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HEPATIC MICROSOMAL LIPID PEROXIDATION AND ITS EFFECTS ON DRUG METABOLISM

ABSTRACT

o7

During “development of rats, hepatic'microsomal NADPH dep;ndent
11p1d perox1dat1on increased to reach a maximum act1v1ty at 25 days of age
and then, dec11ned to adult act1V1ty by six weeks of age. Increased activi-
ty in 25 day old rats resulted in a greater decrease in the ability of
microsomes }o N-demethylate‘éminopyrine after preincnbation under conditions -
whi;h promoted 1ipid peroxidatidn.-AA]though total NADPH oxidase activity
was similar in 25 day old and adult rats, NADPH oxidase activity, which
was specific for 1ipid peroxidation, was increased in 25 day old rats.
Microsomal NADPH dependent ]1p1d peroxidation reduced the magn1tude of ggpe
I and type II spectra1 bMmding ‘without af?ect1ng the qua11tat1ve aspects

of the spectra or the “absolute amount of cytocMrome P-450. It is proposed, ..

" that decreated drug oxidation following lipid peroxidation in microsomes

is due to decreased binding of substrate to cytochrome P-450. NADPH

dependent lipid peroxidation was demonstrated for the first timerin human

.

hepatic microsomes. Compared to the rat, human microsomes were resistant _°
~ - .

* to decreases in drug oxidation which result from 1ipid peroxidation. Evi-

dencé is presented which subborts the éoncept that NADPH dependent 1ipid

peroxidation can occur.in vivo. * The iron involved in NADPH dependent

1ipid peroxidation reaction, participates in a bound form even when added

from an‘exogéﬁous source. The problem of iron contamination in studies of

B

microsomal 1ipid peroxidation.is discussed.
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La peroxidattion'des ]1p1de par les microsomes hépatiques et ses effets sur
Te métabqglisme des drogues

CONDENSE . ‘ .

|
Dans le cours du développement des rats, 1'activité maximale de

peroxidat?on des lipides (dépendanté du NADPH) par les microsomes hépatiques

-3

" est attei#te a 1'age de 25 jours, et elle décline ensuite au niveau adulte

d'activité 3 six semaines d'3ge. L'activité accrle chez les rats Egés'de
Lid

25 Jours résulte eu une plus grande d1m1nut1on de 1'habileté des microsomes
a N—déméthy]er 1'aminopyrine, a prés une pré1ncubat1on dans des'cond1t1ons
favorlsant la peroxidation des 11p1des Bien que 1’ act1v1té tota]e de la
NADPH ox1dase so1t similaire dans les rats de 25 Jours et les rats adultes,
'activité de la NADP xidase spécifique pour la peroxidation des lipides
ﬁest accriie dans les rats de 25 jours. La péroxidation des ]ipidesjréduit
]'amplitude_des spectres d‘attaghement des types'l et II sans affecter:
1’aspect qualitatif des spectres ou la quantité abs&]ug de cytochromg P-~450.
N est proposé que}la diminution dans 1'ox{dation desdrogues est~due a un
attachement moindre du éubstrat au cytochrome P-450. ‘la peroxidatibn dés
11p1des dépendante du NADPH a eté démontrée pour la prem1ere fois dans des
microsomes d' origine humaine. En compara1son avec le rat, les microsomes
humains sont résistants & la.diminution de 1'oxidation des drogues résultan{ °
de la peroxidation des lipides. On présente des resultats &ui supportent

le concept que la perox1datﬁon des 11p1des dépendante du NADPH peut ~

se produire "in vipo". Le fer, 1mp11qué dans la réact1on de perox1datlon
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des 11p1des dependante du NADPH, y participe sous la forgé\d un complexe,
méme s'il est aaouté de source exogéne. Le, probléme de 1a\contam1nat1on

avec le fer dans les études de peroxidation des 11p1des par les m1cro—

somes est discuté.
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INTRODUCTION —

The importance of the drug metabolizing oxidative enzyme system, .

which is lecated in the hepaffc endoplasmic reticulum, is now widely

Y

‘recoénized. Many factors .alter the activities-of hepatic drdé Egtabolgzing

enzyntes and have the potential to play a role in the overall elimination

-~

of drugs.
Section I of this Introduction isa general review of hepatic drug

ox1dlz1ng enzymes and the'ir associated electron transport chain. Included

e <>

is a review of the maJor factors which can alter‘the~53t1v1ty of thesq
enzymes with an emphasis p]aced on t{é partnculéﬁ~ﬁactors which ‘are re]e-

vant to the re]at1onsh1p between drug ox1d1zingzggzxmgs and microsomal

NADPH dependent T1ipid perox1dat1on o fgg ﬁf%"

Section II reviews NADPH dependent lipid peroxidatioﬁlof hepatic

".*

microsomes and its effects on microsomal drug oxidizing enzymes.

Section III is the formulation of-the present problem. .

Y




. lum of the hepatocyte which can be isolated as microsomes by cept?ifdgati n

SECTION I | ~

A. éENERAL REVIEW OF HEPATIC DRUG OXIDATIVE ENZYMES

The. duration of the pharmacological effect of a drug is controlled
by several factorg including absorption, distribution, biotransformation
and excretion. ‘D;ug metaboliém is one .of the central factors in drug
elimination as it is responsible for the formation of pelar metabolites
from most drugs whi;h terminate pharmacological activity iﬁ mos£ cases and
results in excretion by the kidney (Williams 1949, 1959). The critical

importance of drug metabolism in the excretion-of drugs was exemplified by

Brodie (1964)'who stated that pentobarbital, a Tipid soluble drug, would

“not' be eliminated for 100 years if it were not metabolized to polar

metabolites. . _ X
Many d?ugs are metabolized by specific enzymes responsible for
other biochemical functions in theeprganism but the vast majority of drugs ..

are metabolized by non-specific enzymes$ located in the éndop]asmic reticu- |
- \

techniques. Microsomal metabolism of exogenous chemicals in the liver was : T
first described by Mueller and Miller (1948 1949 1953). who demonstrated
that azo des were reduced and am1no-azo dyes were_N- demethylated by micro-
somal preparations in the presence of oxygen and NADPH.~ Drug metabolism
(several different substrates) was flrst demonstrated in m1crosomes and
shown to require oxygen. NADPH and magnes1um jons (Brod1e et al 1955). . ’
The microsomal drug ox1d1z1ng system of endoplasmic reticulum of hepatic
| ce1ls named hepatic m1xed funct1on oxzdase (Mason 1957) vias subsequently

.Shown to oxidize a wide var1ety of different substrates by several d1verse




. ° reactwns 1nc1ud1ng aromatic hydroxy]atmn aliphatic hydroxylation, N-

dea1ky1at1on, 0- dea1ky1at1on deam1nat1on, sulphoxidation and N oxidation
\
(Bgod1é\et al 1958, Giilette 1966). This apparently non-specific enzyme
oxidation required the transfer of electrons froﬁ'hADPﬁ via an electron

transpart chain with the actual oxidation carried out by an

o

-

. ) intermediate with the averall reaction being:
NADPH + Oxygen + Drug = NADPT + H 0 + Oxidized drug (G1llette 1963).

Cytochrome bs (Pappenheimer and Williams 1954), cytochrome P- 450

‘ (Klingenberg 1958) and cytochrome ¢ reducgase (Phi1Tips and Langdon 1962)

were demonstrated'in microsomes and proposed as possible pérticioants in
the electran transpor{ chain’]eading to the oxidation of drugs. After

determining the involvement of cytochrome P-450 in drug oxidation, Omura ‘

et al (1965, 1966) proposed the following scheme to’represent the oxidation

»
of drugs.

NADP

NADPH

RCHCH,QH

In this scheme the oxidized form of cytochrome P-450 is reduced by electrons
or1gvnat1ng from NADPH via the flavoprotein cytochrome ¢ reductase and an

un1dent1f1ed non-heme iron component The reduced cytochrome R~450 redcts

s T



. N ‘
with substrate and activated oxygen to préyide tﬁ; oxidized product (Omura -
et al 1965, 1966). Sévera] other schemes have Beén‘proposeg by OtQ?f au- -
thors in attempts to achieve a stoichiometric reaction andiﬁiﬁ§~aaam§nc1uqe h
the involvement of cytqchrome bg and NADH (Estabrook-and Cohen 1969).

The most genérally accepted scheme for the hebatic‘pixed function oxidase

system is illustrated as follows (Estabrook 1971). .o

- I \

e . e \
& N

X" —-— fpy TPNH

< - \
_ L2 >

In this scheme the substrate combines with oxidized cytochrome P-450 to

“form a comﬁ]ex which is then reduced by electrons from NADPH via the elec-

tron transport chain which 1nc1udes cytochrome ¢ reductase and a non-heme -

iron component. The reduced substrate-cytochrome P-450 complex reacts with

4

"molecular oxygen to form a substraté-cytochrome P-450-oxygen complex.

Though the exact nature of the next step is obscure it is most likeTy‘that‘

this complex is reduced by another electron to form a complex with'actji

vafed oxygen which then sp1fts to yield oxidized drug, oxidized cytochrome

B - - .[},_.__.._
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P-450 and water. - Electrons from NADH via cytochrome bs may contribute to

! ‘ ’ the ‘second e]ecfron input on the cytochrome P- 450 complex. The exact role
of cytochrome b5 is, howexer highly controvers1a1 and though it is Tikely
" to play some rdle (H11debrdndt and Estabrook 1971) in drug ox1dat1on some
authors dispute this\EWaim (Jansson and Schenkman 1973). i
An absolute requirement of drug oxidation is that the enzyme éystem
is part of a mem?;gng_;pq disruption of the relationships of the protein: A
componen£§ in thé membrane leads to a loss of activity (Estabrook et al
1§fi). Several répqrts (Lu and Coon 1968, Strobel et aZ 1970, Chaplin and
Mannering ‘1970, Liebman and Estabrook 1971) have demonstrated a prominent
role of bhospﬁo]ipids jn drugroxidation.;ndJrecently Vore et al (1974a, N
: 1974b) has demonstrated an absolute requirement for microsomai lipid in
ﬁydroxy]ation_reactions in microsomes. ] ' »

p4

e Cytochréme P~450,‘whigh is-central to all the proposéh models for

- Q::ﬁ mixed fdhctioﬁ’oxidaséiﬁdemonsgrapes characteristfc difference spectra when
substrat?%,are—zﬁﬁéa to microsomal guspensions (Narasimhulu eé-al 1965,

' *”“Remmer et al 1566 Imai and Sato ]966) In genera],/drugs can be divided
1nto two separate spectra1 groups wh1ch have been termed type I {amino-
pyrine, hexobarb1ta1) with a 'Ama§'§t 390 nm and an 2Amin at 425 nm and
type II (aniline)-wjth amax 430 nm and Aminoét 400 nm (Schenkman et al

‘ iéé?a)_—rin addition to these two main c]asses of difference spectra, several

other spectral patterns have been reported for specific chemlcals (Schenkman

i, . 7ot al 1973), Characteristic difference spectra have b]so‘beeﬂ'thoq;trated

iﬁ seminpurified preparations of cytochrome P-450 (Lu et al 196§d‘ 196§b)

P

—f“«xﬁpectra1 maxima and m1n1ma increase in magnitude with 1ncreasing substrate
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_'céqcentration following Michaelis kinetic;: Linear plots can be obtained

[

by plotting 1/4A0D vs 1/5Ubstr§teﬂ§oncentration and dissociation constants
(K;; can be ca]cu]ated.(Remmer’etﬂaz 1966 Schenkman et al 1967) Several
attempts haye been made te dorrelate spectra] d1ssoc1at1on constants with
MTchae11s\constants CKm) QEtdxmlned during.substrate oxidation. Such a

correlation wou%@ 1ﬁawcate that the binding of drugs represented by spec-

trai QJfference jst an essent1a] step in the ox1dat1on of substrate. How-

.v'

ever ”desp1te many reports that the Ks and Km.of a gubstrate are s1m11ar,
there-are many raportswthat Hlspdie any corre]atqon between the two con-
stants. /The various eenf41ct1ng reports have been reviewed by Mannering
(1971) -These experiments Eﬁe ¢arried out using a techn1que ‘which makes
several assumptions about so1ub1edenzyme reactions (M1chae]1s and Menten
1913) and that its aPP11cat1on to membrane bound enzymes systems using the

same assumptions, is not ent1re1y valid (GilTette 1971). Despite the fact

that its exact meanimg in md1eeu1a? tems is obscuré,‘spectral changes due

- + At o
to substrate-cytochrome P-ngvinterattion have become an important area of

study in drug metabolism rgéearch Schénkman and Sato {1968a) have pre- ——

B -

sented evidence that type I spectralynhanges are due to b1nd1ng at a s1te

~which is not d]rec%ly at the heme moxety but at a site which allows an- in-

crease in the polarity of the 6th. 11gand of the heme in cytochrome P- 450

This substrate binding results in the formétion of more po]d@ ligands which.

increases the flow of electronséto cytochrome P;450 (Schenkman 13?8b) and

accounts for the increased cytochrome P-450 reducfase associated with type

I compounds ZGigon et al 1969).7 Holtzman and ‘Rumack (1971) have, howevem,

- ] -
suggested that the site of substrate binding which produces a spectral

® ]

%

~




change differs from the binding s1te .responsiple for the 1ncrease in eyto-
'

chrome P-450 reductase activity. Type II binding 1s(most 11ke1y due to the

binding of the type II compound to- the cytochrome P- 450 to forqas ferri -

hemochrome (Schenkman et ol 1967a). L

B. FACTORS AFFECTING HEPATIC DRUG OXIDATION —

YA I .
Hepatic mixed function oxidase is sensifggﬁ’to alteration in a

large numbereof ways , includiﬁg endogenous and exogenous chemicais and phys-
iological factors. As this enzyme system is responsible for the metabo]ism
of many drugs, alteration of the system has become a major influenceéjn )
both experimental pharmacology and 1n the practice of therapeut1cs. The .
maJor influences on hepatic mixed function ox1dase activity both im vivo and
in'vitpo are summarized in the following sections.’

1. Enzyme Induction. Several hundred unrelated compounds have -

now been shown to increase the activity of hepatic mixed function oxidase
'when administered to both éﬁ%ma]s and man (Conney 1967). Stimulation of A
this enzyme system is termed induction.and can be evoked by barpituratg; and
re]ated'd;ugs,(e.g. phenobarbital) and by compounds related to polycyclic
hydrocarbons (e.g. 3—methy1c@o]anthrene) as reviewed by-Conney (1967).
Induction by phenobarbital and other similar compounds results in a
four-fold increase- 1n enzyme gct1v1ty and a concomitant incredse in the cy-
tochrome P—450 coﬁignt of microsomes (Rehner and Merker 19659; cytochrome
c red;ctase (Kuryama et al 1969), cytocakqme P-450 reductase (Gram et al
1968), cytochrome bs (Kuryama et al 1969), and §-aminolevulinic acid synthe-

tase (Tephly et al 1971). There is an increase in both type I and type I

\ -



* shown to havera different extinction maxima when combined in the reduced

| 15" now generally be1ievgd that cytochrgmé P14450 results from the de novo

/

spectral changes after induction (Schenkman et qZ 1967a). Phenobarbital
alsd increases liver weight, microsomal prbtein and specific activity and
leads to an altered membrane turnover in endop]agTic reticulum (Orrenius~~
et al 1969). o -

Polycyclic hydrocarbon type induction is different in several re-
spects from that obtained with phenobarbital and in general ;ﬁ appears to
be a.much more selective type of induction, and affects the metabolism of
a more selective group of sbbstrates (Conney 1967)f Usually cytochrome R-
450 is induced but not cytochrgme ¢ reductase (Hernandez et ai 1967).
Treatment of- anxma]s with phe?obarb1ta1 and 3-methyl cholanthrene simul-
taneously produced additive inductive effects Q%Hd]eman and Mannering 1970,
Gram and Gillette 1971) a result confirmed in isdlatgd hepatocyte cu}tures
(Gielen and Nebert 1971).. Mannering's 1abdratory suggested that polycyclic
hydrocarbons induced the fbrmationéof a modified cytochrome P-450 which hé . .
termed cytocﬁrome P,-450 (Sladek and Mannering 1966, 1969a, 1969b, Shoeman ’

et al 1969). This cytochrome P,-450 induced by polycyclic hydrocarbons was

form to carbon moq:fide at A48 m instead of the normal 450 nm (Alvares
et al 1967). (Cytochrome P,-450 is now often lermed cytochrome P-448). It R

"sypthesis of the cytochrom% in response to polycyctic-hydrocarbon (Alvares

et al 1971, Fujita and Mannering 1971), rather than a conversion of-cyto-
chrome P-450 already present to the&cytpchrome P,-450 (Fischer and Spencer

1972). Another magor difference between the two classes of induction is

that after induction by po]ycyc11c hydrocarbons, only type Il spectra are

§

.
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Recently the intefsbecies differences in the ability of rats, mice}_guinea

®

&

enhanced compared to type I and type Il %pectra] enhancement after pheno-

barbital induction (Schoeman et al 19%9). )

2. Enzymerinhibition. Inhibition of mixed function oxidase has

been reported for a large number of compounds and effects both <n vive and

in vitro have been widely demonstrated. Inhibition has been shown to occur

3

by several different mechanisms at different points in the electron trans- "

e port chain of the cytochrome P-450 system. Some of the more important -

B
mechan1sms of inhibition are tabled on the fo]]ow1ng page. As the action

of most drugs is term1nated through biotransformatdion by hepatic mixed
funct1on qx1d@§§4_1nh1b1t1on of this® system by any of the mechanisms de-

4

scribed may be of major importance in therapeutics and result in drug accu-
mu]a?ion and eventual toxicity. Several e*amp]es of drug ipteractioﬁ ana s
toxicity have resulted ffom the 1nhibitioniof hepatic mixgd function oxi-
da§e_[e.g. diphenylhydantoin metabolism inh%b;ted by bishydroxycoumarin
(Hansen et al 1966), and meperidine mefabolism inhibited by MAO inhibitors;

(Eadg and Renton 1970a, 1970b)).

3.  Species. Qua]ftati e andiﬁuantl tive interspecies differences

in the ability of animals tomyetabolize drugs b mixed function ;;V

‘ 5 m , . ‘n—,‘.

oxidase system of hepatic microsomes has been widely reported and is ex- *
{

tensively réviewed'b&.Williams (1967), Parke (1968) and Smith (1968).

pigs. and rabbits to)N-demethy1ateﬁethylmorphine’have been related to differ-
ences in NADPH dependent cytochrome P-450 reductase (Davies et qZ 1969).
In some species such.as fish, drug oxidation is low in mic;osomes incubated

at,37° (Brodie and Maickel 1962) but when incubation temperatures of 10°

-

4
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aﬁd 25° were used, deug oxidation increased (Buhler and Rasmusson; 1968) .
This interesting observation suégests that in the case’of fish maximum ac-
tivities are obtained at Fhe usual eﬁvironmenté] temperature of the liver.
e Strain. Interstrain differences in drig oxidation within a

species have been)reported for rats (Mitoma et al 1967, Page ﬁnd Vesell

. 1969), and “ir mice (Vesell {968). Also intérstrain differences in the
inducibi]ity of drug oxidizing enzymes bj phenobarbital have been reported
in rabbits @Gram et al 1965) jnd in rats (Page and Vesell 1969).

. 5. Age. Age has been determ1ned to be an extremely 1mportant fac-
tor in the activity of drug oxidizing enzymes. In the rabbit the metabolism
of several subsfrates of hepatic mixed function oxiflase was deficient af
birth (Fouts and AdaméoaA1959) and reached adult leoéﬁs at 4 ;eeks 6f agei
Since this"ficst demonstration of decreased d}ug oxidation at birth it has

been confirmed for ; ]arge‘number of substrates in differefit speéies ’
(Jondorf et al 1959, Flint ét aZ-]964, Gram et al 1969, MacLeod et al 1972).
"The deficiency of -drug oxidation was re?ated to deficiencies, in the assoc;* ‘
Ated e1ectron transpoﬁ%féha1n of the microsomes in. the rat (MatLeod et:al
]972), the: rabbit (Fouts and Hevereux 1972, Macleod et af 1972), and the

pig (Short and Davi ;;;EST\\Ma%Leod et al (1972) suggested that the
deficiency of drug/oxidation was most closely related to a deficjenqy-of

L4

cytochrome P-450 reductase in male rats and to a deficiency of cytochrome

¢ reductase in femalé rats. A similar deficiency in driug 6§idatinn and

PYBBSPRRISERENE A S

related electron tranﬁport has been’ﬂggbnstrated in hu%an newborn (Yaffe

et aZ/, 70, MacLeod ]972) This def1c1ency in the Humanifgwborn has

been .studied in microsomes prepared from livers obtdined from premature
> " ® . — -~

e
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[] ¢
“tivity than in the female. This. was first reported b& Quinn et al (1958) who

—of-3- times higher in male rats than in females (Schenkman et al 1967b) .

‘the developing rat part1a11y accounted for the difference and that there

" sexes and that the changes may be related to the hormonal status of thé

*

infants aged from 28 weeks gestation to full term (APanda et al 1974). As
in animals, the deficiency of drug oxidation <in human newborns is related .

to a deficiency in the components of the electron &ransport system (Aranda ’

—

et qZ 1974). ' ",

\, 6. Sex. In the male rat, d%ug@oxidation ﬁas a much "higher rate of ‘ac-

showed that sleeping times for-hexobarbital were longer in female rats com-
pared to males and that the differences were due to an increased half life

of the.drug in females. This was shown to be the result of higher activity

of hepatic mixed function oxid;se in the male rat (Quinn et aZ 1958). The
Km for N-demethylation of ethyﬁmorphine in male rats is 40% that in the

féha]e (Davies et al 1968) and type F difference spectra have a magnitude

suggesting that the sex-1inked differenfes may involve the binding pf sub—
strates to microsomes. It has also been shown that éytochrome P-450 content
NADPH cytoghrome P-450 reductase \and substrate enhanced NADPH cytochrome
P-450 reductase are lower in females compared to thé male (Gillette and

Gram 1969). Rgcent]y"the sex difference in drug oxidigjng enzymeshéf
m%crosomés has been extensively studied in Mannering’s laboratory (E1 Defrawy
et al 1974a, 1974b, Cohen and Mannering 1974, Sladek et al ]974) It was
conc]uded that tempora] de%reases—1n the femate and temporal “increases in

[ >

was also a quaTitatiQe‘difference in the cytochrome: P-450 found in»thg;i@o

¥}
sexes.




. Sex differences in drug metabolism have also been reported in mice though
the differgnces are of a lower magnitude than those ih’the'fat (Vesell
1968). It would appearfrom-the lack of reports in the literature that

sex differences do not occur to any significant degree in other species-.
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o SECTION II

\ A.  GENERAL HISTORY

[ v
f

In 1963 Hochstein and Ernstér reported anmenzymatic peroxidation
%, of endogenéus 1ipid in isolated rat liver microsomes which was dependgnt
on NADPH. Prior to this, nonenzymatic iip{d peroxidation wa% a well recog-
nised pheﬁomenon and had been described for a number of tissues and con-‘k\
ditions. Deutsch et aZ (1941) had noted that ascorbic acid inépced the
formation of 1ipid peroxide and then several au%hors (E1liot and Libet
1944, Simon et al 1944) demonstrated the catalytfc e%fects 9f iron on lipid 4
peroxidatipn. Tappel (1955, 1955) studied the effects of hematin on the '
peroxide formation fr&n linoleic_acid esters. wflbur et al (1954) and

Ottolenghi ét al (1955) demonstrated that’lipid peroxides can be generated

in tissues in vivo and that they can be formed in vitro when tissues are

eprsed to ultraviolet radiation. ‘ i
. » One of the major cortributions to this were the‘experiments which
~1¥i showed for the first time that peroxidation of endogg?ou§ lipid'occurred
= in subcellular particles (Ottolenghi et al 1955, Ottolenghi 1959). 1In

\ mitgchoddria; ascorbic acid enhanced 1ipid peroxidation and iron salts
\ gatalyzeé the reaction. Ottélenghi (1959) Se]ieved that this reactionrﬁas
\' ' a co-oxidation of ascorbic acid anq unsaturated lipid an? was similar to
L

-the co-oxidation scheme of E1liot and Libet (1944) which required a metal

catalyst. Also interesting is the fact that bttolenghi (1959) mentioned
that peroxidation of lipid took place in microsomes to a greater extent

than mitochondria, though he. never rgported these results in detail.

Tappel and Zalkin (1960) also showed- that hematin could stimulate Tigdd’

@




peroxidation in subcel]u]ar particles, and in vitamin E deficient animals

lipid peroxides could be detected in.several tissues (Zalkin and Tappel

. 1960).

-

The demonstration that an enzyme linked lipid peroxidation existed

in rat hepatic microsomes resulted in a completely new area of reseayrch
).. The

into lipid perox1dat1on and 1ts effects (Hochstein and Ernster 19

—
9

peroxidation of endogenous membrarne 1ipids of the microsomes redh1red
_NADPH, ADP and gaseous oxygen and the react1on was heat sens1¥QVe (/Th1s
enzymatig¢ NADPH dependent 1ipid peroxidation could qg;ﬁggjg;;ked in mito~ -
chondria though non-enzymatic ascorbate induéed 1ipid peroxidation occurred
in both microsomes and mitdcﬁondfia. The only other NADPH dependent oxi-

dative enzyme system which also required oxygen known at that time in

microsomes was the NADPH dependent drug oxidizing system described by -
§\11ette et al (1957). Because of the similarities in the requirements of
éhe tvo systems (NADPH, oxygen) and the fact that SKF-525-A (g-diethyl- T
n’am%noethy]dipheay]propy]acetate) inhibited bqth reactiqns, Hochstein and
Ernster (1963) proposed a ciose associatiun'o;)coupfing between NADPH
dependent 1ipid peroxidation and drug oxidation andldeyeloped @ scheme N
which involved the transfer of electrons from NADPH §1ong a common trans-
port pathway which 1nc1uded the f1avoprote1n cytochrome ¢ reductase which
had been descrlbed by Ph1111ps and Langdvn*11952) and 1nvo1ved the active
oxygen of drug metabolism (Mason 1957). An ADP-iron ‘complex ‘was also | f
central ;o the scheme. It was at theaaptive oxygen step ‘where the electron

pathway was proposed to diverge for either drug oxidation or lipid peroxi-

dation. - In retrospect it is su#prising how accurate this proposal was




[

. when one considers how Jitt?e data the authors had to substantiate their

hypothesis. Even afte} most of the steps of the electron transport -chain
for drug metabolism haé‘been(substantiatjx and the active oxygen was shown
to involve cytochrome P-450 (Omura and Sato 1964a, 1964b) the oriéinal .
propé&al of a common electron transppr£ chain was maiﬁiiined and a; will
be discussed later in this Introduction some reséarchers still maintain an
mﬁ%ve involvement of cytochrome P-450 'in NAbPH dependent 1lipid-peroxi- -
dation. At thé same time it was reported that increased NAbPH oxidation
occurred in m?crosomes of rat liver (Beloff-Chain et al 1963) when ADP Qas
added to the }eaction mixtures. These authors at that time did not, how-
ever, recognise that this increase in NADPH oxidatiop was due to lipid
peroxidatjgnngctivity stimulated by ADP and the association between the
two facts was not made. Initially the exact role of ADP in Iipiq peroxi-
dation was unknown though Hochstein and Ernster (1963} proposed an ADP-.
2+02 complex as the active oxygen in their scheme. Later in the same»
year, these authors added a note to their chapter in Fhe Ciba Foundation
on Cellular Injury (Hochstein‘adﬂ“Ernster 1964) which sta%e that the ADP
used was contaminated w1th iron comp1ex?s and 1ater they revgtggg that
other iron comp]exes such as a pyropho;phate—1ron coﬁplex could substitute
for the apparent dependence of 1ipid peroxidation. for ADP (Hbcbsteip ettaL‘
1968). ' ‘ '
o . !
8.  MECHANISHM OF.LIPID PEROXIDATION

A

-

Non-enzymatic 1ipid peroxidation produced ma]onaldehyde which
reacted wnth*th1oba¥thUY*c ac1d to produce a red. chromogen (Bernhe1m et al

‘ ” . !
b
- - - ' . -
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- . ,
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+ 1958, Sinnhuber et af 1958). As this reaction wa§ utilised to characterise

NADPH dependent 1ipid peroxidation in 1so}ated rat mlcrosomes (Hochsteln

N—r

and: Ernster 1963) it was assumed that the product ?esu1t1ng from 1ipid per-

' oxidet1on was malonaldehyde derived from the degradation of unsaturated

1ipid of the microsomal membrane.

Later 1t'was demonstrated that membrane phospholipids were modified
during peroxidatign reactione by a reduction in their arachidonic acid and
docosahexanoi¢ acid(content (May et al ]965)“ananthat this occurred via
chain e1eavage at the g poeitioh of po1yunsaturated fatty acids (May and
McCay 1968a). One mole of phospug]ipfd fatty acid was used -for each mole
GF‘NADPH used along w1th four moles of oxygen (May and McCay 1968b) and
the products formed durlng the react1on consisted of several aldehydes and

phospholipids with carbonyl i}DCtiGUS,O“ the g-acyl groups. One of the

’

reactiun products was positively identified as ma]ona1dehyde'(Niehause and

Samuelsson 1968) and utilising (H3l-arachidonic acid it was shown that the .
m&1ona1aehyde EOuId be produced from phospho1{pidarachiuonatecbntained in
hepatic microsomal membranes. This was confirmed’ when May and Reed (1973)

found difference ‘spectra in microsomes after peroxidation which were due’
} Lel 4

to malonaldehyde and conjugated dienes. It was also shown that phospho-

lipid peroxides which were a];eys associated with the B8 positions of'poly-
unsaturated fatty acids were transient 1ntermediates in the NADPH dependent
11pid peroxidations of microsomal membranes (Tam and McCay 1970) . The
number of derivatives obtained was approxxme@ely equal to the number of
douule bouue in the fatty acids.-

During the reaction in which phospholipids were degraded, theré was




. ©oa distin;:t structural chan‘gebin the membrane itself as measured by a decreasex
in the turbidity of microso;§1 suspensions. In these particular experi-
ments np distinct gross structural changes were determined by e]ectrpn
ﬁ%d%oscopy of microsomal particles bu% thé~mj££Q§§mg§ijg_ng§ aggregate
1ike normal microsomes (Tam and McCay 1970). More recently Arstila et al
(1972) and Hogberg et ol (1973) have desgribed distinct changes in liver:
and kidney mzcrosomeéqfter lipid peroxidation using the electron micro-
scope. Both aufhor§ r;porteﬁ aggretétes of vesicles which had a typical 1
trilaminar membrane structure, several dense amporphous patches and much
unidentified debris. A major differencé in the two reports was that
Hoéberg et al (19733 recorded the attachment of ribosomes to theﬂvesic]e
meﬁﬁvane surfaces but in the electron m%brographs of Arsﬁ?&a-etﬁdl (197é)
there was 4" complete absence of ribosomes at the membrané suyfage after
1ipid pé?oxidation had taken place. Hogberg et al (1973) also showed a
decrease of 20:4 and 22:6 unséturated fattyeacids at low 1ewelsqe£ peroxi-
dation and at high 1evels of peroxidation, a decrease in 18:2 fatty acids

| Qgr1ng NADPH ox1dat1on and the generation of Tipid peroxwdes there’ )
is evidence ;hat a free radical is generated (McCay et al 1971, Pfeifer
. and McCay 197)). 1t ¥s therefore possible that NADPH 1ipid peroxidation

- involves a free radical intermediate as it is well established that free

adicals can cleave unsaturated 1ipids and form peroxides (Tappel 1972)

; .and-free radical trapping agents such. as N,N"diphenyllp-pheny]énediamine,

inhibit 1ipid peroxidation (Hochstein and Ernster 1963). Though the
precise react1on mechan1sm and sequence of. react1ons has still to be dec1ded

it is certain that NADPH catalyses the peroxidation of polyunsaturated




fatty acids at the g unsaturated position in ope 1ipia membrane structure
of the endoplasmjc reticulum ano théf the process results in marked changes
in the structureﬁand function of the meoorane. -

While other workers concentrated on definiog thekoapure of the
1ipid struetures involved in lipid pequidation of microeomes, Wills (1969a,
1969b\, 19595) described the basic properties and requirements of the NADPH
dependent Tipid peroxidation reaction in rat microsomes. Iron chelating
agents|were effective inhibitors of the reaspion aﬁo iron\added to micro-
someé“oould increase peroxidation activity and reverse the'effect; of
chelating agents. The iron involved in the reaction was non-heme.in nature
but as it was resistant to washing it was assumed to be bound in some way.
Chelating agents’appeareq to act on the bound form of the iron and did not
act by removing iron from the reaction mixtures. Cytochrome ¢ which inhib—"

chain after the cytochrome -¢ Teductase step (w1111ams and Kamin 1962,

‘Gillette et ol 1973) also inhibited NADPH dependenf 1ioid peroxidatjon.

(Wills 196%?). As” cytochrome o reductase is the flavoprotein proposed in
__the electron transport scheme of Hochstein and Ernster (1963) for 1ipid

perox1dat1on the ev1dence that cytochrome c inhibits both aystems is

. support for the 1dea that 1ipid peroxwdat1on and drug ox1dat1on may share

a common e]ectron transport pafhway W1115 (1969a) proposed that the o v

eTectron transport chain, wh1ch inc]udes cytochrome c reductase; can sw1tch

_between the oxidation of drugs and. the peroxwdat1on of unsaturated lipids

of endoplasmic reticulum. Lipid perox1datlon act1V1ty can be induced by

treating animals with.phenobarb1ﬁa1 (Nilsson et ol 1964). Barbiturates

. . L=
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. are well known for tﬁew induction of “the components of the el ctron trans-

+

port 'system of hepat1c drug oxidation and the resulting 1ncrea ed oxida-
tion of substrates (GeleJh 1971). Direct proof of the 1nVO]y ment of a
drug oxidation electron tfansport component was provided when Pederson and
Aust (1972) demonstrated NADPH, dependent perox1dat1on of extragted m1cro— :
somal 11p1d by a purified preparat1on of the f%ovoprote1n NADPH cytochrome
c reduqmase This 1so]ated§enzyme system d1ffered frmn the system 1n whole

- mitrosomes by having an absolute requirement for an EDTA-Fe' complex as welIl
as the usual requirement for 1ron added 1in this exper1ment as 1ron~ADP
Antibodies prepared against pun1f1ed cytochrome ¢ reductase effect1ve1y

- inhibited microsomal N-demethyﬁat1on, microsomal lipid peroxwdat1on, and
the 1ipid, peroxidation cape]ysep by isolated cytochrome c reductase

(Pederson et al 1973). 1t was.also shown that by adding EDTA-Fe to micto-

e £

somal peroxidation reaction Tixtures, NADH could substitute for the require-

. ment of NADPH in normal lipid peroxidationamixtures. These authors sug-
w - gested thet microsomes contained a component required for lipid peroxi- .
| dation which cduld only be reduced via the NADPH?cytochrome ¢ reductase
'step_and that this component could be replaced by an EDTA-Fe complex which
' could then be reduced via an NADH system. Th%s evidence fits wel] with
! o the theoretical concept that cytochrome c reductase funct1ons to reduce an

iron containing component which promotes 1ipid peroxidation xg ihtact

" microsomes (Bidlack and Tappel 1973) as illustrated on the following page.
o ’ In intact microsomes, NADH cannot reduce the jron containing com-
p ponent via cytochrome ¢ reductase but can in some unknown way reduce EDTA-

| Fe complex which can epparent]y‘replace this NADPH-cytochrome ¢ reductase

® | !
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specific iron containing component (Pederson et ai 1973). More recently
{Hogberg et al 1974) isolated an NADPH cytochrome ¢ reductase so]ub111zed
from m1crosomes wh1ch were subjected to 1ipid peroxidation. This fractlon

2 itself was capab]e of supportIng an NADPH dependent 1ipid peroxidation of

{“‘jﬁf———~———_—_-—4n¥tochondr1a when added to mitochondrial suspensions containing iron.

Recently Radtke and Coon (1974) demonstrated that a 6urified<pre-
. paration of the. hemeprotein cytochrome P-450 promoted lipid peroxidation

in the presence of ljpid peroxides. NADPH is not apparently required for '

- - ’ |
this system. The-exact nature and extent of cytochrome P-450 involvement |
+in 1ipid peroxidation in microsofes has still to be evaluated.

)

€. « LIPID PEROXIDATION AND DRUG OXIDATION

) Si&i]arities in NADPH and oxygen requirements for both«mickosoma]'
1ipid perox1dat1on and m1crosuna1 drug oxidation (Ho hstein:and Ernster
1963) suggested that the two processes might be cTose related and

‘ - ‘ possibly interfere with each other. Two substrates of the drug oxidation



@ | ' -
. system, codeine and aminopyrine, inhibited 1ipid peroxidation in rat micro-

somes (Orrenius et gl 1964) as measured by the th1obarb1tur1c acid react1on,

S

oxygen uptake, and .the oxidation of NADPH. Direct effects of these com-
pounds on lipid pgroxidation was ruled out and it was conc]qped that NADPH " .
dependent 1ipid peréxidation and NADPH dependent drug oxidation uthizedj-

the saﬁé electron transpért pathway and the folloWing scheme was proposed !

to explain that data.

Drug - ;:-___4*;? Drug-0H s ) '

)
1

; cytochrofe |
rgADPH —3 , [0, :
/ reductase ;(y//’ '
.’f CTS pre

)
-

‘ Lipid Lipid Peroxide

CHZ(CHO)2
_ r‘ ‘// .
Although there was no.direct evidence it was suggestéﬁthat this involved
" the f]avoprd%ein‘cytochrdhe P-450 ("Fe" in the proposed scheme) which was

v

K11ngenbgrg<ﬁkﬁlgw8) carbon monoxide b1nd1ng pigment, which at that

t1me was just be1ng implicated in -the drug oxidation pathway (Estab;;;k

et al 1963). The proposed shar1ng»of a common electron transport chain
-—was also supported by the evidence that carbon monox1de which “inhibited
l . “® " drug oxidation by binding with cytochrome P-450 (Conney et-al 1957) reversed

. . . the inhibitio_n of lipid peroxidation-by c_!?‘qg oxidgtion substrates (Ernster
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J flux along at least part of a common electron transport chain. These ex-

L

and Nordenbrand 1967). Wills (1969c) reported similar results to support

the argument for a link between drug ox1dat1on and 1ipdd perox1dat1on
The evidence indicated that microsomal 11p1d perox1dat1on and drug oxida-

o g

tion.interfered with each other by competing for reducing equivalents from

periments using substrates of drug oxidizing enzymes to inhibit lipid per-

oxidation led to a greater understanding of iipid peroxidation mechanisms,

thaugh recently (Pederson and Aust 1974) .it has been suggested that Ahe

N

right €onclusion was reached (i.e. that-Hpid peroxidation and drug-axi-:,

dation share part of a common electron transport péthway) but that the
e’ '

reasghing used to reach the conclusion was in error. It has been suggested
that substrates do not block 1ipid peroxidation by competiné for avai]ab]e

electrons but by forming anti ox1dant metabolites via cytochrome P- 450 and

4

that the ant1—ox1dant_metabo11tes are respon51b]e for the inhibition of‘
lipid peroxidation. fhis interpretatibn“may be 1imited to benzpyrene which
was the only substrate studied, although it has been extensively shown

that several anti-oxidants are potent inhibitors of;]ipid pgroxida;ion .
(Gram and Fouts 1966, Wills 1970, Vainio 1974). »

" A second type of 1nterference of drug Q§1dat1on as a resu]t of )

h11p1d peroxidation was reportéd by Wills (1969c) By increasing 11p1d per-

oxidation by incubating m1Crosomes with NADPH or by exposing microsomes

to jonizing radiation, the-activity of aminopyrine N-demethylation and °

aniline hydroxy]ése was reduced. As the reduction in drug okidation after

radiation was also accompanied by 1ncreased ﬁ*a_“EYUXTda%ﬂ%%—;ttiuuﬁﬂﬂ3§1_~_~N‘R

that the decrease in drug metab011sm was due to membrane deg}ruct1on (W111s

o ~ -
‘ . o ¢
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and Wilkinson 1970). This meantJthat drug oxidation ¥as not only reduced b

by competition for electhons by 1,1'pid~peroxid$tion, but that 1ipid peroxi-
o .
dation actually destroyed the membrane, its components, or altered the

3 I

membrane in some way to prevent the drug oxidation system from operating.
It was subsequeptly shown (wTi‘Hs ]97]0) that other microsomal enzymes,

T

including giucose-ﬁ—phosphatase, aminopyrine N-démethy] ase, am'jine hydroxy-
lasé; NADP& oxidase .and menadione—def)endeht NADPH oxid:aqti‘on, were ai] .~
$ reduced in activity after 1ipid peroXidation- had beeAn\ pronoted. 0On the
other hand, other microsomal enzymes, including NAD+/NADP+ glycohydrolase,
adenosine triphosphatase, esterase and NADPH cytochrome ¢ reductase, were -
not inactivated by 1ipid pejroxidation,acti}vity (Wills 1971). Detergents,-’
such as deoxycholate, added to microsomes inactivated the ?ame enzymes as
Tipid peroxwdatmn actwwty and had no effect on the %nes unaffected by
"L Tipid peroxwdatmn As these affécts of 1ipid peroxidation were not due to

¢

the formation of hydroper9x1des, malonaldehyde or other( 1ipid perox1dat1on

-
"7

'“? breakdown products, it was conncluded< tﬁat the effects of Tipid peroxi-

o dation in microsomal membranes was due to a Toss of structure or integrity
of the membranes (141'115‘1971). This effect of lipid peroxidation was con-
firmed by Hogberg et al (197-3) who a];‘o showed that a number of microsom;ﬂ
‘parameters,‘ which are known ta be dep‘endent on membrane integrity, were
effected by the process of hp1d ‘peroxidation, including a reduction in
act1v1ty of aminopyrine N- demethy]ase 3 4—benzpyr1ne hydroxylase and

< - g]ucose -6~ phosphatase, and an -increase in activity of UDP g]uﬁuron_yltrans-

feorase Another effect on migrosomal enzymes was demonstrated recently

by Hogberg et al (1974) who isolated solubilized NADPH cytochrome c .

Aty
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reductase from microsomes which had been subjected to lipid peroxidation.

This was similar to detergent treatment as it has been shown (Ernster

ret»az~1962) that deoxycholate solubilized cytochrome ¢ reductase from “\_
( r%ﬂ%crosoma1>membranes:v The release 02 NADPH cy?ochrome c‘reductase and other
mggembrane proteiné had already been demonstrated by Bidlack and Tappel (19735. .
using non-enzymatic 1ipid perqxidatibn of microsomal membranes. |

Wills (1971) went so far as to suggest that 1ipid peroxidation

might be important in the regulation of microsomal mi;ed function oxidase
and was‘involved in the turnover ofﬂthe ﬁ;mﬁranes ingolved in t%fs system.
Wills (1972b) expanded this ;uggestion to provide a biological func&ion'
for menadione ré]qteq quinones.‘ He submitted a hypothesis which al]cwed‘

the quinones to rapidly ox{djze all availabTe-NADPH normally used by drﬁg

oxidatijon and lipid'peroxidation. Thensubsequent lack of 1ipid peroxi-
dation profected the membrape from degrqdation thereby fegulat}ng the .
turnover of meqpranes in the end@p]asm1c retlculum The turnover-of endo-
*pIasm1c reticulum, therefbrea would depend on 11p1d peroxidation activity
which “in" turn depgg¢s on quinone levels in yhe”hepatocyte. If the suggestion
k3 that‘lipid peroxidatﬁon control¢ micvosbmal membrane integrity is val{d‘

,i g | then it wou]d not be unreasonabie to suggest that by 1nh1b1t1ng 11p1d per-;

s }0x1dat1on in microsomes the normal é;ﬁbrane turnover would be altered to ,/
- produce an increase in drug oxidat1on act1v1ty Howe@er, a—tochopherol
which 1nh1b1ts 11p1d peroxidation by ant1 -oxidant propértxes (McCay et al
1971) had no effect onqthe t1m? course of hexob;?B1taT or codeine metabolism
(Gram and qutsa]966): Simi]ér]y, Arders (1969) showed that inhibition of

’lipid\perbxidation had no effect on the hydroxylation of apiline in.
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microsomes—and Wills (1969¢c) did not show'stimulation of‘aminopyrine N-

demeihy]ation after \inhibition of 1ipid peroxidation with EDTA. These
results would tend to oﬁﬁése the idea that Iipiqueroxidation plays a cen-
tral role inqthe cont‘p1 of the activities of enzymes located in the mem-
brane of the_ﬁn?op]asmgc reticulum. In one speéfallcasg, the epoxidation
of aldrin to dieldr%n by microsomes from the pig liver, inhibition of ]ipid'
peroxidation led to an increased énzyﬁe aclivity (Lewis et al 1967). These
same authors could not proddce such a stimulation of acxivity'in_picrosanes
obtained from housefly. AR E' o ¥
Rgcently it has been demonstrated by Kamataki and Kitagﬁ@%t(1973)
that N-demgthyléti9n of ethyl morphine is increased in miquSomeslwhen 1ipid
peroxiddtion is inhibited by EDTA, o-pHenanthroline, a,a’ d;é}ridy1, or
cobalt c¢kloride and that N-deméthy1ation>of ethyl mo&phine is decreased
_when lipid peroxidation is stimulated by iron. These results woul? fit the

‘pattern predicted-if lipid penp%édation was playing a central role in the

~ T

control of microsomal membrane function. HoweVer, as linearity of some
other drug-oxidatien reactions are dependent on the extent of fipid peroxi-

dationi(Jhcobsoh et al ]973) and Kamataki and Kitagawa (1973) used incu-

bation times of Tonger duration thaq that used by most laboratories the
stimulation of drug metabolism reported may be"a result of‘én incubation
artifact~$nd have 1#ttle to do Jith né?mgl membrane turnover in the mic}o-
) z\somes.dfThis particular point is inve§ti§aﬁed in this thesis. |
Another mechanism for the effect of 1ipid peroxidation on the drug
oxidizing system~e$—mic;650mes is the dest}uéfjon of the heme in cytochrome
P-450 as a result of the peéoxidationereactjon. Thigrwag suégested by the

.
A
. . e, . -
[ -
. .
.
-

3

- . T




l
|
.
|
\
|

%3 reactipn. The destruction of cytochrome P-450 by allyl containing

Y
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fact that carbon monoxide was released wheii'microsomes were incubated with
NADPH and this could be blocked by EDTA (Nishibayashi et al 1967). éarbon
monoxide formed from a bjological source can be the result of heme break-
down (Ludwig et @ 1957, SJostrand 1952, Coburn 1970) Hrycay and Q' Br1en
(1971) demonstrated that 1ipid peroxides could destroy cytochrome P-450 and
reduce d;Ug oxidation activi}y%in hepatic microsomal suspensions. Schacter
et al 1972, 1973) showed thé% biéﬁb1eve1s of lipid péroxidation in micro- . '
somes resulted in the-Tloss of cytochrome P-450, the degradation of micro-
somal heme and a resuftapt evolution of carboﬁ monoxide. Thesevo]utioﬁ of
carbon monoxide was in the ratio of one mole heme lost to one mole of car-
bon monoxide formed. This was conf1rmed by Hogberg et at” (1973) who showed
microsomal 11p1d peroxidation reduoed cytochrome P- 450 1eve]s and also by
Levin et al (1973) who showed that inhibition of 1ipid peroxidation with"
EDTA could préveht'the.1o§s of cytochrome P-450, heme éestrqction and
evolution of carbon monoxide. It was also demonstrated that in rats freated
with 1abe11ed 5 (3, 5-3H]mnino levulinic acid, labelled heme breakdown pro-

ducts were detected during 1ipid peroxidation. This established a direct

| role for the involvement of 1ipid peroxidation in the destruction of-heme

J

- . - 4
_in cytochrome P-450, and the resulting loss of drug oxidation activity.

As 1ipid peroxidation has been shown' to occur in a purified preparatioﬁ of
cytochrome ¢ reduqiase without the presence of cytochrome P-450 (Pederéon
_and Aust 1972) it is likely that cytochrome P-450 does not take part in
the 11p1d peroxidase reaction and that 1t§1destructlon is not due to its

part1c1pat1on in the reaction, but is a consequence of the perox1dat1on

g
I
o
-
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- (Schacter 1972,

barb1turates (Levin et aZ 1972) occurs by a mechan1sm unre]ated to the
destﬁuc§1on of cytochrome P-450 by lipid peroxidation (Levin” et aZ 1973)
Thé disappearance of cytochrome P-450 was shown to be directly related ‘to
a decrease dﬁ pentobarbital and acetani1jdé oxidati;n in microsomes of the
rat resuit?ng from the_effects of 1ipid peroxidation (Jacobson et aZ 1973).
By inhibit{ng‘lipi; peroxidation with EDTA, 1{hearifies for iﬁese subst

7

reactions could be extended because the breakdown of cytochrome 0 was

prevented. In the raéﬁ%t' a‘sbecies wjth a low level. o?’peroxidation,
pentobarb1ta1 metabo]1sm was linear for an extended p?r1od -even without the
addition of EDTA, and cytochrome P-450 levels d1d not ‘decrease.

In a 4]3cuss1on after a report by Schacter.et al (1973) at the -
Second International Syﬁposium on Microsomes and Drug Oxidations, Mannering
(1973) pointed out that in his 1aborato}y he}was able to demonstrate non
Tinearity of many substrate oxidations and the produéfion of carbon monoxide
by microsome;, but he had failed to demonstrate a simq]tanequs reduction in
cytochrome P-450 content. In his reaction mixtures, Mannering did not
actively p%bmote lipid peroxidation with Fe and ADP as had most other authors

1973, Levin et al 1973, Jacobson 1973). In spite of the

_incubation mixture differences, the experiments of Mannéring dissociated

the decrease in dfug metabolism and the evolution of cérbon‘monoxide dur?ng“
lipid peroxidation from, cytochrome P-450 destruction éhd, therefo;z, chal-
lenges the apparent]y solid evidencé of the oihgr work in this area.

B Drug oxidation in microsomes can be enhanced by adding the 100,600« g
soluble fraction to the reaction mixtire (Van Dyke and wlneman 1971,

Gando1fi and Van Dyke 1973, Nelspn.et al 1973).. The addltlon of soluble




oy

s
1
i

- P . B B
R
TNy, % v >
Lo N . °
. ..

e tions from soluble supernatant which can augment, am1nopyr1ne N-demethylation
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fraction also, extends the linearity of the time course of benzpyrine hydroxy- -
lase in microsomes (Kuntzman 19687 As inhibition of lipid peroxidation

miéht enhance drug'oxidation~(Kamateki and Kitagawa 1973) and extend the | \W
linearity of drug oxfdation reactions (Jacobson et aZ 1973), the enhance;
ment of drug oxidation seen by adding soluble supernatant.fraction to_nicro—
some&: could be-due to an inhibitor ofmlipid peroxidation being present in
the soluble fraction.,™ Kamatak1 et al (1974) demonstrated that soluble
supernatant fraction inhibited 11p1d peroxidation and that this inhibition
could partially explain the augmentation of drug ox1deﬁ1on caused by the

soluble fraction. Warner and Neims (1975) have recently -isolated two frac-

and an11ine hydroxylase, but have not tested these fract1ons for inhibitory
activity op lipid deroxidation. Should the hypothesis that 11p1d peroxi-
dation inﬁibition by §o]ub1e supernatent fraction ]edds to increased drug
oxidation by mjcrosones prove correet, then a case can be made for the
endggenous control _of 1ﬁpid penoxidation (increased by ‘iron, reduced by

. soluble fract1on) being & poss1b1e mechanism for the coptrol of the oxi-
dative drug metabolism in the endoplasmic retzculum . The fact that drug

oxidation can be altered in both directions by endogenous means, makes

Mins (1671) proposal that lipid peroxidation may control drug ox1dation .

- .

much more feas1b1e.
As far as can be deébnn1ned from the evidence presently available, .

[ 4

the following diagram summarizes the relat1onsh1p between the drug oxidizing
scheme and the scheme for NADPH dependent lipid peroxidat1on. Lipid per- “\’

ox1dat1on can effect electron flux membrane strucﬁuré*and cyﬁbchrome P-450

e - o b - (\
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-+ = - levels. Alteration of any one of these factors could play a vital role in

_ the total capacity of the 1liver to eliminate drugs.

D. - I¥ vIvo LIPID PEROXIDATION

\ L%pid pe}oxidation has been show? to take place in vivg in anﬁma]s

. fegitoxic chemicals (Gloshal and- Recknagel 1965), vitamin E deficient diets
(Za]kin and Tappel 1960) oricho1ine deficient digts1(Monserrat et al 1969), '
and in an1mals exposed to radiation (Ni]ls and wiikinson’1967) As far as
15 known, NADPH dependent- 1ipid perox1dat1on has not been involved in any

of these processes., As has been §uggested by N1115’L}971), NADPH dependent



lipid peroxidation may.play a role in the natural turnover of endoplasmic

reticulum membrane, and it is impertant'to determine if NADPH depéndefit

b

11p1d peroxidation takes place in vivo, and to demonstrate that it is not.

-

a phenomenon confined.to isolated preparations of m1crosomes Mice- which

were treated with iron- -dextran (Imferon), showed an increased NADPH 1ipid

peroxidat1on activity in subsequent]y iso]ated m1c)osomes (Wills 1972a)

’\‘,f}hls increased lipid perox1dat1on was accompanied by a decrease in m1cro~

s al aminepyrine and p-chloro-N-methyl aniline oxidation in microsomes.
Wills interpreted his results to indicate that an increased in vivo NADPH
dEpendent 1ipid peroxidation in the endoplasmic reticulum of henetesytes,
1ed to a decrease in drug metabolism. It has been demonstrated tnat by
reatlng rats <n vivo with iron and ascorb1c acid, the level of thiobar-

ituric acid react1ng material (1ndrcat1ng “lipid perox1dation had taken

iip]ace), is 1ncreased in 1so]ated mitochondria (Fualta 1973) and in 1solated

- place. A decrease in Tipid peroxidation activ1t1

-

]

microsomes (Fu31ta 1974) In both mitochondria and microsomes, the unsetu-
rated-fatty acid contént of the subcellular partic1e involved was also

reduced a finding which wou]d be expected 1f Iipid perox1da jon had taken

creased drug oxidation because of a reduced breakdown of microsomal memi'
brane. Though lipid perox1ﬁat1on was not measured the N- demethylat1ons of
am1nopyr1ne increases in 1ron def1c1ent rats (Catz et al 1970), and was
decreased_in vitamin E deficient rats (Carpenter 1972)

Despite the arguments dwscussed, it is generally be11eved that the

occurrence of in vivo NADPH dependent 1ipid peroxidation has not yet been

&

‘ proved conclusively.  Several strong arguments have been proposed to support o




-cytes, ADP-Fe

the idea of a normal in vivo suppression of non-enzymatic lipid peroxidation,

inc]uding the fact that a) polyuﬁbdturated‘1ipids are~protected in membrane
structures, b) in vivo anti-oxidants inhibit 1ipid peroxidation, <) iton -

cata1ys1s is prevented bx geybrane structures, d) glutathione peroxidase

q%royﬁ‘perdxrdes ahd e) oxygen tens1on is low in membranes (Barber and

>

Bernheim 1967, Tappel 1972) These/zame arguments may not be entwre1y va]wd
for enzymatic 11p1d peroxidat1on, as it is the protective membrane of the
microsome which is the substrate for the reaction, and both iron and oxygen

are present in high endugh concentration to.serve the closely related drug

: * oxidizing system. Because oﬁg&pe central role played By the microsomal

drug oxidizing eniymes of the hepatic endoplasmic reticulum in Epe

- elimination of drdgs and its possible ease of alteration by lipid peroxi-

dation of the membranes, the in vivo demonstration of‘lipid peroxidation

4+ a9

has become of major importance .-
Lipid peroxidation has recently been shown to control the half life

of epoxide intermediates ant their breakdown by epox1de hydrolase‘iwatabe

and Akamatsu.1974), during the oxidation of olef1ns and arenes by mlcrosomes

As these epoxides are toxic or carcanogenic, a mechan1sm such as lipid per-

ox1dat1on which might control the in vzvo half 11fe of the‘epexlge, becomes

extreme]y 1mportant in the determ1natﬁon.,of the poteﬁ%1a1 carc1nogen1c1ty ‘
[) . . 'FF—N;

of the epoxide ‘ .
. Recently, Hogberg et al (1974) have reported that in'isolated hepato-

+3 can initiate an increase in the NADPH-cytochrome c reductase.

activity in the 100,000 x g supernatant fraction after the cells are homo-

génfzgd. As the same enzyme can be released from isolated microsomes by

-
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1ipid péroxidatfon,_this experiment may be the first to demonstrate lipid

peroxidation in the whole cell.

E. FACTORS AFFECTING LIPID<PEROXiDATION

As is the case wifﬁ d%ug“metapo]%zing enzymes of microsomes, 1ipfd

~peroxidation of microsomes is influenced both- positively and négétive]y’by

v

a number of factors. \

)
1. Enhancement of Lipid Peroxidation. Iron added to microsomes

LY

increases the activity of lipid peroxidation (0rreniu§ et al 1964, Wills
1969b). In at least one study (Levin et ai 1973), iron added to microsomes
did not Stimu]ate 1ipid“pefoxidation. However, the basal 1ipid peroxidation
in this study was high, indi;gt?ng that the microsgmes utilized contained

adequate iron to promote maxjmal activity. Lipid‘pgroxidation activity can

~also be increased by treating animals with the classic microsomal enzyme

inducer,wphenob?rbigal (Nilsson et al 1964). : o -
2. Inh{bition of-Lipid Perox}dation. Inkibition of lipid peroxi-

dation has been reported for a number of d1fferent compounds, act1ng by

several different mechanlsms, as outlined in the fo]]ow1ng diagram.

- -

‘Inhibitor * Mechanism of Attion . Reference

EDTA: ' Chelates iron Wills 19690
o=Phenanthroline i ‘
8-0H-Quinoline : ) -

~

‘Aminopyrine‘ -.‘ Competes with substrates = Orrenius et al 1964
Codeine " of drug oxidation for - '
) electrons - - -
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GSH
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* Wills 1969a

Tappel 1972
Levin et al 1973
Vianio 1974

-

Wills 1969c¢ -
Pedérson & Aust’ 1973

A 5
-

Wills 1969c

Wills 1969a

3. Sgecies./

bqén ;eported in several different spelies.

Different levels of lipid peroxida%ion activity have

Levels of microsomal lipid per-

oxidation in thé"ﬁouse and guinea pig (Kamataki and Kitagawa 1974), and in

" 'th pig (Lewis €t al 1967); were in the same range as those widely reported

for \he rat (w111s 1969a, Kamataki and Kitagawa 1974).

Lower Tevels have

been feported for the rabbit (Gram and Fouts 1966, Jacobson et al 1973,

Kamatgki and K1tagawa 1974), and act1thy could not be detected in the house-

fly (Lewis et al 1967).

for by low iron cOdptent in rabbit microsomes, as even when maximally stimu-

The differences in the rabbit cannot be accounted

°

Tated With iron addgd to microsomés, lipid pquxidation in the rabbit was

less than one third that found in the rat under the sarme conditions (Kamataki

and Kitagawa 1974).

Also, it is unlikely that the difference is due to

- Py .
different amounts of the’flavoprotein cytochrome ¢ reductase in the two

almost identical (MaclLeod 1972).

0\

es in the rat and rabbit are.

, species, as cytochrome ¢ reductase actl__tj_¢4

L3

The low .level of peroxidation in
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rabbit microsomes is_the most likely explanation for the prolonged linearity

of substrate metabolism in the rabbit as compared to the rat (Gram and

Lo .
- Fouts 1966, Jacobson &t a1 79131. "The accurrence of NADPH dependent 1ipid

peroxidation ‘has not yet been determined in the human.
4, Strain. Severai st;ains of rats have been studied in different

1aborétories, but as interlab differentes are lardge in Sprague-Dawley rats,

no strain difference could be assessed using data from different laboratories.

e .
¢ 5. Age. Drug oxidation has heert shown to be dependent on the

age of the animal, and in most species it is deficient at birth‘(Fo@ts’and

Adamson 1959, Jondorf et al 1959, Flint et al 1964) compared to adult ac-

~tivities. This deficiency,in-drug oxidation-is related to a defic%ency in

the components of the electron transport chain associated wfth drug oxi-
dation (MacLeod et a? 1972, Fouts and DeVéreux'§972, Arandé et al 1974).

As NADPH dependent 1ipid peroxidation shares part of the same electron trafs-

" port chain, it is reasonable to assume that Tipid peroxi&a;ion activity can

va# with age. However, El Defrawy et al (1974a) showed’that lipid peroxﬁ-'

dation in the rat is constant between 21 and 56 days o% age, when activi-

Yy

ties were expressed”as activity per gm 1f§er. When expressed as activity
per ‘mg microsomal proteih, 1ipid peroxidation tended to decrease s]jghtly‘—
between 21 and 56 da&s of age., All other reports of NADPH dependent 1ipid
peroxidation activities in microsomes have beén carried gut using animals

of adult ages.

A}

In mitochondria, Williams (1966) reported that sponégnéous lipid

peroxidation in the liver was -several fold greater in the fetus when compared

“to the values found in adult Tiver mitochondria. She has also reported that |

o

+



1 N )

mitoqgondrial 1ipid peroxidation was similar in newbo;n rats and adults
(w111iams'19731, but no determinations were made in rats aged between birth
and adulthood. The increased 1ipid peroxidation in fetal mitochondria may
be related to a vitamin E deficiency reporféd in rats of this age (Rose ‘

<

| and ayBng 1950).

6. Sex. Male rats have a higher Tipid peroxidation activity than
b .
female rats (E1 Defrawy et al 1974),~whﬁeh,is analagous- to the higher drug

oxidation acfivity reported for male rats (Quinn et al 1958).

-~

&
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SECTION III

FORMULATION OF THE PROBLEM. ”’ .

S

—

’Ihe'tld;e }e1ationship betweer~the activity of NADPH dependent

bl

\
-
1ipid peroxidation and drug metabolism.in hepatic microsomes, suggested °
thesé”gfdaies on the role of [ipid peroxidation in microsomal drug oxi-

dation. The main questions considered in the study were as follows.

.
o

21 1. What is the normal deve1opmenta] pattern of NADPH dependent ]1p1d
“pg¥ox1dat1on in microsomes of immature rats aged from birth to adulthood?
Do factors which affect 11p1d perox1dat1on in adu]t animals, have s1m1]ar
effecfs in 1mmatgre animals? : y

* 2. To what extent does thé changing activity of lipid peroxidaﬁ}on

“in the'developing rat, contribute 'to the deficiency of drugooxidaﬁion

1

demonstrated in immature rats?

3 wpt
, T e

3 3. Do increfsed ]ipidlperox{dation activities in immature yats have
[ ¥ \
dn intensified effect on the function of the drug metabolizing enzyme sys-

tem of micrbéohes comp;red to the effects found in the adult rat?

J———

- 4. Mhat mechan1sms are" involved in the reductiop of drug oxidative
gnzymes fo110w1ng NADPH dependent 1ipid perox1da¢1on7

3 5. Tp what extent does 11p1d peroxwdat1on contro the activity of

drug oxidation in microsomes? - _ 1

i

6. Wnat is the role of NADPH dependent lipid pergxidation in the o

drug oxidation differences in thé male ‘and Female rat?

=]

7. What are the cond1t1nns required for 11p1d perox1dation of endo-~

' genous 11p1d in ﬁuman mwcrosomes? Are the mi rosoMa] factors which are

S

a1tered by 1ipid perox1dat1on in- the rat, also|altered in human microsomes?

& N
[y . - - B °



_8. Can NADPH dependent lipid peroxidation occur in vivo and is it a

factor to be considered in the overaTll eliminations of drugs from both

v —_—

”

animals and man? . ‘

9. What is the nature of the iron which is a required cofactor in

v

microsomal NADPH.dependent lipid peroxidation?
To date, NADPH dependent: 1ipid.peroxidation has been shown to mar-

kedly reduce the ability of microsomes to metabolize drqg.substrates, but
its role in conditions o%_reduced drug oxidgfions, such as immaturity or
in sex differences in the rat, has not been determined.’Jit is therefo?e
appropriate to determine the role of 1lipid péroxidation in these deficiencies
and to estabfishnihe possible mechanism by which 1ipid peroxidation reduces
drug oxidative activity in microsomes.

\The queétion as to whether NADPH dependent 1ipid peroxidation occurs
in vive , Was inv;stigated, assthis isiérucial before 1ipid peroxidation can

be considered a factor which must be taken into account in the ovéral]

* elimination of drugs in both animals and man. Evidence available to date,

has not really proved that NADPH dependeﬁt 1ipid peroxidation is more than

a reaction confined to isolated microsomal preparations.

The overall objective of the studies described, has been to deter-
mine the role of lipid peroxidation in the alteration of drug oxidation in

immature animals aitd man, and to establish the significance of such an

“interaction when drugs are used in the human patient.

%
<D



.
“ s >
N
. 3y
. - ¢
) . ’ -
- B N e
- - .
) ; \\.J ’ “ . )
] - r .
v A £~ I3 ,
- -~
T
| P I
: B ,
\ ' s o
'
. L4 —
.. .
. @ o »
. B
< . s
N L
i N o
. .
' - - -
= i
- . N N ¥ “’
< - .
r * - N
P . .
.,,);_.......m . o,
L ol -~ N
« B
o v
« B .
) R
. . » . - .
- - . {
b - o
! - . 4 3 .
- k4 * 3 3 .
. -~ R
D—s v - »\ ; @ -
- ‘ -
L4 .
w ‘ FE S N : ,
- . .
/ -
. \ CMATERIALS
' 1
o o
° [4
“ JPRSTRE LN _// ’ ¢ N
AN D/ s - Lo
— -
,
t - - -
o . S
s * ¢ b
H c . ’ .
{ - »
-METHODS .
#
L
poY , . . .
. ~ . '
1 s
S B ,
5 ! £
. ! ,"“
s >
- N B
r — : .
y o
. a ,/
. Ve . ~
1 - / » (
e N ta
. - N
“ r v ~
R
: i
- ] - M
t L . ° 1 _ 1
- . : B
] - * - -
.
. .
- : 2 1 M "
- J N
. - / "
- »
7 . s «
" B 4 "
- . % PN B
-« o - -
v . .
: - ‘ . ’ * ¥ )
. N .
» «
- » o, §
. .
0 LY
1. e
> K -
- ! . Ra— )
y / - .
. R o
a v -
. . s
. . . ’ - N
.\ vl v X .
< . i
. B
. ! '
- N v - [y .
“ - - ° N 1
-~ v
o 4 ' A



MATERIALS -

. A.  CHEMICALS AMND REAGENTS

- -

g{hroughout these studies, standard reagent yrade laboratory chemi-
cals wate obtained from local suppi%ers, and were manufactured by Fisher
Scientific Co., Fair]a&n, New Jersey or, b%qJ.T. Baker Chemical Co.,
- Ph11Q1psburg, New Jersey. ’
Non- syandard reagents, and reagents supplied by other than the two
comban1es mentioned, are listed be]gw. *
Acetyl acetone: Fisher Sgientific Co.
Albumin:. J.T. Baker Chemical Co.
Aminopyrine: Ciba Co. Ltd., Dorv&], duebéc. Gift.
Aniline, certified grade: Fisher Scientific Co.

Biuret reagent, Gornall-Bardawill-David formula: Harleco Chemical Co.,
Philadelphia, PegnsyWanid. -

~Carbon monoxide: Union Carbjde (Medigas), St. Laurent, Quebec.

Cytochrome ¢ (horse heart): igma Chemical Co., St. Louis, Missouri.

Disodium monohydrogen phospﬁat :Jd.T. Baker<Chemica1 Co.

f'/ Epon 812: Shell Chemicals, Méntreal, Quebec.®

4

- [rvd
Ethylenediaminetetra-aceticfacid: Fisher Scientific Co. - .
Formaldehyde: British Drug\Houses (Canada) Ltd., qutrea1, uebec.

Ferrous sulphate: Fisher Scientific Co..

) Ferrozine[3(2-pyridyl)~5,6-diphenyl ],2,43triazinef: ~Nutriftional
Biochemicals Corp., Cleveland$ Ohio. o -

Hydrazine sulphate: Eastman Organic Chemicals, Rochester, New York.

Hexobarbital: Sigma Chemical Co., St. Louis, Missburi.

R 7

©




NG

\\

Farms, St. Constant, Quebec, were used throughout these experiments. All

TISSUES

8-Hydroxyquinoline: Fisher Scientific Co.

Isocitric Acid Dehydrogenase (pig heart): Sigma Chemical Co.,
St. Louis, Missouri,

Imferon (Iron-Dextran): Fisons Ltd., Don Mills, Ontario.
Malonaldehyde: Eastman Organic Chemicals, Rochester, New York.

NADP (Triphosphopyridine nucleotide): Sigma Chemical Co., St. Louis,
Missouri. ”

NADPH (Triphosphopyridine nuc1e0t1de reduced form): Sigma Cheﬁical
Co.; St. lLouis, Missouri. \ .

NADH (Diphosphopyridine nucleotide, reduced form): §igma Chemical Co.,
St. Louis, Missouri. . v

Potassium dihydrogen phosphate: J.T. Baker Chemical Co.

Sodium dithionite: Fisher Scientific Co.

Sodium Isocitrate (DL-isocitric acid, tri-sodium salt): Sigma Chemical
Co., St. Louis, Missouri. .. :

Semicarbazide hydrochloride: Sigma Chemical Co., St. Louis, Missouri.

Sulphamic acid: K and K Laboratories, Plainville, New York.

Thiobarbituric acid: Eastman Organic Chemicals, Rochester, New York.

Trich]oracetic acid: Fisher Scientific Co.

Zirconia clad porous s111ca glass beads Corning Biological Products

Group, Medfield, Massachusetts. R

1. Rats. Sprague-Dawley rats obtained froﬁ Canadian Breeding

rats were allowed f5 ‘acclimatize for 3 days béfq:? use after receipt from
the breeder. Young animals were obtdined from 1itters born in the McIntyre

Animal Center, McGill University, and raised to the required age. Unless



. © otherwise stated, rats were male and were weaned at 21 days of age. Diet
W\ ¢ . 3 ‘
consisted of Purina rat chow and water ad libitun for animals jover 21 days

old. Animals under 21 days old Wer’e allowed to suckle freely, and had free

access to solid food and water until weaned. In experiments’where a mean % /

- \_/;7 standard error was determined fqr several animals, the individual animals"
\used to determine that mean were ,never htter mates. , )
;. Humans. Liver specimens were obtamed from human mfants during
autops1és performed within a few hours of death Tissue samples were placed

- ~Tna ﬂp\)‘}\ene bag which was kept on ice inside a thermos jar, u'ntﬂ the

/ sample was homogenized and subceHu]ar fractwns prepared.

o

{
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METHODS-

A.  PREPARATION OF MICROSOMES AND OTHER SUBCELLULAR FRACETIONS o

! ;
Microsomes and other subcellular fractions were epared by a modi-
fication of the general procedures reviewed by Fouts (19 1)« Liver samples,
obtained from various/burces . were rinsed with cold phosphate bu fer'
(0.1 M' pH 7 4) and fme]y minced using scissors, and then washed d
decanted three times with phosphate buffer to remove e>/cess blood. The
mince was suspended(in four volumes ph'osph‘ate“ buffer per unit weight of )
liver, and hom'ggem‘zed‘at 16;0‘00“‘@171':1 a-Sorvall Omni-mix homogenizer for .
20 seconds. K 1
‘ The homogenate was centrifugled at 10,000 x g'for 10 minutes in a
refrigerated centrifuge, to remove unbroKen cells, cell wall-fragments,

nuclei and mitochondria. The floating fatty layer was removed by suction,

and the supernatant which was termed 10,000 P fraction, was removed with'a
Pasteur pfpette. The supernatant was (ecentrifugéd at 100,0003)( g for 60
minutes.in a Beckman L3-40~ refrigerated ultra centrifuge, to optain a ;mi'cro- |
somal pellet whiéh was ‘termed microsomes or 100,000 P fraction*\ The micro-
somal pellet was resuspended in phosphate buffer, using a glass homagenizer

and two strokes with a Teflon pestle, to y1e1d a suspension coritaining

20 30 mg microsomal protein per ml. The supernatan from the 100,000 x g

centm fugation, wh1ch was removed with'a Pasteur pipette, was used in some

experiments and was termed 100,000 S fraction. A enzyme determinations.

wlgr.e carried out Zm freshly p'repared microsomes 'g' other subtellular

fractions: as it has been our experience that micrbsomal enzyme activities

are reduced during storage.- /
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5 —
B. DETERMINATION OF PROTEIN IN SUBCELLULAR FRACTIONS

Protein was determined using the standard biuret method (Kabat and
Meyer 1967). Commeréial]y prepared biuret reagent was used. Albumin Qas~

used to standardize the reaction, the standard curve being deﬁerﬁined for

protein concentrations 0.5 to 6 mg a]buﬁin per ml.

3
»

.
-~ . -

C. DETERMINATION O MICROSOMZ&SAMINOPYRINE N-DEMETHYLATIdh

Y

lation of aminopyrine %n microsomes was determined by
measuring the amount of formaldehyde, trapped-as a sz@icarbazone, which
results from the cJeavage of the N-methyl group from aminopyrine (Cochin

and Axetrod 1959)/ The reaction mixture contained 0.1 m1 microsomes, 36

< umoles magnesium /chlbride, 24 umoles neutralized semicarbazide HC1, amino-

pyrine in the unt given in- the results, and 0.1 m1~NADPHabenerafing Sys-

tem consisting pf 0.66 umoles NADP, 16 pmoles sodium isocitrate, and 0.5

units isocitrit acid dehydrogenase. Other additions, such as iron or kbfA,

were added to/the reaction mixture in a vplume of 0.5ml. The reaction

pH 7.4). Re ction mixtures were incubated for 15 minutes at 37 ona

conditions.

The reactions were terminated and the mxxtures deprote1n1sed by
|

add1ng 0.5 ml ,15% z1nc sulphate followed by 0.5 ml saturated barium hydrox-

ide. The mixtures werelthorough1y ag1tated on a“¥drtex mixer after each
‘ .

»
-

4



Nash-reagent, which cﬁnmd 0.2 m a'cetyl‘cacetc)ne + 15 g ammoptum acetate
in 50 ml water (Nash 1953), to 2 ml1 clear supern.atant, and heating the mix~
ture in é water bafh at 60° for 30 minutes. Occasion%]]}, & precipitate
which could be removed by centrifugatibon at 1,500 x g f‘or: 5 minutes, occurs .
re?during heating. The abs.orba«nce’ of the coo]ed._ clear samples was ‘c‘letert—
mi‘ned' at 415 nm in a spectrophotometer. Formaﬁdehyde*é@ﬁﬁfratmn wa;s

ﬂ determined by comparison to a linear star;dard curve, prepared using stan-
dard concentrations of forma{dehyde (0.5 - 5 mg HCHO/m1). In all experi— \
‘ments, reaction mixtures incubated without sut;strate, wer® subtracted from
-the efpem’menta] i‘ncubation‘mixtures to correct for any formaldehyde or
other material reacting with Nash r‘eagen’t which n'ialy be formed from a non-

‘substrate. source. ~Absorpance of blank reaction mixtures varied bengeen

0.020 andn0.03§. Results were expressed as specific activity (i.e. nmoles

~formaldehyde fonned/mngTgrosromyaTbmute).

-

Q

D. | EXPERIMENTS TO PROMOTE MICROSQMAL LIPID PEROXIDATION BY PREINCUBATION

In some experime}lts, microsomes Were.ﬁ;eincubated to prdmote_ NADPH
dependent 1ipid peroxidati;m pr;'or, to the_addition of substrate for the
assessmént of drug métabolisn\'in peroxjdized mi érosunes. Reaction mixtures
simidar to that used for amindpfrine N-demethy]._ati.on (except that the amino-
pyrine was‘ onﬁitted), we}ei preincubated for vary’ing time periods.in a
éhak“ing water bath at 370: At the end of tﬁe preincubation period, a fur-

" ther 0.1 m1 NADPH generating system' was added, along with 0.5 ml 20 mM




45

aminopyrine (giving a final ‘gon_c_‘entrati on of 5 mM), and N-demethylation was,

determined as previously described.

<y

E.  DETERMINATION OF MICROSOMAL CYTOCHROME P-450

— Cytochrome ?—450 was determined by measuring the absorbance- of the
carbon monoxicje-reduced_ cytochrome P-450 complex at 450 nm (Omuré and Sato
1964a). As this originél method does not cc;mpensate for carbon~monox1'de |
formed in the reaction mixture§ during incubation, the mc-;dificati‘on of the : }
method by Raj and Estabrook (]970) was Jutih'zed in the present experiment. j
This method allows-the determination of microsomal cytochrome P-450 in the

presence of endogenously produced carbon monoxide, and also has the added

-adyant':age in that ~Ht—eliminates "interference by .any ¢ontaminating hemo-

globin. . ‘ 7 .

) — =

Microsomes: were diluted to a concentration of 2 mg microsomal prote'in
per n;} with phosphate buffer (0.1 M, pH74)_, to give a tp{c'_g] volume of 5.ml,

LR

>The sample was gassed with carbon monoxide for thirty seconds and then
divided equal}y between two speﬁtrophotomete‘r cuvettes, and 0;5 ﬁ\M NAi)H was -~
added to both cuvettes. A féw ¢rystals of sodium dithionite were added to

the experimental cuvette and read against the other reference cuvette

(without dithionite), at 490 mm and/450 mm, in a double beam spectrophoto-
(metérj_. Cuvettes werevképt tighti y \c]qsgd with vubber stoppers exce;;t dur- -

%ng additions. .The molar concentratibn of cytoc?\rome P-450 wa:s calculated:
from;ithegdifference in absorption (459 nm - 490 nm) using an ex.tin'ci:'io'n

coefficient of 91 nm™? en™! (Omura and Sato 1964b).

! \
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F.: DETERMINATION OF MICROSOMAL NADPH CYTOCHROME C REDUCTASE

NADPH _ ¢ytochrome c‘reductése activity was. estimated by determining
the appearance of the reduced form of cytochrome ¢ at 550 nm in a speetro-
photome ter (ﬁhi]1ips and Langdon 1962). Reaction mixtures contained 36

umo]esﬂmagnesium chloride,.0.15 umoles cytochrome ¢, and 25 u1 of micro-

- somes, made up to 2.0 ml with phosphate buffer (0.1 M, pH 7.4), and placed
N~

in both the sample and reference cuvettes, in a dual beam spectrophotometer,

with temperature control set at 37° . The reaction was initiatéd by adding
[ .

1 ymole NADPH in 0.1 ml buffer to the experimental cuvgkte, and 0.1 ml
buffer to the reference cuvette. The change in absorbance at 550 mﬁ was
recorded on a potentiometric recorder over the first minute of thevreaction,

uging a chart speed of I_inch/minute. The initial rété'of change of absorb*

ance was est1mated from the 1n1t1a1 11near port1on of the reaction (usually

the first 20 seconds). Using an ext1nct10n coefficient of 19.1 nm -1 cm -1 :

(??tﬁfi,aﬂﬂ_FOUts 1970), theeact1ylgx_gj;gytochronmL;;reductase,was,ca1cu—

lated and expressed as nmoles cytochrome c reduced/mg microsomal prote%n/

minute.

]

G. 'DETERMINATION OF MICROSOMAL NADPH OXIDASE : o )

MADPH oxidase was determined by measuring the decrease in absorbance

of NADPH at 340 nm, as described by Gillette et al (1957). The reaction

mixture contained p.] 1 microsomes and 36 umales magnesium chloride made

up to 1.5 ml with phosphate buffer (0.1 M, pH 7.4), and 0.5 ml water con-

taining iron or EDTA in the concentration 'given in Results. Two ml of



4

amixture was placed in both the experimental and reference cuvettes in a

double beam $pectrophotometer and allowed to attain 37%. The reaction was
initiated by adding 0.4 ymole NDPH in 20 wT buffer to the experimental
cuvette, us1ng.\’Ham11ton macro11ter syringe. The linear decrease in ab-

sorbance at 340 nm'was followed for 5 minutes using a potent1anetr1c recor-

der running a’chart speed of i inch/minute Utitizing an extinction co-

eff1c1ent of 6.22mM ! ¢ for 'NADPH (Ernster 1967), NADPH ox1dase activity

was ca]cu]ated and expressed as nmoles NADPH oxidized/mg protein/minute.

The fraction of NADPH oxidation.which is specific for ]1p1d peroxwdatIOn

. of endogenous m1crosoma1 membrane was determined as expla1ned in the

Résults section.

H. DETERMINATION OF MICROSOMAL NADPH DEPENDENT EIPID'PEROXIDATION

|

After incubating microsomes With NADPH or_an NADPH generatinn sys-
tem, lipid perogidation was determined by méasuring the amount of thio-
barbjtnric ncid reacting material generdten, as described by Ottolenghi
(i959). The reaction mixture contained 0.2 ml mncnogéhes, 36_umoles mag-
nesium chloride, 0.5 ml iron or EDTA solution in water to give the ffna]
“concentratlons descr1bed in Results, and 0.1 ml of-an NADPH generating

system containing 0. 66 umoles NADP 16 umolgs sod1um 1socftrate and 0.5
units 150c1tr1cxac1dxdehydrogenase. The reaction mixture was made up to a
total volume of 2 ml with phosphate buffer (0.1 M, pH 7.4). lnéubations
were carried ouﬁ’for 15 minutes in ; Dubnoff shaking’water bath at 37°, ,

£pn1ess otherw1se stated in the Resu]ts. * To avo1d the danger of 1ron con-

tamination, care. was taken during 1ncubation to ensura. that splashes of

o

[




. was measured in microsomes prepared from livers of rats treated with

48

water from the water bath did not contaminaﬁe the reaction mixtures.

The reaction was temminated by the addition of 0.5 m1" 40% trichloro-
acetic acid, and'the mixture cooled in an ice bath. The cooled mixture
was then added to 2 m1-0.67% thiobarbituric acid i; water, and heated on
a water bath at 90° for 20 minutes. The mixture was then cooled and again
mixed thoroughly with a further 0.5 m1 40% trichloroacetic acid. After

waiting for 5 minutes, the mixture was centrifuged at 1,500 x g for 5

?
minutes. The absorbance of the clear supernatant was determined at 535 nm

v

in a spectrophotometer. The reaction‘wag quantified by comparing experi-
mental samples to a standard curve prepared from known amounts of malon-
. ) -
aldehyde, which is one of the known thiobarbiturate reacting products result- °

ing from 1ipid peroxidation (Niehaus and Samuelsson 1968). To simplify

- )
éxpression of the results, 1ipid peroxidation was expressed as, nm malon- ]

aTdehyde produced/mg microsomal protein/15 minutes. Malona]dehydéfhaﬁ/ﬁégg/v

used almost exclusively in other studies pub]?%hed as. the standard for ex-

LS.

preééing 1ipid'perokidation'qptivity.

In the experimgnts in which thiobarbituric acid reacting material

~

iron to determine if 1ipid peroxidation gngdggts were br#sént, éS nmoles EDTA -

was added to the buffer at all steps in the preparation of the microsomes.
. ; ) »
This was done to minimize thiobarbituric acid reacting materials formed via

lipid peroxidation during the process of preparation. In this determination,

LS

0.2 m1~microsomes-weng diluted to 2 ml fofiowed by 0.5 m1 40% trichloro-

. ‘) . o
acetic acid. Thiobarbituric acidzreacting praducts were determined as

-

previously described.

N / M
. A K ‘
. .




barbituric acid in distilled water™at 60°. This provided a so]ﬁtion which -
was stable for several hours, and yielded blanks of a much lower value than
when thiobarbituric acid was dissolved in dilute sodium hydroxidé so]ut}on
as used by some other investigators. An absorbance of 0.020 - 0.030'was
usually obtained when blank incﬁbation mixtures were reacted with thiobar-
bituric acid. |

~ S

I. DETERMINATION OF NON-HEME IRON

_Non-heme irop was determined by a modification of the methed of
Wills (1969b). Ferrozine [3(2-pyridy])—5,6-éi§heny7 1,2,4-tri;;ib§] was
substituted for bathopﬁenanthro]ine as the color reagent (Stookey 1970). _
"Micrbsomes (0.2 m1) were di1uted to 2 m1 with water, and 0.4 m1 40% tri-
ch1oroacet1c acid was added and the mixture heated in a water bath at 90°

for 10 mtnutes

.g for 5 minutes, and one ml clear supernatant.was used for the detenninat1on

-

of iron. , ) / -

[~ —

One ml of supernataht was added to a tube containing 1 ml 50% ammo-
ﬁiﬂn acetate, followed by 0.1 ml of a saEurated solution of hydraziné and

0.2 ml ferrozine (1 mg/ml). After thoréugh mixing, the mixture was allowed

to remain at room temperature for 20 minutes before the absorbance of the

-

solutions was determ1ned in a spectrophotometer at 562 nm, “Iron concen-

— e

ttatfon’was assessed by comparison to a standard curve prepared using

ferrous sulphate.

o

After coo]145b“§he mxxtunes»were~centnliugedAad;4;£xx}ae———~-

- Values were expressed as nmoles non-heme‘iron/mé protein.
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J. DETERMINATION OF MJCROSOMAL DIFFERENCE SPECTRA AND SPECTRAL DISSOCI-

ATION CONSTANTS 0 |

Difference spéctra and EorrespondingaspectréI dissociation con- -

stants, were determined for aniline and hexobarbital, between the wave-
lengths 350 to 500 nm, 1y“a‘poub1e beam spéctrophotometer, 35 dgscri%ed by )
Remmer et al (19662 and échenkman et al (1967a). M}prosomaT suspensions\ "
were deuted tola pfbtein concentration of 2 mg/ml Lsing phosphate buffer
(0.1 M, pH 7.4). Two ml of the diluted microsomes were placed in each of-
the two cuvettes in a double beam spectrpphotoN;Eer. A blank spect;uﬁpwas
then determined, usiné a potentiometric recorder chart speed of 1 inch/
minute and a wavelength scan speed of 50 nm/minute. Substrate (either hexo-
barb1tal or an1T1ne) was added to the experimental cuvette 1n a volume
which was always less than 20 ul, to yield the overaTT concentrations of °
0.5 - 1T mM as deIaiTed in the Results. A corresponding volume oT buffer

was added to the reference cuvette: and the spectrum determined. The dif~ ]

ference between the experimental and blank ‘spectrum was plotted to yield

- a corrected difference spectrum between 350 nm and 500 nm.. - ,

TQ determine spe&t;aI dissociaﬁion constants, the ditference in .
extinction between 500 nm and 425 nm (40D5 pg-125) for hexobarbital, and
between 430, nm and 390 nmI(AOD430-40;5 for aﬁiTine, was determ%ned'over“:.
the range of substrate concentrations given in Results. Double reciprocal
plots of 1/40D ve I/concenIration, were constructed. Approximate speqfrai

dissociation constants were determined by extrapolating the line to the x

axis, yielding an, intercept = Ks (Schengman et al 1967a). Because of 1imi-
. \ )

tations in assessing Ks from linear double reciprocal p]ot§, épectra[ ‘

i
o

A
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“arylamine glass beads were th‘en used in the synthesis of an thydroxy—

-water, 100 ml. 1% sulphamic acid solution and then 100 m1 Told water. The

dissociation constants for each of the substrates were determined py fitting
the data tc: a rectangular hyperbola equation with a computér program as
described in the statistics section of Methods,

* In exper1ments designed to determw/ the effects of premcubatmn

Jd
on d1fference spectra the premcubatmps were carried out'in 2 ml of an

incubation mixture containing 0.2 m1 m1crosomes. 36 umoles magnesium chlor-
ide, 0.1 m1 NADPH generating system containing 0.66 wmoles NADP, 16 wmoles

sodium isocitrate and 0.§ units isocitric acid dehydrogenase and iron in .,

1

the concentrations described in Results. Immediately prior to the deter-
mination of difference spectra by the method Jjust ‘described, ‘microsomal

suspensions were diluted to 2 mg microsomal protein/ml.

q 9 - 1 W
i

~
}

K.  PREPARATION OF 8—HYDROXYQU&NOLINE COVALENTLY BOUND TO GLASé BEADS -
N

The arylamine derivative of zixconia clad porous silica glass beads -

oy

(MAO 3930, Corning) was prepared by Dr Man Sen Yong, Department of P.harma-
co]ogy, McGil1l Yniversity, Montreal, by tyhe method of Weetal (1969) These
quinoline derivative as outlined in figure 1. Arylamine glass beads (200 mg)

‘ I
were diazotized in 50 ml1 0.5 M HC) with 30 mg sodium nitrite and stirred
' . i o v
in an ice bath for 30 minutes. The product was washed with. 100 m1 cold

14

diazotized glass beads were subsequently coupled to 8-hydroxyquinoline by . J
adding the peads to 50 ml saturated solution pf 8-hydroxyquinoline in 0.05
M sodium carbonate. The product was thén placed in a Buchner funnel (medium

disc size) at room temperature and washed with 5 Titres 1 M sodium chioride.

\. . 9
i
!
P




FIGURE 1.  The synthesis of 8-0H quinoline covalently linked to

\ zirconia clad porous silica glass béads. C \
- ‘ ¢ \ /
Details of the synthesis of 8-0OH quinoline glass beads , -~
- from arylamine glass beads are outlined in Methods.
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: \ .
‘, The product was then washed with 25 Jifres d;stiﬂed water over a period
of two days. The 8-hydroxyquinoline glass beads were stored under 100 ml
_0.1 M HCl at 4°C: Immediately prior to use, the beads were washed with
5 x 20 ml aliquots distilled water to remove the HC!.

L. ~ABSORPTION OF IRON BY 8-HYDROXYQUINOLINE GLASS BEADS

’ ' 8—Hydroxyqu{noline’immobi]ized on glass beads was used to remove
free iron from solufions and from microsomal suspensions. In most experi-
ments, a portion of glass bea%s were blotted on a\filter paper and 10 mg of
damp beads were weighed. A1l weights of glass beads referred toyin Results
signify this wetrweigﬁt.' The g]as; beads and solutions or suspeﬁsidns of

i microsomes were mixed and gently shaken on a water bath at 37%. The mix-

i3

tures were then bentrifuged at 1,500 x g for 5 minutes to sedimgnt the
glass beads. prernatants of microsomes treated in this way were regarded
as.free iran deficient preparations.. The supernatant was then femoved and
utilized for determinatign of iron, aminopyrine N-demethy]atién aciivity or
" NADPH dependent 1ipid peroxidation activity.

3

M.  GLASSWARE - REDUCTION OF IRON CONTAMINATION.

- Because of the extreme sensitivity of 1ipid peroxidation réactions

c to the concentration of iron in incubation mixtures, it wés f importance R
to minimize iron contamination of the glassware used in these studies. In-,
consistent 11p1d peroxidation activities were fouﬁd’”ﬁ.pre]1m1nany studies

using g]assware washed with detergent hot water Jnd rinsed with distilled
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water and dried in an air circulating oven. To furtber minimize iron con-
. taminatién in this study, all test tubes used were chemical:free disposable
glassware (Corning\Cat. No. 99445), fhe use of these tubes for all ifcu- '
bations and most procedures, greatly reduced the tube-to-tube variation in
lipid peroxidatfon determinations. . When other g]asswar? wéﬁ required, i}x
was washed in 0-1 M HCL and deionjzed water immediately prior to use, to
reduce iron contamination. As far as possible, all pipettiné)was carried
out using automatic-pipetting devices with disposable polyethylene tipsl
When gipettes of a larger size were required, all glass pipettes were used
which had been washed in chromic acid and-}insed in deionized water.

N.  ELECTRON MICROSCOPY OF MICROSOMAL PELLETS , -

o

-~ !
Microsomes used for electron microscopy were prepared in a manner !

similar to that a1re§dy-described in section A of Methods. The only dif—
ference was the. addition of 25 WM EDTA to the phégphate buffer at all stages
" of the preparation. ‘ )

RSB

\ " Microsomal pellets (iO0,000 x g pellet) were fixed in 3% glutaralde-

After the first 30 minutes in the fixative, the pe]]ethas gently 1ifted
v%rom the bottom of the centrifuge tube and,c;t intd 1 mm wide %lices and
then replaced in the fixative. After ;HE 3 hour fixigg period, the tissue
was washed 3 times with phos;hate buffer ahd allowed, to stand in phogphate ‘
" buffer overnight at 4°. The tissue was then dehydrated in graded ethyl
alcohol solutions (70% up to 100%) and embedded”in Epon°812. Sections were

cut with a diamond knife and mounted on copper grids. After staining with

i

l
hyde-in phosphate buffer {0.1 M pH 7.4) for 3 hours at room temperature.



- velocity in the original equation as follows:
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\

A .
uranyl acetate and Tead citrate, sections were examined under a Philips

300 electron microscope.

0.  STATISTICAL METHODS AND COMPUTER PROGhAMING

1. The students t test for unpaired data was used in this study to
determine statistical significance of the difference between two means.

Signﬁficance‘thrbughout the study was defined as being at the 5% level, t.e.,

. p < 0.05.

2. Estimation of the spectral dissociation constants (Ks) in sub-

strate difference spectra experiments, was carried out by an iterative fit

 of the data (AOD vs substrate concentration) (Wilkinson 1961) to the stan-

dard Michaglis and Menten equation (Mithaelis and Menten 1913) used to
~ vg - ,

N

describe enzyme catalyzé& reacii&ﬁﬁ?“?Absorbance change was substituted for

- A0D max'x S
A0D = g +:8 : y

where AOD = absorbance charige

<

¥

Ks = spectral dissociation constant

S

N

~rﬁbstraté concentration

The equation is in the form of a rectangular hyperbola. The it¥rative fit ,
° 3

‘of experimental data to the equapion was carried out using a FORTRAN com-

puter program described by Cleland (1966). The original program was -
slightly modified to enable its use on a remote MUSIC térmiha] connectéd
to the main computer center at McGill University: An IBM 36D computer was

Used in the system. The program estimates Ks, OD Fag,'])Ks, 1/0D max, ahd



5}

Ks/0D max, which were used to fit the 1ine on the double reciprocal plots.
The symbols used in the FORTRAN program, and the program itself
arranged for use in the McGill remote terminal MUSlc'syEtem, and a typical

arrangement for data input, is i]1ustr%ted on the following pages.

AN

¥4

-

e,
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/-

Symbels used ‘in the program:

V(2), ete. “Experimentaf velocities

v(1),
A(1), A(Z), ete. Corresponding substrate concentrations
w(l), w(z), ete. Weighting factors for velocities
5(1,1), s{(2,1) The array in which matrix 9 is set up. After

S(],Z), ete. the so]ut1og is obtained, this array contains

. the regression coeff1c1ents and the inverse
: matrix. . "

Q(10, Q(2), ete. - The expressions in equatien. 6.

SM(1), SM(2), ete. Scali factors used-to-equalize diagnols of the
rix during solétiadn.
SS(1), SS(2), ete. During solution; the S array is overprinted several
times. Information in the first column which

is erased by the overprinting but still needed .

during thg:ga]cu]atlons is stored in the SS

array.

JJ ~ Number of data sets pvocessed ’

NP > Number of data points 1Q a given data set (number
of data cards following title card).

M With M = 1, the matrix solution subroutine uses

<tatements 15 and 16 to make the preliminary
fit as discussed in Section II-D. With M = 2,
statements 17 and 18 are used to make the iter-
ative fit described in Section II-E.
N- The rumber of constants to be determined (2 in
. this program). The matrix solution subroutine
“ and certain other statements are common to all
programs and are written.in tevms of N,N+1, and

N+2.

CK v+ +The constant K 1n equation 1. CK is f1rst pre-
liminary estjmate of K, but becomes refined to
its final value by the "iterative procedure. In

‘>statement 18, for instance, CK on the right is _

e prelimlnary estimate; on- the left; the newly

-

NT - -  Numbe itergqtions. This 1s set at 3 here, but
may be set to\gny number by’ Chang1ng the IF
(NT -.?) statement.

D E Denoftinator; used to simplify arithmetic in ca]~
? . © culating Q s for the iterative fit.
s2 -’ - Experimental variance (residual least.square)e
S s - Square root of experimental variance (sigma) -
Sk, VINT, VK K/V (slope of the line described by equation 2);
g 1/V (vertical intercept of this line); V/K.
SEV, SECKEJSEVI Stangard errors of the estimates of V (maxwmum
SE$L SEVK viloclty) K (Michaelis coq;tant) 17V, K/V, P
! . V/K. .
WCK, Wv, WSL, Weighting factors fqr further analysis for K, V,
WVI, WVK K/V, 1/Vy V/K.
I, J, K, L ) ' Count1ng jndices for various DO loops in the
' program.
! ‘e ¢
| |
' —‘_
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-PROGRAM:
@@81 /LOAD FORTG

2002
2003
PR3 4
eBa5

0006 100

2017
)
‘0888

oDoS

‘9ol
0011
pai2
poLS
Po14
2015
216
0217
2018

11
1

14
12

15

2219 -

2820
po21
pa22
2823
pa24
825
0926
827
2828
pa29
P850
P31
eas2
2033
0834
B35
2836
0937
pp38
20359

<0040

g4 1
P042
P043
0944
0045
2046
2047
. 0B48
20 49
2050

19
28

16

17

18"

21"
22 -

12

_PRINT 11,JJ

"~ NT= NT+1

DIMENSION V(188),A(108), W(lﬂﬂ) S(3h4), Q(S) SM(S) SS(3)

PRINT 108 - o
FORMAT(35H FIT TQ HYPERBOLA- V= VMAXACK+A>///)
FORMAT(13 417X, 48H

FORMAT (SFlG 5)
JJ=0 <
READ 11,NP

" IF (NP) 99,99,12

mM=1 . )

N=2 - -

P= NP-~N ,
Nl= N+ ) 3
=z N2 ' '
GO T0 2 . s
READ 1, V(I),aC I W(;)

IF CW(I)) 19,19, 29

wne=1,

QCI)=VCI) %2/ AC 1D

Q(2)= V(1) %%2 ‘ .

A3ID=VID )

GO TO 13 . '
CK=SC1,1)/5(2,1)

Jd= J 1

NT=9

M=2 ,
GO TO 2 -

D=CK+ACD) = - ] ) *
QC1)=4aCI)/D S '

A2)=A1)2/D

3=V
GO TO 13
CK=CK-5(2,1)/5(1, l)

IF (NT=3) 2,21,21 o -
520 , s H
Dp 22 I=L,NP : -

s2z 52+(VC 1)=5(1, x>*A<1)/(cx+n<1>>>**z*w<1)

2t S27P .

S1{ SQRT(S2)

i

SL=CK/S(1,1)

TINT=1./75C1,1) -
VK=1./SL

DO 19 J=2, NI

DO 10 K=1,N

SCKy J)=SCK, J)*SMOKI*SM( J=1)
SEV=SI1%SQRT(S(1,2)) .

‘- I3
n
K
€ \ , . ' N
e -
. - "
N “ - [ W
‘ o
. , .




2951
8952
2053
2854
2855
2856
2957

2858 \

2859

2969 -

9261
gp62
are3
2964
20865

0866

PB67 30

13
2069
2270

31
32
33

o871 34

2873
2074
2075
2876

P0717.

2278
2879
2080
oo81

‘PB72 35

c
2

3

A3

0082 4

20983

2084 5
op85 -

- 0086

2087

0988 ‘6

0889

009D -~

2891
0992
0053

, B9 4-

2095
PP96
po9 7T
0998
0899
gloo

181
a1e2
o103
2104

a185

7

- FORMAT(TH V/K

SECK=SI*SQRT(S(2,3))/SC1,1)

SEVI=BEV/S(1, 1)%k2

S(1,5)= SI* SART( CK**2%SC1 ,2)+S(2, 5>+z*cw*5(l ,3))
SESLES(1,3) /501, 1)*%2

SEVK=SC1 .3 )/ CKex2 ' -
WCK=1./SECK¥x2

WV=1,/SEVik2

WSL= 1./ SESL*%2

WVI=1./SEVI*%2

WVK=1 o / SEVKA*2 ,

PRINT 38, CK, SECK, WCK

PRINT 31,SC141),SEV, WV . .

PRINT 32, 5L, SESL, WSL - oo - |

PRINT 33,VINT,SEVI,WI ° . 1
PRINT 34, VK,SEVK, WUK ~ . oy
PRINT 35 sz,sx :
FORMATCTH K
FORMATCTH V
FORMATCTH K/V
FORMATCTH 17V

F1216,13HS, Ee (K
F12.6,13HS. E. (V)

Fl1.6,5H W = El4,5)

FI1.6,5H W, =:F14.5)
F12:6,13HS.E, (K/V) F11.6,5H W = "E14.5)
F12,6,13HS.E. (1/V) = F11.6,5H N = ‘E14,5)
F12.6,13HS.E.CV/K) = F11.6,5H W = El4.5)
FORMAT C(I2H VARIANCE 3 El4.5,10H SI@MA = FI12.7//)
GO TO 14
MATRIX SOLUTION SUBROUTINE
DO 3 J1,N2 , - -
DO3 K= L,Ni
SC Ky J)=0 ,
DO 4 I=1,NP - :
GO TO C15,17),M ,
DO 4 JlpNl . i '
DO 4 K=l,N -~ :
SC Ky )% SCKy HHQCKIERC JIHWC D) »
DO 5 KzlgN e ° .
SMCKI=1.7SARTCSCK, K)) -
sM(NLY=l,
DO 6 -J=1, N}
DO 6 Kzl N
A E S(K,J)*SM(K)*SM(J)
SS(N1)z=1, \ )
SC1, N2)=1, :
PO & L=1,N
DO'7 K=1,N
SSCK)=SCK, 1)
DO 8 .J=1, Nl
DO 8 K=1,N
S(Ky J)=SC K+ oI =SSCKFIVRSCE, SFD/SSCL) -

It o8

oot
(1]

\J’

"DQ 9 K‘l N

36
99

/DATA

S(Ke1)= S(K,!)*SM(K) ‘
GO TO (16, 18) M ‘ ‘

FORMAT(23H PROGRAM COMPLETED FOR 14 6H LINES)
PRINT 3€,Jd
STOP . _



DATA MATRIX:

0305 /DATA

0106 6

0107 0.004  0.10

0108  0.008  0.20

0109 0.010  0.30-

0110  0.013  0.50

0111 0.015  0.70

0112  0.018  1.00

0113

0114 END ‘
D -

0115 /EN

Note: data deck must end with a blank card Which is line 113 in this’

example.
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. somes prepared from male rats aged from birth to adulthood is shown in fig—“

- ages tested, Qp'indicated by the dotted line in figu?e 2.

L}

A.  MICROSOMAL NADPH DEPENDENT LIPID PEROXIDATION AND ITS EFFECTS ON
AMINOPYRINE N-DEMETHYLATION AND NADPH OXIDASE IN THE DEVELOPING AND = -
ADULT RAT : .o

- o -

&

The activi;y of NAOPH dependent 1lipid peroxidation ip hepatic micro—.'

ure 2. A low level of 0.34 + 0.04 nmoles malonaldehyde/mg microsomal pro-
tein/15 minutes was noted at birth and maintained close to that level for
the first two weeks of 1ife. Between two weeks and three weeks of age,

activity increased sharply fd‘reaéh a maximum level of 3.52 + 0.35 nmoles

"gﬁ\\v malonaldehyde/mg microsomal protein/15 minutes at’'25 days of age. Activityk

decreased gradually over the following three weeks to afva]ué between O.éO
and 0.30 nmoles malonaldehyde/mg microsomal pédtein/]S minutes, which*was
kmaintained‘into the adult age group. ‘In }he experiment illustrated, adult
lactivity in rats weighing 290 gms was 0.20 ;’0.04 nﬁo]es malonaldehyde/mg

microsomal protein/15 minutes.,fEbTA (25 uM) added to the. incubation mix- .
N \ -

I’ | f
_ tures, inhibited NADPH dependent lipid peroxidatjon by at least 90% at all

o

\ " Stimulation of NADPH dependent 1ipid peroxidation activity by ferrous /'
inon and_ its inhibitioﬁ by EDTA -in rats aged 21 déys, 25 days, and adults,
i;‘i11qstrated in figure 3. 1In control incubation mixtures, wjéhout o~
additions of either i:Bn or EDTA, lipid peroxidation activity was respec-

tiwely, 1.88 + 0.17, 3.79 + 0.1}, and 0.15 + 0.03 nmoles malonaldehyde/mg
. £ ~ . .

.

microsomal protein/15 minutes for 21 déy% 25 day, and adult rats. The

\

add?tion of 25 uM ferrous §uiphate to thg&reaction mixtures, stimulated

Y

NADRH dependent 1ipid peroxidation act#;:ty to 13.13 + 0.58, 19.69 = 0.69
° “\‘v

v



FIGURE 2.

by

NADPH dependent 1ipid ﬁeroxidation in hepatic microsomes

prepared from rats aged from birth to adulthood. .

@
<

1

Each value represents the mean £ S.E. of the results ob- .

tained from 5 individial rats. e—-——e normal lipid per-

oxidation, 0--~--~ o 1ipid peroxidation in the presence of

»

S
25 yM EBTA. )
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FIGURE 3.  The effect of iron and EDTA on NADPH dependent 1ipid per--
-t oxidation in hepatic microsomes prepared from 21 day, 25 ‘
day and adult rats. .
; ’ . v
‘:' 5 ? * . )
Incubation mixtures containing 25 uM ferrous sulphate- or
{ N I
.25 uM EDTA where indicated. Each Bar represents the mean
- K} . !
. t'S.E. obtained from 5 jndividual incubation mixtures con-
\ " . )
S < taiwing microsomes pooled from 3 rats.
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. and 11.47 £ 0.41 nmoTes malgnaldehyde/mg microsomal prote1n/!15 minutes for
- 21 day, 25 day and adult aged rats respective]y. This represents an 11-
fold stimulation at 21 days, 5.3-fold stimulation at 25 days and .77-fold
s stimulation.in adults, for NADPH dependent 1ipid peroxidation actinity in
microsomes. In all age groups, NADPH dependent'ldpjd pe}oxidation was al-
most to%a}]y ifhibited by 25 wM EDTA added.fo the reaction mixtures.
As illustrated,in figure.4, NADPH dependent lipid peroxidatidp ac-
tivity in the presence of 25 uM ferrous iron nas stimulated to.a maximum
" .in both 25 day and adult rat microsomes. ) Max1mum.st1mu1at1on of NADPH .
dependent lipid peroxidetion”was at:ained‘at an 1n9n concentration of 5 uM‘J
- in 25 day old rats and-was attained at an iron concentnetion of 15 pﬂ‘in’
addlt rats. EDTA inhibited NADPH dependent 1{nid peroxidation at -concen- ' -25
trat1ons ranging from 1 io 25 uM when added to reaction m1xtures conta1n1ng |
m1crosones prepared from 25 day and eduit rats (f1gure 5). Because the :
sbasal Tevels of 1dp1d perox1dat10n d1ffer in 25 day and adult rats, the .. »
data has been rep?otted in the -inset of the diagram using % inhibition of
kxTL, :‘ control activity for eacn part%cular age grogp.‘ Ihe“%‘inhibition for the
th&fages studied was identical, and: the Isg.as cé]culated from the graph

3

_ for both 25 day and adult rats, was approxinately 2 uM EDTA.
¥
- The time_ course of NADPH dependent 11p1d perox1dat1on in 25 ddy and

,adu1t rats is shown in f1gure 6., Lipid perOX1dat1on cont1nued to increase
for at 1east 20 minytes for both control and 1ron st1mu1ated microsomes 1n
v » A e both age groups. The reactlons are, 'however, not 11near, pa?ticu?ar1y in

" the case of the react1on m1xturés conta1n1ng 25 uM 1ron Because of this

,\‘\————

R/
-




FIGURE 4.

\

-

The stimulation gf NADPH dependent 1ipid peroxidation by
differeﬁt‘concentrapjbns of ferrous iron in hepatic mi cro-

somes prepared from 25 day old and adult rats. .

e

€
| AS

Incubation mixtures contained ferrous sufphate in concen-
trations ranging from 1 uM to 25 uM. Each pofnt repre-

- é
sents an individual incubation mixture containing micro-

somes obtained from a pool of 3 rats. e——a 25 day

v

. o1d rats, o———o0 adult rats. . o
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FIGURE 5.  The inhibition of NADPH dependent 1ipid peroxidation by
_ different; concentrations of EDTA in hepatic microsaomes

oo . prepazeJ from 25 day old, and adult-rats.

v

- Incubation mixtures contained EDTA in concentrations

ranging from 1 uM to 25 uM. Each point represents an .
"individua1'inQUbat§on mixture containing microsomes ob-

- S tained from a pool of 3 rats. In the main qjagram, inhi-

) . b%tioqf{s fl]ustratedﬂby-a decrease in the acW®al amount

]

% *

‘ * inget using % inhibition of control activity for each age

@

. a , ) ,
grotp. e——e 25 paj old rats, o0————0-adult rats.
| [

- —— =

of malonaldehyde produced. This data is replotted in the
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FIGURE 6.

-, v o "
0

The time course of NADPH dependent 11p1d perox1dat1on in

control and iron st1mu}a$ed hepat1c microsomes prepared

b

from 25 day old and adu]t rats. ' v’

Incubation mixtures with and without 25 uM iron added,
were .incubated for periods ranging from O to 20 minutes.

Each point représents aﬁ individ&a] incubation mi-ature
"ﬁ.‘
cOntain1ng m1crosanes obtained from a pool of 3 rats.

+—on0 25 day o]d rats (ccntro1), e------¢ 25 day old

2+)’

rats (25 uM Fe 0———o0 adult rats (contro]j,

0------0 adult rats (25 uM Fe?*).

°
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throughout the experiments.

.
\ - ' .
. e \
1
)

’ formed/15 minutes incubation’ time, which naé the incubation time utilized

v

»

Non-heme iron levels deternined in rat microsomes prépared from

\

rats aged 25 deys and aduﬁts, are shown in table 1. The level of 7.06.+
0.31 nmoles non-heme iren/mg microsomal protein in 25 day old rats was not

s1gn1f1cant1y different from the level of 7.44 + 0.26 nmoles non-heme irbn/.

®
/

mg prote1n in adult rats.

Aminopyrine, wnich was the substrate for drug oxidation-used throughj

" out this‘gtudy, inhtbited NADPH dependent 1ipid peroxidation at concentrations

ranging from 0.1 to 10 mM when added to reaction mixtures EOntaining micro-

somes pfepared“from 25 day and adult rats (figure 7). Because the basal

i

1evels of lipid perox1dat10n differ.in 25 day and adu]t rats the data has

been plotted in the inset of the d1agram using % 1nhnbit1on ~of control ac-

‘t1V1ty for each part1cu1ar age group. The % inhibition’ for the two ages

studied is identical, and the I5g, as ca]culated from the graph for both

25 day and adult rats, +s ‘approximately 1 mM am1nopyr1ne

M1crosomes were pre1ncubated)m1thout substrates for 10 and 30. mlnutes

A

with’ an NADPH generating system to promote 11p1d perox1dat1on Amxnopyr;ne

was then added and the rate of am1nopyr1ne N- demethy1atlon detenmined and

comgared to am1nopyrine N- demethy]at1on:act:v1ty in micnbsunes whxch had .-

‘ not been pre1ncubated (figures 8 and 9) To minimize lipid peroxidation

act1V1ty after the preincubation per1od, a contentrat1on of 5 mM mninopyr1ne
was used for thé determ1nat1on of N- demethylat1on acf1v1ty As already '
shqwn in f1gure 7s 5 mM am1nopyr1ne inhibitss NADPH dependent ]1pid perox1~**
gition by 90% . In 25 day old rats (flgure 8) preancubation of control

a e ¥
», ' . >5p f l(-m; ‘

» - b '/
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' Table 1 .
Non-Heme Iron Content of Microsomes .
Prepared From 25 Day 01d And AdultRats
. b
’ !
Age' Non-Hene Irgn
(nmoles/mg proteip) . ‘
25 days 7.06 + 0.31 ) .
Adult 7.44 + 0.26 -
N ‘//
Values répresent the mean + standard * o
error of 5 individual rats which were o J
not litter mates. . v LS
p > 0.05 - °
, o . "
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FIGURE 7.

-

VT \ +

The inhibition of NADPH dependent 1ipid peroxidation by dif-

L3

ferent concentrations of aminopyrine in hepatic microsomes .

prepared from 25 day old and adult rats.

<+
]

L

¢
-

\

L3

5

.Incubation mixtures contajﬁed am1nopyr1ne in concentrations

ranging from b 1 to 10 mM.

Each p01nt represents an indi-

V1dua1 1ncubat1on mixture conta1n1ng m1crosomes obta1ned

from a poo] of 3 rats.

1T1ustrate§)by a decrease in fle actua1 amount of ma]qn— -

a]denyde produced.

In the main diagram, inhibition is T

Th1s-data is replotted in the 1nset

{ us1ng % inhibition of control act1V1ty for eacﬁ’age group. '

— o725 day o]d rats, q———-—vo adult ‘rats.
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. : f lation oF am;nopyrine viassdetermined. £ach value re-
. w .
- -presents the mean + S.E. obtained frap 5 individual incu-
13 L ° >
bation mixtures which contained,microsomes pooled from 6
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The effect of premcubatwn of hepatic mﬁ:rosomes with an

FIGURE 8.

} ,NI?DPH generating system and iron or EDTA on the subsequent |

R-demethyTation of 5 mM amiﬁop;yyin'e-

e

{n 25 day old rats.

» ". : . .
° Premcubatmns were carried ouat for the t1mes 1nd1ca'ted

@

'« " under the condi t%r?&\detaﬂed in Resu]ts before N-demethy-

o




ra

e

TMP

. Fe 25uM .EDTA 2

A\
v
A

Control

eInuI 7/ uistold Bul (OHOH sejow

pro-

G

u




FIGURE 9.~

The efféct of breincubation oﬁ hepatic microsomes with an
NADPH generating system aqd iron or EDTA on subsequent
N-demethylation of 5 mM aminopyrine in adult rats. ’
Preincubations were carried out for the times indicated
under the conditions getai]ed in Results and th'N—demethy—
lation of aﬁinopyrine was determined. Each value re-
presents the mean + S.E. obtained from 5 individual incu-
bation mixtures which contained microsomes\pooled from.

6 adult rats.
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‘ microsomes with an NADPH generating system had afmarked effect in reducing

the activity of aminopyrine deemethy]ation. After 10 minutes preincu-
bation, amingpyrine N-demethylation was reduced by 20% and after 30 minutes
preincubation, was reduced by 50%. The addition of 25 uM ferrous iron to
the preincubation reéaction mixture, produced a further decrease in the
abi]ity of microsomes to N-demethylate aminopyrine. In these ingcubation .
mixtures; N-demethylation was reduced by 50%, 60% and ' 90%, after preincu-
bation times of 0, 10 and 30 minutesy respectively. In contrast to iron,
EDTA (2% uM) added to the preincubation rééftion mixtures had 1little®effect
in‘preserving the abi]ity’of“the microsomes to N-demethylate aminopyrine
whén compared to preipcubation without any additions.

In contrast fo the regults obtained with 25 day old rats, in mic;d:A
somes prepared from adult ratﬁ (figure 9), preincubation with an NADPH
| \ generating ‘system for 10 minutes had no effect on tﬁe abi]it& of the micro-
somes to N-demethylate aminopyrine compared to microsomes which were not

subjected to preincubation. Preincubation of adult microsomes for 30 minutes,

reduced aminopyrine N-demethylation activity by 20%. .When preincubations

were carr1ed out in the presence of 25.uM ferrous iron, aminopyrine N-

demethylation was reduced by 50% after 10 minutes and by 80% after 30 minutes
- ¥

\‘
preincubation. Addition of EDTA to the preincubation reaction mixtures

~—

b3

o . had no effect in preventing the slight decrease +in N-demethylation seen af- |
ter preincubating contro] microsomes for similar times. In figures 8 and
9, the difference in the basal level of “aminopyrine N- demethy]at1on without

e preiﬁﬁubations (1.866 + 0.070 nmo]eS'HCHO/mg microsomal, protein/minute in

the 25 day old rat compared to 3.672 + 0.114 nmoles HCHO/mg microsomal

b
@ |
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-was sensitive to inhibition_by the 2p
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protein/minute-in adults) is acco nted“for by the normal age differential

in the activity of this substrate oxidation in

- Total NADPH oxidase activ% Y

25 days and adult, is shown in figire

the developing rat.

in microspmes prepared from ra;sgaged,

10. In cbntro],microsomeé; NADPH !

oiidase activity was '10.472 + 0.422 nmoles NADPH oxidized/myg-microsomal

¥

.
1

protein/minute %t 25 days,‘compared to 12.264 + Y.278 nmples NADPH oxidized/ -

'
old.rats and by 1.4 times in the adu

the incubation mixture's NADPH oxida

. mg microsomal protein/minute in theladult. Ferrous iron (25 uM) added Qe

_~the incubation mixture, stimulated AADPH oxidation 2.5 times in the 25‘q§y-
/»‘

t rats. When EDTA (25 uM) wasiigﬁed,

ion activity was reduced 14% in 25

day old rats and 4% in adult rats, when compared to the control incubations

for the corresponding ages.

represents the total NADPH utilized Hy the incubation mixfureé, and includes

NADPH oxidation determined in?this experiment,

in the total, the NADPH used specifidally for NADPH dependent 1ipid peroxi-

dation of mitrosomes. -

\ o

NAQ?H oxidation utilized spe¢ifically for the peroxidation of the

endogenous ijpid of the microsomal m mbrane is shown in figu}e 11. These

values were calculated by determining

tures. ” The following formula, used

the activity of NADPH oxidase, which

uM EDTA added to the incubation mix-

in the calculation of this-value, was:

(NADPH oxidase activity used specif%ca]]y for 1ipid peroxidation) = (Total

NADPH oxidase activity) - (NADPH-oxidase activjty in the ppésénce of 25 uM

¥

@

EDTA). In control microsomes, NADPHvéxiddge activity for Tipid peroxidation-

.

was 3.8 times greater in 25 day 61d rats as compared to adilt rats. When

®

25 uM ferrous iron was added to the reaction mixtures, NADPH oxidase

- R

b



0 ' K
FIGURE 10. The effect of 25 uM 1roq and QE\EM EDTA .on total NADPH oxi-

¥

dation in hepatic microsomes prepared from 25 day old and

adult rats. \ AN

)

4

Incubation mixtures contdiWed 25 uM iron or 25 uM EDTA
as indicated. Each value represents tﬁe mean + S.E. of

the results obtained from 5 indivfdua] rats at each age.

°
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" prepared from 25 day old and adult rats.

- using- the formula (

The effect of 25 UM iron on NADPH oxidation specifically

. utilized for 1ipid peroxidation in hepatic micrasomes ‘

° |

The values shown are/ the amount of NADPH oxidation which

-

is sensitive to EDT

inhibition, which is calculated ’
ADPH used for 1ipid peﬁpxidatipn) =
of EDTA). Each bar represents thermean of the values

calculated in thig way for 5 individual rats.

L

o
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aé}ivity for 1ipid peroxidation was

.’ .
’

stimulated by 10 fold in 25 day old

rats and by 12 fold in adult rats. Iron stimuTJted NADPH oxidase for lipid
pergxidation is 3.3 fold greater in 25 day old rats compared to aau]t rats.
The general pattern for NADPH oxidation, specific for lipid pero;idation.
is qualitatively very similar to therpattern for NADPH dependent lipid per-
oxidation, as determined by the thiobarbituric aéid reaction in control.
and ironfstimu1ated microsomal incubatfon mixtures, as illustrated in

figure 3.

©
B. ’442£POTENTIATION OF DRUG OXIDATION BY INHIBITION OF ‘NADPH DEPENDENT
LIPID PEROXIDATION IN HEPATIC MICROSOMES IN 25 DAY OLD AND ADULT RATS

s

The effect of EDTA on N-demethylation of aminopyride is shown in
figure 12 for several separafe microséma] preparations in 25 day old and
adult rats. In about 50% of’mic}osomes prepared from’ZS day old rats;‘Zé.pM
EDTA added to repction ﬁfxtures potentiated aminopyrjne.N—demethy1ation, as
represented by pnepaﬁétﬁons.1 and-2 in figure 12. In preparation 1 frgm
25 day old rats, 25 uM EDTA had no effect on N-demethylation 3j/&minopyrigé
qﬁd,-in preparation 2, 25 pMaEDTA_ﬁﬁcreased the activity qf aminopy}ine
N—demethxlation.l In most preparations which are reﬁres;%ted by preparation
2, an increase of about 10% was ﬁbserved for aminopyrine N-demethylation
k11% in thg particular example i]fustrated)‘ Large increases in N-demethy-
Tation which have been reported by Kamataki and Kitagawa (1973) in a&u]t

rats, were not observed in the present expefiments in microsomes prepared

from 25-day old rats. UWhen.adult rat microsomes‘were used, 25 uM EDTA had

™ .

[

no efféctan aminopyrine N-demethylation in any preparation used in the



FIGURE 12.

>

13

The effect of 25 uM EDTA on N-demethyllation of amino-
pyrine in two preparatibns of hepatic microsomes from

25 day old rats and a preparation from adult rats. ' .
, ) .

N—demethy]atién of T mM aminépyrine was defermined in
incubation mixture containing 25 uM EDfA. Each bqf
represents the meanﬂé S.E. of 5 indivigual rats. Approxi-
mately 50% of preparations yielded results similar to
preparation 1 and 50% yielded results similar to pre-

¥

paration 2.
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preeent studies. In\ the example illustrated in figure 12, incubation
~ carried out in the presence of 25 uM EDTA resulted ;'n an H-demethylation
activity of 4.866 + 0.171 nmoles HCHO/mg protein/minute, which was not
significantly different from the activity of 4.724 1 O.éO3 r)moles QCHO/ )
mg protein/minute found in control .incubations. J
' . The h'nearity’of TmM aminopyrine N-c'iemJethﬂation reactions witlt
respect to time is shown in'f‘igure 13 in 25 day old and adult rat hicro-
somes incubate‘d in the presence of EDTA and ferrous.iron. in control incu-
bation mixtures contajning the stan;iard‘aminopyrine N-demethy] ation reac- -
‘tign mixture, the reaction was T1'nea_r-for'20—(2rS minutes in both 25 day and
adult aged rats. When EDTA was added to the incubation mixtures, 1ine‘ir1’5}
was similar to untreated microsomes. \When 2; uM ferrous iron was addeld to
Q-‘ - )mcubatwn mixtures, the Tinearity of ‘the N- demEthy]atmn ‘reaction was S
“ shortened to less than 10 minutes in 25 day o]d rats and to 15-20 m1nutes
in adg]t microsomes. lhth respect to a]] ‘the conditions tested, a plateau
of total formaldehyde formation was reached .in less than 50 minutes reactwp
time. %amount of N-demethylation o;currmg w1thm 50 minutes. in dron
treated m1crosomes was 50% of the value obseryed—in both control and EDTA
. treated microsomes for Zgﬁay old rats. In adult rats the amount of N-
demethylation which occurred in 50 minutes %in iron treated microsomes wa; -

\

" about 70% of that found in both control and EDTA treated microsomal "p,re-_

a

j—

‘ . o . . '
! E parations. . : - . .- ,ﬂ
| o . THE EFFECT OF NADPH DEPENDENT LIT’ID PEROXIDATION ON TYPE 1 AND TYPE II
- ® SUBSTRATE BINDING SPECTRA AND ON SPECTRAL DISSOCIATION CONSTANTS IN
_MICROSO“!ES FROM ADULT RATS . ;-
. ) S,ubstrate 1nduced bmdmg spectr‘a for aniline (type II. substrate)

"0

5=
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FIGURE 13. .The linearity of aminopyrine N-demethylation reactions

in control incubationfmixtures and in the presence of

25 M iron or;25 uM EDTA in hepatic microsomes pre- '

&
. pa patsy from 25 day ol4 and adult rats.
I } . > V?

Each point represents lan fgaividual‘incubatfqn mixture
containing mich§omes obtained from a pool of 6 rats.

Reactions were terminated at 5 minute intervals ub to .

©

a total of 60 minutes. e——e control incubation

2

mixtures, o——o 25 uM Fet, a———2 25°uM EDTA
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! 2

‘ d cytochro}]:e P-450 of microsomes incubated with an.NADPH generating sy‘s-
em to induce NADPH dependent 1lipid o;roxidation, are illustrated in figuro/
14 (Aland B). Without preincubation, 3 mM aniline demonstrated a typical
typg I1 difference spectrum when added to a microsomal suspension con-

-taining 2 mg protein/mlo(figure 14A). Amax was at 430 nm and imin was
405 nm. Preincubation for 10, 20 and 30 minutes in the presence'of an
NADPH generatiﬁg éystom had no effect on either the qualitative or quanti-

' tative aspects of the difference spectrum. amax and Amin remained about

. U ‘ . 430 nm and 405 nm, respectively, during the incubation. Twenty-fivo oﬁf

ferrous iron added to the incubation mixture had no effect on the differ-
ence spectfum of aniline when addeo immediately prior to the determination
of the spectrum (figure 14B). xmax remained 430 nm and Amin remained 405
nm. Aniline difference spectra, in microsomes preincubated with an NADPH
qenerating system, and 25 pmoles” ferrous iron, are shown in figure 14B. Pre-

\ - ‘{.
igcubation for 10,.20 and 30 minutes had no effect on the qualitative

aspects of the difference spectra with Amax remaining about 430-435 nm and

Ami remaining about 400-410 nm throughout the incubation period. In

cont ast, the magnitude of the b1nd1ng spectra at 430 nm and 400 nm
declined during the 30 minute 1ncubat1on period. These gquantitative aspects

of the 1fference spettra are illustrated in figure 15, where the differ-

ence in t1nct1on between Amax at 430 and Amin at 405" % J(AODqgo yop) is
shown afte various perieds of pre1ncubat1on In control\m1crosﬁhés, pre~

1ncugat1on i thg presence of an NADPH generating system, had no effect on
A0Dy 3034009 for\at least 30 minutes In contrast, there was a graﬁua]

decline of AODq30 400 durlng the 30 minute pre1ncubat1on period in

' A
: .
‘ o ) i
N . *g -
) o

R




FIGURE 14.

g

The effect of incubation of microsomes with an NADPH
generatﬁnd system‘on aniline induced spectral changes

of adult rat liver microsomes.

The dﬁfference spegtrum of 3 mM aniline in microsomes
was determined after incubation with NADPH generating

system for various times:

minutes, ......

incubation’was carried out in control incubation mix-
tures and, in B, incubation was carried out in the

presence of 25 uM iron.

N
g

0 minutes,

20 minutes, -.~.-.- 30 minutes.
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i FIGURE 15, The effect of incubation of micfosomés with an NADPH R

generating system on the A0Dy3g-u00 inducéd by aniline

in adult rat liyer microsomes.

a?

Incubations were carried out in control reaction mix- #

tures 0———o0, and in yreaction mixtﬁres tontaining
ES uM iron e————e. Each point Eepresents the mean of
two determinations of AO0D,39-4q0 from separate incu-
bation mixtures containing microsomes ﬁoo]ed f;bm 3"

' rats. . °
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* procal plot (1/40Dy30-400 vs 1/mM aniline) and vary1ng the concentrat1on .

/ .
- ’ ©

«
microsomes preincubated in the presence of an NADPH generating ‘system and

"25 uM ferrous iron. After 30 minutes preincubation AQDy3p-y00 had declined

to 36% of its origtna] value when compared to the control incubation mix-
ture which was not preincubated. )

The effect of preincubation of microsomes for 20 minutes with an
NADPH generating system on the magnitude of spectral binding of vaﬁ?fng

N - ]
concentrations of aniline and the spectral dissociation constant (Ks) for

an111ne are shown in tables 2 and 3. g magnitude of the binding spectra

increases vwith increased substrate concen
AN

[ ay

of aniline from 0.1 to 1.0 mM, a linear double reciprocal plot wa$ obtained “5

(figure 16). Using a computer program to fit the data to the equation for
. N
N

a rectangular hyperbola, a spectral dissociation constant of 5.]12 x 10
‘ '- . X

0.57 x 10'4 M was obtained for control microsomes. In microsomes pre-

incubated in the presence of an NADPH generating~system and 25 uM iron for

20 minutes, a linear double reciprocal plot was,obtained using aniline con-

centrations-of 0.1 to 1.0 ﬁM (f1gure 16) " The binding constant was 4.37 x
10 4, + 1. 97 x 107 M. The speetra] b1nd1ng constant for. an111ne after 20

m1nutes pre1ncubat1on was not 51gn1f1cant1y d1ffenent from the contro]

spectra] binding constant The goodness of fit of the data to the rec-

tangu]ar hyperbo]a\équat1on decreased after pre1ncubat1on as_ reflected by

an 1ncrease it the standard errors of ‘Ks compaved to contrnT as shaown in

table 3. ~ /

1

Substrate induced d1fference spectra for hexobarb1ta] (type I- sub-

strate) in microsomes incubated with an NADPH generatwng system to promqte’

7x

7 4 ’
> e
B
¢
H -
’ . .
.
.
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Vi Table 2 - . ;

[

Change in A?sorb@ﬁge in Difference Spectra of Microsomes After

The Additioh of Various Concentrations of Aniline and Hexo-

barﬁita] and Pfetﬁgg@%tion with an NADPH Generating System and
S 25 M Iron. . .*

o &

2 il .
[ 'p{’! 1 .- —
Preincybation Time Substrate Concentration  aAbsorbance
(minutes) mM )
0 " Aniline 0.10 ~ 0.004
a 0.20 0.008
; - . 0.30 0.010
0.50 -0.013
0.70 "0.015 |
\ _ - 1.00 0.018 . e
~%0 Aniline = - 0.10 61000
' 0.20 o 0.005 -
; 0.30 . 0.007
¥ ' 0.50,+" 0.008
, 0270 0.009 .
; il 1.00 0.010 ’
0 Hexobarbital 0.05 0.006
.o ‘ 0:.10 0.ai0
- 0.20 0.014
0.30 "-0.018
20 . Hexobarbital 0.10 - 0.003
, . . 0.20 . 0.005 N :
0.3 - ., 0.007
0.50 0.008

_, AAbsorbance:( Aniline = 3430-400 nm
. Hexobarbital = 1500-425 nm

’ 0
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: . b Table 3 5
s J’A" -

Spectral Disspcfation Cogftants for Aniline gnd Hexobarbf—'
i tal in Microsomes Preifttbated with an NADPH Generating

Systém and® 25 uM Ifen
. ) ;)

e Substrate; Preincubation Time Spectral Dissociation

{minutes) Constant (Ks)
(mM)
Aniline 0 .= 0.512 + 0.057
Anilime - 20 L 043720097 . Y,
. . ~\ ’
. Hexobarbital -0 o 0.203 + 0.040
- . Hexgbarbital 20 . 0.326 -+ 0.100

Values.represent Ks calculated using a computer program to s
fit the data to a rectangular hyperbola equation. )
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FIGURE 16.

o

Double reciprocal ploE of changeé in absorbance
-

]

(A0Dy 39-400) resulting from the addition of aniline

" to microsomes confaining an NADPH generating system

~ N

and 25 pM iron and incubated.for 0 and 20 minutes.
Each point reprégénf§~a single detemination of 1/
0Dy 30£400 for concentrations of anil®ne fromto.l to
1.0 HM. The Tlines of best fit are constructed using
the constants generated by the computér program which

fits'the’daka to a réttangu]ar hyperbo]a equation.

e————+ no incubation, <<—"0 20 minute incubation.
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NADPH dependent lipid péroxidéfion is shown in,figure 17 (A and B). gwith“‘
- . PR S

out preincubatiod (figure 17A), 1 mM hexobarbital demonstrated a typical

type'I spectrum when added to ‘a microsomal suspension dbntaining 2 mg
S)

protein/ml. Amin was 425 nm and imax was approx1mate1y 330 nm. Preincu-

bation for 10, 20 and 30 minutes with a NADPH generating system had no ef-

“fect on either the qualitative or quantitative aspects of the difference

spectrum (figure 17A). Amin and amax remained at about 425 nm and 390 nm

respectively. Twenty-five uM ferrous iron added to, the reaction mixture

%
o

iﬁmédiate]y priot to the determinatign of the difference spectra, had no

1

effect on the hexobarbital difference spectra, with imin remaining at 425 nm.

and Amax remaining at 390 nm. Preincubation With ferrous iron and an NADPH:

generating system for 10, 20 and 30 minutes, had no effe@t on the quali- -

tative aspects of the differénce spectrum with imin rémaining at 425 nm

Ln ©

and Amax remaining at 390-395 nm (figure 17B). In contrast, the magni-
tude of the binding-spectra deglined dur1ng pre1ncub3£1on period, with the

extinction amin at 425 nm gradually declining over the 30- m1nute incubation

?

‘time (figure 17B). The reduction in magnitude of the spectrum at Amin 425

nm, is illustrated in>figure 18, where the difference fn absorbance between

-t -

500 nm and 425 nm (AOD500~q25) is shown after intreasing preincubation times.

In control microsomes, preincubation with an NADPH generating system has

no effect on AODs5qp-425 for at least 30 minutes. In contrast, in microsomes

preincubated w1th an NADPH génerat1ng system and 25 uM ferrous iron,

’ Aﬁbsoo -4 25 had declined to 47% of its original value pr1or to 1ncubat10n !

The effect of pre1ncubat1on of microsomes for 20 m1nutes with an

NADPH generating system, on the spectral binding of varying concentrations

AN



2

°

3 Y

Tﬁgﬂéffect of incubation of microsomes with an NADPH
(Y
74 .
generating system on hexobarbital induced spectna] changes

of adult rat liver microsomes.

v
<

x

The diffé?éhce'spectra of 1 mM hexobarbital in micro-

somes  vas HeteEmined after preincubation with NADPH
! d .

' generating system’ for varying times. -0 minute,

Z
----- 10 minutes, .....20 minutes, -,-.-.-.30 minutes.

In A, preincubation was carried out in control incu-

bation mixturés and, in B, incubation was carried out

in the presence of 25 uM iron.
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FIGURE 18.

0———0, and ‘in reaction mixtures containing 25 uM iron . -

<
B '

The effect of incubating of m1crosomeé with an- NADPH gen-

erating &ystem on A0Dsyg-405 induced by hexobarb1ta1 in

adult rat Tiver microsomes. ,
quubation were carried out in control reaction mixtures

t——————m.: Each point represents the mean of two deter-
o p'

minations of A0D5gg-4p5 from separate incubation mixtures
% { 4 T

containing microsomes from a pool of 3 rats.
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of hexobarbital and the spectral binding constant (Ks) for hexobarbital,
are shown in tables 2 and 3. The magnitude_gf the difference spectrum in-
creased with increased substrate concentration. Using a double reciprocal

plot 1/80Dggg_y,5 vs 1/hexobarbital concentration, and concentrations of ,
hexobarbital varying from 0.05 mM to 0.3 mM, a-linear unble reciprocal
plot was obtained, as shown in figure 19. . Using a computer program to

fit the data to the equation for a rectangular hyperbo]a,~a‘spectralﬁhis—

-4

sociation constant of 2.03 x 10"4 + 0.40 x 10 M was obtained for hexo-

barbital in control microsomes. In microsomes preincubation in the presence
of an NADPH generating system and ferrous iron for 20 minutes, a linear -

double reciprocal plot was obtained using hexobarbital concentrations of

0.1 to 0.5 mM. The binding spectral dissociation constant was 3.26 x 10'4 *

1.00 x 107 M for hexobarbi tal in preincubated microsomes. The spectral

1

binding constant for hexobarbital after 20 minutes incubation was not

spectral binding constant determined in
®
ase with aniline binding spectra, the

significantly different from

control microsomes. A
goodness of fit of the’experimefital data to a rectangular hyperbdla: was
de&reased after incubation for 20 minutes as ref]ecéed by an increase in
the standard errors of Ks compared to the control standard errors of Ks

(tab]g.3).

D.  THE EFFECT OF NADPH DEPENDENT LIPID PEROXIDATION ON CYTOCHRQME P 450
LEVELS IN MICROSOMES PREPARED FROM 25 DAY AND ADULT RATS ,

1.

9

Microsomal content of cytochrome P—450 vias determined after micro-

- somes were incubated with an NADPH generating system to promote 1ipid

.
' R P
H
. .

3 S
. - ©
[ ’ “ P y

o

Pl .




FIGURE 19.

Double reciprocal plot of changes in dbsorbance
(a0Ds o125 ) resulting from, the éddition of hexobarbital
to microsoﬁes containing an NADPH generating system anp

¢

25 uM iron, and incubated for 0 'and 20 minutes.
P T “
Each pointfrepresents a single determination of
1/A00506_425 for chcentrations of hexébarbita1 from -
0.05 - 0.50 mM. The lines of best fit are constructed
using the constants generated by the coéputer brogram
which fits the data to a rectangular hyperbola equation.

o— o no*incubation, oa———0 20 minutes incubation.
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peroxidation. Incubations were carried out in reacfion media with and with-

out the éddition of 25 uM ferrous irqn. The method used for the determina-

tion of cytochrome P-450 measured the‘reduced cytochrome\ﬁe450—cb comp]gx
without interferehce from endogenously formed carbon’ monoxide.

Incubat1on ofyggwg;y old microsomes with an NADPH generating system, v
had no effect on the cytochrome P-450 Tevel for at least 30 minutes, with
the value remaining between 0.39 and 0.41 nmoles cytochrome P-450/mg microsomal
protein throughout (figure 20). Addition éf 25 uM iron to thé,incuhgtion

reaction mixture, had no effect on the cytochrome P—4§Qh&3ptent of micros .
: i e
"

somes during 30 minutes incubaiion. As shown in figure 205 the range ‘of

values at the various incubation times are 1dént1ca1 to that found in the

control 1ncubat1on reaction
Incubation of ‘adult microsomes for periods up to 30 minutes ;lso
%;rhadwrvgeffecﬁ’dh the cytochrome P-450 content of microsomes, with the valués
‘ remaiping between 0.65 and 0.70 nmoles cytochrome P-450/mg microsomal protein
(figure 2Q). The increased cytochrmne P-450 levels of aJuit microsomes

compared to 25 day old microsomes, is -due to the normal difference found

in the developing rat. Addition of 25 uM iron to the incubatigisredia had

no effect on the cytachrome P-450 content of microsomes. The résults -
e .

illustrated in'figure 20 are those obtained in a typical experimen?} In -

r———-—ﬁhpee_oihenms4m1lar exper1ments, 1ncubat1on of microsomes with an NADPH

generat1ng system aﬁﬁ~+ron .. had no effect on cytochrome P 450 content.

E. MALE—FEMALE.DIFFERENCE IN NADPH DEPENDENT LIPID PEROXIDATI;N, AMINd-
PYRINE N-DEMTHYLATION AND ELEGTRON TRANSPORT COMPONENTS IN ADULT RATS

v A

-

Microsomal suspensions prepared from adult male and female rats

b e




FIGURE 20.

1

9

The effect of incubét?sn\gf microsomes with-an NADPH gen-
erating system and 25 uM iron on hepatic microsomal cyto;

chrome P-450 concentration in 25 day old and adult rats.

[y

\ * e
Incubations were carried out for the times indicated in o

an incubation mixture containiﬁg an NADPH génerati?@ sys-

€/

tem: e_____® control incubation, o-.-.-o incubatioh con-

/ - - 3 Lo ) o
taining 25 uM iron.” Each paint represents the mean of two:- AR
separate incubation mixtures containing microsomes gb-

tained from'a pool of 3 rats. .. - o .
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. protein/15 minutes. The addition of 25 uM iron to the reaction mixtures |

>

. 95

~

oy

(250-300 gm) contained si@i]ar amounts of protein. Female rats contained

27.64 + 1.69 mg microsomal protein/gm wet liver and 18.43 & 1.13 mg protein/

-m1 microsomal suspensions compared to male rats which contgined 28.08

2.31 mg microsomal protein/gm wet liver and 18.72 + 1.54 mg protein/ml |
microsomal suspension“as shown‘in table 4. The differences in NADPH depen-~ )
dentulipid peroxidation in microsomes from female and male rats are shaown

in figure 21: NADPH dependent lipid peroxidation in female raté was 0.933 =
0.052 nmoles malonaldehyde/mg proteip/TS minutes, which was significantly

higher than the male activity of 0.394 + 0.029 nmoles malonaldehyde/mg

stimulated NADPH dependent 1ipid peroxidation activity to 17.003 + 2.107
nmoles malonaldehyde/mg protein/15 minutes in female rats and to 10.568 +
1.170 nmoles malonaldehyde/mg proéein/]S minutes in-male rats.

Non-heme iron levels were gignificantlymhigﬁer in the female compared
to mg]e rats. A concentration of 7,092 + 0.142 nméfés iron]mg pfdféiﬁ, was
determined in the female compared to 3.862 + 0.221 nmoles iron/mg protein

]
in the male; as shown in table 4.

Aminopyrine N—demethylatié; in microsomes wés significantly lower
in female.rats when compared to male rats, as shown in table 4. Female
rats had an N-demethylation activity of 3.476 + 0.235 nmoles HCHO/mg protein/ "
minute, compared to an aétfvity of 5.141 + 0.290 nmoles HCHO/mg protein/ .
minute, recorded in the male rat. When aminoﬁyriﬁe N-demethylation reac-
tions. were carried out in incubation mixtures containing 25 uM EDTA, the
activities in both female and male rats_remaine&dunchanged and the dif-

ferences between the two sexes was maintained.




e

NADPH Dependent Lipid Peroxidation Activiﬁy, Drug Oxidation and éleetron
Transport Components in Microsomes Prepared From Adult Male anq Female _

Rats i %
e %“; \ ‘
; t
, Male Female
Lipid Peroxidation Control 0.394+0.029  0.933:0.052*
(nmoles malonaldehyde/ o4 . N
mg pratein/15 minutes) 25 uM Fe 10.568+1.170  17.003x2,107™
Aminopyrine N-Demethylation  Control . 5.141+0.290 3.476x0.235%
(nmoles HCHO/mg protein/
minute) [1mM aminopyrinel] 25 uM EDTA . 5.089+0.191 3.547+0.280*
“ Cytochrome P-450 o _ 0.476:0.031  0.316£0,022%

(nmoles/mg protein)

?

Cytochrome ¢ Reductase - ~ .
-- 90.64 47.16  72.35 +4.62"

(nmoles cytochrome c
reduced/mg protein/

* minute) ) .
Non-Heme Iron . R 3.862:0.21  7.092:0.142¢ .
(nmoles/mg protein) s OResM. [ eIes I
. Microsomal Protein - mg/ml microsomes  18.72 +1.58  18:43 #1.13

mg/gm wet liver 28.08 £2.31 27.64 +1.69

1

* } -
[ Significantly different p < 0.05%
i P < T : Ty &

X
L

Values represent the mean': standéKilerror of 6 individual rats

\
- - - k2 .
———, s .
N - < L AP
- - - Pn



Fy
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FIGURE 21.

The difference in NADPH dependent lipid peroxidation in

hepat%c microsomes prepared from male and female rats.

13

Incubation mixtures contained 25 uM iron as indicated -

on the figure. Each bar represents mean + S.E. of 6

A}

indjvidual rats.
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Also, as detailed in table 4, microsomal cytochrome’ P-450 leve]
9 = '
was 34% lower in female rats compared to males, and microsomal cytochrome

¢ reductase activity was 20% lower in female rats compared-to males.

r
v

F.  NADPH DEPENDENT LIPID PEROXIDATION AND ITS EFFECTS ON AMINOPYRINE N- |
DEMETHYLATION IN HEPATIC SUBCELLULAR FRACTIONS PREPARED FROM HUMAN
LIVER OBTAINED AT AUTOPSY OF NEWBORN INFANTS

S
Microsomal NADPH‘dependenf lipid p;}oxidation'ac{ivity was ‘deter-

mined in subcellular fractions prepar&gifx;mwliVersbéf 3 human infants and-
one 19 week fetus. Table 5 records the relevant clinical data on the
autopsy material studied. Samples 1-3 were obtained from infants of nor-
mal birth weight for their gestational age within 3 hours of death. Sample )
4 was obtained from bg abprted fetus, and though feta]kbody Qeight was not
recorded, the crown-rump and crown;hee] lengths were nbrma] for a fetu5/
of this gestational age. Table 6 summarizes the drugs receiyed hxxeachy
infant prior to death. Of particular.note was the phenobarbital, used to
control seizukes: received by patient number 1 in 4 doses of 6'mg, each
dose being given at 8 hour intervals. ~

) NADPH dependent fipid peroxidation activities in the subcelluTar
f;actjons of each sample are recorded in table 7. In sample 1, whic$ is
also 111ustratea in fiqure 22, highes% activities were observed in tbe
100,000P fraction (microsomes). In this sample, {3pjd peroxidation éctivit&fha

wa€ 0.686 nmoles maﬁona]dehyde/mg protein/15 minutes. The add#tion of
25 uM Sron to fﬁg reaction mixture, stimutated 1ipid péroxidation activity
to 12.1%4 nmoles malonaldehyde/mg protein/15 minutes, while the addijtion

of 25 uM EDTA ?educeq,activity to 0.042 nmoles ma]onéldehyde/mQ pro#ein/ls
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. o ) Table 5

Clinical Data on the Human Infants Studied

(
s \
\\\
Patient Sex Birth Weight Gestational Postnatal Diagnosis
gms Age Age ; . ~
1 male — 3026 40 wks . 38 hrs - As’phyxia{
- h] ‘ ) &
T 2 male 3650 38 wks 36 hrs Asphyxia
- 3 male 2215 31 wks © 10 days RDS, Sepsis
LR 4 s o .
- 4 male . CR 17 cm 19 wks 0 Abortion
\ o f c, CH 24 cn |
- ' ! a’ \ . - - - : 9 -
:‘i’;' ' _ CR = croun rump length g
’ A ‘ CH = crown heel length
RDS = respiratory distress syndrome
i " ’ © N ! w 3
» ' t} " . #
) ’\o ’ 4 N'—J&—M ) A
< .
] -~ {:1



Table 6

* 100

T

Drugs Received by Human ‘Infants Studies

©

SampTé No.

Postnatal Age

Drugs Received

1 38 hours
ok
2 = 36 hours
N
3 * 10 days

4 0 (fetus)

s

* Phenaobarbital

Dexamethazone
Ampicillin
Gentamycin
Polybactracin

Phenobarbital
Diazepam

Vitamin K, Gentamycin
Penicillin, Ca gluconate
Kanamycin, Lasix
Ampicillin

»




/

/

“I\

NADPH Dependent L;B}é ﬁeroxiéation Activity in Subcellular Fractiohs
Obtained from Humah Liver Samp%@s in Cbntfo] Incubation Mixtures and
Incubation Mixtures Gontaining 25 uM Iroﬁlor'gﬁ uM EDTA

“«

° Lipid Peroxidation

(nmoles/mg prote1n/15 minutes)

Sample Fraction Control 725—uM Fe 25 uM EDTA

‘ 0-290 ' 8-008 0-235

1 10,000S .290 p.090 7.851 5. ¢oy . 0.227 0-219

: , 0.078 0-777 0-157

1 ’]O0,000S .143 0209 0. 765 0- 759 i 0.180 H.204
: ‘ ] 0. 619 124219 - 0

‘] 100,000P .686 0-754 N ]2.]64/12.109 0.042 0-084

. 00192 //// 1+137 0:175

2 ]0,000S .184 0'-176' 17128 1-118 0.146 0+134

! 0-154 1-241 0+139

2 100,000S 146 5.13%9 1.185 j1.199 0.126 5.112

’ S 0400 411 0-197

2 * 100,000P .354 4.308 1.639 LL&67 0.194 4.191

© 0.339 0-293 0-194

3 100,00GP .289 0.238 A.353 0 412 0.225 0»275
: . 0.225 " 1) 254 ’ 0-07

4 10,000S .336 g.447 1.347 .439 q 073 4. oee

 0.039 1-801 / -000

4 100,000S .052 0.615 1.628 .45 0.150 0 299

' 0-827 2+ 804 0-000

4 100,000P 017 1.207 2.946 3.089 0.000 g.000

Values represent mean of two determinations.
given in small type after each mean.

Individual values are
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FIGURE 22,

Y

The effect of iron and EDTA on NADPH dependent 1ipid per- .

oxidation in hepatic microsomes prepared from a human

" newborn infant.

(4

4

’

Incubation mixtures contained 25 uM ferrdus sulphate or
25 uM EDTA where indicated. Each bar represents the -

mean of the 2 determinations, which are given in table 7.

\
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_overall activities Qere much less than in sample 1. In both cases, higheéy \

minutes. Lower activities in both control reaction mixtures and reaction

"mixtures containing 25 uM iron, were demonstrated in the 10,000S fraction.-

¥ N . T

This fraction, however, was resistant to inhibition py 25 uM EDTA, with

only a slight reduction in activity compared to-the co?respoﬁding control
reaction mixture. In the 100,000S soluble supernatant fractions, 1i¢id\\ o

peroxidation activities were much lower than in the other two fractions,

and even 1in reaction mixtures containi?g 25 uM iron, only 0.765 nmoles
ma]onéIdehyde/mg protein/15 minutes was formed, a Va1qe which is only marginally
higher than the control incubation mixture of the microsoméﬂ fraction.

In the subcellular fractions prepared from sampies 2 and 4, the

activities were observed in the microsomal fraction for both control
reaction mixtureﬁ and 25 1M iron reaction mixtures, and the lowest activi-
ties were recorded in the 100, OOOS supernatant fraction. As noted in
sample 1, EDTA was an effect1ve inhibitor of the NADPH dependent 1ipid

peroxidation in micrognmes, but it was not a good inhibitor in the other

two fractions. Only data for the 100,000 x;ghﬁe fraction was deter-

mined for sample 3, and though control activity was simi to control

activity in the other samples, siimu]ation“ y 25 uM iron was not
tivg. ’
6 Protein cortent, non-heme iron content,vand_cytoch}ome c reduc{;se
activities for the subcellular fractions of samples 1, 2 and 4, are iilué-
grated in table 8. Protein concentration in sdbce11uiar fractions was v g
s1m11ar in the three samples, with prote1n concentrat1ons 1n the m1cro- l

somal fract1on being comparab]e to the ormal range of 20-35 mg/ml fbund
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“Table 8 .

Protein Yield, Nan-Heme Ivron Content and Cytochrome ¢ Reductase Activity

.in Subcellular Fractions Obtainéd

from Human Liver

L3

- - Fraction

/

—  Subcellular Sample 1 ___Sample

/

2 Sample 4

10,0005 % 26.79
Protein
(mg/m1) | . 100,000S 16.23
. e — A
) ' 100,000P 25.21
{
| ' 10,0008 6.50
Non-heme iron .
(nmoles/mg protein) 100,0008 8.39
“ -100,000P ° 5.78
Cytochrome ¢ - "10,0003 61.98
reductase . L ee— e
(nmoles cytochrome 100,000S 7.03 _
¢ reduced/mg protein/ ' -
minute) 100,000P 193.47 N

25.35

15.21
34.45

3.48

- 4.04 -
"1.07

]

18.85

6.82
45.34

21.8]
16.30
22.37

4.02
5,34
424

6.76
4.15 .
9.89
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.microsomal pellet from sample 2 which had a non-hemé iron contenﬁ of 25%

‘mgbprotein/minute in sample 4 to 193.47 nmoles gytochrome-c reduced/mg
/ +

~with 25 uM EDTA, no effect on aminopyrine N-demethylation was observed. In

.generating system for 30 mi

. A

in preparations from.adult rats. Non-heme iron contént of the subcellular

fractions from the three sémp]es was similar, with the_exception‘of the |

of the other samples. Cytochrome ¢ reductase activities were highest in

the microsomal fraction and ranged from 9.895 nmoles cytdchr&me ¢ reduced/

protein/minute in sample 1, Cytochrome c reduﬁtase activities in the

100,000 S supernatant fraction were-almost negligible in all three samples.
. ; Microsomal fractions\from samples 1 and 2 were used to study the

effects of NADPH dependent lipid peroxidation on aminopyrine N-demethylation

in human infént liver. The effect of preinéﬂbéting miqrosumqs with an

NADPH dgenerating system to promote 1ipid peroxidation on the r&sulting

ability of microébmes to subsequently N:demqthylate aminopyrine 1is shown

jﬁ figure 23 and 24 for sample 1 ;nd 2 respectively. In microsomes ob-

tained from sample 1, preincubation with an NADPH generating system for

30 ﬁihutes had no effect oé\éminopyrine N-demethylation in control reaction

mixtures. When microsomes were preincubated with 25 uM jron and an .NADPH

genératiﬁg syst;n, aminopyrine N-demethylation was reduced from 2.205. +

0.382 nmoles HCHO formed/mg protein/minute in the 0 time preincubation

%amp]e to 1.528 + 0.210 nmoles HCHO formed/mg protein/minute after pre-

incubation for 30 minutes. When microsomes were prejncubated for 30 minutes

a similar experiment in sample 2, preincubation of microsomes,with an NADPH

=] -



FIGURE 23. The effect of preincubation of hepatic microsomes with

an NADPH generaE}ng system and iron or EDTg on the'sub-
sequent N-demethylation of 5 mM aminopyrine in.a human
x |

newborninfant (sample 1).

- L]

\
Preincubations were carried 66; for 0 and 30 minutes
under the conditions detailed in Results before N-
démethylatién of'aminop9rine was determined. Each bar,
represents the mean + S.E. obtained from 5 individual
fniubatjon mixtures “using mﬁcrpsomes prepared from
sample 1. ' : -
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FIGURE 24.

The effect of preincubation of hepatic microsomes with~ .

~an NADPH generating system and iron or EDTA on the sub-

sequent N-demethylation of 5 mM aminopyrine in a human

newborn infant (sample 2).

<

Preincubations were carried out for 0 and 30 minutes -

under the conditions detailed in Results before the

N:demethy]ation 6f amindpyrine was determined. Each

bar represents a single-incubation mixture. using micro-

somes-pfep%red ffbm sample 2.
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aminopyrine (figure 24), This particular experiment was performed onsingle

reaction mixtures and the.éctivity throughout the experiment ranged-from
. - 4

0.55 - 0.69 nmoles HCHO/mg protein/minute™ The data in figures 23 and 24

. should be confrhsted with the effect of preincubation in rat microsomes,

which is shown in figures 8 and 9 for 25 day old and adult rats. In the

rat, even the control preincubation réduéed the ability of the microsomes

- to N-demethylate am1nopyr1ne which is in marked contrast with the resis-

tance of human m1crosomes to such an effect, even in the presence of iron.

The Tlinearity of the Nﬁdemethylat1on reaction in microsomes pre-

I pared from samples 1 and 2 is illustrated in figure 25. In sample 1,

linearity of aminopyriine N-demethylation was maintained for at least 50

,

, minutes in contro] neaction mixturestand in reaction mixtures containing -
. e ¥ a ¢ .

25 uM EDTA."Whgp 25 M iron was added to the reaction mixture, linearity
P . .
was maintained fet abqut°30 minutes and after 50 minutes the amount of

forma]dehyde formed was 83% of that in control reaction qutures In micro-

— ° FUR

“somes prepared from sample 2, overall N-demethylation act1v1ty was lower- S
% ‘ » - o
than in sample 1. In this preparation, reactions were Tinear for 45 minutes "

in control reaction mixtures and in reactidn mixtures containing 25 %M

iron . These experiments on the linearity of aminopyrine N-demethylation

reactions in human microsomes, contrast with the results obtaiked in-rats,

.~"in which Tinearity does not exceed 20 minutes and ¢an be shortened con-

trdated in figure 13.

»/
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FIGURE 25.

k‘1

*
e

The linearity of 1mM aminopyrine N-demethy]ation reactions

4, . R .
in control incubation mixtures and in-the presence of --, ,

«

25 uM iron and 25 uM EDTA in hepatic,mfcrosomes pre-

k)

pared from human newborn infants.

S

Each point represents an individual incubation mixture L 4
containing microspmés obtained from sample 1 or sample 2.
Reactions were terminated at 5 minute intervals up to

60 minuées for sample 1, and 45 minutes‘f%r sample 2.
o—.— o control incubation, 0o—+——o0 25 uM Fe2+,

A—— A 25 uM EDTA.
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) G.  THE ABSORPTION OF NON-HEME IROM FROM MICROSOMES USING GLASS IMMOBI- -
LIZED 8-HYDROXYQUINOLINE AS CHELATING AGENT, AND THE RESULTANT
- : 'EE;ECT ON NADPH-DEPENDENT LIPID PEROXIDATION AND AMINOPYRINE N-
D

ETHYLATION

The binding capacity of 8-hydroxyquinoline glass beads for ionic

! ferrous iron was determined by adding 8-hydroxyquin;]ine immobilized on
glass beads to éolutions containing known concentrations of iron and deter-
mining the iron concentration remaining in solution after an incubation
period qf 15 minutes at 37°C. 8-Hydroxyquinoline g]gss beads (10 mg wet
‘weight) were added to 1 ml phosphate buffer (0.1 M, pH 7.4) containing iron
in concentrations of 1 - 50 nmoles ferrous'iron/m1. Afteg)]S minutes incu-
bation at 37°Cj iron remaining in the aqueou i ined and
plotted as a function of the iron copcéntration or{gina11y contained in ¢
Ithe medium (figure 2§). In solutions containing up to 15 néo]es iron/mi,
10 mg 8-hydroxyquinoline glass beaéé totally absorbed the iron from solu-

. tion. _ When 8- hydroxyqu1no]1ne glass beads were added to solutions con- ‘
taining greater than 20 nmoles iron/ml, a constant quantIty of 20 mmoles
iron was absorbed The capacity of the 8-hydroxyquino1ine glass beads for

: iron was, therefore 2 nmoles iron absorbed per mg 8- hydroxyquinol1ne glass
beads.
Iron content, NADPH 1ipid peroxidation, and aminopyrine N-demethy- T
lation were determined in microsomal suspensiqés containing about 2 mg per
ml ﬁicrosoma] protein, which were incubated foé 15 minutes at 37° after
the addition of 10 mg 8-hydroxyquinoline glass beads In these experiments,
| . 25 day old rats were used exclusively to prov1de m1gr050mes which had a
|

high 1ipid perox1dqt1on act1v1ty. Incubations of;m1c?ospmes with
P



FIGURE 26.  The binding capacity of 8-hydroxyquinoline glass beads

- for ferrous iron,

¢ @

Ten mg 8-hydroxyquinoline glass beads were incubated at

37° with 1 ml phosphate buffer containing varying~con- -
5 )
centrations of iron. "Each .point represents the aquegus

fraction iron content of a single incubation-mixture

v

after incubation. - ?T”“““
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8-hydroxyquinoline immobilized on glass bea&s had no significant effect on
the non-heme iron content o microsomés as shown in figure 27. Similarly;
incubation of &icrosomes for\15 minutes with 8-hydroxyquinoline glass beads
héd no significant effect on NADPH dependen§ 1ipid peroxidation activity
or aminopyrine N—demethylgtién activity (figures 28 an& 29), when compared
to similar activities in'confro\ microsomes incubated without 8-hydroxy-
quinoline-glass‘beads. 8-Hydroxyquinoline glass beads were also added to
jron stimulated NADPH dependent lipid peroxidation reactions in microsomes,

as shown infigure 30 ahd table 9. NADPH dependent 1ipid peroxidation was

0.537 in a reaction mixture in which microsomas and 10 uM iron
were added together and an NADPH generating system was-added 2 minutes -
later to initiate the reaction. This activity was defined as the control

-

‘ . & . . .
for this experiment. When iron was added to the reaction mixture 1 minute

. prior to the \addition of microsomes, NADPH dependent lipid peroxidation was 4

not significantly d%fferent,from the gontro] react%on mixture, in which
iron and microsomes were addeé togethé;“to the mixture. Similarly, when
10 mg 8—hydroxyqu1 b]ine glass beads were added to the reaction mixture

1 minute after- the addition’of microsomes and iron, there was no signiff—
cant diffevence compared to the control activity in the reaction mixture
in.which microsomes and iron were added simultaneously. When iron and
8—hydroxyquindline glass beads were added together 1 minute prior to the
addition of microsomes, NADPH dependent 1lipid peroxidation was signifi-
cantly red;ced tg 19% of the contrLl activity. This activity was only
1:6 times great than NAbPH dependent 1ipid peroxidation activity in .

microsomes incubated without the addition 6f iron.

e Is

e’
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FIGURE 27. Non-heme iron content of hepatic microsomes of 25 day
old rats preincubated with 10 mg 8-hydroxyquinoline

glass beads;

‘Each bar represénts the mean + S.E. for 5 incubation
mixtures contain{bg microsomes from a pool of -3 ratg.
“Microsomes were preincubated for 15 anugss;with 10 mg
8-hydroxyquinoline.' Control incubatidn mixtures were -

preincubated without 8-hydroxyquinoline glass beads.
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FIGURE 28.

[}

NADPH dependent 1ipid peroxidation in hepatic microsomes

of 25 day old rats preincubated with 10 mg 8-hydroxy-

quinoiine glass beads.

S

“
.
—

-
+
% A

3 . -

"

-
N N
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Each’ bar represents mean + S.E. for 5 individual incu-

bation mixtures containing microsomes prepared from

-

a pool of 3 rats. Microsomes were preincubated for’

15 minutes with 10 mg 8-hydroxyquinbline. Control incu-

bation mixtures were preincubated without 8-hydroxy- )
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FIGURE 29. Aminopyrine N}Hemethy]atjon activity in hepatic micro-

3

‘ somes of 25 day old rats preincubated with .10 mg 8-

hydroxyquinoline glass beads. .

»

. Each bar represents mean + S.E. for 5 individual incu-

bation mixtures contaiﬁihg microsomes prepared from a
i » .

pool of 3 rats. Microsomes were preincubated for 15

~minutes with 10 mg 8-hyQyoxyquino1ine.° Control incu-

- s bation mixtures were preincubated without 8-hydroxy-
< , . N ) )
' guino]ine g[gss beads. . -
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FIGURE 30.

-

?

The effect of 8-hydroxyquinoline glass beads on the
stimulation of NADPH dependent 1ipid peroxidation by

& fﬂ
iron in microsomes of 25 day old rats.

Standard reaction mixﬁhres for the determination of °
NADPH dependent 1ipid peroxidation, except for the
addition of microsomes and NADPH generating system,
were p}aced on an incubation,béth at 37°. JAt O time
or 1 ﬁ?nute, microsomes,‘lo uM iroen or 8-hydroxy-
qufno]ine glass beads, were added as indicated in the
’figure. Atv2 minute§, NADPﬁ generating system was
»added and NADPH dependent 1ipid perox{dation activity
determined using an incubation time of 15 minutes.
E;ch\bar represents the mean of 5 individual incu-

"bation mixtures containing microsomes prepared from a

.

- pool of 3 rats.
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Table 9 .

The Effect ofoFerrbLs Iron and 8-Hydroxyquinoline Glass Beads on the
Activity of NADPH Dependent Lipid Peroxidation in Microsomes Prepared
from 25 Day 01d Ragﬁ ) '

Time of, Addition

(minutes) .Lipid Peroxidation
0 A 2 (nmoles malonaldehyde/mg protein/15 minutes)
< . - —
MIC+ Fe O  NADPH 11.362 + 0.537
Fe MIC  NADPH 10.093 ¥ 0.65]
MIC + Fe GB / NADPH 10.783 + 0.436
Fe + GB  MIC  NADPH 2.153 + 0.306*
MIC 0 NADPHJ - 1.305 £ 0.147*

* ~ :
Significantly different from incubation in which MIC + Fe were added
at 0 time without GB, p < 0.05

-

MIC = Microsomes (0.2 ml)

i

: ) 4 :
Fe = Ferrous iron (final concentration 10 M)

-

GB = 8-hydroxyquinoline glass beads (10 mg)
NADPH = NADPH generating system (0.1 m1)

Values represent the mean : standard error of 5 incubation mixtures.

&

-
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. H.  THE EFFECTS OF IRON OVERLOAD ON NADPH DEPENDENT LIPID PEROXIDATION
AND DRUG OXIDATION IN MICROSOMES PREPARED FROM 25 DAY GLD RATS

| A\ J
An attempt ﬁg/d@nonstratg in vivo lipid peroxidation and‘zls”resu1t-
ing effects, was made by duplicating the conditions required for high in
vi%ro 1ipid. peroxidation in live rats. Twenty-five day old rats, which
have the highest NADPH 1ipid peroxidation activity, were treated with
20 mg/kg, I.P. iron-dextran daily for 4 days. After 2 days, the skin of
f the rat§ became distinctly brownish in colour. This was particularly
”’noticeéb]e in the ears and skin surrounding ?he eye socket,*whichlbecame
bronze in’colour. On dissection, the lining of the abdé@jna] cavity was -
a deep brown-bronze colou%. Fhis is presumably similar to the bronzed
or suntanned look which is used té desc;ibe patients who suffer” from iron T
] P overload. Controlrrats which were treated wifh equivalent volumes of
0.9% saline, remaine& normé1 in colour. On fhe 5th day, 24 hoqrs after
the last iron-dextran injection, rats were killed and microsomes prepared
in phosphate butfér conta;r){ng 25 uM EDTA, in an aftempt to inhibit 1ipid
perox%dafidn activity durjng preparation of the microsomes. Microsomes-
prepared with EBTA are {enned microsomes (EDTA). L o
“ | In mic}osomes prepared without EDTA, NADPH dependent lipid peroxi-
gﬁ Wdafiqn activity was 1.643 = 0.203‘ﬁmo1es1ma10na1dehyde/mg protein/15

minutes 'in iron-dextran treated rats, which was significantly higher than

[
the activity of 1.277 = 0.037 nmoles malonaldehyde/mg protein/15 minutes,

ated control rats, as shown in .table 10. When 25 uM
added to the reaction mixtures, NADPH depgndent 1ipid peroxiaatiop

was stimulated to 15.021 # O.?]] nmoles malonaldehyde/mg protein/]§ minutes
- - . o , 4

v ¢ L » I .




Table 10

Microdomal NADPH Dependent Lipid Peroxidation Activity and Content of
. Thiobarbituric Acid Reacting Material in Control and Iron Overloaded 25

Day 01d Rats

i

o

W
i,

Control

e

Fé}Dextran

Lipid Perox1dat1on+
(nmoles/malonaldehyde/mg prot/min)

Lipid Peroxidation” 14.344+0.833
(nmoles ma]ona]dehyde/mq prot/mln) s

Thiobarbituric Ré%cting Materia1¥
(nmoles malonaldehyde/mg prot) 0.176+0.005

1.277+0.087

L4

1.643+0.203%

LY
-

-:{

15.021+0.811

0.542+0.017*

fet) -

[
R IR

*Significaht]y_different from control p < 0.05
*Microsomes were prepared without EDTA in buffer

*Microsomes were prepared with EDTA in buffer

Values represent the mean * standard error of 5 individual rats
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in iron-dextran treatéa\;EEE“CmM%uIKLJILijEgue of 14.344 = 0.833 nmoles

malonaldehyde/mg protein/15 minutes found in é;;E;BTAFéfs (table 10).

o In mic;osomes.(EDTA), the content of material which %eact; with
thiobarbituric acid was éﬁhiva]ent to 0.542 = 0.017 nmoles malonaldehyde/
mg protein, which was significantly higher than the ma]ona]déhyde equiva-
Tent of 0.176+0.005 nmoles ma]onaldehyde/mg protein, fouﬁa(inihicro-
somes prepared from control rats, as illustrated in table 10.

As shown in table 11, N-demethylation of 1 mM and 5 mM aminopyrine
in microsomgs (EDTA) prebéred f}om iron-dextran treated rats, was identi-
cal to tg;;ictivity in mi&rosomes prepared from control rats.’ Similarly,
there was no difference in NADPH oxidase activity .or in cytochrome P-4507
levels in microsomes (EDTA) prepared from iron-dextran treated rats com- -
pared to control rats, as shown in table 11. Non-heme iron content of

microsomes from iron treated rats was 12.738 nmoles/mg protein compared to
\/

© 5.341 nmo]es/ﬁg protein in microsomes of control rats.

I. . THE EFFECTS OF IRON OVERLOAD ON THE ELECTRON MICROSCOPY OF MICRO-
SOMAL PELLETS PREPARED FROM 25 DAY OLD RATS

L

Microsomal pellets (EDTA) from iron treated and saline treated con-

trol rats, were examined by electron microscopy. In contrel preparations,
\ ,

electron micrographs showed vesicles which had membranes with a trf\q?inar
structure as illustrated in figure 37. Most ves1c1es were either round
- or slightly ova1 in shape. Adhering to many of these ves1cu1ar structures

were large numbers of r1bosomes as 1nd1cated by the arrow._in flgUre 31.
|
Severa] broken vesicles and other-sma]]er membrane fragments could also be °

:

3



Table 11

121

- >

Aminopyrine N-Demethylation Activity, Electron Transport Componehts and
Protein Yield in Microsomes Prepared from Control and Iron Overloaded

25 Day 01d Rats

Control Fe/Dextran

Aninopyrine fi-demethylation 5mM  2.516:0.086 " 2.614:0.14]

(nmoles HCHO/mg protein/minute) 4 oy 7.207:0.082  1.494:0.093
. - “ ' -

Cytochrome P-450/ 0.215:0.007  b.195+0.008

(nmoles/mg protein) -

NADPH oxidase
(nmoles NADPH oxidized/mg
protein/minute) °

Non-heme -ron

(rnmoles/mg protein)

Microsomal protein R
(mg/m1) ‘

11.158+£0.735 .

I’

5.341%0.289

24.34 +0.43

11.237+0.940

12.738:0.670

22.38 +1.09

- @ s ,

Values represent the mean * standard errors of 5 jndividual rats.
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FIGURE 31. Electron micrograph of microsomes prepared from-a 25 day .

old saline treated con‘gi*o] rat. .

o
| 9’

Magnification = 44,880
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~observed.
" In microsomes (EDTA) prepared from iron-dextran treated rats, round
or oval Qesicles could be seen_as shown in. figure 32. A major difference, Ty
however, compared to the céntro] microsomes, was that the vesi}]e mem-= ‘
branes were almost_coﬁp]etely devoid of ribosomes as indicated bf the arrow
in figure 32. 'Membranes which did carry rib&somes on{thei; gufface, had
greatly reduced numbers. -Also apparent in thése microsomes were severéa .
membrane-fragménts and some brpken vesicles, as seen in the control. Of
particular note was the greatly increased numbers of flat or Tinear mem-
brane fragments in rafs treated with iron-dextran compare&-to thesrimost
complete absence of membranes of this shape‘iﬁ the control preparations.

A normal micfbsomaf_preparation was incubatea with 25 M iron and
an NADPH generating system, to-promote 1ipid peroxidation, and recentrifuged
at 100,000 x g to yield a second pellet. Figure 33 illustrates an electron
micyograph. of the second pellet. It is apparenf that most of the vesicle

<

gtr ctures have been destroyed and that most of those present do not




¢
- . . . .

FIGURE 32. ~ Electron micrograph of microsomes prepared frém a 25 day-

““old rat treated with 20 mg/kg iron-dextran for' 4 days.
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Magnification = 44,880 .
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' FIGURE 33,

/ ) . .

Electron micrograph of microsomes subjected to im vitro

’

1ipid peroxidation.

Microsomes were incubated for.15 minutes with an NADPH
generating system and 25 uM iron. This incubation mix-
ture was recentrifugedTaL~JOO,000 % g to y{e1a a second
pellet which was:examined in the e1éctron microscope.

Magnification = 31,930
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The results described, show that hepatit microsomal NADPH depen-
dent lipid peroxidation activity is preseﬂi in rats aged from birth until
adulthood. Activ}ty increases from birth to a postnatal maximum at Zﬁ?
day; of age, and then declines to the normal adult range by 35 days of -
age. In a recent report by E1l Defra@y et ?Z (1974), %t’was shown that
between 21 and 56 days of age,)NADPH dependent 1ipid peroxidation was con-

Estant when expressed as‘act%yity per g of Tiver but when activity was.ex-

pressed as activity per mg microsomral protein, 1ipid peroxidation decreased

witﬁ)adVancing age. The decrease was, less in magnitudeg:?an that found ~

between 25 days of age and adult 1in the present experimknts which have

U

been reported as activity per mg microsomal protﬁiﬁ. These aqxhors did not

- study rat§9younger than 21 days and the fact that they added iron and ADP

_to-the reaction mixtures probably accounts for the differencesbin the two
studies. A1l other studies of microsomal NADPH$depen§ent Tipid peroxi- :
dgtion have been carried out u§iﬁg rats of adult ages. The only other-study
of peroxidat%on in immature animﬁls, showed/thaﬁ in hepatic mitochondria,
spontaneous 1ipid peroxidation (presumab]y“of a non-enzymatic nature) was
iacreased inwthe rat fetus compared to that found in adult rats (Wi?:iams
1966y . }n a subsequent study, the same investig}torﬂdemonstrated that
newborn and adult rats had identical sponganeous 113&d peroxidation activity
in hepdtic g%tochondria (Williams 1973). Agesipetween newborn and adult-
whooa, however, were not included in the study. ‘

Several mechanisms can be postulated to explain the increaéeq acti- .
vity of NADPH dependent‘1ipid peroxidation in developing ré%s. Lipid per-

oxidation requires cytochrome c¢ reductase as an electron carrier (Wills 5
vt

k\




‘ i .
1969a, Pegfrson and Aust 1972, Pederson et al ]9?3), and several reports
have demgﬁstrafed that the flavoprotein cytochrome c reductase is deficient
at birth and increases to adult activity during the perinatal period in
the rat (MacLeod et al 1972, E1 Defrawy et al 1974). Increasing jipidﬂper-
oxida?ion activity may, therefone; be related to the jncreasing avail-g
abf}iﬁy of'?ytochrome é reductase in devngping rat microsomes. TLis postu-
late, howevgr, is unlikely for two reasons. First, Macleod et qz (1972)
demonstrated that cytochrome ¢ reductase activities continued to,increase
for 14 days after the maximal lipid peroxidé%ion activity was reached. b

w;Jhen cytochrome ¢ reductase activity was at its highest in the adult rat,
lipid pérgxidation wasaat its Towest actjvity.< Second, the fast(thaf in
both 25 day old and adult rats,:ﬁAQPH dependent 1ipid peroxidation was °
stimulated several fold by the addition of iron to the:reaqtion m%xtures,
sugéested tnﬁt there is sufficient flavoprotein in reserve for normal
function of 1ipid peroxidation at both tha ages studied. It would be un-
likely that cytochrome c reductase would be raté 11m1t1ng under the 1ow
lipid peroxidative cond1t10ns of the experiménts-described. Alég,/{hough
1t does not apply d1rect1y to the exncrlments in imiature rats, a poor
corre}at1on betWeen ]1p1d peroxidation activity and cytochrome ¢ reductase
activitg was found in microsomes prepared(from a variety of species which
ad different cytochrome ¢ feductase activities (Kapataki and Kitagawa.
1974). . This al;o‘suppoéts the contentien that‘cytochﬁpme ¢ reductase is

' not the rate limiting factor in determining the activj}y of NADPH depen-
dent Tipid neroxidation. Further support for this'argument was giv %n

/’4

the resu]ts presented byipacobson et al (1973) who rgported that in the .
el L
2¥ v ﬂ;
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“found in the rat but that cytochrome ¢ reductase activities in the two

_differences in lipid peroxiéation activity were due to a simple deficiency -

]

"as different concentrations of iron woulg almost certainly have produced

rabbit, microsomal NADPH dependent l-ipid peroxidation was about 10% of that

species’ are identical (MacLeod 1972).

Rs_irondhas been shown to stimulate NADPH dependent Tipid peroxi-
dation (Hoch;tein and Ernstéf 1963, Wills J969b: Kamg%aki and Kitaéawa
1973),‘gontrollof Tipid peroxidation activity in rats of different ages

o
could result from variations in the content or avai]abi]ity of non-heme

5l

iron in uﬁcrosemes atudifferent ages. Ev1dence from three separate experi-

ments, provide arguments agalnst such a hypothesis. First, totg; ngn-heme
iron content of m1crosomeszhas 1dent1ca1 1n preparatlons from 25 day old
and adult rats, a]though it is fully recogn1zed that if the difference in
lipid perox1dat1bn at the two ages was due eo differences in a small speci-
fic pool of iron, Ehen this would«net be apparent by megsuriﬁg totel non-
heme iron. Second, when‘1ipia‘peroxidation was maiima11y stimu]éted by
the addition of‘iyop to reaction mixturess the maximally stimulated acti-
vity wae-sti11 51gher 1525 daynefd rets compared to adult rats. If the

of iron i the adult compared to 25 day old rats, then the addition of

1ron io the react1on m1xtures would have equa11zed the maxi l]y stimu-

H N
rated thatfthe

lated activities in the two ages. vThxnd, it was demon

Iso for the inhibition’of 1ipid,pefoxidation'by EDTA ffas idertical in 25

day‘old aﬁd adult rats. This squests that equ1 lent amounts of iron

1nvo1ved in the 11p1d perox1dat10n react1on re present in the two ages,

1

different 1:5's.
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Several authors have suggested that the iron invo]ped in NADPH
depen&ent lipid péroxidatién reactions in microsomes is complexed in some
way and that the iron complex is invo]véﬁ in the transfer of electrons
required by fhe reaction (Orrenius ¢t ai 1964, Wills 1968b, Bidlack and
Tappel 1973). Experiments described here?have shown that glass immobilized

' jiron chelating agent was incapable of reducing microsomal.iron content and
has no effect on the st1mu1at1gn of 1ipid peroxidation act1v1ty which
resu]ts from the addition of 1ron to r8action mixtures.. These exper1Ments

» o e

support the idea of an 1ron complex be1nb 1nvo]ved in the 1ipid peroxi-

dat1on react1on and it 1is possible that the 1ncreased ]1p1d peroxidation

€4 "

¢

activity of 25 day old rats was due to d1ffe#ences in this complex at this ,
age period. . | / |
Another poss1b1e mechan1sm for 1ﬁZreased lipid peroxldat1on in

young rats could be the lack of the spec1f1c anti-oxidants prOposgg by
Wills (1972b) which are respons1b1e for protection of the endoplasmic,
he;icﬁ]um membrgne. Williams (1966) considered a defigiensy of the anp -
oxidant vitamin E being }esponsible fe} the increase of §pontanbous lipid
perox1dat1on in feth m1tochondr1a Such an exp]anétfon for the p;esont
observat1ons is on]y thearetical as the anti oxxdants of Wills have not
been qef1ned and, therefore, capnot be testeéd in this sys?em. °/"

| Kamatak1 et al (1974) has reportedﬁthat a factor present in'the
TOO 000 x g soluble supernatant fract1on could inhibpit NADPH dependent
1ipid peroxidation. If m]crosomes are regargéa as closed ve51c]es which
are created when endop]asmac reticuium 1sqp1nched off, soluble super-
natant would be. tn@pped 1nsxde If this soluble fractxon conta1ns anw

4

o
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‘1ipid peroxidation and drug oxi

inhibitor of 1ipid peroxidation, then-the relative amounts of this com-
ponent will control 1ipid peroxidation ac;;;gz§\Tﬁ\mien somal preparations.

If this factor is reduced or absent in young rats, then this céul

increased lipid peroxidation at these ages. However, in experiments
attempting to investigate this possibility, the addition of soluble frac- |
tion to microsomal 1ipid peroxidation m1xt0ré§a resu]tig:1n variable and
inconsistent results and therefore, these results are not reported in

this thesis. In the or1glna1 report of Kmnatak1 et al 1@54) great vari-

. ab1]1ty was a]so found in’'their adult rat exper1ments wh1c 'they stated

were due to unknown physiological factars or fations.

| The present experiments have dempnstrated an increase in NADPH
dependent lipid peroxidation in microsomes at certain ages ir the-develop-
ing rat. The exact reason for the increased activities was not determined
but cytochrome ¢ reductose activity and non-heme iron levels were not

directly responsible.

A close reTationshipxbeiwee he activity\of the NADPH dependént

jon/ in hepatic microsomes of .the rat
has’ been propospd'by several investi qtor§ (Hochstein and Ernster 1963,

Orrenius et al 1964, May and McCay 19&8a, wi]15‘19690). In general, it

has beén demonstrated that the rate of drug oxidation in isolated micro-

Sy

somes is inyersely related to the activity of NADPH. dependent lipid peroxi-
dation, and factors which iﬁE?éEse*T?pio peroxidation activity, reé%ce the

capacity-of microsomes to metébo]ize drugs (Orrenius et aZ'1964, Wills
1

1969c, Jacobson et ‘al 1973, Kamataki and K1tagawa 1973), and 1nh1b1t1on of’ 4

-

11p1d perox1dat1on has been shown to 1ncrease the capac1ty of m1crosomes

.
P | e
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; related to th&“pattern of the development of drug oxidation. fipid pers=

¢ 4 ’
to metabolize drugs (Lewis ei al 1967, Kamataki and K1tagawa 1973). The
c1ose relationship between 11p1d peroxidation Eﬂﬂ‘ﬁ&uq ox1dat1on m1ght.
.suggest that 1ipid peroxidation activity could play a role in the reduced
levels of microsomal drug oxidation which are prgsent in the young rat
(Quinn et al 1958, Mac leod et al 1972). &Héwever, the present study would
indicate that the influence of 11p1d perox1datwon 1n~determ1n1ng the
~def1c1ent drug oxreat1on system in the young rat is 0{ m1nor 1mportance.l
Drug oxidation in microsomes was almost absent at birth_ in the rat and in-
; creased to adult activity dur1ng the, first s1x weeks of 1ife (MacLeod et al

¥ 1972) whereas NADPH dependent 11p1d perox1dat1on had, a 1ow activity except .

between 2 and 6 weeks of age and the general pattern was not inversely

o

\-‘oxidat16nq however, may have some effect an the developmental pattern of

drug oxidation, as botH‘MacLeod“(1972) and Aranda (1975) demonstrated a-
, .

plateau or s1owing in the developmental pattern of aminopyrine N-demethy-

1at1on and aniline hydroxy]at1on at the ages where 1ipid perox1dat1on was

4

‘maxnna] in the studies reported here In rabb1p m1crosones whwch had & ]ow

- NABPH dependent 1ipid peroxidation activity (Gram and Fouts 1966, Jacobson

i . . . )
e QZ 1973), this plateau, in the deve]opment of drug oxidation intmicro-
X

’ somes peared to be absent (Fouts and DeVereux 1972, MacLeod 1972fN

. The decreased activity of drug ox1dat1on in heﬁat1c m1crosomes wh1ch

results from 1ipid peroxidation ac)ivity in m1crosomes, has.been attr1buted
to competition for~ava11ab1e electrons from, the common e}ectron pathway
(Orrenius et az 1964 Wills 1969c), déstruction of the’ ‘membrane structure

@
of the m1crosomes (w11ls 1969c, Hogberg et al 1973 Arst11a 1972), and/or

]




to a breakdown in the structure of the hemoprotein cytochrome P-450 or

its heme group (Schacter et-al 1972, 1973 Levin et al 1973).

The effects of different act1v1t1es of ]1p1d derox1datwon on the

o3

o ability of microsomes to N—demethy]ate aminopyrine was tested in 25 day

old and adult rats. N-demethylation was determined by adding 5 mM amino-~

pyr}ne to microsomes after they had:been pre1ncubated for vary1ng t1mes

with an NADPH generating. system to promote Tipid peroxidation’ of the m1cro-
somes. As the concentration of am1nopyr1ne utilized, inhibits NADPH de—
pendent”1ipid peroxidation by at least 90% in both 25 day 61d and adult'
microsomes, N-demetﬁy]atiqn activity was measured with a hihimumpinter?er-
ence from electron comﬁetition which woulq,nbrmaf]y occur if lipid peroxf—'.
dation was operating eimulganeous]y. These experiments, therefore, effec- i

tively measured the effeets of NADPH dependent“]fpid peroxidation which

L

had taken p]ace"during%%he preincubation period, before, the substrate for

4
the drug oxidation enzyee system is added.

Prelncubat1on of m1crosomés w1th an NADPH generat1ng system markedly
reduced the abiiity of the m1crosomes to N- demethylate am1nopyr1ne in
4

adult rats w1th the maximum effect occurring when lipid perox13at1on ac-
B!

é

Vo tJV1ty was 1ncreased by adding 25 uM 1rop ‘to the reaction m1xtures Simi-

Tar f1nd1ngs were reported hy Kamatak1 and K1tagaWa (1973) who descr1bed

a reduction in codeine N-demethylat1on in m1crosomes wh1ch had been 1ncu—
Bated ‘with an NADPH generat1n§ system As pred1cted in 25 day qu ‘rats-
which‘haVe a higher ]ipid peroxidation -activity, the effect of preincubetien
o% mierogomes with an NAD?H generating system wasﬂgreater than theiyfounq

. 2 e « ..
in adult rats in both control incubation mixtures and incubatiagn‘mixtures

]
e
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’ ;e 77T tontaining iron.  As compet1t1on for available electrdns was not a factor.

»

in these exper1ments the reduction in the ab111ty of microsomes to N-
idemethy]ate aminopyrine resulted from another effect. Destruction of cyto-

chrome P-450 or des;rucﬁion of the micybsoma] membrane would be the most

Tikely exp]anation. Strong evidence has been presented to re]ate decreaseé?

in drug ox1dat1on'ﬁo“%ytochrome P-450 breakdown occurr1ng as a result of

lipid -pergxidation (LeV1n et al 1973, Schacter et al 1972, 1973)\\\%;ese

investigators‘showed that dur1ng 1ipid peroxidation in microsomes, €yto-

e

‘chrome P-450 content decreased and was accompanied by the evolution of -

carbon monogide, heme breakdown products and a reduction in drug oxidation

~activity. Al of these effects could be prevented .by addlng EDTA to the

€

© reaction mixture. General membrane destruct1on {Wills 1969c, Hogberg et al

1973, Arstila 1972) s likely to be part of the same‘phenomenon or results

from more severe Tipid perox1dat1on conditlons Other agents such as

' detergents or phospho]1pases wH1ch destroy membranes, lead to cytochrome

P-450 destruct1on and reduced Brug oxidation (Ww]]s 1971, Omura and Sato
1964a). Recently, however, in a d1sg%ss1on following a report at the ”
Second Ipternat1ona1 Symposwum on Microsomes and Drug Oxidation, Mannerxng

(1973) reported that in microsomes which were 1ncubated with NADPH, he

recorded a decrease 1n drug ox1dat1on and the evo]ut1on ‘of carbon monox1de

. but no reduction in cytochrome P-450 and»that measurements of protoheme

[
ﬁndféi&gﬂ that heme remained intact. 'Also, Carpenter and Howard (1974)
showed. that preincubation of m1crosmnes w1th NADPH resu1ted 1n on)y a

slight Toss “of cytochrome P-450 (14%).

first'5 mifutes of preincubation.  In a similar gxperimeng,




reported 1oss of cytochrome P-450 but the method used for the determination

of the hemoprotein did not correct for endogenously formed carbon monoxide.

The Tloss of cytochrome P-450 was only an apparent loss and was in fact

“really due to the appearance of carbon monoxide interfering with the assay

nethodj Although th%s explanation can be considered to explain the loss

of cytochrome P-450 observedﬂtn i%f experiment$ of Schacter et aZ (1972
1973) and the slight decrease 1nuthe exper1ments of Carpenter and;Howard
(1974) who used the method of Omura and Sato (1964a), this did not apply
to the exper1ments of“Lev1n et al’ (1973) who recognized the problem and -
showed that the method of Raj and Estabrook (1970) could be applied to -
determine cytochrome P-450 levels 1n the presence of endogenous1y formed
carbon;monox1de. As 1n the exper1ments of Menﬁer1ng (1973) and Carpenter

and Howard .(1974), in the present experime ts repeated attempts to reduce

\n

. cytochrome P-450, levels in m1crosomes by .inducing h1gh 11p1d peroxi-

9

dation activity in react1ons conta1n1ng NADPH generat1ng system and iron

!nn»
‘were unsuccessful when cytochnome P 439 was measured by a method wh1ch is

valid in the presence of endogenously formed ¢arbon, monoxide in m1orosomes

(Raj and Estabrook 1670). e have’ conmguded that the destruction of

\ =
cytochrome P- 450-and/or its hem group 1s not a n?cessary requirement for

to conditibns promoting ]ipid pe Bxidation attivity The destruction of

o

further stages of the same redpt1 1 p(ocess or due to some comp]etely

«dvfferent unrelated effect bug'th y are nat en bso]ute requ1rement for
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+In isolated fractions of microsomal enzymes, Lu et al (1969a 1969b) iso-

dizing drugs by itself. ‘ , - RERY |

" as representmg the bmdmg of drug subs“trates at or -near -the enzyn'hc s1te

Are]atmnsh]p between spectra1 bmdmg and the enzymatm site proves to be

‘correct or not, these spectra] binding spectra do re"present a‘,specuﬁc

A
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peroxidation. &,

In relative terms, the t;se of the 'reduced cytochrome P-450-carb
monoxide “complex :and its measurement by sbectra] means 1is a rather 'gr:oss
method to assess the function of ‘cytochrome P-450 and its role in the -
endoplasmic reticulum as the central component in the hepatic mixed %unc—
‘cion oxidase system for the metebolism of drugs. The ability of the
hemoproteln to form a complex with carbon monoxide, may exist even after
a d1sturbance of cytochrome P-450 structure, its re]atwonshm with its

electron transport system or 1ts re]atmnsmp to the endop]asmw reticulum

membrane has rendered the system mcapab]e of metabohzmg drug substrates

lated a fract1 onh contammg cytochrome P- 450 which demonstratedee_reduced

cytochrome P 450 carbon monoxwde spectra but which was incagable of ox1—
( 4\

When drug substrates for the ox1d1z1ng enzymes are added to mxcro—
somes, they display charactemj‘tw _d1fferenpe spectra (fte er et al 1966, \
Imai “and ‘Sato 1966), which ca\n be divided into two main gnx:u’ps (type I'and‘ \\
ty'pe 11 spectra) KTthough the exact nature of ‘the binding is not abso-

]ute]y c'lear there is a schoo1 of thought ‘that interprets these spectra’

far the ox1dat1 on of the substrates (Schenkman et al 1967a) Whether th\

) 3}

'

reaction Obetween drugs and cytgchrome P-450 which may in fact he” a much .

more sensftwe measurement in determ\inmg the—abﬂ%ty of cytochrome P-450
A5 . p ) s

{

.
.
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sites was decreased but those which remain b1nd drug w1th an unchanged

to participate in drug oxidation reactions than the measurement of cyto-
chrome P—450-carbon-moqgégﬁe complex spectra.
In the experiments describeduhere, MADPH dependent 1ipid peroxi-

dation had\no effect on the qua1itativé aépects of aniline and hexobarbital:

difference spectra with the xmin and Amax remaining at the same wave]engths

even after 3o m1nutes incuhation. Low activities of l1p1d peroxidation

had no effect on fhe magnitude of the spectra but when high activities of
1ipid peroxidation were indueed in microsomes by adding iron, the mqgnij
tude of the aBsdrbance at the amax and Aﬁin for both aniline a%: Hexdbarbi—

tal was markedly reduced. Also, it was shown that after a period of per-

vqxigation~in microsomes, the kinetics of the bindigg of the substrates as

.e L N
,mgg;ured by the difference spectra were much more variable but it did. .

~&

appear that gﬁé spectra dissociation constants (ks) remained unchanged‘aﬁd ‘
¢ ¢ 7y

that the magnitude of the Faximum’absorbance was rEduced In ‘terms of

-
>

classical M1chae11s Menten enzyme kinetics, this 19 equ1va1ent to the Km
rema1n1nq unchanged'and the Vmax be1ng réduced.- The unchand@d Ks for
spectra] bind1ng and the fact that the spectra were qua11tat1ve1y unchanged, ?

suggests that after NADPH dependent ‘1ipid peroxwdat1on the number of. b1nd1ngr/

) 3
|

vaff1n1ty The ab111ty of NADPH to reduce the magn1tude of subsgrate

b;nding spettra had been observed prev1ous]y by Schenkman et al f1967a) but |.

n'i

~at that time this was thought\to be a direct chemlcal‘reduct1on of the, .||

g 2 g
cytochrome P 450 eomplex o Such -an exp]anat1on cannot opjrate in the sys-

tein reported here, as in react1on m1xté;es wh1ch had low actzvﬁty of

1ipid peroxidation no effects were observed on spectral b1nd1ng even h




!

after ihcub@tion with an NADPH generatingsystem for 30 minutes. If the

reduction in magnitudexef'the binding spect%a was due . to chemical reduc-
tion by NADPH, then it would occur in‘bofhf%ew and-high petoxidation
reaction mixtures. ; “

We interpret the data to indicate éhat NA?PH.dependent 1ijd per- “
oxidatien reduces drug oxidalion’By affecting %%e ability o% the hemopro- .
- tein cytochrome P-450 to b1nd substrates wh1ch\are oxidized by the hepat1c
mixed function oxidase system. Total’ destruction of cytochrome P-450 or

jts heme moiety, or total destruction of the membrane are not a reﬁyire-
. - 12]

, A \
ment for a decrease in drug oxidation activity, and these -effects probably

" occur as a later stage in the action of lipid p oxida{ion in microsomal

membranes . It i$ a]so possible that' in the cases wheré destruct1on of

hytochrome P-450 .and its heme have been reported, that it occurs by a mech-

. ‘ B———
anism ot&Er ﬁ an lipid perox1dat1on. ) ,gg N |
o ¢ e “ ‘ Lo

Increases in microsoma] lipid peroxidati@n_acfiyity'in this_study

-and others have shown that drug ox1datwon in mlcrosomes is decreased ut

‘the opposite effect of 1nh1b1t1on of }1p1d perox1dat1on act1v1ty resu]t1ng
in an increase in matrosoma]‘drug oxidation has not been cqns1stent1y shown.
Several 1nvestigatorsfhave found that inhipition of 1ipid peroxieatﬁon die
not%resubg in increases in drug oxidation in microsomes (Gram and Fouts
1966, Anders.1969, Wills 1969c, Lewis et al 1967, Peters anleouts 1970). °
Stimulation of eﬁok}dation in Microsomes w;s observed by Lewis et al (1967)
after 1nh1b1t10n of 7lipid perOX1dat10n Recently, Kamatak1 and Kitagawa
(1973) not only observed a reduct1on of N demethy]at1pn after ‘1ipid per-

% 4
ox1dat10n was 1ncreased by addlng iron to reaction mxxtures but @hey

2" ® °

) (Y
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—
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demonstrated an increase in N-demethy1a£ion when 1ipid peroxidation was
1nh1b1ted with EDTA. 1In the present experiments, drug oxidation was not -
stimulated by the add1t10n of EDTA to adult rat microsomes Sét in 25 day
. old rat microsomes the addition of EDTA to ineubation mixtures slightly
,in&réased N-demethylation of émindpx!:,e inyaBout half of_Ehe‘preparations
tested. The magnitude o% the 1ncrease in N-demethylation in these pre- a
parat1ons was small in compar1son to the st1mu1atlon reported by Kamataki
and K1tagawa (1973) in adult preparations. SR
Drug oxida@ioﬁ reaption§ have a well defined incubation time for
the maﬁntenancé of a Tiﬁéar—react{on and the explanation for variab]g
results” for the‘stimulation of drug oxidation after inhibition of’lipid
" peroxidation in ditferent faboratories and in the two age groups of the
presght study may jnvolve the incubation time and,reaction conditions used
by different 1ab0raté£ig§;~;fﬁﬁgtaki and Kitagawa (1973) used a reaction t1me
of 30 mnnutes for N demethylation wh1ch 1s_much Tongeg than that norma]]y _
; considered §he limit for a 11neq# ﬁeact1on. In figure 13,‘J1near1ty qf
' reaction never exéeeded 20 minutés in 25 éay old apd adu]; rats for 1 mM
aminopyriné. When 1ip%d péroxidatioq was actngJy promoted by-thé:additionzd )
j o% iroanQ;the~reaction mixture, 1ipeérity,hparticu1;r1y in the case Qf' %g\

?

young ratg, was greatly reduced. In the experiments of Kamataki and

)

Kitagawa (1973) basal activity of Tipid peroxidafion was only 50% of the

©+" maximal activity achieved by the addition of iron Which comparea'%o a,
basa] act1v1t/ in the present. experlments of about 5% of the:maximal. ac-
o ' y
/ .~ tivity produged by the addition of iron. It 15 therefore ]1ke1y that the - '

SRS

effect of 11pﬂd peroxidation on. N- demethy]at1dn react1ons in tha"p
E N l N ‘ . y
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of Kamatédki and Kitagawa are similar to the effect observed in our incu- . .

LY bat1on m1xtures containing iron. The effect of EDTA on 11p1dsperox1dat1on ;

in theﬁr exper1ments is comparable to “the present controT and EDTA incu- -

&

¥ p—

. 'bat1on m1xtures. In that case, ‘by using incubation times of 30 m1nutes,

+

differences in N-demethylation activity becafie apparent between control

and jiron added incubations,.but when an incubation of 15 minutes or less

S ¢ Y
- - v

was used @hgn no ‘difference in'N-demethylation actiVity is observed. The

© @

observation of increasés jn-drug oxidation resulting from inhibition of

5

11p1d perox1dat1on, appear’ to ‘be a funct1on of the lﬂnearxty of the reac-.

tion as 11p1d perox1dat1on act1V1ty effects‘tﬁ% 11near1ty of reaction *

t1mec A s1m11ar conc1us1bn can be drawn from the data of JacoBson et al
« \_—_

(1973) who showed that Tipid peroxrdatfon act1V1ty has a marked eff%ct on

" the-lTinearity of pentobarbital-oxidation and acetardilide hydroxy?qt1on in

.micposomesf EDTA was shawn to reverse these effects. Jacobson et al

Filli ¢

(1973) used a phosphate buffer ontaining an iron. contaminant to produce

- k]

a high acti&ity of 1ipid peroxiddtion, DIthheir experiments, incubation-
. periods greatec than }0 minytes_wou]d yiefd an éppareﬁt stimulation of ‘
drug«qxidption'on the addition of EDTA. Itlis concluded that }nhibition
0fnlipid,ppnoxi8ation in microsoﬁes:éoes nat djrectiy tgsult in an in;
crease 18 drug metabolism if‘thé }eaction times are w?thin the period

of linear reaction. Apparent increaseé in drug oxidation can be ob-
served if the linearity of reactton time is exceeded. for the reaction

B - R B
.being examined, and 1ipjd peroxidation activity is sufficiently high to

. v o8
A

, SEEGUﬁ%_er‘ihe deviation in linearity. Reaction 1i%earity times vary,

from laboratory to laboratory amd as will be discué;ed Waﬁer, microsomal

’

®

>
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. present investigation by determ1n1ng NADPH ox1dat1on which"is: sens1t1ve ;1

l

} '

'

T
-.reaction mixtures contain vary1ng amountse of iron whﬂch a]so appears to

- . o . Y
.activity was relatively constant during the development of the rat

‘was measured ‘using the thiobarbituric acid, reaction:
o . P 3

- -..; oy

vary between 1aboratdr1es Thws WOuld account for the variable ab111ty«3

of d1fferent investigators to demongtrate st1mu1at1on of drug oxwg%%1on
N 3 » »

Jeactions after 1nh1b1t1on of - T1p1d perox1da jon. . . v

¢

Increa?EENT&‘NADPH‘dependent Tipid perox1datibn'in Mmicrosomes ,

prepared from 25 day old rats compared to adults. shoqu also be refilected

= -

in differences in NADPH oxfdat1on in-microsomes at the two ages. However,-

ingtherpfesent experimen&s) NADBH oxidase was identical- in 25 day old and

adult rafs, whﬁch.is‘in agreement with'sewera1ﬂreports that NADPH -oxidase
) ' i

’

e ) { . o v
(Da]]nér et al 1965, -E1 Defrawy 1974, -Aranda 1975). This is perhaps not

rv

surpr1s1ng, as NADPH oxidation measured by the 3écrease 1n absorbance at
340 nim 1§ an est1mat1on of E/; ﬁota] NADPH, ox1d1zed by m1crosomes, and

“NADPH ut111zed by enzyme systéms such as drug oxidation or 1ipid peroxi-
t . 3 — - . %

dation are Tikely to be only a fraCtion of the tota]. Assessment of

NADPH oxidation spec1f1c faor ]1p1d perox1dat1onhwas est1mated in the - 5

< ¢

\

to 1nh1b1t10n by EDTA As 25 uM EDTA 1nh1ths 11p1d perox1dat1on, 1t

o

was reasoned €hat the portlon of NADPH ox1d1zed during the process of °

\.

lipid perox1dat1on was that sensitive to EDTA 1nh1b1t1on . NADPH ox1dasé\ e

specific for°11p1d perox1dat1on was h1ghest in 25 day o]d rats compared

n

»

to adu]t rats in both contro] and iron stimulated 1ncubat1on m1xtures

<
v

The overa]] pattern obta1ned for NADPH ox1dataon used by ]1p1d perox1r

dat1on was vehy similar to.the patters obta1ned when lipid pehox1dat1Qh

w»'
3

)
N ¥
, .
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. Recently, Beuning and Franklin (1974) and Jeffery and Mannering

(1974) have shown that a reduced nicotinamide mononucleotide is formed ;

]

from NADPHﬂn/a pyrophosphatase in microsomes. This mono;ucleotﬁde has .

=) ? ,
~an idepticai;spectra to NADPH and therefore, leadsota an underestimate in- -
e

the amount of NADPH uti1izedLEz microsdﬁes when the spectrophotometricc

\

method is ysed for its estwmg;1on This is most 11ke1y to .be responsible

4

¢ for the d}screpanc1es “and d1ff1cu1t1es many 1nvest1gators have encountered
- ¥

? in attempt1ng to show a sto1ch1ometr1c relationship be%ween drug oxidation

and NADPH ox1d1zed NADPH can be correctTy assessed by inhibition the
! pyrophosphatase with EDTA (Jeffery and Mannering 197///or with 5 'AMP »; *
(Beuning and Franklin 1974) wgth a resulting closer ap roach to s%oichio—’
metry. In the present efber1ments, ﬁhe concenﬁrat1on of EE}A (25 uM) had

no effect on pyrophosphatase (Jeffery and Manner1ng 1974) and therefore, J
> RN
" did not have to be _accounted for in, our. ea]cu1at1ons When higher con-

centratwons uﬁ EDTA vere ut11ﬁied as pyrophosphatase inkibitors in stoj- -

i ( ch1ometry experwments, ‘NADPH ox1dat1on for 1Tpf; perox1datﬁon was a1so

. . 1nh1b1ted.and therefore, effect1ve]y removed as.a source of Interference -

, N o
. - in these Qst1mat1ons Y % X i : .

Dther than age, “the most W1de1y stud1ed pﬁys1o]og1ca] di fférence

L S

b : in drug oxidation is the mate-female d1fferences in the rat. S1nce the

\ « 1 . :‘\

© |

» original obfervat1on of Quinn et al (1958 ) several }nVestig@tors have

i\

/

reported ‘sex re1ated i fferences in drug7ox1datlon and the re1ated e]ectron

transport system (Conney 1967, G111ette 1963 Gx@]ette et al 1972). A

Y’_)

very §1mp115t1c exp]anat1on for the decreased drug ox1dai10n”a6t1v1ty in

o

fema]e rats; wh%ch has® not, been prev1ous]y consﬁdered, 1s that*an 1ncrease

3
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in NADPH dependept 1ipid peroxidation activity in microsomes of/ female rats
could lead to an‘apparent decrease in drug oxidation. This coul result 1
from simp]e competition for electrons in the common electron transport
system of from a destruction of the drug oxidation enzyme system. In the
Fﬁresent experiments, ideﬁ ical incubation mixtures wereNg§§d for both the
determination of drug oxidation and 11pi§ peroxidation in microsomes from

male and female rats.” NADPH dependent 1ipid- peroxidation-was highest in

--sfemale rats in-both control and irom stimulated microsomes,'which?yas_in

keeping with the proposal that low drug oxidation in female rats was due
to increased lipid peroxidation. Hawever, when aminopyrine N-demethylation

was determined in the presence of 25 M EDTA to inhibit 1ipid peroxi-

) {jatiJn, the male-female différence in drug oxidation was maintained and

the activities were identical to the corresponding activities determined

]

without EDTA in the reaction mixtures. Because the difference in drug
oxidation was maintained even in the absence of tipid peroxidation, it

must be concluded that the contribution of NADPH dependent tipid peroxi-

_ dation to the male-female differences in drug oxidation is neg]igibie. -

A simitar conclusion was reached by E1 Defrawy et al (1974) who Showed
that wheﬁ Tipid peroxidation w;s ®timated in an incubation mixture

which differed from that used foﬁ‘drug oxidation, 1ipid peroxidation was
highest in the ma]e rat. These investigators reasoned that increased
1ipid pero?idation did not exist in female rats compa%ed to male rats .
and therefare, could not account for the decreased Frug oxidation acti-
vity. [b?s conclusion is also suggested by the*fact that low lipid per-

oxidations (control reaction mixtures) in adult rat microsomes had on]y‘

A .-

——

¢
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a small effect on aminopyrine N-demethylation even after microsomés had ‘“

L. ,
been exposed to 1ipid peroxidation for 30 minutes. The relatively small

»

difference in 1ipid peroxidation in male and female rats would therefare,

be unlikely to result in a measurable difference in drug oxidation.

" Mitrosomal drug oxidation is of major importance in the overall’

elimination of drugs and ‘factors which increase or decrease the rate of

L)

. . . . . . o\ N ’ s
oxidation become important in any considerations invy ,drug elimi-

nation. In l%th fc}{present experiments and those of previous investi-

gators, lipid per‘oxida\ixaiivity has been shown to reduce the ability ,
\ N

of microsomes to oxidize dru An important que‘gtiuon which is then

raised is that if lipid peroxidati

has such pronounced effects on drug

oxidation in rat microsomes in vitro,does 1ipid peroxidation have the same

W -

effects <n vivo in the live rat, and also, in man, 'is 1ipid peroxidation

[

a factor to be considered as part of the overall drug eh’minatipn~ system?

Before evaluating the possible relevance of lipid peroxidation in the

practical use of drugs, two questions have to be answered. First,\does

lipid peroxidation exist in human microsomes and, sgcond,\does he 1ipid
* . A e d
peroxidation reaction occur in vivo in the endoplasmic reticulum membrane

of the ljver or is it a reaction confined to isolated preparations of

microsomes?”

The results obtained from microsomes prepared from liver samples

obtained from human newborn infants, and fetus, indicate that NADPH

dependent 1ipid peroxidation“does in fact occur in human hepatic micro-

somes. Activities in the human microsomes were similar- to that found in

the rat with the actiyity being confined mainly te the microsomal

Vo

~
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(100,000P) subcellular fraction with lowest activities occurring in the
soluble supernatant subcellular fraction (100,000S). Except in the case
of svample 1, iron d1:d not {hcrease lipid peroxidation to an activity
cgmparal?le to the rat. Sample 1 was stimulated b\y iron to activities
e}jhiva]ent to that found in adult male gat ter iron stimulation. This
>: sample, however, was most Hk(eTy induced by phenobarbital as the in%ant
had rjeceived phenobart)n’ta] over a period pfr 36 hpurs’, and cytochrome c
reductase activities in this sample were mucr} h;'gher than in several mnew-
born infan'ts\studied by Aranda et al Working in the same laboratory.
Lipid peroxidation can a]s’% be induced by phengbarbital treatment of rats
(Nilsson et al 196_4) so it is most likely that }:he values recorded 1;n this
particulay @plmnt those resulting from phenobarbital inducation.
Overall, the act)’ivities of lipid pérmjdation in human microsomes weré
similar to those in the ;:at'i, guinea pig,'and mouse, and are higher than
those in the rabbit (Jacobson et,al 1973, Levin'et al 1973, Kamataki and
Kitagawa 1974). Unfortimately, in.the present study difficu]tigs were
encounteréd in obtaining adult tissud samples from,humans and, therefore,
the present data only consists of‘ immature human tissue. _ .

The effect of ‘NADPH dépendent 1ipid peroxidaticm' on N-demethylation
of aminopyrine was also stucﬁedl in human microsomal preparat'ions. In
sample 1 \'Nh“iCh had T1ipid peroxidation ac:‘tivity cl_ose tc;L that founcs in the .
adult male rat, prein'cubati'on(of microsomes with an NADPH ge‘r'uerating systefn

. had no effect on drug‘ oxidation.l The addition of i);on to the preincubatior;

medium\ for 30 minutes, reduced drug oxidation by 25%. This compares .

dramaticaﬂy to the effects of preincubating male rat microsomes with an
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NADPH generating .system which reduced N—demethy]ation of am{nopyrine by

e

25% in control 1ncubat1ons ;;d by 80% when iron was added to the incu-
bation medium. In samp]e 2 which had a 1ower lipid perox1dat1on act1v1ty,
preincubation with an NADPH generating system had no effect on the ab111ty
of microsomes to oxidjze substrate even in reaction mixtures containing
iron. It is concluded that the drug oxidizing system in human.microsomes
is resistant to the éffects.of lipid peroxidation when compared to the
effects of equivalent 1ipid peroxidation activity in rat micrq;omes.

9 gi similar coneiusion can be reached by comparing the iinearity of
of N-de thyiation réactions in human and rat microsomes. Linearity of
reaction was maintained for much longer periods in human microsomes com-
pared td/éae ra® When lipid beroxidatioﬁ was increased to its maximum
activity by the addition ofpirdn to the iﬁcubatién.medium, only a slight
deviation from linearity was observed in human microsomes. It is clear
that to achieve equivalent decreases In drug oxidation in human and rat

microsomes, human microsomes require a higher 1lipid perek1dat1on activity

pl

for a longer perjgfﬂof time.
. Alterétion of drug oxidation has also been shown resistant to

o other species. In the

1 4

conditizﬁs prbmoting lipid pervxidation in
rabbit,

reaction linearity is maintained iy the presence of an NADPH

.
generating system (Gram and Fouts 1966,

4cobson et aZ 1973) but these
effects are due to:low activity of 1ipid perokidation in this species.
On the .other hand, drug oxidation in the guinea pig, which has a 1ipid

peroxidation activity similar to the rat or mouse, is resistant to the ef-

»
.

fects of 1ipid peroxidation (Kamataki and Kitagawa 1974). It would appear '

e

G
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that effects in the guinea pig and those in the human are similar though

the source of this apparent resistance to the effects of lipid peroxi-

b

dation is yet undetermined.

"~ BAs age related differences in 1ipid peroxidation activities have
been shown in the rat and it is well established that.age related differ-
ences in drug oexidation occur in both gnima]s and humans (MaclLeod et al.
1972, Aranda et aZ 1974), the data recgrded here for man must be regarded
. " as pre?jminary aﬁd apELieH strictly to the age group s&udied. ; o

The other major question which concerﬁs the/existence of in viﬁo'
NADPH debendent 1ipid peroxidation is much harder to answer. In general,
it is always, easier to dé%onstrate that an entity exists than to demonstrate
its abéence. Se&era] é@boratories have taken the former approach and
attempted to demonstrate the existence of in vivo 1ipid peraxidation
(Wills 1972a, Fujita 1973, 1974), by treating rats Qith iron to jnkrease
lipid peroxidation to a 1éve1 which can be more easiTy'detected} One of

[

the major difficulties is that malonaldehyde and other breakdown products
i < . ‘
of lipid peroxidation are metabolized rapidly in the whole animal dnd are

therefore, difficult tq detect by existing methoés, ih\tgssues (Récknage]
1967). The other major difficulty with the experiments is the fact that

_ the thiobarbitur%c acid reacting material and. the decreases in drug
metabolism in mi;rosomeé‘%rom iron treated rats, could well .occur as a
result of Tipid peroxidation occufring during the prepa;afion of the micro-
somes and'not reflect what took place before the deathwa the animal. NAs
iron treated animals have(a higher tissue iron level and ]iﬁid peroxi-

et

dation is very sensitive to iron capcentration, the chances of lipid

o o
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;'Je,roﬂxidation occurring dhm’ng the preparation of }nicrosd'mes is greatly

increased®ver normal preparations which act as controls in the experiments

-
.of these- investigators.

In the present éxper'iments, in vivo 1ipid peroxidation was assessed
by 'treaﬁnjﬁgf: day old rats with iron-dextran (IthferonR) in an attempt to
create the most favorable conditionsJ for the promotion of in vivo 1ipid
peroxidation. Microsomes from these rats were prepared in a buffer con-
taining 25 uM EDTA to eliminate hp1d peroxidation durmg the preparation

of ‘microsomes. In contrast to the experiments hOf Wills (1972a), who did,

~not use EDTA.during microsomal preparation, no decrease in drug oxidation

was recorded in iron treated rats as reflected by gminopyrine N-demethy-
1at16n; cytochrome P-450 levels and NADPH oxidase in microsomes in iron
treated and sah'r;e treatea control rats. However, the microsomal content
of thiobarbifuric acid reacting material was about_three fold higher in
iron treated rats compare‘d to Eontro] rats. Provided this could not be '

accounted for during preparation of microsomes, this could result from

in vivo 1ipid peroxidation reaction products. When microsomes from <dron.

' treated rats were prepared without the use of EDTA in the buffer, -an

1ncrease in 11p1d peroxidation actwny was found in vZtro compared to
control microsomes, which is similar to the,results presented by lrii'ﬂs
(1972a) in a similar experiment. These effects are most likely due to ’
increased' iron content of microsomes from iron-treated rats an'd occur in'
vitro and are not ‘'due to effects taking place in the 11 iv; animal. In the
present study, electron micrographs of‘micro/ouél pellets from 1ron treated’

rats showed that ribosomes appeared to bg/bsent from the surface of the-
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microsomal meégrane and there was evidence of increased membrane fragments

v
compared to contro] rats treated with saline. These changes which occurrﬁa“”“f

¢
in m1crosoma1 preparat1ons derived from 1ron treated immature rats, which

had- favorab]e condft1ons for in vivo lipid perox1dat1on were very sxm11ar

'to the changes observ;d by ‘Arstila et al (1972) in m1crosomes exposed to

low activities of in vitro Tipid peroxidation. High activities of in vitro

lipid peroxidation resulted in co@plete destruction of microsoma]lmgmbrané

structure in the preSent”experiments and those reported by Arstila et al

[

(1972) and.Hogberg et at {1973).

The evidence is"suggestive that 1ipii peroxidagion took place in
the living rat‘brovided tﬁat one accepts that the use o%:EDTA eliminated
sou}ces of thiobarbituric acid reacting materi;] during the preparation of
the microsomes and fhat/the data does not represent a preparation artifact ,
which was ndt recognized. Recently, Hogberg et al (1974f"ﬁave demonstrated
the presence of NAS@H cytochrome c reductase ;n 100,000S fraction of
hepatocytes, which vere incubated as 1sola€;; eells with iron complexes
This enzyme can be released from 1so]ated m1crosanes dur1ng the process

of in vitro 1ipid perox1dat1on (Bidlack and Tappe1 1973); suggesting thgt

N

in the experiments in 1 atey cells, lipid perox1dat)on of the endoplasmic .

- yreticulum can occur. The occlrrence of }1pid‘peroxidationfin the intact

isolated ce]l is a step closer'to in vivo conditions compared to subce)]u]ar
fractions aﬁd tends to support evidence wh1ch suggests the occurrence of

in vivo 1ipid peroxidation In iron deficwent rats s wWhich reduces the

Py - —

poss1b111ty of in vivo lipid perox1dat10n, drug ox1dat10n is 1ncreased

(Catz et al 1970) and in vitamin E deficient rats wh1ch 1ncreases ]1p1d

-

2
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peroxidation, drug oxidation is decreased (Carpenter and Howard 1974,
N

Diplock 1974). These .observations also agree with the predicted response
if 1ipid per 1bd occurs im vivo. Strong evidence aTVeadyjexisté‘fE““
demonstratd{j:Tjjj; 11p1d perox1dad1on in hepatic microsomes following
carbon tetrachlbdbride 1ntox1cat1on (Recknagel 1967 Reily and Cohen 1974) .-

However, peroxidation of this fype\results from the action of free radi-

cals generated during thé mgtabolism ®f carbon tetrachloride. - e

activity in animals $reated with iron remained similar to the control

activity, suggesting that even if it djd occdr,']ipid perox%datién had no ’
effect on the ability of ghe epatocyte te metabolize drugs. Tbis‘sug—
gestion, however, does nof entjrely eliminate the hypothesis of.Wills
(1972b) that < vive 1ip oxidation p1ays<ﬁ role in the overall turn-
over f endop]asm+s\ngt1cu1um membrane. Such a role wou]d{pgir’Zcome

by measuring a function of the membrane such as N-demethylation,

ng as the rate of synthes1s of the membrane kept pace w1th its

-

breakdown rate ’ . ;&

©

The importance of iron in NADPH dependent 1ipid peroxidation in
microsomes has been demonstrated by many independent 1nvest1gators \Tﬂé:
initial paper describing N DPH dependent 1ipid peroxidation in wherosomes -
(Hochstein and Ernster 1963) re rted’.habsdlute requirement for ADP.

This was’ later shown to be/é’débendence_on iron contaminating the ADP
rather than the ADP itself (Hodhstein et al 1964). The required iron,.

which can be fergQus or ferric was non-heme in nature and could not be

7
v
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,ferr!c iron from pre01p1tat1ng from reaction m1xtures kept at neutra] pH .

'replaced by other metal jons (Wills 1969b). As now suggesied‘Qy several + . \

1nvest1gé¢ors, the apparenf requ1rement for "ADP or an ADP iron comp]ex

for 11p1d perox1dat1on, is most 1ike1y due to the f}pt that ADP keeps -

(Poyer and McCay ‘1971, Pederson et al, 1973, Noguchi andrNakano.l974):

Apart from estab]ishing‘that the iron <involved is non-hemé, little je’

-known about the 1ron which appears essent1a1 for lipid perox1dat1on .

W11ls (1969b) suggested that”iron is bound to the°m1crosomes and
does not act as a free iron in solutiom during lipid peroxzdgtion. How:
eveF? Pederson dnd Aust (1972), Pederson et al (1973) and Noguch1 and .’ :“ .
Nﬂﬁano (1974) have demonstyrated 1ipid perox1dat1on 1n an 1solated pre- .
paration of cytochrome c reductase wh1ch st11] requ1red 1roe desp1te the \
absence of other~anprosoma] components. Noguch1 and Nakano (1974) con-
cluded tha% the iron involved.in the perox1dat1on of 9%dqgenpus ]1p1ds of
microsomes was free in soiutioq.:‘AWSo, EDTA was shown/fq be ae essentie}°

component-in 1ipid peroxidation using iso]ated\eyfochrpme ¢ reductase. As

Wills (1969b).uséd EDTA and other chelating agents in_the experiments

"designed .to determine .if iron was bound or free._theoregtorat{on of -1ipid

* A

peroxidatipn activity after. washing EDTA’treated microsomes may have been  _

d&e to artifact introduced by the EDTA dependeficy describéd by Pederson

-
3 e .

and Aust (1978)

»

,////', In the present eXper1ments, in an attempt to estab11sh if iron wés

bound or free, we utilized aniron chelating agent, thydroxyqu1no11ﬁe,

2

which was covalently bouea to g]a;s beeds._ Usind these glass beads, mic#o—

- >

N : 4o e i’ .
. somes could be incubated and after gentle centrifugation, all free iron,

Pt B ) -
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iron chelate and free cheldte, could be removed. Incubation of microsomes
with 8-hydroxyquinoline glass‘beaQS had no effect on non-heme iron con-
tent, lipid peroxidation or aminopyrine N-demethylation. This suggests

that the iron present in microsome§ which contributes to the pasai Tipid

" peroxidationfactivity was bound to the microsomes and did not exist free *

in solution.’ This bourd iron may be the non-heme iron which could not

be removed from microsomes in the form of ferritin (Montgomery et al 1974).

When iron was added to the microsomes to produce maximal activities of

1ipid peroxidation, glass beads were ineffective in reducing the activity

o
o

if the beads were added after microsomes. When b]dss beads were added

prior to microsomes, lipid peroxidation activitz}was‘réduced to a level

close to the basal activity. This experiment demonstrated'tﬁét even when

1
3

iron is added exogendusly, it is rapidly bound by the microsomes and does

not remain free in-solution. This evidence‘in conjunctioB with. the simi-

v

lar conclusion reached . by Wills (1969b) using a dwfferent technique,

cJear]y estab]1shes that the 1ron compoupent 1nvo1ved in 1ipid peroxidation

in intact microsomes is bound and does not exist free 1n so]ut1on even
when added from an exogenous source. *Che1a¢1ng agents 1nh1b1t 11p1d per—
ox1dat1on in microsomes by acting on, 1ron at the bound spurce and do not
remové _iron from the m1crosomes. Ln 1solatqusys§ems of 1ipid peroxi-

dation using; cytochrome ¢ reductase as an electron carrier, this bound

" iron component is unnecessary and-as suggesfed by Pederson and Aust (i974)

-

it can be-replaced or by-passed, by an EDTAZFE"complex. . “
) . As 1ipid perggidation is extremely 3ensitive to iron-concentration

in microsomes, this has Ted tp some confusion in the literature a éven

ta
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_demonstrate anstimuldtion of 1ipid peroxidation .by iron, but their basal

" in all of these studies is similar’,

N ’ 152
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slightt.contamination by iron in a reaction mixture cdn result in a_marked

= stimulation of 1ipid peroxidation. Unfortunate]y phosphates which are

O

. used w1de1y in buffers, conta1n iron as a trace contam1nant and depend1ng

2 aw

on the extent.of this contamwnatvon basal 1ipid peroxidation activities

- - |
* 1 |

w111 vary. As a-resu]t, some investigators {Levin et al 1973) could -not

activity was h1gh in comparison to the activities found in the present,
study On the other hand Wills (1969b) and Kmnatakl and K1tagawa (1973)

réported that the max1ma] effect of iron was double that of the basal

a

“activity. In the present experwmeﬁts, lipid peroxidation was stimulated

to a maximal activity ZD‘times thgk\bf the basal activity after the®

z

. .
As the maximal response to iron .
o BN

conclude that 'the differences in

addition of iron-to reaction mixtures.

4 ¢

. g
basal activity in the different studies is due to different levels of iron

L

S

“
5,

contained in the microsomes” of the di ferent preparations. _In_our ex-

periments, particular 6arg was taken tb minimize iron contamination of
1ipid peroxidation reactibn'mixtures" Such -3, conclusion i§ supported by
the observations of Jacobson et al. (1973) who sHowed that if phosphate“

buffer was passed through éﬁ ion exchange column to remove iron before

using the buffer for 1lipid persxidat17n reactions, their basq] act1v1ty
(whjch was similar to our méxﬁmum stimulated apt1V1ty) was reduped by

about 15 fold. Also, Vatsis et al (19)4) fqund that 1ipid1pe?d£idation . !
activity was,]eés in tris béffer comgared to bhosnhgte buffer, i

In the present experiments, ' §ome day-te-day. variation in 1ipid
W - -

peroxidation was apparent which was most likely due to variations in

-

\ - - .‘ \

~
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total iron content of microsomes.

¥ - .
The problem of iron contamination and
the fact that hasal Tipid peroxidation activiti

. H
e$ are a function of iron

contamination in microsomes has not been widely recognized. Most of -
" - - ’ ’, «
the inter-labo

ra£ ry di$ferencé§‘reporﬁed in the literature can probably

be accounted for by iron contamination and ‘makes compar{son of results .
| between different investigators difficult. The main source of this con-

\
tamihétiop is phospﬁate buffers used in reaction mixtures and from glass-

“ ware which has been contaminated by trace amo

. ~ cleaning procedures. -
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. -CONCLUSIONS AND CONTRIBUTIONS TO ORIGINAL KNOWLEDGE ’ ) o
x . The results summarized below ;‘epreSent the original descriptions
and- contributions-to new knowledge which are described in this _thejsis.
; .Y

-~ o

1. ];n immature rats, thﬂe_ pattern of‘activi:cy of NADPH depbgndént
Tipid peroxidation in hepatic microsomés.is described. Activit%es ‘reache‘d‘
a maximum 1:3ve1 25 days aftér b’i rth and then declined to adult levels by
six weeks of age. The reason for (this peak of activity dUr\ing the develop-
ment of the rat, was not- determined but cytochrome c reductase activities
- and_non-heme iron Jlevels did not p]ay a prominent role. .
\2‘, NADPH”dependent lipid perodeatwn p]ays only a very minor role

: 1n the d1m1mshed ability of immature rat microsomes to getabolize drugs.
}' - . ' It appears that the only effect of 1ipid perox1dat1on on the general
- . - ’ . . N I
- edevelopmental pattern of Wrug oxidizing enzymes in microsomes, is a slight .

slowing in the rat&of development at the time when NADPH dependent #ifid

1

peroxidation activity is highest.

- ' ‘3. .In rat hepatic mijcrosomes exposed to lipid f)eroxidatiqn; drug oxi-

» yf

dation activity was reduced by a much’greater degrée in 25 day old rats com-

pared to (a“duu': rats. In both age groups, iron added to microsomes increased
lipid perox\(dation activi%y and resulted in a further decrease in the ability
< of microscx_nes to oxidize drugs. o N .
"4, Total NADPH oxidase activity was-similar in 25 day old and hdult )

a rats. When MADPH oxidase activity which is spetific .for 1ipid peroxi-- _'
D ‘dation was calculated, the pattern of activities found in different age
‘ . e groups and under different conditions, was similar to the pattern obtained
1 B ﬂ .
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for the activity of lipid peroxidation determimed using the thiobarbi-

turic acid reaction, <.e., NADPH ofidase activity associated with 1ipid
&' «

1perox1‘da/t(jon‘was highest in immature rats comparea to adult rats. Iron

‘ &
added to incubation mjxtures, increased NADPH oxidation in both age

groups. o o : i -

y 5. Inhibition of Pﬂ\DPH dependent 1ipid peroxidation does not result

7

in a direct Wncrease in the activity of drug metabdﬁzing enzymes 1in

microsomes. The increases in drug oxidatiop

reported by other investi- ~

gatOt:: ter lipid-peroxidation activity Was inhibited with EDTA, was due

to incubation artifacts caused by utﬂiiin reaction times which exceeded

\

the Thme limit for a Tinearde tion,  NXOPH dependent 1ipid peroxidation

<

enzymes in both immature and adult rats.

activity had marked effect reaction h'!earity times for drug oxidizing

by

. 6. Destruction of cytochrome P-450 or the.microsomal membrane are
. & ~ .

not absolute rég*uirements for the reduction of drug metabolizing énzyme

activi ty fo]?owing NADPii dependent lipid peroxidation in"microsomes. In‘
this\STiKly, 'typé‘[ andrtype 11 bindir;g sp?actra were diminished following
TipAid .pefoxida ion but cyto’chrome: P-450 remained intact. It“is propos&d
th"gnt dwrug widatfion ts decreéased fo]lowing NADPH depencient lipid pero;u'-

v .
dation activity in micrpsomes by an effect on the substrate binding sites.

- The reduction in substrate binding results in reased drug oxidatién.

!

7. ?;Ag“‘l)th_ough increased NADPH dependent 1ipjd peroxidation was found
[ '

in fem‘{]a’«‘con{pared to male rats, this was not responsible for the lower

activity of drug metabolism in ‘females compared to males.

-

£

8. . NADPH depen?ient 1ipid peroxidation has been demonstrated for the

[a)

\

f
¢
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first time in humans using subcellular fractions of liver hopogenates ob-

[N M . . o . . .
tdined from newborn infants. As reportéd for other species, activity.was

concentrated in the micro;oma] frattion and is similar to that found in
the rat. NADPH dependent 1ipid peroxidation acfiviFy in human microsomes _
reduced drug oxidation, but compared to the rat, human microsomes were

much more resistant to this effect. . .o

9. Evidence is presented which supports the idea that 1ipid peroxi-

dation can occur in vivo in the rat.
10. »Tﬁe iron involved in NADPH depéndent lipid peroxidatibn reactions

was shown to be bound to the microsomes and does not act @s a free ion.

*

Also, exogenously added iron is rapidly taken up by microsomes and stimu- -

‘lates 1ipid peroxidationJin a“bound form rather than as a free ion.

*



. Alvares, A.P., Schilling, G., Levin,'N.‘gnd Kuntzman, R. InaBi]ity of sub-

4y

b

A

Alvares, A.P., Schi11%ng, G., Levin, W. and Kuntzman, R. Studies on the
{nduction of Co-binding pigments in fiver microsomes.by phenobarbital
and 3—methy]cho]anthr§ne. Biochem. Biophys. Res. Comm. 29: 521-526,
1967. |

7

. strate te alter carbon monoxide and ethy]isoc&anide difference spectra.
of microsoma]ﬁhemoprotein. J. Pharmac. Exp. Ther. 1;5; 1-10, 1971.
Anders, M.W. Stimulation <n vitro of microsomal ani]ine‘hyd¥oxy1ation by
2,2'-b1pyridine.‘Biéchem. Pharmacol. 18: 2561-2565, 1965. |
Aranda, J.V. Thyroxiq and development of hepatic microsomal drug oxida-
tion and electron transport in man and rats. %Thesis. Department of
Pharmacology and Therapeutics, McGill University, Montreal, 1975.
Aranda, J.V., ziﬁkeod, S.M., Renton, K.W. and Eade, N.R. Hepatic micro-

somal druf oxidation and-electron transport jn newborn infants. J.

Pediatr. 85: 534-542, 1974,

Arstila, A.V., Smitﬁ, M.A. and Trump, B.F. Microsomal 1%pid peroxidation:
Morphological characterization. Science 175: 530-533, 1972.
Barber, A.A. and Bernheim, F, Lipid peroxidation: Its measurement,

occurrence, significance in.animal tissues. Adv. Geront. Res. 2: |

© 355-403, 1967." .
Be]o?{-Chain, A., Catanzaro, R. and é;r]upi-Crescenzi, G. Oxidation of

reduced nicotinamide adenine dinucleotide phosphate in rat liver micro-

somes. Nature 198: 351-354, 1963. |

Bernheim, F., Bernheim, M.L. C. and w11bur, K.M. The reaction between

“thiobarbituric acid and the ox ox1dat10n products of certain lipids.

-




——r

~

ﬁ: Biol. Chem."_@_: 257-‘264, 1948. - ' .

Beuning, M.K.,-and Franklin, M.k. Limitations in the use of the 340 mnm
absorbénce maximum of reduced ni&otinmn;de adenirie dinﬁciedtide phos-
phate fQJ the éetermination of oxidation rates and stp?chidnetry
during rat hepatic ﬁicrosomal metabolism. Mol. Pharmacol. 10:
99921003, 1974. 4 “

éid?ack, W.R. and %appe], A.L. Damage to microsomal membrane by lipid
peroxidation. Lipids _8: 177-182, 1973. U

Zidlack, W.R. and Tappel, A.L. A proposed mechanism for the TPNﬂ‘enz&-
matic ]ipjd perox%dizing system of rat Tiver microsomes. Lipids 8:
564~565, 1973. -

Bidleman, K. and Mannering, G.J. Induction of drug metabo]ism.\ V. Inde-
pendent formation of éytochrome P-450 and P1-450 in rats treated Qith
phenobarbital”and 3-methy1ch61antﬁrene gimu]%aneoﬁsly. Mol.. Pharmacol.
6: 697-701, 1970. .

Brodie, B.B. Distribuf?on and fate of.drugs; therapeutic %mﬁ]ications. .
In, Absorption and Distribution ;f Drugs. Ed., T.@?ﬁ%inns. Baltimore,
Maryland: Williams and Wilkins, 196;4. pp. 199-255. -

Brodie, B.B., Axelrod, J., Cooper, J.R., Gaudette, L., %aDu » B.N., Mitoma,
C. and Udenfriend, S. Detoxication of drugs and other foreign com- ___
pounds by 1iver microsomes. §cience 121: 603-604, 1955. ‘

Brodie, B.B., Gillette, J.R. and LaDu, ?.N. Enzymatic metabolism of drugs
and other foreign compounds. Ann. ﬁev. Biochem.‘ 27: 427-454, 1958. «

Brodie, B.B. and Maickel, R.P. Comparative biochemistry of drug metabolism,

In, Proc. 1st Int. Pharmacol. Meeting. Ed., Brodie and Crbdas. New 7

a
L)




/

2 York: MacMillan, 1962, Vol. 6, pg. 299-324.

)

Buhler, D.R. and Rasmussen, M.E. The oxidation of dr:gé“- by fishes. Comp. -
Biochem. Physiol. 25: 223:239, 1968. |

Carpenter, M.P. Vitamin E and microsomal drug hydroxylations. Snn. 'N.Y. |

» .

™ Acad. 203: 81-92, 1972.
Carpenger, M.P. and Howard,, C.N. Vitamin E, steroids and liver micro-

somal hydroxylations. Amer. J. Clin. Nutr. 27: 966-979, 1974.

Catz, £.5., Juchau, WR. and Yaffe, S.J. Effects of iron, Riboflavin

¢

and iodine deficidacies oh hepatic drug metabolizing eniyme systems.

J. Pharmac. Exp. Ther. 174: 197-205, 1970. ' "
Chaplin, M.D. and Mannering GT \Role’of phospholipids in the hepatic
microsomal drug-metabolizing system. Mol. Pharmacol. 6: 631-640, =
. 1970. . h
C]elanci, W.W. The statistical analysis of enzyme lfinetic"‘data. Adv.
Enzymol. _2_91:_1_-32, 1967. -

Coburn, R. Endogenous carbon monoxide production. New Eng. J. Med. 282

207-209, 1970.

Cochin, J. and Axelrod, J. B%och_emiéal and pharmacological changes in the

rat following chronic adminisiration of mo'rph]'ne, nalorphine and

normorphine. J. Pharmac. %:p. Ther". 125: 105-110, 1959. .
Cohen, G.M. and Mannering. G.J.. Sex-dependent differences in drug meta-

‘bolism in the rat. III, u‘l'empdra] char;ges in type 1 binding and NADPH-

L cytochrome P,-456 reductase during sexual maturaation. Drug ~Metaboh’sm

and Disposition 2: 285-292, 1974.°

Conney, A.H. Pharmacologi cal implications of microsomal enzyﬂie induction

’
" -
3




v

Pharmacol. Rev. 19 :'317-366, 1967. .
r 3

Conney, A H., Brown R.R., M11]er, J.A. and Miller E.C. The metabolism

of méthyTatell amino azo dyes. VI. Intracellular distribution and

properties of the demethylase system, Cancer Res. 17: 628-633,

1957. - -
Y Cram, R.L., Jachau, M.R. and Fouts, J R. Difference in hepatic, drug meta-.
% bo11sm in various fabbit stra1ns Proc. Soc. Exp. Biol. Med. 118:

" 872- b74 1965.

Da]]ner,q;(’31ekev1tz P. and Palade, G. Synthes1s of microsomal mem-

branes and the1r enzym1c const1tuents in deve]opIng rat l1ver Biochem.

')

B1ophys Res Comm. 135 141, 1965.
Dav1es, D.S. Gigon, P.C. and Gillette, J.R. Sex differences in the kinetic

constant for the-N-demethylation of ethylmorphine by rat liver micro-

"y

&
sgmes.‘éhiochem. Rharmacol. 17: 1865-1872, 1968.

Davies, D.S., Gigon, P.C. and G11]ette, J.R. Speciés and sex differences

o,

S 1n electron transport systems in liver mlcrosomes and their relatien-
-~
. ship to ethylmorphine N-demethy]a i Lifq Sci. I 8: 85-91, 1969.
k)
DeMatteis, F. and Sparks, R.G. Iron dependent loss of liver cytochrome

P
]

. P-450 Haem  in vivo and in vitro. Fed. Eur. Biochem. Soc. Lett:
29: 141-144, 1973.
Deﬁtsch, H.F., Kline, ByE. and Rusch, H:P. The oxidation of phospﬁo]ipids
in the presqnceg6;?ascorbic acid and carcinogeni;’chanicals. J.
Biol. Chem. 141: 529-538, 194]. |
| Diplock, A.T. Possible stabilizing effect of vitamin E on mjcrosomal,
membrane-bound sg}eﬁ%de-cont;ining profeﬁns ahd’drug-metabo]iging

w

~




/ ——

N

161

<,
enzyme systems. Amer. J. Clin. Nutr. 27: 995-1004, 1974.

,

.Eade, N.R. and Renton, K.W. Effectrqffmonoamine oxidase inhibitors on

the N-demethylation and hydrolysis of meperidine. Biochem. Pharmacol.

?

19:72243-2250, 1970. " .

¢

‘Eade,,N R. and Renton, K W. The effect of phenelzine and trany]cyprom1ne

h
‘on the degradatlon of meperidine. J. PRarmac. Exp. Therap. 170:

31-36, 1970. ' P -
E1 Defrawy el Masry S., Cohen, G.M. and Mannering, G.d. Sex-dependent
differfncg! in drug metab01i§m in the rat. I. Temporal chagges in t@g
microsomal drug me%abolizing system of the ﬂivé} durinp sexual matur-
ation. Drug Metabolism and Disposition2: 267-278, }QZéa, '
El De*{awy el Masry S. and Mdnngring, G.J. Sex-dependent di;ferences in
drug metabolism in thgﬁrat. I1. Qua]iggtivé changes produced“by
castration and the adéinistration 6f steroid hdrmone and phenobarbital.
Drug Metabolism and D1spos1t1on2 279- 284 1974b.
Elliot, K.A. and Libet, B. Oxidation.of phospho11p1d_cata1ysed by iron “
compounds with ascorbic acid. J. Biol. Chen. 152: 617-626, 1944, . o
Ernster, L. and Nordenbrand, K. In, Methods in Enzymology, Vo].’x.
Ed., Estabrook, R.W. énd Pu]]ﬁan, M.E.  New York: Academic Press,
1967, pp. 574. . '
Ernster, L., Siekevitz, P. and Paladé, G. Enzymé-structurg re]apionships
in the endoplasiic reticulum of rat Tiver. A morphological and
biochemical study. J. Cell Biol. I5: 541-562, 1962. .
Estabrook R.W. and Cohen "B, Organization of the mmcrosoma] electron .

transport system In” Microsomes and Drug .Oxidation. Ed., Gillette,

4

e




. ,J R., Conney, A H » Cosmides, G:J.,.Estabrook, R.W., Fouts, J.R. and

Mannemng, Ged. New York: Academxc Press, 1969, pp. 95-109.
Estabrook R.W., Cooper, D.Y. and Rosenthal 0. The light reversible car-
o bon monox1de 1nh1b1t1on, of the stermd c21 hydr‘oxyla,se’system of the
' “adrenal eor‘tex B‘lochem Z. 338 741-155 ' 1963
sEstabre’ok R.Y., Frankhn M.R. s Cohen, B., Shigamatzu, A and Hildebrandt,

t\

_A.G, Inﬂuence of h&patm m1crosoma1 mixed function oxndatmn

reaction on cellular metabohc centro’w ‘Metabolism 20: 187 199,

te
L]

.
O . @ . ;

1971. . - o A .

o ‘ -‘ \~‘ t

Fischer, P.W.F. and Spencer, T. 4Théef'fect of actinomycin D and puromycin
. . 2
on amyl hydrocarbon and estrogen hydrox_y]ase in regeneratmg rat liver

&

microsomes. Proc Can Fed Biol. Soc, _§_ 183, 1972

el

Flint, M., Lathe, G.H., R1cketts TR and Sﬂman G Development of

" glucu"r'onyl transferase and other enzyme systems in the newborn

6 ST ., -rabbit. Quant. J. Exp. Physiod. Eog. Med Med. Sci. 49: €6-73, 1964.
Fouts J. R * Liver -smooth’ endéplasmic }etmulum »é'mcrosomal" drug-meta= .
i / X bbhzmg enzyme system In, Wethods in Pharmacology, Ed., Schwartz,
' j._ Ney York;, Appleton=Century-Crofts, 1971, pp. 287-325.
F_out§f, JR and -Adamson, R.H. Brug meta(pohsm in_the newborn rabbit.
e Sciapce 129 857= 858, 1959.
. _ Fouts, sJ.R. and Devereux, TGR Developmental aspects of hepatic and extra-
hepatic drug mEtabohz'mg enz;)m';e systenfii; Mtcrosomal enzymeéfand

“u

v components in rabbit 1i’ver and 'I,ung during the first Jmontn of life.

J. Pharmac, “‘Exp. THer. 183: 453 468, 1972.

i

e iy T

Fujita, T.. Formatwn of hp1d perox1de in rat hver m1tochondr1a after

» “ .
.
e v I - « . - .
/ . , .
. ; K
. k4 L -
R P
N - - '
’ ~ P -
.t »
L
\

2t
N




‘ fraction after aéministration of ascorbic acid and ferrous ijon. -

\

‘administration of iron and ascorbic acid. Yakugaku Zasshi g;:-m

756-761, 1973. -

- o

Fujifa, Tfﬁ Lipid peroxide content in rat liver microsomé% and{soluble ,

Yakugaku Zasshi 94: 215-220, 1974, : ,
Fujita.‘T. and Mannering, G.J. Differences in soluble P—45b hemoprotein .
from liver treated with phenobarbital and 3 methy]cho]ég;ﬁrene.,

Chem. Biol. Interactions 3: 264-265, 1971.
Gandolfi, A.J.~and'%an Dyke, R.A. Dechlorination of chloro-ethane with a
. reconstituted liver microsomal system. Biochem. Bjophys. Resf
Comm: 53: 687-702, 1973. ’
Gaudette, L.E. and Brodie, B.B. Relationship between the,1ipid solubility

“. of drugs and their oxiQﬁtion by liver microsomes. Bigfbem. Pharmacol.

2: 89~96, 1959

Gelboin, H.V. Mechanisms of induction of drug metabolism- enzymes. ‘In,

Fundamenta1s of Drug Metabol1sm and Drug D1spos1t1on Ed., LaDu,
Mandel}and ‘Way. Baltimore: Williams and w11k1ns 1971, pp. 279-307. "
G1e1en J.E. and/ Nebert, D W. M1crosoma1 hydroxylase 1n§/¢%1on in liver

. cell culture by phenobarb1ta1 po]ycyc11c hydrbcarbons and. p,n\—DDT
. e «

Science 172: 167-169, 1971. ' '
Gigon, P.L., Gram, T.E. and Gillette, quﬁi -Studies on the rate of‘reduc-
t{on of ﬁepatic mj%rosomal cytochrome P-450 by reduced nicotinanidaws
" adenine dinucleotide Qhosphate: Effegt’of drug substrate. Mol.”
Pharmacol. 5: 109-122, 1963, -
Gi1léttelAJ.R Metabo11sm of drugs and other fore.gn compounds Q;ﬂ”“m




164

1
N

¢ 4 &

‘ _ enzymatic methanisms. Prog. Drug Res. 6: 13-73, 1963.
4 ' Gillette, J.R. Biochemistry of drug oxidation and reduction by enzymeé'~
~ -in hepatic endoplaéifﬁic reticulum. Advan. Pharmacol. 4: 219-261, b
1966. " . ) . ‘
; . ) ¥

Gillette, J.R. Techniques for studying drug metabolism in vitro. In,
. ° - Fundamentals of Drug Metabolism and Drug Disposition. - Ed., LaDu,

MandeT ‘and Way. Baltimore: The Williams Wilkins Co., 1971, pp. 400~

R - e
' - Gillette, J.R., Davis, D.C. and Sasame, H.A. Cytochrome P-450 and its

- role in drug metaﬁ:ao]igrp. Ann. hev. Pharmacol. 12: 57-84, 1972.
Gillette, J.R. Brodie, B.B. and Labu,.B.N.~The oxidation of drugs by
liver rmcrosomes' On the rate of TPNH and oxygen. J. Pharmac. Exp.

Therap. 119: 532 540, 1957. . = .

<

Gillette, J.R. and Gram, T.E. Cytochrome P-450 reduction in liver micro-
gomes and its relationship to drug metabolism. In, Microsomes and
. f

Drug Qxidafion." Ed., 'Gﬂ]e"tte, J.R. et'al. New York: Academic Pregx

H

. ’1969, PP. 133 149 )
G1Hette -~J. R Sa§ame, H. and Str'ipp, B. MecHanisms of inhibition of

o drug metabohc reaé‘hons. Drug Metab611sm and tlLsgggnwn 1 164-

. 174, 1973 N 1
. Ghosha], ‘A.K. dnd Recknage], R 0 On the metabolism of carbon tetra-

ch1or1de hepatotoxicxty Co-1nc1dence of Toss of glucose-ﬁ -phosphatase

o

. act1v1ty. with perex1dat1or3 of microsomal 1ipid. Life Sci. A: 2195-
R . e *

® 2209, 1965. . -
~ Gram, l,Et_and-.Eout%, J.R. Effect of a-Tocopheral uponslipid peroxidation )




- : \ S 165

-y : N\ :
apd drug metabolism in hepatic microsom s. ' Arch. Biocheﬁ.'Biophys.
114: 331-335, 1966. . o P ‘

Gram, T.E., Gigon, P.L. and Gillette, J.R._ Jtudies on the reduction of
hepatic microsomal cyﬁochrome P-450 by NADPH~and its role in drug

metabolism. Pharmacologist 10: 179, 1968. e
/ WU “

Gram, T.E. and-Gillette, J.R. Biotran%forﬁation of drugs. In, Funda-'

mentals of Biochemica]gPhaqpaco]ogy:) Ea., Bacq, Z.M. Oxford:

- “

. Pergamon Press, 1971, pp. §]1—609.
Gram, T.E., Guarino, A.M., Schroeder; D.Ht_aﬁéaGi]lexte,‘J.ﬁ.{ Changéé in
. certain kinetic propertiés of hepgt%c microsomal ani]iﬁ%é:ydroxylage

and ethy]morphiné'demethylase assOCiateé witﬂ'postnatqﬂ velopment
and maturation +qmale rats. Biochem. J. 113: 681685, 1969. /
Hansen, J.M., Kristgﬁéen,“M., Skovsted, L. and Christensen, L:’

Dicoumaro]-induced dzphenylhydantoigé;;;gzyzzf?ah. Lancet g} 265~
266, 1966. o

He}nandéz, P.H., Mazel, P. and Qi%]ette: J.R." Studies on the mechanism
of action of mammalian hepatié azo rédugtase. I11. The effects of
phenob&rbital and BLﬁethylchoTanfbrene on” carbon monoxide sensitive.

and insensitive azo réductase activities. Biochem. Pharmacol. 16:

1877-1888, 1967. - A ‘
H%]debnandf, k. and Estabrook, h:ﬂ. . Evidence for the participation of
cytochrome bg in hepat{c microsomal mixéa-funct%og oxidase reactions.
Arch. Biochem. Biophys. 143: 66-79, 1971 °
Hbchgtein, P. ahJ’Erhstqr, L. ADP-actiVated'Jipié péroxida%?;;726upled ,

to the TPNH oxidase systeﬁ of microsomes. Bioghem. Biophys. Res.
P . i

n
Y - ]




12: 388-394, 1963.
1crosoma1.peroxistion of lipids and its

Comm.
Hochstein, P. and Egnster, [:

Mi
possible role in cellular ihjury. CIBAiFounH. Symp. - Ce]]u]ar
. . }

Injury, 1964, pp. 123-134.,
d Ernster, L.

Hochstein, P., Nordenbrand, K. a :
ment of iron in the ADP-activated peroxidation of 1ipids in micro-
14: 323-

hem. Biophys. %es. Comm.

\

Evidence for the invo]ve-,,/

/

Bi

i
somes and mitochondria.

\
Lipid peroxidation of

328, 1964.

/ Hpogberg, J,, Bergstraﬁﬂ,’A and Jakobsson, S.V.

| Its effect on the microsomal membrane and some
iochem. 37: 51-59, o

rat-Tiver microsomes.

rmembrane bound microsomal ehzy

" 1973, \
Kr1stoferso »»A. and Orr nfus, ) NADPH dependent

Hogberg, J., Larson, R., Kri
’ |
reductase solubilized from m1cr050mes by pero 1dat1on and its ac-

-tivity. -Binchem. Biophys.- Res. Comm r56: 83 842 1974.,
L i
etics of cyt chrome‘P—ﬂSO repuctase

Holtzman, J.L. and Rumack, B.H.The k#
stimulation by ethylmorphine. Li&e Sci. 10: 669-677, 1971.
a . i
me P-450 as a microsémaT peraxidase

Hrycay, E.G. and 0'Brien, P.Jd. 'Cytochrﬁb
ut111z%hg a 11&nd peroxide substraﬁ Arch Biochem. Blophys 147:
O

es. Comm 22: z620 626, 1966

14~ 27, 1971,
Imai, Y. and Sato, R. Substrate 1nteract\on with hydroxylase system in
The rate -

11ver~m1crosunes.. Biochem. Biophys. §
Conney, A. H and: Kuntzman,

/ * Jacobson, M. Levin, W., Lu, A.,
of pentobarb1ta1 and acetanilide metabq11sm by 11vem microsomes: A

function of lipid perox1dat1on and degradation of éytochrome P-450

/ .
J
¢ 3
.

/
i
i
]

® o ‘
. ‘ | o /




) ” S C 167

v '\ .N '
. L . ‘ 3 . .
' ' heme} Drug Metabolism and Disposition, 1: 766774, 1973.

Jansson, i and Schenkman, J.B. Evidence against_participation of cyto-

chrome bs in the hepat1c m1crosoma1 mixed- function oxidase reaction.

Molec. PharmaeelT__gF434a~845+_191,L_______h

° Jeffery ) E. and Mannering, G.J. Discrepancy in the measurement of reduced

tr1phosphopYFTdTnE‘nucfenttdemtnemh2ed—dﬁ++ng—ethy]morph1ne N- ‘

demethylatlon due to the presence.of a nucleotide pyrophosphatase.

©

~ Mol. Pharmacol. 10: 1004-1008, 1974. a
Jondorf, W.R., Maickel,”R.P. and Brodie, B.B. JInability of newborn mice )

T - and guinea pigs to metabolize drugs. Bigchem. Pharmacol. 1: 352-

- \ 354, 11959, ‘ . : —-
Kabat, E.A. and Meyer, M.M. In, Exper%menta] Immunochemistry. Springfield:
r_{t . '
" . « -
Charles C Thomas, 1967, pp 559. , . -

K&Qafagi, T. and Kitagawa, H. Effects of lipid perox7dat1on\bn activities
e qf drug metabolizing enzymes in liver microspmes of rats. Biochem.
Pharmacol. 22: 3199-3207, 1973. e ' .
Kamataki, T. and Kitagawa, H; Species differgnces in lipid peroxidafion v
) and their effects on ethylmorphine N-demétﬁ&]a%b activity in liver :
. microsomes. Biothem. Pharmacol. 23: 1915-1918, 1974.
Kamataki, T., Dzawa,tN., Kitada, M, and Kitagawa,H. The occurrence of
an inhibitor of 1lipid peroxidatidn in rat liver soluble fraction
// B and 1its effec?s on microsomal dyug ox1dat1ons Biochem. Phérmaco1,
© 23: 2485-2490, 1974, : ‘ o
- K]iqgenberg, M. Pigments of”rat l{veffmicrosomes. ‘Arch. Eiocﬁém. Biophys.

75: 376-386, 1958. ot




168

I
Kuntzman, R, In, Microsames and Drug Oxidations. Ed., Gillette, J.R.
et al. New York: Academic Press, 1969, pp. 368. o <
Kuﬁiyama, Y., dmuré,,T., Siekevitz, P. and‘Palade, G.E. Effects of pheno-
barQital on the synthesis and degrgdation of the protein compdﬁents

.of rat liver microsomal membranes. J. Biol. Chem. 244: 2017-2026,

1969.

'Le1bman, K.C. and Estabrook R.W. Effects of extraction with isooctane

upon the propert1es of liver microsomes. Mo1; Pharmacol. 7: 26-32,
1971. \ )

Levih; W,, Lu, A.Y.H., Jacobson, M., Kuntzman, R., ?6yer5 J.L. and McCay,
P.B. Lipid Perpxidation and thé degradation of cytochrome P-450
heme. Arch. Biéch«;m. Biophys. 158: 842-852, 1973,

tevin, W., §ernafﬁnger,oE.,'Jacobson, M. and Kuntzman, R. Destruction of *
cytochrome P-450- by secobarbital and other barbiturates’ containing
allyl groups. Science 176: 1341-1343, 1972,

Lewis, S.E.,‘wi]kinson,ubTFu and Ray, J.M. The relationship between
microsomal epoxidation and lipid pe;ﬁxidétion in housefly and pig
liver and the inhibitory effect of ‘derivatiyes of 1,3-benzodioxole
(RethyTene dioxybenzene). Biochem. Pharmacol. 16: 1195-1210, 1967.

Lu, A.Y.H. and Coon, M.J. Role of hanoprote1n P-450 1n fatty acid w-
hydroxy]at1on in a so]ub]e enzyme system from liver m1crosomes. J.
Biol. Chgy. 243: 1?31-1332, 1968. - ‘

Lus A.¥.H., Junk, K.W. and- Coon, M.J. ‘Resoldtion of the cytochrome P-450

Y

contammg w-hydroxytation system of” hver"' microsomes 1nto three

4

" components. J. Biol. Chem, 244: 3714- 3721 1969a




' .
+ . N B
> - ‘e -
B * o . « 1
. .
s, N . - B

. -
¥ ~

7 ‘ L.f&, A.Y.H., Strobel, H.W. and Coon., M. Hydroxylation of benzamphetaone -
| Mand other drugs by a so]ubﬂ‘iged form of cytoch,rome P-450 from liver N
j S microsones: Lipid requirement for drug demethylation. ’Biochem.

Biophys. 'Res. Comm.. 36: 545-551, 1969b.
T, Ludw1g, G.B., Blakenmore, W.S. and Drabkin, D.C. %roduction of carbon mon-
, oxidé and bile p1gment by haemin ox1dat1pn Biochem. J.- 66: 38P, 1957.
MacLeod, S.M. Hepatic microsomal drug oxidation and electron transport in
immature rats, rabb‘its anﬂd humans . T}esis Department of Pharmacology
. and Therapeutws, McGill University, Montreal 1972.
MacLeod, S M , Aranda, J.V., Renton, K.W. and Eade, N.R. Hepatic bio-
transformation of drugs in man. Chp. Res. 20: \913,11‘972.
) MacLeod, S.M., Renton, K.W. and Eade, N.R. Development of hepatic micrg-
T " somal glrug oxidising enzymes in immature male and female rats /(

- b rmarmac Exp. Ther. 183: 489-498, 1972,

Mannémng, G.J. Properties of cytochrome P-450 as affected by env' on-

s menta] factors Qhahtatwe changes due to administratipn of pdlycycHic

hydrocarbons. Metabo'hsm 20: 228-245, 1971 s
v Mannering, G.J. M1crosoma1 enzyme systems:which catalyze drug netabolism.

" In, FundamentaTs of Drug Metabolism and Drug B1spos1t1on / Eds. s LaDu,

Mandel and Way. Ba]t'nmore The bh*(hams* and Wilkins Co s ]971 ,lufp

206-252. .

t

Manneﬁn'g,‘(i.d. Coriference discussion. Drug Metabolism and Disposition

~»

1: 291, 1973.

Mason, H.S. Mechanisms of oxygen metabolism. Adv. En

-

233, 1957. . - /




- AR,
N ~ -

——

. Mason, H.S. Mechanisms of oxygen metabolism. Science 125: 1185:1\1887\\.1\.

]

1957, .k / ' o
/ May, H.E. and McCay, P.E. Reduced ?riphosphopyridine nucleotide oxidase-
' catalyzed alteration of membrane phospholipid. I. Nature of 1ipid
- - alterations. J. Biol. Chem. 243: 2288-2295, 1968a. ‘
May, H.E. and McCay, P.B. Reduced triphosphopyridine nucleotide oxidase-
oo ' catalyzed a]teratién Af ﬁémprane phospholipid. 1I. Enzymic pro-
perties and stoichiometry. J. Bio} . Chenf. 243: 229%-239@,‘,195%.
May, H.E., Poxe(, J.L. and McCay, P.B. Lipid alterations occurring in -
mfcrosoﬁés during the enzymic oxidation of TPNH. Biochem. Biophys.
* ‘Res. Com. 19: 166-170, 1965. “
May, H.E.'and Reed, D.J, A kinetic assay of TPNH-dependent microsomal

- r

lipid beroxidation by changes in difference spectra. Anal. Biochem.

55: 331-337, 1973.
McCay, P.B., Poyer, J.L., Pfeifer, P.M., May, H.E. and Gilliam, J.M. A ’
function for a-Tocopherol: Stabilization of the microsomal membrane

fﬁg: radical attack durihg TPNH;Hependent oxidations. Lipids 6: 297-

306, 1971, . . ' / _ ’ :

!

Michaelis, L. and Menterfy M.L. Die kinetik der invertin wirkung. Biochem.

g " Z. 49: 333-369,.1913,

.

Mitoma, C., Neubauer, S.E., Badger, N.L. and Sorich, T.J. Hepatic micro-

g * somal activities in'rats WTfﬁ;long and short timgs after hexobarbital:
. A pomparison. Proc.JSoc. Exp. Biol. ﬁed. 125: §84;288, 1967. o

&\', " Monserrat, Ald., Ghoshal, A.K,, Hantroft, S. and Porta, E.A. Lipoperoxi-

' @ dation in the pathogenesis of renél necrosis in choline-deficient rat;.

&

- <
- J
i /



. Amer. J. Pathol. 55: 163—190,%]969. ‘ . -

“Montgomery, M.R., Clark, C. and Holtzman, J.L. Iron species of hepatic

s '

- ‘\‘\\:'{\\ microsomes from.control and phenobarbital-treated rats. Arch. Biochem. .
AN ) a »
s BiOPhysf\“T@Q‘:“ﬂH}&‘la&\\ -

Mueller, G.C. and Millér, J.A. The ngtabolism of 4-dimethylamino- - - - -

azobenzene by'rat liver homogemates. J. Biol. Chem. 176:535-544, =~

m—

1948.

Mueller, G.C. angd Mﬂl\er, J.A. Reductive cleavage of 4-d1’methy1aminho-

- o A

° . azobenzene by rat Tjver: The intracellular distm’}ﬁtion of the enzyme

system and its requirement for tyiphosphopyridin;e nucleotide. J.

a

Biol. Chem. 180: 1125-1136, 1949. - /
Mueller, G.C. and Miller, J.A. The'metabolism of methylated amino-azo

¢ dyes. 1II. Oxidative demethylation by rat liver homogenates. J. Biol.

Chem. 202: 579-587, 1963. . | o

‘ w S., Cooper, D.Y. and Rosenthal, 0, Spectrophotometric pro- -
) erties of a triton-clarified steroid Zl—hydr:oxylase‘systgm ol'f -
\\  adrenal-¢brtical microsomes. ‘Life Sci. —9_:“ 2102=2107, 1965. ¢
Mash, T. The co]om‘meﬂrig ueasfiniation of foéna]dghyde by means of the
~ Hantzsh reactiop. J. Biol. Chem. 55: 416-422, 1953. .
Nelson, D.D., Luly;ossc;, D.J. gnd Mannering, G.J. Réquirement of a som;’A
ble protein for maximal activity of the mono-oxidase system of

hepatic' microsomes. Biochem. Biophys. Res. Comm. 53: 995-1001, 1973

} . Netter, K.J., Kahl, G.F. and Magnﬁssen, M.P. Kinetic elements=in the

binding of metyrapone to livér microsomes. Naunyri-Schmiedebergs Atch.

- ™ .
Pharmakol. Exp. Pathol. 265: 205-215, 1969. I



172

* -~

N1"éhaus,‘ W.G. and Samuelsson, B. Forfnation of malonaldehyde frgm phospho-
Tlipid arachidonate dur{ﬁg migfpsomal lipid-peroxidatjon. Eur. J.
Biochem. 6: 126-13Q, 1968. : : L

Nilsson, R., Orrenius, S. and E\;qs,tér, L, The TPNH-dependent oxidation . -
of;ffumi,nal catalyzed by rat liver microsomes. Biochem. Bipphyns.i'

T o

Res. -Comm. - 17: 303-309, 1964.

Nis/hibayashi , H., Omura, T., Sato, R. and Estabrook, R. In, Structure -
and Function of Cytochromes. Eds., Qkunuki,‘K., Kamen, M.D. and
Sukuzu, I. Baltimore: ijniversify Park Press, 1967, pp. 351,

Noguchi, T. and Nakano, M. . Effe‘ct of ferrous ion; onu\microsoncia;] phospho-
Tpid’ peroxidation and related Jight anission. Biochim. Biophys.

[N

Acta 368: 446-455, 1974,

" Omura, T. and Sato, R.- The'carbon monoxide binding pigment of i_i'ver' )

-

microsomes. I. Evidence for its hemoprotein nature. J. Biol. Chem.

)

239: 2370-2378, 1964a.

&

Omura, T. and Sato, R. The carbon monexide-binding pigment of h‘v;er:

/

~

microsomes. II. Solubilization, purificat’ién‘ and properties. J'. .
Biol. Chem. 239: 2379-2385,-1964b. _ |

Omura, T., Sanders, E., Estabrook, R.W., Cooper, D.Y. and Rosenthal, O.
Isolation from adrenal cortex of a non-heme iron protein and a
flavoprotein fun;:tignal as @ reduced triphosphopyridine nueleotide-
cytochrome P-450 reduvctase. “Arch, Biochem. Biophys.. 117: 660- ‘

673, 1966. -

" Omura, 7., Sato, R., Cooper, D.Y. » Rosenthal, 6 and Estabrook, R.W.

Function of cytochrome P-450 of microsomes. Fed. Prec. 24: 1181-1189,

1

1965, : y



e

Orrenius, S., Dallner, G. and Ernster, L. Inhibition of the TPNH-1inked

1ipid peroxidation.df liver microsomes by drugs undergoing oxidative
demethylation.  Bfochem. Biophys. Res. Comm. 14: 329-334, 1964, '

Orrenius, S., Dds, M. and Gnosspelius, Y. Overall biochemical effects of

- Aarug induction on liver microsomes. In, Microsomes and Drug Oxi-
‘dations. Ed., Gillette et al. New York: Academic Press, 1969,

pp. 251-277.~
X 9
Ottolenghi, A. Interaction of ascorbic acid and«mitochon?ria] lipides.

Arch. Biochem. Biophys. 79: 355-363, 1959. ‘
Ottolenghi, A., Bernheim, F. and ‘Wilbur, K.M. The inhibition of certain

mitochondrial enzymes in fatty acides oxidized by UV Tight or ascorbic

14 v

agid. Arch. Biochem. Biophys. 56: 157-164, 1955.}
_Page, J.G. and Vesell, E.J. Hepatic drug metabolism in ten strains of
' “ /
Norway rat beforegand after pretreatment with phenobarbital. Proc. !‘

Soc. Exp. Biol. 131: 256-261, 1969. ’ .
‘Pappenheimer, A.M. and Wi1]iamst_p.N? Cytochrome“bs and the dihydro co-

enzyme oxidase system in the ceajopia silkworm. J. Biol. Chem. 209:

A

915-929, 1954. o - —

e

°

Parke, D.V; In, The Biochemistry of. Foreign Compounds. New York: Pergamon

V3

Press, 1968. - )
Pederson, T.€. and Aust, S.D. NADPH dependent 1ipid peroxidation catalyzed

by purified NADPH cytochrome c reductase from rat liver microsgmés.
Biochem. Biophys. Res. Comm. 48: 789-795, 1972,

Pederson, T.C. and Aust, S.D. Relationship between reduced nicotinamide

adenine dinucleotide phosphate-dependent 1ipid peroxiddtion and

hl . M ~ 1



—

h. ) drug hydroxylation in rat liver mirirosomes. Biochem. Pharmaéo]. 23:
// 2467-2469, 1974. ) - -
/ Pederson, T.C., Beuge, J.A. and A t; S.Bl Microéomal electron transport:
B “ g:de adenine dinucleotide phosphate-

3 The role of reduced nicatina
. cytochrome c reductase in liver microsomal lipid perox?datian. J. B
Biol. Chem. 248: 7134-7141, 1973.
Péters, M.A. and Fouts, J.R. A study oflsome possible mechanisms by which
' magnesium activates hepatic microsomal drug metabolism in ;iéfo. J. \\;\w
Pharmac. Exp. Ther, 173: 233-241, 1970.

. ° Pfeifer, P.M. and, McCay, P.B. Reduced triphosphopyridida\nuc]eotide oxidase-

catalyzed alterations af membrane phospholipids. V. Use of erythro-
cytes to demonstrate enzyme dependent production of a component with
! \ 4

| - the prbperties of a free\radica]. -dJ. Bio]r Chem. 246: 6401-6408,

. v .

1971. ' L B
Phillips, A.H. and Langdon, R.G. Hepatic triphosphopyridine nucleotide
cytochrome ¢ reductase: Isolatioﬁ, characterization and kinetic

studies. J. Biol. Chem. 237: 2652-2660, 1962.
| 4

L

Poyer, J.L. and McCay, P.B. Reduced triphosphopyridine nucleotide oxidaset °
catalyzed alterations of mémbrane phospholipids.  IV. Dependence on

Fe>*- 4. Biol. Chem. 246: 263-269, 1971. . "

e - \_ - - Vs B
. Quinn, G.P., Axelrod, J. and Brodie, B.B. Species, strain and sex differ-

ences in metabolism of hexobarbitoﬁe, amidopyrine, antipyrine and

e “aniline.— Biochem. Pharmacol. 1: 152-159, 1958.
- Y L - ‘ . . _ .
®adtke, H.E. and Coony M.J. Role of cytochrome P-450 in lipid peroxidatjgnfgl__w

o and perqxige ddpendent drug hydroxylation. Pharmacologist 16: 588, 1974. .

\
o . »



. .
P .
J ‘ '
N ‘ /
f
i

W

‘, e Raj, P. and Estabrook, R.W. Determination of the cytochrome P-450 content

d

- of small samples of liver. Pharmacologist 12: 261, 1970.

2

Recknagel, R.0. Carbon tetrachloride hepétotoxicity. Pharmacol. Rev:

\J 19: 145-208, 1967. .
. Reiner, D., Athanassoﬁou]os, S., Hellmer, K.H., Murray, R.E. and yeh]eke? H. - -

Bildung von chloroform aus tetrachlorkohlenstoff in lebewmikrosomen, !
I-ipivd peroxidation und Zerstorung von cytqchrom P-450. Arch. Toxikol.
29: 219-233, 1972.

Remmer, H. gnd Merker, H.J. Effects of drugs on the forgnat%on of smooth

endoplasmic reticulum and drug metabolizing enzymes. A‘m:t. N.Y. Aéad. ]

<

A

Sci. 123:79-97, 1965,
e T Rem;er, H., Schenkman, J., Estabrook, R.W., Sgsame, H., Gillette, J.,
' Naraﬁimhg]u, S., Cooper, D.Y. and Rosenthal, 0. <Drug 'ipteraction

-with Hepatic microsomal cytochrome. " Mol. Pharmacol. 2: 187-190,

__ 1966, : . .
. Rose, C.S. and Gyorgy, P. Tocopherol.requirements of ‘rats by means of - -

the hemolysis test. Proc. Soc. Exp. Bigl. Med, 74: 411-415, 1950.
3 ry. Kalamazoo, Michigan:

.

-~ A\ - «© .
Scarpelli, D.G. and Trump, B.F. 1Inj, Cell Inju

a

’ " . Upjohn Co., 1971, pp. 62.°

T Schacter:, B.A., Maf'vér, H.S. and Meyer, ¥.A." Hemobrotein catabothsm during
¢ y

Ry

r 0"
stimulation of microsomal 1ipid peroxidation. Biochim. Biophys.
’ o )

Acta 279: 221-227, 1972.

-

e

Schécter, B.A. » Marver, H.S. and Meyer, V.A. -Hefe anq hemoprotein cata-
bolism during stimulation of microsomal 1lipid peroxidation. Drug

o Metabolism and Disposition 1: 286-290, 19%3.

o




.

\\ :

¢ o

N / _
-

Schenkmany J.B. Effect of,éubgtrat%s on hepatic microsomal cytochrome

L 4 -

P-450. Hoppe-Seylers Z. Physiol’ Che. 349: 1624-1628, 1968.
" Schenkman, J.B. Cinti, D.L., Moldeus, P.W. and Orrenius, S. Newer

. . {
{ aspects of substrate b1nd1ng to cytochrome P-450. Drug Metabolism

4

and D1spos1t1on 1: 111 19, ]973 T

9

. Schenkman, J)B., Fey, I., Remmer, H.zaﬁd gst%brook, R.W. Sex differ-

ences in drug metgbolism by rat liver microsomes. Mol. Pharmacol.
. - . I

T, 3:516-525, 196700 . 7

Schenkman J.B- , Remmer; H. ‘and Estabrook, -R. W. Spectral studies of

L}

drug 1nteract10n w1th hepat1c m1crosoma1 cytochrome Mol. Pharmacol.
3: 113123, 1967.a. |

Schenkman, J.B. an¢,§gto, R. The'reiationship between the pH-induced

-

spectral change in‘ferriprotoheme and the substrate-induced spectral‘
\ e :

change of thé microsemal mixea-function»oxidése. Mol. Pharmacol.
| 4: 613-620, 1968. )
Shoemand D. w , Chaplin, M.D. and Mannering, -G.J. {nduction of @rug
metab011sm.' I11. Firther evidence for the formét}on of a new P-450
ﬁemoprotein after treatment of rats witﬁ 3-methyiéhoﬁanthrene. Mol.,

Pharmacol. 5: 412-419, 1969.°

T

</Short C.R. and Davis, L.E. Perinatal deve?opment of drug~metabo)1z1ng
enzyme act1v1ty in swine. J. Pharmac. Exp Ther. _174: 185 196, 1970.
Simon, F.P., Horwiﬁt,ﬁM.K. and Ger;rd, R.W. The 1nh1b1tlon of cata]yzed
L \ ' oxidation‘by hemins. * dueeBiol? Chem. 154: 421-425, 1944L J
’.Sipnh;béY, R.0., Russel, 0. and ?u;-T.C. 2a¢h1obarb1tur1c aC1d method

/I - for the measurement of randidity in fishery products. II. The- ¢




3 X -

quantitative determfnatwn of ina]ona]dehfyde. Food Tfechnol': '13:,‘9;

.

i A SR T
12, 1958. ) . . . P
- L3 . ¢ : . > c % e *a B

Sjostrand, T. The formation of carbon monoxide by in viiro de'composi}itiom s

of habmoglobin,in bjle.pignents. Acta Physiol. Scand. 26: 328 .
"33y 19'512.:51 R

Sladek, N.E.g Cn’ap]in 'M.D.° and Mannerimg, 6.4. Séx -dependent di’Ffe‘rencesa

‘ .
in drug Imeﬁaboh‘s ‘m the rat. V. Effect of ‘morphine admmstratwn.

Drug Metaboh};m a&q D1SPO$1t1m B 293-300, 7974, - - .

«
) -

Sladek "N. E and Marmer‘mg, G.T. E\ndence for a new P~450 hemaportem in

e ;

hebahc mi croSomes‘ from methy]cholanthrene trea.rted nats chhe}p.

’ Biophys, Res. Comm. 24*~65&.614.,~ 1966. ‘g S R
Sd adek , N E and Mannemiwg G. J Inductmn of drug metabohsm I <o
‘g D1fferences in the mechani sms by whwch po]ycyc] ?c hydrocarboris and |

g pheno?arbwta] prdduce thew 1nduct1ve effects on n11crosoma1 N- -

%

demethylation systems. ‘M 1 Pharmacol. 5 174»—185 19693

) [6 S1 adek, N. E and Mannermg, 6.J. Induc;hon of drug mei:abohsm . II. QuaH- '
” | tatwe dlfferences n- the mmrosoma{ N- dpmethy]atmg systems stimu- '
- ) 1ated by po1ycyc11c hydrocarbons and b_y phenobarmta] M{)L Pharmacol.

N
- 3

53 186- 199 1969b. R R ol
Sm1-th J N.. The comparative metabolism“of ):enob‘ioﬁ cs. In, Advances in
. T e Comparatrve Physm]ogy and B1ochemistry, Vo] "3, "BNe'w Y'orkf Academic
Press’ 1968 pp 173-231, SR
PR Stookey,*L Fer‘r‘ozme" A new spec’grophotometmc re&.gént for 1ron. Anal.
-, Chem. -48: 779, 1970. '~

Sfrebél , HA, Lu,'A.Y.H.~, Heidema, J. and C:of)'n; M:d Phosphatidylcholine

. a
,
[ . -
» " . ‘ .
‘. ) w« .
‘ - M ] RO
: <" a . o . C Pt o, !
» . ‘ , A
‘ . 4 - , . . . N
' . - . , " .
- . . - s . [ - , N .
. W s '
. . . Y .
. H ‘
'




L ' v 178

. : requirement in the enzymatic reduct1on of hemoprote1n P-450 and in
" fattyracid, hydrocarbon and drug hydroxy]at1on i J. Biol. Chem.
ggg; 4851-4854, 19740.

~-

Iam,nB.K.'and McCay, P.B.  Reduced triphosphopyridine.nucleofide oxidase

catalyzed alteration of membrane phospholipids. III. fransient for-
. L 6

mation of phospholipid peroxides. J. Biol.”Chem. 245: 2295-2300,
1970. - _ N

k2

Tappel, A.L. The mechanism of the oxidation of unsaturafed fatty acids

X,

atalyzed by hemat1n compounds. L Arch. Biochem. Biophys. 44: 378-

395, 1953. s N
Tappel, A.L. Unsaturated ]fpide oxidation catalyzed by hematin compounds.‘\\\‘
J. Biol, Chem. 217: 721-733, 1955. L N
Tappel, A.L. Vjtamiﬁ E and free radical peroxidation of lipids. Ann: ,
CON.Y. Acad. Sci. 203: 12-28,.1972.° - |
~Tappel, A.L. and Zalkin, H. 'Inhibition of 1ipid peroxidation in mﬁcro~‘
) somes by vitam{ﬁ_gf—‘ Nature 185: 35, 1960. o
‘ Tephly, T.R., Hasegawa, E. and Baron, J. Effect of drugs on heme: syn-
R thesis in the liver. Metabolism 20: 200-214, 1971. .
'r Tephly, T. RJ; Webb, C., Truss]er, P.s Kniffén‘ F. ’;aségawa E. and Piper,
- i :¢ j- v W. The regulation of heme synthes1s re]ated tg drug metabo11sm.
v . Drug Metagsl1sm and D1spos1tmo; 259 265, ]9}3' )
' ‘Véin1o, H. Effect of 1ipid perox1dat1on and its 1nh1b1tors (BHA BHT) on
}_”__ ) the drug metabolizing enzymes in rat‘llver microsomes.  Res. Cpmm"
A | in’Chem. Pathol. and Pharmac. 8: 289- 3&9 '1974. S 3

[

W Vab Dyke, R'A. and Wineman, C.G. Enzymatwc dé§h10r1nation:' Dechlorination h R




. 179

‘ 7 of ch1omethanes and propanes in vitro ' Biochem. Pharmacol. 20:

463-470, 1971. - | : g

——

'Vfatsjs, K.P., l\owalchyk J. A “and Schu]man M.P, Ethanol and drug meta-

bolisn 1}7( mouse. hver m1cr'osomes Subsequent to 1ipid peroxidation-
‘?’ r.r

.. mduced destructipn. of cytocmeame P- 450 Biochem. Biophys. Res.

%

Comm. §1: 258-264, 1974 -
| G ! W2 f ~
Vesell, E.S. Genetic and environmental factors‘“ affecting hexobarbital
s e . : , metaboh’sm in mice.. Ann. N. Y Acad. Sci. 151: 900-912, 1968.

- Vore, M., Hamilton, d.G. and Lu, A Y.H. Orgamc solvent extraction of

w

, a .
¢ hve*r m1crosomal hp1d I. The.requirement of 19pid* for 3,4- s

bonzpyréne hydroxy]ase Biqéﬁém.“Bﬁophys,. Reg. Comm. 56: 1038-

AU AR *1045, 1974a. o o . g \

L ' Vpr'e M Lu A.Y.H., Kuntzman R. s Conney, AN, g;ganié so];/ent_extrac-
A twn of‘ liver m1crosoma1 fu:nd II "Effect on the metabolism of ’
N J o,

T TR substr‘ates and b'mdmg §pectra 0f cytochrome p: 450 Mo1.” Pharmacol.
IR : 3 10: Y63-974, 19741:« Lo . . N

LI -

. ~, 7
) ‘w‘arner., M.y Chung, L. w K and Ne1ms A. ‘St1mu1‘at1%n of microsomal mixed
i

’ % s [

| ALl ‘ R “ﬁunct‘l on ox1dase by a portmn of rat hepatm cytosol tZ-fractlon"

B . \
v, : — -

-y L u d1st1ngu1shab1e from the ligand bmder. Feﬁ Proc-.“ 34? 739, 1975.
L ’ ~

R “Watabe, T. and Akamatsu K. ’Microsonga] epomdatwn of cts-stfibene: - P

¥

Lo X : Decrease 1n expox1 aswﬂwﬂy re]ated to Tipid perox1dat1on !
T ! ‘

SR I ’Bmchem Phama\co _gr 1079- 1085 974, %

’ o e Weetam H. H Trypsin ar§d papam covalent]y coup'led to ponous gla

. ; &
Cro Pr‘eparatwn and chanactemzatlon. aSc1ence 166 615 617, 1969.
- t o N
& 0 Ne]ton A. F ‘an}i Austf, S D ¢ L1p1d perox1dat1ﬁn “‘dumng e,nzym*atm iodination
) - ;ﬂ‘ [ [ | . 3 . @ @ . ‘
vt P v v .-’, “-k A . L
. 7.&\'7 1 oot ' ‘| A o . . ‘ . - @ - . ‘
H 13 ! TR E P s 5 . L .
'I: 3 @ N :" ’ g R N ' LS ' R - R ] a4 . |
3 LN N \,, > g B \ ". . \‘ A ’ » [y - =
‘ 5 to » ‘. . ;, L -‘..“, OO 0 ° :}‘ . . a N ° - M
& ro- v } . o 2 R 8 : e '
“ Y K % :ﬁ .’ : b ' 6‘ T R ‘Vn } i a |
. . o
H AR | ': . ’ 5 R o A . l



1

i
4

f S
of rat liver endoplasmic reticulum.  Biochem. Biophys. Res. Comm.

49: 661=666, 1972. , :
Wilbur, K.M.] Kenaston, C.B., Wolfson, N., Ottolenghi, A. and Gaulden,
" M.E. Inhibition of cell diyision by UV ik{i?fated‘methyllino]enate. -,

Anat. Record.  120: 708-709, 1954.

3

Wilkinson, G.N. Statistical estimation 19 enzyme kinetics. Biochem. J.
\

80: 324-332, 1961. , X

3y

Williams, C.H. and Kamin, H. Microsomal triphosphopyriﬁiné “ucleotide-
\ cytochrome c¢ reductase of liver. J. Biol. Chem. 237: 587-595,
\ 1962. - 7

\Williams, M.L. Water content and metabolic activity of mitochondria

x : : ‘.
from fetalZeat.-liver. Biochim. Biophys. Acta 118: 221-229, 1966.

Wi]]dams,eﬂ.L. Lipid peroxidation in feta}-Taﬁ l1iver mitochondria. Biol.-

*

Neonate  23: 25-34, 1973.

Williams, R.T. 'Detoxication Mechanisms: The Metabolism of Drugs and Allied

'

Organ1c Compounds New York: jJohn Wl]ey and Sons, Inc., 1949.
Williams, R.T. Detox1cat1on Mechan1sms The Metabo11sm and Detox1cat10n
of Drugs, Toxic Substances and Other Organlc €ompounds 2nd ed.

~ New York: John Wiley and Sons, Inc., 1959, A <

N3

Williams, R.T. Species cmnparat1ve*patterns of drug metabolism. Fed.

o
@

Proc. 26: 1029-1039, 1967. . . .

Wills, E.D. L1p1d peroxide formatioh 1ﬁ“mTeFosomes Genera] consider- -

=3

ations. Biochem. J. 113 315-324, 1969a T - .

- .4 B
Witls, E.D. Lipii}peroxjde~format1on in microgdnes: The role of non-

- - heme iron. Biochem. J. 113: 325-332, 1969b. v

s




- , : 181

‘ - Wills, E.D. -Lipid peroxide formation jn microsomes: Relationship of

- r

hydroxylation to lipid peroxide formation. Biochem. J. 113:

333-341, 1969c.

@

%

Wills, E.D.” Effects ofzi;“r‘adiation on sub-cellutar components. I. Lipid

T peroxide formation in the endoplasmic reticulum. Int. J. Radiat.

Biol. 17: 217-228, 1970' e e

© ]

Wills, E.D. Effects of hp1d pero~x1dat1on on membrane bound enzymes of

.

‘the endoplasmic reticulum. ° Biochem. dJ. 123 983 991, 1971.

v}ills, dE.D. Effects of iron overload on lipid peroxide formation and

b . s

v oxidative deméthylation by the liver endoplasmic reticulum. Biochem.

v

N A ) Pharmacol. 21: 239- 247', 1972a. ' ;

bh]]s, E. D Effects of vitamin K and naphthoguinones on 1ipid_ perox1de
formatmn and ox1d"5t1ve demethylation by Tiver microsomes., Biochem;
. Pharmacol. 21: 1879-]883 19724,
_Wills, E.D. ar;d Wilkinson, ; A.E. The effect of irradiation on hp1d per-

[

h T, oxide formation in subceﬂular fractmns Radiat. Res. 31: 7§2—' c

o 747, 1]967

k*‘*kwl )
- 1

Nﬂ}s, E. D ‘and WHkmson A.E. Effects of 1rréd1at1on on Ssub- ceﬂu]ar -

-

- . components. II Hydroxylation in the microsomal fraction. Int.

J. Rad1at Bm] 17: 229-236, 1970.

) ‘ Yaffe, S.Jd., Rane A., Sjoqvi"st F., Boreus, L.0. and Qrrenius, S. The K
f"{ presence .of a mono oxygenase system in heman fetal Tiver microsomes.
1 \—_‘———————-———— -

Life Sci. {1)-9: 1189-]200 ]970.

P !
i ~

Za‘lkm H, and Tappel, A.L. Stud1es of the mechamsm of vitamin E action.

[y
~
)

-
) v, Luﬁd peroxidation in th E def1c1ent° rabb1t‘ Arch. Bigchenm.
‘ B1ophy§. 88: 113-117, 1960.

-~ &
3




