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ABSTRACT

K
"

1

The neonatal phase of the ontogenetic pattem of hepatic
microsomal mixed function ox1dases (HMMFO) in man and the influence of

,

thyroid hormone on this ontogenetic pattern in rats were studied. , In

the neonatal period in man, there is a significant deficiencry in the

. actlvity of hepatic Ipic'rosomal aminopyrine N-demethylase, aniline p-

hydroxylase , NADPH xoxidase, NADPH cytochrome c reductritse, and in the

amount of ‘cytochrome P-450 and no measurable activity of NADPH cytochrome

P-450 -reductase. All of these enzymes excépt aminopyrine N-demethylase
significantly cortelated with postconceoéiona@nd\icating that

significa;;t devclopnental events occur during the newborn period. These
developmental evenks are probably modulated by thyroxm a hormoné clos¥ly

related to rboth drug oxidation and grgan development as evidenced by

changes mrjthe developmental pattern of the hepatic microsomal drug

oxidizing enzymes iri various altered thyroid states.’ An acute single dose

of thyroxin in irfmature ratg resulted 1n significant increase in the

activity of aniline p-hydroxylase and the microsomal electron transport f,:f
enzymes. Chronic hyperth;'roid state during che first 5 weeks of age

resulted in significant acceleration of-the development of hepatic micro-

somal énilinc p-hydroxylasé: , NADPH oxidase and NADPH cytochrome ¢ reductase
activity, but with significani: deceleration in the Adevelopment of

cytochrome P-450 content. Conversely, hypothyrmdlsm produced by 31
administered at birth resulted 1n eEfectS opposite to hyperthyroidism
. (déceleration of\) NADPH cytochrome ¢.reductase and aCCe}eratlon of

cytochrome P-450), which were’revefsed by replacement therapy with L-

thyroxin. These effects were. not demonstrated by the-addition. of thyroxin -
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in v'itro. Postnatal age "‘is a major determinant in the effect of
thyroxin on hepatic microsomal oxidation afd electron transport as
well as t:he ch;ration' of altered thyrpid state.- "It is proposed that
thyroi:l hormone, is an ifnportant regulator in the development of |

hepatic, microsomal drug oxidation.and electron transport.
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- . RESUME
LA THYROXINE ET LE DEVELOPPEMENT DE L'OXIDATIOV DES .DROGUES ET DU T RT

DES ELECTRONS PAR LES MICROSOMES HEPATIQUES (HEZ L'HOME ET GUEZ LE RAT
. Nous avons etudie 1 'ontogendse des oxidases hépatiques
a function mixte chéz 1'hm;ne, et 1'influence des hormones thyroidiéxmes
sﬁr l'ontoggnése de ces é’lzymes chez ‘1e rat.
' Durant la periode néonatale chez 1'homme, on observe une dgfici?n\ce
significative de 1'aminopyrine-N-dériethy1ase, de 1'aniline-p-hydroxylase,
de 1'NADPH oxidase, NADPH cytochrome C reduc:tase et du cytochrome P-450,
tandis que 1'NADPH cytochrome P- 450 reductase n'est pas mesurable. I1
existe une correlation significative entre 1'act1v1te de toutes ces
enzymes exceptlbn faite de 1'aminopyrine-N- demethylase et 1'age postnatal
ce qui suggere une évolution significative de lews ctivites apres la

L

naissance. Ces étapes de develomement sont probablement influencees par
la thyroxine, hommone intimement associee a la fois a 1'oxidation des

- .. ' - . . ' s,
medicaments et au develownemgnt desfonctions organiques comme en temoignent

les changements de 1'ontogénese des enzymes hgpatiques microsomales qui

président a 1'oxidation des mgdicaments, au cours d'alterations de la
fonction thyroidienne. Une seule dose de thyroxine administree au rat
impubgre produit une augmentation significative de 1'activit§ de 1'aniline-
p?hydroxylase et des fanzyme/s du systéme microsomal de ‘transport d'glectrons.
Un etat d'hyperthyroidie au cours des 5 premi'éres semaines de vie a pour
consgquence une acceleration significative du devgloppemertde 1'aniline-
p-hydroxylase de 1'NADPH oxidase et de 1'NADPH cytochrame c reductase,
assoc:ie/e a un ralentissement significatif du/dgveloppafmt 4u cytochrome
P-450. Inversement, 1'hypothyroidie produite par 1'administration d'iode

/ . 131 a 1la naissance amene des effets contraires (diminution de’ 1'NADPH




» 2 =iV -
&

cytochrcme c reductase, acceleration du de'velog)emert du cytochrome
P-450). Ces effets sont rgyemibles aprEs administration de ’1-\tl'tymxine.
Cette action de la thy‘ro§d.ne_ n'est toutefois pas dgnbntrable in
vitro. L'action de la thyro;cine,sw le ‘syst?:ne {xlich'osa;lal d'oxidation
h'épatique et de transport d'glectror_s dépend de 1a duree de l'gtat
d'hyper ou d'hypothyroidie aussi bien que de 1'dge postnatal.

Nous proposons que l'hoﬁnone thyroidienne est un rég’ulateur
important du développement du systéme microsomal d'oxidation et de

trar'lsport‘ d'electrons dans le foie.
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‘¢ ‘ PREFACE
FORMAT OF THE THESIS

¢ ‘ -

Pursuant to regulation 4.2.7. (h) of the Faculty of Graduate Studies
and Research of McGill Universi_ty and to the "Thesis Format" adopted by
the Department of Pharmacology and Therapeutics of McGiil University, T
the main body of this thesis is presented in manuscript forms suitai)le
for publication in a Learned Journal.

The section envtitled‘”General Introq}:ction and Statement of the
Problems'' is relatiy\ely short, and in o_rder to avoid detraction from
the continuity of the contents of this thesis, a review of literature
relating to the relationship of hepatic microsomal drug metabolism and
thyroid hormone is presented as an appendix (Appendix A). The rgle\;aht
points which are necessary in the comprehension of the results shown in
the individual manuscripts are presented in the‘&appropriaée manuscripts.
The first manuscript has been published in the Joumal of Pediatrics and
the other manuscripts have been submitted for publication in the journals
indicated in the title page of each of tilese manuscripts. The first
manuscript (MS.I) relates to studies performed m human .tissues. Due to
ethical and practical considerations and due to the nature of the formulated
problems stated' in the later part of the General Introduction, subsequent
studies were done in‘experimental animals (MS.II to IV). Some degree of

I'd

redundancy between the General Introduction, General Discussion and similar

sections in the manuscripts was unavdidable. In an attempt to present }
the relevant points more systemzitically, a subheading was included in

the ,appropriate sectioris‘of thf General Discussion. A section entitled

"Conclusions and Statement of Original Content' dealing with all the

manuscripts is presented between the last ménuscript (MS.1IV) and the Appendices.
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_1_ 1Y

\ GENERAL INTRODUCTION AND STATEMENT OF THE PROBLEM

v The oxiddtive biotransformation of a large variety of exogenous
and endogenous compounds of physiological and phammacological interest
is known to occur primarily in the liver (Kensler et al., 1947; Mueller

and Miller, 1948; Gillette, 1966; Brodie, 1966). The participation

- in these oxidative reactions, of an enzyme complex associated with the

disrupted endoplasmic reticulup (microsomal fraction) of the liver was ‘
established in the mid-1950's (Brodie g_t_ al., 1955; Cooper and Brodie,

1955). Subsequent studies in the field of drug metabolism during the

past two decades have provided evidence t}}at this microsomal enzyme complex
catalyzed the biotransformation of drugs (Brodie et al., 19553;

Axelrod, 1955a, 1955b, 1956)./ fvidence was also provided that these. oxidative
enzymes are NADPH-dependent and are oxygen-requ‘iring (Mueller and Miller,

1953; La Du et al., 1955; Gillette g_tiil_., 1957). ' This requirement for

-

[}

NADPH and molecular oxygen for the formation of an oxjidized polar deri- )
vative of the parent compound and a molecule of water, led to the classi-
fication of this enzyme system as mixed function oxidases (Mapon, 1957)
or monooxygenases (Hayaishi, 1962) as ill\ustrated in Figure 1 (Manuscript.I).
Their subcellular localization in the smooth endoﬁlasmic reticulum of the
"liver (Hol'tzman, 1968) logically led to the terminology "hepatic microso- \/A
mal mixed function oxidase system'.

In the late 1950's, the activity of the hepatic microsomal

enzyme system in the newborn experimental animal was first reported to be
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deficient (Fouts and Adamson, 1959; Jondorf et al., 1959). Subsequent

biochemical “and morphological studies confirmed the observation, -
and supported the concept that the newbotrn experimental animal has a ne-

gligible activit)f of the hepatic microsomal drug oxidative enzymes

(Kato et al., 1964; Fouts and Devereawx, 1972; MacLeod et al., 1972;

Short and Stith, 1973; Basu et al., 1971; Gram et al., 1969; Henderson.

1971; Soyka, 1969; Klinger, 1968; Rane, 1973).

In man", the concept that the nwb;)m infant also has a deficient
capability to metabolize drugs was not fully recognized until the advent
of the ''gray baby syndrome'. This was related to the use of chloramphenicol
in the premature infants in the late 1950's (Sutherland, 1959;

Bumns et al., 1959). Chlox;amphenicof, adminisltel'“ed to premature newborn
infants in the usual therapeutic doses for older children (100 mg p;er

kg per day) resulted in a syndrome characterized by fatal cardiovascular
collapse (Sutherland, 1959) which accounted for a significan\t neonatal
morbidity and mortalit;' (Burns, et al., 1959). Chloramphenicol
requires glucuroﬁide conjugation for elimination from the body and
because of‘ the deficient glucuronyl transferase activity, chloramphenicol
accunulated indt’oxic concentrations in the blood -(Wei , et al., 1960).

As a'?deficiency in the hepatic conjugative cgpacity of the
newborn infant was demonstrated (Weisg et al., 1960; Brown and Zuelzer,
1958) , suggestive evidence of a deficient hepatic oxida‘t{lve capacity began
to accumulate. Vest and Streiff (1959) gave acetanilid to ten newborn
infants and showed that the peak concentration of the oxidative product

para-aminophenol, appeared later compared to older children (Vest and

Streiff, 1959). Similarly, tolbutamide administered orally or intravenously
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to ten normal full term infants had a prolonged plasma retention during

the first two c}a;'s of life (Nitowsky et al., 1969). There was. an . :
inverse correlation between the plasma disappearance'of the drug and

the appearance of the oxidized metabolite, carboxytolbutamide (Nitowsky

et al., 1969). Further evidence for a decrease in oxidative capacity was
shown when aminopyrine plasma half-lives were measured in the first and
eight days of life in fifteen normal full temm infants (Reinecke et al.,
1970). There was a successive increase with age of aminopyrine elimination
rate from the plasma (I}einecke et al., 1970).  The lack of significant
metabolism of drugs such as diazepam in the human fetus (Idanpaan-

Heikkila et al., 1971), and the higher blood level and prolonged serum half-
life of diazepam in premature infants relative to older children

(Morselli et al., 1973) also supported the concept of a deficient drug
oxidative function in the neonatal period. Possible subcellular and
biochemical basis for this deficient drug oxidative function in the human
aborted fetuses was showr(1 by lower activity of the hepatic microsomal mixed
function oxidase system relative to adult liver mictosomes (Yaffe et al.,
1970; Pelkonen et al., 1973). Presently the data on hepatic microsomal
enzymes that are available in the literature are limited to studies on human

-

abortet fetuses with maximm fetal age of 25 weeks (Yaffe et 'g_l_. , 1970;

infant.

v

The continuing high degree of exposure of the hum

-

//

fetus and _.—

L~

newborn infant to drugs (Tables I and II) warrants the Wt/ign of -

) e
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their capabiéy to handle a;1d rg&abolize these drugs. _ Epidemiological ,
studies (Table I) have,demonstra;ted that about 80 to 90% of pregnant
mothers have consumed an avérage rlumber of 3 to 10 drugs (Forfar and
Nelson, 1972; Hill, i972; Peckham and King, 1963). The aggressive
diagnostic and therapeufic app;'o‘aches adopted by the neqﬁatal intensive
care units also pélralled the increased used of drugs in the newborn
infant (Table IT). Many of these drugs used in the fetzal and neonatal
perlod gequire blotransfomlatlon catalyzed by the hepatic microsomal
mixed ‘function oxidase system and the present studies were designed to
detérmine the activity of this system in the premature( and full term new-
bom infant. E

'The first manuscript in this thesis, '"Hepatic Microsomal Drug
Oxidation and Electron Transport in the. Nev;vborn" , sought to answer three

‘

questions: ' K ,
1. What is the act1v1ty of the hepatlc drug oxidizing enzymes and
the electron transport components in the hepatlc microsomes of premature
and full tem newborn infants? Information obtained./from this study
may provide quantitativc; estimates of the functional deficiency in the _
prgnature and full %eim newborn infant.
2. Which electron transport component(s) is/arq substrate oxidation
closely related to? Correlation of the rate of substrate oxidation with
i . :
a specific| electron transport component has been utilized previously

" in experimental animals to try to identify thé rate limiting step in

microsomal drug oxidation (Gigon et al., 1968). 'The possibility of
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'idem;'ifyir}g the rate limiting step wds attempted in the human liver
microsomes from premature and full term newborn infants. Identification
of the rate limiting step in drug metabolism during the neonata.tl period
might lead to the development of. theraqeutic regimens which could .
'caircumvent a ‘faulty meta;bolic step or w:)_uld at least permit the promul-
gation of rational principles for neonatal drug therapy.

3. Does the activity of the hepatic microsomal drug metabolizing
enzymes increase with age during the later par€ of gestation ana in the
neonatal period? This problem is a corollary to the major question in
human drug metabollsm which seeks to determine the tnne when the deficient
neonatal drug oxidative function attains adult level of activity.

+ Although there is arsz':‘increasing avai\lability of data relating to
the aftivity of the hep:;tic microsdmal mixed function oxidased system in
man (Yaffe et al., 1970; Pelkonen and Karki, 1971; Ackerman et al., 1972;

Rane and Ackerman, 1972; Pelkonen et al., 1971; Juchau, 1971; Pomp et al.,

1969; Pelkonen, 1973; Pelkonen et al., 1973; Rane and Gu§taffsdn, 1973;
Rané, 1974; and Aranda et al., 1974), the developmental pattern of the
microsomal drug metabolizing enzymes in humans remains unknown. Further-
, more, the available data in the literature are insufficient to predict a
pos‘sﬂ'le ontogenetlc pattern of these enzymes. Specifically, the question
of w}in the low act1v1ty of the m1crosomal drug metabolizing enzymes in
the hunan fetus and newbom infant undergoes full dlfferentlatlon or
maturation to adult level of activity remains unanswered. In the
experimental animals, most microsomal drug—oxidaat‘lve enzymes approach’

adult level of activity at approximately 3 to 6 weeks of age (Macleod et
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gl.\, 1972; Fouts and Devereaux, 1972; Short and/Davis, 1970; Short and
Stith, 1973; Kato ‘et al.; 1964; Bresnick and Sfevenson, 1968:
Basu et al. ,' 1971; Soyka, 1969; Henderson, 1971; Jondorf, et al., 1959].
The attainment of adult level of enzyme activity varjes according to the
substrate oxidative enzyme, electron transport component enzyme and to
the sex, strain a{ld speciesof animal studied. The time periods
of the development of various hepatic microsomal drug metabolizing enzymes
to adult activity are summarized in Tables III and IV.

The temporal events leading to full maéuration of microsomal drug
oxidative capability and the factors regulatiﬁg these events are areas
of major interest in perinatal pharmacology. Identification of physiological
and phainnacological influences which allow for increased drug-metabolizing
enzyme activity in the immature animal may elucidate the nommal sequence
of biochemical events in enzymic differentiation in drug metabolism. One
possible factor that imay significantly influence the development of the
hepatic microsomal drug oxidative enzymes is thyroid hormone. The basis
of this hypothesis is summri’gscz as follows:

1. Thyroid hormone jis an important regulator of the development
of some organ systems (e.g. brain) (Balazs et al., 1969). Defeciency
of thyroid hormone results in retardation of the development of the brain
(Balazs et al., 1969). Thyroxin a?iministration to fetal rabbits results
in acceleration of the maturation(of_&he lung and increased pulmonary
surfactant production (Redding et al., 1972; Wu et al., 1973).

2. Thyroid hormone is intimately related to hepatic microsomal

drug metabolism (Kato and Takahashi, 1_96'8; Crooks E_t al., 1973;
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Eichelbaum et al., 1974). This is discussed in Appendix A;

[+

3. The appearance of measurable thyroid hormone seems to
coincide with the appearance of measurable drug oxidative enzymes ir_l’the
};umanl fetus and in experimental animals (Greengard, 1969; Shepard,

1967; Greenberg et al., 1970; Pelkonen, 1973; Fisher et al., 1970).

Since thyroid hormone 1s relate:i to botﬁ organ development and
drug metabolism, it seemed possible that it is closely related to
the development of hepatic microsgmal drug metabolizing enzymes. The
possibility was considered that thyroid hormone significantly
influences the ontbogenesis of the hepatic microsomgl mixed function oxidase
system.

~
The second and ,third manuscripts, 'The Effect of Thyroid

Hormone on the Development of Hepatic Microsomal Drug Oxidizing Enzymes

in Male Rats' and '"Thyroid Hormone and Postnatal Rate of Reduction of
Cytochrome P-450 by NADPH'" respectively, sought to answer the question
'"What is the thfluence of thyroid hormone on ‘th’e development of hepatic
microsomal drug oxidation and electron transport?' Delineation of the
effect of eﬁdogenously occurring growth-promoting substrates such as
thyroid hormone may provide an insight into the nommal sequence of events
involved in microsomal enzymic differentiatian and the fundamental
mechanisms which regulaté these events.

. The fourt}ll manuscript entitled '"Age Dependent Response of l{epat;{c
Microsomal Mixed Function Oxidase System to Thyroxin'', sought to answer
the question '"What is the influence of age on the inducibility of the
hepatic microsomal drug metabolizing enzymes to thyroxin?V

Several factors seem to influence the responsiveness of thé
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hepat%c microsomal drug metabolizing enzymes tp induction by exogenous
substrate and homones (Fouts, 1968). One of these factors is age wh}ch
appears to be a major determinant in the quanritativé and perhaps
dualitative response of a specific organ or enzyme system such as the

. drug metabolizing enzymes to a particular agent. The quantitative
difference in the response of the microsomal drug mctabolizing systems,

as a function of age, is evidenced by 50 to 200% greater inducibility of
biphenyl-4-hydroxylase, biphenyl-2-hydroxylase, p-nitrobenzoate reductase
and cytochromenP-450 by phenobarbital in 12 day old rats compared to

52 day old rats (Basu et al., 1971).  Similar age-related responsiveness .
to phencbarbital has been demonstrated, with a greater induction of

4 aminopyrine.N—demethylation, hexobarbital hydroxylation, aniline p-
hydroxylatlon and p-nitrobenzoate reduction in 40 dap-old rats compared to
older animals (Kato and TakanaPa, 1968), thus sugég:;lng that immature rats
are intrinsically more responsive to enzyme induction. Furthermore,

within the period of development, when several biochemical adaptive changes
occur, there is an increased variab?lity in the response of drug metaboliz{;g
enzyme system to induction. For instance, oxidative enzymes for hexobar-

bital and aminopyrine in fetal rabbits studied 4 to 8 days prior to term

were refractory to phenobagbital induction, whereas the§e same enzymes
were readily inducible after birth (Hart et al., 1962). These observations
indicate that the effectiveness of induction markedly depends upon the )
age at which the inducing agent is administered.

Clinical applications of age—relaied inducibility of enzyme

systems has been demonstrated in steroid induction of other organ systems
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. such as the lungs in newborn infants (Liggins et al. ,5 1972;
Baden et al., 1972). For instance, induction of pulmompary surfactant .
to prevent hyaline membrane disea.se in the newborn infant occurred )
v;hen steroids were administered before 32 weeks ge§tation and induction
was not success-ful when steroids were given later than 32 weeks gestation
(Liggins et al., 1972) or a'fter birth (Baden et éli , 1972). Determination
[ A of the degree of 1nduc1b11;1ty of the hepatic microsomal enzymes by
’ ‘ thyroxin as a function of age may allow for optnnum and effective 1nduct10n

when such induction is de51\1\ab1e. .

4

'
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TABLE 1: Profile of Maternal Drug Intake during Pregnancy

: Percentage of mothers taking drugs (self-medicated and/or
vo. prescribed) in pregnancy

Forfar-1972 Peckham-1963 Hill1-1972
Drug ; Edinbyrgh Oakland Hous ton
& n #9511 n = 3,072 n = 156
’ : % % %
! N
Iron 82.0 87 41
Analgesics ,63.2 24 64
Vitamins 39.8 78 . 25
Antacids : . 34.4 ) 13 35
Barbiturates 28,0 32 24
Diuretics .1 18.0 32 57
Antiemetics 16.3 15 36
Antibiotics " 15.6 ) 23 41
i Sul fonamides 12.5 ) 6
Cough Medicines 8.3 4 . -
Antihistamines 6.8 17 52
Hormiones 4.1 8 20
Tranquilizers 1 3.6 a .-
Bronchodi® ators 3.1 b- d
Hypnotics 1.4 14 9
Appetite suppressants 1.2 14 10
Narcotic - C 5.0
~
Average number of ﬂ 4.2° 3.6 10.3
! . Drugs consumed/patient (1-10+) (1-10+) . . (3-29)
-
a, included in barbiturates ) 4 o
b, included in cough medicines ’
¢, included in hypnotics
d, included in antihistamines
e, excluding iron .
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' TABLE II: PROFILE OF IRUG UTILIZATION IN A NEONATAL fNTENSIVE

CARE UNIT (vicu) (a)

'3

| Percentage of newborn infants who received’ drugs in the

Montreal Children's Hospltal NICU (1974-1975) N - 169

. e®

Kanamycin
Penicillin
Calcium Gluconate
) Gentamicin
Ampicillin
, Sodium Bicarbonate °
e Infantol ®  duTtivitanins) .
. . Fer n so1® (1ron) . .
Chloramphenicol B '
F.u;*ose'mide 1 _ 7
Cloxacillin .
Phenobarbital
Mycostatin
Mediun chain triglycerides

(R)

. Cyclopentolate

A i,

Valiim (Diazepam)
Neosynephrine (®) (phenylephrine)
Vitamin C °

Hexachlorophene

/

NUMBER OF PATIENTS (%)

74 (43.8%)
72 (42.6%)
50 (29.6%)
45  (26.6%)
43 (25.4%)
31 (18.3%)

3 (18.39)
17 (10.1%)
15 (8.9%)
14 (8.39%)
11 (6.5%)
10 ( 5.9%)

10 (5.9%)

7419,
‘s (3.09)
( 3.09%)
5 (3.09)
!5 3.0%)
4 (J2.48)

J
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Table II continued

ruc®

Adrena;}ne
Morphine s
Digoxin
Nepsporin
Carbenicillin
Methicillin

Hydrochlorthiazide

Isuprel

Glucose
qu&bactrin (R)
Silver Nitrate
Atropine

Caffeine

Vitamine B-12
Magnesium Sulfate
Sodium Sulamyd ®)
Dicloxacillin
Alcohol

Herpes D(R?
Mercuhydrin
Aldactone
Diphenylﬁydan-toin
Propranalol
Acetominophen
Mepéridine
Dexamethazone
Insulin
Solu-Cortef (R)
Hydralazipe
Diazoxide
Gamma-Globulin
Poly Vi Flor(R)

NIMBER OF PATIENTS (%)

4
4
4
3
3
3
3
3
3
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

(2.
(2.

(2.

(1.

(1.

(1.

(1.
(1.

(1.

(1.
(1.
(1.
(1.
(1.
(1.
(1.
(0.
( 0.
( 0.
( 0.
(0.
(.0.
(0.

(0.6

( 0.
(0.
(0.
(0.
( 0.

(o.

(0.
( 0.

4%)
4%)
4%)
7%)
7%)
7%)
7%)
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. ! ’ ~ ‘
orus ™ L NUMBER OF PATIENTS (%)

vipherot® - 1 (0.6%)
Potassium Chloride ) " . ' 1 ( 0.6%)
atarax® S 1 (0.6%)
Albumin - 1 (0.6%)
Cotazyme(R) : B 1 ( 0.6%)

. Glycerffie suppositories 1 ( 0.6%)
Hypaque ™) L (0.69)

No Drugs s CoLr 41 (24.39)

ot

!

(a) ‘Aranda, J.V., Cohen, S., and Neims, A. H. Epidemiology
of drug utilization in the newborn period (Ongoing project). .
(b) - Excluding prophylactic agents as Vitamin K, and ophthalmic
-antimicrobial agents and intravenous fluids and alimentation.

(R). Brand (Manufacturér's) name.
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‘ TABLE III : THE MATURATION OF THE VARIOUS QOMPONENTS OF THE HEPATIC
MICROSCMAL MIXED FUNCTION OXIDASE*
- Time when adult

: or >80% adult a' /
Component Species Sex activity reached Reference
NADPH oxidase Rat (SD)®  F 30 days Kato et al., 1964
Rat M§F 18-20 days / Uehleke et al,, 1971
A o Rat - 1 day Dallner et al., 1966
‘ MADPH cyto-  Rabbit Mg F 2 weeks Fouts and Devereux, 1972
chrome c b
reductase Rat (CRLE) M : 5 weeks E Macleod et al., 1972
. S xeeks b ‘
Pig M+ F " 2 weeks Short and Stith, 1973
NADPH neotet- Rat - 1 day Dallner et al., 1966
razolium ’
reductase
Cytochrome b, Rabbit M§F 30 days Fouts and Devereux, 1972
Pig M§F 3 weeks + Short and Stith, 1973
Rat - 8 days Dallner et al., 1966
Cytochrame  Rat (sD)® M 1 week Gram et al., 1969
P-430 Pig M§F 4 weeks  Short and Davis, 1970;
1973
y Rat (W)b M(‘%Fd . 3 weeks Basué_?:_gl_., 1971
Rat (CRLE)® M § F 3weeks = Macleod et al., 1972
Rabbit M§F 30 days Fouts and Devereux, 1972
Rat - 8 days Dallner et al., 1966 ‘
Rat M§F 3 weeks Uehleke et al., 1971
NADPH cyto- b K
chrome' P-450 Rat (CRLE) M 5 weeks ( . .
reductase F 4 weeks EMacLeod et al., 1972
Rabbit M&F ‘ 2 weeks Fouts and Devereux, 1972
Pig M§&F 2 weeks Short and Stith, 1973

~,

‘ " * see Footnotes for Table V™
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SUBSTB&&E OXIDATIdNS

Substrate -
oxidized

Aminopyrine

L-Amphetamine

Aniline

Benzphetamine
Bgnzpwene
Biphenyl-2
Biphenyl-4 )
Ca{risopradol

4-Chloroaniline

Chlorpromazine

Ethylmorphine

SEecies
Rat ()P

Rat (SD)P

Rat (CRLE)? oM & F ..
MEF

Rat

Rat (CRLE)
Rat (SD)®

Rabbit
Rabbit
Rat (0°
Rat (W)
Rat (SD)

Rat (W)

Rabbit

Rat (SD)
Pig

Sex

M
F
M

e 9]

M§F

M§F
M

M § F
M§F
Mg Fd
Mg Fd
E

M§F

M§F

THE DEVELOPMENT TO ADULT ACTIVITY (>80%)

OF VARIOUS

Time when adult
or >80% adult
activity reached

45 days
21 days
32 days
12 days

4 weeks
30 days K

<4 weeks

5 weeks
4 weeks

30 days
30 days
21 days
21 days
20 days

2-3 days

18-20 days

3 weéks

2 weeéks ‘

3 weeks

t

'Reference

Henderson, 1971 .
Henderson, 1971

" Soyka, 1969
. Soyka, 1969

Macleod et al., 1972
Klinger et al., 1968

Short%avis, 1970 . .

~ i

‘Macleod et al., 1972

Gram et al., 1969

Fouts and Devereux, 1972

. Fouts and Devereiix, 1972

Basu et al., 1971
Basu et al., 1971
Kato et al., 1964

Uehleke et al., 1971

i

Fouts and Adamson, 1959 /

Gram et al., 1969
Short -and Stith, 1973
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Table IV continued ) / - Ve
. Time, when adult ’

Substrate or >80% adult .

- oxidized - Species Sex _activity reached Reference

Hexobarbital ~ Rat (SD)°  F 20 days  Kato et al., 1964

Guinea pig F >57 days Jondorf et al., c\l‘959
Pig . M§F - 6 weeks Short and Davis, 1970
) .
Meprobamate  Rat (SD)P F 20 days-  Kato et al., 1964
. Ped

Monomethyl-4-  Guinea pig F -~ >57 days / Jondorf et al., 1959
aminoantipy-
rine ’

Methyl-4-mono- Rat M§F 3 days®© Bresnick and Ste\‘/énson,
methylamino- 1968 '
azobenzene

N-methy1- Rat . (W) M§ F 2-3 days®
aniline 18-20 days Uehleke et al., 1971
. . 1

N-methyl p- Mouse | M§F 20 days Pamp et al., 1969
nitriline ,

Nbrphir;e Rat > M§F . 30 days Klinger et al., 1968

p-Nitroanisole Pig M§F 4 weeks Short and Davis, 1970

Mouse M§F 20 days Pomp etyal., 1968

psNitrobenzoate Rat (W) Mg Fd 31 days Basu et al., 1971
Pentobarbital Rat (SD) F .20 days Kato et al., 1964
Strychnine Rat (SD} -, F , 20 days Kato et al., 1964

.. N ) ? . '
Zoxazolamine Pig ~-M§F 4 weeks Short and Davis, 1970

L9

‘5 )

i



Table IV continued - ) -

» —
v

/ ' a - Adult activity is the level obtained at 60-120 days in rats.

b - Abbreviations: ,

o SD - Sprague‘ Dawley ) : .
W - Wistar

* CRLE - Charles River Long Evans . u o

. M - Male ~—— ” .
. ’ :F = Female
‘ c - Compared to an adult female.
\ d - Mixed M and F m;til 21 days, then ‘M" were used.
e - Two peaks were noted. First peak‘ reached near adult level;
second peék' higher than adult level.
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, ABSTRACT : .

“

Many drugs require oxid;ﬁtive metabolism for, termination of
3

action and/or for elimination from the body. Many oxidativelreactions

are catalyzed by hepatil: microsomal enzymes. The activities of various
drug-metabolizing enzymes, namely, ‘NADPH cytochrome c reductase, NADPH
oxidase, aminopyrine-N-demethylase and aniline p-hydroxylase and the
content of cytochrome P-450, were measured in h;apatic microsomes obtained
from seven newborn infants and four adult patients. The results in the
newborn infant showaincreasing activities of these enzymes (ex/cept
aminopyrine-N-demethylase) related to advancing age: Good correlation
f)etween three components of the hepatic microsomal mixed functiOp Joxidase
system and aniline p-hydroxylase was established, whercas only NADPH
oxidation correlated with aminopyrine N-demethylation. The rate of
substrate or drug oxidation and the activities of the components of the
microsomal electron transport pathway were lower than comparable values

in the adult. The data demonstrate & possible biochemical basis for the

transient deficiency in drug metabolism seen in newborn infants.

INTRODUCTION

The human fetus and newborn infant are continuously at risk of
exposure to drugs and environmental pollutants. FEpidemiolngical studies

have demonstrated that approximately 90% of pregnant mothers have consumed



- 25 -

- | y

p-1
é

~

.an averagé of 3 to iﬁﬂ drugs (Forfar and Nelson, 197:6'; Hill, 1973; Peckham

and Kin‘g, 1963). ,The aggressive diagnostic and therapeutic approaches
adoptedfrby neonatal intensive care units have also paralleled the increased
use of "gh'ugs in the newborn infant. Thus it is obviously important to -
determine the functional state of the various factors involved in the phatzma-
cokinetic disposition of drugs, specifically, the hepat\ic microsomal drug

\metabolizing enzymes during the neonatdl period.

Biochemical and morphplogical studies in experimental ahimals have
conclusively shown that the fetal and newborn animals have a deficient
'capability to metaholize drugs (Fouts and Adamson, 1959; MacLeod
et al., 1972). Similarly, the lack of significant metabolism of drugs
such as diazepam in the human fétusj(Id;np;;n-Heild(ilg et al., 1971) and
the higher blood level and prolonged serum half 1ife of diazepam in
premature infants relative to older chiidren(Morselll et al., 1973) ;{xggested
the possibility of deficient drug ox;dative finction 1n the neonatal period.
Possible subcellular and biochemical basis for this deficient drug oxidative
finction in the human aborted fetuses was shown by lower activity oof the
hepatic microsomal mixed function -oxidase system (HMMFO, Figure 1) relative

to adult liver microsomes (Yaffe et al., 1970; Pelkorzen et-al., 1973a). The

data available in the literature have been limited to studies on human
\
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aborted fetuses with maximm fetal age of .25 weeks (Yaffe et al., 1970; ~
Pelkonen et al., 1973a; Pelkonen,.1973b; Rane and Ackermann, 1972). As
yet, there are no quanti/tative determinations of the activity of the
hepatic microsomal mixed function system in the later part of gestation
and in the neonatal period, and the present study sought to answer three
questions.

First, what is the activity of the hepatic drug oxidizing enzymes
and the electron transport compopents in the hepatic microsomes of pre-
mature and full term newbormn infants? Such information accrued from this
study may pro/vide quantitati;re estimates of the functional deficiency in the
premature and full term newborn infants. /
Second, does the activity of the hepatic microsomal drug metabolizing

enzymes increase with age during the later part of gestation and in the

neonatal period. This problem is a corollary to the major question in

human drug metabolism which seeks to determine the time when the deficient

neonatal drug oxidative function attains adult level of activity.

Third, which electron transport component(s) is/are substrate
oxidation closely related to? Correlation of the rate of substrate oxidation
t(o the electron transport component has been utilized in experimental animals
to identify the rate limiting step in microsomal drug oxidation (Gigon et al.,
1968). Possibility of identifying the rate limiting step was also attempted
in the human liver microsomes from premature and full term newborn infants.
Identification of the rate limiting ;tep in drug metabolism a'nd quantitativE
determinations i)f the rates of drug metabolism during the neonatal period
might lead to the development of therapeutic regimens which could circumvent

) - 0
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a faulty metabolic step or would at least permit the clinician to promulgate

rational principles for neonatal drug therapy.

IT. MATERIALS AND METHODS

a. Patients and Specimens

.
Fresh liver tissues obtained either at postmortem or during surgical

procedures were taken from four premature and three full term new;)orn infants
and from four adults for comparison. All n?‘vioorn infants, except one (LaB -
Table 1-1) were from the Montreal Children's Hospital and the adult patients
(transplant donors) were from the Roya1(Victoria Hospital. Clinical data on
these patients are shown in Tables I-1 and I-2. The infants' gestational

ages ranged from 28 to 41 weeks. The postnatal ages ranged from 9 hours to

5 weeks and the birth weights ranged from 725 to 3560 grams . Four of the

. infants were males and three were females. The adult patients' ages varied

from 20 to 60 years. Three were males and one was a female.

In the autopsy cases, the time lag hetween patient death and excision
of hepatic tissue sample varied from 15 minutes.to 2 hours. Upon excision,
the liver specimen was placed on ice for transport to the laboratory and
then it was homogenized in ice-cold 0.1 M phospHate buffer, pil 7.4 using
4 volumes of buffer per wnit weight for 30 seconds in a high speed Sorvall
Omnimixer. Aldl subsequent procedures were carried out between 0 and 4° C.

The homogenate was centrifuged a;t 10,000 x g for 10 minutes in a
refrigerated centrifuge, and the supernatant was decanted and reJcentrifuged

at 100,000 x g for 60 minutes in a Beckman L3-40 refrigerated ultracentrifuge.

-

'ﬂxe'/microsomai pellét obtained was resuspended in cold buffer usipg a glass
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homogenizer and a volume of buffer sufficient to give a final protein con-
\

centration of 20 to 30 mg/ml.

)

b. Assays . . | " - e
Protein was determined by; the bjuret r{xethod ‘(‘Kabat‘ and Ma}l'er, 1967).. |
NADPH oxidase was determined by following the absorbance change of NADPH at '
340 nm using the method ;iescribed by Gillette, Brodié and LaDu '(1957).
NADPH cytochrome c reductase activity was determined by followmg the
absorbance change of cytochrome c at 550 rm after addition ‘of NADPH as
described by Phillips and Langdon (1962). Cytochrome P-450 coéncentration
was determined by the method of Omura and Sato (1964) with a microsomal

v
¥

suspension containing 5 mg of protein per ml. NADPH cytochrome P-450

\

reductase activity was determined by following the absorbance change at
450 nm when carbon monoxide saturated microsomes were reduced by NADPH as .
described by Gigon et al. (1968). The reaction was started by' the 'ar{aerobic
addition of 2 umoles of NADPH in 50 ul of phosphate buffer. The activity :)f
aminopyrine-N-demethylase was determined by measuring the production of -
formaldehyde from aminopyrine as described. by chhin ana Axelrod (1959) and}‘
the acti‘vity of aniline p-hydroxyla'se was determined by \measuring the pro-'
duction of p-aminophenol as described by Kdto and Gillette (1965). The
reactlon mlxtures‘used for these assays in our laboratory havé been publlshed
elsewhere (MacLeod et al., 1972)

Regression analysis by the method of least squares (Campk;ell, 1969)
was used for correlation. The significance of the correlation was tested

using the distribution of t (Ferguson, 1971) and significance was accepted

at p <0.05. Because of the variability of the gestational age and pbsthat'al

—
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age between newborn 1nfants, postconceptional age was obtained by taking

the sum of both ages for use in the correlation. Due to the heterogeneity

of patients and to thegpresence of apparent changes in the activity of
o A .

enzymes -studied as a' fimction of age, range of, values rather than mean

7
]

values were used in this study. ' ro
( : ‘

/ © III. RESULTS L

'
v . -
C
- ¥
» !

- /\"‘\N Table 1 summarizes the clinical data on 't\he newhorn infants studied.
. . 0

infants had ‘r‘eépiratory distxjess éfndrome, two iﬁfan'fs had apnez;l, two
had hype)\bﬂirﬁbenemia, one had purulent meningitis, one had asphyxia neo-
natorum with convulsionskand subarachnoid hemorrhage, and one had biliary
atre;ia. T};e sanple from thé pat‘ient w1mth biliary atresia LM) was a biopsy

specimen obtained during an exploratory laparotomy. All infants received

antibiotics, two received phenobarbital and diaiepam, one received diphenyl-

- hydantoin, and ome received aminophylline. Table 2 shows the clinical data

™~

_ofl the adult patients. All were transplant donors with i1rreversible brain

damage. Two had traumatic liver rupture in addition to the irreversible
[

brain damage.

The yield of microsomal protein and the’activity of the components
of the hepatic microsomal electron transport in newborn infants and adults
are shown in Table 3 a, b In the newborn infants, the microsomal protein
yield ranged from 18.8 to 25.5 mg/g liver. The NADPH oxidase activity ranged
from 0.97 to 5.6 mmoles x min-l‘ xfmg.1 protein. NADPH cytochrome ¢ reductase
activity in the newborn infants varied between 9.65 to é7.10’nmoles§< min 1

X mg_l protein; in comparison, the four adults had values ranging from °
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45.40 to 207.60 nmoles x min_1 X mg-lP protein.” The cy"focﬁrome P-450
content in the newborns ranged from 0 to 0.095 nmoles x mg_1 protein

vwhereas in the adults these values ranged from 0.138 to 0.231 nmoles x mg

‘ protein. The activity of NADPH cytochrome P-450 reductase was not detectable

in three newborns, whereas in two adults the activity was 2.6 and 2.7

. -1 -
, Tmoles x min ~ x mg = protein.

. The specific activities of aminopyrine N-demethylase and aniline ,
p-hydroicylase are shown in Table 4 for i/nfants and adults. Anlinopyrine‘
N-demethylase activity ranged from 0.035 to 1.880 and 0.980 to 3.760 ‘nmo‘lt‘es
x min ! x mg-1 protein for newborn infants and adults, respectively. Asiline
p-hydroxylase activity ranged from 0 to 0.330 and 0.070 to 0.950 moles x
min © x mg—ti protein in newborn infants and adults, respectively.

To determine whether the activity of the MMMFO functionally de;/élbps
during the age period studied, the components of ‘the electron transport
chain and the repljesentative substrate oxidation were co'rrelated with post-

.conceptional age (gestational + postnatJal ag/e). Figures 2, 3 and 4 shoxy a
positive correlation between postconceptionai age and NADPH oxidase activity
(r = 0.853), NADPH cytochrome ¢ reducta.seu ac@ivity (r = 0.839) and cytochrome
P—450¥ content (r = 0.871), fespectiveiy’. When postconceptional age was
corr-elated wit}; the ac'tivity of aniline p-hydroxylase and aminepyrine N-
demethylase a positive correlation was found with aniline p-hydroxylase

-actlvlty (r = 0.945) and a poor correlation was found bctween postcorceptional
age and amlnopyrlne N- demethyla,se (r = 0.655), as shown in Figure 5.

In an attempt to gain insight into the possible rate limiting step
in the two oxidative reactions studied, the activities of aminopyrine N-

del,nethylase and aniline p-hydroxylase were correlated with the activity of

<
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" NADPH oxidase and NADPH cytochrome c reéuctase, and the améunt’of cytochrome

P—4SO (Figure 6 a,;.b, c). A positive correlation between aminopyrine N-
denethylase activity and NADPH oxidase activity (r = 0.878) was obtained

No correlation was fourid between amlnopyrlne N-demethylase and NADPH cyto- .
|

chrome c reductase activity (r = 0.631) and cytochrome P-450 content (r, =

0.592). The positive correlation between aminopyrine N-demethylase activity

M \

and NADPH oxidase activity was noteworthy since there.was a correlation -
between postconcept1ona1 age and the former but not with the 1;1ter Further
studies with a greater number of subjects would be needed to evaluate this
relationship. T L ) J

A good correlation was found between aniline p—hydréxylase activity
and NADPH oxidase activity (r = 0.963), NADPH cytochrome c reductase (f =
0.792) and cytochrome P-450 (r = 6.8420 as shown in Figure 7.

/

. IV. DISCUSSION

The hepgtic microsomal mixed function oxidase system éétalyzes the
biotransformation of hormones [e.g., stéroids (Conney and Kuntzman, 1971)],
bile'acias (Conney and’ Kuntzman, 1971; Voight et al., 1968), exogenous and
endoéenous substrates such as fatty gciés (Lu and Coon, 1968), drugs and
environmental pollutants. The newborn -infant has a decreased capébil1ty .
to metabolize "certain drugs (Done, 1564; Nyhan, 1961; Rane and Sjoqvist,
1972) and the data presented in this study demonstrate a subcellular‘bio—
chemical basis for this functional d;ficit. Fxcept for the demonstratiom

by Soyka (1970) of the presence of NADPH cytochrome c reductase activity and

of cytochrome b5 in hepatic microsomes obtained from a full-term and a pre-
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mature infant (33 week gestatlon) respectively, to our knowledge this

study represent§ the first determmatxi& of the various components of the
hepatic m1crosoma1 mixed function oxidase system in the neonatal period.
Cytochrome P-450, the terminal hemooxygenase in microsomal drug
oxidation is present in variable quant;ity in the liver microsomes from
newborn infants, an obser"vation i’n accord with Yaffe's data from aborted
fetuses of 14 to 25 week gestatior} (1970').~ This hemoprotein increases
with ‘a'ge and at temm it appears to app'r,oach approximately half of the
adult values presented in this pgper (see Table 3) and of that measured
by Alvarez et al. (1969) and Nelson et al. (1971) (Figure 8). However,
this Iﬁroporfionality décreasgd to one-tenth of adult cytochrome P-450
content if comparedawith the data by wDavies et al. (1973) (Figure 8).
NADPH cytochrome c reductase activity appears to approach half of adult
activity@(see Table 3) in the three newborn babies whose postconceptional
ages were more than 40 weeks. These values are equal to or much higher
than the a'dult c;,ytochrome ¢ reductase activity reported by Nelson et al.
' (1971) (Figure 9). However, when comparéd to the adult activity determined
by Davies et 5;_1. (1971) (Figur‘e 9), the infant to adult activity is appro-
ximately one-third. .. L
The rate of microsomal NADPH oxidation as expregsed by NADPH oxidase
activity has' not been measured in human-liver microsomes. Like cytochrome
P-450 and NADPH cytochrc;:me ¢ reductase, the activity increases with advancing
'fetal and postnatal age. In the fuli term 5-week-old infant (baby L.M.), '
the activity was 5./6 rmoles NADPH oxidized per minute per mg protein, which

.approximates 70% of the activity in adult rats (Aranda et al., 1973).
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The tremendous variability of aminopyrine N-demethylase activity
is also in accor)d with Yaffe's observations (Yaffe et al., 1970) in fetal
livers. The.lack of correlation between aminopyrine N-demethylase activity
and age is further pretsented in this paper. In contrast, aniline p-hydroxy-
lase activity is linearly related to age 131 the newborn infants studied.
Nonetheless, the activity of enzym:zs in both substrate oxidations in the
thre'e term babies is approximately one half of adult. -

Neither NADPH cytochrome ¢ reductase nor the amount of cytochrome

P-450 seems to be rate limiting in aminopyrine N-demethylase since no cor-

.. relation between these electron transport components and N-demethylation of

aminopyrine was found. Similar lack of correlation between the hemoprotein
and substrate oxidation has been noted in adult patients (Nelson et al.; 1971).

In experimental animals, there is an increasing evidence that the rate limiting
step 1in microsomal drug oxidation is the reduction \;)f cytochtome P-450
(Gigon et al., 1968; Gillette~and Gram, 1969). However, the data 1n this
study do not substantiate this concept since substrate oxidation in the new-
borns proceeded despite relative lack of measurable NADPH &y‘cochrome P-450
reductase. Both aminopyrine N—demeth}flation and aniline n-hydroxylation were
signific':antly related to NADPH oxidase activity indicating that perhaps the
velocity of microsomal NADPH oxidation may be an acceptab/le indicator of the
overall rate of microsomal drug oxidation. Indeed, Stripp et al. (1972b and
Sasame et al. (1973) have shown a st’oichiometric relationship between drug
oxidation and NADPH oxidation in hepatic microsomeg. They found that the

stoichiometry approaches a 1:1-.relationship for a variety of type 1 substrates

when the metabolism of the substrate-dependent NADPH oxidation is corrected
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for carbon monoxide sensitive endogenous NADPH oxidation. Further evaluation
|3

of this method in human microsomes would be needed to define its applicabi:lity
as an indicator of the rate of drug oxidation. In contrast to ami;lopyrine
N-demethylation, aniline p-hydroxylation correlated significantly with NADPH
cytochrome ¢ reductase activity and cytochrome P-450 content suggesting that
;:hé newborn HMMFO is relatively more capable of metabolizing aniline-like
compounds. The difference between these two substrate oxidations during the
fetal and neonatal period is puzzling. Aminopyrine which glves a typical
type I bindihg spectrum with cytochrome\P 450 in adult human 11ver (Pelkonen,
1973c) and in experimental aniwals (Schenkman et al., 1967) produces a type II
binding spectrum in the human fetal liver microsomes (Yaffe et al., 1970).
Animal ®studies have revealed that type ’I compounds are better substrates for
adult rat. liver microsomes because they drive their own metabolism and they
stimulate NADPH cytochrome P-450 reductasc activity (Gigon et al., 1968;
Gillette and Gram, 1969). However, fundamental mechanisms underlying these
differences and the significance of these binding spectra in the hepatic
microsomes during the newborn period are poorly understood. The presence of
substantial w-oxidation of laurate and hydroxylation bf testosterone, both
endogenous compounds giving type I binding spectra (Yaffe et al., 1970),
lends support to the existence of an intimate relationship between substrate
binding and metabolism. This observation and the reversal of aminopyrine
binding spectrum té a type Il pattern led to the hypothesis (Yaffe et al.,
1970; Rane snd Sjoqvist, 1972) that there are endogenous substrates with high
affinity (low apparent Ky values) f01;% the binding site of the termminal hemo-

oxygenase and which can compete more effectively with exogenous substrates.
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The intriguing possibility of a qualitatively different cytochrome, P-450
between newborns and adults or differences between species cannot be excluded.
The apparent subceliular distribution of the various components of
the HMWMFO is different in the fetal livers as opposed to adults because of
differences in sedimentation properties of subcellular organeiles (Ackermaﬁ'
et al., 1972; Rane and Ackermann, 1972; Chatterjee et al., 1965). Electron
microscopic studies revealed that the'rough endoplasmic reticulum with sparse
smooth endoplasmic retiéulum sedimented at lower speeds of centrifugation.
The smooth endoplasmic reticulum contains the drug metabolizing enzymes ’
(Holtzman 95 §1,, 1968; Claude, 1969), and its scarcity in the fetal period
provides a morphological explanation for a functional deficit. The time at
which the fetal hepatic subcéllular localization of the drug metabolizing
enzyme approaches adult patterng is not established. Since the measurements
of the drué metabolizing enzymes were done on the microsomal fraction and since
the smooth endoplasmic reticulum may have not sedimented optimally in the
microsomal fraction, it is possible that the levels of the enz&me activity
presented in this paper may be lower than the actual value. Further studies
are needed to answer this problem.

The great discrepancy and variability of the levels of the various

components of the HMMFO and of aminopyrine N-demethylation and aniline p- ‘
hydroxylation in the 1iterature and in this study may represent different
interindividual genetic expression'(LaDu, 1971; Vessell and Page, 1969),
yariationgAin tissue sampling and assay techniques, présence of pathophysiologic
states, or drug therapy used prior to sampling. The nature of the pre-existent

disease states and drug therapy are probably the most important factors.
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Darby et al. (1970), who found very low levels of cytochrome P-450 and
microsomal drug oxidation in adult patients who succumbed to cardiovascular
failure (e.g., myocardial infarction), suggested that anoxia was largely
responsible for this SPserved decrease in drug metabolism. .In support of
this hypothe'sis is Cumming's observation that the rate of metabolism of
antipyrine was significantly decreased in patients who had severe chronic
pulmonary disease with resultant hypggemia (Cumming, 1972). Hepatic micro-
somal drug oxidation is an energy- and oxygen-dependent process (Gillette

et al., 1957%; Mannering, 1971) and a linear relationship betweeﬂ arterial
oxygen tension and rate of drug oxidation has been shown (Cumming and
Mamnering, 1970), Respiratory distress syndrome, where significant ventilation/
perfusion abnormality is a major pathophysiologic derrangement (Strang and
MacLeish, 1961; Strang, 1966), is characterized by hypo*emla which could alter
the determination of the true value of the microsomal en%yme activity in-the
bébies studied. Hyperbilirubinemia (McLuen and Fouts, 1961), starvatio

(Kato and GTIlette, 1965), and high glucése loads (Lamson et al., 1951;n(
Strother et al., 1971) could also decrease drug metabolism and 1t is possible
that the values 'in this study may not represent the activity of IMMFO in
nomal infants of similar age. Iﬁmmver, the data provide some information on
the qptivities of the various components of the system 1in the 5355 newborns
who are most apt to receive drug therapy, and for whom such inférmation would

be most applicable.

Biochemical and morphologic studies have concgusively shown that the
microsomal drug metabolizing enzymes are exquisitely susceptible to the

influence of drugs and environmental pollutants (e.g., insecticides, air

/

/ ‘ (\v
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pollutants). Adult patients who received phenobarbital, glutethimide,
diphenylhydantoin, rifampicin and other drugs showed remarkable induction
of cytochrome P-450, NADPH cytochrome c reductase, aminopyrine N-demethylase
and p-nitroanisole N-demethylase activity (Remmer et al., 1973; Black et al.,
1973). Similarly, phenobarbital therapy in infants and children resulted in
100 to 150 percent increase in the activity of NADPH cytochrome c reductase
from hepatic homogenates parallelled with proliferation of the endoplasmic
reticulup in two infants with normal hepatic parenchyma (Thaler et al., 1972).
However, this inductive effect could be antagonized by the presence of liver
disease (Thaler et al., 1972). One of a set of twins in this study (GR Z)W}EO
received aminophylline because of apnea, had a 7-fold greater activity of H
aminopyrine N-demethylase compared to the other twin (GR 1). To our knowledge,
there is no available data concerning the effect of aminophylline on hepatic
microsomal drug metabolism. If genetic expression of the drug metabolizing
enzyme is equal (Vessell et al., 1971; LaDu, 1971; Vessell and Page, 1971;
Alexamderson et al., 1969), the differences in enzyme activity may be contin-
gent on environmental or drug effects.

The two infants who received phenobarbital and diphenylhydantoin’
(Table 1) represent two of the three highest vallxe; of microsomal enzyme
activities among the infants studied (Tables III and IV). However, these
two infants have a more advanced postconceptioﬁal age relative to the other
subjects and the present study does not allow the delineation between age-
related effect and drug-effect on the microsomal enzymes.
" The data in this study demonstrate for the first time that the

activity of the hepatic microsomal drug oxidative enzymes and the electron

¢
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transport components are present in significant amount in the premature and
fllll‘tf;m newborn infant. The data also demonstrate that hepatic microsqmal
enzyme titres determined in this age group are lower compared to the adult’
enzyme titres. This study also provides the first evidence that there is

a progressive increase in the activity of the hepatic microsomal drug meta-
bolizing enzymes during the last trimester of gestation and in the r}eonatal
period. This study further den—wnstrates that aniline p-hydroxylatiqr}~ is. ,
better cog:related to the activity of the microsomal glectron transport compo-
nents as against aminopyrir{e N-demethylation. _

This study hasizes the need for caution in’the use of drugs

'requiring biotrayfsformation (e.g., phenobarbital, diazepam, diphenylhydanto'in)-
in the neonatal period. It further suggests that the capability to n'letab,olize
drugs significantly changes during the neonatal’period. This implies a nced
for constant evaluation of the newborn infants' pharmacodynamic responses in '
lorder to achieve the desi‘red therapeutic response. This study further suggests
that some drugs administered to the newborn infant may be better mtabo}ized‘
as against other drugs. These observations warrant further studies on the
rates of metabolism of individual drugs during the newborn period.

The data in this study provide a continuum in the ontogenesis of,
this system, and supplement the observartions on the acti\;ity of the hepatic
microsomal mixed function oxidase in early fetal life (Yaffe et al., 1970;
Pelkonen and Karki, 1971; Ackermann et al., 1972; Rane and Ackermann, 1972;
Pelkonen et al., 1971; Juc}tlau) 1971; Pomp et al., 1969; Pelkonen, 1973; !

Pelkonen et al., 1973; Rane and Gustafsson, 1973; Rane, 1974).

§ ,

~
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FIGURé 1: The hepatic microsomal electron transport pathway
(Scheme modified from Holtzman et al., 1968 and Estabrook, 1971).
The drug binds to oxidized cytochrome P-450 (the temrminal

i hemoprotein oxygenase) forming a drug - o:éidized cytochrome P-450

complex. This complex is then reduced by electron flukg’( with
NADPH as the source of reducing equivdlents, thus forming a
drug - rregiuced cytochrome P—4Sb complex. Activatien of molecular
o “ oxygen then occurs and oneatom forms an oxidized drug and tﬁe_
. | other undergoes two equivalent reductions for the formation

of water.

-+
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FIGURE 2: Correlation between NADPH-oxidase activity and
' post-conceptiondl age. Postconceptional age is defined
» . ) e .
as the sum of gestational age and postnatal age.

SEE* = Standard Error of Estimate.
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'+ FIGURE 3: Correlation between NADPH cytochrome c reductase
.and post-conceptional age. Post-conceptional age is defined
as the sum of gestational .age and postnatal age. - , .
SEE* = Standard Error of Estimate. y : .
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FIGURE 4:, Correlation between cytochrome P-450 content and

pqst-conceptioﬁal age. Post-conceptional age is defined

" as the sum of gestational ageoand postnatal age.

SEE* = Standard Error of «Estimate.
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FIGURE 5: Corrélation between two substrate oxidations (aminopyrine - .
N-demethylation and aniline p-hydroxylation) and post-concep;:ional : h <
age. Post-conceptional age is defined as the sum of gestational
age and posmatzal age.

SEE* = Standard Error of Estimate.
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FIGURE 6: Correlation between aminopyrine N-deméthylation (abscissa)
" and NADPH oxidase activity, NADPH cytochrome c reductase, activity | .
y o and cytochrome P-450 content. ' . -

[

SEE* = Standard Error of Estimate. - i
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FIGURE 7: Correlation between aniline p-hydroxylation (abscissa)

and NADPH oxidase activi‘ty, NADPH cytochrome c reductase activity

and cytochrome P-450 content.

SEE* = Standard Error of Estimate.
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FIGURE 8: Comparison of cytochrome P-450 con
various laboratories.
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e FIGURE 9:, Comparison of the”activity of NADPH cytochrome c reductase,

a flavoprotein electron acceptor, as determined in various laboratories.

Note the Adiscontinuity of the time scale (abscissa) and the

lack of data ddrfhg the first decade of life. ) ' Cot
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TABLE I:  CLINICAL DATA ON NEWBORN INFANTS
Birth .Gestational -
Weight age Postnatal :

Patients Sex {grams) fweeks) age Diagnosis . Drugs Received

POO  Male 936 28 1 day ~ Respiratory distress syndrome  Pen', Kanaf

GR1 Female 725 28 . 3 days Apnea, hyperglycemia . Pen+, Kanat,

GR2 Female 760 28 12 dayvs Apnea, anemia, hyperbiliru- Intralipids, i.v.aminoacids, °

binemia, respiratory.-failure Pen*, Kana'l aminophylline
IAVZ Male 1320 31 9 hours Respiratory distress syndrome, Pen', Kana®
severe pnéumothorax q ‘ - )
LaB  Female 3190 39 8 days Purulent meningitis, cerebral  Pen*, Kanat, Diazepam, Phengbarbital
- infarct, multicystic ‘kidneys
HUD Male ' 3560 41 4 days Asphyxia, seizures, pneumonia, Phenobarbltal Dlpheny]hydantom ’
* subarachnoid hemorhage Diazepam, Pen*, Kanat
IM Female 3290 40 5 weeks  Biliary atresia, hyperbiliru- __Ampicillin, Kan U , Géntamycin,
. - binemia (biopsy) Cloxacillin, Vit. K » Acetaminophen
- £

- pen‘{penicinin, Kana! = Kanamycin
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TABLE2 : CLINICAL DATA ON ADULT PATIENTS (TRANSPLANT DONORS) o T
. \ I
Patient . Sex: Age (years) Diagnosis
- / :
. JB Male 20 Brain death (biopsy)
GG Male 21 Liver rupture
- M Male 59 Liver rupture (biopsy)
L3 « ‘,
MD JFemale 60 Brain death (biopsy)
’ ¢
/ , ' v
- Y
/ /
» AT
- _~ R
~5
(43 J \
' ’ ’ ) ,
c - J‘ '___'—-“"-
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TABLE 3 : HEPATIC MICRI ELECTRON TRANSPORT COMPONENTS IN NEWBORN ,
. INFANTS (A) AND ADULTS (B) A
A. Newborn Infants . . .,)’
o NADPH NADPH cytt
Postcon-  Microsomal oxidase c reductase Cytt P-450 NADPH
. ceptional protein yield mmoles/min/ mmoles/min/ nmoles/mg cytt P-450
Patient age (wks) (mg/g liver) mg protein mg protein protein reductase
POO 28 15.8 1.29 9.65  0.028 QND*
GR2 28.4 25.5. . 1.32 44.16 0.026 QD*
GR1 29.7 22.8 0.9?D 46.43 0 QND*
LAV - 31 19.2 1.61 32.00 0.060 QND*
LAB 40 ND** 1.70 51.90 0.061 ND**
HUD - 41.6 . ND** 3.50  °87.10 0.089 ND**
IM © 45 ND** 5.60 77.80 0. 095 ND*#*
Range  28-45 . 18.8-25.5 0.97-3.5 9.65-87.10 0-0.095 -
! . {
B. Adults .
- ' NADPH cyt! ¢ : NADPH cyt
. reductase - Cytt P-450 P-450 reductase
‘ . Age ‘mmoles/min/ nmoles/mg nmoles/min/
Patient (years) mg protein protein mg protein
JB 207.6 0.143 2.7 .
GG, 150.7 0.231 2.6
M 45.4. .0.179 * ND** -
‘MD /58.4 0.138 ND*#
Range 45.4-207.6  0.138-0.231 . 2.6-2.7  V

*QND # Activity not detectable by method
, **ND/= Not detemined
tcyt = Cytochrame
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TABLE 4 : HEPATIC MICROSOMAL SUBSTRATE OXIDATIVE ENZYMES IN NEWBORN
INFANTS (A) AND ADULTS (B)
° - .
- Aminopyrine N- Aniline p-hydroxy-
Postconcep- demethylase (mmoles lase (mmoles p-
tional age HCHO formed/min/ aminophenol formed/
X Patient (weeks) mg protein) min/mg protein
POO 28 b 0.035 0
GR2 28.4 \ 0.734 . 0.013
A. Infants GR1 29.7 0.105 0.010
LAV 31 0.200 0.050
LAB 40 0.330 - 0.130
HUD 41.6 0.480, 0.170
- IM 45 .. 1.880 0.330
~ Range 28-45 0.035-1.880 0-0.330
AR .
c \ ‘
< 8 (years) , )
KB 20 3.76 / 0.95
B. Adults GG 21 2.72 * 0.66
M 59 1.16 . 0.07
MD 60 0.98 0.22
Range 20-60" N o8-3.76 0.07-0.95
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\s | | ABSTRACT

y The effect of thyroid hof‘mone on thevpostnatal development of

— the hepatic microsomal mixed function 'oxidase system was studied.

A single subcutaneous injection of L-thyroxin, 1 ug/g body weight, given

to immature (one week old) male rats, resulted in an increased

activity of hepatic micx‘*osomal aniline p-hydroxylase, NADPH oxidase

aftd NADPH cytochrome ¢ reductase, and in an incregsed amount of

cytochrome P-450 and microsomal protein, compared to an age-matched

non-thyrox‘in-treated group. Repetitive subc{)tfmgous injections using

L-thyroxin, 1 ug/g daily from birth to 5 wéeks of age a;irnin;stered to

male rats resulted in sigmificant aéc;elération of -the devellopement

of acti'vity of NADPH oxidase, NADPH cytochrome c reductase and aniline

p-hydroxylase and in significant repression of the development of

cytochrome P—45p and of aminopyrine N-demethylation initially. Male

. rats thyroidectomized with 131I at birth showed effects opposite to

| the rats with chronic hyperthyroid state, namely, decreased NADPH
cytochrome ¢ reductase activity and increased cytochrome P-450 content

0 at 3 and 5 weeks. These effects were 'reVersed with thyroxin replacement
therapy. The effect of a transient neonatal hyperthyroid state .on the
development of the mixed fynction, oxidase was aljé determined. Male

. . rats were treated with T4 , 20 ug/g/day (neonatal treatment group)

for 5 consecutive days starting at birth. The results suggest that

K3
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thyroxin evoked the differentiation of aniline p-hydroxylase and

.the induction of NADPH cytochrome c reductase. Additional thyroxin

injections to the neonatally treated rat at 3 and 5 weeks of age

¥}
resulted in a decre&sed aminopyrine N-demethylation at 3 weeks but

N-L"
not at 5 weeks, and a superinduction (i.e. induction of enzﬂme actiyity ‘

surpassing the normal adult level) of NADPH cytochrome ¢ reductase at
S weeks but not at 3 weeks suggesting that the quantitative and
qualitative response to thyroxin is markedly influenced by age at ;vhich
thyroxin is administered. The data in this study emphasize the

vulnerability of the developmental profile of the microsomal drug . . _
/
metabolizing enzymes to hormonal changes and demonstrate an influence

of the thyroid hormone on the ontogenesis of the hepatic microsomal
iy .

mixed function oxidase system. The data also appear to indicate
that the effects of thyroid hormone may be selective to a particular

electron transport component, selective to a specific oxidative pathwvgy

g

and may be dependent upon duratic;n and degree of thyroid dysfunction.

r
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INTRODUCTION

‘An important aspect in the comprehension gf the process uniderlying
enzymic differentiation and the ontogenesis of the hepatic microsomal mixed
functign oxidase system is the delineation of the various effects of hormones
on the activity of the mixed function oxidase. Wilson (1970) has shown that
growth hormone has a repressive role in the development of ethylmorphine N-
demethylation, and aminopyrine N-demethylation. The influence of other growth
promoting hormones such as L-thyroxin has not been studied. The possibility *
that thyroid hormone could act as a physioiogic trigger for the differentiaﬁon
of this enzyme systein ip rats (Greengard and Dewey, 1968; Greengard, 1969)
is suggested by the simultaneous appedarance of he;;atic NADPH cytochromé c
reductase and glucose-(v—phosbhatase and a functional thyroid glqnd on the:.18th
fetal day in rats and the induction of these enzymes by thyrc;xin. In man,
a similar simultaneous appearance of the hepatic microsomal mixed function
oxidase activity and measurable thyroxin and thyro#lines seems tojoccur
during the 10th to 14th week in the human fetus (Pelkonen, 1973; Pelkonen
et al., 1973b; Greenberg gj::g_l_., 1970; Shepard, 196?; Fisher et al., 1970).'

The thyroid gland is vital to the nommal development of organ
systems (Balazs et al., 1969) and to the regulation of se.veral metabolic
homeostatic mecharfisms. Its indugtive role in the development of the lung
and pulmonary surfactant has been described! (Redding et al,, 1972;

Wu'et al., 1973), and so has its influence on hepatic microsomal drug

‘metabolism in experimental animals (Kato and Gillette, 1965b; Kato and

" Takahashi, 1968) and in humans (Vessell and Passanintis, 1973; Crooks é_t_

al., 1973; Bichelbaup et al., 1974).

Vel ]
g
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Since thyroid hormone influences drug metabolism and organ develop-
ment, it seemed pro?able*therefore that thyroid.hdnnone could significantly
‘influence the development of the hepatic microscma}—mixeg function oxidase
system. This study was done to test this hypothesis. The experiments des-
cribed herein examined the influence of chronic hyperthyroid state, transient
neonatal hyperthyroid state and hypothyroid state on the postnatal develop-
mental pattern of the cowponents of the hepatic microsomal electrgn transport
ﬁathway and the spécific\aétivit;pof h%%atic microsomal drug-oxidative-
enzymes catalyzing N-demethylation of ;%énopyrine (g type 1 substrate) and )
p-hydroxylation of aniline (a type' II substrate). . Xye

<

e
MATERIALS AND METHODS

Male Sprague-Dawley rats obtained from Canadian Breeding Farms (St.
Constant, Quebec) were used in this study. Adult male rats were at least
10 weeks of age .and wéighedf%etween 300-340 grams. Female adult rats were
bred éi'the Canadian Breeding Farms and were delivered to the laboratory on’ \
the day of pdrturition at w@ich time the male littérs were segregated with
fheir mothers and were used for Ehe experiments. Mothers and 1ipters were
maintained at the McGild University McIntyre Animal Centre and in all cases
the litters were Qeaned at 21 da&s of age. The diet for/The nursing mothers
and for the weaned litters consisted of Purina Lab rat chow and water ad
1ibitum.

In the expefiments on chroﬁig hyperthyroid state, immature rats were
given a daily subcutaneous injectioﬁ of L-ihyroxin (Sigma Laboratories, St.

r

Louis, Missé;ri) at a dose of 1 ugyg-body weight starting at\birth. L-Thyroxin

-

o
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was dissolved in 0.01 N NaOH and the conzén£ration was adjusted so that in
all experiments the volume -injected ranged from 0.05 ml to 0.1 gll to rats
from birth to 3 weeks of age, 0.1 ml to 0.3 ml from 3 weeks to 5 weeks of
- age, and 0.5 ml in adults.”lnitial experiménts in our laboratory showed
no effect on the parameters studied using subcutaneously administered 0.01-
NaOH at the volumes jhjected and therefore the control values were obtained
from untreated rats of corresponding ages, matched with the thyroxin treated ‘
group. These untreated and thyroxin treated rats (1 ug/g body weight daily)
were sequentially killed at ages 3 days, 1, 3, and 5 weeks. '

| Neonatal khypérthyi_'oid state was produced by daiiy subcutaneous injec-
tion (at the nape of the neck) of L-th);roxin (100 ug/day) for 'the first 5
days of postnatal life. - Treafment was started within ‘18 hoﬂrs from birth,
To test whethe'r thyroxin administration during the neonatal pericl)d influences
the effect of thyroxin at an older agey. additional thyroxin doseé (booster
+dose) of 1 ug/g body weight/day for three days were administered prior‘ to
death at age 3 weeks and 5 weeks.
'y Hypothyroidism was produced by radiothyroidectomy employing radio-
active 1311 (New Fngland Nuclear, Boston, Mass.) as describgd'by Golg{berg

131

(1949). One h@ldred uC of I was subcutaneously administered to newborn

rats within 18 hours from bilj‘th. These rats were killed at 3 and 5 weeks of
age. Replacement therapy usiﬂg L-thyroxin 1 ug/g bod.y weight daily for 7
days was injected subcutaneously ta a group of hypothyreid rats prior to
death at age 3 and 5 weeks . )

. In all experiments on the immature animals, one or more pups were

"a - - \
randomly selected from different litters of same treatment group so that at

any given age the mean value was derived from a number of individual deter-
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minations. FEach determination performed in the newborns Eépresents a
. singlée value derived from the livers of four littermates pooled prior to
honmgenization. * At one and two weeks of age, livers from three to four .

~

littermates were pooled and thereafter single livers were used.

' Animals of desired age were sacrificed by decapitation followed by
é&saﬁguination. Livers were immediately excised and homogenized for 30
seconds in a high spéed Sorvall Omi-Mixer (Sorval Co., Conn.) in ice cold
0.1 M phosphate buffer, pH 7.4 using 4 volumes per unit wejght. All sub-
seauent procedures’ Were ¢carried out between 0° G and 4° C.

The homogenate was centrifuged at 10,006-x g for 10 minutes in a
refrigerated centrifuge. The 10,000 x g supernatant was catéghfly removed
avoiding contamination by ‘the loosely packed pellet at the bottom and the
fatty layer at the fop of the centri%uge tube. The 10,000 x g Supernatant
was centrgfuged at 100,000 x g for 60 minutes in a*Beckman L3-40\refrigerated
ultracentrifuge. The resulting microséﬁal pellet obtained was separated
from ;ts glycogen layer and resuspended in ice-cold buffer using a glass
homogenizer with a teflon pestle (Arthur H. Thomas Co., Philadelphia, ba.),
and using a volume of buffer sufficient tq provide a final protein coﬁLen—
tratioP of 30 to 40 mg/ml. Protein concentration of the suspension w;; o
determined by the biuret method (Kabat and Mayer, 1967).

NADPH oxidase activity was determineé by following the absorbancé
change of NADPH at 340 nm by the method described by Gillette, Brodie and
LaDu (1957). NADPH cytochrome c reductase actiwity was determined by .
following the absorbance change at 550 nm reflectinglthe appearance of

reduced cytochione ¢ after addition of NADPH and cytochrome c to the =

microsomal preparation, as described by Phillips and Langdon (1962). Cyto-
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,chrome P-450 concentration was determined by the method of Omura and SEPU\
- .

' (1964) with a micrgsomal syspension containing 5-mg of protein pe.r ml.

The activity of aminopyrine N-Henxethyiase wa‘s detepnined by
measuring the production of formaldehyde from aminopyrine as described
by Cochin and Axelrod (1959). * The reaction mixture contained 0.1 ml of
micro§omal suspension! 36 wqol of MgCl,, 24 umol of neutralized semi-
carbazide HC1, 40 umol of nicotinamide, 0.66 umol of NADP+, 16 umol of
sodium isocitl\ate, 0.5 wit of isocitric zlehydrogenase and 10 umol of
aminopyrine in a final volume of 2.0 ml of 0.1 M phosphate buffer (pH 7.4).
Nicotinamide ha‘s been reporte& to inhibit the microsomal N-demethylation
of aminopyrine (Schenkman et al., 1967) but in our experiments additfon of
amounts up to 100 wnol had no such effect.

The act1v1ty of aniline p-hydroxylase was determined u51ng the above
reaction m15cture minus semicarbazide and with 10 umol of aniline substituted
for aminopyrine. The production of p—aminophenoJ\v}vas measured as described
by Kato and Gillette (1965a). In all assays of amiline p-hydroxylase and
aminopyrine N-demethylase activity, hlar;k tubes were prepared sijml'taheously
withs each ‘as;‘ay.

Serum thyroxin levels weré measurc?d by competitive protein binding
as described by Murphy and Pattee (1966) . '

Student's t test for unpaired data was used for statistical analysis.

o4
A p value pf < 0.05 was considered significant.

-
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RESULTS

Effect of acute thyroxin dkeatment in immature rats

.

To determine the effect of acute thyroxiﬁ treatmént, groups of
6-day-old male suck'lingbrats were given a single dose of thyroxin .at a
dose of 1 ug/g. Twenty-four hours later, determination of the electron
transport components of the hepatic microsomal mixed,function oxidase
system and two rep‘resentat'ive substrate oxidations were performed. The
results, exﬁressed as percentage of adult activity; are shown in Fig. 1/
Compared f‘:’; the non-L-thyroxin treated control group, there was a signi- "
ficant increase in the activity of NADPH oxidase, NADPH éytochrome C
reductase, aniline p-hydroxylase a;1d in the content of cytochrome P-450
and yield of microsomal protein per gram of liver. A remarkable uincrease

to adult levels in NADPH oxidase activity and aniline p-hydroxy*¥ation was

noted. In cortrast, no effect on aminopyrine N-demethylation was observed.

Influense of chronic thyroxin treatment on the ontogenesis of hepatic

microsomal drug oxidation

*

To determine the effect of a sustained hyperthyroid state on the
postnatal development of the hepatic mixed function oxidase system, thyroxin, |
1.0 ug/g body weight was administered subcutaneously to male rats daily

starting from the flrst day of llﬁi Groups of these treated rats were

.
.sacrificed at age 3 days, 1 week, 3 weeks and § weeks, and the activity of !
the hepatic mixed function oxidase system was measured. The results with (

respéct to liver weight, microsomal pfotein yield, and total microsomal
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protein. per liver are shown in 'Tabl‘e 1. 'I'he.re was a decrease'. in' liver
weight at age 3 weeks which returned to control-value at age ‘5 weeks.” |

3 ’ . e . . . .Y,
There was a significant increase in the microsomal protein yield per gram

of liver which again returned to comparable control value a% age 5 weeks.

!

’

However, whén the total'microsomal protein pex\liver was calculated by

taking the product of the microsomal protein yield per gram of liver and

‘ the liver wet weight, a decrease in the total microsomal protein was noted
r

at three and .five weeks. No effect was seen at age 1 week.

The effect of a continuous hype{'thyroid state of NADPH oxidase is
shown in Fig. 2. Compared to the normal developmental pattern of NADPH
oxidase activity, the pattern in the thyroxin treated qroup showed a signi-
ficant augmentation which was observed sta;rt‘ing from 3 days postnatally.

The activity surpassed adult levels at age 3 weeks and returned to adult
levels by age 5 weeks. N

The effect of sustained hyperthyroidism on NADPH cytochrome ¢ reduc- '
tase is shown in Fig. 3. In the normal non-thyroxin treated gr(;up, adult
level of activity was attained at 5 weeks. In contrast s the thyroxin treated

-

group reached adult level of NADPH cytochrome ¢ reduc‘ta‘se within one week.

The inductive effect of thyroxin on this f’la{roprotein was noted at age 3 days,

followed by a plateaq at adult level of activity from age 1 weei( to 5 weeks f

thereafter. ' ‘
The effect of Tomtinuous thyroxin treatment on the developmental

pattern of cytochrc;nue P-450 is shown in Fig. 4. In the normal, rat, a

biphasic development was noted, with an initial rapid rise dur"ir}g the first

week follgwed by a plateau until 3 weeks. A second rapic(}ise was noted

after 3 weeks and approached adult level of activity at 4 to 5 weeks. In

14
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contrast, a considerable lag in the development of cytochrome P-450 was
noted in thé'f-thyro)dn treated rats starting at age 3 days. In one week,
“a significantly lower cytochrome P-450 content was observed relative to
the age: matched control group. However, some degree of conpensauon must
have occurred since the hemprotem content increased to an eqmvalent
value compared tf that of /the control group at age 3 weeks. But /whereas

- the normal rats/showed an increase to near adult levels of cytochrome P-450
? [

‘after 3 weeks_, t};'e;tﬁy'roxin treated rats showed ‘an arrest in the development
at this level so ‘that by age 5 weeks the cytochrome P-450 content was
’ 3 equivalent to that at age 3 weeks. '
. 'fhe influence of sustained hyperthy'midism on the development of
. aminopyrine N—dehethylgse and aniline \fa—hyd dxylase 'is shown in Fig. 5 and
. Fig. 6, respeétively. A sig.nificantly lower actfvity of aminopyrine N-
demethylase \lw’as‘nated at fi}s:c week which rose to control value at 3 211(1 5

weeks. In contfast to aminopyrine N-demethylase activity, aniline p-

\J

, hydroxj'iase activity was significantly increased in the thyroxin treated
group compareé to the untreated control group. This increase‘was noted as
\_'/' early as 3 days postnatal age and at 1 week the activity of aniline p-
hydroxylase was higher than normal adult activity, and appeared to reach

plateau up to age 5 weeks.
- P c. -

Influence of neonatal thyroxin therapy with or without booster thyroxin

dose on the development of the microsomal mixed function oxidase system

To determine the influence of a transient hyperthyroid state shortly

after birth, rats were treated subcutaneously with thyroxin 20 ug/g/day for

1 . ‘ 1]
I
N
B
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the first S days of life. This was' the maximum thyroxin'dose that was K ,a

tolerated by the animals and which produced significant‘hyperthyroidism'
during the .immediate newborn period. To determine whether neonatal tredt-
ment wc;uld alter tile magnitude of response ‘to thy;’oxin during ?{e 3rd and
5th week of life prior to full maturation of the system, the rats treated
with thyroxin during the neonafial period were given an additionz;l or
booster dose of thyroxin 1 diz/g/day for 3 days prior to sacrifice. The .
booster d</>se was given to determine 'whether an earlier epis?:de bf hyper-
thyfoid state would alter the re\sponse to a dose of thyroxin at a later age.
The results of this treatment are summarized in Tables 2 and 3. The liver
weights of the neonatally treated rats were significantly lower at 5 weeks.
This’décrease in the liver weight was slightly potentiated by the booster.
thyroxin dose. An increase in the microsomal protein yield per gram liver
was obéerved during the first three weeks and in the group given a booster
dose at 5 weeks of age. A decrease in the activity of aminopyrine N-
demethylase was noted at age 1 weék, which rose to control values at age

3 and 5 weeks "(Table 2). Booster dose of thyroxin at 3 weeks red;x:ed the
activity of aminc;pyrine N-demethylase af 3 weeks but did not do so at 5

weeks of age indicating some possible age related influence of thyroxin
effect. In contrast to aminopyriné N-demethylase, aniline p:hydroxylase -
was induced to levels equal to or above a&ult levels during the first 3
weeks of life in the neonatally treated froup (Table 2). The acti'vity\fell
below age matched control at 5 weeks but this was restored to.the age matched
control value with the thyroxin booster dose. No significant effect was

noted with NADPH oxidase activity. On the other hand, a significant induc- .

tion of NADPH cytochrome c reductase was obtained with the neonatally treated

|
o
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group at age on€ week which %nterestingly fell below age matched cgntr'ol -
level at 3 and S weeks of age. Similar to a/niline p-hydroxylase this fall
in the activity of NADPH c{;tochronle c reductase was reversed by thyroxin
booster ((iose (Tablé 3). 1In fact, an activity greater than the age matched
control was obt-ained at 5 we/:eks, a finding not in aecord with tha.t. observed

at 3 weeks. This again suggests an age related influence of thyroxin effect E
f ¢

on hepatic microsoma} drug oxidation. The hemoprotein monooxygenase cyto-

chrome P-450 was significantly decreased at.age one week in the neonatally

{
treated rats (Table 3). However, an increase was noted at age 3 weeks
/
followed by a return to age matched control value at age 5 weeks.

o

4 ’

13

Influence of hypothyroidism on the development of the hepatic mixed function

oxidase activity e

“
131I at

Rats were thyroidectomized with a single dose o‘f 100 uC of
birth. One group received replacement therapy using daily administered L-
thyroxin 1 ug/g body weight subcutaneously for seven days prior to death at
3 qnd 5 weeksﬂ of age. These procedures resulte'd in effects as shown 'in
Table 4. There was a significant decrease in the liver wet weight of hypo-
thyroid rats at 3 and 5 weei<s ‘of age. Replacement therapy with thyroxin
produced a slight increase in liver weight over the nop—treated hypothyroid
group; however, thisél not result in a complete rec;very to control values.
The hypothyroid rats were myxedematous and their livers were pa}e and edema-
tous. Replacement therapy with thyroxin resulted in weight loss secondary

to correction of edema (data not shown) anc{i the livers of this thyroxin

treated group became reddish and firm. The microsomal yield per gram of liver -
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was significantly increased in the hypothyroid group with or without /
thyroxin replacement ln both 3 and 5 week old rats. However, the total

liver microsomal protein”per rat, obtained as the product of the microsomal
protein yiéld per mg protein and the liver wet weight, was much lower com-
pared tg the contr:%lg group. The activity of aminopyrine N-demethylase was
significantly 1ower.1n the 3 week old hypothyroid rat which was not .corrected
by one week réplacement therapy with thyroxin (Table 4). This may be due to
the fact that thyroxin per se can decrease aminopyrine N-demethylase activity
in the male rat. Some compensatory mechanisms may have occurred on prolonged
hypothyroidism so that at 5 yveeks of‘age the hypothyroid rat with or without
thyroxin replacement therapy showed equiactivity with the age matched control
group. In contrast to aminopyrine N-demethylase, aniline p-hydroxylase
activity was significantly increased in the 3 week old hypothyroid rat which

was f'urt}}/er increased by replacement therapy with thyroxin (Table 4). Again,

compensation must have occurred, hence an equiactivity in aniline p-hydroxylase

between the .control'group and the 5 week old hypothyroid group was obtained.
Replacement therapy yith thyroxin significantly increased the activity of
aniline p~hydroxy1asé in the 5 week old hypothyroid rat. NADPH oxidasel
activity was unchanged in the 3 week old hypothyroid rat, and with replacement
therapy with thyroxin, a significant increase in activity was not/ed (Table 4).
The 5 week old rat, however, showed no significant changé in NADPH oxidase activi-
ty. NADPH cytochrome ¢ reductase showed-a significant decrease in the 3 and

5 week old hypothyroid group (Table 4). This decre;se was not oniy corrected by
replacement thyroxin treatment bu't was significantly enhanced above age matched

’ 3

control values.- Cytochrome P-450 content was significantly increased in the 3

M
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week old.hy'pothy.roid rat (Table 4). Replacement therapy with thyroxin
résulted in an over-revelisal of this finding and a significant decrease in
Cytoc‘hrome P-450 content was obtained. With prolongation of the hypothyroid
state, a compensation may have occurred since only a sligh'.c insignificant
increase of cytochrome P-450 content was noted in the 5 week old hypothyroid
which was reversed by thyroxin therapy. The increase in cytochrome P-450
content in hypothyroidism has also 'been noted in adult surgically thyroidec-
tomized rats (Suzuki, 1967). 3 ‘

(

Effect of thyroxin in vitro /

s P

To evaluate the possibility-of a direct thyroxin-substrate oxidative
enzyme effect, ther);in was added to the reaction mixtures for the assays of
NADPH cytochrome c¢ reductase and aniline p-hydroxylase activity. Thyroxin
concentrations varying from 5 x 107° 10,5 x 10" M had no effect on NADPH
cytochrome c reductase activity as shown in Table 5. Similarly, th)rrox‘in

3 M had no effect on aniline

concentrations varying from 1 x 10._7 to 1 x 10
p-hydroxylase activity. The lack of effect of thyroxin added in vitro on

NADPH oxidese activity has already been demonstrated (Suzuki et al., 1967).

FEffect of subacute (3 days) and chronic (3 - 5§ weeks?) thyroxin therapy on
”~

the activity of the hepatic mixed function oxidase in immature rats

To determine’ the magnitude of changes in hepatic microsomal oxidation
due to chronic hyperthyroidism and partly to determine the influeice of sub-
acute and chronic hyperthyroid state, the change in drug oxidation in rats g

that were treated with thﬁoxin T mg/g body weight for 3 and 5 weeks were

+
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comparé!l to those of | corresponding age which rece;ivcd phyroxin 1 ug/g
body weight daily for 3 days. The resui'g_g are lsbown in Tahl‘es 6 and 7.
At 3 weeks of age, there was a significant. increase in the microsomal
protein yield per gram livér in both suh—acuteiv and cﬁronically thyroxin
treated rats. No simificant change was noted with NADPE‘ oxidase and
"NADPH cytochrome ¢ reductasq e{ctivity in the sub-acute treatment gro#ép
whereas a significant induction was observed in the chronically thyroxin
treated groﬁp. Conversely, a significant decreaise in Eytochrome P-450 ’
content and aminopyrine N-demethylase qctivitv was omly ohserved in the
subacutely treated group. lowever, a significant increase was observed
in aniline p—hydrojcylas~e activity in both su};—acute and chronic thyroxin
treatment.

Tn the 5 week old rat, the pattern of effects is different. No
change was noted in the microsomal protein yield ner gram of Jiver. A
significant induction of NADPF oxidase was only noted in the chronically
treated group whereas an induction of MADPI' cytochrome c redl;ctase occurred
only in the subacutely treafed group. A significant decrease 'in/cytochrome
P-450 content occurred in both the sub-acute and chronic treatment. An
increase in aminopyrine N-demethylase activity occurred only in the suh-
acute treatment grouns. An interesting finding is the decreased aniline
n-hydroxylation in the sub-acutely treated group whereas an increase was
noted in the chronically treated group. These,ohservations suggest that
the quantitative (magnitude) and qualitati've (direction of change) effects
of thyroxin are greatly modified by the duration of thyroid dysfunction and
the age ét which thyroxin is administered.‘ The data (Tahle 7) further suggei;‘t
that compensatory mechanisms that bring the enzyme activity to comparable

A

7
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control levels occur with prolonged hyperthyroidism.

]

Serum thyroxin levels and eviderce for thyroid dysfunctiocn

To detemmine the&egree of deviation from euthyroid state, the
serum thyroxin levels were measured in the radiothyroidectomized rats
with and without thyroxin ref)lacement therapy and in the rats treated
with thyroxin since birth. The results are shown‘ in Table 8. -The control
serum thyroxin levels of the 3 and 5 week old rat are within the lower
human euthyroid values (4 - 11 ug%). The radiothyroidectomize'd Il,ats had
1ow“serum thyroxin 1eveis at 3 weeks of age (2.08 + 0.15 ug%) which
decreased further\at 5 weeks of age (1.70 + 0.24 ug%). Clinical manifes-

tations of hypothyroidism (myxedema, hypoactivity, weipht loss, aecreased

heart rate, decreased sensitivity of isolated heart to noradrenaline °.

(Kunos et al., 1974) were noted. Replacement therapy with T4 corrected some
of these findings. Serum T, levels in these rats were 16.46 + 1.51 ugh at

3 weeks and 50.00 + 0 ug% at 5 weeks. These high T4 values represent in part,

the accumulation of the exogenous hormone due to decreased T 4 turnover

seen in hypothyroidism. The rats treated daily with T4 since birth had

high T, values at 3 weeks (36.28 :& 4.37 ug%) which decreased at 5 weeks

(6.63 + 1.22 ugt). The latter value represents, in part, an increased

capacity to excrete exogenous thyroxin as T 4 turmover in hyperthyroid.ism

is increased and T4 half-life is shortened remarkably (Sterling, 1964).
Clinically, these rats were hyperthyroid as evidenced by low weight g'ain, /

hyperactivity and increased heart rate. y /



Gy

_74-

.DISCUSSION

_The optimal capacity for oxidative function represents» the
culmination of the proceséés of differentiation that have progressively ,
occurred in the hepatic microsomes. The temporal events involved in
these processes of differentiation may be modified by pathologic derrange-
menég in the various mechanisms ‘regulating growth and development. The
data in this study demonstrate that, postnatal aberrations in thyroid
function §ignificanf1y alter the developmental pattern of hepatic microsomal
drug oxidation and the electron transporf coﬁponents of the mixed function

L]
oxidases, namely acceleration of the maturation of NADPH oxidase, H

IS

cytochrome ¢ reductase and aniline p-hydroxylase act%vity and decele™®tion
of the matur;tion of cytochrome P-450 and aminopyrine N-demethylaiion under
the influence of a sustained hyperthyroid state. Furthermore, the data
demonstrate that the effects on maturaiional pattern appear to be specif;c
to a particular eleCtron transport component an& to a substrate oxidative
enzyme, and are related to age and duration of thyroid-dysfunction. The
differenﬁia&'é%gécis on' microsomal electron components is illustrated by

the sustained age-ﬁatehed supranormal values of NADPH cytochrome ¢ reduc-
tase'(Fig. 3) and NADPH oxidase activity (Fig. 2) and conversély by the
inftigggma} cytochrome P-450 content (Fig. 4) during continuous thyroxin -
treatment. Also, converse effects on Types I and II substrate oxidations
have been noted. Whereas amfnopyrine N-demethylation (Fig. 5) wa$ decreased
at one week, aniline p-hydroxylation was accelerated significantly and

% - 7 L%

attained adult levels at the same stated age (Fig. 6) under the influence
a

of a sustained hyperthyroid state. These observations are in accerd with

,
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the findiﬁgs in th xin“ treated or thyroidectomized adult malé rats

(Kato e‘E al., ¥968' Suzuici 1967-) S A
The age- -relatedness to thyroxin tesponse is dramatlcally illustrated .

by the effect of a '"booster' dose’of thé-oxm on, ammopyrme/N demethylation

(Table 2). Whereas a significant inhibition of this substrate ox1dat_1on is

observed at age 3 weeks, a slight but insignificant “increase is noted at .

age 5 weeks (Table 2). Similar age ;‘elated responsiveness to thyroxin '

is further shown by the effect of a booster dose of thyroxin on NADPH

cytoc}::ome o reductas:e activity on the peonatal thyroxin treatéd rat where

a superincfuction was exhibited at age Snweeks but not at age 3 weeksﬁ

(TablemS). The duratiron of postnatal ;hyroi:i &ysfunction also influences

the alteration in the maturational pe.ltte’rn of microsomal drug oxidation. .

This is exemplified by a decrea,se in amlnopyrlne N- demethylatlon in 'the

three week old hypothyroid rat but not in the 5 week old hypothyroid rat.

Similarly, but in a converse fashion, an increase in aniline p-hydroxylation

is noted in the three week old but not in the 5 week old hypothyroid rat.

h

These findings suggest some degree of compensatory mechanism inherent in

prolonged hormonal imbalanée. Indeed, a major difficulty in studying cell-
or enz.ymic'differentiation in vivo, using endogenous substrates, is the
presence of feedback contr?ol mechanisms that intervene to maintain the
steady state (Thrasher, 1971). For instance, in hypothyroidism, the thyroid U ) '.
stimulating hormone (TSH) 4f the anterior pituitary gland is greatly elévatc;d
(Catt, 19'70) . It is not incdneceivable that TSH per se may directly dr
indirec;ly ‘alter the development of microsomal drug oxidation). To ou\i'
"knowledge, this hormonal interplay 'hasl not been studied as i.t pertains

to the ontogeriesis of the hepatic mixed function oxidase system.



Tre most sensitive indicator of the effect of thyroid hormone or

of the deficiency thereof (a$ in hypothyroidism) on the developlpg hepatlc‘

mixed function oxidase system is NADPH cytochrome c reductase act1v1ty

This is supported by a marked increase in the activity 24 hours after

thyroxin admlnlstratlon (Fig. 1); sustained high activity with continuous

thyroxin treatnent (Flg 3); decreased act1v1ty to preinduction’levels

upon withdrawal of thyroxin (Table 3); a significant fall below control

levels in.hypothyroidism and a rise to above control levels with thyrox1n
replacement therapy in hypothyroidism (Table 4). These f1nd1ngs are\ln

accord with therbservations obtained in hypothyr01d and hyperthyroid adult

rats (Phillips and langdon, 1956; Kato and Takahashi, 1968; Suzuki et al., A
1967). Evidence has been presented that the metabolism of the flavog;oteins ‘
is under the control of the thyroid gland through the regulation of flavo-
kinése (Rivlin and Langdon, 1966; Rivlin et al., 1968; Rivlin, 1970), and
sinée NADPH cytochrome ¢ reductase is a flavoprotein (Williams and Kamin,
1962) therefore, the regulation éf the enzyme titre is most probably mediated
by the thyroid gland (Phillips and Langdon, 1956). Biochemical similarities
between hypothyroidism and riboflavin deficiency have been dem&hgfrated
(Rivlin et al., 1968) and similarities between microsomal drug metabolism

in hyﬁothyroid immature and adult ratfand the riboflavin deficient post-
wean@ng mice (Catz et al., 1970), namely, inéreasgd cytochrome b5 and

R /
cytochrome P-450 content, and increased aniline p-hydroxylase have also

been shown (Table 4;. Spzuki et al. , 1967). \xa—/”/

H

Thyroxin appears to exert a repressive role to the development of
‘cytochrome P-450 and aminopyrine N-demethylase:. This repressive role was

_ more defined in thé case of cytochrome P-450 as evidenced by a decrease

Q@ ‘ Se
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of this hemoprotein in chronic thyroxin treatment (Fig. 4); an initial
decrease 1n neonatal thyroxin treated rat followed by an increase, above D
age matched cont1:01 levels at three weeks, with the withdrawal of “yroid

- effect (Table 3) and an increase in the tj{reg wee]é old radiothyroidectomized
rat (Table 4). ;fhe Teason f01: the’ repres’sive ffect of thyroxin orn the
development of cytochrgme P-450 is. np“c élear. They}{ypothesis that the
low drug metabolizing capacity in the newborn may be due to the presence
of inhibitory substances (Fouts and Adamson, 1959) that may“have been
derived from the,motixer (Feuer and Liscio, 1970) has been advanced. In
support of this hy;-)othesis is the in};ibi‘tion of hepatic microsomal‘ drug
metabolism by endogenous substrate‘s such as somatotropin (Wilson,‘ 1969),
pr;egr{enolone and progesterone metabolites (Soyka and Lang; 1972) ; Soyka
and Deckert, 1973) and the repression of the postnatal development of
ethyl morphine N-demethylation and aminopyrine N-demethylation by growth

hormone (Wilson, 1970). The newborn infant at term has a higher free serum

thyroxin level with a transient 8- to 9-fold rise in serum thyroxin stimulating

homone immediately after birth (Fisher et al., 1970; Greenherg et al., 1970) add-
ed to a total pool of circulating endogenous substrates. Increased circulating

thyroid hormone may produce altered substrate interaction with cytochrome P- y

~

450 as evidenced by decreased 40.D. . .value and increased ¥ ax for aniline; o

and increased KS value, increased Km value and decreased Vmax for hehxobarbité‘l'w ~ ]
in tjhyroxin treated adult r'nal.e rats (Kato et al., 1970). The possibility that'..
relatively high thyroxin levels may indirectly act as a repressor of the
development of aminopyrine N-demethylation and cytochrome P-450 through a

' p'}enmssive effect on growth hormone secretion (Catt, 1970) cannot be excluded.

§
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Greengard (1969) also raised the concept that the thyroid gland is the.
probable physiologic trigger in NADPH generating system in fetal rat on
the basis of simultaneous appearance of fetal thyroid function and NADPH
cytochrome ¢ reductase and glucose-6-phosphatase, and a precocious-
di fferentiation of these enzymes with exogenously administered thyroxin.

.

-
However, the teleologic significance of a transient neonatal thyroid 713{1:1 .
hyperfunction in relation to the differentiation of NADPH and oxygenK ("
requiring drug oxidative pathways and their associated electron transporjt
components is as yet speculative. Moreover, the fundamental mechanism
underlying the selective but variable effect of thyroxin on the various
components of the microsamal electron transport chain and various oxidative
pathways is still undefined. .,

In the human neonate, p-hydroxylation of anilime correlates With
advanclng postnatal age whereas aminopyrine N-demethylation does not
correlate (Aranda et al., 1974). Furthemor?, anxline p-hydroxylation
is directly related to the activities of NADPH oxidase and NADPH cytochrome
c reductase and cytochrome P-450 content (Aranda et al., 1974). The
accelerated developmental pattern of aniline p-hydroxylase and NADPH

cytochrome ¢ reductase activity induced by thyroid hormone are relatively

" parallel. These observations suggest that aniline p-hydroxylation may be

a better .indicator of the activity of microsamal drug oxidative capacity
as against aminopyrine N-deme-thyiation in the immature organism. Marked
var#ability in aminopyrine N-demethylation has also been observed in the
human fetal liver (Yaffe et al., 1970).

Whether the effect of thyrmgin on the development of the hepatic

]

mixed function oxidase system is one of pemanent enzyme differentiation’ )

\
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or merely a tran;}EnE induction is not resolved in these experiments.
The concept of enzyme differentiation entails maintenance of enzyme titres
and the ph(siologicalfvariations of these titres, which are normally
exhibited in a fully differentiated enzyme system as that seen in the -"
adult organism. On the other hand, transient induction entails a rise
in enzyme titres followed by a fall to pre-induction levels upon with-
drawal of the inducing agent. Suggestive evidence for enzyme differen-
tiation is provided by the effect of transient neonatal hyperthyroid
state on the developmental pattern of aniline p-hydroxylase acg%vity, an
oxidat}ve enzyme which exhibits the '"overshoot phenomenon' (Moog, 1971).
Tbi? phenomenon, whereby enzymes that undergo a large increase in activity
during'a short period of time, rise above their adult level and subsequently
fall back to a relatively stable level, has been described in various sub-
strate oxidations (Kato et al., 1964; Gram et al., 1969; Uehieke, 1971).
Gram et al. (1969) had shown that the Vmax for aniline p-hydroxylase peaked
at 1 to 2 weeks followed by a decline thereafter. In contrast, MacLeod et
gi. (1972) and the present studies show that the peak activity of aniline
p-hydroxylase above adult level was observed later at age 5 weeks. This
peak activity was shifted to age one week by thyroxin treatment followed
by a slow decline to lower adult value attained at 5 weeks of age (Fig. 8).
This represents an advanced shift in the maturational pattern of approximately
four weeks.

Suggestive evidence for a transient induction is that observed with
thé effect of neonatal thyroxin therapy which resulted in an increase in

the activity of NADPH cytochrome c reductase at one week followed by a fall

to subcontrol levels (Table 3), and an infranormal shift of the developmental
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pattern at three to five Weeks of age. This finding also raises a

possible consequence of induction, that is, a fall in the enzyme activity

to subnormal t¢vels upon withdrawal o/f the influence of thf/ inducing \
agent. Blackburn et al. (1972) and Carson et al. (1973) have demonstrated

in the lung that steroids which are inducers of pulmonary surfactant
productionlenhance cell differentiation at the expense ojf qeli division,
resulting in fewer but more mature cells that are functiéning ‘at an

optimal capacity. With growth the metabolic demands of the organism

’increase cmménsurately with its increased body size, and it is possible

that the decreased number of cells could no longer meet this increased f

demand leading to an infranormal shift in the dewfelopmental péttem, as

shown by NADPH cytochrome c reductaSe activity. |

The fundamental mechanism g:;':ymg all of the known effects of
thyroid hormone is still unsettled (Catt, 1970; Sokoloff, 1972). It is
highly, probable that the primary action of thyroid hormone involves a
process so basic to cellular functio%x that its regulation eventually
ranifies into all the metabolic processes, such as microsamal drug oxida-

tion, whicl have been shown to be modified in thyroid dysfunction. 4A

basic process of cellular activity is protein synthesis, which has been

shown to be stimulated by thyroid hormone both in vitro and in vivo (Tata,
1963; Sokoloff, 1972; Sokoloff et al.; 1963; Tata et al., 1968). The
postnatal increase i1n the drug-oxi¥ative enzymes probably reﬁresents de

novo protein synthesis (Dallner et al., 1965) and it is likely that an
increase in thyroid hormone would increase the rate of postnatal synthesis
AL

of enzyme proteins as reflected by increased NADPH oxidase: NADPH cyto-
+ N {' /

PN
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chrome ¢ reductase and aniline p-hy'droxylase activity (Figs. 2, 3, and 6).

However, this mechanism does not ekplain the repression of the development
of cytochirome P-450 and aminopyrine N-demethylation (Figs. 4 and 5). None-
theless, a unified mechanism in\rolvirig stimulation of protein synthesis

is likely if one invokes the pessibility of an imbalance between rate of
synthesis ang rate of degradation resulting in a net increased or net
decreased protein ;ynthesis. Such an imbalance between synthesis and
degradation has been demonstrated by the effect of methylmercury hydroxide
on hepatic cytochrome P-450 (Lucier et al., 1973). The rate of incorpora-

tion of radioactivity from labelled &-aminolevulinic acidinto cytochrome *

~P-450 did not appear to be affected by methylmercury, but the degradation

of the labeled cytochrome P-450 occurred-twice as fast in the methyl-
mercury treated rats compared to the cbntrols (Lucier et al,, 1973).
Increased protein turnover in hyperthyroidism and decreased ‘protem turn-
over 1n hypothyroidism in ,the mitochondria have been demonstrated (Gross,
1971) and the possibility of increased microsomal protein ttlxrnover under
hyperthyroid state is highly probable. The cohex"ent sequence in integrating
all of these effects of thyroid hormone on the ontogenesis of the mixed
function oxidase system needs further investigation.. )

It has been suggested that thyroxin may increase drug oxidation
by facilitating the availability of oxygen to the substrate gKato, 1970} .
This intriguing hypothesis gains support with the 6bsewat£on thafc hyper-
thyr’oid ll)atients have a left to right shift in the hemoglobin oxygen A
dissociation curve with a resultant incx:e'ease in PSO (Miller et al., 1970;
Snyder and Reddy, 1970), thé oxygen tension at which 50% of ‘ghe hemoglokin
is saturated with oxygen. This decreased hemoglobin oxygen aff{nity

’ /
) /



!

' ‘ - 82 -
facilitates oxygen transfer to the tissues (Miller et al., 19703 Schussler
et al., 1971) and a similar facilitation of oxygen trans‘fer ‘from the hemo-
protein to the substrate mﬁeréoing oxidation may occur. ) However, the
exact biochemical mechanism for oxygen transfer from the cytochrome.P-450
to the substrate is not completely understood yet }(Ullrich, 1971). Nome-"
theless, the\POSSibility remains that thyroxin may exert an ¢€fect at this
step of drug oxidation. c
The events leading to full matura:tion' of microsomal drué oxidative

éapability and the factors regulating tﬁege events are areas of major
interest in perinatal pharmacology. Identification of physiological
influences which allow for increased drug-metabolizing enzyme activity in
the immature animal may elucidate the normal sequence of biochemical events
in drug metabolism. The data in this study emphasize the vulnerability

of the developmental pfofile of the microsamal drug metabolizing enzymes
to alteration in thyroid states and suggesi a possible regulatory effect_of

the thyroid gland in the ontogenesis of the hepatic mixed function oxidase

system.




FIGURE 1:

The effect of a single thyroxin dose on the hepatic
microsomal electron tr«:ansport and substrate oxidation
in immature male rats. .

Thyroxin 1 ug/g subcutaneously wﬁs administered 24 hours
prior to death!: Th,yroxin was dissolved in 0.01 N NaOH
at a concqptrétion sufficient to deliver the 1 wg/g
dose in 0.05 ml. The control rats received 0.05 ml

of 0:01 N NaOH. The bars indicate percentage of the

adult activity. The adult enzyme activities are:
./

- NADPH oxidase = 7.98 + 0.57 nmoles x min"! x mg'1 protein;
NADPH cytochrome c reductase = 95.02-+ 8.55 nmoles x min°1

X mg_1 protein; cytochrame P-450 = 0.452 + 0.028 nmoles

X mg_1 protein, aminopyrine N-demethylation = 2.52‘ + 0.15 nmoles
X min_1 X mg_l protein, aniline p-hydroxylation =’ ‘
0.392 + 0.020 nmoles x min"! x mg_l protein and microsomal
protein = 49.77 + 3.08 mg x g1 1iver. Nun:)ers in
parenthesis indicate nqmbers of individual deteminapions.
Each individual detemmination represents a pool of liver

from 4 imnat)xre rats.

a=p<0.01.
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FIGURE 2: Effect of chronic thyroxin therapy on the de\}elopment

. of NADPH ox?dase activity in male rats.
J
~ Rats were given L-thyroxin 1 ug/g/d subcutaneously daily
after birth. Values indicate mean + SBM of.6 to 20

individual deteminations.

a

b

-1

p,< 0.05.
p < 0.01.
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The effect of continuous thyroxin. therapy on the
deveiopment of cytochrome c reductase activity.\
Rats were given L-thyroxin 1 ug/g/d subcutaneously
since birtﬂ. Values indicate' mean + SEM of 6 to 14
determinations obtained from individual pools in

the newborn rat or from a single animal in the older

rats.

-4

a=p< 0.01.
b =p < 0.001.
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FIGURE 4: = Effect of continuous thyroxin therapy on the

development of® cytochrame P-450. Rdts were given
' . a daily subcutaneous injgcltion of 1 ug/g/d of
L-thyroxin. Each value ﬂrepreSéntS“meanJ t. SEM of
5 to 14 determinations. | l
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FIGURE 5: ”Effect of chronic hyperthyroid state on development

Fas

-

4
of aminopyrine N-demethylgse activity in_ male rats,-
Rats were given daily injection of L-thyroxin . ",
; .
1 ug/g/d subcutaneously since birth. Values indicate
mean + SEM of 6 to 10 determinations.
a =p < 0.01 compared to‘the control group.
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FIGURE 6: Effect of chronic hyperthyroid state on the development

of aniline p-hydroxylasesactivity in male rats.

Rats were given daily injections of L-thyroxin 1 wg/g/d
subcutaneously since birth. Values indicates mean * D
SEM of 6 to 14 individual d;terminations.

a=p«< 0.01.

b =p < 0.001.
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TABLE 1 ~

Effect of chronic thyroxin administration on liver weight, microsomal protein yield
and total mitrosomal protein per liver in immature male rats.

Rats were treated daily with L-thyroxin (1 ug/g body weight).

- A

Total microsomal protein

per liver was obtained from the product of liver weight and microsomal protein yield. Values

indicate mean + SEM. Numbers in parentheses indicaté number of individual determinations.

-
Age Liver wet weight R Microéomz;l protein Total microsomal
(wks) (2) _ (mg/g liver) protein (mg/liver)
Control T4 freate_d 5 Control T4 treated - Control Tre::ed -
1 0.52+0.01 (24) 0.52+0.01 (30) ﬁ.71f1.24 (15) 34.92+1.84 (6) 16.49 18.16
3 2.38+0.10 (20) 1.34+0.14 {S)b 30.51+0.71 (10) 36.47+1.98, ((2’3):/,“ 72.61 48.89
5 6.93+0.16 (10) 5.13+0.24 (6) 39.11+1.04 (5) 39.56+2.83 (7) 271.03  202.94

p < 0.01 compared to control vailue.

2]
"

o
]

p < 0.001 compared to control value.
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. TABLE 2

>

Effect of neonatal thyroxin administration on liver wejght, microsomal protein and substrate oxidation

] -
3

in immature male rats,

Rats were treated daily with 100 ug of thyroxin for the first S“days of life. Thyroxin was alseo
administered to neonatally treated rats at a dose of 1 ug/g body weight daily ("booster''dose) for three days
prior to death at age 3 and 5 weeks. Values indicate mean + SEM. ﬁumbers*in parentheses indicate number of

individual determinations.

Age Liver wet weight Microsomal protein Aminopyrine N- Aniline p-
(wks) Group (g) (mg/g liver) dc_eme_:ihylasglnmoles. hyc.lrngylase_fmoles _
, ' . x min ~ x mg ~ protein x min ~ x mg = protein
1 control 0.52+0.01 (24) 31.71#1.24 (15) 0.83+0.08 (8) 0.250£0.016 (8)
neonatal T4 0.51+0,01 (24) 43.70+3.50 (6)C N.63+0.05 (6)b 0.604+0.076 (6)C
3 control 2.39+0.10 (20) 30.51+0.71 (10) 1.80+0.97 (10) 0.349+0.018 (10)
neonatal T4 1.94+0.11 (6) 43.16+2.48 (6)C 1.91+0.13 (6) 0.548+0.015 (6)
neonatal T4 + .
booster T4 1.15+0.06 (6)€ 52.05+3.99 (6)C 0.83+0.08 (6)€ - 0.58140.027 (67 ™
5 control 6.93+0.16 (10) 39.11¢1.04 (5) 2.11£0.10 (10) 0.56240.029 (14)
neonatal T4 5.85+0.35 (6)b 34.01+2.70 (6) 2.11+0.09 (6) 0.311+0.013 (6)
neonatal T4 +
booster T4 4.15¢0.15 (6)° 48.13+2.51 (6)2 2.43+0.09 (6) A£0.016 (6)

v

‘@) p < 0.05 ®b) p<0.M (c) p<0.001 compared to the age matched/Control.
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T~ A JABLE 3 -
The effect of neonatal thyroxin treatment with and without "booster"
thyroxin dose on the development of microsomal electron t}ansport components
in male rats. , ‘
Rats were injected with 100 ug of thyroxin during the first § days of
life. Booster dose of thyroxin was administered to a group of these neonatally
treated rats at a dose of 1 ug/g body weight daily for three days prior to death

at age 3 and 5 weeks. Values indicate mean + SEM. Numbers in parentheses

indicape nunber of individual deteminations.

NADPH cyfochrome .
NADPH oxidasc_e1 R reductase_1 Cytochrome P-450

Age | Group nmoles x min nmoles x min nmoles x mg
(wks) X mg = protein X mg ~ protein protein
1 control 4.89%0.23 (%) 45.97¢1.77-(8)  0.1900.013 (7)

neonatal T4 5.62+0.55 (6) 76.68+6.82 (6)C  0.120+0.003 (6)C

3 control 5.07+0.64 (18) 68.22+3.12 (20) 0.214+0.014 (10)
neanatal T4 6.080.27 (6)  41.63%4.29 (6)C  0.3A7+0.034 (5)C
neonatal T4 + b
booster T4 5.05*0.29 (6) 54.5044.19 (6)a --—

'5 ' control 7.12¢0.48 (15)  96.16+4.16 (10)  0.3710.037 (14)

neonatal T4 6.56+0.52 (6) 60.43+4.95°(6)C  0.377+0.025 (5)
neonatal T4 + .
booster T4 8.43+0.64 (6) 125.73%8.06 (6)b ---

(a) p < 0.05 (b) p < 0.001 (c) p x 0.001
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TABLE 4

Effect of hypdthyroidism with and without thyroxin replacement therapy on liver weight, microsomal

protein yield, substrate oxidations and electron transport components in immature male rats.
Rats were thyroidectomized with 131y (100 ug) at birth. Replacement therapy with L-thyroxin (1 ug/g/day)

was started 7 days prior to the experiments. Values represent mean * SEM. - Numbers in parentheses indicate

number of individual deteminations.

(d) values expressed as nmoles X min~

3 weeks 5 weeks
Hypothyroid Hypothyroid
Parameters Control Hypothyroid + T4 x 7 d Control Hypothyroid + T4 x 7dd
Liver wet wt. (g) 2.38+0.11  1.60+0.05° 1.66+0.04°  6.93+0.16 1,78+0.09° 2.48+0.10°
(20) (18) (18) (10) (14) {13)
Microsomal protein  30.51#0.71 33.12+2.63°  40.90+1.53  39.11+1.04 49.31+3.69% 47.62+2.05°
~ yield mg/g liver (10) (6) (5) (5) (6) (6)
Aminopyrine N- 1.80+0.07  1.02+#0.03¢  1.06+0.06C  2.11+0.10 1.93+0.20 2.17+0.08
demethylase (10) (6) (6) (10) (6) (6)
Aniline p-hydroxyl- ©0.349+0.018 0.526+0.017° 0.805+0.041° 0.562+0.029  0.534+0.033 0.805+0.041°¢ -
ase (10) (6) (6) (6) (6 (6)
NADRH oxidase® 5.13+0.62  4.85+0.16 8.64+0.040° - 7.12+0.48 5.48+0.48 ° 8.64+0.47
(18) (6) (6) (15) (6) (6)
NADPU cytochrome ¢ 68.22+3.12 37.71+1.37° 119.07+10.06° 92.16%4.16 60.48+4,69° 120.57+8. 55
reductase’ (20) (6) (6) aan (6) (6)
Cytochrome P-450° 0.213+0.014 0.383+0.0125 0.087+0.024° 0.371#0.037 ©0.485+0.025 0.272+0.023 ~
(10) (6) (6) (14) (6) (6y -
(a) p< 0.05 (b)) p < 0.01 (c) p < 0.001 compared to control. '

x_mg'1 protein.

®

(e) values expressed as nmoles X mg'1 protein.
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' / TABLE 5

Effect o\f thyroxin in vitro on NADPH cytochrome c reductase and
aniline p-hydroxylase activity. ) )

L-thyroxin was dissolved in0.)1M NaOH and added directly to the reactibn
mixtures for the assay.of NADPH cytochrome ¢ reductase and aniline
p-hydroxylase. Values are expressed as means * SEM of 8 individual values
for NAD/PH cyt:;womq ¢ reductase activity and 6 individual values for
aniline po-hydroxylase activity. Each individual value represents a pool of
microsames obtained from three one-week old rats. No significant differ-
ences in the activity of NADPH cytqchrome c’reductase and aniline p-hydro-

xylase were obtained hetween the solvent (Q01M NaOH) containing reaction

mixture and those containing variable concentrations of thyroxin. The

hormone precipitated qut at concentration of 1 x 1074,
g NADPH cytochrome c Aniline p-hydroxylase
T4 reductase (nmoles_ciyt. T4 (nmoles p-aminophenol
’ M c reduged x min © x M formed x min™* x
Concentration mg ~ protein Concentration mg-l protein
/ 0.00 . 52.19 + 2.22 0.00 ¢ 0.250 + 0.016
0.00 + 101 M NaOH 45,86 + 3.03 0.00 + 0.01 NaOH n.250 + 0.016
5x 1077 46.83 + 2.79 1x 1077 0.267 + 0.011
5x10°° 46.43 + 2.61 ‘
5 x 1077 ' 46.35 + 3.93 © 1x107° 0.274 + 0.011
5x107° 44.40 + 2.60
5 x.10"° 46.02 + 2.79 1x 1077 0.279 + 0.004
& + 4.83

5x 10 ‘ 46. 80
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TABLE 6

] .

Comparison between subacute thyroxin therapy ‘and chronic therapy in 3
week old rats. ' N !

Male rats were' treated with L-thyroxin (1 ug/g) daily for 3 days in the
shbacute‘treatment éroup and daily for 3 weeks.in the chronic treatment group.
rValues’ are expressed as mean + SEM. Numbers in parentheses represent number

of rats individually studied. A% indicates percent change from the control

group. ‘
7 Subacute . Chronic
T4 1 mg/kg/ T4 1 mg/kg/ . |
Control d x 3d 2% ' d x 3 wks 2%
Microsomal protein 30.51%0.71  49.69+2.36 +62.9°,  36.47#1.98  +19.53%
yield mg/g liver (10) (7) (8) |
'NADPH oxidase 5.33+0.67 6.874¢0.35 +31.6 9.36t1.04 +75.62 ‘
nmoles x min-1 x (20) (7) (8) .
mg-1 protein _
NADPH cytochrome ¢  68.22#3.11  74.55$5.94 + 9.28. 90.11#4.68  +30.1°
reductase (20) %) . %)
min~1 x mg~1 . :
protein
Cytochrome -P-450 0.214#0.014 0.1200.006 -43.9°  0.203:0.026 -5.1
nmoles x mg~1 (10) (7 (5) '
protein
Aminopyr'ine N- 1.80+0.06 1.22+¢0.05 -32.2 2.0740.13 +15.0
demethylase nmoles (1 7 (8
x min tx mg'1 )
protein i _
Aniline p-hydroxy-  0.349:0.019  0.594+0.016 +70.2°  0.727+0.053 +108.3"
lase, nmoles, x an  'om ‘ (3).
min™t x mg’ :
protein
o) /

(@) p < 0.01"

(b) p < 0.001




Comparison between subacute and chronic thyrexin therapy in'5 week

old rats.

TABLE 7

3

Male rats weI:e treated with L-thyroxin (1 ug/g) for 3 days in the

subacute treatment group and daily for 5 weeks in the chronic treatment group.

/ : . N
Values are expressed as mean + SEM. Numbers in parenthéses indicate nupber

of rats individually studied. A% indicates percent change from the control

group.

Microsomal protein
yield mg/g liver

NADPH oxidase '
mmoles "x min'1
x mg~1 protein

NADPH cytochrome c
reductase npoles x
min"Sf X mggT
protein

Cytochrome P-450
nmoles x mg~
protein

Aminopyrine N-
demethylase nmoles
X min’X X mgr'“f
protein

Aniline p-hydroxy-
lase_nmoles_x
min~* x mg~
protein

(a) p<o0.05 *

~

" Control

39.11+1.74
(5)

7.11:0.48
(15)

92.1614.16
(10)

0.371+0.036
(14)

2.11#0.11
(10)

0.562+0.029

(®d) p <0.01

1

Subacute Chronic -
T4 1 mg/kg/ T4 1 mg/ke/
d x 3d 8% d x5 wks A%
37.184¢2.90 -4.9 .  39.56+2.83 +1.1
(6) L
7.79+0.55 -9.6 8.a4+0.40  +24.12
(6) (7) ‘ \\\\
154.22415.02 +67.31C 98.4448.60 ' +5.7
(6) (N
0.244+0,007 -34.2%  0.21640.019 -41.8°
(6) ‘ (9 ,
2.57+0.17 +21.8%  2.36+0.09  +11.8
(6) (7 "
0.363£0.032 -35.4°  0.728+0.036 9.5 p 4

(c) P'< 0.001



 TABLE 8

i

Serum thyroxin levels in euthyroid, radiothyroidectomizgd N

and hyperthyroid immature réts.

v
' ¢ ~
¥
i

Serum Thyroxin (ug %) a

Groups Y 3 weeks 5 weeks
Control A.31 + 0.28 (8)£ 4.17 + 0.33 (9) )
Chronic TS 36.28 + 4.;7 (7 ©6.63 + 1.22 (11)
. Hypothyroid 2,08 + 9015 (6) 11.70 + 0.24 (10)
Hypothyroid + T4 16.46 + 1.51 (12) © 50,00 + 0.00 (6)

(a) Values are expressed as Mean + SEM.
(b) Numbers in parentheses indicate number ofw;ndividual determinations.
(c) .Chronic T4 indicates the group of rats treated with L-thyr”oxi\ri

. (1 ug/g) daily for 3 or 5 weeks. ’ ) 7

~ (d) Hypot_hyroid group indicates rats treated witH 131; at birth.

(e) As in (d), with replacelnent L-thyroxin therapy at a dose of

1 ug/g body weight daily for 1 week prior %o T4 measurements.
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ABSTRACT . .

The influence of thyroid ixomone on the development of NADPH cy'to-(‘
chrome P-450 reductase activity was studied. Hepatic microsomes obtained
from normal male rats of varymg ages from birth to 10 weeks of age showed
an increasing rate of reduction of cytochrome P-450 by: NADPH, as a function
of pismatal age with attainment of 50% adul/t activity by gmks of age.
Addition of 1 nM aminopyrine in vitro into the reaction mixture emhanced
the rate of reduction of cytdchrome P-450 by NADPH at a11§ges except 'at’:’

3 weeks of age. o

Male rats were made hypothyroid with 1

511 at birth. Hypothyroidism
increased the non- aiminopyrine enhanced NADPH cytochmme P-450 reductase
activity and was greater than the control rats at age 3 and’ S weeks. Hypo-
thyroidism also increased the aminopyrine enhimced NADPH cytochrome P-450
reductase at age 3 weeks but degreased it at age 5 weeks. Therapy with L-
thyroxin (1 ug/gram body weight/day for 7 days prior to sacrifice) partly
reversed the observed changes in non-substrate enhanced activity of NADPH
cytochrome P-450 reductioh £n hypothyroidism at age 3 weeks and was completely
reversed at age 5 weeks.

Male rats made hyperthyroid during the neonatal period (100 ug/day

from birth to 5 days) showed a significant increase in the rate of reduction-

L]

of cytochrome 'P-450 and was greater than the control rats at ages 3 and §
weeks. Chxﬁrdc hypertilyroidigm produced by daily subcutaneous injections of
L-thyraxin (1 ug/gram body weight/day for 3 and 5 weeks) resulted in increased
rate of reduction of cytochrome P-450 at age 3 weeks and had no observed I
effects at age 5 weeks indicating some degree of adaptatieén.

/ . s
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3y concentration significantly

Ammopy'rme added in vitro at 1 x 10
enhanced the rate of reduction of cytochrome P- 450 by NADPH _1\n the control
rats, decreased the rate of re@ucuon of cytochrome P-450 by NADPH in the
3 week old hypothyroid rat and had no effect in the chronic Hyperﬂlyrmd
rat. These observations indicate that a euthyroid state may be necessary
for substrate enhancement of NADPH cytochrome P-450 reductase activity.

The data demonstrate that the t’hyt"Oid hormone significantly influences
the development of NADPH cytochrome P-450 reductase. Thyroid hormone may be -

an important regulator in the development of hepatic microsomal electron trans-

port and substrate oxidative enzymes. N
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INTRODUCTEON

P The reduction of cytochrome P- 450 by NADPH is one of the most

k | 1mportant steps in microsomal hydroxylatlon reactions (Dlth], et al., 1970).
Evidence has been presented that e rate of reduction of cytoghrome P-450
by NADPH often expressed as NADPH cy‘tochrome P-450 reductase activity is
rate 1;gniting in the reactions catalyzed by the hepatic microsomal mixed
function oxidase system in the adult rat (Gigon et al., 1968; Gigdn et al.,
1969; Gram et al., 1968). The N-demethylation of ethyl morphine by liver
microsomes is more closel); related to NADPH cytochrome. P-450 reductase -
activity than to the amoumt of cytochr‘ome P-450, the binding of substrate
to cytochrome P-450 as measured by tﬁe Jagnitude of the spectral change, or

, . 'the acfc’ivity of NADPH cytochrome c reductase (Foltzman et al ., 1968).

~

\ The activity of hepatic microsomal substrate oxidative enzymes is

‘ deficient in the newborn animal (Fouts and Adamson, 1959; Jondorf et al.,

1959), relative to the adult animal of the same species. The acfivity in-
creases postnatally, approaching adult level of activity by approxingtely
3 to 5 weeks (Macleod et al., 1972; Fouts and Devereux, 1972). The increase
“in substratg oxidative capacity is parallelled by an increase in the activity
of NADPH cytochrome P-450 reductase (Macleod et al., 1972). Since’ the NADPH
cytochrome P-450 reductase is the possible rates limiting steb in microsomal
hydroxylation reactions (Diehl et al., 1970), it is important to study possible
factors that may influence thke p;)sthatal developmerit of this reductase activity.'

Studies in our laboratory (Aranda and Eade, 1974) demonstrated that

thyroid hormone or lack thereof significantly influenced the rate of NADPH

., and'substrate oxidation, the rate of NADPH cytochrome c reduction and the
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content of cytochrome P-450.in the immature male rats. The possibility.
that thyroid hormone mlght also' influence the act1v1ty of NADIH cytochromé
P-450 reductase was therefore tested in the present study,in whlch the rate
of reduction of cytothrome P-450 by NADPH was m;eas;xred in hepatic mlgrosomes

from thyroxin treated and in radiothyroidectomized immature male rats. The

rate of substrate enhanced reduction of cytochrome P-450 by NADPH was also

measured. ‘ N

"MATERIALS AND METHODS

Adult and immature male Sprague-Dawley rats obtained from Canadian
Breeding Farms (St. Constant, Oue.) were used in this study. The adult rats
were at least 10 weeks of age and weighed between 300-340 grams. Pregnant
female rats, bred at the Canadian Breeding Farms, were brought to the labora- |
tory on the day of parturition at which time the male litters were segregated
with theil" mothers and were used for the experiments. Mothers and litters
were maintained at the McGill University McIntyre Animal Centre and the litters
were wc;aned at 21 days of age. The diet for the nursing mothers' and for the
weaned litters consisted of Purina Lab Rat chow and witer ad libitum. For the
developmental pattern of NADPH cytochrome P-450 reductase act1v1ty, normal
male rats were sacrlflced at birth, 1, 3, 5 and 10 weeks of age. The develop-
mental pattern in female rats was not studied.

4 The effect of thyroid hormone on the rate of reduction of cytochrome

P-450 by NADPH was studied arid the rats were divided into four major groups:

>
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/ roup * " Thyroid Treatment Aminopyrine in vitro
Control 0 0 '
0 1mM
II. Hypothyroid 0 g 0
0 1mM
+ 0
+ ImM
. (N .
I1I. Chronic ¢
hyperthyroid + 0
+ ©1mM
IV. Neonatal *
hyperthyroid | + 0
+ v 1mM

Hypothyroidism was produced by thyroidectomy employing rad1oact/1ve

131 I (New England Nuclear, Boston, Mass ) as descrlbed by Goldberg (1949).

One hundred uC of 131

I was subcutaneously admmlstered to newborn rats with-
in 18 hours from birth. These rats were later killed at 3 and 5 weeks of
age. Replacement therapy using L-thyroxin 1 ug/gram hody weight daily for
7 days was injected subcutaneously to a group of hypothyroid rats prior to
sacrifice at age 3 and 5 weeks. .

To determine th/eeffect of surgical thyyoidectomy as compared to

radiothyroidectomy by 131

I, surgical thyroidectomy was performed on a group
of wearling rats (ages 3 to AI%Weeks) under ether anesthesia. These rats were
allowed to survive un'til 6 weeks post-fhyroidectomy.

In the experiments on chronic hyperthyroid state, immature rats were

given a daily subcutaneous injection of L-thyroxin (Sigma Laboratories, St.

Louis, Missouri) at a dose of 1 ug/gram body weight starting at birth. L-

/
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thyroxin was dissolved in 0.01 N NaOH and the’ concentration was adjusted
so that in all experiments the volume injected ranged from 0.05 ml to 0.1
ml to rats from birth to 3 weeks of age, 0.1 ml to 0.3 ml from 3 weeks to
5 weeks of age and 0.5 ml in adults. Initial exf)erimqts in our laboratory .

- @
showed no effect on the parameters studied when 0.01 N was subcutaneously

administered at the volumes equivalent to the thyxl*oxiri solutions us,edj and
therefore the control values were obtained from untreate& rats of’ correspond‘ing
-ages matghed with the .thyroxin treated group. Groups of immature rats from
these untrea/ted and thyroxin treated rats (1 ug/g body weight daily) were
sequentially‘killed at ages 3 and 5 weeks.

To determine the effect of hyperthy'roidism during the early ﬁeomtal
period (first five days of age), neonatal hyperthyroid state ‘was produced by
subcutaneous injection (at the nape of the neck) of L-thyroxin 100 ug/day for'
the first § days of postnatal life. Treatment was started within 18 hours
from birth., To determirfe whether an early neonatal hyperthyroid state would
alter the response of the rat to thyroxin at a later age, addit‘ional thyroxin
doses (booster dose) of 1 ug/g body weight/day foér three days were administered to
these neopatally hyperthyroid rats prior to 'sacrifice at age 3 weeks and 5 weeks.

In all experiments on the immature animals, one or more pups wére
randomly selected from different litters of same treatment group So that at
any given age the mean value was derived from a number’ of indiﬁdual deter—'l,
minations. Each determination performed‘ in the newborns represents a single
value derived from the livers of four littermates pooled prior to h6mogeniza—
‘tion. At one and two weeks of age, livers from three to four littermates were

pooled and thereafter individual livers were used. - b

t
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Animals of desired age were sacrificed by decapitation followed by
exsanguination. Livers were immediately excised and homogenizced on ice-cpld'
0.1 M phosphate bufi;er, pH 7.4 using 4 volumes per unit v;eight for 30 seconds
®ina highl speed Sorvall Omni-Mixer (Sorval Co., Conn.). ‘All subseque?t pro-
¢ .0

cedures were carried out h¢tween 00 C and 4° c. ' - .
’ 2

-

p The homogenate was centrifuged at 10,000 X g for 10 minutes in a refri-’
‘gerated centrifuge. The 10,000 X g supernatant wasocarefully removed avoiding /
any contamination by the loosely packed pellet at the bot&y%m or the fatty
layer at the top of the centrifuge tube. The 10,000x~g,supematax.1t was centri-
fuged at 100,000 x g for 60 minute's- in a Beckman L3-40 refrigerated ultra-
centrifuge. The microsomal pellet obtained was separated from its glycogen
layer and resuspended in ice-coid buffer using a glass homogenizer with a
Teflon pestle (Arthur H. Thomas Co., Philadelphia, Pa.) and using a volume of
buffer sufficient to provide a final protein concentration of 30 to 40 mg/ml.

Protein concentration of the suspension was detemined by the biuret method

(Kabat and Mayer, 1964).

~~

NADPH cytochrome 1?-450 reductase activity was determined by following the
absorb—amce change at 450 nm (in a Beckman DBGT recording spectrophoto;neter)
wheri carbon monoxide saturated microsomes were reduced by NADPH in a modificar
tion of the method described b‘y Gigon \9_‘5_ al. (1968). Carbon mgnoxide which
wag deoxygenated by passage through an alkaline dithionite solution (0.05%
sodium anthraquinones beta sulfonate and 0.5% sodium di‘thi(':mite in 0.1 N
sodium hydroieidej was bubbled for 5 minutes through a microsomal éUSpensioh
containing 5 mg of protein per ml of 0.1 M phosphate byffer '(pH‘ 7.4). Three
ml of the suspension was then transferred to an anaerobic Aminco cell tAl-

65085) and a plunger assembly containing 2 umoles of NADPH in 50 ul of buffer

) - o
}
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waS‘ﬁitied to the cuvette. Carbon monoxide was passed: through the air space

within the cell for an additional 3 n?inutes (diffysion of CO in ;:he suspension
was enhanced by use of a smdll magnetic stirring bar) and placed in a spectro-
'phétmregef where it was allowed to equilibrate for 2 minutes ‘at 37°C. The
ree‘fe:renceq céll contained an untreated microsoxpal sﬁspension of identical protein
comcentration. The plunger was depressed and 'Ehe change in absorbafnce at 450
mm with the rapid appearance of \a CO-reduced cytochrome P-450 complex was ,
recorded on chart’ paper moving at 10 inches per minutgf The velocity of the o
reaction was determined from the slope of the initial linear ;)hase after addi-
tion of NADPH. In our experiments(, this phase was complete in 6 seconcis.

The aminopyrine-enhanced rate of cytochrome P-450 reduction by NADPH

+

L
was measur€d, in a manner identical to that just described, except that amino-
N4 .

N

pyrine was added to the microsomal suspension to a final concentration of

“

‘ . . . , ¢ . .
1 mM. The protein concentration of the microsomal suspension was again 5 mg

- |

per ml. : ‘ |
Serum thyroxin levels were measured to document the degree of thyroad
dysfunction and these have been descr{bed elsewhere (Aranda and Eade, 1974a).

Student's t test for unpaired data was used for statistical analysis.

A level of significance was accepted at p<0.05.

- -,

/
>

RESULTS ’ . ; : ’

Devel"opmeritﬂ of substrate.and non-substrate enhanced NADPH cytochrome P-450

reductase activity

The rate of reduction of cytochrome P-450 by NADPH with or without .

aminopytine added to the microsomes 31_ vitro was measured from liver microsomes
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obtained from untreated rats from birth. :co 5 wWeeks of age arid compared to
adult rat (10 weeks old). The reslultsa are shown in Fig. 1. At birth,
negflglble activity of non- substrate enhanced NADPH cytochrome P-450 reduc-

tase was noted (me SFM ’0.180 + 0.030 ,nmoles x min -1 X mg-1 protem).

The activity increas f1ve fold at five weeks (mean * . SEM = 1.020 * 0.166 '

moles x minﬁ1 X mg'1 protein), hcwever, ‘this' increased actiyity was only

half of that observed in adult rats ‘(mean * SEM = 1.954 + 0.166 nmoles x

9

min x mg - proteln) .

'I}he addition of 1 mM aminopyrine enhanced the rate of reductlon of

* cytochrome P-450 by NADPH in &the 1and S5 week old but not in the 3 week old
nmnature rata(aFlg ). Similar, érﬂfancem'ent was also noted lin the adult rat.
The am1nopyr1ne enHanced NADPH cytochrome P-450 reductase activity at 5 weeks
was equivalent to the non—sgbstrate enlanced cytochrome P-450 redugtase

»

activity in the adult rat.

o

Effect of hypothyroidism, chronic hyperthyroidism and neonatat thyroxin

therapy on the c‘le‘velolyme of non-substrate enhanced NADPH cytochrome P-450
A , oclirone P-4

\

reductase activity

3

The effects of these state of thyroicf dysfunctionc on NADPH cytochrome
P-450 reductase activity are showr; in Table 1. At 3 weeks of age a_ two-fold -
and a 3,3 fold increase in NADPH =cy’to'c}‘lrorme P-450 reductase activity was ob- !
served in the hypothyroiﬁ animals with’and w@thout thyroid hormone replacement
ther)apy respectively. A 2.8 fold ‘inérease was observed iril’(’l the group that was
chronically 'treated with thyrox’in‘, and a 3.7 fold increase was observed in

L

the neonatally treated rats. This.increased activity ot‘"‘gNADPU cytochrome P-450

s r
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reductase among the rats wiﬂf thyrojd dysfunction-was significantly different .

(p < 0. 005) compared to the contfol group

-

. At 5 weeks. of age a mgmﬁczi% increase was noted only in the hypo-

thyroid rats and in the ‘thyroxin, neonatally t\reated group as compared with

- the age- matched control group (p < 0. 05)

Effect of hypoth jr01d15m1 chromc hyperthyroidism and neonatal thyroxm therapy

-on the development of amlnopyrlne -enhanced NADPH cytochrome P 450 reductase

act1v{t ' ‘ o .

o

The effects of these states of thyroid dysfunction on Jaminopyrine enhanced
NADPH cytochrome P-450 reductas;e actiﬁty are shown in T.able 2. At 3 weeks, a
1.5 fold and'1.6 fold increa°se was observed in the hypothyroid rat with and
w1thout thyroxin replacement therapy respectlvely A 2 3 fold 1ncrease‘was ob-
served in the group that was chronically treated w1th thyroxm daily. A 2.5
fold increase and the greatest 1ncrease was noted in the neonatally treated
group. All of these increases in activity of-aminopyrine enhanced NADPH cyto-
chrome P-450 reductase activity meré sd;znificantly different from control group
(p < 0.05). |

At 5 weeks of age, there was a sdgnificant decrease in the aminopyrine
enhance'd NADPH cytochrome P~450 reductase activity in the hypothyroid rat which
was reversed by replacement therapy with thyroxin for one week. The increase o
in activity of am1n0pyr1ne enhanced NADPH cytochrome P-450 reductase noted at
3 weeks in the neonatally treated rat was sustained at the same level in the

5 week old neonatally treated rat.
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Effect of surgical thyroidectomy on NADPH cytochrome P-450 reductase activity

\ "Liver microsomes from adult male rats that were surgically thyroidec-
tomized during the weaning perfod showed no significant difference from age
matched control group as shown in Table 3. However, it is possible that -
significant changes may haw} occurred in the interval between surgical
thyroidectomy and the time of the assay as noted in adult rats (Suzuki et al.,
1967) .. )

Y

F

Effect of substfate addeci in vitro on the reduction of cytochrome P-450 by

NADPH, in hypothyroid, hyperthyroid and thyroxin-neonatally treated young

rats »

3

The effect of 1 x 10 ° M aminopyrine added in vitro on the activity

of NADPH cytochrome P450 reductase in euthyroid state and in altered

thyroid state is shown in Fig. 2. In the normal rat, a significant increase

in NADPH cytochrome P-450 t{eductase activity was noted at 5 weeks when amino-

pyrine was added in vitro . Conversely, the hypothyroid rat showed a decrease
in NADPH cytochrome P-450 reductase activity when aminopyrine was added in
vitro. This decreased noted in the hypothyroid rat was reversed with the
administration of replacement dose's of thyroxin given for a period of one |
week. ‘ '

The rats treated with thyroxin during the neonatal period showed a “
significant increase in NADPH cytochrome P-450 reductase activity when amino-
pyrine was added in vitro. In contrast, rats treated with thyroxin chronically
(1 ug dz;lily) showed no significant change with the in vitro addition of

aminopyrine.

o »



DISCUSSION

The capacity for NADPH reduction of the terminal hemooxygenase in- -
creases* progress1ve1y with advancing post-natal age. The data in this study
demonstrate that in the male Sprague-Dawley rat, a full adult complement oﬁ,
NADPH cytochrome P=450 reductase activity is not attained by 5 weeks. Thiéﬁ
observation qutraSts significantly wiﬁh the data obtained from pigs (Short
and Stith, 1973) and rabbits (Fouts and Devereux, 1972) where NADPH cytochrome
P-450 reductase approached adult }evel of activity by approximatély 2 weeks of
age. Studies in our iaboratory using Cﬁgrles\River Long Evans rats showed
" that adulé activity of NADPH cytochrome P-450 reductase is attained at 5 weeks
~\ip the male rat énd at 4 weeE? in the female rat (MacLeod et al., 1972). The
discrepancy between the maturational pattern of NADPH cytochrome P-450 reduc-
tion prev1ously reported (MacLeod et al., 1972} Fouts and Devereux, 1972;

Short and Stith, 1973) and in the present study may be due to species and
s%rain variation.

The in vitro addition of aminopyrine 1 mM concentration to the hepatic
microsomes obtained from adult rats significantly enhanced the rate of reduc- .
tion of cytochrome P-450 by NADPH. These 9bservation§ are.in accord with the
findings of Gigon et al. (1969). Similar aminopyrine-enhancement in NADPH
cytochrome P-450 reduction was observed in the one week and 5 week old rat

but not in the 3 week old rat. The latter observation suggests an age related

responsiveness of NADPH cytochrome P-450 reductase to the effect of aminopyrine.

A marked variability in the response of the hepatic microsomal mixed
function oxidase system to induction or inhibition by various exogenous and

endogenous substrates as a function of agg/have been reported (Hart, 1962;

\ ¢
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Basu, 1971; Aranda, 1974b). Thus, the intrinsic sensitivity of the hepatic
microsomal enzymes to the effects of drugs is determined to a large extent
* by the age at which the drug is administered.

The possible role of the thyroid hormone in the ontogenesis of the
hepatic microsomal drug oxidative enzymes and the microsomal electron tra@
port components have been demonstrated by previous studies in our laboratory
(Aranda and Eade, 1974a). The efftct of thyroid hormone on the development
of NADPH cytochrome P-450 reductase is examined in the present study. The
data demonstrate that deviation from euthyroid state results in altered
activity of NADPH cytochrome P-450 reductase. At three weeks of age the
activity of the reductase was increased in the hypothyroid rats. This in-
crease was partly reversed by thyroxin replacement therapy (Table 1). Chronic
thyroid treatment and neonatal thyroxin therapy both resulted in significant
increase in the reduction of P-450 (Tahle 1). The observed increases of P-450
reductase in both hypothyroid and hyperthyroid rats contrast to the findings
observed in other electron transport commonents in similar states of thyroid
dysfunction (Aranda and Eade, 1974a). Whereas cytochrome P-450 was increased
and NADPH cytochrome c reductase was.decre(ased in hypot—hyroidism, cytochrome
P-450 was decreased and NADPH cytochrome ¢ reductase was increased in hyper-
thyroidism (Armda and Eade, 19745). It is possible that the increased reduc-
tion of cytochrome P-450 by NADPH in hypothyroidism may reflect the availability
of more cytochrome P-450 for reduction. In contrast, the possibility also
exists that the increased reduction of cytochrome P-450 by NADPH in hyper-
thyroidism may reflect the greater effectiveness in the utilization of de-
creased cytochrome P-450 content for reduction. Thus, although there is a

markedly decreased cytochrome P-450 content in chronic thyroid treatment, the
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percentage of the total amount of cytochrome P-450 that is effectively
reduced for ultimate drug oxidation may be much higher. This possibility
may be resolved by the determination of the percentage of P-450 reducible
by NADPH for a givengtime. /

Biochemical adaptation to thyroid dysfunction as a fumction of fhe
duration of the latter may ac‘cur. In accordance with observations by
Suzuki et al. (1967) wherein some microsomal electron transport components
increased after an initial decrease following surgical thyroidectomy, NADPH
Cyfochrone P-450 reductase from liver microsomes of rats treated chronically
with thyroxin was equiactive to the reductase of euthyroid control rats at
5 weeks of age. This adaptation to thyroid dysfunction may partly explain
the lack of change of NADPH cytochrome c reductase act@vity in surgically
thyroidectomized adult rats (Table,3) compared to euthyroid rats.

Thyroid dysfunction influences the effect of amil‘xopyrine added in
ii_tﬂ to NADPH cyfochrome P-450 reductase (Fig. 2). In the normal 5 week
old rat, an’li‘nopyrine significantly enhanced the reduction of cytochrome P-450
by NADPH. Similar observations were noted in the 5 week old neonatally
thyroxin treated rat. In contrast aminopyrine decreased the reduction of
cytochrome P-450 by NADPH in the. 3 week old hypothyroid rat. These observa-
tions suggest that a euthyroid state may be necessary for substrate enhance-
ment to occur. Furthermore, the substrate enhanced cytochrome P-450 reduc-
tion is significantly lower in the 5 week old hypothyroid and hyperthyroid
rat compared to the euthyroid control rat (Table 2).

The data in this study demonstrate that thyroid hormone significantly
influences the development of NADPH cytochrome P-450 reductase. To our know-
ledge, t}{e study also présents the first determination of the normal age

related changes in substrate enhanced P-450 reduction by NADPH.

11
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FIGURE 1. The development of substrate and non-substrate enhanced

NADPH cytochrome P-450 reductase activity in male rats.

Liver micr'osvomes were obtained from nomal rats and -
determinations (shown by numbers in parentheses) of NADPH g’ytochrome
P-450 reductase with or without the addition of 1 mM aminopyrine- in

vitro were performed. Values are mean t SEM.

a: indicates significant difference (p < 0.05) between the deter- ’
mi_nationf/ performed with and without aminopyrine within the same

. age group.

»




- 117 -

O F——
a4 0| o
z
\:r W ~d
o -
Jom - -—
- o] "
» O
& 3 @l g
| ™Y
c = 3
smm »
E o — ~
q 2 o Mmoo
s V. - <
E 2 <
p— o .\/
B8 ] 2
He o
L | /V 1 1 i =
2 pt Q>0 2 S °©
[

3 2 ... 0
ulejoig —.wE X—':H: X Peanpey 0S¥y swoiys044) ssjowu




MS.IIT ' . ‘ - .

) . . -

T

» - FIGURE 2: The effect of aminopyrine added in vitro on NADPH cytochrome P-450
reductase activity in immature male rats with-and with- ¢

out thyroid dysfunction.
‘ /

Hypothyroidism was ﬁro;iuced by radiothyroidecto;nyt with
1311 at birth. Replacement therapy with L-thyroxin(lug/g body weight
per ddy for one week) was given to the hypothyroid + T4 group. Treat-
ment with L-thyroxin (100 ug/ day from birth to 5 da}r's of age) was
given to the neonatal T4 ~igroup. Chronic T\yperthylf'oidism (chronic T4 )
group) was produced by‘ daily subcutaneous injection of L-thyroxin
1 ﬁg/g body weight per day. - h

Values are mean * SPM and nurbers in parentheses indicate

‘individual determinations.

a: indicates p < 0.05 and ‘
' b: indicates p < 0.01 between the determinations with and without

aminopyrine addition in vitro within the same group.

L
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TABLE 1: The effect of hypothyroidism, chronic hyperthyroidism and

- cytochrome P-450 reductasé activity in young 'rats.

9
CYTOCHROME P-450 REDUCED

AGE GROUP
‘ x min-1 x mg-1 protein

1 week  Control 0.430 + 0.044 (6)

3 weeks Control 0.585 * 0.110 (6)
Hypothyroid 1.927 + 0.159 (6)P

Hypothyroid T4 1.202 + 0.099 (6)°

’ Neonatal T4 2.145 +,0.308 (5)°
Chronic T4 1.627 + 0.230 (S)b

5 weeks Control 1.020 £+ 0.166 (5)
Hypothyroid '1.677 + 0.220 (6)®

. Hypothyroid T4 0.885 + 0.466 (6)

i :

Neonatal T4 1.538 + $.086 (5)

Chronic T4 1.168 +{.056 (5)

10 weeks  Control 1.954 + 0.166 (15)

a: p< 0.05; b: f)< 0.01, compared t% age-matched' control.



/

TABLE 2: The effect of hypothyroidism, chronic hyperthyroidism and

neonatal thyroxin therapy,on substrate enhanced reduction .

of cytochrome P-450 in young Tats.

' s
‘ ' CYTOGHROME P-450, REDUCED
AGE GROUP X min-1 x mgl‘l protein
¢ ) “
1 week Control . 0.733 + 0.119 (6) *
" 3weeks  Control . 0.850.+0.102 (6) | ‘
Hypothyroid 1:399 +0.144 (6)% -
Hypothyroid T4 1.297 fo.no OM
Neonatal T4 2121 +0.361 ()"
Chronic T4 1.945 + 0.328 4)?
5 weeks - Controi 1.757 f().ZOO 4)
" HynothyToid 1.151 +0.135 (5)°
Hypothyroid: T4 © 1.448 30.191:'(5) -
Neonatal T4 " 2.178 $0.206 (5)
Chronic T4 1.011 *0.155 (4
10 Weeks Control , 2.726 +0.313 (9)

a: p <0.05; b: p< 0.01, compared to control group of

similar age. ) ;
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TABLE 3 The reduction of cytochrome P-450 in surgically thyroidec- ' ’ ne
’ -~ Yomized adult rats. . . ' ) \ ' "

Rats were thyrmdectomlzed at age 4 weeks (post weamng’) . '

and allowed to survive until age 10 weeks. Values represent meah +

[y

- v SEM. Numbers in parentheses indicate number of rats individually .

_ studied. - R ‘. - o ’,
p : “ : -
7 Group Cytochrome P-450 reduced X m1n‘1 b mg'1 protem
Control T 1.954 +0.166 (15) - e
Thyroidectdmized 2103 +0.369 (6) . .
. e
\‘.«
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-To determine wﬁéther postnatal age\exerts quantitative and

qualitative (induction or inhibition) effects in the response of hepatic

microsomal mixed.function oxidase syftan (HMMFO) to drugs,

thyroxin (T4), known to .induce enzyme maturation, was given in

equivalent doses of 1 ug/g/day for 3 days to male rats of varying

ages (birth to 10 Qeeks) followed by measurements of the component

enzymes of HWFO and substrate oxidations. Untreated rats of ;orresponding

ages served as controls. The results show varying responses of

HMWFRO to T4 as a function of age. T4 decreased aminopyrine N-

demethylase activity at 1-3 weeks, had no effect at 4 weeks,.and induced

the same enzyme at 5-10°‘weeks. Opposite effects were néted with aniline

p-hydrofyhase, where induction was noted from 3 Qays to’{ weeks followed

by inhibition at 5-10 weeks. -Induction of NADPH oxidase was noted

only at ages 3 days and 4 weeks. NADPH cytochrome c reductase was

highly inducible at all ages except at age 3 weeks. Cytochrome

P-450 was inhibited at all ages. The data show that the enzyme”

titres achieved in response to T4 is dependent on agél Where induciion~

is*desirable the effectiveness of induction may ;epegd on the age

at which the inducer is administered.
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INTRODUCTION

Age is a major determinant in the response of an organ@sm
to. drugs and other substrates as evidenced by increased sensitivity of the
developing fetus and newborn infant to the effects of many phamacologi
agents (Nyhan, 1961, Done, 1964, Goldenthal;~1971) compared to
adults. Furthermore, age also appears to be a major detemminant-in
the quantitative and perhaps dﬁalitative response to an inducing
agent (Hospador and Manthei, 1968, Hospador et al., 1971). The
quantitative difference in the response of ‘the microsomal drug
‘metabolizing systems as a function of age is evidenced by 50 to
200% greater inducibility of biphenyl-4-hydroxylase, biphenyl-2- L
hydroxylase, p-nitrobenzoate reductase and cytochrome P-450 by
phenobarbital in 12 day old rat compared to 52 day old rats (Basu et
al., 1971). Similar age-related responsiveness to phenobarbital has
been demonstrated with a greater induction of aminopyrine N-
demethylation, hexobarbital hydroxylat;on, aniline p-hydroxylation

and p-nitrobenzoate reduction in 40 day old rats compared to older

animals (Kato and Takanaka, 1968), thus suggesting that immature rats

Fad

are intrinsically more responsive to enzyme induction.

Within Fhe period of development, wherein several biochemical
adaptive changes occur, there is a probable augmented variability
in the response of drug metabolizing enzyve system ta induction.

Oxidative enzymes for hexobarbital and aminopyrine in fetal rabbits

$ 3




/
studied 4 to 8 days prior to term were refractory toyphenbbarbital

induction, whereas these same enzymes were readily inducible after
birth (ﬁgri et al., 1962). These observations imply that the effect-
jiveness of inductioﬁ markedly depends upon the age at which the
inducing agent is administered.

Previous studies involving the ontogenesis of the hepatic
microsomal drug metabolizing enzymes in our laboratory (Aranda
and Eade, 1974) have provided evidence that thyroid hormone induces
the maturation of NADPH cytochrome c reductase and the differentiation '
of aniline p-hydroxyla;e in the male rats. Suggestive eviderce of
an age-related effect.of thyroxin on the hepatic microsomal drug
oxidative enzymes was also demonstrated. Male rats treated with

/
“thyroxin during the neonatal period showed no effect on NADPH

4
cytochrome ¢ reductase by an qdditional dose of Ehyroxin at 3 weeks
whereas a superinduction was noted by an equivalent dose of thyroxin
at 5 weeks indicating that the magnitude of the response to thyroxin
is dependent upon the age at which thyroxin was admnistered. The
decrease 1n amiﬁdﬁyrine N-demethylase activity by thyroxin
administered at 3 weeks and the slight ;ncreased activity of the

same enzyme at 5 weeks (Aranda and Eade, 1974) suggested that thyroxin
may exert converse effects (induction or inhibifion) depending upon
the age at which it was administereg. This.study was performed to
define the quantitative and qualitative (inhibition or induction)
effects of thyroxin on substrate oxidation and the various components

of the hepatic microsomal drug oxidative enzymes, as a function of

postnatal age.
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MATERIALS AND METHODS *

-

Male Sprague-Dawley rats obtained from Canadian Breeding
Famms (St. Constant, Que.) wére used in this' study. Adult male
rats were at least 10 weeks of age and weighed between 300-340 grams."
Female édult rats were bred at the Canadian Breeding Fams and brought
to the laboratory on the day of parturition at,wﬁich time the male
litters were segregated with their mothers and were used for the
experiments. Mothers and litters were maintained at the McGill
University McIntyre Animél Centre and in all cases the|litters were
weaned at 21 days of age. The diet for the nursing mothers and for
the weaned litters consisted of Purina Lab Rat chow and water ad
libitum.

To determine the influence of age on the effect of thyroxin
on substrate oxidations and on the components of the microsomal
electron transport chain, male rats of various ages were given the
same subcutaneous dgse of L-thyroxin (Sigma, St. Louis, Mo.)
1 ug/g body weight/per day for three days prior to sacrifice.’/ L-
thyroxin was disjzlved in 0.01 N NaOl and the concentration was
adjusted so that in all experiments the volume injected ranged from
0.05 ml to 0.1 ml to rats from birth to 3 weeks of age; 0.1 ;d to
0.3 ml from 3 weeks to 5 weeks of age and 0.5 ml in adults. T?eée
rats were sacrificed at ages 3 &ays, 1, 2, 3, 4, 5 and‘id'weeks. '

Untreated rats matched according to age served as controls. Since

A
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initial experiments in our laboratory showed no effect on the
parameters studied using subcutaneously administered 0.01 NaOH
at the volumes injected, all of the control values were obtained
from untreated rats of corresponding ages, matched with the t}}y‘i‘oxin
treated group. )

To detemmine a possible difference in the sensitivity of
the drug metzibolizing enzymes to thyroxin between the young and
the adult animal, a dose response relationship was done&using
doses varying from 0.1 ug/g body weight to 10 ug/g body weigm‘t/day
administered for three days prior to sacrifice to one week old and
10 week old rats. "

" To detemmine further the difference in the response of /the
drug metabolizing enzymes to thyroxin between the young and the
adult 1nimal as a function of the duration of thyroid hormoné treat-
ment, L-thyroxin at a d<;se of 1 ug/g body weight/day was giiven to
one week old and 10 week old rats for a period varying from 1 to 7
days prior to sacrifice.

In all experiménts on the immature animals one or more pups
were randomly selected from different litters of the same treatment
group so that at any given age the mean value was derived from a ‘
number of individual determinations. Each detemmination performed
in the ngwborn rats represents a single value derived from'the livers

ﬁié’ﬁ*ﬁfes pooled prior to homogenization. At one and two

of four

weeks of age, livers from two to three littermates were pooled and
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thereafter individual livers were used.

Animals of desired age were sacrifiéed by décapitation
foél}owed by‘ exsanguination. Livers were immediately e;(cised and
- homogenized on ice cold 0.1 M phosphate buffer, pH 7.4 using 4
volumes per unit weight for 30 seconds iﬁ'a high speed Sor}rall
Omni-Mixer (Sorvall Co., Conn). All subsequent pllocedures were
carried out between 0°C and 4°C.

The homogenate was centrifuged at 10,000 x g for 10 minutes
in a refrigerated centrifuge. The 10,000 x g supeﬁatmt was care-
fully removed avoiding any contamina)tion by the loosely packed
pellet at the bottom or the fatty layer at the top of the centrifuge
tube. The 10,000 x g suncrnatant was centrifuged at 100,000 x g for
60 minutes in a Beckman L3-40 refr-igerate';i ultracentrifuge. The
microsomal pellet obtained was separated from its glycog;:n layer and’
resusvended in ice cold buffer‘using a glass homogenizer with a ' \
Teflon pestle (Arthur H. Thomas Co., Philadelphia, Pa.) and a volume
of -buffer sufficient to provide a final protein concentration of 30
to 40 mg per ml. Protein concentration of the suspension was
determined by the biuret method (Kabat and Mayer, 1967).

NADPH oxidase actiA\?/ity was determined by following thé
absorbance change of NADPH at 340 nm by the method described by -
Gillette, Brodie and LaDu (1957). NADOPH cytochI;ome c reductase
activity was determined by following the absorbance change at 550 nm

reflecting the appearance of reduced cytochrome c after addition of

NADPII as described by Phillips and Langdon (1962). Cytochrome P-450

!
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concentration was determined by the method of Omura and Sato (1964)
with .a microsomal suspension contain?.ng‘ 5 mg of protein per ml. Lt
The activity of aminopyrine N-demethylase was determiried ‘by
measuring the production of formaldehyde from aminopyrine as ’
described by Cochin and Axelrod (1959). The reaction mixture contained / .
0.1 ml of microsomal suspension, 36 umol of MgClZ, 24 umol of
neutralized semicarbazidé 1iC1, 40 umol of nicotinamide, 0.66 pmol of
NADP+, 16 umol of sodium isocitrate, 0.5 wnit of isocitric dehy-
drogenase and 10 umol of aminopyrine ‘in a final volume of 2.0 ml
of 0.1 M phosphite buffer (pH 7.’4). Nicotinamide has been reported
to inhibit the microsomal N-demethylation of aminopyrine (Schenkman

et al., 1967) but in our experiments addition of amounts up to

100 wmol had no such effect. ' ) . \

-

4

The activity of aniline n-hydroxylase' was detemmined using
the above reaction mixture minus semicarbazide and with 10 umol of

. Y , .
aniline S&lbstituted for aminopyrine. The production of p-aminophenol

was measured as described by Kato and Gillette (1965).

Difference spectra for aniline were determined using the method
of Sthenkman et al., 1967.
Serum thyroxin 1levels were,measured by competitive protein
binding as described by Murphy and Pattee (1966).
‘ Students' test ‘for wpaired data was used for statistical

analysis. A significant difference was accepted at p < 0.05.

“ °
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RESULTS

/

Influence of age on the effect of thyréxin é)n type I and

type 11 substrate oxidation

/ 1

L-thyroxin administered at the same dose (1 ug/g body weight/
day for 3 days) to rats of various ag;as produced opposite effects !
on substrate oxidations as a function of age (F;g. 1). 'fhyroxin
signii;icantly decreased the activity of aminovyrine N-demethylation
at 1 to 3 weeks, did not affect the same oxidative enzyme at 4 weeks,
and significantly increased it at 5 and 10 weeks. Conversely, thyroxin
significantly increased the activity of aniline p—hydrc;xylase from
birth up to § weeks and then Aecreased the same enzyme at 5 and 10
weeks. 'Whenx

lotted as percentage difference from age-matched controls

as a function of ’age (Fig. 1) the opposife effects of thyroxin

in aminopyrine N-demethylation and aniline p-hydroxylation was

demonstrated. /

/

Influence of age on the effect of thyroxin on liver weight and

microsomal protein yield (

A significant decrease in the liver weights of thyroxin
treated rats was observed as shown in Table 1. This decrease in the

liver weight was observed at all ages except at 3 days. This decrease

in the liver weight within a 3 day period and an almost negligible

/ -~
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glycogen deposit in the 100,000 x g pel%st suggést that most of the
decrease in liver weight is accounted fortby' the increased breakdown -
of glycégen by thyroxin. Indeed, it has been shown that there is a
ccomplete absence of glycogén in thyrotoxicosis (Kimberg 1971,

Coggeshall and Greene, 1933, Pipher and Paulsen, 1947). The

depletion of glycogen may also explain why thyroxin did not change

the liver weight at age 3 days. At birth most of the glycogen is

utilized by the newborn to maintain normoglycemia upon withdrawal

of maternal glucose supply (Adams, 1971, Senior, 1973 ). Thyroxin

could not deplete what is not avai\lable. The effect of thyroid

hormone on the microsomal protein y/ield as a function of age was not -
as remarkable as its effect on the liver w;eight.g There was a significant
inc;'ease in the microsomal protein yield per gram liver at 2 and

3 weeks only (Table 1). This variation may reflect the differences in

the rate of protein synthesis as a function of age(Winick and Noble,

1965, Winick and Noble, 1966, Yousef and Johnson, 1970, Waterlow and

Stephen, 1968, Youngﬂ et al., 1974 This may also account, in part,

for’ the alteration in liver weight seen in these experiments.

Influence of age on the effect of thyroxin on microsomal electron

transport

Thyroxin administered for 3 days to rats of various ages
resulted in changes as shown in Table 2. NADPH oxidase activity was
significantly increased at 3 days and 4 weeks. NADPH cytochrome c

reductase activity was significantly increased at all ages except at
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3 days and at 3 weeks where it appeared to be refractory to the
effect of thyroxin. The temminal hemoxygenase cytochrome P-450

was significantly decreased at all ages.

The effect of various doses of thyroxin on cytgthrome P-450 content, .

NADPH cytochrome ¢ reductase activity and aminopyrine N-demethylase

act'ivi'gx ) -

Table 3 shows the comparison in the response of cytochrome o
P-450, NADPH cytochrome c reductase and aminopyrine N-demethylase
activity to varying doses of thyroxin in immature and adult rats.
In the; one week old rats a significant decrease in the cytochrome
P-450 content was only demonstrated with the 1.0 mg/kg thyroxin
dose whereas the adult rat showed a significant decrease in the
hemoprotein with thyroxin doses of 0.1 mg/kg to 10.0 mg/kg. This
finding indicates that the adult rat cytochrome P-450 is relatively
more sensitive to thyroxin effect. NADPH cytochrome c reductase
was significantly increased in all doses of thyro;(in used indicating
equisensitivity of NADPH cytochrome c reductase of both ages to thyroxin
éaffect. The immature rats showed a decreased aminopyr'me N-
demethylation with 0.1 mg/kg and 1.0 mg/kg dose of thy1:0x1n but‘no
significant éhange at a hijgh dose (10.0 mg/kg). In contrast, the
adult rat showed an inFrease in aminopyrine N-demethylation with 0.1 mg/kg
and 1.0 mg/kg but no significant chan'g.e at a high dose (10.0 mg/ké).

This dose related effect of thyroxin has been shown to occur with
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the érythrocyte 2,3-diphosphoglyceric acid synthesis (Snyder et al.,

4

1970). :
/

Effect of age and thyroxin on aniline difference spectra ‘

¢

/
The opposite effect of aminopyrine N-demethylation (a type I

substrate oxidation) and aniline p-hydroxylation (3 type IT substrate
oxidation) suggested the pdssi};ility of substrate-cytochrome P-450
binding interaction. Type II substrates such as aniline exhibit a
difference spectrum whi'ch is a "n{irror-image" of a type I substrate
such as aminopyrine (Schenkman et a_i. , 1967). The fommer inhibits
mixed fimction oxidase activity whereas the latter stimuiates its
own metbabolism and enhances the reduction of cytochrome P-450 by
NADPH (Gigon et al., 1968). Furthermore, aminopyrine, a type I
substrate in the adult human and vrat microsome (Pelkonen, 1973,
Schenkman, 1967) exhibits a type II difference spectrum in the fetal

human microsome (Yaffe, 1979). It seemed possible that aniline acts

as a type I compound enhancing its own oxidation in the neonatal period'

and then reverting to a classic type II spectrum later in the adult
period. To test this possibility, aniline diffe;"ence spectra were
performed on the hepatic microsomes of immature (one ’week old) and
adult (10 week old) rat with and without prétreatment with thyroxin.
The difference spectra shown in Fig. 2, show that aniline exhibits

a type II spectrum in both the immature and adult rat with an z}pparent

decrease in the absorbance change in the immature IKt a f1nd1ng in

L
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accord with Eling et al., 1970. Thyroxin pretreatment resulted in

. <
an obliteration of the observed aniline difference spectrum in the -

immature animal and in a decreased absorbance change in the adult

animal. The latter observation is in accord with the decreased .

-

-

A-OD max of aniline in thyroxin tteated adult rats shown by Kato (1968).

- &

Influence of the duration of thyroxin therapy on NADPH bcxtochrome

¢ reductase, cytochrome P-450 and am1r{onyrine N-demethylation in

immature and adult male rats . -

One week and ten week old rats were pretreated with thyroxin
1 1'1g/g body weight pgr day one ;;o seven dgysprior to sacrifice. The
percentage difference in NADPH cytochrome c redtctase activity,
cytochrome 0P-450 citent and amir'i?)p;rrine N-demethylation over age’
matched nontreated control group was plotted as a function of the duration o
of thyroxin treatment as shown in Figs: 3, 4 and ‘S respectively.

In the one x{iek old:rat, NADPH cytochrome c reductase activity (Fig. 3)
/

‘rose significantly after one day of therapy but appeared to reach

N »

lower levels compared to the adult after one weck of thyroxin
treatment. In contrast, the adult rat showed an initial slow rise
with a significant increase over the non-thyroxin control group at

3 days followed by a rapid increase thereafter to levels greater than
the young rat. In {he immature one week 'old‘rat cytochrome P-450
c;)ntent was significantly increas'ed after onc day therapy followed

by a significant decrease in this hemoprotein corcentration after
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3 days which persisted to seven days. In contrast, the adult
»

h

rat showed an immediate 50% fall occurring during the first day

of tﬁyrox1n treatment and remained at that decreased level throughout
* the seven days of thyroxin treatment (Fig. 4). In the young one K
;week old rat, aminopyrine N-demethylation was decreased after 2 days
of thyroxin theréﬁ?\tgaching a nadir at 3 days (-50% of control

t-

| value) then appeared to increase{to near control values after 7 days
of treatment. In contrast, the adﬁ?o animal showed.an.inﬁtial increase
in aminopyrine N-demethylase activity with é peak at three days followed
by a fall below control valucs after 5 da&s of thyroxin the;apy and

a significant decrease after 7 days.

DISCUSSION

-

H

The well known altered sensitivity of the’ newborn infant and
ilmature animals to drugs has been attributed E? a great extent to *
- their altered capability to handle -drugs asﬂexemplified by differences

in protein binding (Krasner, 197})4 drug distribution (Rufferberg

and Way, 1965), decreased hepatic oxidative and conjugative biotraﬁs-.
forﬁing capacity (Aranda et al,, 1974, Fouts and Adamson, 1959:)Yaffe
é_‘g_ _al_]j_. , 1970, Pelkonen et al., 1974, Weiss et al., 1960) and decreased
renal excretion of drugs (Barﬁett et al., 1949, McCracken et al., 1973).
{t/ has also been shéwn that the £mmature rat has a greater tolerance

fb the effect of thyroid hormone fﬁodansky an& Duff, 1936). The data
in this study support this observation and also show that there is a

marked difference between the response of an immature and an adult,
/ ' ‘ .

* 2

E4
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animal to the effect of thyroxin on the hepatic microsomal drug

oxidizing enzymes. The data further demonstrate that within the

3
5 week postnatal period, dynamic variations on the responsiveness
\

of the hepatic microsomal enzymes to thyroxin occur. This is best
&

"illustrated by the opposite effect of tiyroxin on hepatic microsomal

aminopyrine N-demethylase and aniline p-hydroxylase activity as a
function pf age (Fig. 1).- This observation appears to be independent
of substrate - cytochrome P-450 interaction as sugeested by the same
type II difference spectra obtained with anil}ne added to the liver
microsomes from immature and adult rat with or without thyroxin
therapy (Fig. 2). This difference in response to thyroxin could
not be accounted for by chanégs in the electron transport components
due to thyroxin treatment, since there was no observed parallel

changes between electron transport component and substrate oxidation.

For instance, there was a decrecase in cytochrome P-450 varying from

30% to 60% throughout the first 5 weeks of age and in the adult period

_after thyroxin treatment. On the other hand, aniline p-hydroxylation

was significantly increased: during the first 4 weeks of age followed by
a decrease during S,ana 10 weeks of ége. This change did not parallel
the observed effect of thyroxin on the electron transport components.
NADPH cytochrome ¢ reductase is a flavoprotein (Williams and
Kamin, 1962) and its activity is dependent upon the state of thyroid
function since its metabolism is regulated by the thyrégd hormone

(Rivlin and Langdon, 1966, Rivlin et al., 1968). However, even the

influence of thyroid hormone appears to be dependent upon age since
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the 3 week old male rat was relatively insensitive to “the influence
of thyroid hormone (Table 2). A significant induction of NADPH -
cytochrome c reductase by thyroxin was noted at all ages studied,
except at age 3 weeks. It ;ppears that marked differences in response
to thyroxin may occur at this age which is coincident with the weaning
period. The reason for'this differences in the response to thyroxin- S
is not yet established. However the weaning period seems to be a
transition from the neonatal pattern to the adult pattern of response
to thyroxin of b(?th aniline p-hydroxylation and aminopyrine N-deme-
thylation (Fig. 1). ‘

In accord with the observation of Phillips and Langdon (1956)
this study demonstrates that in the adult rat, there is an initial
slow increase follow;:d by a rapid increas€ in NADPH cytochrome c
reductase activity during the first week as a function of the duration
of thyroxin treatment. In contrast to the adult rat, the immature animal
respon:ls much earlier and appears to plateau at a lower level (Fig. 3). ¢
The difference between the young and the adult animal's response to
thyroxin as a function of the duration of treatment is further
illustratéa by the effect of thyroxin treatment on cytochrome P-450
and aminopyrine N-deméthylase in the young and adult animal (Fig. 4
and 5). In the young rat, thyroxin treatment produced an initiail
increase in the cytochrome P-450 content followed by a decrease with\
continued thyroxin treatment. In contrast, thyroxin treatment

produced an immediate decrease in cytochrome P-450 content in the adult

rat (Fig. 4). This implies that in comparing the age-related response
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of the hepatic microsomal mixed functfon oxidase system, the gumatioﬁ
of treatment may be a determining factor to the quantitative‘or
;ualitative changes observed. Although the magnitude or degree of
quantitaFiVe change may be partly dose-related (Table 3), the
qualitafive change (inhibition or induction) as a function of age
-appears to be not dose-related (Table 3).
Although age as a major determinant in the host response to

drug is generally accepted and is underscored in scveral reviews
(Done, 1964, Sereni and Principi, 1968, Yaffe, 1974, Nyhan, 1964,
Weinstein, 1971) the fundamental mechanism underlying the age dependent
responsiveness to an inducing agent remains unsettled. The failure
to(induce hepatic microsomal drug—metaholiziﬁg enzymes by phenobarbital
few days’?rior to birth (Hart et al., 1962) and the ready incducibility
of these same enzymes after birth suggest that the machinery for enzyme
synthesis is a prerequisite for the activation of enzyme synthesis

. (Greengard, 1971). ° Postnatally, however, it appears that the }équired
co-fagtors for hepatic microsomal drug oxidation are present\(Fouté
et al., 1959) and the progressivé increase in Fhe synthegls of these
enzymes (Dallner et al., 1966) occurring after bi?th indicates that ;
the machinery forjthe synthesis of microsomal enzymes are developed.
This argument does not explain the decrease responsiveness.of the

microsomal enzymes at a certain period postnatally such as that

observed in the lack of effect of thy;gxin on NADPH cytochrome ¢

reductase at age 3 weeks. One fundamental cellullar.function that

may change with age is the rate of protein synthesis (Young et al., 1975,
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Winick and Noble, 1965, Waterlow and Stephen, 1968, Yousef and Johnson,
1970). The rate of protein synthesis c]:anges as a fimction of age

and it is possible that a specific enzyme may have varying rates of
synthesis and degrada"cmn that changes with age. This would result in
quantitative variations inp the response of an enzyme system to a
specific inducing agen\t, that is, induction when protein synthesis is
maximal may re'sult in maximal resp;nse to the inducing agent. To our
knowledge, enzyme turnover studies of hepatic microsomal enzymes as

a function of age and in the presence of inducing agents have not yet
been done.

Clinical applications of age-related inducibility of cnzyme
systems have been demonstrated in steroid induction of other organ
systems such as the lungs‘ (Liggin)s and Howie, 1972, Baden et al., 1972).
Induction of pulmonary surfactant to prevent hyalme;membrane disease
in newhborn infant occurred when steroids were administered before
2?2 weeks gestation and induction was not successful when steroids
were given later than 32 weeks gestation (Liggins et al., 1972) or
after birth (Baden et al., 1972). \

The data in this study demonstrai:é’\that £he microsomal enzyme
titres achieved in response to thyroxin 1s markedly dependent on the
aé,e at which thyro;(in was administered.. Furthermore the response
of the hepatic microsomal enzymes as a fimction of the duration of
treatment differs between the immature and the adult rats. This quan-

titative difference in response is partly dose-dependent, an! appears

to be unrelated to substrate-cytochrome P-450 interaction.
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FIGURE 1: Inflyence of age on the effect of khyroxin .?n
microsomalfgubstrate oxidation. /
Rats were subcutaneously injected with L-tﬁ?gﬁxin

1 ug/g body weight/day for three days prior to sacrifice. The

points represent percentage change‘from the control value deriyed

from the mean of 6 to 16 individudl dbterminations. The significance

of the difference from the age-matched control gfoup is indicated

by (a) p < 0.05, (b) p < 0.01, (c) p < 0.001.
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FIGURE 2: The difference spectra of aniline and cytochrome P-450

. in the liver microsome from immature and adult rats )
~with and without treatment with thyroxin. ‘

. L i .
Liver microsonies were obtained from one week old and

ten week old rats treated and not treated with thyroxm L
'I’hyroxm was admmlstercd subcutaneously at a dose of 1 ug/g borly

weight/day for three days prior to sacrifice. Control non-thyroxin <
) ; .

treated group received the diluent equal to the amount given in the

thyroxin treated group. Aniline 3 mM concentration was added to

1

the cuvette containing 2 mg/ml of microsamal protein.

'.
v

) ¢ ¥ J i




L)

e

P,

O
8
L]
i)

%

o
o
-t
o. -
T

—

0.015

r

—— Control
sesbecss 14 ¢

&

\




FIGURE 3: Influence of age and duration of thyroxin therapy on the
activity of NADPH cytochrome ¢ reductase. .
. . One week 0ld and ten week old rats were 'given L-thyroxin

1 ug/g body weight/day, for one to seven days prior to sacrifice. x

Untreated rats served as controls. The points represent the
/ ' I
percentage change fram the’control value der.ived, from the mean of

6 to'8 individual deterininations. Control yalues are: one week

old rat = 46.05‘1 : les cytochraome c reduced x min—1 ymg-1
\ . v 4

1

protein; ten week old ratf= 95.08+8.55 nmoles x min ~ 'x mg-1 protein.

The sjfnificance of thac}iange from the age-matched control is indicated

.

by (a)} p < 6.01, (b) p < 0.001. )
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FIGURE 4: - The influence of age‘and duzation of‘thyroxin fhérapy on

s o tge amount of hepatic microsomal c}tochnﬁ&e P-450. ) |
\\\ ) ‘ One week old and ten ﬁeek old rats were given~L-thyr?xin

i<ug/g bo&? weight/day for one to seven days prior to sacrifice. ' -

) Untrestted rats served as controls. The points.éepresent the percentaée‘

change from the control‘value derived from the meén of 5 to é individual

determinations. Control values are: one week old rat = 0.190+0.013

nmoles x mg-llperein, ten week-old rat = 00.452+0.028 x mg-1 protein.

The significance of the change from the age-matched control is indicated

&*

by (a) p < 0.01, (b)'p < 0.001.
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FIGURE §: .The, inflience of age and duration df thyroxin
w . . Ty
therapy on the activity of hepatic microsomal amino-
1 .
phyrine X-demethylase. .

k|

5
One week old and ten week old rats were given L-thyroxin
1 ug/g body weight/day for one to seven days prior to sacrifice.
Untreated rats served as controls. The points represent the percentage

change from the control value derived from the mean.of 6 to 8 individual

\

determinations. Control values are: one week old rats 0.83+0.08 nmoles

HQO formed x mig * x mg protein. Ten week old rats

Ly mgd protein. The significance of the change

2.52 % 0.15.;1m01es

Ha© formed x min

from 'the age-matched control.group is indicated bg/ '(aj p < 0.05,
j .

() p <N.N1, (c) p < 0.001. g
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/

Influehce of age on the ‘effect of L-thyroxin on liver ‘weight and
m.:lcroson}al prc(‘/tein. yield. .
' ' ? Rats weré given L-thyroxin 1, ug/g body weight daily for &$'days>
prior, to the experiments. Values are-mean ¥ SEM of indiviZiual detper-}
minatio‘r;sy Numbefs in pa'rentheses indicate number of individ‘uai;@

. f ‘
determinations.

'y ' ~ Microsomal protein {
‘ : : Liver wet mg/g wet weight
. Age | Groups (weight (gram) liver L
\’ R / / ) A
! : Control 0.36+0.01 (20) 33.81+2.96 (6) ,
3 days o " a
L-thyroxin 0.37+0.01 (25) . 22.62+1.65 (6)
o Control 0.52+0.01 (24) 31.71+125 (15)
/1 week . b e )
, L;%yroxin 0.39+0.01 (18) 30.72+1,62 (6)
> - Control 0.95+0.01 (30) 30.43+1.59 (16) &
2 weeks ‘ / b ' ‘
L-thyroxin  0.63+0.01 (18) 76.55+2.07 (6)2
Control 2.38+0.10 (20) 30.51+0.71 (10)
3 weeks ) b b
L-thyroxin = 1.33+0.08 (12) £9.69+2.36 (7)
K Control | 4.38+0.15 (6) . - 37.18+1.48 (6).
4 weeks , ) b 3 X
L-thyroxin 3.13:0.07‘(7) 41.04+2.43 ()
. Control . 6.93+0.16 (10) 39.11+1.04 (5)
5 weeks o ' b E
‘ : » L-thyroxin 5.70+0.15 (6) 37.18+2.90 (6)
10 mocks Control ¢ 14.65+0.32 (6) 49.77+3.08 (6)
© (Adult) L-thyroxin- 12.4740.39 (6)2 43.05+1.75 (7)
’ ¢ AN - .
. : L
/
. < ﬂ
. (a) p < 0.05, (b) p < 0.0N1 compared to control group
4
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TABLE 2 . g -

Influence of age on the response of the microsomal electron transport components to thyroxin.,

- Male rats were treated with subcutaneous injection of L-thyroxin 1 ug/g body weight/day for'3 days prior to

death. Values are expressed as mean + SEM. Number in parentheses indicate number of individual determinations.

3

NADPH oxidase, gToles._l NADPH cyfochrqne c reductase _

L
.

Age NADPH oxidized x min ~ x mg (rmmoles cyt._ c reduced x min Cytochrome P-450 nmoles x mg-1
protein ; x mg~! protein) Pprotein
Thyroxin % Thyroxin - % ’Thyroxin - %
Control treated chaiggr Control treated change Control treated change
3 dayé. 4.76+0.39 5.98+0.36 - +25.62 59.40+3.90 77.79+4.78  +31.0 0.1521*0.007 0.106+0.021 -30.2
© (6) (6) (6) (6) . (6) (6)
1 week 4.89+0.22  4.05+0,34 -17.2 46.05+1.75  74.15+10.45 +61.1°  0.190+0.013  0.130+0.013 -31.6°
(8) 6) . (¢) (6) M 6)
2 weeks 5.00+0.40 .5.79+0.63  +15.8 38.90+2.06  66.87+7.05 +71.2%  0.266%0.010 0.103+0.021  -6T.3°
(6) (6) " (6) (6) ‘ (16) (6)
3 weeks 5.22+0.67  6.87+0.35 +31.6 68.22+3.11  74.55+5.94 + 9.3 0.214+0.014" 0.120+0.006¢ -43.9°
] (20) (7N (20) (7) (10) ' (7
4 weeks 7.00+0.55  9.01+0.62 +27.1%  01.34+3.87 157.1+#12.73 +72.0C  0.357+0.017  0.170+0.023  -52.4°
, - (6) .. (6) (6) (6) (6) (6)
5 weeks 7.11+0.48  7.79+0.55 -, 9.6 92.16+4.16 154.22+15.02 +67.3 0.371+0.036  0.244+0.007 -34.22 . -
- (15) (6) (uw . -~ (6) (14) . (6) ~
10 weeks 7.98+0.57 « 6.53+0.31  -18.2 95.02+8.55 129.15+4.31 +35.9°  0.452+0.028  0.21840.024  -51.7°
6) (6) - , (10) (6) o 6 (6)
(a) p % 0.05, (b) p < 0.01, (c) p < 0.801. '
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TABLE 3
1{]

Thyroxin dose-respons® comparison between immature (1 week old) and

I3

¢
Rats were given L-thyroxin subcutaneously daily for 3 .days"prior to

the experiments. Values are mean + SEM of individual determinations which

are inditated by numbers in parentheses. Each detemination in the one

f . L}
" week old, rat represents & pool of 3 rat livers. Percentage changes from ¢

control group are shown below the mean value.

v

. . NADPH cytochrome Aminopyrine N-
Cytochrome P-fSO ¢ reduCtase (n- demethylase (n-

. L- thyroxih/ .
(nmoles x mg” moles cytochrome . moles HQHO formed

Age '(dose per Kg

s) body weight . ¢ gedueed x min~ x min-1 x mg~
(Wks) ~ body weight) protein) xAng~1 protein) protein)
( 0.00 C '
( (control) ©0.190+0.013 (7)  46.05+1.75 (8) 0.83+0.08 (8)
( ‘ - :
( 0.1mg . 0.218+0.013 (6)  81.65+5.76 (6) 0.73+0.03 (6)
E +14.7%% +77.3%° TR
1 1.0 mg 0.130+0.013 (6)  74.15+10.45(5) 0.42+0.03 (6)
{ - b - b H -
E ” -31.6%° +61.0% / -49.45°
( 10.0 mg 0.155+0.016 (6)  83.88+2.54 (6) + .. 0.78+0.03 (6)
( -18.45% +82.15° .- 6.0%°
R -/
( 0.00 .
% (control) ~  0.452:0.028 (6)  95.02+8.55. (6) 2.52+0.15 (6)
g 0.1 mg 0.360+0.019 (6) . 156.48+10.76(6) 2.89+0.05 (6)
( C-20038 . L seal 7o +14,75P
10 E' 1.0 mg 0.218+0.024. (6)  129.15+4.31 (6) 4.38+0.14 (6)
e > .. -51.88%° 43595 +73.85°
E 10,0 mg 0.215+0.024 (6) 158.31+6.79 (6) = 2.25+0.15 (6)
( Too52.45¢ +66.63¢ -10.75%2
"(@p<0.05 )
(b) p < 0,01 ) compared to control group
(¢) p<0.001 )



TABLE 4

~ Serum thyroxin (T4) levels of immature (1 week old) and adult
’ 4
. rat (10 week old) with or without treatment with thyroxin
1 ug}g body weight/day for'3 days). Values are expressed as mean +

SEM of individual determinations indicated by numbers in parentheses.

Cad K ‘/‘. '
. . . .
Age ¢ Serum thyroxin (ug %) o
Control T4 treated )
1 week 2.37+0.23 (8) _ 37.50+1.36 (8) -
# ’
10 wefks 5.44+0.63 (8) 34.37+2.52 (8)
. 4
]
2
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~ 3

GENERAL NISCUSSION

>

»

The data pfeséntéd in the foregoing manuscripts in thi’s th\gsis
demonstrate that the activity of the hepatic microsomal mixed function
oxidase system in the p@émature and full term newhorn infant is present
inhsignificant amount. I{owe-ve'r; the activity of this system in the
newborn infaht is much lower compared to that of the adult man. The
data provide a bi(l)c.hemical basis for a transient deficiency in drug
oxidation dutring the newborn period and sup.port the well—recognized
concept that the rate of drug metabolism in the newborn period is

.

relatively slower compared to the adult man-. °

i

The data also provide evidence that the activity of the hepatic

microsamal mixed function. oxidase system increases with age during the

.newborn period. A factor that may modulate the-develbpment of this

system is thyroxin and the data presented in this thesis support the

concept that thyroxin significantly influences the ontogenesis of this

system. - ) . ‘

4

I.- HEPATIC MICROSOMAL DRUG METABOLISM AND ELECTRON TRANSPORT
IN THE PREMATURE AND FULL TERM NEWBORN INFANT

-

1. Fvidence for the presence of significant hepatic microsomal

drug oxidation in the premature and full term newborn infant.

3

A 7 . . . ”“
The hepatic microsomal fixed function' oxidase system catglyzes

* \



the oxidation ‘of drugs (Giueté'ﬁ al., 1972, Mannering, 1971),
environmental .pollutants and various endogenous silbstrates’[ (Conney and
Kuntzma:},, 1971). The optimal capacity for this oxidative funct?bn'n
represents the culmination of the processes of differentiation that
have gone forward in the hepatic.microsomes. In the fetus and newborn
animals, thi’§,. drug gxida’tive capability is negligible (Fouts and
vAdamson, 1959, Jondorf et al., 1959, Jfato et al., 1964, Gram _e_gg_l_: , 1969,

Fouts, 1”968 Fouts and Hart, 1965 Rane et al., 1973, MacLeod et al., 1972).
However, the studies presented in thlS the)£15 show that unlike the ‘

fetus and newborn of experimental animals, the premature.and full

“term newborn infant shows a significant drug ox1dat1ve capablllty ’ .
‘(Aranda et al.;.1974). The mlcrosanes from livers obtained durlng post-

mortem and surgical procedures in premature and full temm infants have .
- a significantly measurable dctivity of hepatic microsomal aminopyrine

N-demethylase acti:fity and aniline p-hydroxylase and the activity of

these o;(idat:'gve enzymes 1is approx\ima‘tely c;ne-fourth to one-third of the

observed .values obtalned from adults (Aranda et al., 1974). These

ohservations provide a contlnuun\m the ontogen;srs of hepatic microsomal -

drug metabolizing ';nzymes. Previous studies in aborted human fetuses .

v ) .
limited to_ 25 weeks gestation indicated that the human fetus as early as
hd . P . \

/ k7 N 1

N\
¢
2 e

.
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’ 4 :, o .
eighth week of gestation can mé,tfabollze a variety of exogenous substrates . R
, p .

such as chlerpromazine, methylaniline, ethylmorphine, aniline, and some

A
4 <

endogenous substrates stich as testosterone and fatty’ acid 1aura€e

4

R A S B
(Yaffe et al.,t¥970, PelkBhen et al., 1971, Pelkonen, 1973%a, Rane, 1972, Rane, 1972,

Pelkonen et all, 197{& -

< .

The difference in the drug metabolizing capability between the
human and animal fetus and newbhorn may'rgfiect species differences. However,

the pos$ibility that the presence of these drug metabolizing enzymes in

humans could be due to non-specific induction by sméking, drugs and ' .
. '\_ . o B ¢

environmental -pollutants cannot be excluded. The experimental animals are

usually kept under relatively controlled environmental conditions. In
contrast, the pregnant woman is constantly exposed to environmental
pollutants.apd dru'gs.‘ For instance phenol?arbital a known enzyme inducer
(}srnster g_t_ al., 1965) is one pf the major drugs consumed by the pregpaﬁt
woman (Forfar, 1972). Estimates have indicated that about 80 to 90% |
of mothers have received: some. druéys during the period of pregnancy anéi
the average number of drugs consumed per pregnant mother varies from

3 to 10 drugs (Forfar, 1972, Hill, 1972, Peckham, 1963).» ' ' ‘
- 2. Evidence for the presence of hepatic microsomal electron

[ . /

transport components in the premattirg and full term newborn infant.

v

o Cytochrome P-450, the terminal hemooxygenase in microsomal drug -
3

oxidation is»present in variable but significar}t quantity in the newborn
liver microsomes asgshown in the present\sjudy./(Aranda ._e_g al., 1974).
This is in accord with Yaf‘fe's data from abortuses of 14 to’'25 wéek
gestation (Yaffe et al, (1970). This hemoprotein increases with age and

at term it gppears to approach almost’half of the adult values

@ A , « {

.

©
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2

(Aranda et al., 1974, Alvarez et al., 1969, Nelson et al., 1971).
Howeveri this proportionality decreases to one-tenth of adult cytochrome
P-t}SO c;mtent if compared with the data by Davies et al (1973):x
NADPH cytochrome ¢ reductase activity app;ears to -approach half of adult
ac%i"\;;ity in the three r‘lewbc;m babies whose postconceptional ages were
more than 40 weeks gAranda et al., 1@);4}. These values are equal to or
much higher- than the adult cytochrome c redyctase activity reported by
Nelson et al (1971). However, when compared to the adult activity deter-
. mined by Davies é:_ gl (1_973) , the in'fant‘@ adult act!_lvni‘ty is approtimately
one third. The rate of microso'ma:l NADPH oxidation a:;. expreséed by NADPH
oxidase activity has not been measured in human 1iver' microsomes. In a-
va111 term, 5 week old infant (Aranda et al.,1974); ‘the activit); was 5.6 nmmoles
NADPH oxidiz=d per minute per mg protein, which approximates 70%
of the activity in adult rats (Alranda et al., 1973). Like cytochrome
P-450 and NADPH c;'to;:hmme ¢ reductase, the activity of NADPH oxidase
increases with advancing fetal and postnatal age.

3. Factors influencing the activity o—f the hepatic microsomal
drug metabolizing enzymes.

The great discrepancy and variability of the levels of the various
components’'of the HMMFO and of aminopyrine N-demethylation and aniline =~ =«
' p-hydroxylétion may represent different interindividual genetic expression
n(LaDu, 1971, Vessell and Page, 1969)/variations in tissue sampling and
assay techniques, présence of pathophysiologic states, and drug therapy
used prior to sampling. The nature of the preexistent disease states
and drug therapy-are probably the most important factors. Darby (1970)
who found very low_ levels of cytochrome P-450 and microsomal drug oxidation

~ope v
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‘ ’ in adult patients who succumbed to cardio-vascular failure (e.g., myocardial
/ infarction) suggested \tﬁat anoxia was largely responsible for the observed

decrease in drug metabolism. In support of this hypoghesis is Cumming's
observation that the rate of metabolism of antipyrine was significantly
/ decreased in patients who had severe chronic pulmonary disease with/
resultant hypoxemia (Cumming, 197'2). Hepatic microsemal drug oxidz}éi(é;n is
an energy- and oxygen-dependent process (Gillette et al., 1957, Mf:nne?ring,
1971) and a linear relationship between arteriélq.ox;'gen tension and tate
of drug oxidation has been shown (Cumming and Mannering, 1970). Respiratory
distress syndrame, where significant ventilation/perfusion abnormality is
a major pathophysiologic derrangement (Strang and MacLeish, 1961, Strang,
1966), is characterized by hyp?xemia which could alter the true vaiue of
the microsomal enzymes studied. Hyperbilirubinemia (McLuen and Fouts, 1961),
stdrvation (Kato and Gillette, 1965), and high glucose loads (Lamson et al.,
1951, Strother et al., 1971) could also decrea{se drug metabolism and it
is possible that the Yalu&s ﬁresented in this study might not represent
the actual activity of HMMFO in normal infants of similar age (Aranda -
et al., 1974). However, the data provide some infonnatidn on the z;ctivities
of the various components of the system in the sick newborns who are most
apt to receive drug therapy, and for whom such&nformation would be of
/\greater relevance.
Exogenous substrates significantly alter the activity of the
N ‘ hepaticymicrosomal drug metabolizing enzymeé. Bigchemical and mor-
phologqic studies have conclusively shown that the microsomal drug meta-
bolizing enzymes are exquisite}y susceptible to the i1nfluence of drugs

" and environmental pollutants. Adult patients who received phenobarbital, N

, ) ’ 4 \
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glutethamide;, diphenylhydantoin, rifampicin and other drugs showed
remarkable induction of cytochrome P-450, NADPH cytochrome c reductase, . -
aminopyrine N-demethylase, p-nitroanisole and p-derne;:hylase

activity (Remmer et al., 1973, Black et al., 1973), Similar pheno—.‘
barbital therapy in infants and children resulted in 100 to 150 per

cent increase in the activity of NADPH C)'rtochrome ¢ reductase from

hepatic homogenates and a parallel proliferation of the ehdoplasmic &
reticulum in two infants with normal hepatic parenchyma (Thaler et

al, 1972)7. However, this inductive effect could be antagonized by the
presence of liver disease (Thaler et al., 1972). One of a set of twins
(Aranda et al., 1974) who received aminophyllinebecause of apnea, had

a7 fold greater activity of aminopyrine N-demethylase compared to the
other twin. The possibility that aminophylliremight account for this
difference cannot be excluded, how;wer, to our knowledge there are no

data available concerning the influence of aminophyllireon drug metabolism.
If the genetic expression of the drug metabolizing enzyme is equal in
twins (Vessell et al, 1971, LaDu, 1971, Vessell and Page, 1971,
Alexariderson et al., 1969); the difference in enzyme z}etivity may be

contingent on environmental or drug effect. Two infants who received

<_/phenobarbital and diphenylhydantoin constituted two of the three infants

who have the highest activity of hei)atic microsomal enzymes determined
(Aranda et al., 1974). However, these infants were of advanced post
c’onceptional agg relative to the other infants mstudied, and- the data did
not permit the delineation of age-related effect fx‘om drug effect on the
hepatic microsomal drug metabolizing enzymes. . -

The apparent subcellular distribution of the various components

of the HMMFO is different in the fetal livers as against adults because
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of differences in sedhneﬁtation"properties of subcellular organelles
(Ackerman et al., 1972, Rane and Ackerman, 1972, Chatterjee et al., 1965).
Flect;nn\ylcroscoplc studies revealed that the rough endoplasmic retlcuhq? ’
with sparse smooth endoplasmic reticulum sedlmented at lower speeds of
centrifugation. The smooth endoplasmic reticulum contains the drug
metabolizing enzymes (Holtzman et al., 1968, Claude, 1969) s.and its
"!carcity in the fetal period provides a morphological explanation for a
functional deficit. The time at which the fetal hepatic subcellular ~;
localization of the &rug metabolizing enzyme approaches adult ;atternsji;
not established. Since the hepatic microsomal drug metabolizing enzymes
are localized in the smooth endoplasmic reticulum (Holtzman et al., 1968)
and since the smooth endoplasmic reticulum may not have precipitated in
the microsomal pellet in the neonatal period, determinations of the
hepatic microsomal drug metabolizing enzymes may represgnt lower than
the actual value.' Further studies are needed to evaluate this possibility.
. 4. Relaﬁion§hip of hepatic microsomal substrate oxidations to
microsomal electron traasport in the neonatal period.
o Identifigatiqn of possible rate determiniﬁg steps in hepatic micro-
somal drug metabolism in the newborn :zfant was attempted.lnf%his study
(Aranda et al., 1974), by evalqating the correlation between the rate of
substraté oxidation, and the activity or amount of microsomal electron
traﬁ;port component. Neither NADPH cytochrome ¢ reductase nor the amount
of cytochrome P-450 seehs to be rate limiting in aminopyrine N-deme-
thylation since no correlation between these electron transport components

and N-demethylation of aminopyrine was found. Similar lack of correlation

between the hemoprotein and substrate oxidation has been noted in adult

”
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patients (Nelson et al., 1971). " In experimental animals there is an

increasing evidence that the rate limiting stép in microsomal drug
Bxidation is the reduction oficytochréme P-450 (Gigon et al., 1968,
Gillette and Gram, 1969, Diehl ‘et al., 1970).  However, this concept
was not substantiated in our 1aboratory since substrate ox1dat10n in 4
lthe newboms proceeded despite lack of measurable NADPH\cytochrome P-450
rreductase (Aranda et al., 1974). o \
Both aminopyrine N-demethylation and aniline p-hydroxyla%ion
were significantly related to NADPH oxidase activity indicating'that
perhaps the velocity of microsomal NADPH oxidation may be an acceptable
indica?or of the overall rate of microsomal drug oxidation. Indeed,
Gillette's laboratory (Stripp .et al., 1972, Sasame et al, 1973) have
shown a stoichiometric relationship between drug oxidation and NADPH
ox1dat10n in hepatic microsomes. They found that the st01ch10metry
approaches a i:l relationship for a variety of type I substrates when
the metabolism of the substrate-dependent NADPH oxida{ion 1s corrected
for carbon monoxide sensitive, endogenous NADPH oxidation. Further
evaluation of this method in human microsoﬁes would be needed to define

-

its applicability as an indicator of the rate of drug oxidation. In
contrast to aminopyrine N-demethylation, ;niline p;hydroxylatioq correlated
significantly with NADPH cytochrome c reductase activity and cxtocﬁrome
P-450 content, suggesting that the newborn HMMFO is réi;tively more
capable of '‘metabolizing aniline-like compounds.f The difference between
these two substrate oxidations during the fetal and.neonatal period is

puzzling. Aminopyrine which gives a typical type I b1nd1ng ectrum with

cytochrome P-450 in adult human llver (Pelkonen, 1973b)and in experdmental

’

! !
'
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animals (Schenkman et al., 1967) produces a type II binding spectrum in
the human fetal liver microsomes (Yaffe et al. 5 1§70). Animal smflies
revealed that type I corﬁpounds are better substrates because they drive
their own metabolism and they stimulated NADPH cytdc/hrome P-450 reductase
activity (Gigon et al., 1968, Gillette and (’:ram, 1969). However,
fundamental mechanisms underlying these differences and®the significance -
of these binding spectra in the hepatic microsomes during the newborn =, -
period are poorly understood. The presence of substantiéll w-dbxidation
of laurate and hydroxylation of tgstosterone, both endogenous compounds
giving a type I binding spectrum (Yaffe et al., 1970), Iends support to
the existence of an intimate relationship between substrate binding_and
metabolism. This observation and the reversal of aminopyrine binding
spectrum _to a type.II pattern led to the hypothesis (Yatfe et al, 1970,
Rane and Sj&wist, 1972) that thére are endogenous substrates with high
affinity (low apparent Kn values) "f_én‘ the binding site-of the term%nél
hemooxygenase and which can compete more effectively with exogenous
substrates. The intriguing possibility of a qualita;cively different
cytochrome P-450 between the newhorn and adult human being or between
spectes could not be excluded. \

5. FEvidence for age-related increases in the activity of drug &
metabolizing enzymes in the premature and full term newborn infant.

A very important but unanswered issue 1nlhuman dfug metabf)lism is
the time at which the de‘ficient neonatal drug %tabolic function attains
adult level of metabolic capability. Corollary to this problem 1s the

possibility of a demonstratable increase in the activity of these micro-

somal enzymes during the later part of gestation and in the newborn
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period. Studies in our lahoratory indicate that there is an increase

in" the activity of these enzymes as a function of age in the perinatal

.

period (Aranda et al., 1974). Postconceptional age defined as the sum

of gestational age and postnatal age, po%itively correlated with NADPH

i

oxidase activity, NADPH cytochrome c reductase activity, and cytochrome

P-450 content. Postconceptional age was also positively’ cori’elated with
aniline p-hydroxylase activ‘ity'but not with aminopyrine N—demethylaéé o
activity suggésting that ;;he’de;velopmental pattern of one substrate oxida-
tive enzyme may be different from anothe}* (Aranda et al., 1974). The
tremendous variability in the developmen'tal pattem of various enzymes
systems regulating protein and carbohydrate metabohstn and the difference
of the enzyme titrzes as a function of age are well) establi.shed phenomena
- (Kretchmer, 1969, Greengard, 1971). In the early fétal period dynamic
changes as a\unction of age, similar to the events observed in the later
' part of gestation and in the neonatal pe.rlod'”geem to occur. An 1ntriguing
observation has been put forth by ’Pelkonen (1973), who demonstrated in
human aborted fetuses from 8 to 20 weeks gestatio}l, a phase of rapid
e)q;onential development of the oxidative mgtabolism of chlorpromazine, p-
nitrobenzene, benzpyrene and methylaniline during 8 to 13 weeks of gesta-
tion which tended to plateau after 13 to 14 weeks. ‘This suggest that ~the
development of h_epatic/: mic:r(‘)somalr mixed hction oxidases begins in~
the early phase of gestation. \
Although there is an increased availability of data relating to the °
activity o?t.ﬁ?: "hepatic microsomal mixed function oxidase, system in .
humans (Yaffe et a_ll. s 1970,‘ Pelk'onen and ‘Karki, 1971, Ackermann et al.,
197é, Rane and Ackermann, 1972, Pe‘lk;)nen et al., 1971, Juchau, 1971,

. /
Pomp et al., 1969, Pelkonen, 1973a,Pelkonen et al., 1973, Rane and Gustaffson,

L
¢
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1973, Rane, 1974 and Aranda 91@}, , 1974), the developmental pattern of
the microsomal drug metabolizing enzymes in human remains unknown.

Furthemore, the available data in the literature are insufficient to
!

predis:/t a possible ontogenetic pattern of these enzymes. Specifically,
]

’

the question that relates- to the time when the low activity microsomal
drug metabolizing eﬁzymes in the human fetus and newborn infant undergoes

»

full differentiation or maturation to adult activity remains unanswered.
In the experimental animals, most mi‘c-:rosomal drug-oxidative enzymes
approach adult level of activity at approximately 3 to 6 weeks of age
(MacLeod et al., 1972, Fouts and Devereaux, 1972, Short and Davis, 1970,
Short and Stith, 1973, Kato et al., 1964, Bresnick and Stevenson, 1968,
Basu et al., 1971, So&ka, 1969, Henderson, 1971, Jonsdorf et al., 1959).
Some aspects of drug metabolism that are relatively unexplored are the
{Jnderlying mechanism(s) which regulate(s) the ontogenesis of the hepatic
rpicrosomal mixed function oxidase' system and the various factors which.
may modify the pattern of development of this system. One such factor

’ o

is thyroid hommone.

I1. - EFFECT OF THYROID HORMONE ON THE DEVELOPMENT OF THE HEPATIC '
MICROSQMAL DRUG METABOLIZING ENZYMES

1. Possible role of the thyroid hommone on the postnatal develop-

ment of hepatic microsomal drug metabolizing enzymes.

Vital to the comprehension of the process underlying enzymic

differentiat¥on and the ontogenesis of the hepatic microsomal mixed function

¢

)’
'oxidase system is the delineation of the various effeglts of endogenous

substrates on the activity of the mix function oxidase. Wilson (1970)
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has shown that growth hormone has a repressive role in the development
of ethylmorphine N-demethylation, and aminopyrine N-demethylation.

The influence of other growth promoting hormones such as thyroxin has
been determined in our 1aborato;y, and the basis for these investigations
is as follows: First, -the simultaneous appearance of hepatic TPNH
cytochrome ¢ reductase, glucose-6~phosphatase and a functional thyroid
gland on the 18th fetal day in rats and the induction of this enzyme ~
by thyroxin in the fetal rat suggest that the thyroid hormone might

act as a physiologic trigger for the différentiation of this enzyme

Al

‘g' "
system (Greengard and Dewey, 1968, Greemgard, 1969). Similarly, a 4

simul taneous appearance of the hepatic microsomal mixed function oxidase
activity and measurable thyro;un and thyronines seems to occur during ‘
“the 10th to 14th week in the human fetus (Pelkonen, 1973, Greenberg, 1,970,
Shepard, 1967, Fisher, 1970).

Secoﬁd, the thyroid gland, through obscure mechanisms, regulates
tﬁe developmént of organ systems. The thyroid gland i§ vital to the
normal development of the central nervous system (B:ilazs et ‘g_l_., 1969)
and to the regulation of several metabolic homeostatic mechanisms. Its
inductive role in the development of the lung and pulmonary surfactant
has been described (Redding et al., 1972, Wu et al., 1973). Third,
thyroid hormone has a major influence on hepatic mic'rosomal drug metabolism

in experimental animals (Kato and Gij\lette, 1965, Kato et al., 196é) and

in man (Vessell and Passanintis,-197}, Crooks et al., 1973). Since
thyroi& hormone is related to both g¢rgan development and drug metabolism,
the hypothesisg that thyroid hormong significantly influences the develop-
ment of hepatic microsomal mixed fynction oxidase system was tested

and subsequently confimed “in the present study (Aranda and Eade; 1974a).

[
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. 2. l:iv‘dence for the infiuence of thyroid hormone on the
maturation af hepatic microsomal drug metabolizing enzymes:
(a) ‘Acceleration of ‘the development of drug metabolizing
enzymes by thyroid hormone.
—(i) Effect of acute thﬁoid homone therapy:

Postnatal aberratiens in thyroid function significantly
eiltered the developmental pattern of hepatic miérosanal mixed function ‘
oxidase system (Aranda and i?,ade, 1974, Aranda and Eade, 19753);_ A
single dose of thyroxin administered to immature rats resulted’in =
significant irlxcrease in the activity of NADPH oxidase, NADPH cytochrome -
c reductase, aniline p-hydroxylase and in the content of cytochrome
P'450. and‘rlrxlicrosomal' prot'e‘in yield. Adult levels.of activity were
. \é:ctained with NADPH oxidase activity and aniline p-hydroxylase acfg.ivity
twenty- four hours after thyroid hormone injection (Aranda and Eade,
1975a). Significant increasesL in protein, DNA and RNA have been
de.monstrated few hours after a single i?jection of thyroxin (Sokoloff,
1971, Tata et al., 1963, Tata, ,1968). %Iihe incfease in the microse'rgal
drug metabolizing enzymes may represer;t de novo enzyme synthesis however
the possibility of shifts in the protein '[;(:)OIS cannot be excluded.

Studies on the effect of thyroxin on the subcellular distribution of
t.he hepatic microsomal drug metabolizing enzymes woulci probably resolve
t}Eis possibility‘:

N

(ii) Effect of repetitive administration of thyroxin
- *

on the developmental pattern of hepatic drug metabolizing enzymes:
Repetitive treatment of male rats with thyroid
A
hormone during the first five da}"s after birth or throughout the first

Py

N
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1 3

) fi%e' weeks of life resulted in significant accelération in the
- e

maturation of the activity of NADPH oxidase, NADPH cytochrome c
reductase and aniline p-hydroxylase. Whereas the adult activity
of ti‘lesq enzymes are attained in five weeks in the nomal male rat,
the adult enzyme tltr;as are achieved and are surpassed in one week
in the thyroxm treated rats. N

« Whether the effec‘t of ‘thyroxin on the development of the hepatic
mixed function oxidase system is one of permanent éhzyme differentiation
.o/r me‘rely a' transient induction is not resolyed 1{1 these experime;lts.
The concept of enzyme differentiation entails maintenance of enzyme
"titres and the phys\iological variations of these titrés, which are
normally' exhibited in a fully differéntiated enz;me system as that seen
in the adultl organism. On the other hand, transient indt?ction entails
a rise in enzyme titres followed by a fall to pre-induction levels
upon withdrawal of the inducing agent. ,Suggestive evidence for enzyme ,
differentiation "is prc;vided by the effect of transien; -;eona\tal hyi
perthyroid state on the de\.felopmental pattern of aniline p-hydroxylase
activity, an oxidative enzyme which exhibits the "overshoot phenomenon'
(Moog, 1971). This phenomenon, whereby enzymes that undergo a large
.increase in activity during a short period of time, rise above fheir
adult 1evél and subsequently -fall back to a relatively stable lexelj/-ﬁ
has been described in various substrate ox1dat10ns (Kato et al., 1964,
Gram et al., 1969,Ueh1eke, 1971). Gram et al (1969) Ahad shown that
the Vmax for‘daniline p-hydroxylase peaked at 1 to 2 weeks followed
by a decline thereafter. In contrast, Macleod _e_ti ‘al (1972) and the

present studies show that the peak activity of aniline p-hydroxylase

.
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\ above adult level was observed later at age 5 weeks. This peak’

activity was shifted to age éne week, followed by a slow decline to
lower adult value attained at 5 we.eef(s of age (Aranda and Eade, 1974a).
This represents an advanced shif:c in the maturational pattern of
approximately four weeks, suggesting that enzyme differentiation have
occurred. -

Suggestive evidence for a transient induction is that observed
with the effect of neonatal thyroxin therapy which resulted in" an
increase in the activity of NADPH cytochrome c reductase at one week
followedr by a fall to subcontrol levels (Aranda and Eade, 1975a), and
an infranormal shift of the devélopmental pattern at three to five
weeks of age. This finding also raises a possible consequence of
induction, that is, a fall in the ’enzyme activity to subnormal levels
upon withdrawal of the influence of ‘the inducing agent. Blackburn é al
(1972) and Carson et al (1973) have demonstrated in the lung, that
steroids which are inducers of pulmonary surfactant production enhance
cel'l differentiation at the expense of cell division, resultiné in fewer
but more mature cells that are functioning at an optimal:capacity. With
growth the n;etabolic demands of the organism increase commenéurately
with 1ts increased body size, and it is possible that the decreased
nymbe; of cells could no longer meet this increased demand leading to
an infranormal shift in the developmental pattern, as shown by NADPH
cytochrome c reductase activity. ‘

(b) Repression of the~development of cytochrome P-450 by
thyroid hormone.

Thyroxin appears to exert. a repressive role on the

development of cytochrome P-450 and aminopyrine N-demethylase. This
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repress1ve role was more defined in the case of cytochrome P- 450 .

as evidéhced by a decrease of this he'moprotem in chronic thyroxm
treatment, an initial decrease in neonatal thyroxin treated. rat

followed by an increase above age-matched control levels at three weeks

a9
~ ¥ °

with the withdrawal of thyroid-effect and an increase’ in the three

week old radiothyroidectomized rat (Aranda and Eade, 1974a). The basis

ki

for the repressive effect is unclear. The hypothesis that the low

, ‘glrug metabolizihg capacity in the newborn may be due to the presence of

inhibitory sgbstances (Fouts and Adamson; 1959) that may have been,
derived from the mother (Feuer and Liscio, 1970) has been advanced. In
support to thié hypothesis is the inhibition of hepatic microsomal

drug metabolism by endogenous substrates such as somatotropin (Wilson,
1969) , prégnenolone and progesterone metabolites (Soyka, 1972, Soyka,
1973) and the repressmn of the postnatal development of ethyl mor-
phine M-demethylation and aminopyrine N-demethylation by growth hormone
(Wilson, '1970). The newborn inlfant at term has a higher free serum
thyroxin level with a trahsient 8 to 9 fold rise in serum thyroid
stimulating hormone immediately afterl birth (Fisher, 1970,‘ zeeenberé,
1970) and the increased thyroid hormone and thyroid stimulating hormone
may qa%gment the total pool of circulating endogenous substrgtes.
Incré;sed circulating thyfoid hormone may produce altered substrate
interaction with cytochrome P-450 as evidenced, by decreased 0.D.

value and increased Vmax for angiline; and increased KS value,

increased Km value and 'décréased Vmax Valll? for hexobarbital in thyroxin

treated adult male rats (Kato et al., 1970). The other possibility

)
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of théfdevelopment of aminopyrine N- demethylatlon and cytochrumé P- 450

NADPH cytochrome c, reductase in the immature ratQ\which was not only

”2

: - 171 - ' -

&

that relatlvely high thyrox1n levels may indirectly act as a repressor ’

R

thrbugh a perm1551ve effect on growth hormone secretion (Catt 1970)

{

. camnot be excluded. . v a

The 1ncreased thyroid hormone durlng the immediate postnatal

period is of dublous signlficance Greengard (1969) raised the concept

o

.that the thyroid gland is the probable physielogic trigger in NADPH

generating system in fetal rat on the basis of “simultaneous appearance

of fetal thyroid function and NADPH cytochrome c reductase and glucose-6

. phosphatase,” and a preéocious differentiation of these enzymes with

exogenously administered thyroxih. However, the teleologic significance
e

of a transiemt neonatal th}roi& gland hyperfuﬁction in relation to the
differentiation of NADPH and oxygen requiring drug oxidative pathways
and their associated electron transport components is as yet speculative.
Moreover, the fundamental mechanism underlying the selective but variable
effect of thyroxin on thé various com ﬁ;nts of the microsomal electron
transport chaln and various ox1dat1v£?zathways is st111 undefined.

- (c) .Effect of hypothyr01dlsm on’ hepat1c-m1crosomal drug
mepab61121pg enzymes, converse to effect of repet1t1ve thyroid hormone

»

therapy. Reversibility of hypothyroid effect by thyroid hormoné re-

placement therapy. . , ' e Ny

Hypothyr01dlsm achieved by admlnlstratlon of 1

)
aﬁ birth resulted in some effects opp051te to those obtained by repetitive
thyr01d hormone treatment as shown in the present study (Aranda and

[ N v

Eade, 1?7533. There was a significant deérease in the activity of the

cgrrécted by replacement théfapy with thyroxin butywhich was signifi-

cantly enhanced above age'mafched control values. Conversely, cytochrome —~

¢
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P-450 ;Sﬁtent was éignificantly increased in the three week old -
hypo;hfroid rat and this finding wﬁs reversed with the administration
of thyroxin (Aranda and Eade, 19fﬁ). ‘
- The most sensitive indicator of the effect of thyroid_hormone
or of the deficiency thereof on the developing hepatic mixed function
oxidase system is NADPH cytochrome ¢ reductase activity. This is sup- Y
portd& by a marked increase in the activity 24 hours after thyroxin
administration, sustained high activity with continuous thyroxin treat-
ment, decreased activity to preinduction levels upon withdrawal of thyroxin;

a significant fall below control levels in hypothyroidism and a rise

to above control 1evels with thyroxin replacement therapy in hypo-

thyroidism (Aranda aa? Eade, 19753) These findihgs are in accord with

the observations, obtained in hypothyroid and hyperthyroid adult rats
(Phillips and Langdon, 1956, Kato and Takahashi, 1968, Suzuki, et al. 1967)
Ev1dence has been presented that the metabolism of the flavoprotexns is

under the control of the thyroid gland through the regulation of flavokinase

k(Rivlin and Langdon, 1866, Rivlin et al., 1968, Rivlin, 1970) and since

NADPH: cytochrome ¢ reductase is a flavoprotein (Williams and Kamin, 1962)

_therefore, the regulatibn of the enzyme titre is most probably mediated

- -

éy the thyroid gland (Phillips and Langdon, 1956). Biochemical similarities
beyween ﬂypothyrgidisn and riboflavin deficienc} have been demonstrated

(Rivliﬁ SE.§i~» 1968) and similarities between microsomal drug metabolism |
in hypothyroid immature and adult rat and the ribdflavin deficient
postweaning mice (Catz et al., 1970), namely, increased cytochrome b5,
and cytochrome P-450 content and increased aniline p-hydroxylation, have

™
also been shown (Aranda and Eade, 1975a, Suzuki et al., 1967).
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3. Effeet of thyroid hormone on the po‘stna‘tal changes in the
reduction owf “cytochrame P-450) by NADPH.

Thyroid hommone significantly influences the development of the
hepatic microsomal NADPH cytochrome P—@éﬂ reductase activity. -
Experimentally p‘reduced deviation from euthyrdid state resulted in .
altered aetivity of NADPH cytochrome P-450 reductase. At three weeks
of age the activity of !the reductase was increased in the hypothyroid
rats which was partly reversed by thyroxin replacement \therapy (Aranda -
and Eade, 1975b). These observed increases of P-450 reductase*in both
hypothyroid and hyperthyroid ra{s are not similar to the findings
observed in other electron transport components in similar states of
thyrdid dysfunction (Aranda and Eade, 1975a). Cytochrome P-450 was
1ncreased and NADPH cytochrome c reductase was decreased in hypothyroidism.
In contrast cytochrome P-450 was decreased and NADPH cytochrome C
reductase was mcreased in hyperthyx*mdlsm\(Aranda and Eade 1975%1)

The increased reductlon of cytochrome P-450 by NADPH in hypothyrmdlsm

may reflect a greater effectiveness in the utlllzatlo‘n ‘of decreased
cytochrome P-450 conteM, for reduction. Thus, althou_gh,, there is a markedly
dec;"eased cytochrome P-450 content in ::hronic thyroid tre:;tment, the
percentige of the total amount of cytochrome P-450 which may be
effectively reduced for ultimate drug oxidation is probably much higher.
T}us possibility may be rgsolved by the determmination of the percentage

of P-450 reducible by NADPH ffor a given time.

o Biochemical adaptation to thyroid dysfunctiop as a function of

the duration of the latter may occur. In accord to observations by

Suzuki et al., (1967), wherein 'some microsomal electron transport
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components increased after an initial decrease foilowing surgical
thyroidectomy, NADPH cytochrome_?:450 reductase from liver microsomes
of chronically thyroxin treated rats show’n in this study was -equiactive Y,
to the euthyroid control rats at 5 weeks age. This adaptation to
thyroid dysfunction mdy partly explain the lack of change of”NADPH
cytochrome ¢ reductase activity in surgicallz' thyroidectomized adult
rats (Aranda and Eade, 1975b)‘t0;npared to euthyroid rats.

Thyroid dysfunction influences the effect of aminopyrine added
in vitro to NADPH cytochrome P-450 reductase (Aranda and Eade, 1975b) .
In the nomal 5 week old rat, aminopyrine significaﬁtly accelerates the
reduction of cytochrome P-450 by NADPH. Similar observations are noted
in the 5 week {)ld neonatally thyroxin treated rat. In contrast, amino-
pyrine decelerates the reduction of cytochromg P-450 by NADPH in the
3 week old hypothyroid rat. )'I"hese“observations suggest that a euthyroid
state may be necessary for substra}e enhancement to oqccur. Furthermore
the substrate enhanced cytochrome P-450 reduction is significantly lower
in the 5 week old hypothyroid and hyperthyroid rat compared to the
euthyroid control rat (Aranda and Eade, 1975b). The mechanism underlying
the influence of thyroid hormone on the in vitro effect of aminopyrine
on the reduction of cytochrome P-450 is not known. The possibility of
direct substrate-thyroid homone interaction is negated by the lack of
effect of thyro;cln added in vig) (Aranda and Eade, 1975a).

4, Characteristics of the effect of thyroid hormone on the hepatic
microsomal mixed function oxidase system.

The effect of thyroid hormone on the hepatic microsomal mixed function
oxidase system appears to be selective to a specific substrate oxidative

-

pathway; selective to a specific electron transport component;

"7

4
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dependent upon the duration of the altered thyroid state; and
markedly influenced by the age at which th);roid hormone is administered.

The selectivity ‘of the effect of thyroid hormone on
substrate oxidatior{ is evidenced by the signlfica‘nt inductior on the
activity of aniline p-hydroxylase after‘a.single dose of thyroxin in
the immature animal and by significant acceleration of ths maturation
of this enzyme by rebetitive administration of thyroid hommone. In
contrast, aminopyrine N-demethylase activity is not changéd by acute
thyroxin treatment. Furthermore, repetitive treatment of immature
animais with thyroid hormone result in initial repression of the activity
of (aminopyrine demethylation. " Similar selectivity of the effect of
th o;a ho'rmor;e on specific substrate oxidations have been demonstrated
in adult rats (Kato and Gillettg, 1965, Kato and Takahashi, 1968,

Suzuki et al., 1967). The basis for the selective effect of thyroid
hormone on a specific substrate oxi?ation."?; not clears The possibility
that the substraté specificity of the effect of thyroid hormone is
probably due to androgenic effect has been proposed (Kato and Gillette,
1965, Kato and Takahashi, 1968). This hypo'thesis has not been adequatély
tésted in -the immature animals.

The selectivity of the effect of thyroid hormone on specific
microsomal electron transport components is illustrated )by significant
acceleration of the maturation of NADPH oxidase activity and NADPH .
”éytochrome ¢ reductase activity in immature rats treated with repetitive
doses of thyroxin. In contrast, a significant repression of the
development of the terminal hemooxygenase, cytochrome P-450 is observed

following similar treatment with ‘thyroid hormone (Aranda and Eade, 1975a).

Similar observations in adult rats of the selectivity of thyroid hormone
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effect on/the microsomal electron transport component has béen noted
(Kato and Takahashi, 1968, Suzuki et al., 1967). Again the basis
for this selectiviéy is unclear. The influence of fhyroid homone on
the metabolism of flavoprotefn NADPH cytochrame ¢ reductase has been
discussed (supra vﬁhe) which may provide pa;ti?l explanation for this
selectivity. The revressive effect of thyroid horméne on cytochrome
P-450 has also peen discussed (supra vic{e).

The effect of thyroid hormone on the hgpatic microsomal mixed
" function oxidase system is also dependent updn the duration of thyro;d
dysfunction. A five week old hypothyroid rat is significantly more
responsive to the effect of thyroid hormqne replacement therapy as
against a 3 week old hypothyroid rat (Aranda and Eade, 1975a). This
observation is probah&ywdue to age-related changes in sensitivity to
thyroid hormone, however, the chané%s in the activity of the drug
metabolizing enzymes as a fuanion of the duration of hypothyroidism
in adult rats suggest that thé duration of altered thyr01d state ma} be
largely responsible for these changes (Suzuki et al., 1967).

The duration of postnatal thyroid dysfunction also influences the
maturational pattern of microsomal drug oxidation. This is exemplified
by a decrease in aminopyrine N-demethylation in the three week old
hypothyroid rat but not in the 5 week old hypothyroid rat (Aranda
and Eade,1975a). Similarly but in a converse fashion, an increase in
aniline p-hydroxylation is noted in the three week old but not in the
5 week old hypothyroid rats (Aranda and Eade, 19753). These findings
suggest some degree of compensatory mechanisms inherent in prolonged
“hormonal imbalance. Indeed, a major difficulty in studying cell or

enzymic differentiation in vivo using endogenous substrates is the

3
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presence of feedback control mechanisms that inte dhe to maintain ‘
'the steady state (Thrasher, 1971). For instance, in hypothyroidism, .

the thyroid stimulating hormone (TSH) of the anterior pituitary gland

is greatly elevated (Catt, 1970). It is not inconceival;le thad TSH
_per se may directly or indirectly alter the development ofmmicmsoxna;

drug oxidation, To our knowledge, this hormonal interplay has not *

been studied as it pertains to the 'ohtogenesis of the hepatic mixed ,

#

function oxidase system. o
The effect of thyroid hormone is determined to a great extent

by the age at which. the hormone is administered. The age-relatedness

to thyroxin response is dramatically illustrated by the ;ffect‘of a

"booster' dose of thyr.oxin on aminopyrine N-demethylation. Whereas

a significant inhibition of this substrate oxidation is observed at

age 3 weeks, a slight but iqsigyxificapt increase 15 noted at age 5

weeks (Aranda’ and Eade, 197%3). Similar age—rela;:ed responsiveness

to thyroxin is further shown by the effect of a booste;' dosc/e of

thyroxin on NADPH cytochrome ¢ reductase activity on the neonatal

thyroxin treated rat where a super induction was exhibited at age 5 weeks‘

but not atiajge 3 weeks “(Aranda, 1974). - - o ﬂ
Thesé findings indicate that a major determinant in the effect

of thyroid hormone on the hepatic microsomal mixed function oxidase R

system is the age at which the hormone is administered. Evidence for

the validity of this assumption is provided below.

-

III. EVIDENCE THAT AGE IS A MAJOR DYJTERMINANT IN THE EFFECT OF THYROID
HORMONE ON THE HEPATIC MICROSQMAL MIXED FUNCTION OXIDASE SYSTEM

/
f

The well known altered sensitivity of the newborn infant and \T}
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immature animals to drugs has been attributed to a great extent

to their altfered capaéil'ity to handle drugs as exemplified by differ-

ences in protein binding (Krasner, 1973), drug:distribution
(Kupferberg and Way, 1965), decreas}d hepatic oxidati\;e(a.nd conjugative

biotransfomming canacity (Fouts and Adamson, ‘1959, Ya

L

e et al., 1970,
Pelkonen et al., 1973, Weiss et al., 1960) and decreased renal excretion
of drugs (Barnett et al., 1949, Nelson and McCracken, 1973, Simon

and Axline, 1966). Evidence is now provided that there is variability

.in the intrinsic sensitivity of hepatic microsomal enzymes to inducing

agents such as thyroxin. There is a marked difference between the
response of an immature and an adult animal to the effect of homnones
(thyroxin) on the hepatic microsomal dryg oxidizing enzymes (Aranda
and Lade, 197%). Within the 5 week postnatal period, dynamic
variatichs on thé responsiveness of the hepatic microsomal enzymes to
thyroxin occur, and this is best illustratefd by the opposite effects

of thyroxin on the hepatic microsomal aminopyrine N—demethylase and

aniline p-hydmxylgse activity as a function of age (Aranda and ILade, 1975c).

This observations appears to be independent of differences

in substrate-cytochrame P-450, interaction as evidence by the type II
difference spectra obtained with aniline added to the liver microsomes
from immature and adult rat with or without thyroxin therap;' (Aranda
and Eade, 1975¢). This difference in response to thyrox’in could not
be accounted for by changes in the electron. transport components due

to thyroxin treatment since there was no observed parallel change

'between‘ electron transport component dnd subistrate oxidation. For

instance, there was a decrease in cytochromeé P-450 varying from 30%

“to 60% throughout the first 5 weeks of ‘age/and in the adult period
‘ /
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after thyroxin treatment. On the other hand, aniline p-hydroxylation
was significantly increased during the first 4 weeks of age followed
by a decrease during 5 and 10 weeks of age. This change did not-
parallel the observed effect of thyroxin on the‘ele’ctron transport
compon&nts.

: As discussed earlier (supra vide) NADPH cytochrome ¢ reductase
is .a flavoprotein (Williams and Kamin, 1962) and its‘activity is dependent
upon the state of thyroid function since its meta;bolism is regulated
by.the thyroid hommone (Rivlin and Langdon, 1966, Rivlin et al., 1968).
However, even the influence of thyroid hormone appearsp to be dependent

upon age since the 3 week old male rat was relatively insensitive to

the influence of thyroid hommone (Aranda and Eade, 19752). A signi-

* ficant induction of NADPH cytochrome c reductase by thyroxin was noted

~

¢

at all ages studied, except at agey 3 weeks. It appears that marked
differences in response to thyroxin may occur at this age which coin-
cides with the weaning period./ The weaning period seems to be a
transition from the neonatal pattern to the adult pattern of response
to thyroxin of both aniline p-hydroxylation and aminopyrine N-demethylation
(Aranda and Eade, 1975¢). The mechanism underlying this transition
i's still poorly understood.

* In accord with .the observation of Phillips and Langdon (1956),
studies in our 1ab0}‘atory demonstrate that in the adult animal, an
almost linear increase in NADPH cytochrome c reductase activity as a °

functgon of the duratig

thyroxin treatment occurs during the first

week (Arandé and Fadd, |1975c). In contrast the immature animal resppnds

rd

to plateau at a lower level. This difference

i :
&
. .

much earlier and

h]
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between the young and the adult animal's response to thyrqfin as a
function of the duration of treatment is drmnatically\illustrated by
the effect of thyroxin treatment on cytochrome P-450 and aminopyrine
N-demethylase in the young and adult animal (Aranda and Eade, 1975c).
Thyroxin treatment producéd an 1n1t1a1 increase in the cytochrome ] P 450 I
content followed by a decrease w1th prolongatlon of thyroxin treatment.
In contrast, thyroxin treatment produced an immediate decrease in
cytochrome P-450 content. The obvious implication of this observation
rests on the fact that in comparlng the age-related responses of the
hepatlc microsomal mixed fhnctlon oxidase system, the duratlon of treat-
ment may be a determining’factor for thg quantitative or qualitative
changes observed. Although the magnitude or degree of quantitative
change may be partly dose-related, the gqualitative change (inhibition or
induction) as a‘function of age appears to be independent of the dose
(Aranda and Eade, 197%c).
Although age as a major determinant in the host response to drug

_-is generally accepted and is underscored in several reviews (Done, 1964, 4
Sereni and Principi, 1968, Yaffe, 1974, Nyhan, 1961, Weinstein, 1968)°

the 'fundamental reason(s) underlying the variability of response of an
organ system to a drug as a function of age remains unsetgled. The
failure to induce hepatic microsomal,K drug-metabolizing enzymes by
phenobaﬁbitallfew days prior io birth (Hart et al., 1962) and the %ead§
inducibility of these same enzymes after birth suggest that the machinery
for enzyme synthesis is an obvious prerequisite for the activation of
enzyme synthesis (Greengard, 1971). Postnatally, however, it appears

" that the required co-factors for hepatic microsomal drug oxidation are

~

-
/ -~
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\
present (Fouts é al., 1959) and the ,progressive increa;e in the
synthesis of these engymes (Dallner et al., 1966) occurring'after, birth
indicates that the machinery for the synthesis of microsomal enzymes
are developed. This argume;nt does not explain the decreased responsive-
ness of the microsomal enzymes at a cértain period postnatally
such as the lack of effect of thyroxin on NADPH cytochrome c reductasg
at age 3 weeks. One fundamental cellular function that may change with

age is the rate of protein synthesis (Waterlow, 1968, Winick and Noble,

1965, Winick and Noble, 1966). The rate of protein synthesis changes

-

-as a function of age and it is possible that érspecglfic enzyme may have

varying rates of synthesis and degradatfOn ‘that changes with age. This
would result in qllg.ntitative variations in the response of an enzyme
system to a specific inducing agent; that is, induction v;hen prot.ein
synthesis is maximal may result in maximal response to the inducing agent.
To our knowledge, turnover studies of hepatic microsomal enzymes as a
function of age and in the presence of inducing agents have not yet been'
done. ’ -, ¢
Clinical applications of ége”—related inducibility of enzyme systems

has been demonstrated in steroid induction of other organ systems -

such as the lungs (Liggins et al., 1972, Baden et al., 1972). For

instance, induction of pulmonary surfactant yto prevent hyaline membrane
disease in newbomn infant occurred when steroids were administered before
32 weeks of gestation and inductiorll was notnsuccessful‘ when steroids

we;"e given later than 32 Week§ gestation (Liggins et al., 19'72) or after

birth (Baden et al., 1972).

e
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V. POSSIBLE MECHANISMS WIIEREBY THE EFFECT OF THYROID HORMONE ON- THE .
" HEPATIC MICRQSOMAL DRIUKG OXIDIZQC? ENZYMES 1S MEDIATED | ° ' '
The fundamental mech'imism underlying ali of “the known éffects, of
thyroid hormone is still wnsettled (Catt, 1970, Sokoloff, 1971).
It is highly probable that the primary action of thyroid h01"mone involves
a process So basic to cellular function that its regulation eventually
ramifies into all the metabolic processes, such as 'mféf‘osomal drugf
oxidation, which have been shown to be modified in thyroid dysfunction.

!

As mentioned earliero, a basic process of cellular activity is protein
synthesis, which has been shown to be stimulated by thyroid hormone
both in vitro and in vivo (Tata, 1967, Sokoloff retal., 1963,

Tata et al., 1963).  The postnatal increase in the drug-oxidative
enzymes profaabl\y represents de novo protein synthesis (Dallner é}_ al.,
1966) and it. is likely that increase in thyroid horrmone would 1r;crease

the rate of postnatal synthe;?s ‘of enzyme proteins as reflected by

increased NADPH oxidase, NADPH cytochrome c reductase and anilin'e‘
p-hydroxylase activity (Aranda and Fade, 1975a). However, this mthanisrn
does .not explan:x the repression of the development of cytochrome P-450

and aminopyrine N-demethylation (Aranda and Eade, 1975a). Nonetheless,

a unified mechanism involving stimulation of prot'ein synthesis is likely

if one invokes the possibility of an imbalance between rate of synthesis P
and rate of degradation resulting in a net increased o} net decreased

protein synthesis. Such an imbalance t;etween synthesis and degradation

has been demonstrated by the effect of meth&lmercury hydroxide on hepatic . '
cytochrome P-450 (Lucier et al., 1973). The‘ ramof{ incorporation of
radio-activity from labelled &-aminolevulinic acid into cytochrome

/
P-450 did not appear to be affected by methylmercury but the degradation

’
J
|
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of the labelled cytochrome P-450 occurred twice é; fast in the
methylmercury treated rats compared to cdontrols (Lucier gg_gl,,‘1973).
 Increased 'protein turnover in hyperthyroidism)and decfeaséd protein
turnover in hf%dthyroidism in the mitochondria have been demonstrated
" (Gross, 1971) and the possibility of altered microsomal protein tumn-
over under states of thyroid dysfunction is highly probable The '
coherent sequence in 'integrating all of these effects of thyroid
hoThone on the ontogenesis of the mixed function ox1dase system needs
further investigation. ) N

It has been suggested that thyroxin may increase drug oxiddtion
by facilitating the availability of ox;gen té the substrate (Kato, 1970):
This intrigqghg hypothesis gains support with the §§$ervation that
hyperthyroid patients have a left to right‘shift in the hemoglobin
oxygen dissociation curveé-with a resultant increase in P-50, the oxygen

\]

tension at which 50% of tjie hemoglobin is oxygen-saturated (Miller et

PR

al., 1970, Synder and.Rcddy, 1970).. This decreased hemoglobin oxygen
affinity facilitates oxygen trxansfer to the tissues (Miller et gl.,'
1970, Schussler et al., 1971) and a similar facilitation of oxygen
transfer from the hququtein to the substrate under;;ing oxidation may
occur. Howevér, the exact biochemical mechanisq:for oxygen transfer
from the cytochrame P-450 to the ;;bstrate 1s not completely undgr-
stood yet (Ullrich, 1971). NOnetbeless, the possibllity remains that
thyroxin may exert an effect at this step of drug oxidation.

Othér possible mechanism$ whereby thyroid hormone may exert

its effect on the hepafic microsomal drug metabolizing enzymes are

through the regulation of the metabolism of flavoprotein electron
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"acceptors such as NADPH cytochrome c reductase, and through the
permissive effect of thyroid hormone on grqwt}i homone. Both of
thesé pOSSLbllltleS have been discussed previously.

.,s\ -
F

The temporal events leading to_full maturatlon of mlcrosomal

—

. drug oxidative capability and the factgzs regulatmg these events are

:nareas of major interest in per;inatal pha“rmacoldgy. Identification of .
physiological and pharmacological \influences which allow for increased
drug metabolizing enzyme activity in the immature anémal ma?”eluc:date
] the nonJhal sequence of the maturation of b10chem1ca1 events inglrug
x;le‘tabolism. This study emphasizes the vulnerability of the develop-
mental profile of the microsa{lal drug metabolizing enzymes to changes
‘in thyroid state and provifle‘s a basis fo/r the possible role of the

thyroid glahd in the ontogenesis of the ’Jhepatic mixed function

oxidase system. » ‘
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CONCLUSIONS and STATEMENT OF ORIGINAL CONTENT

The_following pointsestablished in the foregbing thesis, repfesent

» original descri;&ions and contributions to knowledge.’

1)
-

\1. The human newborn infant, uhlike the newborn experimental animal H l'has . ]
/ significant, although-quantitatively defigie'n't activity and apount, of
hepatic microsomal drﬁg metaboliiing enzymes, as compared to the aduits.
In the premature infant, there ’is a significant deficiency in the rate
of hepatic microsomal /drug.oxidation.‘(aniline prhydroxylation and S ¢

aminopyrine N-demethylatioh)l and in the activity of the hepatfc micto-

somal electron transport enzymes.

: 2. In the premature and full term infant, aniline is a better substrate for
the hepatic microsomal mixed function oxidase compared to aminopyrine, thus //
providing a suggestive evidence for preferential subcellular substrate

3

oxidation (i.e., some drugs are more efficiently metaholized in the neonatal

) period). T
c .
~ 3. In the premature and full term infants, the p-hydroxylation of aniline
correlated with postconceptionill age whereas the N-demethylation ‘of amino-
pyrine did not, suggesting that there is a differentialpdevelopment of

various drug oxidative pathways_during the neonatal period.

4. In the premature and full term infant, there is a progressive increase in

the activity-of the hepatic microsomal drug-metabolizing enzymes as a
) PR Y
° _ function of postconceptional ag€.  This implies that within the neonatal

. period there-is a significant change towards an iﬁcreasmg capability to

b



5.
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metabolize drugs. This suggests a need for constant evaluation of the
newborn infant's pharmacodynamic response in order to achieve the de51red ,

therapeutlc response and obviate toxic reactions or undertreatment.

R} -
In the premature and full term infant, there i5 no measurable activity

‘of NADPH cychhrome P-450 reductase, the possible rate limiting step in

drug oxidation.
° 4

i / -

Inlimna?ture male rats, an acute dose of thyroxin preduced sigpificant
induction of hepatic microsomal aniline p-hydroxylase, NADPH exidase,
NADPH cytochrome ¢ reducta’s;e cytochrome P-450 and microsomal- protein
content. No effect was noted with aminopyrine N-demethylase suggesting

that the effect of thyroid hormone in the immature animal m;eiy bé selective

i
'

to certain substrate oxidative enzymes.

%
)

In the male immature rats, a chronic hyperthyroid state produced accelera-
tion of the development of hepatic microsomal aniline p-hydroxylase,
NADPH oxidase and NADPH cytochrome c reductase. This observation suggests

that thyroxin may act’as "'inducer' for these microsomal enzymes.

In the male immature rat, chronic hyperthyr01d state resulted in decelera-
’c10n of the development of cytochrome P-450 suggesting selectivity of |
thyroid hormone effect on the development of the hepatic microsornal
enzymes. Whereas acceleration of the development is noted in most enzymes,

\

deceleration of cytochreme P-450 development occurs.

In the'male immature rats, hypothyroidism produced by 1311 dnjection at

birth resulted in effects opposite to hyperthyroidism (i.e., deCeleration

1

of the development of NADPH cytoc}frome’\c reductase and acceleration of the

«

/
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) .
development- of cytochrome P-450), These effects were reversed by .

treatment with L-thyroxin in the hypothyroid rats. '

In the male immature rat, thé peak activity of aniline p-hyci-roxylase :

is shifted from five weeks to one week by short term administration of

thyroxin immediately after birth.

e

.This suggests enzymic differentiation

of aniline p-hydroxylase by thyroxin. .

c v

In the male immature rat, there 'is a transient acceleratifn in the
. . ) ]
“gevelopment of NADPH cytochrome ¢ reductase induced by short term treat-

ment with xin immediately afi:er birth.

The most sensitive epzyme to thyroxin effect in the hepatic microsomal
S : .
drug oxidizing enzymes in the male immature rat appears to he. NADPH.

&

cytochrome ¢ reductase. . ‘ \
In the male rat, iubacute treatment (3 days) usir;g eqdivaient doses of

thyroxin (1 ug/g/day) administered at varying pos;tnatalf ages, resulted

in indu;tion of aniline p—hydroxylasc; at ages 3 days to 4 weeks and in
inh;bition at ages 5.and 10 \;Jeeks. Conversely, the same treatment"with '
thyroxin result}sd in inhibition of aminopytine N-demethylase at ages

1 to 3 weeks, no effect at 4 weeks and induction at 5 and 10 weeks. When
expressed as percentage change of control value a$é a function of po§tnata1\ -:
age, the c;pposite effects” of thyroxin on’ aniline.i)—hydroxylase ;'md amino- | |
pyrine N-demethylase becomes obﬁous. These results indicate that the
enzyme titres achieved in response to thyroxin is greatly ;letemiﬁed bx
the age at which thyroxin‘is administered. This‘ suggests that the effec-

|

|

|

. !

tiveness of induction may depend upon the timing of administration of the |
' \



14.

15.

inducing agent. ) ;

The chaMges in activity or confgmt, of hepatic microsomal drug oxidative
enzymes as a function of the duration of altered thyroid state is RN

different in the immature rat as compared to the adult rat. Whereas

b

a 50 to 60% decrease in cytochrome P-450 content is obtained within

24 hours in the adlilt rat, an initial increase followed by a decrease

\
LI o

in cytochrome P-450 content is obtained in the immature rat.

]
o

The foregoing observations demonstrate for the first time that] thyroxin
significantly alters the ontogenetic pattern of the hepatic microsomal
drug oxidizing enzymes. This suggests that thyroicin ‘may be an important

factor in the regulation of the development of the hepatic mi_;rosomal

mixed function oxidase system.
. . o

, , ' L
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A. HISTORICAL BACKGROUND:

"The concept‘that thyroid hormone is a significant determinant
in hepatic drug met'abol‘ﬁm has its toots in the early 1909'5, however
its p:tential significance remained unrecognised ;mtillrécently. Phe -
probable basis of the acetonitrile test for hypert}lyroidisn-descriﬁed
by Hunt (1905, 1907) and Hunt and Séidel (1909) Yested on the
observation that chemicailly hyperthyroid mice resisted toxic doses of
acetonitrile, a methyl cyan?de; compound. Carlson and Woelfel (1910)
fed mice with dessicated thyroid daily and confirmed Hunt's observation
(Hunt, 1905, 1907) by .demonstfating that a 2.5 fold increase in the
acetonitrile dose that killed the nomal mice failed to kill the thyroid-
fed ones. These findings were not adequately explained. Acetonitrile a
cyanide, is biotransformed into thiocyanate by mitochrondrial thiosul-
phate sulfurtransferase (rhodanase) resulting into a 200-fold reduction -
in toxicity (Wiliiams, 1971) and it is possible that thyroid hommone
enhanced this detoxication process. 0lds (1910) provided further
evidence tha.t a euthyroid state is necessary for a normal drug response.
Surgically thyroidectomized rats that were given morphine had a
95.6,% mortality compared to 47.6% mortality in the controi rats which
wel:e \gi\}en the same dose of morphine, a drug which undergoes hepatic
glucuronide conjugation and.microsomal N-deméthylation for termination
"of drug action and elimination (Jaffe, 1970). "The increased sensitivity
to morphine in hypothyroidism was later confirmed in :rats (Busco, 1925)

and rabbits (Newton, 1924) and the converse demonstration of increased
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tolerance to morphine administration in chronic thyroid feeding
(Scarborough, 1926) led to an increased suspicion that the thyroid .
gland influenced the duration of drug action. -
- The possible clinical significance of these animal obser-
vations was d€monstrated by Luné and Benedict (1929)‘who repprted
a 36 year old hypothyroid female, with a markedly prolonged morphine
' effect.post—operatively, characterized by a profound respiratory
depression attributed to a pre-operative medication of 10 mg morphine
sulphate. This observed idio§yncratic reaction to morphine, and the
incr;asé aEfEVity of a4-3-ketosteroid hydrogenases in hepatic microsomes
of rats pretreatcd with thyrokxin (McGuire and Tomkins, 1959) 1led
to the demonstration (Conney and Garren, 1961)kt at thyroxin pre-
treatment of rats resulted iﬁ an altered hep&fdéidrug biotransformation
as evidenced by increa&ﬁ;zak;zofémine metabollgm‘in vivo paralleled
with shortened paralysis time and increased activity of NADMPH
genizating enzymes.

yd

B. THYROID HORMONE AND HEPATIC MICROSOMAL ELECTRON TRANSPORT
‘AND SUBSTRATE OXIDATION:

B

»

The increased turnover of steroids in thyrotoxicosis (levin and
Daughadays, 1955, Pctersen, 1958) led to the elucidation of the role
of thyroxin in NADPH dependent biotransformation of steroids by the
liver (McGuire and Tompkins, 1959). These hepatic enzymes involved
with steroid biotransformation have a remarkablc similarity with those

involved in drug oxidation. For instance, enzymes for the biotrans-
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formation of both steroids and exogenous substrates are localized
in the liver microsomes, require NADPH and are oxygen dependent (Mamnering, 1971,
Conney,/ 1967, Comney, 1971, Gillette et al., 1957). Because of
these observed similarities hetween the hydroxylases of both steroids
and exogenous substrates, and becayse thyroid hormone increased the
activity of the steroid hydroxylating enzymes, it was 'postulated and
subsequently shown that thyroid hormone has a significant influence
on the hepatic microsomal drug ‘oxidative enzymes (Conne}" and Garren,
- 1961, Prange et al., 1966, Kato and Gillette, 1965).
Tables I to IV summarize the effect of thyroidectomy and
of thyroid hormone treatment, on various substrate oxidations and the
components of the hepatic microsomal electron transport pathway.
Notwithstanding a few inconsistencies, the literature allows the
following generalizations:in male rats, thyroxin administered for at
least 10 days decreases Type I substrate oxidations (aminopyrine N-
demethylation, hexobarbital hydroxylation, morphine N-demethylgtion, !
testosterone h);droxylation and proge\terone hydro‘xylation) , increases
Type II substrate oxid;tion (aniline p-hydroxylation), 1increases
NADPH oxidase activity and NADPH cytochrome c reductase activity b11t
decreases cytochrome P-450 content.. ,
. In female rats,thyroxin augments or does not affect Type 1
(supra vide) 'oxida.tion and enhances Type II substrate oxidations.
However, there appears to be no sex difference in the effect of
thyroxin on the hepatic microsomal electron flux, for thyroxin increases

the NADPH oxidase falctivi ty and NADPH cytochrome c reductase but

!

e
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decreases cytochrame P-450 in both sexes.

Thyroidectomy results in a decrease in electron flux as
evidenced by decreased activity of NADP'{ oxidase aﬂd NADHﬁ'cytocﬁgome
c reductase in both sexes. MNo effect was observable in cytochrome |
P-450 in either sex. The decrease in the carrier flavoprotein was
reversible by tri-iodothyronine administration. Cytochrome P-450 .

i

showed the typical responsc to thyroxin, i.e. a decreasc in‘the hemo- .

1

protein content, with the replacement therapy using tr1-io§othyr6nine;
The activity of the substrate oxidative enzymes (aﬁinopyrine
N-demethylase, hexobarbital hydroxylase/, aqi}ine p-hydroxylase) and,'
p-nitrokernZoic acid reduction were unifommly decreased by surgical,
thyroideftomy. These were all reversed by replacement therapy with
tri-iodothyronine in the female rat but not in the male rat. These -
obvious differences in response due to sex which have been observed
also in other pathophysiologic states, e.g., starvation1(Kato and
Gillette, 1965) raised the conggpt of androgen dependent microsomél 0OX1-
dative enzymes (Kato and Takahiihi, 1968) as exemplified by aﬁfﬂopy;ine
N-demethylase and hexobarbital hydroxylase. This hypothesis advanced
the possibility of bipartite composition of the enzymds, one par®, the
lesser portion, representing the basal activity which 1s incrcased by
thyroxin and the greater portion, the androgen-dependent activity which
. is decreased by thyroxin. This concept gained support from tho obsey-
vations that male castrated rats treated with thyroxin showed the fémalq

pattern in aminopyrine N-demethylation, hexobarbital hydroxylation and ©

aniline p-hydroxylation and that methyltestosterone therapy reverted

this pattern back into the male response to thyroxin (Kato and-Gillette,

<
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1965). The male-female variation has been attributed to differences ¢
in sex hormones (Quix;nn et al., 1958, Kato and Onada, 1970) to
quantitative differences in substrate binding to cytochrome I;—450
(Schenkman et al., 1967a, b) and to differences in the substrate-enhanced
rate of NADPH cytochrome P-450 reductase (Gillette and Gramy 1969).
Gillette (1963) found that thyroidectomy of immature female

rats or treatment of mature male rats with 131

I produced no significant
effect on the microsomal enzymes thHat catalyze the metabolism of hex'o-
barbital, acetanilid and monomethyl-4-aminopyrine. Orrenius et al.
(1965) found similar obsérvations that surgical thyroidectomy produged
no effect on aminooyrine N-demethylation. These observations which are
inconsistent with the work of other investigators (Kato and Takahashi,
1968) could probably be explained by the duration of the thyroidectomized
state relative to the measurements of the microsomal oxidative procesé.
Adaptive response occurs in thyifoidectomy as evidenced by an abrupt
increase in cytochrome P-450 and cytochrome b5 thyroidectomized rats
15 days post-thyroiaiectomy (Suzuki g_t_ al., 1967). Similarly, an initial
decrease in aminopyrine N-demethylation followed by a rise to near normal
level occurs in prolonged (5 weeks) thyroxin therapy in immature male
rats (Aranda et al., 1974). The isolated observation of an ’inc;‘ease
cytochrome P-45 and cytochrome b5 (Raw and Anes de Silva, 1965) in |
hyperthyroidism however remains 1_1ne>‘cplained. ’

2. Human Studies

The prolonged morphine effect in a hypothyroid female p'atient.

reported by Lund and Benedict in 1979 probably represents the earliest

published observations of the potential clinical sigmijcance of the
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influence of the thyroid hormone on hepatic drug biotransformation.
Presently, there is very little infommation régarding the relationship
of thyroid function to hepatic microsomal drug metabolism in man.

Brunk et al (1969, 1974) showed a prolonged antipyrine plasma half-life

" in myxedematons hypothyroid patients. Similarly Vessel and

Passananti (1973) demonstrated a prolonged antipyrine half-life in

2 hypothyroid patients’(Tk = 24 and 36 hours) and shortened antipyrine
half-1ife in 2 hyperthyroid patients (T4 = 6.9 and 7.2 hours) relative
to the half-life in normal healthy volunteers (T3 = 10.9+0.5 hours).
More recently, Crooks EE.EL~(1973) confimed Vessel's observation .
by the demonstration of an increased antipyrine half-life in 20

16.2+2.3 hours) and shortened half-life

1]

hypothyroid female patients (T3

in 13 hyperthyroid patients (T4 = 7.9+0.6 hours)-relative to 36 nommal
adults (T% = 10.8+0.4 hours). FEvidence has been provided that the
level of circulating thyroid hormone may be important in controlling
the rate of drug metabolism. A close inverse correlation between the
serum thyroxin levels and the correspondigg serum half-life of antipyrine
in four pa£1ents with hyperthyroidism before and after sub-total
thyroidectomy and in four patients with hypothyroidism before and aftey
treatment with thyroid hormone has been demonstrated (Fichelbaum et
al., 1974).In thyrotoxic patients treaéed with the antithyroid drug
carbimozole, the plasma half-life of antipyrine increased from 8.9+1.0
hours after one week of therapy to 11.4+1.1 hours after nine weeks.

(Crooks et al., 1973). If tri-iodothyronine was administered concomit- ’

tantly with carbimozole, the normalization of antipyrine half-life

- occurred much less rapidly (Crooks, 1973).

Since a variety of endogenous substrates such as fatty acids, bile

acids and hormones (Lu et al., 1968, Conney and Kuntzman, 1971,



~—

- 206 -
Voight et al., 1968) imdergoes biotransformation catalyzed by the !

microsomal mixed function. oxidases, it jis not unexpected that the ‘]

turnover of some endogenous substrates is altered in thyroid dysfunction.
Indeed, increased steroid metabolism has been_demonstrated in thyro‘-
toxicosis (Levin and Daughaday, 1955, Petersen, 1958).

The available data in the literature do not allow definitive
gene‘ralization regarding the relationship of thyroid status and hepatic
biotransformation of drugs in man. It apnears that a hype'rt}}yroid
state may accelerate the rate of hepatit microsomal biotransfomation
;)f drugs, and conversely, a hy'pothyrc.)id state may decrease the same
biotransfpn}lation process. Further studies are needed to evaluate this

relationship in man.

Rub

e
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Other drugs

TABLE I :
) Species,
Enzyme - sex, weight
NADPH  Rat, wistar
oxidase M190 g

F 160 g

M.-190 g
NADPH cyto- Rat, wistar
chrame c M 190 g .
reductase F 160 g

- M190 g

~

NADPH neo- ~Rat, wistar
tetrazolium- M 190 g
reductase F 160 g

"M 190 g

T4 1 mg/kg i.p./
day x 10 days °’

as above

dose, duration

: Pheﬁcbarbigal\
&

80 mg/kg 4

72 hrs

as above

. as above

*'

T4 1 ug/kg/day
o.p. x 10 days

as above

Phenobarbital

80 mg/kg 48 §

72 hrs

Phenobarbital
80 mg/kg i.p.
(2 doses)

EFFECT OF THYROID HORMONE ON HEPATIC MICROSOMAL ELECTRON TRANSPORT

Result

Increasedl inM § P4

Inc:reased2

. Inc:reased1 inM§F

’ k3

Increased?.’

Increasedl in M & F

Inc:xi‘ease.ad2

Reference_ )
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TABLE 1 continued p
Species Thyroid hormone Other drugs ) . . -
Enzyme sex, weight * treatment * Dose/duration . Results Reference . )
NADH oxidase Rat, wistar T4 1 mg/kg/day -- Inc:reased1 in"M § F A ) N
M190 g i.p. x 10 days . ’ ' )
¢ . . N ‘ ’
Mi190 g asmabove Phenobarbital Decreased2 ) A ’
80 mg/kg i.p.
) (2 doses) . _ ) ég : \
' - ’ ’ ) < té” 1 .‘ .
NADH cyto- Rat, wistar T4 1 mg/kg/day -- ’ Decreased”™ in M § F~ _ A '
chrame ¢ M190 g i.p. x 10 days i . .
reductase . F 160 g . )
M 190 g as above Phenobarbital No c:hange2 f\ ‘ \ "
80 mg/kg i.p. - ) ‘ o
(2 doses) ] , . ’
Cytochrome Rat, wistar T4 1 mg/kg/day’ -- Im:'reaSedl inM - A
bs M190 g i.p. x 10 days ' - L
) F 160 g : . . .
' M 190 g as above Phenobarbital No Ehangel,’z o . " A
-, ] 80 mg/kg i.p.
= : (2 doses). ) ’




. . s
. ) )
.

~ 209 -
TABLE 1 continued ‘
Enzymé + Species,
other parameters =~ sex, weight Thyroid hormone Other drugs
_Cytoclirome P-450 Rat, wistar as above . A --
M -
M190 g as above - Phenobarbital
. : . 80 mg/kg i:p.
N , (2 doses)
7 ’I”g 160-80 g T4 1.5 mg/kg/' I
day x 10 days - )
Micro'scmal as above as above ‘ --
protein ) ' . .
> . s
A - Kato and Takahashi, 1968
B - Kato et al., 1970
< ) S ‘
- Compared to caontrol (untreai:ed) groups R

W N
]

Dose prior to sacrifice

Compared .to thyroxin treated groups

Results

Decreased! in M § F

Inc:reased2

Dcecreased1 inM §F

~

No change1

t

Reference

B - he '\
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Thyroid homone Surgical

o

N \"\'I 1

TABLE 11 :.  EFFECT,OF THYROID HORMONE THERAPY ON HEPATIC MICROSCMAL™SUBSTRATE OXIDATION

castration

Substrate Animal, Other drug . ) ‘
wxidized sex, weight ' treatment procedures  pretreatment Results
( Aminopyrine Rat, wistar T4 1.5 mg/kg/ - - Decfeésedl in M
M§&F day x 10 days
160-180 g )
'Rat, Sprague T4 1.5 mg/kg/ - - °Decreasedi in M
Dawley . day x 14 days Increased” in F :
M180 g
F 160 g .
Rat, wis{ar‘ T4 1 mg/kg/ - - = Decreased1 in M
M 190 g day x 10 days Increased! in F
F 160 g i ~ .
M190 g as above - Phenobarbital Inc:reased2 )
! . ) 80 mg/kg i.p.
(2 doses) .
7 Rat, SD, M T4 1.5 mg)kg/ Castration - " No (:hange1
day x 14 days ~
i Rat ¥ SD, ™M as above - Castration Methyltestos- Decreased1
terone C
“  Rat, SD, F as above castration - No changel -
T (100-110 g) 1
as above Methyltestos- Decreased

terone .

*

-

Reference.

B

> >
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tal (sleep- M 70-80 g

ing time)

x 18-20 days
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~— TABLE 1I coritinued - )
" Substrate Animal, Thyroid homone Surgical Other drug :
oxidized sex, weight treatment procedures - pretreatment Results Reference
) Aniline  Rat, wistar T4 1.5 mg/kg/ - ' - Increased in M § F B
M§&F day - x 10 days .
160-180 g
. M190 g T4 1 mg/kg/ - - - Increased in both M § Fl C -
day x 10 days ‘ -
Rat, wistar T4 1 mg/kg/" - Phenobarbital Increased2 C "
M ; day x 10 days 80 mg/kg
(2 doses) _ .
Rat, SD- ¢ T4 1.5 mg/kg/ - X =" Increased in M § gl “ A
: M 180 g day x 14 days - .
\ F 160 g ' .
’ ~ M as above Castration - Inc:rea,sed1 - )
M as above Castration Methyltestos- Increasedl
‘ ' terone -
. F as above Castration - Increased! s A
) F .« as above Castration Methyltestos- Increas,ed1 A -
1 . terone : -
: . LS ' )
Hexobarbi- Rat, SD ° T4 0.2 mg/day - - Prolon,ged1 D




TABLE II continued :
Substrate ' Animal Thyroid hormone Surgical Other -drug .
oxidized sex, weight treatment procedures pretreatment
\ Hexcbarbital Rat, SD T4 0.2 g daily - -
M 70-80 g x 18-20 days
. Rat, wistar T4 1.5 mg/kg/ - -
WM & F, . day x 10 days <
160-180 g {
Rat, wistar T4 1 mg/kg/ - -
M 190 g day x 10 days ~
- F16Q g - - .
M - as above - . Phenobarbital
80 mg/kg
‘ (2 doses)
Rat, SD T4 1.5 mg/kg/ - .-
M180 g .- day x 14 days
«  __ F1l60g |
- M as above Castration -
\§ M as above Castration Methyltestos-
‘ ' . < terone o
F as above Castration~ . -
' ~ as above Castration Methyltestos-
. terone
$

No change

Results

Dec:.reased1

AN o
Decreased in M
Increased in Fl

Decreaséd: in M1
Increased in Fl

-

Im:reased2

Decreased in M1

No. c.hange1 s
Decrea,sed1
1

Decreased1

Reference

D




Proges-
terone

Testos-
terone

vZoxazol-

amine -
(paraly-
sis time)

Rat, wistar
M§F
180-200 g

as above

Rat, SD

T4 1 mg/kg/day
x 10 days

as above _

T4 0.2 ngm/day
x 18-20 days.

80 mg/kg
(2 doses)

Results

t——————

No change1
1
Decreased
1
Decreased
N 1
Increased in M
b
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TABLE II continued )
Substrate Animal, Thyroid hormone Surgical Other drug
oxidized sex, weight treatment procedures pretreatment
Morphine  Rat, NIH T4 90 ug/day - -
M 200-300 g x 7 days

T4 90 ug/day - -

x 10 days

T4 90 ug/day - -

14-19 days
p-Nitro- Rat, wistar T4 1 ug/kg/day - -
benzoic M 190 g x 10 days -
acid F 160 g °
- M as above - Phenobarbital Increased2

¢

"Decreased in M

.. f 1
Decreased in M

Reference

E




TABLE IT continued

Substrate Animal , Thyroid hormone Surgical | Other drug .

' LN

Y ) : © . - 214 -

T, - —_— e——

oxidized sex, weight treatment procedures pretreatment Results - Reference
Zoxazol- as above as abeve . - - Incregsedl. D
amine (in T L
vivo metab) ‘ e s
Zoxazol- ' Rat, SD 1.5 ngn/kg/day - R Increased in M- | A
amine (in M 180 g ~x 14 days T
vitro) F160 g : ° ) “«
- . . , ‘ (
Zoxazol-  Rat, wistar T4 1.5 mg/kg/day - - No change * B
amine M§&F x 10 days -~ ' , ] _
160-180 g .
¢
A - Kato and Gillette, 1965 \ ‘ -
B - Kato#t al., 1970a - . ’
C - Kato and Takahashi, 1968 . ~
D - Conney and Garren,. 1961 ~ “
E - Cochin and Sokoloff, 1960 ’ 5
F - Kato et al, 197%
G - Kato et al., 1977c
1 - Compared to control untreated group
2

Compared to thyroxin treated group




TABLE III :

Enzzmps

NADPH oxi-
dase
moles x
min-1
protein

NADPH cyto-
chrome
reductase
activity

X mg'1

- 215 -

EFFECT OF THYROIDECTOMY WITH AND WITHOUT THYROID HORMONE THERAPY ON HEPATIC MICROSOMAL

ELECTRON TRANSPORT

Results
4

No significant change

Decreased in M § F1

Decreased1

Increaséd2

Phenobarbital Increased’ *

ci ’ oidectamy Thyroid hormone
seX, w;§2ﬁ?” \ThﬁﬁﬁTaticn) therapy Other drugs
Rat, wistar 23 days T3 (100 ug/g, i.p.)- -
M190 g 2 doses, 24 hrs
F 160 g .
) 23 days - -
Rat, wistar 10-17 days - -
M 110-140 g :
10-17 days T3 30 ug/100 g -
single dose
Rat, wistar 23 days - ‘
F160 g : 60 mg/kg i.p.
’ - (2 doses)
Rat, wistar 23 days T3 (100 ug/kg i.p.) -
M 190 g- 2 doses in 48 hrs
F 160 g
Rat, -wistar 23 days - -
M 190 g -
F 160 g
Rat, wistar - -

M 110-140 g

10-17 days

*

Increased in F only

]

-_Décreased inM § Fl

Decreased1

1

1

e

Ref.
A

A
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TABLE III continued

Thyroid hommone

Species Thyroidectomy
Enzymes sex, weight (duration) therapy
NADPH cyto- Rat, wistar 10-17 days T3 30 ug/100 g
chrome c M 110-140 g body weight
reductase . (single dose)
activity
Rat, wistar 23 days -
RA60 g
NADPH neo- Rat, wistar 23 days T3 (100 ug/kg i.p.)
tetrazolium M 190 g 2 doses 48 hrs
reductase F 160 g
‘ Rat, wistar 23 days -
M190 g
F 160 g .
"F160 g 23 days -
NADPH Rat, wistar  10-17 days -
diaphorase M 110-140 g
10-17 days T3 (30 ug/100 g)

single dose

Other drugs Results o

- Increasedg

nobarbital Increased2

g/kg i.p.
(2 doses)

- Decreased in M!
Increased in Fl

—

- Decreased in M § Fl
-

Phenobarbital Im::rea,sed1
60 mg/kg i AP
48, 72 hrs

*© Decreased1

- : Inc:reased2

Ref.




TABLE III continued

Enzxme

NADPH
oxidase

NADPH cyto-
chrome ¢
Teductase

Cytochrome
bs
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single dose

A)

Species, Thyroidectomy  .Thyroid hormone
sex, weight . (duration) Therapy
lﬁat, wistar 23 days T3 (100 ug/kg i. p )
M190 g . 2 doses in 48 hrs4
F 160 g
M190 g 23 days -
F 160, g
Rat, wistar 23 days T3 (100 ug/kg i.p
M190 g 2 doses in 48 hrs
F 160 g
Rat, wistar 23 da;s -
M 190 g -
F 160 g .
Rat, wistar 23 days T3 (100 ug/kg i.p.)‘
«M190 g 2 doses in 48 hrs
F 160 g
M 110-140 g, »» 10-17 days -
>17 days -
10-17 days T3 30 ug/100 g

Other drugs

J r
Results
Incredsed in M § F
i

1

Decreased in M § F1

No change

No c:hange1
: 1
No change

1
No change
In,creésed1

Decreased%
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TABLE III continued

Enzyme - .

Cytochrame
P-458

Species,

sex, weight .
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1

'Ihy‘roidectomy Thyroid hormone )

Other drugs Results

Rat, wistar
M190 g
F 160 g
: Rat, wistar
M190 g
F 160 g

F 160 g

M 180-200 g
M 110-140 g
M 110-140 g

M 110-140 g

0w >

(duration) therapy
23 days: . -
23 days T3 (100 ug/kg i.p.)
) 2 doses in 48 hrs

23 days - - . -

23 days i -
©10-17 days’ _ -

>17 days -

10-17 days T3 (30 ug/100 g)

single dose

~
~

A

Kato and Takahashi, 1968’ )

Suzuki et al., 1967

Kato et al., 1970

Compared to control untreated group

Campared to thyroxin treated group

L3

- No c:hange1

~

- Decreased in M only!

Phenobarbital Increased:

60 mg/kg
48 § 72 hrs

- Decreased in M
- No cha.rqel

- Increased1

- 7 Decreatsed2

o W W (@]
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TABLE IV : EFFECT OF THYROIDECTQGMY WITH AND WITHOUT THYRGID HORMONE REPLACEMENT AND HEPATIC ' . L
" MICROSCMAL SUBSTRATE OXIDATION . '
— R T
Substrate Species, ThyToidectomy Thyroid hormone T
oxidized sex, weight (duration) (therapy) - Other drugs Results Ref. "
Aminopyrine Rat, wistar 23 days - - Decreased in M§ F1 A
M190 g - ) -~ —
F 160 g -
23 days T3 (100 ug/g . Decreased in M only’ A
= . v x 2 days >
Y . [ . . 2
+ F160 g 23 days - ‘ Phenobarbital Increased - A
: o _ 60 mg/kg - N
\ _ 48 and 72 hrs
. . y
Aniline Rat, wistar 23 days - ' ; Decreased in F § Ml A
M190 g v
F 160 g . - : .
- 23 days T3 100 ug/kg i.p. .- Increased in F oﬁlyl" A
48 and 72 hrs : ‘ - R
- , ." t
F 160 g 23 days - Phenobarbital Increasedz A
) 60 mg/kg i.p. -

48 and 72 hrs

- -




-
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TABiE IV continued - °
: ~ 3 _ )
Substrate®d-- Species Thyroidectomy . Thyroid hormone
oxidized sex, weight (duration) therapy Other drugs Results Ref.
Hex barbital Rat, wistar 23 days - - * Decreased in M & Fl A
M 190 g e
F 160 g 23 days T3 100 ug i.p. - Decreased in M! " A
g x 2 days Increased in Fl
F 160 g 23 days ' - Phenobarbital Increased2 < A
s 60 mg/kg i.p.
48 and 72 hrs
p-Nitro- Rat, wistar 23 days - - Deci'eased in M G;l A
benzoic, M 190 g ; )
acid - . 1
F 16Q g 23 days T3 100 ug i.p. - Increased in F only A
x 2 days ’
F 160 g 23 days - Phenobarbital Increased2 A
66 mg/kg i.p.
48 and 72 hrs
Proges- Rat, wistar 23 days - - Decreased in M; B
terone M§F
180-200 g
Testos- " Rat, wistar 23 days - - Decreased in M; C
terone M§F ‘ .
180-200 g
A - Kato and Takahashi, 1968
B - Kato et al., 1970
C - Kato €t al., 1970c
1 - Compared to control untreated group
2 - Compared to thyroxin treated group ° \
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1., MATERIALS:
(a) kTissue Samples aqd experimental animals: |
The tissue samples and experimental animals in these studies

have been presented in the foregoing individual manuscripts.
Therefore, these wil not be discussed in this section. . Reference™=~" W
is made to the respéctive manuscripts in this thesis.
(b) Chemicals and Reagents: i
Acetyl Acet@ne,;'\fx'eag—‘ent grade:Fisher Scientific Co., Fair Lawn, New Jersey.
Albumin, purified: J.T. Baker Chemical Co., Phillips};urg,"New Jersey.
Aminopyrine: CIBA Co. Ltd., Dorval, Quebec.
Ammonium Acetatfe:' J.T. Baker dhemical Co., Phillipsburg, New Jersey..
A:niline, certified grade: Fisher Scientific Co., Fair Lawn, New Jersey.'’
Barium hydroxide: J.T. Baker Chegical Co., Phillipsburg, New Jersey.
Biuret Rf:agent:~ Gornall-Bardawill-David fommula: Harleco Chemicals,
Philadelphia, Pennsylvani;.
Cytochrome ¢ -(from horse heart): Sigma Chemical Co., St. Louis, Missouri.
Disodium monohydrogen phosphate: J.T. Baker Chemical Co., Phillipsburg,
New Je?sey. \
Ethyl ether ({anhydrous), analytic grade: Mallinckrodt Chemical Works,
St. Louis, Missouri.
Fonf:aldehyde, analytic grade: British Drug Houses (Canada) ‘Ltd. , Montreal,

Iodine 131 (as Sodium Iodide) New Fngland Nuclear Co., Boston.
Isocitric Dehydrogenase (from \\;;ig heart) in 50% gl);cerol solution:
Sigma Chemirial Co., St. Louis, Missouri.
Magnesium Chlpride (6H20): J.T. Baker Chemical Co.u, Phillipsburg,

New Jersey;



NADPH (Triphosphopyriding nucleotide reduced): Sigma Chemicél Co., @
St./Louis, Missouri.
Nicotinamide: Sigma Chemical Co., St. Louis, Missouri.
- Para-aminophenol, practical grade: Eastman Kodak Co., Rochester,/'
New York.
Phenol, U.S.P.: J.T. Baker Chemical Co., Phillipsburg, New Jersey.
Potassium dihydrogen phosphate: J.T. Baker Chemical Co., Phillipsburg,
New Jersey.
Seémicarbazide hydrochloride: Sigma Chemical Co., St. Louis, Missouri.
dium anthraquinone beta sulfonate: Fisher Scientific Co., Fair Lawn,

New Jersey.
~ /
dium Chloride: J.T. Baker Chemical Co., Phillipsburg, New Jeérsey. —
Sodium dithionite (sodium hydrosulfite): Fisher Scientific Co.,’

Fair Lawn, New Jersey. ¢

Sodium hydroxide: J.T. Baker Chemical Co., Phillipsburg, New Jersey.
Sodium isocitrate, (Trisodium salt of DL-‘isocitric. acid): Sigﬁa i

Chemical Co., St. Louis! Missouri. R o

L-Thyroxine (Sodium salt): Sigma Chemical Co., St. Louis, Missouri.
J .

Zinc Sulfate (7H20): J.T. Baker Chemical Co., Phillipsburg, New Jérsey.
. .

2. METHODS :

(a) Experimental designs and statistical analyses:

These sections have been presented in the foregoing manuscripts.

. ¥ )
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() Assays: : ‘ . /J
(i) Protein detemination X :

The 'qiuret metgho'.l (Kabat § Mayer, 1967) was used to deteqnir‘le the a
protein concentration of the microsomal suspension: A standard
curve was prepared using purified albumin (J.T. Baker) at concentrations
from 1 to 7 mg per ml. :

(ii) Assay of hepatic microsomal NADPH oxidase

The activity of hepatic microsomal NADPH oxidase was determined
spectrophotometrically by measuring the rate of oxidation of NADPH as
described by Gillette et al (1957). The reaction m&ﬁre contained *
1.8 ml of 0.1 M phosphate buffer, pH 7.4, 36 umoles of magnesium
chloride, 0.1 ml of the microé%mal preparation and 1 wmole of NADPH
in 0.1 ml of phosf)hate buffer to a final volume of 2.1 ml. NADPH was
added last. The control cuvette contained all the components except
the reduced coenzyme. A decrease in absorbancezat 340 nm was recorded
in a Beckman DBGT recording sepctrophotometer and the specific activity

of NADPH oxidase was detemmined from the change in the absorbance

" during the initial 5 minutes and using an extinction coefficient of

6'22 ML cem! (Emster, 1967). The.eaction was linear over this
' : L
period. . ( — #

(iii) Assay of hepatic microsomal NADPH cytochrome ¢ reductase
~

NADPH cytpchrome c réciuctase activity was determined by following
the absorbance ‘change at 550 mm, reflecting the appearance of reduced
cytochrome ¢ after addition of NADPH as described by Phillips and Langdon
(1962). The reactior} was carried out at \37°C in a mixture containing

0.15 ymoles of cytochrome c, 36 umoles of MgCl, and 25 ulitres of
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microsqnal suspension in a final volume of 2.1 ml of 0.1 M phospﬁei';e
buffer (pH 7.4). The reaction was started by the addition of

1.0 umole of NADPH in a volume of 0.1 ml to the experimental cuvette.

A corresponding volume.of buffer was added to tl;e reference cuvette.

The rate of appearance of reduced cytochrome c was measured in a
Beckman DBGT recording spectrophotometer and specific activity of

NADPH cytochrome c¢ reductase was detelrmined from -the tangent to the
curve, representing the Trapid phase of reduction (duration approximately

1 an_l (Peters

20 seconds). An extinction coefficient of 19.1 mN
and Fouts, 1970) was used'in calculating the absolute amount of
cytochrome c reduced per minute per mg of microsomal protein.

(iv)  Assay of hepatic microsomal cytochrome P-450 content

- The reduced form of cytochrome P-450 combines readily with carbon
monoxide to form a complex which is measureable spectr'ophotometrllcally'
through its absorptioP at 450 nm as described by Omura and Sato
(1964a). A microsomal suspension containing 2-5 mg of protein per
-ml was obtained by dilution with 0.1 M phosphate buffer (pll 7.4).

A few mg of sodium dithionite was added to the suspension in order to
reduce the c:){;:ochrome Pj?}sbd present and following this reduction the
susper}sion was divided equally between 2 cu;reptes. Carbon monoxide

was then bubbled gently through the sample éU\;ette for 30 seconds following
wh}ch the cuvette was sealed. The sample cuvette was then read against
the reference sample (une)I(posed to carbon monoxide) at 490 nm and 450 nm.
The quantity of cytochré)me P-450 was calculated from the .differencé)

in optical density (490 nm - 450 nm) using a holar extinction coef-
1

-

ficient of 91 nM * an'! (Omura and Sato, 1964b). Content was expressed

,
\ﬁww)»mﬂ\
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as nmoles of cytochrome P-450 per mg of microsomal protein.

(v) Assay of hepatic microsamal NADPH cytochrome P-450 reductase

NADPH cytochrome P-450 reductase activity was determined by
following the absorbance change at 450 nm (in a Beckman DBGT recording
spectrophotometer) when carbon monoxide saturated microsomes were
reduced by NADPH in & modificati(;ﬁ of the method described by Gigon
et al (1968). Carbon monoxide which was deéxygéhated by passage ‘through
an alkaline dithionite solution (0.05% sodium anthraguinone beta
sulf:)nate and 0.5% sodium dithionite in 0.1 N sodium hyd;‘oxide) was
bubbled for 5 minutes ;hrough a microsomai suspension containing 5 mg
of protein per ml in 0.1 M phosphate buffer (pH 7.4). Three ml of
the suspension was then transferred to an anaerobic Aminco cell (Al-
65085) and a plunger assembly containing 2 umoles o NADPH in
50 plitres of buffer was fitted to the cuvette., Carbon mpnoxide was
passed through the air space within the cell for a furtth-S minutes

(diffusion of CO in the suspension x;vas enhanced by use of a small magnetic

stirring bar) and placed in a spectrophotometer where it was allowed

_ to equilibrate for Z minutes at '37°C. The reference cell contained an

untreated microsomal suspension of identical protein concentration.

The plunger was depressed and the change in absorbance at 450 nm with
the rapid appearance of a (0-reduced cytochrome P-450 complex was
recorded on chart paper moving at 10 inches per minute. The velocity /
of the reaction was determined from the slope of the initial linear

phase. In our experiments the initial linear phasé was camplete

approximately 6 seconds after addition of NADPH. . . I
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o , '
, T (vi) ' Assay of amino yrine—ephanced hepatlc nucrosomal NADPH
cytochrome P-4 0 reductase

tod

The am1n012yr1ne—enhanced rate of cytochrome P-450 reduction by
.NADPH was lmeasured in a manner identical to that jltlSt described except
that aminopyrine was added to the microsomal suspensmn to a final
concent¥ation of 1 mM. The protein concentration of the mlcrosomal
sﬁspension was again 5 mg per ml. - . g J | m

.
4

" (vii) Assay of hepatlc m1crosomal aminopyrine N-demethylase

The act1v1ty of hepatic microsomal ammopyrlne N-rlemeth&lase was
detemined by measuring the production of, f(,?maldehyde from aminopyrine
7y as describéd Qy Cochin and Axelrod (1959). ’-’I'he reaction Ir}ixture contained‘
.+ 0.1 ml of microsomal suspension, 36 umoles of MgClz, 24 ur;\oles of |
neut‘ralized semicarbazide HC1, 40 umoles of nicotinamide,
0.66 umole of NADP®, 16 umoles of sodium. isocitrate, 0.5 wnits of
, isocitric acid dehydrogenase and 10 umoles of aminopyrine in final \
volume of 2 ml of 0.1 M phosphaté buffer (pH 7.!}). The coricentration
of nicotinamide used has been feported to inhibit’hepatic microsomal
N-demethylation of élminopyrine (Schenkman et al., 1967}, but in these experiments
addition of amounts up to IOQ umoleslhe;d no such‘effec’t. Samp.lzes
were incubated for 20 'minutes at 37°C in a Dubnoff shaking water bath

" and the reaction was teminted by the addition of 0.5 ml of 15% ZnSO,

followed by vigorous mixing. After 5 minutes 0.5 ml of saturated BaOH

. was added and the samples were well mixed and allowed to stand for , B
5 minutes. After centrifygition for 5 minutes at 1500 X clear R
supernatant was omaidehyde by the method of Cochin and '

elrod (1959). The supermatant frac,tioﬁ (2.0 m1) was trarsferred. to
. ‘ S
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‘a tube containing 1 ml of Nash reagent (0.2 ml of acetylacetone in

50 ml of an aqueous solution containing 15 g of ammonium acetate)

and the mixture was incubated for 30 minutes at 60°C, After cooling 1
to room temperature, optical density for’each samplejwas determined
at 415.nm in a spectrovhotometer (Beckman model DRG or DBGT) and

the quantity of formaldéhyde formed was determined from a standard
curve. The standard curve was prepared using conce:n‘trations of
fonnaldehydé from 0.5 to 5 mg‘/ml 1n aqueous solution. The curve was
linear throyghout this range. 'Specitfic activity of microsomal '
aminopyrine N,-d\emeth'yla'ge‘was expre'@:; nmoles of formaldehyde

~ formed per minute per mg of microsomal protein.’ The Nash reaction
emplbye'd has been widely useé since its original description (Nash,

]

1953). Formaldehyde which is formed éluring an incubation is trapped
T~

. ‘as its semicarbazo# ‘and measured colorimetrically utilizing a Hantzsch
reaction in which a B-diketone (acetylacetone), an aldehyde (formal- .
dehyde) and an amine (amnoma) react to form a coloured product, '
3,5-diacetyl-1,4 dihydrolutidine which has an absorption maxima of 415 nm.

-

: (\'riii)',‘ Assay of hgep:atkic microsomal aniline b-hydroxylase

The activity of hepatic microsomal aniline p-hydroxylase was
determmined by measuring the production of p-aminophenol from aniline

as ‘gescribed by Kato and Gillette (1965). The incubation mixture’ '

!

. con51sted of 0.1 ml of microsomal suspension, Wm’ncles of MgGl

. 40 umoles of n1cot1nam1de 0.66 umoles of NADP 16 ymoles of sodium -
1soc1tx-‘ate, 0.5 units of isocitric acid dehydrogenase and 1»6 umoles °

of aniline,in 0.1 M phosphate buffer (pH 7.4) to a final volume of

2.0 ml. Thé mixtures were 'incubated in air for 20 minutes and were-then

, . : ,‘, L s <
. - o
/
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shaken with 20 ml of peroxide-free anhydrous ethyl ether and 0.8 gm

of sodium chloride for 15 minutes. Fifteen ml aliquots of the

ether phase were then transferred to tubes containing 3.0 ml of a O.i M.
sodiun hydroxide solution mixed witﬂ 1% phenol. The p-aminophehol

was returned to the alkaline aqueous-phase after 15 minutes shaking,
following which the ether phase was.aspirated and discarded. The aqueous
phase was fhen allowed to stand in a wam water bath (370) for .

30 minutes in order to v;pourize‘any remaining ether. When ciear, '
the tubes were read spectrophotometrically at 620 mm and4§hé pP-
aminophenol content was detemined from a standard curve. The standard
curve was prepared following extractiop of para-aminophenol” from the
reaction mixture (minus aniline) in concentratiéns ranging from 1 to

10 ug/mll The cuive was linear throughout this range. Specific
activity of hepatic microsomal aniline p-hydroxylase was expressed

as mmoles of p-aminophenol formed per minute per mg of microsomal

protein.
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