as fést as n-propylbenzene and r-butylbenzene
respectively. Ethylbenzene appears to be less readily oxidized
.than n-propylbengene. This needs further examination as. the
'ethylbenzene oxidation rates quoted in Table 27 were obtained from
‘one animal. Species differences/ih mammels in the rate of oiidation
ot alkylbehzenes.wére gtudied Sy using gfnitrofoiuene and iso-pro-

pylbenzene as substrates. These compounds are ideal for such
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investigations as metabolic reactions of each éf them in all
species used are restricted almost‘exclusively to one pathway.
The liver 10,000g; supernatant preparations oxidizéd B—nitrotoluene
to B-nitrobenzoic acid and iso-propylbenzene to 2—phenylpropan—2—ol;‘
The p—nltrotoluene oxidlzlng act1V1ty was found to be in the
order rabbit) coypu) hamster) gujnea p1g> cat> rat and rabbit
liver was 3.7 times more active than rat liver (Table 31). The
iso-propylbenzene oxidase actvity was in the order coy§u> rabbif}
hamster) guinea pié> cath rat , coypu livqiabeing 1,9 times‘moreQ
active than rat liver (Table 31). The patte;;‘is identical with
the species dif'f'erences in the coumarin-{-hydroxylase activity
of liver microsomal enzyme {(Williams 1963), The only difference is -
that rats can oiidize alkyl side chains of EfnitrotSIuene and
iso-propylbenzene whereas no 7-hydroxylation was obtained in rat‘
with coumarin.Samé order of differences in the rabbit,vguiﬂea pig
and rat was observed in the oxidetive metabolism of anilire,
hexabarbitone and antipyrene (Brodie 1964 3 Quin§§%§58); This -
indicate that'one common factor, for example, the formation of
"hydroxylating 1ntermedlate“ is probably involved in specles
’dlfterences in the metabollc ox;dations of various types. ..
Acoording to Terrie;2?§962 & 1962).resistant strains of
houseflies have gregter microsomal hydroxylating activity than

normal strain. No such differmsnces were observed in the rate of
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oxidation of'g—nitrotoluene and ;gp—propylbenédne in the several
strains used here (Table 31). |

The optimum pH, cofactor requirements and sub—cellularf
distribution of' the rabbit liver alkyllside chain hydroxylase was
determined; The engzyme was assayed with iso-propylbenzene as the
substrate. The optimum pH was found to be 7.4 (Fig. 19). The enzyﬁe
wasnlocated in the microsomal fractipn and-needéd a NADPHa—gengréting '
.system and oxygen for its activiiy (‘rables 29 & 30)5 These resul ts
and previous investigations by Gillette(195Y) indicate that the
alkyl side chain hydroxylase belong to thé)éﬁmmunity of microsomal
oxidative enzymes in the liver (Brodie 1956 ; Brodie et al 1958).
Solubilization and fractionation of the enzyme are needed to find.
out whether more than one enzyme are involved in the metabolic aftack

on different carbon atoms in the side chain of alkylbenzenes

containing more than one carbon atom in the alkyl group.



CHAPTER 1IV.
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SYSTEMS * IN MAMMALS AND INSECTS.
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Chapter 1V , .
INDUCLION AND IWHIBITICN OF p-NITROTOLULNE AND iso—PRUPXlr
BENZENE OXIDIZING LNZYME SYSTBMS IN MAMMALS AND INSECTS.

Section A :~ Introduction ¢ Stimulation and inhibitioncoft

metabolic oxidation in mammsls and insects .

Stimulation ard iphibition of oxidation in mammals :~ It is
now known that pretreatment of aniﬁals with a wide variety

of compounds incrgases the activity‘of the énzyme systems
that catalyze a number of metabolic reactions , particularly
oxidations ( Remmer 1962 , 1964 ) . 3-Methylcholanthrene and
- a number of other polycyclic hydrocarboné s such as 3,4~-benz-
pyrere stimulate the rat liver microsomal enzymes fhat oxidize
Zfacefyléminofluorene ’ 3,4—benzpyrehe and .zoxazolamine
(Gillette 1963 ) » These effééts have #lso been.demonétrated
in living animals . Barbiturates stimulate oxidation by
microsomal enzymeé non-specifically ( Remmer 1958 , 1959 Je

- It has been-shown that barbital and phénobarbital given to
rats increases the activity of the microsomal enzymes which
metabolize’ zoxazolamlne ’ phenylbutazone s 3y4-benzpyrene ,
3—methy1aminoazbbenzene ’ meprobamateA, pethidine and
phenobarbital .'Some cbmpouqu including ﬁhenobarbital s
tolbutamide , phenylbutazoné', aminopyrire and meprobamate

activate their own.metabolism.. Fouts ( 1963 and

a, b )
- Koransky et al ( 1964 ) showed that DDT , Chlordan and
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mary other insccficides'are strong enzyme inducers .
After an injection of hexachlorcyclohexane or DDI' , the
stimulation of microsomal erzymes in the rat laoté four
‘_‘weeks whereas'with phenobarbital preireatment fhe increasc
in the énzymé activity reaches a maximum or ihc second or:
“third day , decliring to normcl values after 5-7 days (Remmen
S 1962 ) .'I'here is evidence suggesting that foreign compounds
erhance the activity of the microsomal enzymes in rat liver
through a number of mechanisms ( Gillette 1963 ) . According
to Remmer (1964 ) the‘stimulatory effect of a;compound on .
microoomal ernzyme activity is caused oy an increaced éyntheéic
of ernzyme protein'; | |
In-the'past few years a number.of.compoun&s have

been shown to:ﬁnhibit metabolic oxidations . The best known

of this 1nnibitors is the diethylaminoethanol'éster of
.diphen}lpropylaccfic'acid { SKF 525 A ). This compound
prolongs tﬁé action ot a variety of ﬁrugs by'inhibiting their =
metabolism ip vivo ( Axelrod et al 1954 ; Brodie 1956
Cook et al 1957 5 Kato et al 1962 ). This is explained b&,'
the findirg that the inhibitor in concentrations as low as

10 -4 M Dblécks the in vitre oxidation ot many compounds
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including barbifurates s codeine and aminopyrine . Some
compounds like diphenylpropylacetate { SKF acid ) ,
diphenypiopylethanol ’ diphenylpropylethylamine and o
triparanol are potent inhibitors of microsomalvenzymés
in vitro , but have very little éctivity in vivo .‘Althqugh
- no relationship between the structure and the poteﬁcy of the
irhibitoré has béen obscrved , minor changes in the chemical
structure ot a particular series of cbmpounds~caﬁ result in
remarkable chéhges in agtivity { La.DjiféGﬁ-; yeubert ard
Herkin 195> ). -A pumber of monoamineloxidase'inhibitors ’
such as iproriazid ard b—phenylisoﬁropylhydrazine (JB 516)
irhibit hexabarbital metabolism both in vivo ard in vitro ;
however it was fourd that the activity of these compoundé as.
- monoamine oxidase inhibitors is rot related to their ability
’tb inhibit the metabolism of fofeign compounds {( La Roche and
Brodie 1969 ) .. Many other compounds have been reported to |
ﬁrolbng the-acti?n of drugs by inhibiting metabolic oxidations.
They include [J-die’thylaminoethylphenyidiéllyl acetate
- | CFT 1201) ’ diphenylcarbamat? s dipherylacetate , chlorcycli;
. zine , Chloramphenicoi y & nu%ber of the N-ethyl piperidyl |

derivatives of benzylate and the meth&lenedioxyphényl compounds ,
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{ Gillette 1903'; fine and Molloy 1964 ) . The methylene—
dioxyphenyl compourds ard SKF 52%A were reported to inhibit
ir 2;3;9 the N-methylhydroxylation of a number of carbeamate
insecticides by rat liver microsomeE-NADPHz'—— molecular .
oxygen system ( Casida 1963 ; Hodgson et al 1960 , 1961 ).
The mode of‘action of inhibitors still remains obscureiv
Most ot the work concerned has. been done with SKF 525A.
This compourd apparently does not zlter the genefation’of
NADPH in the soluble fraction of livertnor the electron
transport system irn microsomes y for it does rot irhibit
glucose-é-phosphate dehydrogenase ( Gillette 1Y63 ). Since
it atfects various types of oxidatior it has beer suggested
that this irhibition is at a step comﬁon to the metabolism of

all ot this compourds . Netter ( 1962 ) postulated that‘SKF
5254 uncouoles the oxidation of NADPH, from the reaction

2

formirg the hydroxylating intermediate (8) as shown below.

-

. ' + ‘ " . ‘ . .
NADPE, + K + 0, ° /Y , S-OH
NADP + H O \/ ‘Y.0 - s
AR T 5y - / , _
SKF 525-4
"uncouples"

Y.0 represerts the hydroxylatirg intermediate and S is the.

compound oxidized.
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Irnduction and';;hibition”\of metabolic oxidations

in insects ¢~ In recent years attempfs have been'made to
utilize enzymé induction ard inhibition studies for evaluating.
the role of ﬁetabolism.in relation tovresistance_phenomenon in
insects . Resistance has been defired by the W . H . O . expert
committee onlirsecticides (1927) ag " the development of an
‘ability in a strein of insects to tolerazte doses:of toxicants
which wquld_prove lethal to the majority of irdividuals in a
,nérmal population of the same‘speéies " ﬁ\Growing'evidencé

) indicateé that resistznce may largely be attributable to a
mpreﬁrapid detoxicationAby the resistant than the sdsCeptible
strains',‘rather than a change in absorpfion rate or cher
fectors ( Sternburg et al 1954 3 Metoalf 1955 3. O'Brien 1960 3
- Smith 1962 ; Cassida 1963 3 Fine {963 3 Terriere 1965,)
Morelio_(1964)‘showed that the degree of‘toleranée fo DT

‘ E2,2-bis (p—chlorophényl)-1;1,1-trichloroetha£§] by resistant

strain of T. irfestars can be moditied by the specific ingivo
irnibition‘dr.stimulationrof the DDT-hydroxylating enzyme
system.. SKF 525A ard iproniazid‘inhibit the hydroxylating

/

erzyme and'thereby potentiate the efféct of DIT . On_the'other.'

hard , the mortaelity of 3,méfhylcholanthren§ pretreatedninsects'
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decreased due to the induction of enzymic Lydroxylatienf
Terriere et al- (1965 a) found that housefly strain , selected
for registance to naphthalene has a correspondingly high
capacitj to hydroxylate in vitro. The eftect appears to be -
similar to those of phenylbutazoee s mepiobamate and other
compounds wanich stimulate their.own metabolism in mammals.

It has been found thet,pyrethrin syneigists,'

.', a groUp.of compounds containing the methylehedioxyphenyl group .
ettectively synergize tne ipsecticidailection ot a'number.of'
compounds against various species of insectS‘including resistant-fl“
strains ( Metcalf 1955 5 O'Brien 1960 ; Sun & Johnson 196V ;
Cesida 1963‘;‘B;ooks et 2l 1963 ; Hadaway gt g;.1963‘).

TResistaﬁt insects appear veneraiiy to revert to nearly the
same deﬂree of susceptlblllty as non—re81stant stralns when B
they are subjected to an appropriate synergist. It was suggested
that they interiere with metabolic oxidations. This is’ supported
by the ilnding of Hewlett et al (1961) , who showed that I
SKF 52b—A ‘eftects the tox1city of pyrethrins and malathion, a -
phosphorous 1nsect101de in % similar manner to the methylenealoxy—.
phenyl compounds. Terrlere ét al (1“65 b) reported. ‘that several

synergists wpich were eiiective in increas1ng the,susceptibility

of houseflies to naphthalene also inhibit hydioxylation in vitro.
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Chavter IV

!

INDUCTIUN AND INHIBITION OF p-NITROI'OLUENE AND iso-PRO-
PYLBENZENE OXIDIZING SYSTEM IN MAMMALS AND INSECTS .

. Section B :~ Materials , methods , results ard discussion.

Materials i~ Piperorylbutoxide ( 3,4-methylenedioxy~b-
propylbenzyl-n-butyldiethyleneglycol ether ) , sultoxide

{ 1-methy1-2 (3,4—methy1enedioxypheﬁyl )-ethyl-octylsulfoxide),
M-propylisome { di—h—propyi b,7-méthy;en9dioxj —3—methy1-1,2;3,4— B
tetrahydronaphthalene 1 2-dicarboxy1atel) y Besamex [?—(3,4-
methylenedloxyphenoxy ) 3,6,9- trloxaundecarél and DMC

'( 4,4'—dlchloro-a—methylbenzhydrol ) were the gift of Dr. B. C.
Fine of London School Qf Hyg;ene'and Tropical Medicine .

' SKF H25A° ( diethylaminoethyl diphenyl-nfprOpylécetate
Vhydrochloride_) was provided by befeésor R, 1. Williams.
QfIsoprppyi phenyl N—methyicarbamate (IPMC) was obtained fro@

A Uniop Carbide and recrystallized from benzene MeDe 70—720.- |

. pretreatment with phenobarbitone snd 3,4-benzpyrere i— Male'

rats weighing 50g.. were injected intraperitoneally'ﬁith
aqueous sodium phencbarbitone: (35mg / Kg ) twice daily for
four.deays . Control animals éere similarly dosed'with water.

A second group were given a single dose of 3,47benzpyréne(25mg/xg.)
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in arachis oil with correspording controls L On the day

following the firal dose , liver homogenate.10,000g;

supernatant was prepared and ifs oxidizing ability assayed

using p-nitrotoluere and iso-propylbenzene as described
previously. Loc&st hoppers were given the same dose level

of phenobarbitone ard benzpyrene for three days and one;day

- respectively before preparation of fat body i0,000g. . supernatant.
Appropriate controls which had receivedisolvent injections

were also used . Assays were carried ouf&with‘gfnitrotoluene

\
h

and iso-propylberzere .

LD50

phenyl-N-methyl carbamate was determined on rormal bth instar

determipation in locusts :~ The LD50 of m—isopropjl—

(4 day old ) locQsts ard those whiqh had been given pheno-
barbitone tfor three days . The compound was applied dissolved
in kerosine extract bottom (KEB) , an aromatic petroleum exfract
of low viscosity . In each experiment (50 insects)., thel
carbamate solution was applied by mears of a micro—drﬁp syringe
or a micro-capillary tube ( described in " A-L.R.C. -F.A.0
Inéecticide testing kit fof lécusts" fublished by Anti-Locust
Research Ceritre 4 London ) to the intersegmented region between
first ard secord abdominel sternites ( MacCuaig 1958 3 MacCuaig

et al 1961 ). Betore dosing each locust was weighed and the
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volume of carbamate solutiorn adjustgd to éive a

pre-selected amount of the compourd per g. of body weight.

For applying volumes less thar 1 ul , the special micro-

" capillary tube méntioned above ard obtained from Anti-

Looust Research Certre , London was used . The capillary

tube was 1 pl in total volume ard had a scale attachéq to it

- which was divided into tenthé » For use , the tree end of

the tube was inserted ihto a rubber cab fittéd at the erd

of a J/Jlglass tubing . When the tip 6fkthe cepillary was

. touohedragainst the surface of a liquid ; the liquid filled
it . By applying a cotton wool plug moistened with the liquid
to the tip of.tﬁe cgpillary the liquid could be slowly drawn
out agein unéil the desired volume remaired in the capillary .
or dbsing a fiﬁger'waé Placed ovér the hole in fhe rubber
bulb and thevbulb wasvgentiy éompresséd mearvhile holding

the tree end of the capillary’ against the insect ; The ipsects
'weré recorded as dead ,‘when they could not right themsélvéé
éftér béing'fufned upside~down . Thé mortalities'were noted

’ 24hrs. aftef dosing f.ln alchaées ’ thé toxicities were |

i

“estimated from probit regression lires.
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Selection of houseflies with p—nitrotoluene ¢— The strain
of houseflies used in this experiment was obtained from

the London Sthool of Hygiene and I'ropical Medicine . This
strain on selection with DIDT for 6-% zenerations waé'found

to develop 10~20 fold resistance to DUVT (Fine 1Y63).

Attempts were made to determine whether selection of these

© flies wifh B—nitrotoiuene has any effect on their g;nitrotoluene
oxidigipg activity . The selection wag continued tor-six-
generations and the enzyme activity waéxassayed at each
stége . The réllowing method was used rér selection ard
rearing of the flies ( Potfer 1963 )} +» Ure day old flies were
dipped for 3 min. in a 30 % aqueous acetore solution of -
B—nitrotoluene ( O.1% ) . 'The solution was filtered offiinva
Buchrer furnel and the flies y dried for 3 min. by thelsuction
of air through the tunnel , were transterred into glass
containers s checked for kill 24 hrs. after treatment
transferred into other containers and allowéd to mate . Tﬁé
eggs wére-collected from the matd& survivors .l'he larval
medium used corsisted of dried yeast (50 g.) , milk.powder
(50 g.) and agar (10 g.) iu/Water (500 ml.) . The mixture

vas boiled for 5 min. and theh poured into jam Jars \Q) and’

covered with a thin layer of sawdust . The larvae pupaeted



169

i

ir: the sawdustkléyer ~Af'ter emergence the flies were fed
on sucrose and water . They were normally used for enzyme .

preparation the day after emergence .

Lncubation and enzyme assay t- ‘The preparation of the

enzyme and the constitution of' the standard incubation
mixture have beén previously .ln experiments with %gp-propyl .
bepzene ’ insteéd of using the sténdérd cotactor mixture

Q.bb pmole of NADP , ard 7;7 umole‘or glucose—ﬁ-phosphate
‘Qere used . All innibitofs were taken gp\in acetone solution
and 0.05'm1 was added.to a mixture when wanted . Methods for
the estimation ot E—nitrbbenzoié acid_andlzéphenypropan-z;ol

have'been described in chapter II and chapter IIL respectively .
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’Table-32,. Effect of pretreatment of rats ard locusts with-phenobarbitone

o and‘3,4-benzpyrene on the in vitro oxidation of p-riirotoluere.

el : X 0 . .
Rat liver or locust fat body enzyme was prepared and incubated zt 37 in air
J . | .

yith zdded cofactors as described in the text. Arimals were dosed with
phenobarbitone for 4'days or with 3,4-benzpyrene for one day before preparation
of the enzymes or measurement of the toxicity of m-isopropyl N-methyl carbamate

(IPMC). The results are expressed as mean + standard deviation. Figures in

parenthesis give the number ot determinations.

Pretreatmént Rate of formation of g-nltroben201c acid LD5O of IpuC
— - : uymote / g. of liver or locust / hr. z./locust
vRat ‘ Locust
" Water control i 0.41 + 0.02 (2) 7 0.038 + V.006 (3) 12
Arachis oil control . 0.41 + 0.08 (2) ' n/d n/d
_ Phenobarbitore 0.84 + 0.1°(3) . 0.029 + 0.004 (3) 10
:Beanyrene i 0.68 + 0.15 (3) 0.022 + 0.004 (3) n/d

‘n/d = Not determired
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Table 33 . Effect on isopropylbenzene oxidase of

pretreatment of female rats with

phenobarbitone and 3,4-benzpyrene.

Rat liver enzyme was prepared and incubated at on in air

with the addition of cofactors as described in the text.

Animals were dosed with phenobarbitone for 4 days or with

benzpyrene for one day betfore preparatipn of the enzyme. The

\

results represent averages of two animals.

Pretreatment

Water control
Arachis oil control
Phenobarbitone

3,4-Benzpyrene

Rate of formation of
2-phenylpropan-2-ol,
pmole / g. of liver / hr.

0.26
0.26
U.51

0.4‘
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Table 34 . Inhibition of p-nitrotoluene oxidation by insecticide
synergists. =

The 10,000 g. supernatant enzyme from rabbit or rat liver or from fly
abdomen homogenates was incubated with p-nitrotoluene under conditions
described in the text, and p-nitrobenzoic acid formed in 0.5 hr.
compared in normal preparations with those containing inhibitors,

% inhibition of enzyme from

Rebbits Rats Flies
Inhibitor concentration - , = -
Iphibitor " 0.5 mM 0.1 mM 0.5 mM 0.1 md 0.0l mi
Piperonyl butoxdide 27 - 6 22 100 51
Sulfoxide - 44 8 i3 100 48
n-propylisome - 22 T 719 100 39
Sesamex ' 4 20 27T - nfa n/d
D.MC, , » 8 n/a 3 n/d 11
SKF 525-4 3 1 38 n/d 26

n/d: not determined
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p—Nifrobenz‘oic acid produced,

mpmoles x 0.1/g. of flies/hr.

-

12

o
L]
c

\un
-

2.5

Fig, 23.. Eftfect of selection with p—nitrotoluene’ lon the
p-nitrotoluene oxidizing activity of housefly
- in vitro.

L

i 2 3 4 ‘5‘/§

T

- i

Generations ( from the beginning of selection with
p-nitrotoluene ).
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Results. and discussion

Methylenedioxypﬁenyl synergigﬁs such asApipgrqnyl ﬁ@tokiée,"
sulfoxide,‘g-propylisome and seéémex gfe'dftenvincludea in |
various inseciicide formulations. Several typés.éf metaboiic ,
oxidations which are tnoﬁght, to be inhibited o.‘i"blo.cke'd by

these compounds include, co£version.of P=S to P=0 , formétion:
of.amine oxides, epoxidation and aromatic hydréxylation (Sun &
Johnson 1960 § Lichtenstein et al 1963 ; Térriere_196bb). '3 
Contamination of foodstuff by these synéfgists can be.dangefous
-as- they may interfere with the metabolism and therebyﬁ%ﬁimiﬂation
from the body of toxic foreign compounds including'pesficide'
residues, Results in Table 34 show that the above mentioned fbur
compounds inhibit the p-nitrotoluene oxidizing enzyme system in
rabbit, rat and fly. The fly enzyme inhibition is higher than |
those observed with rat and rabbit enz&me.‘Between the four
compounds, sulfoxide is the most eftective inhibitor in rat and
rabbit, whereas in flies it is piperonyl butoxide. Though at
O.SmM'concentratioh SKF 525-A and piperonyl .butoxide were

almost equally ef'fective in inhibiting B-nitrotoluehefoxidation
by rabbit liver, at 0.01mM éoncentration, the later compound

was found to be more active when used with tly enzyme. At this
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v'.donoéntration piperonyl butoxide and SKF 525-A inhibit fly
enzyme preparationlb1 and 26% respectively ( Table 34 )e

DMC 1 i-bis-(o-chlorophenyi)ethanol which is an etffective

” synergist tor DDP ( Summeriord et al 1951 a,b j Speroni 1952 3 .
March ot al 1952) was iound to be a poor 1nhibitor in all
species studied. This and the iinding that some oi'the
methyienedioxyphenyi compounds tried as DIT synergists are
‘1netiect1ve (Hoskinq & Perry 1951 3 March et al 1952 )

irdicate that it is metabolic dehydrochlorination and not
oxidation which determineS'the toxicity of DDT.-It was reported
that DMC acts as. a. competitive 1nhibitor for Iy dehydrochlori—
nase [ Perry et al 1953 ) The p—nitrotoluene oxidation inhibitory,
power of the aynergists in flies ranked in the following order_'
‘piperonyl butoxide) sulfoxide) gfptopylisome. This order agreaa .
with the‘pretious findirgs on the in vivo synergistic action

and in V1tro inhibition of naphthalene hydroxylation by these
compounds ( Sun & Johnson 1960 3 Terrierek19obb) The similar
relative reactivities of these compounds in various.metabolic
oxidations indicate that the/inhibition involves a stép common
-_1tovthese reactions. /

Results in Tables 32 & 33 show‘that phenobarbitone and 3;4—

‘ benzpyrene both induce the the alkyl side chain oxidation in rat
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liver..The engzyme was‘assayed by using two Fubstrates,
p-nitrotoluene and ;fp—propylbehzene. In each case phenobarbi-
tone was fhe better enzyme irnducer of the‘tﬁo. Similar
treatment of locusts did not result in anyfenz&me stimulation.
(Taple 32 ). In contrary,little decrease in the enzyme activity
vizs noticed. LD56 determinations of IPMC ( m-isopropylphenyl-

§~methy1¢arbamate ) in normal and phencbarbitore ppetreated
Jlocusts did not show any change in ‘their tblerance'to 1PMC.
Oxidation of thé alkyl group is an important feature of the
metabolism of alkylphenyl y—methylcarbaﬁéteé (Casgida 1963 H
Hook & Smith 1967 ). So induction of the non—spééific enzyme
sygtem in locusts W§u1d increase the LDSO of IPMC. Fig. 23’
shows that selection of ‘a strain of flies with génitrotoluehe
for 6 generations does not have any effect on its gglvijgo
.p~nitrotoluene oxidizing activity. On selection with DDT

for this length of peridd,.this strain was found to build

up 10-20 fold resistance ( Fine 1963 ): In a_similar'éttempt.
Terriergif;9622 succeeded in selecting a fly strain for
resistance to naphthalene. This strain after selection was
‘reported to have éofrespondﬁﬁglyhigh capacity to hydroxylate |
naphthalene in vitro. Inspife of the fact that the importance

of metaboliem in the survival of resistant insects is now
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Wideiy accepted,’further eviderce is needeé to esfablish

a cleér relationship in a strain of insects under selgction, '
between the increzsing resistance ig vivo 1o the compound
concerned and stimulation of' its rate of'metabolism at Qarioué
stages of the selection period. The dipping tébhni@ue hsed
here for selection of flies with p—nitrotolgene was found
satisfactory for various inseﬁticides ( Potter 1963)..50,

vthé results obtained indicate that either the ability of
developing resistance and enzyme induqtipn are not common to .
all coﬁpounds or the effects of selectioﬁ was too small fo be
detected due to the use of adult flies for selection. Bruce
& Decker (1950) reported that, a strain of flies bred in a
media of DDT has a resistance of more than 300 times normal

after 10 generations as nompared to a resistance of about 5

times . normal wﬁen the adults alone were selected.
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(eneral discussion

3

The'metabolisﬁ bixg-nitrotoluene ie similar in insects

- and mzmmals (Table 3), the major'product being B-hitro—
'_benzoic acid. Beaidea g—nitrobenzqic acid, the other
metaBolites identified are g-nitrohippuric acid andlg;amino-
benzoic acid. TO-84% of the dose is oxidized and excreted
" in free and conjugated. form following oral administration
(200 mg. /Kg.) of,g-nitrotqluene to rat and rabbit.(Tables 5 & 6).-
Rateshof oxidation of g—nitrotoluene'in ipéects ig vivo
were determined by assaying.gfnitrobenzoic acid at different
,time'iﬁtervala_after dosing. The experiménts, thaugh nott.r
qombarable.ta,the excretion studies in'mammalajwere the only
' Qay of'folléwing the in vivo metabolism rate in insécts.

The results (Table 4) show the sﬁecias differenaa“in'the
rate of oxidation of P—nitrotoiuene in insects. It has the
order fly) mustard beetle » cricket = cockroach (Biatta)‘)
1ocust> cockroach (Peripleneta)’ flour beetle > cotton i
stainer = caterpillar. The rates of ox1dation appear to be
considerably lower than those described for other detoxication‘
reactions such_as.érconjugat{tn‘( Smith & Turbert 1964 )Y or

glutathione conjugatidns ( Cohen et al 1964 ). Since

oxidatiop is frequently the first biochemicel attack made
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on a foreign molecule 4 small differencés in the oxidative
detoxication is likely to produce significant differences
in the biological activity of a molecule having an alkylaryl:
groupirg. With the high doses used in th§ present'work the
rates of reaotion probably shéw. the maximum oxidative
capacity of the insects for aliph;tic centres., Although

the various insects used would not necessarily show the
same relationships at the much lower doseé Qsed for routine'
ineecticide treatment, it would appear thqt different rates
of oxidation could‘be an important factorlgoverning the
differential toxicity in these species of insecticides
having aliphat;c gide chain. .

Review of liferaturevshows that in the last decade
iy vivo metabolic studies in irsects have not been very
fruitfull The main reason is, with low doses of tpxic
compounds that can be given to insects, seperation of the
extremely small amounts of metabolites produced, from volumiﬁous
tissue mafefial is hardly pessible. During the same period
impressive advances have beep ﬁade in the metabolic studies
of foreign compounds‘in mammais by using 1iver enzyme

: . : o
preparations. The work presented here shows that[similar‘,-
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. non-specific, foreign-compound-metabolizing,enzyme system ,

‘2lso ocours ih,insects ard it works';p'vizrq,though‘the
activity.ié:considerably lower than the mammalian liver

. enzyme. Locust fat-hody and fly abdomen 10;0003. supérnatant
prepératioﬁn.mra~capable of‘ox;diziﬁg gfnitrotoluéne'to
B—nifrobenzoic acid. No alcohol or phenoclic métabolites

were detected. Various characteristics of the locuét fat

body eﬁZyme were studied using E—nitrotoluene as substratd.
Both microsomal fraction and the 90,000QQﬁsup. were necessany
for the enzyme activity. The optimum subsfraﬁe concentration
was 1.75 mdl and optimun pH 7.4(.Figs, 7 & & ). Attempts to
detefmine the‘cofacto} requiremerts of ‘the enzyme were notl
successful, as étbring the prebaration under the condifions
hecéssary for dialysis dgcreased the enzyme activity to a
great extent ( Table 13 ). The effect of adding cofactors was .V
tested at ﬁifferent times on the preparations from a number of
batches ofrlocusts but no increase in activity was |
produced ( Table 10 ). The fat body enzyme aé,tivity varied .

" with the age of the locust; the late-fif'th instar locusts béiﬁg
most active.lsimilar pattern ‘/of changes in the phosphoramidate

oxidizing enzyme activity in locust fat body during the life



181

, ]
cycle was observed by Fenwick (1958 ). In a series of

more than HU experiments the rate of férmatidn of B-nitro—
benzoic acid invbth instar locust fat body ﬁreparationi
-ranged from 5-10 pgs./insect/hr. . No oxidation occured

if the reaction was carried out in nitrogen atmosphere. Prolonged
homogenization gave progressively lesslactive enzyme - (Table 12),
which was not/due to the release of inhibitor(s) from the

cells on protracted grinding ( Table 20'). The 10,000g. sup.
~ enzyme from the locust fat body was inhipited by sedimented
fragtions.made from homogenate and the inhibitory power
of the 10,000g, seaiment was not destroyed by neating for

15 mins. at 100 (Table 14). The nature of this 1nh1b1tor(s)
was studled by us1ng rabblt enzyme at a range oI substrate
concentrations. The results ;t each sqbstrate concentration
indicated an. irreversible iphibition in which inh;fitor from
145 locusts was sufficient to‘completely innibit the 10,UUQg.
'supernatant enzyme from O.’(bg. of rabbit liver in an incubéﬁe
) containlng tne stand rd cofea ctors (Teble 1b' Fig. 11). A‘

small reduction of activity was found after leaving fat body
.seQiment in_coptéct with radgit'eﬁzymé, but most of. the

inhibitory activity could be ceﬁfrifuged away.(Table 18) .
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J
Fly abdomen enzyme gives maximum activity when NADP and

NAD are incorporated in the incubation mixture (Table 19).

The rate of oxidation of B-nitrotoluene'by locust fat. body

and fly abdomen preparations in vitro has the same order as
observed in vivo (Table 4). Fly engyme is 3~4 times more.

active than locust enzyme. The éxidation of B—nitrobenzyl
alcohol b& fly enzyme was measuréd under the conditions used
for the oxidation of B—nitrotbluené and over the concentration
range O.2-1 mM . The rate of oxidation of‘grnitrobenzyl alcoh01 
at low concentrations (3pg./g. of flies/hr. at O.2mM) was | |
considerably lowexr than the raté of formationlof_g—nitrobenf
goic acid from B;nitrotoluene in fhe routine assay. The terminal
bxidation of alkyl groups to primary alcohols and thence to
carboxylic acids has been reported to involve'the'soluble 3;
alcohol dehydrogenase (Gillette 1959) in vertebratesliver

but this seems unlikely to havé occuréd in the insect enzymes.
“The verxry ldeconcentrations of B—nitrobenzyl glcohol which g
would have been produced in the oxidation of B-nitrotoluene

by fly enzyme ' would have been pxidised tﬁo slowly to account
for the measured yields of.g—nffrﬁbenzoic acid. Moreover at

these slow rates of oxidation some unchanged alcohol would -

have been expected to occur in the final asssays, whereas no
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product with the slow colour developmént ché%acteriétic of;
B—nitrobénzyl alcohol (Fig.2 ) was detected; if seeﬁé
more likely that the éxidation of & methyl group'té'-
carboiyl in the insect microsoﬁal enzyme preparation wés
éohiéved without any intermediate stage appearing free iﬁ
solution and without the aid of a sdluble dehydrogenase.

| The insect species which did notrgive active
g-nitrotoluene enzyme preparationsincludq cricket, flour
. beetle, mustard beetle, cotton stainer,»daterpillar and
.houseflies (when whole irsects were used).a In each case
whole insects were used for homogenate preparatioﬁ. This
is likely to introduée a variety of endogergus inhibitors.
Homogenates of'locust gut and gastric cecae,which as intact
tissues oxidize B—nitrotoluene {(Table i), contained significant
amounts of material which inhibited other microsomal oxidation | !
systems (Table 15). Stronger iphibition of the rabbit enzyme
was observed with locust fat body 10,0008, éediment and fly'”“
homogenatés‘(Tabies 16 & 17), Which could not be reversed to
any significant extent by inco:poratirg a lafge amount of
NADPH2 in the incubaﬁion mixﬁnre. A variety of nétural
inhibitors of microsomai oxidations have been reported in,'

different liver preparations (Gillette 1963) including'enzymes
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hydrolysing the cof'actors. The hydrolysis of‘cofactors by |

pyridine nucleosidasgs can probably be excluded as poséible'
*inhibitors in locust or fly preparations since the addition

of ﬁicotinamide‘has little éffect on the oxidiging activity

of the loocust or fly enzyme system. Similar observations have

been reported by Schonbrod et al (1965). Fig. 15 shows that.in

whole fly 10,000g. supernatant the nucleotide structure of NADPH2
remains intact and there is adequate glucose-b-phosphateA

dehydrogenase level in the preparation. It 1s therefore possible

to restore the level of NADPH2 to nearly 1ts initial value

by adding glucose-b-phosphate. Similar observations were made

with muétard beetle and catefpillar préparations ( 10,UUUg.sup§rnatant)
{(Figs. 12 & 14): Fly abdomen 10 ,000g. supernatant behavés somewhat .
difierently than whole 1nsect preparatlon in that it oxidizes

NADPH more slowly (Flg. 13). Preliminary investigations

indicated that fly preparation does not inhibit the oxidation
"~ of B—nitrobénz&l alcobol to p-nitrobenzoic agid by rabbit
liver enzyme. It appears from these tindings that the inhibition

of rabbit‘enzyme_p—nitrotdluenq oxidizing activity by insect

. preparations is not due to destructlon of NADPH . The 1nh1b1tor(s)

probably uncouples the iormation of hydroxylatlng intermediate

t'rom NADPH2 oxidatibn. .
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The oxidation of E—nitrotoluenq by insect fat,bodyvpreparation
supports the analogy which has repeatedly been.drawn between
the insect fat body and mammalian liver. The biochemical
processes whichnbccur in these two tissues are often very
similar, and it is not easy to find important differenceaf
(Kilby 1963). The other metabolic reactions in locusts which
mainly ococur in the fat body include glucaside formation
 (Trivelloni 1960 ; Smith & Turbert 1961) and phosphoramidate

oxidation (Fernwick 19Y5d).

| The'pattérn of oxidation of the alkylpenzénes

in vitro is qualitati&ely similar in both rabbit and thé two
insect species used. The ig vitro metabolism in rabbit'was
found to be similar to earlier in vivo findings ( Williams 1959).
The mujor oxidatioﬁ product of the alkylbenzenes ( where this

is possible ), was the secondary alcohol formed by hydroxylafion
of the methylene group of the side chain. Preferential - | ’
oxidation_of‘the methylene group nearest to the benzené ringl

has also been observéd in g—nitroe%hylbenzene (€hapter 1I, Sec.D).
The'oxidation of the penultimate methylene group o%?straight

chain, e.g. E—butylbenzené,was somewhat slower and ocoursd

to about the same extent as the oxidation of the terminal
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'methyllgroup to the carboxyl. The results obtained with
ﬁ-butylbenzene show that oxidation is not restrictea to
a-methylene.and. w~1 carbon atoms. The'k)—carbon atom is

A alsé involved in the aetabolism of’ g—butylbénzehe (Tablé 28),
the prbduct being 4—pheny1bu£yfic écid. This metabélite wés _
not found in:fhe urine ot rabbit dosed with n-butylbenzene.

It is likely that in vivo 4-phenylbutyric acid is P-oxidized
to phenylacétic acid and excreted as ifs glycine cphjugaté .
which accounted for 15-20% of the dose (Ei\Masri et al 1956).
Where no o—~ or penultimate methylene group ;as available the’
oxidatioﬁ ot the molecule was much siower and tggﬁébutylbenzene‘.
was oxidized nearly ten times more slowly.than was tolueﬁe 6r
P-nitrotoluene (Tables 27 & 28).by the same enzyme prepafation.'
' The various properties of the rabbit liver alkyl'side:bhain |
hydrox&lase were studied by using igp—pfopylbenzene'as the
substrate. The results show that it belongs o the group, of

2 2
& 30 ).

NADPH, -0 dependant microsomal oxidative enzyme system_(Tablé 29

The relativefrates of metabolic
oxidations of alkylbenzenes.(Tébles 2 & 26) appéars to be
significantly ditterent trom the known pattern of their chemicai
éxidatioﬁ. ‘'he rates of chemical oxidation of these compounds

were satistactorily expleined in terms ot the relative reactivities

-~
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‘o the a-methylene group towards free ¥adicais ( Kooyman

. 1951 3 Russel 1956 ). The reéctivities ot aromafiC'hydrbcarbéns
contaihiﬁg an éctiVated methylene érdup aré bgst expléinedw _
by?cdnsideriﬁé them to be derivatives of toluene. Substitutiqn
of an a;hydrpgen étom of toluene by a methyl'grdup conéiderably
increases tﬁe reactivity of the pther ﬁydrogen atom; .Heré,f
the polar eftfect of the side chain substituentAand increased
resonance stabi;ization compliment each other, and this makeg
the a—méthylene group more susceptibie t0 free radical attack.
Substitution of a second methyl group to éive cumene incfeaées
the reactivity of the remaining hydrogén atﬁm still'further. On
this basis, a free radical (*OH ér 0.H ) shodldjdxidiﬁe cumene

more readily than ethylbenzene and g—nitrotoluené. Also,

the rate of oxiﬁéfiBi‘BiﬁiF?ﬁf?3¥61uene should be slower than
téluéne as p-nitro group'decreases the reactivity of toluene
molecule towards tree radicals (Russél 1956). The results ghow ,
:tnat rabﬁit-enzyme oxidizes p-nitrotoluene more easily than |
ethylbenzene or cumene (Tables 2/ & 28).

The figures quoted for microsomal oxidation
6f rabbit liver may be teken as a fair guide to the behaviour
of these compounds in the intaét organism, since the liver is
virtually the only organ carrying out these metabolic reactions.
The figurés qﬁoted tor the insects, on the other-hand', are

probably minimal since the oxidation of g-nitrotoluene occurs

-~
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in other organs of the locust and the fat boﬁy accounts for '’

only about half of its oxidizing capacity (Table 7). Similar.
considerations probably apply to the abdomen preparation used,

The results in Tables 26, 2f &426 suggest that there is no

great difference between the oxidation rates of alkylbenZenes

in whole insects and whole vertebrates if the results are

expressed in terms of activity/g. of whole animal. Compared on the_
basis of activity/g. of tissue, rabbit liver is more efficient

than the insect tissues. On the other hand, the difference in
oxidizing activity between individual insébt or vertebrate

species may be cbnsiderable (Table 31) and it may be possible

to teke advantage of this ir modifying a toxié molecule to

ircrease its selective action by increasing its susceptibility

to oxidation. The differences in the rate of oxidation of the methyl .
group in insects (Table 4) indioate that there is a possibility

of achieving species-selectivity of an insecticide by ihsertiﬁg

a small alkyl group in the molecule. On the other hand,ﬁit .
apvears from the metabolic studies of higher alkylbenzenes

( Tables 26, 2{ & 28 ) that incorporation of a 1argevalkyl gréup,_
€.8. n-butyl or tert-butyl gr?hp in a molecule may increase |
the insect to mammélian toxicity ratio as, unlike insects, mammal 8

can still oxidize such groups and thus introduce centres for
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more active conjugation reactions. Species differences
observe& in the alkyl side chain oxidafion(Table 31) has
the same pattern as was found in aromatic hydroxylation“
( Williams 1963 ). this susgests that one common rate |
linmiting step is involved ir all hydroxlatioﬁs iﬁvol?ing
aromaﬁic ring or alkyl side chain.

The LD of m-iso-propylphenyl-N-methylcarbamate

50
iﬁ thevlocusts used in this work was about 10 pg. (Table3x )
whereas in flies the LD50 is 90 ug./gmf‘(getcalf & Fukutq

1965 %.‘Uxidation of the alkyl grouvs in aikylpheny1-§4
methylcarbsmaetes is a feature of their metabolism along withA

the oxidation of the N-methyl group ( Casida 19633 Hook: &

Smith 196%). Tﬁe introduction of a hydroxyl group in the alkyi
group Qould enable coﬁjugatior and elimination to take place

and would be expected tb result in a non-toxic product.

It is significant that the enzyme preparations fiom sevgral
strains of fly.studied here were zbout three times more actiVé

in o#idizing {gp-propylbenzene-than'those from locusts(lable 26 &
31 ). The induction of microsomal oxidation enzymes in
vertebrates by a variety of compounds is now'weli known (Remmer

1962 3 Conney & Burns 1962).and evidence of a similar induction.

in insects has been-reported ( Morello 1964 )} Another type
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of' enzyme induction has been reported by Terviere et al (196%2.

few generations increase their’capacity to hydroxylate

naphtnalene in vitro. No such effect was observed in flies with

_p-nltrotoluene ih six generations (Fig. 20). Pretreatment of
‘rats with phenobarbltone or benzpyrene stimulated tne rate of

oxidation of p-nitrotoluene and 1so—propylbenzene by the 11ver

10 OOOg. supernatant but neither compound had any efiect on the
locust enzyme (Tables 3& & 33). Neither did pretreatment with

phenobarbltone have any ettect on the toxiclty of m—1sopropyl—

‘phenyl—N—methylcarbamate towards locusts (Table 32) The results

in Table 34 show that the increasingly popular practice of using

. synergists in insecticide formulations ( to overcome resistance

. of insects to insecticides') needs careful examination considering

their inhibition‘of the mammalian liver enzyme system. Contamination

ofnfoodstuff.cy these'synergists is-likeiy to inhibit the metabolism.

and thereby ellminatlon of foreign toxlc compounds irom the body.

Due to the. s;mllaritles ot forelgn compound metabolizing enzymes E
in mammals and insects it is unlikely that any compcund or‘group
of cbmpounds wiilvinh;bit any 7erticu1ar enzyme in insects but4 ,

not in memmals. So, the only rational basis of designing‘safe

insecticides still remains in the exploitation of enzymic

kf
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‘differendes in insects and mammale than anytﬂing else. The
most important prerequisite for this principle %o be of
practical use is better understanding of the fate of foreign

compounds in insects. ] e

e b e s .. L . - :
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. 2 p-NITROETHYLBENZENE IN INSECTS*

By J. CHAKRABORTY awo J. N. SMITH}
Department of Biochemistry, St Mary's Hospital Medical School, London, W, 2

{(Received 21 January 1964)

Oxidation of a foreign moleculs in tho body
usually yiolds & more polar motabolito which is
more casily oxcroted and frequontly lacks the
biological activity of tho non-polar procursor
(Williams, 1959, pp. 717-739). In vertebrates,

whon compounds suscoptible to oxidation cither in

an aromatic ring or in an alkyl side chain are
metabolized, reaction occurs almost exclusivoly in
the alkyl side chain (Williams, 1959, pp. 197-204).
Inscets can oxidize the aromatic ring (Smith, 1962)
but littlo information is available on the relative

_ ecaso of metabolism of alkyl side chains in these
_invertebrates.

Tho metabolism of the alkyl side chains is

_of intercst since these are structural features
" of soveral useful insecticides such as Diazinon

[00-diethyl-0-(2 -isopropyl- 4- methylpyrimidin-5-

yl)phosphorothionate], Ruelene [0-(4-tert.-butyl-2-

chlorophenyl) - N -methyl - O - methylphosphoramid-
ato] and a scries of alkylaryl N-methylcarbamates

 (Metcalf, 1955).

We wished therefore to assess the ability of

“soveral insect species to oxidize aliphatic groups,
‘aud chose p-nitrotoluene for initial study as it

carricd tho simplest aliphatic sido chain and the
oxidation product, p-nitrobonzoic acid, is capable of
engsy detection and estimation. The metabolism of
this compound has been well studied in vertebrates
(Williams, 1959, pp. 417, 418) and it has recontly
heen used as o substratoe for the microsomal oxid-
ation system of rabbit liver {Gillette, 1959).

EXPERIMENTAL

Compounds. p-Nitrotoluenc, m.p..48°, p-nitrobenzoio
acid, m.p. 240°, p-nitrocthylbenzene, b.p. 245°/760 mm. Hg,
n} 1-5458, and p-nitrophonylacetic acid, m.p. 153°, wero
commercial samples and free of trace impuritics by paper
chromatography. 1-(p-Nitrophenyljethanol, b.p. 162°/
16 mm. Hg, and 2-(p-nitrophenyljothanol, m.p. 56°, were
prepared by sodium borohydride reduction of p-nitro-
acotophonone and methyl® p-nitrophenylacetate respec-
tivoly.

* Part 11: Smith & Turbert (1964).
1 Present address: Department of Chemistry, Victoria
University of Wellington, Wellington, New Zealand.

Insects and dosing. Tifth-instar locust hoppers wero
obfained from tho Anti-Locust Research Centre and kept
and dosed as proviously deseribed {o.z. Cohon & Smith,
1964; Myecrs & Smith, 1953). Houseflies were a normal
strain ohtained from the Rothamsted Experimental
Station as pupae and were used within 3 days of eraergoence.
Other inseets wero also obtained from Rothamsted and
dosed immediately.

Compounds were administered at 200 ug./g. by injection
in 0-01-0-1 ml. of acctone, except to flics and mustard
beetles which were dosed topically at 100 and 200ug./g.
respectively. '

Paper chromatography and tonophoresis. Acidic meta--
bolites wero identified by ionophoresis as described by
Smith (1958). Paper chromatography was carricd out by
downward displacement and approximate Rp values are
quoted in Table 1. Separation of 1- and 2-(p-nitropheayl)-
othanol was achieved by allowing solvent to run off the
bottom of the chromatogram in solvent system A or L.
Compounds were detected on paper as described by Cohen
& Smith (1964).

Hstimation of p-nitrobenzoic acid, Single large inseots or
groups weighing approx. 1 g. were homogenized in 5 ml. of
water eontaining 0-6 ml. of 0-58-NaOH. Protein was re-
moved by addition of 0-5 ml. of 109 (w/v) ZnS0,, and
10 ml. of CCl, was added to extract unchanged p-nitro-
tolucne. After shaking and centrifugation, 3 ml. of tho
supernatant was aeidified with 0-2ml. of 2N.HCI and
reduced by shaking for 0-5 min. with 1 ml of 19, (w/v)
zine amalgam. The p-aminobenzoic acid formed was then
determined according to the Bratton & Marshall (1939)
procedurce. In some inscets, particularly flics, large blank
values were obtained from untreated flies but theso wero
minimized by extracting the aze dye into 5 ml, of amyl
alcohol in which the interfering azo-colour was not soluble.

Recovery of p-nitrobenzoie acid from aqueous solution
was quantitative and recoverics of p-nitrobenzoic acid
added to 1 g. of locust homogenate were 83:2 s.E.M, £ 1-9
(10). ] :
Hstimation of 1-(p-nitrophenyl)ethanol in enzyme miic-
tures. The reaction mixture (5 ml.) was acidified with 3 ml.
of 10N-HCl and extracted with 3 x 5 ml. of ether, The ether
layer was evaporated to small bulk and transferred to a
paper chromatogram and run in solvent system A. Tho
zomno corresponding to 1-(p-nitrophenyl)ethanol was eluted
with methanol and this was detormined by the proccdure
described above for p-nitrobenzoic acid. Colour dovelop-
ment was allowed to proceed for 3 hr. before measurement
and calculation was made by referenco to a calibration
curve prepared from known amounts of a methanol solution
of 1-(p-nitrophenyljethanol. Recoveries of known amounts
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Tablo 1. R, values of some nitro compmmda

Chromatograms were run on Whatman no.4 paper until solvent fronts had moved 12 in. Solvents: A, n-hexane-
di-isopropyl cther (6:1, v/v) run on paper treated with formamide-saturated ether and dri¢d; B, butan-2-one-
98-NH, (1:1, v/v); C, butan-1-ol-ammonia, (sp.gr. 0-88)-water (4:1:5, by vol.); D, ethanol-water (7:3, v(v) on
paper treated with 59 (v/v) olive oil inether and dried ; I, n-hexane-di-isopropylether(6:1 v/v) on paper treated
with a saturated solution of Carbowax 4000 in ether-cthanol (50:1) and dried.

Solvent A

1-(p- Nxttophcnyl)cthmnol 0-20
2-(p-Nitrophenyl)ethanol 015
p-Nitrobenzoic acid 0-01
p-Nitrophonylacotic acid 0-02
p-Nitrotoluene 0-92
p-Nitroethylbenzene 091

B C D E
0:92 0-93 0-92 0-30
001 0-90 0-90 025
071 0-43 0-81 0:32
0-60 0-42 0-81 0-34
0-93 0-90 072 0-91
092 0-91 0-70 0-90

of material added to 5ml of incubation mixture were
71 S.EaL 432 (6).

Tissue incubations. Organs were removed from locusts
and incubated in saline as described by Cohen & Smith
(1964) at 37° in air. Organs from six hoppsrs were used in
each experiment in 2ml. of saline to which 1-0 mg. of p-
nitrotoluene in 0-02 m). of acetone had been added. After a
suitable time, usually 30 min., the mixture was ground in a
Potter-Elvehjem homogenizer and the p-nitrobenzoic acid
estimated as above.

Centrifuged fractions were prepared from 25 locust fat
bodies by homogenizing in 20 ml. of 0-25M-sucrose for
1 min. at 0-3°. The homogenate was then centrifuged at
10000g for 10 min. at 3° and the supernatant used for
enzymic experiments.

RESULTS

Metabolism of p-nitrobenzoic acid

Ingects (1-5 g.) were dosed as described above
and homogonized and deproteinized after 5 hr.
The supernatant was concentrated to small bulk
in vacuo and exomined by paper chromatography
and ionophoresis. Only p-nitrobenzoic acid was

dotected as a metobolite, except in Periplancta

where traces of p-aminobenzoic acid were found.

Quantitative assays made on four large insects
or 1 g. batches of small insects at intervals of 5 hr.
after dosing showed a linear relationship between
time and amount of p-nitrobenzoic acid formed
(Table 2).

. Oxidation also occurred in intact isolated tissues
of the locust in saline (Table 3), but homogenization
of any of these tissues for 1 min. in a Potter—
Elvehjem homogenizer gave a preparation devoid of
oxidizing power. Active preparations could be
made from locust fat-body homogenate, but not
from other insects or organs, by centrifugation at
10000g for 10 min. at 0-3°.

The 10000g supernatant of five locusts in § ml.
of 0-26M-sucrose was incubated at 37° in air with
1mg. of p-nitrotoluene. Examination of the
mixture - after deproteinization showed gp-nitro-
benzoic acid to be the only metabolite and quanti-
tative assays showed the rate of formation to be

Table 2. Rates of formation of p-nitrobenzoic acid
from insects dosed with 200 pg. of p-nitrotoluene/g.

Formation of
p-nitrobenzoic acid
(y.g /g. of insect/hr.)

Locust (Schistocerca) 10
Cockroach (Periplaneta)

Cockroach (Blatta) : 12
Cricket (Gryllus) 12
Flour beetlo (Tenebrio) 8
Mustard beetle (Phaedon) . 20
Housefly (Musca) .26
Cotton stainer (Dysdercus) 5 -
Caterpillar (Pieris) 8

Table 3. Rates of formation of p-nitrobenzoic acid
Jfrom p-nitrotoluene by locust organs in vitro

For conditions see the text.

Formation of p-nitrobenzoic acid

{pg./locust/hr.) -
A
., Mixed ’
Males Fomales sexcs
Fat body 51 62 79
Gastric cccae 2-8 4-8 40
Foregut 07 1-0 1.8
Midgut 07 1-0 1-9
Hindgut 03 03 08
Malpighian tubes 03 0-6 1-9
Total 99 13-9 183

linear up to 90 min. In a serics of more than 50
experiments the rate of formation of p-nitrobenzoic
acid in this type of preparation ronged from 6 to
10 pg./hr./locust and was not affected by addition of
NADPH, NADP, NAD, NADH, Mg?+ ions, nico-
tinamide or glucose 6-phosphate.

Assays of the oxidizing activity of the 10000g
supernatant from the fat body were made at
intervals on a large group of fifth-instar hoppers.
Rates of 3:6, 4'5, 4-5 and 6-4pg./hr./locust were
obtained 2, 4, 7 and 11 days after collection.
Moulting started in the group at 11 days and
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enzyme from adults assaycd on the fourtconth and
cighteenth days had rates of 1-6 and 2ug. of p-
nitrobenzoic acid/hr./locust.

Oxidation of p-nitroethylbenzene

.Tho 10000g supcrnatant from 25 locusts was
incubated for 60 min. with 6 mg. of p-nitrocthyl-
benzene at 37° in air. After acidification with 3 ml.
of 10x-hydrochloric acid and extraction with ether,
the ether extract was examined by paper chro-
matography and ionophoresis. The major meta-
bolite found was 1-(p-nitrophenyl)ethanol together
with n trace of p-nitrophenylacetic acid. No 2-(p-
nitrophenyl)othanol was found.

In quantitative assays with 10000g supernatant
from five locusts the rate of formation of the
alcohol was 2 ug. locust/hr.

DISCUSSION

The oxidative metabolism of p-nitrotoluene is
gsimilor in insects and vertebrates, the major
product being p-nitrobenzoic acid. Oxidation of
the ethyl side chain in p-nitroethylbenzene oceurred
mainly at the «-methylenic group, and similarly
methylphenylearbinol is the main oxidation pro-
duct of ethylbenzene in rabbits (Smith, Smithies &
Williams, 1954). The locust oxidizing system is also

gimilar to that of rabbit in that it can be located in .

the 10000g supernatant of fat body or liver, Some
activity was also found in the gut of the insect and
good agreement was found between rates of oxid-

" ation in whole inscet, isolated organ and 10000g

supernatant from the fat body.

With the high doses used in the present, work the
rate of oxidation of p-nitrotoluene was constant
over the experimental period and the values quoted
in Table 2 probably show the maximum oxidative

* capacity of the insects for aliphatic centres. These

would not necessarily show the same ratios with the
much- lower doscs absorbed if insecticides were
being oxidized, but they suggest that diffcrent
rates of oxidation could be & factor in different
rates of detoxication of msectxcxdes having ali-
phatic side chains.

The rates of oxidation found are considerably
lower than has been found for other detoxication
reactions such as O-conjugation (Smith & Turbert,
1864) or glutathione conjugations (Cohen, Smith &
Turbert, 1964), but oxidation is frequently the first

_ biochemical attack made on a foreign molecule,
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and in molecules having an alkylaryl grouping
small differences in the oxidative detoxication
could be the basis of differential toxicity.

Oxidation of a motﬂylene group udjacent to an
aromatic ring is a feature of the metabolism of
DDT [2,2,2-trichloro-1,1-di-{p-chlorophenyl)eth-
ane] in some insects. This a-methylenic oxidation
yields Kelthane [2,2,2-trichloro-1,1-di-(p-chloro-
phenyl)ethanol] as the metabolite and an intensi-
fication of this reaction under DDT pressurecangive
rise to insecticide-resistant strains (Agosin, Michaeli
Miskus, Nagasawa & Hosking, 1961; Tsukamoto,
1959). The present results suggest that it would be
worth whilo to investigate the possibility of alkyl-
chain ‘oxidation in other insecticides containing
alkylaryl structures.

SUMMARY

1. p-Nitrotoluene was converted into p-nitro-
benzoic acid in nine species of insects.

2. The most rapid oxidation occurred in house-
flies.

3. In isolated locust organs, most oxidation
occurred in fat body and gut.

" 4. p-Nitroethylbenzene was converted into 1.
(p-nitrophenyl)ethanol by locust fat-body homo-
genates; traces of p-nitrophenylacetic acid were
also formed. ‘

This work has been supported by the Agricultural
Research Council and we are also grateful for supplies of
insccts from the Anti-Locust Research Centre and the
Insectlcxde Department, Rothamsted.
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Inhibitors of Microsomal Oxidations in Insect Homoge?ates

By J. CHAKRABORTY, C. H. SISSONS anp J. N. SMITH
Department of Biochemistry, St Mary’s Hospital Medical School, London, W. 2, and
Department of Chemistry, Vicloria University of Wellington, New Zealand

(Received 8 August 1966)

1. Homogenates of insect tissues were assayed for enzymes capable of oxidizing
p-nitrotolueno to p-nitrobenzoic acid. 2. Locust fat-body homogenate 10000g
supernatant was an effective enzyme and required no added cofactors. 3. omo-
gonatos of other inseeta or lopust organs and 10000g sediment from locust fat-bady
were not active and inhibited microsomal oxidations carried out by locust fat-body
or rabbit liver enzyme. 4. Inhibitory power was high in homogenates of whole
flies and of fly heads or thoraces. 5. Inhibition appeared to involve both irreversible
inactivation of enzyme and the removal of essential cofactors.

In vertebrates the methyl groups in toluene and

substituted toluenes are recadily oxidized to the-

corresponding aromatic acids and the enzymology
of this process has been studied by Gillette (1859)
avith liver microsonial enzyme. Alkylside chains of

" biarbiturates and other drugs are also oxidized by

liver microsomal enzymes (Cooper & Brodie, 1957).
Some preliminary onzymic studies with locust
fat-body homogenate as the source of tho enzyme
were made (Chakraborty & Smith, 1964) and
similar centrifugal proparations have been used in
the study of the metabolism of naphthalené and a
variety of insecticides (Arias & Terriere, 1962;
Agosin, Michaeli, Miskus, Nagasawa & Hoskins,
1961 ; Fenwick, 1958 ; Nagatsugawa & Dahm, 1962,
1965). In this work the activity of the insect
cnzymes has usually becn weaker than similar
preparations from rat or rabbit liver and we have
therefore examined some insect preparations for
endogenous inhibitors that might account for tho
low activity.

EXPERIMENTAL

Ingects. Fifth-instar locusts (Schistocerca gregaria) were
from the Anti-Locust Recsearch Centre, London, and
enzymes made from mid-instar specimens. Other insects
from previously used strains (Chakraborty & Smith, 1964)
were obtained from the Insccticide Department, Rotham-

sted, Herts. Flies, unless otherwise stated, were uscd |

within 2 days of emergence as adults. At a later stage of the

work an insccticide-sensitive strain of housefly was ob-.
_ tained from Wallaceville Animal Research Station, New

Zcaland, dnd reared in the lsboratory.
Estimation of p-nitrobenzoic acid. This was carried out by
the method used by Chakraborty & Smith (1064).
Estimation of p-acetamidobenzoic acid. This was carried
out by the technique described by Hook & Smith (1867).

Preparation of veriebrate enzymes. Liver from rabbit or
mouse was homogenized in 4vol. of 0-25nM-sucrose with &
Teflon pestle in a glass Potter—Elvehjem type grinder. The
homogenate was centrifuged at 10000g for 10min. and
the supernatant (‘10000g supernatant’) used as enzyme.
All operations were carricd out below 3°. Incubations were
in 50ml. beakers in a shaking water bath in air at 37° and in
a total volume of 5ml. eontaining, in most cxperiments,
enzyme equivalent to 0-5g. of rabbit liver or 0:25g. of
mouse liver. Rabbit liver incubations were fortified with
0-5mg. cach of NADPH5 and NAD and 6mg. each of MgCly
and nicotinamido. Mouse cnzynie was fortified with 0-2mg.
cach of NADP and NAD, 5mg. of glucose 6-phosphate, 1 mg.
of MgClz and 6mg. of nicotinamide. Each 5ml. of incuba-
tion mixture was at pH7-4 and contained 1 ml. of 0-051-tris
buffer, pH 7-4.

p-Nitrotoluene (1mg.) or p-acctamidotolucne (0-5mg.)
was added to the incubation mixtures in 0-05ml. of acetone
to start the reaction. Reaction rates were lincar with time
for up to 1hr. and in inhibition experiments incubations
were stopped after 0-6hr.

Insect homogenates. These were normally prepared in
0-25M-sucrosc, as described above, except in the few cases

noted below where 0-16 M-KCl was used. Where centrifugal .

fractions were used the whole homogenate was centrifuged
at 3° at 10000g for 10min. to give a ‘10000g supernatant’
and ‘10000g scdiment’ fraction.

Clear-cut soparation of a ‘nuclei and debris’ fraction by

centrifugation at 900g was difficult because of the nature of

the scdiment and in most cases the 10000 g scdiment con-
tained this debris as well as the ‘mitochondrial fraction’.
‘Microsomal’ peliets were prepared by sedimentation of the
10000g supcrnatant at 90 000g for 1 hr. (‘90000g sedimment’)
for some experiments.

Conditions for the use of locust prcparations as an
oxidizing enzyme were those used by Chakraborty & Smith
(1964) inwhich p-nitrotoluene was uscd as substrate.

Ozidation of NADPH,. This was followed by dircet

* spectrophotometric measurement at 340my in cither the

Beckman DB spectrophotometer or the recording Unicam
SP.700. Concentrated fly homogenates rapidly became
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anacrobio below the surfaco layor so that tho amount of
homogenate had to be restricted to maintain the acrobic
conditions in the cuvetto. Normally a concentration

~ oquivalent to 2 flies/ml. was suitable. The reaction was -
started by adding 0-6mg. of NADPHz in 0-01 ml, of water to

theo 0-6cm. cuvette that contained the enzyme diluted into
0-05M-tris buffer, pH 7-4, to givo a total volume of 1-5ml.

RESULTS

Preparation and properties of the locust fat-body
enzyme. Homogenates of locust fat body usually
showed a low capacity to convert p-nitrotoluene
into p-nitrobenzoic acid, which was not increased by
fortification with 0-2mg. of oxidized or reduced
NAD or NADP or by addition of 6mg. of nicotin-
amide or magnesium chloride to the standard &ml.
of reaction mixture.

The locust homogenatoe was similar to vertebrate
liver enzyme (Gillette, 1959) in that contrifugation
at approx. 10000g for 10min. yielded an active
enzyme in the supernatant and the ‘microsomal’
sediment of this supernatant at 90000g for lhr.
was inactive unless combined with 90000g super-
natant. Samplos of fat-body homogenate prepared
as described above were centrifuged at various g
values for 10min. and activities of the supornatahts
plotted graphically. The curve showed a broad

- maximum at the region 10000-12000g and 10000g

for 10min. was used as a routine thereafter.

' The effect of adding cofactors was tested at

different times on a variety of batches of locusts but
no increage in activity was produced in the locust
10000g supernatants by the addition of 0-2mg. of
NAD, NADH; or NADPH, or 6mg. of either
nicotinamide or magnesium chloride. The activity
of this preparation with p-nitrotoluene as substrate
was in the range 5-10mpmoles of p-nitrobenzoic
acid/min./locust (Chakraborty & Smith, 1964).

The enzymic reaction of preparations containing
enzyme from five locusts’ fat-bodies in 5ml. of

‘incubation mixture was linear with time for 1hr.

and measurements were therofore carried out for

" 0:5hr.
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The optimum substrate concentration for p-
nitrotoluene was 1:-5mm and a-double-reciprocal
plot of substrate concentration and reaction
velocity gave an apparent I, value 6 x 10-4m.

When the pH was varied in tris buffer and rcaction
velocity measured between pH 6:5 and 8-5, a narrow
pH-activity curve was obtained with a maximum
at pH7-4.

The enzyme lost about a fifth of its activity when
stored at 0° for 16hr. or if left at room temperature
for 3hr. When the homogenate was left at room
temperature for 3hr. bofore centrifugation no
activity was found in the 10000g supernatant.

No oxidation oceurred if the reaction was carried
out in a nitrogon atmosphero and incorporation of
" mM-piperonylbutoxide or SKF 525A (diethylamino-
ethyldiphenylpropyl acetate) into the standard
reaction mixture decreased the activity by 40%,.

Inhibition by sedimentable fractions of locust
fat-body. The 10000g supernatant enzyme from’
locust fat-body was inhibited by sedimented
fractions made from crude homogenatc and the
inhibitory power of the 10000g sediment was not
destroyed by heating in 0-25m-sucrose solution for
15min. at 100° (Table 1).

The nature of the inhibition by fat-body 10000g
sediment, resuspended in 0-05M-sucrose, was tested
with rabbit enzyme prepared as described above
and inhibitor equivalent to sediment from 0-56-1:25
locusts’ fat-bodies at a range of substrate concentra-
tions. The results at each substrate concentration
indicated an irreversible inhibition in which
inhibitor from 1-5 locusts was sufficient to com-
pletely inhibit the 10000g supernatant enzyme
from 0765 g. of rabbit liver in an incubation mixture
containing the standard cofactors (Fig. 1).

Attempts were made to measure the rate of the
inhibition by leaving resuspended locust fat-body
10000g sediment in contact with rabbit enzyme at
0° for various periods, centrifuging off tho inhibitor
sédiment and assaying the remaining supernatant.
A small decrease in activity was found aftor leaving
fat-body sediment in contact with rabbit enzyme,

Table 1. Inhibition of locust fat-body enzyme by sedimented fractions

Supernatant (10000g for 10min.) oquivalont to fat bodies of six locusts was incubated with Img. of p-nitro- -
tolueno at 37° in a total volume of 5ml. in airat pH 7-4. Sediments equivalent to three locusts’ fat bodies wore used

as inhibitors.
Inhibitor added

No inhibitor .

10000g sediment added after incubation

1000g sediment )

10000g sediment :

10000g sediment heated for 16min, at 100°

Washings of 10000g sediment aftcr heating
for 16min. at 100° :

p-Nitrobenzoic acid formed in 0-5hr. (ug.)

A

Expt. 1  Expt. 2 Expt. 3  Expt. 4

" 36 31 12 36
—_— —_ 12 J—
64 _ — 0
15 10-4 2-8 0
— 104 48 —
— — 10-4 —-
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but most of the inhibitory activity could be
centrifuged away (Tablo 2). The sediment did not
appear to intorfere with the detormination of
p-nitrobenzoic acid (Tables 1 &nd 2).

Prolonged homogenization of fat bodies (2min.)
gave a progressively less active enzyme, activity

EY
3
1

p-Nitrobenzoic acid formed (ug./hr.)
2
(=]
L]

0 05 1-0 15
No. of locusts inhibiting

- Fig. 1. Inhibition of rabbit enzyme by locust fat-body

10000g sediment. Bach incubation mixture contained
10000g supernatant from a homogenate of 0-75g. of rabbit
liver with the addition of 10000g sediment from locust
fat-body homogenate equivalent to the stated number of
locusts in a total volume of 5ml. containing 0-5mg. of
NADPH, 0-bmg. of NAD, 2mg. of MgClz, 3mg. of nico-
tinamide and 0-5ml. of 0-1 M-tris buffer, pH7-4, Incubations
were carried out at 37° in air, with shaking for 0-5hr, Curves
4, Band Chad 0-25, 0-5 and 1-Omg. respectively of p-nitro-
toluene added to 5ml. of incubation mixture and oxidation
of p-nitrotoluene to p-nitrobenzoic acid was measured as
described in the text. -

being zero after 6min., and the possibility of an
inhibitor being released from the cells on protracted
grinding was therefore considerod. A sample of
10000g sediment equivalent to 0-5 locust fat body
from a preparation that had been homogenized for
0-5min. was rosuspended in sucrose and ground at .
0° for various times. This quantity of locust
inhibitor decreased the rate of oxidation of & rabbit
onzyme preparation from 144 mumoles to 100 mp-
moles of p-nitrobenzoic acid/min., but no increased
inhibition was found if the homogenization was
prolonged to 6min. and no water-soluble inhibitor
was released.

In experiments of this type and in those shown in

Tablo 2 the locust sodimont rondored only & portion

of the rabbit activity ineffective and could be
centrifuged away, but if assays were carried out
while the suspended sediment was present, along
with the added eofactors, no oxidation occurred.
Attempts to prepare an oxidizing enzyme from
locust gut were not successful though in vitro locust
gut forms more p-nitrobenzoic acid from p-nitro-
toluene than the fat body (Chakraborty & Smith,
1964). Assays were therefore made with rabbit
enzyme with the equivalent of homogenized parts of
the gut of one locust added. Whole homogenate of
mid-gut was markedly inhibitory (Table 3).
Inhibition of wvertebrate enzyme by other insects.
The 10000g supernatant equivalent to 4g. of flies
from homogenates made in either 0-25M.sucrose or
0-15M-potassium chloride had no oxidizing activity
with p-nitro- or p-acetamido-toluene as substrate
when fortified with the amounts of NADP, NAD,
magnesium chloride and nicotinamide used with
rabbit enzyme. Fly microsomes (90000g sediment) -
from 4g. of flies were also inactive when 90000g
supernatant from 0-6g. of rabbit liver was added
with the cofactors used in the rabbit assay systom.

v Table 2. Inhibition of rabbit microsomal oxidation by insect prepafciﬁions

Inhibitors were added to the enzyme at 0° and centrifuged off at IOOOOg after the stated contact times. Cofactors
wore then added and assays carried out at 37° for 0-5hr. asdescribed in the text with p-nitrotoluene as substrate.
Inhibitors were 0-25m-sucrose homogenates of: A, fat body from 0-5g. of cockroach; B, fat body from lg.

-of cockroach; Cand D,10000g sediment from fat body of 0-5¢. of locust; E, 0- 25g of mustard beetles; F', 0-5g. of

mustard beetles; G, 0-5g. of cabbage caterpillar,

Contact time‘
(min.)

No inhibitors —
Inhibitor added after incubation —
Inhibitor not removed before mcubatlon —_
Inhibitor alone —

] i 4
Inhibitor centrifuged off before assay 512: o

34

p-Nitrobenzoio acid.formed in 0-5hr, (ug.)

N A
- N

Expt. .. A B ¢ D E F @
! B .

/sl 81 79 48 81 81 115

‘88 — — 46 8 — —

£ — — 0 4 — 100

o o o0 0 0 0 0

81 100 58 28 76 64 —

80 102 51. 3¢ 73 64 —

% 100 51 31 70 66 —
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Whole-fly homogenates woro also offective
inhibitors of tho rabbit oxidizing enzyme (Table 4),
and the inhibition by homogenate of 0:05g. or
0:075g. of flies was only offset by the addition of
very large amounts of NADPHg or by the use of a
regonerating systemn for NADPHg.

Cockroach fat body, mustard boetles and cater-

~ pillars (Table 2) contained much less inhibitor than
flies but nevertheless their 10000g supernatants -

were inactive when tested for p-nitrotoluene-
oxidizing power. .
The inhibition by fly preparations of mouse liver

oxidation of 2mmM-p-acetamidotoluene was meas-

ured with both whole-fly homogenate and fly
10000g supernstant. The results followed the
pattern of the locust inhibition (Fig. 1) with a
nogative linear relation between amount of in-
hibitor and reaction velocity, and in three experi-
ments with whole-fly homogenates complete
inhibition of the standard mouse liver preparation
was reached with 10 flies, When 10000g superna-
tant from a 0:15M-potassium chloride homogenate
of houseflies was used as source of inhibitor in eight

Table 3. Inhibition of rabbit oxidation system by
homogenates of locust organs
‘Whole homogenates equivalent to organs of one locust in
0-26M-sucrose were incorporated in the standard rabbit
enzyme mixture and the oxidation of p-nitrotoluene was
mensured as desoribed in the text.
p-Nitrobenzoic acid
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similar experiments, complote inhibition of the
mouse enzyme was rcached with material from
40-50 flies per incubation. Distribution of inhibi-
tory activity in flies fis shown in Table 5.

The stability of NADPH; in some dilutod fly’

homogenates was measured (Tables 6 and 7). Loss

of NADPH; was rapid in homogenates containing -

fly heads and the loss was stimulated by addition of

menadione or catechol. However, when glucose .

6-phosphate (1mg./ml. of reaction mixture) was
added the extinction at 340mp was restored to its
initial level. In every exporiment the rato of
regovery of the extinction was higher than its fall
had been and it was concluded that this amount of
glucose B8-phosphate was adequate to maintain the
NADPHj in its reduced form even in the presence of
polyphenols or quinones.

DISCUSSION

The oxidation by an insect of an insecticide is
often of primary importance in deciding its effective-

ness since this reaction can lead to either activation

Table 5. Inhibition of mouse liver enzyme by
. housefly homogenates

Mouse liver enzyme and cofactors were incubated for
0-5hr. as described in the text with p-acetamidotoluene as
substrate. The10000g supernatant of fiy organs (equivalent
to 20 flies) was mccrporated in the standard mouse u,asay
mixture, -

p-Acetamidobenzoio

Addition to rabbit enzyme formed in Q-5hr. (ng.} acid formed (ug.)
‘No addition 123 . "
Fat-body 10000g sediment 83 Ageofflies ...  2days 8 days
Mid-gut homogenate 67 - Additions to mouse enzyme

Hind-gut homogenate . 126 No addition 136 136
Fore-gut: homogenate 106 . Fly-head 10000g supernatent 98 : 103
Gastric-cecae homogenato . 147 Fly-thorax 10000g supernatant 68 40
Malpighian-tube homogenate 127 Fly-abdomon 10000g supernatant 94 86

Table 4. Inhibition of rabbit oxidation enzyme by housefly preparations Ll

Fly homogenates were incorporated in the standard rabbit assay preparation along with the extra cofactors
quoted and the mixtures assayed with p-nitrotoluene as described in the text.

p-Nntrobenzom acid formed in 0-6hr. (ug.)

Addition to rabbit system N

: Expt.. 1 Expt. 2 Expt. 3 Expt. 4
No addition ‘ 133 115 103 103
Fly homogenate (0-25g. of fly) 0 — — -
Fly 90000g supernatant (0-25g. of fly) 74 —_ — —
Fly bomogenate (0-1g. of fly) C— 0 — —_
Fly homogenate (0-075g. of fly) - — ‘ n 76
Fly homogenate (0-075g. of fiy)+NADPH; (8mg.) — . — , 88 74
Fly homogenate (0-05¢. of fly) — 62 —_ —
Fly homogenate (0-06g. of fly)-+ NADP (0- 2mg )+ glucose 6-phosphate — 81 — —

(bmg.) ‘ »

Fly homogenate (0-01g. of fly)

— 117 L= -—

«
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Table 6. OQxidation of NADPH 21 housefly homogenates

Cuvettes contained 10000g supernatant cquivalent to 2 flies/ml. in 0-05M-tris buffer, pH 7 -{. Reactions were
started by adding 0-5 mg. of NADPH3z/ml. to the test cuvetto Whole homogenate was used in Expts. 2, 5 and 7

and lOOOOg supernatcmt in others.

Age of flies

Expt. no. (days after emergence)

12
2
3

B G0 2D e

e

1
4
1

Homogenate ...

103 x AELS™ in 10min.

A

Fly heads  Fly thoraces Fly abdomens
123 18 ‘10
112 36 17
310 0 -0
113 0 0
93 1
93 0
98 0

Table 7. Stimulation of NADPH oxidation in fly
homogenates

The 12 000g supernatant of wholo flies used contained the
equivalent of 2 flics/ml. in 0-05 M-tris buffer, pH7-4.

Addition to cuvette 103x AELg™/10min.

Nono 26, 25,276
Cytochrome ¢ (50 ) .95, 93-5, 95
Hacmoglobin (50 um) 22, 20, 25

Menadione (1 mm)
Catechol (1 mm)

877, 877
760, 700, 730

In’ practical
ingecticides the more active detoxication mechan-

<isins such as glucosidation can usually act only after
~izhe oxidation enzymes have introduced a suitable

functional group capable of conjugation.
The study of the feeble oxidation systems in

‘insects is difficult, particularly when low doses of

voxic compounds are used, and the use of ‘micro-
somal’ enzyme preparations rather than whole
insects could .ease the problem of separating
metabolites from irrelevant tissue material. Insect
‘microsomal’ preparations are usually made from
homogenates of whole insects and are therefore
more complex than vertebrate liver preparations.
The diversity of tissues in the homogenate may
introduce a variety of endogenous inhibitors and it
is significant that, of nine spocies used to investigate
the oxidation of p-nitrotoluene in »ivo, a satis-
factory enzyme extract was only obtained from

. locusts, where it was possible to work with a fat-

body homogenate rather than one made from whole
insects (Chakraborty & Smith, 1964). Homogenates
of Jocust gut, which oxidizes p-nitrotoluenc as

) actlvely in vilro a8 the fat body, were inactive and

contained significant amounts of material that .

inhibited other microsomal oxidation systems.

A variety of natural inhibitors of microsomal
oxidations have been reported in differont liver
preparations (Gillette, 1963) including enzymcs
hydrolysing the cofactors, but the nicotinamide
nucleosidases can probably be excluded as possible

.inhibitors in locust or fly preparations since the

addition of nicotinamide has little cffect on the
oxidizing activity of locust or fly microsomal
enzymes (Chakraborty & Smith, 1964 ; Schonbrod,
Philleo & Terriere, 1965). In the NADPH, oxida-
tion experiments described above it was possible to
restore the extinction at 340mp to its initial value
by adding glucose 6-phosphate l1hr. after it had
fallen to zero. This also suggests that the cofactor
had not been attacked by any nucleosidase.

At least two inhibitory mechanisms appear to be
acting in insect 10000g sediment. A heat-stable
factor irreversibly inactivated a proportion of
rabbit enzyme activity, and a second insoluble
factor that further decreased the activity if left in
the assay mixture could bo removed by centrifuga-
tion (Tables 1 and 2). It is possible that the second
mechanism removed some cofactor from the assay
system.

The removal of NADPH: by oxidation is a factor
in this facet of the fly inhibition and this oxidation
was especially active in fly heads. The NADPH2
oxidase was stimulated by cytochrome ¢ and
menadione and the presence of quinone-linked
NADPH; oxidation is therefore a possible cause of
loss of activity in insect preparations that may
contain polyphenols and their oxidases. However,
fly homogenates have adequate glucoso 6-phos-
phate-dehydrogenase activities and the incor-
poration of glucose 6-phosphate into the enzyme
mixture maintained the NADPH; in the reduced -
form even when high menadione-linked oxidation
was present.

Fly head and thorax contained substantial
amounts of inhibitor (Table 5) and the fat body,
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which is a probable source of p-nitrotoluene-
oxidizing enzyme in flies, was mainly in the
abdomen. Homogenates preopared from fly
abdomens had therefore a moro favourable ratio of
enzyme to inhibitor. For this reason in subsequent
work with flics the oxidation enzyme has been pre-
pared from abdomen homogenates and an NADPH -
'regenomting system has been used in preference to
the addition of NADPHj; as cofactor {Chekraoborty
& Smith, 1967).

This work has been supported in tho United Kingdom by
the Agricultural Research Council and by the Anti-Locust
Research Centre. We also acknowledge the support of the
Internal Research Fund at Victoria University of Wellington
and the Wollington Moedical Rescarch Foundation,
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Enzymic Oxidation of some Alkylbenzenes in Insects and
- Vertebrates: ‘ I

By J. CHAKRABORTY anp J. N. SMITH
" Department of Biochemistry, St Mary's Hospital Medical School, London, W 2,
and Department of Chemistry, Victoria University of Wellington, New Zealand

{Received 8 August 1966)

1. Oxidation rates of alkylbenzenes have been measured in 10 000g supernatants
of vertcbrate llvers, locust fat bodics and housefly abdomens. 2. Aectivity per g. of
inseat was greator in fly than looust preparations but both were of tho samo ordor
as a range of vertebrate species, 3. Methyl groups of toluene and p-nitrotoluene
were oxidized more rapidly than the side chains of higher homologues. 4. In the
higher homologues hydroxylation occurred most readily at the o-mothylene group
and less readily at penultimate methylene and terminal methyl groups. 5. Oxida-
tions in both vertebrates and insects were inhibited by piperonylbutoxide and
similar synorgists. 6. Oxidation activity was stimulated by pretreatment of rats,
but not locusts, with phenobarbitone or 3,4-benzopyrene.

Selectivity of action is a desirable property of
insecticides and the selective destruction of the
ingecticide by detoxication mechanisms in different
species is one way of achieving this effect. The best
established examples of this are found among those
organophosphates that contain carboxy ester or
amide groups (Kreuger & O'Brien, 1959; Uchida,
Dauterman & O’'Brien, 1964; Smith, 1964) where
low mammalian toxicity results from the moare
extensive hydrolysis of ester or amide links in these
species. The term ‘selectophore’ has been applied to
those organic functional groups that offer a point of
selective attack for a detoxication mecharnism and a
knowledge of such groups would be of value in the
design of insecticides. So far, little attempt has
been made to find selectophoric groups that depend
for their action on metabolic processes other than
hydrolysis:

Some vertebrates can oxidize the alkyl chain in
alkylbenzenes with great ease (El Masry, Smith &
Williams, 1956) and it was shown that a range of
- insects varied considerably in their ability to
oxidize the methyl group -in -
(Chakraborty & Smith, 1964). This suggested to us
that methyl and other alkyl groups might function
as selectophores, and since little is known of their
fate in insects wo have studied the metabolism of a
series 'of alkylbenzenes .in insects and enzyme
preparations and have compared these results with
- those from similar experiments with vertebrate
material.

‘< EXPERIMENTAL-

Reference compounds. Alkylbenzenes were commercial
samples that.contained variable amounts of alecohols and

nitrotoluene -

ketones. They were distilled and left over powdered sodium
for a week and then redistilled through an officient fraction-

-ating column with a variable reflux head. Before use in an

incubation mixture they were checked by gas-liquid
chromatography for absence of alcohols or kotones.

Aromatic aleohols and acids were redistilled commercial
samples used previously or were propared by methods then
described (Il Masry ef al. 1966; Smith, Smithies & Williams,
1954; Robinson, Smith & Williams, 1955; Robinson &
Williams, 1955) and were homogeneous by gas-liquid .
chromatography.

Piperonylbutoxide (3,4-methylenedioxy-6-propylbenzyl-
n-butyl diethylene glycol ether), sulphoxide [l.methyl-
2-(3,4-methylencdioxyphenyl)ethyloctyl sulphoxide], =-
propylisome (di-n-propyl 6,7-methylenedioxy-3-methyl-
1,2,3,4-tetrahydronaphthalene-1,2-dicarboxylate), sesamex
[2- (3,4 - methylenedioxyphenoxy) - 3,6,9 - trioxaundecane]
and D.M.C. (4,4’-dichloro-a-methylbenzhydrol) were a gift
from Dr B. C. Fine; SKF525A (diethylaminoethyldiphenyl-

n-propyl acetate hydrochloride) was a aample provided by

. Professor R. T. Williams.

Ingects. Loousts (Schistocerca gregaria) were obtained as
fifth-instar hoppers from the Anti-Locust Rescarch Centre
and enzymes were prepared from mid-instar specimens.
Resistant strains of houseflios were obtained from the
London School of Hygiene and Tropical Medicine and a
non-resistant strain from the Rothamsted Experimental
Station. Houseflies were obtained as pupae and after
emergence the adults were fcd on sucrose and water for
periods of up to a week. They were normally used for enzymo
preparation’the day after emergence.

Vertebrate species. These were obtained from the same
sources a8 those deecribed by Creaven, Parke & Williams
(1965).

Preparation of enzymes. Faot bodies from fifth-instar
locusts were homogenized and centrifuged to give a
10000g supernatant as previously described (Chakraborty
& Smith, 1964). When p-nitrotcluene or toluene was
substrate, enzyme from 6-10 locusts was used in a total

e s e e
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volumo of Sml. of incubation mixture. For higher alkyl
benzencs, fat-body enzyme from 30-50 locusts was necessary
and a total incubation solution of 20-25ml. was used,

Abdomens of adult housoflics were similarly homogenized
in a glass Pottor-Elvchjem homogenizer with Teflon pestle
and- centrifuged at 0-3° for 10min, at 10000g. When
p-nitrotoluene was used as substrate, the supernatant
fraction from 2g. of flice in 5ml. of incubation mixturo was
uged, and when higher alkylbenzones were substrates,
abdomens from 5-15g. of flies were used in an incubation
volume of 20-25 ml.

In fly enzymo experiments each 5ml. of incubation

mixture contained 0-5mg. of NADP, 0-5mg. of NAD, 2ing.
of glucose 6-phosphate, 0:-5mg. of MgCls, 1mg. of mcobm
amido and 0-5ml. of 0-1M-tris buffer, pH7-4.

Vertebrate livers were homogenized in 5vol. of 0-25m-
sucrose at 0° and centrifuged for 10 min. at 10000g. Inouba-
tions contained the supernatant fraction equivalent to 1g. of
liver in a total velume of 5ml. containing 0-5mg. of NADP,
0-5mg. of NAD, 2mg. of glucose 6-phosphate, 2mg. of
MgClz, 3mg. of nicotinamide and 0 5ml of 0-1M-tris buffer,

- pHT4.

Substrates, 1 mg. in 0-05ml. of acetone, were added to test
and enzyme-free control mixtures to start the reaction.
Controls were also prepared from separately incubated
enzymes that were mixed with the other components
immediately before assay. Incubations of 5ml. samples
were for 1hr. in 50ml. beakers in a shaking water bathat 37°
in air. Other inoubations requiring 256-30ml. volumes were

. in 250ml. beakers. The oxidation rate, per g. of liver or per

ingect, of the standard substrate, p-nitrotoluene, was the

-same whether measured in a 5ml. or 25ml. incubation

mixture, and oxidation rates were linear with time for at

least 60min. but routine assuys wore normally carried out -

for 30min.

Extraction of metabolites of alkylbenzenes from mcuba!zon
miztures. Incubation mixtures, 5-25ml., were acidificd
with 1-5ml. of 108-HS04 to each S5ml. and extracted with
3% 7ml. of ether. After drying over No2SQ, the ether was
evaporated at 0° in a stream of N3. The residue was dis-
solved in 1001, of n-hexane and 2-5 1. portions were used
for gas-liquid chromatography (see below).

In the determination of acidic metabolites the incubation
mixture was extracted with ether as above and acidic
compounds were transferred into 5ml, of0-5x- NaOH, which
was acidified with 25-HCl and extracted with 2x 5ml. of
ether. The other was dried and evapotated as above and
treated with a freshly distilled ethercal solution of diazo-
methane, to give a permanent yellow colour (approx.
1ml). After lhr. this solution was evaporated in o
stream of Nz at 0° and the rosidue dissolved in 100zl of

-n-hexane for gas-liquid chromatography.
Recovery experiments in which 5-50pg. of the different -

alcohols or acids studied were added to 15-25ml. volumes of

10000g supernatants from liver, locust fat body or house-/

flies, showed a constant loss of 5-7 pg. from each amount of

- aleohol or methyl ester added. This loss occurred during the

evaporation of the ether extract and was moro significant at
higher temperatures. The volume of ether were therefore
standardized a8 above and evaporation was carried out at 0°.
Under these conditions linear correlation curves relating
alcohol or acid added and amounts recovered were obtained.
By using these calibrations and standardized extraction
conditions the recovery of known quantities of alcohols or

3
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Table 1. Gas-liguid chromatography of 'metabohtcs of
alkylbenzenes

Rotention times are given in minutes on A: 8% (w/w)
polyethylcne glycol adjipste on Celite, 6ft., 100°; B: 39,
(w/w) Carbowax 4000 on Celite, 61t., 125" C: 29 (w/w)
Carbowax 4000 on Celite, 6ft., 120 D: 1-5%, (w/w) -
Carbowax 4000 on Celito; 6ft., 90°. The ﬂow rate of Ng was
100ml. fmin.

] A B ¢ D
Benzyl alcohol . — — 45, —
Methyl bonzoate 2-0 — 1-5 —
Acotophenone — — 20 —
1.Phenylethanol 25 30 35 —
2-Phenylethanol 50 45 6-0 —
Mothyl phenylacotate 35 — 30 —
p-Ethylphenol C e -— 2000 —
1-Phenylpropan-1-ol 45 50 — 55
1-Phenylpropan-2-ol 2:0 3-8 — 55
1-Phenylpropan-3-ol | 9-0 095 —_ 11-0
2-Phenylpropan-1-ol 5-0 55 — 75
2-Phenylpropan-2-ol 25 23 —_ 3-0
Methyl phenylpropionate 6-0 — — —
Methyl 2.phenylpropionate 30 — — —_—
1-Phenylbutan-1-ol 65 6-8 —_ 10-5
1-Phenylbutan-2-0l . 50 5-0 —_ 85
1-Phenylbutan-3-ol 75 78 — 105
1-Phenylbutan-4-ol 135 1'5 — —_
Methyl phenylbutyrate 9-5 — —_ —
2,2-Dimethylphenylethanol — 78 — —

acids from incubation mixturcs were 100s.E.M.£1:5 (30)
over the range 10-50pg. Quantities of methyl esters or
alcohols smaller than 5 pg. were not detectable.

Gas-liquid chromatography. Copper tubes, 6ft. in length
and }in. internal diam., packed with stationary phases on
100-mesh Celite were used. Nitrogen was used as carricr
with flow rate of 100ml./min. and eompounds werc detected
by flame ionization, Stationary phases and tomperatures of
operation are shown along with retention times in Table 1.
With the apparatus used, the minimum detectable quantity
of an alcohol or ester was 00lug. and normally 2ul
volumes of n-hexane solutions were used in injections.

Quantitative measurecments were made by comparison
with the peak height from an injection of a standard solution
of the compound being measured, and the values wore
corrected for losses on extraction by reference to the appro-
priate correlation curve. '

Identification of metabolitcs was made on the columns
(Tablo 1) by comparison of the retention times of mctabolites,
and reference compounds and by demonstration of identity
of retention times in mixcd chromatograms. Phenols had
high retention times on the columns used and no peaks were
found in the cxperimental extracts in this region.

Determination of p-nitrobenzoic acid. The method
previously described was used (Chakraborty & Smith, 1064).
In experiments where p-nitrobenzyl alcohol was the sub-
strate, ether was used instead of CCls to extract excess of
substrate and the diazo colours were measured within
10min. of eoupling. p-Nitrobenzyl alcohol gave the same
intensity of diazo colour in the procedure for assaying
p-nitrobenzoio scid but the speed of azo coupling was
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only after soveral hours.

RESULTS

With normal-animals. Incubation mixtures were
set up as described above with vertebrate livers,
housefly abdomens or locust fat bodies as sources
of enzymes and alkylbenzenes as subsirates. In all
insect experiments, where the enzyme was derived

* from large numbers of insects (30-50 locusts or up
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" considerably slower, the mtonslty reachmg its ‘maximum

. 1967

boiled with N-sulphuric acid for 10min. to hydrolyse
any conjugates of the alecohols. No further
metabolites were extracted from these solutions and
it was con¢luded that the low act?ivity was not due
to loss of aleoholic metabolites! as glucosides or
glucosiduronates. . No phenolic metabolites or

‘ketones were found in the extracts. In rabbit liver

t6 1000 flies), the proparations were assayed with

p-nitrotoluene as substrate to conﬁrm the activity
of the enzyme.

The oxidation of p- -nitrobonzyl alechol by fly
enzyme was measured under the conditions used for
the oxidation of p-nitrotoluene and over the concen-
tration range (-2-lmm. The double-reciprocal plot
of these rosults waslinear and gave a K,, value 2-8 x

10-3m. Therate of oxidation of p-nitrobenzyl aleohol |

at low concentrations (3 ug./g. of flies/hr. at 0-2mm)
wasg considerably lower than the rate of formation of
p-nitrobenzoic acid from ' p-nitrotoluene in -the
routine assay.

The effect on the ox1dat10n of p-nitrotoluene of
some compounds used as insecticide synergists or
drug extenders was investigated and inhibition was

" found with both types of compound (Table 2).

Oxidation rates of alkylbenzenes other than
toluene were lower than that of p-nitrotoluene and
large numbers of insects were needed to obtain
sufficient activity to permit detection of the
Toluene and p-nitrotoluene were
converted into benzoic acid or p-nitrobenzoic acid
by enzymes from all sources and no. aleoholic
metabolites were detected, whereas with the other
alkylbenzenes from ethylbenzene onwards aleohols
were the major metabolites. '

After extraction with ether to remove metabolites,
as described, above the incubation mixtures were

enzyme the optimum pH for the oxidation of
isopropylbenzene to dimethyiphenylcarbinol was at
pH7-4 and the cofactor requirements were as
described above, both NAD and NADP being
required for optimum yield in the presence of the
NADPH;-gonerating system.

Results of quantitative experiments-are sum-
marized in Tables 2, 3 and 4.

In some experiments with locusts and flies the
enzyme was tested with lower substrate concentra-
tions of n-propylbenzene and isopropylbenzene.
The concentration used as a routine, 0-2mg./ml. or
about 2mm, appeared to be optimum but lower.
concentrations considerably decreased the rates of .
oxidation.

With pretreated animals. Male rats welghmg 50g.
were injected intraperitoneally with aqueous
sodium phenobarbitone (35mg./lkkg.) twice daily for
4 days. Control animals were similarly dosed with
water. A second group were given a single dose of
3,4-benzopyrens (25mg./kg.) in arachis oil with
corresponding controls. On the day after the final
dose,liver-homogenate 1 0000gsupernatantenzymes
were prepared and the oxidizing enzyme was °
assayed as described above with p-nitrotoluene. )

Female locust hoppers were given the same dose
rate of phenobarbitone and benzopyrene for 3 days
and 1 day respectively before preparations of fat-
body enzyme. Fat-body 10000g-supernatant was
prepered from these and from the appropriate
controls which had received solvent injections only.
" The LDsp of m-isopropylphenyl N-methylcarb-
amate was also determined on normal locusts and

4

Table 2. Inhibition of p-r-r,itrotoluene oxidation by insecticide synergists

The 10000g supernatant enzyme from rabbit or rat liver or from fly abdomen homogenates was incubated with
p-nitrotoluene under conditions described in the text and p-nitrobenzoic aeid formed in 0-5hr. compared in normal

preparations with thoso econtaining inhibitors,

[

Percentage inhibition of enzyme

—

From rabbite From | From flies -
' : rats -
Inhibitor conen, ... .. O-6mm Olmm O 5mn4( 0lmm  0-0lmn.
Inhibitor . .
Piperonylbutoxide Y § [ - 22 100 51
) Sulphoxide ' 44 18 33 100 48
. n-Propylisome 22 7 19 100 - 39
Sesamex o 44 ~20 1 — —
- DM.C. 8 — 3 _ -
SKF 526A 32 11 38 . — -
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Table 3. Oxidation of alkylbenzep,ea by rabbit, fly and locust enzyme

601 -

"Enzymes from rabbit liver, fiy abdomen and locust fat body were prepared and incubations carried out ag

described in the text.

Substrato Products
Toluene . Benzoio acid -
p-Nitrotoluene p-Nitrobonzoio acid
Ethylbenzeno 1-Phenylethanol

n-Propylbenzone

- Isopropylbenzene

n-Butylbenzens

tert.-Butylbenzene

2-Phenylethanol
Phenylacetio acid
1.Phenylpropan-1-ol
1.Phenylpropan-2-ol
1-Phenylpropan-3-ol
3-Phoenylpropionig acid

' 2-Phénylpropan-1-ol

2-Phenylpropan-2-ol
2-Phenylpropionic acid

" 1-Phenylbutan-1-o0l

1-Phenylbutan-2-ol
1-Phenylbutan-3-ol
1-Phenylbutan-4-ol
4-Phenylbutyric acid

2,2-Dimethylphenylethanol
2,2-Dimethylphenylacetic acid

Rate of formation of pro?ucts (mpmoles/min./g. of whole)

r

Rabbits
1 2 3 4
—_ 0-80 0-30 _—
— — — 0-26
—_ — — <001
— — — 0:03
0-20 0:30 0-26 —
0-10 011 0-06 —
<001 <001 <001 —
004 0:06 0:06 —_
0-04 0:04 0-07 —_
017 . 025 0-22 0-36
0-04 0-03 0-05 —
0-09 016 011 —
<001l <001 <001 —_—
0-04 009 007 —
<001 <001 <001 —
0-04 0-04 0-04 —_
0-06 010 009 —
<001 <001 <001 —_

Locusts Flics
0-40, 0-30, —
1-10, 0-90

0-60 2:40, 1-70,

. 4:00, 1:50

0-06 0-12, 0-22
<0-01 <001
<001 <0-01

<001 <001 -
<001 <002
- 0-06 0-27
<001 <002

those which.had been given phenobarbitone for

3 days.

The oxidizing power of rat liver enzyme was
roughly doubled by pretreatment but no stimulation

of locust enzyme or change in the sensitivity of
locusts to m-isopropyl N-methylcarbamate was

found ('Table 5).

DISCUSSION

The pattern of oxidation of the alkylbenzenes is

qualitatively similar in rabbit and the two insect
species used and confirms earlier studies on the
rabbit where the metabolites were isolated from
urine (Robinson & Williams, 1965; Robinson ef al.
1955; El Masry et al. 1956). ."The major oxidation
product of the alkylbenzene, where this was
possible, was the secondary alcohol formed by

hydroxylation at the «-methylene group of the side *
chain. Preferential oxidation of the methylene /
group nearest to the benzene ring was observed in/

- p-nitroethylbenzene (Chakraborty & Smith, 1964).

The oxidation of the penultimate methylene group
of straight chains, e.g. in n-butylbenzene, was
somewhat slower and occurred to ahout the same

extent as the oxidation of terminal methyl groups to
carboxyl. Where no a- or penultimate methylene

~ Table 4. Oxidation of p-nitrotoluene and
wgopropylbenzene in flies and.vertebrates

Liver enzyme or fly homogenates were prepared and

Rabbit
Coypu
Hamster
Guinea pig
Cat
Rat

_ Flies*

Normal

Fe

SKA
P
A
R

Rate of oxidation

incubated as described in the text and assays performed for
p-nitrobenzoic acid or 2-phenylpropan-2-ol.

(ug./g. of liver or whole fly/hr.)

p-Nitrotolﬁene

200
180
160
120
90
50

14
20

8
19
12
12

m-Isopropylbenzene

66, 60,

-70

85, 94

75

41, 60
61, 62

32

N N )

* Insecticide resistance of strains was: FC, 6x to carb-

amates; SKA, 220 x to diazinon, 1100 x to DDT; A, 44 x
to parathion, 14x to malathion; P, pyrothrin-resistant.
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Tuble 5. Effect on ozidation enzyme of pretreatmient of rats and locusts with
phenobarbitone and 3,4-benzopyrene

- Rat liver or locust fat-body enzymes were prepared and incubated at 37° in air with the addijion of cofactors as, '
desoribed in the toxt, Animals were dosed with phenobarbitone for 4 days or with benzopyreno for 1-day before
preparation of the enzymes or measurement of toxicity of m-isopropyl N-methylcarbamate (IPMC)

Rate of oxidation {mpmoles/min./g. liver orlocust)

Isopropylbenzene p-Nitrotolucne LDgo of IPMC * -~ }
' ~ A - {pa.flocust)
Pretreatment By rat liver By rat liver By locusts
Wadter control 44 85, 7:0 0-6 12
Arachis oil control 4.4 59,78 — —
Phenobarbitone - 86 150, 15:0, 12:0 04 10
Benzopyreno 67 110, 140, 90 03 —

group was available the oxidation of the molecule
was much slower and teri.-butylbenzene was
oxidized nearly ten times slower than toluene or
p-nitrotoluene by the same enzyme preparation.
The terminal oxidation of alkyl groups to primary
aleohols and thence to carboxylic acids has been
thought to involve the soluble alcohol dehydro-
genase (Gillette, 1959) in vertebrate liver but this
secrns unlikely to have occurred in the insect

. enzymes. The very low concentrations of p-nitro-

benzyl alcohol that would have been produced
in the oxidation of p-nitrotoluene by fly enzyme
would have been oxidized too slowly to account for

the measured yields of p-nitrobenzoic acid.. More- -

over, at these low rates of oxidation some unchanged
aleohol would have been expected to occur in the
final assays, whereas no product with the slow colour
development characteristic of p-nitrobenzyl aleohol
was ever detected. It seems more likely therefore
that the oxidation of a methyl group via the alcohol

to a carboxyl group oceurs in or on the mierosomal”

particles in the 10000g supernatant without the
intermediate stages appearing free in solution. In
this way the soluble alcohol dehydrogenase would
not be involved in the process.

The values quoted for microsomal oxidations of
rabbit liver may be taken as a fair guide to the
behaviour of these compounds in the intact organism
since the liver is virtually the only organ carrying
out this metabolic reaction. The values quoted for
the insects, on the other hand, are probably
minimal since the oxidation of p-nitrotoluene occurs
in other organs of the locust and the fat body
accounts for only about half of the oxidizing
capacity of tho inseet (Chakraborty & Smith, 1964).
Similar considerations probably apply to the fly
abdomen preparation used in the present work, and
the results quoted in Table 3 suggest that there is no

great’ difference between the oxidation rates of*

alkylbenzenes in whole vertebrates and whole
insects if the results are expressed in terms of

activity/g. of animal. On the other hand, tho
difference in oxidizing activity between individual -
insect or vertebrate species may be considerable and
it may be possible to take advantage of this in
modifying a toxic molecule to increase its selective
action by increasing its susceptibility to oxidation.

The induction of increased amounts of micro-
somal oxidation enzymes in vertebrates by a variety
of eompounds is now well-known (Rernmer, 1962;
Conney & Burns, 1962) and evidence of a similar
induetion in insects has been reported (Morello,
1964). Protreatment of rats with phenobarbitone or
henzopyrent roughly doubled the rate of oxidation
of p-nitrotolueno by the 10000g supernatant
enzyme but in the present work neither compound
stimulated the oxidation by locusts and pretreat-
ment with phenobarbitone had no effect on the
toxicity of an insecticidal carbamate towards
locusts.

Species differences in rates of oxidation may,
however, affect the toxicity of some carbamates
since the LDjso of m-isopropylphenyl N-methyl-
carbamate in the locusts used in this work was about
10pug./g. whereas in flies the LDso is 90ug./g.
(Metcalf & Fukuto, 1865). Oxidation of the carb-
amates is generally believed to result in their
detoxication (Metcalf & Fukuto, 1965) and it is
significant that the enzyme preparations from
several strains of fly studied in the present work
were about three times more active in oxidizing
isopropylbenzene than those from locusts (Tables 3
and 4).

Ox1datxon of the &lkyl groups in allcylphenyl
N- mebhylcarbamabes is a feature of their

- metabolism along with the oxidation of the N-

methyl group (Hook & Smith, 1967). The intro-
duction of a hydroxyl group in the alkyl side chain
would enable conjugation and elimination to take
place and would be expected to result in & non-toxic
produet. If such aprocess accounted for a significant,
amount of the metabolie degradation of a
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_carbamate, the presont results obtained suggest that

a methyl group in a carbamate molecule might give
more rapid detoxication than, e.g., a ferf.-butyl

_group.

This work has been supported by the Agricultural
Rosearch Council. We are also grateful for supplies of
insccts from Professor J. R. Busvine, from the Anti-Locust
Centre, and from the Insecticide Department, Rothamsted
Experimental Station. )
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