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TRIVIAL AND SYSTEMATIC NAMES

3p-OH-A5 -steroids - 3B-hydroxy-A® -steroids
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70-OH-DHA - 38, 7a-dihydroxyandrost-5-en-17-one

7p-OH-DHA - 3B, 7B-dihydroxyandrost-5-en-17-one

7-keto-DHA - 3B-hydroxyandrost-5-ene-7, 17-dione
16a-OH-DHA - 3B, 16a-dihydroxyandrost-5-en-17-one
androstenetriol - androst-5-ene-383, 16a, 17p-triol

androstenedione - androst-4-ene-3,17-dione
2p~OH-androstenedione - 2P-hydroxyandrost-4-ene-3,17-dione
6p-OH-androstenedione - 6p-hydroxyandrost-4-ene-3,17-dione
7a- OH-androstenedione - 7a-hydroxyandrost-4-ene-3,17-dione
118-OH-androstenedione =~ 11p-hydroxyandrost-4-ene-3,17-dione
160~ OH-androstenedione - léa-hydroxyandrost-4-ene-3,17-dione

testosterone -~ 17PB-hydroxyandrost-4-en-3-one
2p-OH-testosterone - 2P, 17B-dihydroxyandrost-4-en-3-one
6B-OH-testosterone - 68, 17p-dihydroxyandrost-4~en-3-one
.7a-OH-testosterone - 7a,17B-dihydroxyandrost-4-en-3-one
16a- OH-testosterone - 1lé6a, 17p~dihydroxyandrost-4-en~-3-one

androsterone - 3q-hydroxy-5a-androstan-17-one
etiocholanolone - 3a-hydroxy-5f3-androstan-17-one

estrone - 3—hydrdxyestra-—l,3,5(10)-—trien-l7-one
2-OH-estrone - 2,3-dihydroxyestra-1,3,5(10)-trien-17-one
l6a-OH-estrone - 3, l6a-dihydroxyestra-1,3,5(10)-trien-17-one

estradiol - estra-1,3,5(10)-triene-3,17p-diol
2~-0OH-estradiol - estra-l,3,5(10)-triene—2,3,ITﬁ—triol
16¢- OH-estradiol, estriol - estra-1,3,5(10)-triene-3,16a, 173-triol
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. [INTRODUCTION

A. Statement of the problem.

The enzymatic hydroxylation of steroid hormones is an important
transformation in the regulation of a variety of metabolic processes,
The biological activities of hydroxylated sterocids are dependent upon
their stereospecific configurations even as the characteristic hydroxy-
lations in biological systems are likewise stereospecific and often
occur in a stepwise fashion. To define the mechanism(s) of hydroxyla-
tion or the physiologic controls of such systems, one would ideally
resort to im vitro preparations of purified enzymes characterized by a
high specific activity. Most attempts to solubilize and purify mi cro-
somal steroid hydroxylase systems, and other enzymes which are tightly-
bound to membranes, have resulted in a failure to preserve their
enzymatic activities. Alternatively, a concentration of the intact
membranes containing a large number of oxidative enzyme systems,
including steroid hydroxylases, has been achieved by mechanical means
(selective separations by ultracentrifugation) or by physiological
means (enzyme induction by drug treatments). As a result of the |imited
concentration that has been possible, one can ascribe to the hepatic
endoplasmic refticulum, and especially to the agranular subfraction,
the properties and functions of performing oxido-reductions on a wide
variety of drug and steroid substrates. Because of the stimulation of
so many enzyme systems by some of the drugs which had been administered,
a IoQ enzyme specificity for drug and steroid substrates has been

postulated.



This study was directed toward the mechanism and physiologic
controls of the steroid hydroxylase sysfem(s) from mammalian liver.
Biological and biochemical aspects of 7-, and | 6a-hydroxylation of
dehydroepiandrosterone (DHA) were compared with Thoserof two representa-
tive oxidative enzymatic activities, p-hydroxylation of acetanilide and
N-demethylation of aminopyrine, in an effort to explore the inter-
relationships which might exist between steroid hydroxylase systems and
rdrug-me+abolizing enzymes. The isolation and identification of a new
metabolite of DHA ih microsomal systems was férTunaTe in that I+
permitted a wider.comparison than was con+emp|afed‘a+ the beginning of

this. work.

B. Biosynthesis éf estriol in the ‘human feToplacenTal-unIT.

The search for the metabolic precursors of estriol (fthe most
abundant I6a-hydroxylated estrogen known as a urinary product of the
human fetoplacental unit) which lasted for 3 decades, was successful
in the past five years when certain neutral l6a—hydroxyla+ed Clg—
steroids were found to fulfill a major part of that role (32,88).
Quantitation of DHA and |6a-OH-DHA, mostly as the sul fate~esters, in
the fetal circulation at term gestation demonstrated over 150 ug./ml.
of plasma of both compounds. In addition fto their large concentrations,
a significant arterial-venous di fference existed signifying the produc-
tion of DHA and |6a-hydroxylation by the fetus (18,38,1010).

| The steroid l6a-hydroxylase system was known from in vitro
studies to be active in the human fetal steroidogenic organs which'

include adrenal gland, ovary and Teéfis, and also in the fetal liver (142).



Placental preparations failed to exhibit a significant I6e-hydroxylation
activity (101); however; hfgh rafeé,of in vitro placénfal conversion of
l6d—OH~DHA To | 6a-0H-androstenedione (l?,lOl) and to estriol (10])
substantiated a plécenfal role in the A5—384hydro§ys+groﬁd dehydrpgéna—
tion, and aroméfizafion of such precursors.

The abundance of several 38—hydroxy—A5—s+eroids in umbilical
cord bléod (41) and the poor ability of fetuses to aromatize DHA attests
to a relative Inacfivi+y of the DHA-3B-hydroxysteroid dehydrogenase
sysfemvin the human fetus (102), The microsomal fraction from the
steroidogenic bfgans and the placenta is a rich source of this enzyme
which s NAD dependent., The reaction is posfulaféd to comprise two
sféps: the first inyolves the oxfdafion,of The'BS—hydroxyl function to
the 34ke?one, and the second the shift of the A5 8 double bond to the
A%"> position resulting in the 3-keto-A" grouping. Crystalline Iso-
merase has only been isolated from microorganisms (10,37,147).

The aromatization of neutral sTeroids occurs in a microsomal
enzyme system which requires NADPH and O, and comprises [9-hydroxyla-
tion and elimination of the C-19 angg!ar methy| group as formaldehyde
or formic acid along wah elimination of the C-18 proton followed by
aromatization of ring A. Even though three separate enzymes, a [9-
hydroxylase, and l9-oxidase, and an aldehydelyase have been implicated
in the system (10), none have been isolated and details of the meéhanism
are partially lacking (147). In spiTe of that, it is known that the
acfivify of the afoma+ase system is high in placehfal and even in'fefal
liver preparations with A%-3 keto-steroid substrates (80,140). Because

- of the inactive 3B-hydroxysteroid dehydrogenase system in the fetus, it



appears that the A%-3 keto-configuration of precursors obtained else-
where in the fetal circufa+ion, probably in the placenta, is a
prerequisite for the fetal aromatization of certain Cyg steroids (102).

The |7B8-hydroxysteroid dehydrogenase system in the microsomal
fraction has been studied extensively (37,67). NAD is the preferred
coenzyme and the deiméI pH for the reduction is 6.2 (10). It is
present in the liver, placenta, ovaries and ftestes and because of a
specificity for aromatic steroids, it has been designated as the |78-4-
hydroxysteroid dehydrogenase in contrast with the [78-N~hydroxysteroid
dehydrogenase which 'is active for neutral steroids (37). The enzymatic
reduction of |6a0-0H-estrone to estriol was shown in term placentas
perfused in vitro (14). The recent analyses of 3H/1%C ratios in
urinary estrone, estradiol and estricol affter simultaneous administra-
tion of DHA-4-1%C sulfate and DHA-7-3H-sulfate info the human fetal and
maternal circulations respectively, confirmed that the pathways in the
fetus favor the formation of |6a-hydroxylated estrogens in comparison
to the pathways in the maternal organism which govern the metabolism of
DHA sulfate primarily o estrone and estradiol (7).

Therefore, at least two metabolic pathways for the formation
of urinary estriol are operative in human pregnancies: |6a-hydroxyla-
tion of DHA within the fetus followed by placental dehydrogenation at
C-3, AS-A%-isomerization, aromatization of ring A, and finally, 178-
reduction to estriol; or dehydrogenation, isomerization and aromatiza-
_ tion of circulating DHA to estrone by the placenta followed by |6a-
hydroxylation of the circulating estrone by the fetus and finally,

placental reduction at C-17.



C. Steroid I6a-hydroxylation in vitro.

Of the four enzymatic transformations necessary for the bio-
synthesis of esfriol from DHA, the least is known about the [6a-hydroxy-
lase system. Although there has been a wide interest in recent months,
only a few reports of hepatic |6a—hydroxy|a+fon in vitro antedated 1965,
The first report fn 1948 dealt with incubations of slices from rabbit
liver with DHA hemisuccinate and a product was androst-5-en-38, |6a,
I78-triol (132). In 1956, the perfusate from testosterone circulated
Through a dogs liver yielded |60-0OH=testosterone, confirming that
neﬁfral steroids coﬁld be substrates (2). In 1958, two reports des-
cribed the conversion of estradiol-178 to estricl in incubations of a
coarse brei of male rat liver and slices of human fetal liver (42,43,65),
The localization, in 1962, of the estradiol [6a-hydroxylase in the
microsomal fraction of rat liver was also confirmed for the estrone
| 6a~hydroxylase (68,[23). The microsomal localization has also been
confirmed very recently with porcine ovaries with nine different steroid
substrates (81), Previousfy, in 1962, the I[6a-hydroxylation of the
‘neutral stercid, DHA, was demonstrated in rat liver slices and was
reported To be greatly stimulated by the addition of NADPH, to require
oxygen and fo be virtually zero in tissue from female rats (16).
Furthermore, castration of the males greatly decreased their hepatic
hydroxylation activity and treatment of the females with festosterone
increased the l6a-hydroxylation. Some, but not all of these findings,
were later confirmed in similar systems when estrone-3H and estradiol-
1% were the substrates; however, no cofactor was added fo the incubation

flasks (3). At the present time, hepatic |6a-hydroxylation is also known



to occur with the following subsfrates: pregnenolone, progesterone,

and androstenedione (127,|4d,l42,l55). In éddifion to liver and ovary,
the transformation has been observed in preparations from adrenal gland,
testis and kidney (142).

D. Stimulation of "androgen hydroxylases" by drug treatment.

Four years ago, the first of several reports appeared in which
the activity of "androgen hydroxylase systems", which required NADPH
~and oxygen, was localized in the microsomal fraction of male rat liver
and was stimulated three to seven fold by the. treatment of the immature
animals with the drugs phenobarbital or chlorcyclizinel (see Table No. I).
Among the "polar products" measured, metabolites of testosterone-4-1l4C
wgré identified as 28-, 68-, 7a-, and l6a—OH—+es+oé+erone;4—1“C. The
predominant products o; androstenedione-4-1%C metabolism were 68- and
7a-OH-androstenedione-4-1%C, and two other compounds with The chromato-
graphic properties of 118~ and |60~OH~androstenedione were also
observed (21). The hydroxylase activities increased less than 50% of
the control values after treatment with 3-methylcholanthrene. When

phenylbufazone2

was used for similar treatments, reported in 1964, the
quantity of polar metabolites formed, based upbn a fraction corresponding
chromatographical ly fo 6B~hydroxylated products of testosterone and

androstenedione was stimulated by about 150 and 300%, respectively (22).

ll--_(4-ch.!or‘obenzhy_dryi)—4—me1‘hylpiperazine

24—bu+yl—l,Z—diphenyI—S,S-pyrazolidinedione



Table No. 1. Steroid hydroxylations by liver microsomes from
normal immature and drug-treated male rats (From Conney, etral}.
Semiquantitative data‘has been taken from chromatographic profiles
and the enzymatic rates were calculated into mmoles/mg. /min.

assuming 20 mg. microsomal protein/g. liver.



*19A1] *3/-j0id [rwWOsoIdTW 'Suw g7 sawNSsE uorje[ndIED

"UTW G /I9AT] °F/sefowury ¥

*UOT}RINJIJUOD-gyz “2

syonpoad paryruspr Aearjejusi o3 puodsesiod yorym syead orydead
TOIBWIOIYD Y3} I9pUN BOIR OY) JO SISB] Y} UO 444 0} () PopeId ST UOIRUIIOJSUR.I) Yyoeo Jo 9jex oYy, °1

A k| e + ++ i+ Teyrqreqouayd
G0 °0 % S1 0 + F {0 13U0D [otpeIIST
16°% 6 F 15V + e & N ST auo zejnqridusyd
86°¢ &1 +® BSZ QUIIYIUBRTOYD[AYJoUI~-¢
¥ 01 2L F P01 + +4++ 4+ o+t eitqaeqouayd
S8 °1 % 1 F 687 0 £y o+ . F 10I3U0D 9U0JI9)1S031S9 ],
~ 00 °8 28 F 008 + MR i ouozejngiidusyd
I6°2 162 susayjue TOYDTAYjouI-¢§
E1°4% £01 %= BLAT + +H+  ++ elrqaeqousayd
8¢°¢ xS0 F 827 0 ++ % [0IJUOD | SUOTPIUI}SOIPUY
KA 4 ve F Gev suozejnqgrdusyd
Sorot 88¢ F 9901 + T Tejrqaeqouayd
GE 27 %ww F GE7? 0 i [0I3U00D euoI93sadoag
g UTW/ 3w cutwa G/ IeAr] 3 slerjsqng
/soTowur /seTouwiny =091  -0L  -g9 -7 BorrEeg POTIP9RI=D 3;
$310NPOIg IR0 )

«

°(°1e 12 ‘Asuuon woxq)
ANV HYNILVNNI TVINYON WOYA SHWOSOUDIN YAAIT AL 1SNOI

SIAVY QI LVIYL-DNYd
LVTAXOYAAH dIOYHALS



8

Similar responses were observed after treatment of immature dogs with
phenylbutazone. In the latter experiments, the 7a- and [6a-hydroxylated
products of androsfeﬁedione and testosterone were determined separately:
hydroxylation at C-7 was unchanged by phenylbutazone but at C-16, the
hydroxylating activity was 300 to 500% greater. In the experiments

with rat liver microsomes data on each steroid transformation were not
reported separately but the peaks corresponding to the 7a-, and 6o~
hydroxy derivatives, and to a third unknown product appeared to be
larger (in the published chromatographic profiles) after phenylbutazone
treatment. Microsomes from the immature control rats formed polar
products corresponding on the chromatograms to 6B8- and 7a-OH-andro-
stenedione or tesfosterone but no |6a-hydroxy compounds.

Later in 1964, in another report from the same laboratory (91),
the authors suggested, on the basis of the similar metabolic properties
of the hepatic enzymes which oxidatively metabolized testosterone,
estradiol and hexobarbital, that steroid hormones are normally occurring
substrates for oxidative drug-metabolizing enzymes in rat liver micro-
somes. ’Accordingly, they had observed a several-fold greater production
by tissue from adult male rats of "polar products" which included 68-,
7a-, and |6a-OH-testosterone and 2-, 6B8-, and |60-OH-estradiol. Also,
the amount of hexobarbital metabolized was several-fold greater than
that observed with tissue from adult female rats. No sex difference
was apparent in similar preparafions.from mice. Furthermore, the same
Transformations were several-fold gfeaTer.in adult (300 g.) male rats

than in immature (50 g.) male rats. Treatment of immature male rats



and mature females with the insecticide, chlordane!

, or with pheno-
barbiTaI simitarly sTimuIa+éd the hydroxylafion of steroids and the
oxidation of hexobarbital. The in vitro addition of a known inhibitor
of oxidative drug-metabolism (SKF 525A)2, affected all of the activities.
The polycyclic hydrocarbon, 3-methylcholanthrene whichtis known to
stimulate the oxidative drug metabolism of certain drugs including the
p-hydroxylation of acetanilide and N-demethylation of 3-methyl-4-

_monoﬁefhylaminoazobenzene, did not alter significantly the meTébo!ism
of testosterone, estrone or hexobarbital (24).

The same research Team.exTended their observations of hepatic
steroid metabolism to show that phenobarbital or phenylbﬁ+azone treat-
ment increased by 175 to 450% the microsoma! meTabOfism of progesterone-
4;1“C~+o “polar products" and +haT'The hypnosis normally resulting in
rats from progesterone administration in vivo was abolished in animals
stimulated similarly with phenobarbital, chlorcyclizine, phenylbutazone
or chlorinated insecticides (25).

E. Steroid 7-hydroxylation in vitro.

The increased 7a-hydroxylation of androstenedione and testosterone
.in rai livef mjcrosomes after drug treatments was interesting sfncé
the same transformation had been previously reported to occur with DHA
in homogenates of liver from normal rats (143). The first report (36)

of DHA 7a-hydroxylation, and 78-hydroxylation too, had described the

!I,2,4,5,6,7,8,8—oc+achloro-4,7-me+hane-3u,4,7,7—a—+e+rahydroindane

28—die+hylaminoefhyldiphenylpropylace+a+e, an inhibitor of drug-
metabclizing enzymes



10
transformation by cultures of Rhizopus (M 2045). Subsequently, it was
shown that liver homogenates of rats of either sex hydroxylated DHA at
apparently equal rates at the 7a-position, and that the rates were even
higher in spleen, kidney and Iung homogenates. Furthermore, |iver and
lung tissue from calves had an activity parallel to ThaT of female
rats and in both species the activity was twice as large as in rabbits
(145). The 7a-hydroxylation of deoxycorticosterone proceeded rapidly
in liver slices from a number of rodents but not from some other
mammals (133) and the enzyme system responsible for the 7a-hydroxylation
of both DHA and pregnenolone was also localized in the microsomal
fraction of rat liver (144).

In contrast, the in vitro formetion of 7R-hydroxy products of
DHA or of any other steroid hormone had not been shown with mammalian
systems as it had been with microbial énes. The 7B-hydroxylation in vitro
of choiesferol—26—1“C by a 20,000 g supernatant was first repoFTed in
1965 with a yield of 0.09% in comparison to a 1.1% yield of the 7a-
hydroxy product (107). A preliminary report in 1960 of the 7-hydroxyla-
+ion of 3B-hydroxy-AS-cholenic acid‘by the 44,000 g supernatant from
rabbi+vliver (150) has been amplified in a recent symposidm to show
that the yields of fhe 78-epimer far exCeea +hose of the 7a—epimef in
the rabbit (156) and that reduced‘NADP was a required cofactor., A
78-hydroxy lated Compound isolated from bovine testes was tentatively
identified as 38, 7B8-dihydroxycholesterol (114).

In bile, of course, 7a-hydroxy C,y-steroids comprise important
metabolic products (31 is a review) and 7B8-substituted cholanic écids

have also been isolated from the bile from rats (106,116,156), the bear



and coypu (31), and humans (8,71,138). The 7B-hydroxyl fun;fion_appeérs
to influence the further catabolism of bile acids by rat. liver prepara-
Tions (149).

The 7B—hydroxylafion of C,q4 steroids in vivo was demonstrated
when such compounds were identified as urinary broducTs of administered

3a-hydroxy-58-androstan-17-one or testosterone-4-1%C. (54).

F. Biological differences in steroid metabolism.

The Ja-hydroxylation of androstenediona-4~!%C had been ﬁoTed in
liver microsomes of normal or diabéTic female rats (60) or normal ones
of either sex (1). In the latter study, the mature males incorporated
[.3% of the radioaéfivify’info the 7a-OH-androstenedione fraction while.
the females incorporated 0.8%. The corresponding values for 6B8-OH-~
androstenedione were 4.1 and 1.2%, also suggesting a se% difference
for the 7a- and 6B8-hydroxylation of‘androsTenedioﬁe. In addition to
The sex—relajed |6a~hydroxylation of DHA, male rats metabolize a variety
of other sTeréid substrates differently from females. The ten-fold
greater 2- and '65'.hydroxylafion of estradiol-16-14%C by hepatic
microsomes (76) represents another example of the sex-dependent
differences in steroid metabolism which could also be aecreased
by gonadectomy or treatment with heterologous sex hormones. The
gl Frareheas Tn mEfabol 16 @etlviTles Which appear Biter 40 daps of
age were gréaTeST in rats 59 to 70 days old. This is one To four weeks
earlier than the age at which the oxidation rates are maximal fo% The
hepatic microsomal metabolism of many other compounds, mainly drugs'

(58,82,85,124,128). The treatment of the animals with androgens (9,52},



progestogens (78), or alteration of their endocrine (83,59) or
nutritional status (84) also influenced the sex-dependent microsomal
oxidative metabolism of certain drugs as it had that of steroid sub-
strates. The thyroid function in humans profoUndly influenced the
urinary excretion of 2- and |6a-hydroxylated es+rogens:(46).

G. Related metabolism of steroids and drugs.

There are extensive studies of the mechanism of steroid
“hydroxylations at the C-11 and b=2] positions of the molecule by
adrenal ‘mitochondrial and microsomal fractions, respectively. The
stereospecific hydroxylation of secondary carbon atoms appears to
proceed through the electrophilic substitution of the hydrogen atom

by a hydroxyl function. Molecular oxygen, not +haf‘from water, is
involved €37,147). The reactions ére examples of external mixed
function oxidations (103), many of which have béen related in recent
years to the membrane-bound hemoprotein, cytochrome P-450 (104). This
component of the microsomal (and mitochondrial) electron transport
chain is reversibly inactivated by carbon monoxide (26), a fact which
was important in [inking the CO inrhibition of steroid 2l-hydroxylation
of Cyy s+efoids (130) +o cytochrome P-450. Recent spectral studies
using steer adrenal microsomal fractions freated with Triton N-101"
have shown that the addifion of I7a—hydroxyproges+erone, but not of
[7¢, 2l-dihydroxyprogesterone produced a trough at 420 mﬁ and a peak at

388 to 390 mu (110). These low-amplitude spectral changes (absorbancy

INonylphenol sidechain of oxyethylene having 9 to 10 units
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of 10 uM I7a—hydroxyprogés+erone added = 0.03-0.04) were also given by
90 uM androstenedione, a 015 steroid, and +hey disappeared upon the
addition of NADPH in the case of the hydroxylatable stercoid; with
androstenedione, addition of NADPH to the aerobié preparation increased
the absorbancy but the spectral response to NADPH was ﬁoT observed
under anaerobic conditions., At the higher concentrations, progesterone
and |7a~hydroxy-5&-pregnane-3,20-dione also produced the same reactions
as |70-hydroxyprogesterone; however, reduction of the Refo groups at
either C-3 or C-20 abolished the reactions. These observations have
been inTerpreTed as spectral evidence for an enzyme-substrate complex
of the 2l-hydroxylase system.

A large number of hepatic microsomal enzymeé active in the
metabolish of stercids, lipids andlxenobio+ic compounds similarly
require O2 and NADPH for reducing equivalents (55,104,134,136), the
latter being transferred by cytochrome P-450, The oxidative demethyla-
tions of codeine and monomethyl-4-aminopyrine, and the hydroxylation
of acetanilide by hepatic microsomes were also inhibited by CO and

the inhibition was reversed by mono-chromatic [ight of'45b mp (26) as
had been observed with the adrenal miérospmal C-21 hydroxylafién.
Hepatic microsomal N-demethylation of aminopyrine was also inhibited
approximately 90% by a mixture of NZ:_CO:O2 (gas-phase ratio of 56:40:4)
(85,120)., These similarities in the adrenal and hepatic microsomal
metabolism were extended by the observation that the addition of several
di fferent drug substrates to the hepatic preparations produced the same

type of low-amp!itude changes in the Soret band (44,72,126). Aminopyrine,
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phenobarbiTaI,hexobarbiTaI; amobarbital and SKF 525-A produced a 385 my
peak absorbance and a 420 mu trough, but aniline or DPEA! caused an
approximately opposite spectrum: an absorption band at 430 mu and a
decreased absorption at about 390 mu. The absorbancy changeé were
related to the concenfréTion éf the substrates., Barbital and benzene,
substrates which are also meTébolized by microsomes, did not produce

the spectral change and neither did dieThyIamine or amino acids,

neither of which are metabolized in +he§e systems (72).

The relationship between the steroid and drug substrates, and
the enzymes has been explored in still another way. In spite of the
limitations imposed by studying structurally-complex, enzymafically-
active particles, kinetic data has demonstrated the competitive
inhibition of N-demethylation of ethylmorphine by hexobarbital,
chlorpromazine, zoxazolamine, phenylbutazone and aceTan}Iide (129%,
Barbital and acetazoleamide, drugs not mefabolized by hepatic microsomes
. of rats, werg not inhibitory for the W-demethylation. The similarities
of the inhibitions in normal and phenobarbital~-induced microsomal
systems were interprefed to indicate a quantitative, rather than a
qual itative, change by the induction process which resulted in a

di fferent set of inhibition interactions when 3-methylcholanthrene was
used as the inducing agent (139).

Michaelis constants for the oxidative metabolism of steroids
“and drugs have been offered as evidence for the interrelationship qf

the involved enzymes. The apparent Km values for the metabolism of

'2,4—dichIoro—6—phenylphenoxyeThylamine hydrochloride, an inhibitor of
drug oxidation



progesterone, testosterone, and estradiol-178 to "polar products",
which ranged from |.6x10"5 to 4.9x107°M, were ten or more times smaller
than those for all of the drugs gompared (92). Smilarly, the apparent
K; values were obtained for the competitive inhibition of N-demethyla-
tion of ethylmorphine by estradiol, testosterone, androsterone,
diethylstilbesterol and éorTTsoI (148). These results indicate some
interrelationship of sferéids and drugs and enzymes active in their

metabolism; however, they do not indicate the sife of the competition.

H. Biological differences in drug metabolism.

The recent spectral and kinetic observations déscribed above
for a few drug or steroid substrates with microsomal fractions were
preceded, years ago in many instances, by descriptions of the-biological
and biochemical aSpecfs of their reactions. In rabbit liver microsomes
for example, at least 8 different types of oxidative enzyme activities
are recognizable (49): side chain oxidation of hexobarbital, N-
demethylation of aminopyrine, deamination of amphetamine, p-hydroxylation
of acetanilide, sulfoxidation of chlorpromazine, O-dealkylation of
godeine, reduction of aromatic nifro groups and reduction of azo
.Iinkages; All of these enzyma+ic activities are active in the micro-
somal fractions from which two reproducible subfractions have been
prepared by using a sucrose density-gradient and centrifugation at
higher g forces for longer periods of time. Thus the smooth sub-
fraction from rabbit liver, corresponding to the endoplasmic reticulum
without attached ribosomes (agranular endoplasmic reticulum), has a
greater enzymatic activity (smooth/rough ratios from 2:1 fo 8:1) for

all 8 +ypeé of drug oxidations than does the rough microsomal fraction
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which corresponds to the endoplasmicbreficulum with attached ribosomes
‘(granular endoplasmic reticulum) (48,51,62,73). Not only were the
enzymatic activities selec+ivelyv!ocalized in the less-dense membranes
but a number of different redox components were similarly located in
tissue from rabbit (73,105) and porcine (56) sources but the disfribu-
tion was less clear with the microsomal subfractions from the house (112)
or the rat (28). In the latter, the N—demefhylase activity was also
equal in both the smooth and rough subfractions (119); however, a
recenT»sTudyihas atftributed that response to The method of preparation
rather than Tb the initial distribufion of the enzymes.(5l,62).
Microsomes from rabbit and rat livers are different in still
other respects. The rates of p-hydroxylation and the deamination of
amphetamine are very low in rat |iver microsomes in comparison to those
from rabbit liver (51), and the sex-dependence observed in rats for
steroid hydroxylase systems exists for several drug—mefaboliziné enzymes
as well. Thus, in addition to the hexobarbital oxidase already men-
tioned, hepatic preparations .from male rats have larger rates than
females for the N-demethylation of aminopyrine (124), mé+hylamino—
anfipyriﬁe and pithidine (135); aroma+ic>hydrgxylaTion of 3,4-benzpyrine,
and the aliphatic hydroxylaffon of penfbbarbifal (O, Simt ler sex=
di fferences have not been found regularly in the microsomal metabolism
of other laboratory animals. Also, different strains of rafs are
likely To exhibit different rates (125,135).

|. Induction of enzymafic activities.

All of the common laboratory animals which have been tested,

on the o+hér hand, respond similarly to treatment with a variety of
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drugs which stimulates their microsomal oxidative metabolism. Although
the stimulation of steroid hydroxylations has not been reported for
rabbits as was described for rats, the 6B-hydroxylation of cortisol was
increased after phenobarbital was adminisfered to rats, guinea pigs,
monkeys (Cebus albifrons) and humans (6,12,13,23) and cholesterol
biosynthesis froﬁ acetate was increased by similar treatment to hamsters
(77). These related findings suggest that the induction of enzymes by
various drugs occurs generally in mammals. The progressive increase
in the hepatic endoplasmic reticulum after drug-treatments, as observed
by the electron microscope, has been limited fo the agfanu!ar type
corresponding to smooth microsomes and has been documented in tissues
from the rabbit, rat, hamster, and the dog (77,125).

The increaseé fn activity of drug-mefabolizing enzymes, after
the administration of the compounds, have not always corresponded to a
proliferation of agranular endoplasmic reticulum evaluated morphologi—
cally (50), or by alterations of the protein and RNA contents (79).
From the large number of agents that have been used fo stimulate the
activities, three major groupings have béen discerned (51). Polycyélic
hydrocarbons sgchAas 3-methylcholanthrene or 3,4~benzpyrene stimulate
a few drug-metabolizing enzymes but the effect of the anabolic steroids
is more restricted. In contrast, a third group, comprising diverse
compounds such as phenobarbital, cholanthrene, tolbutamide and others,
seems to have little specificity and shows the best correlation between
the enzymatic activities and the pfoliferafion of the smooth endo-
plasmic reticulum. The maximum proliferation has been directly related

to the amount and time of drug administration and, except for isolated
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examp les, reverts within 24.To 48 hours aftfer cessation of the ftreatment
to the equivalent morphology. and activity of the pretreatment status (125).

The correspondence between the increased enzymatic activity and
the agranular reticulum has confirmation from the simultaneous increases
in the structural and functional elements of the microsomal vesicles.
The content of protein, RNA, cytochromes bg and P-450 as well as other
heme and non-heme redox components, phospholipids and pyridine nucleo~
tide oxidoreductases and other elements are increased primarily in the
smooth subfraction by drug treatment (28,86,104,119,121,125,135). This
correspondence has provided indirect evidence for a funcffonal .
relationship between the membrane components, such as the hemoproteins,
and the enzymatic activities. A number of experiments, based upon the
incorporation of 32P or glycerol~I%C into the phospholipid components
of the enzymes or of radioactively-labeled amino acids, supply
conclusive evidence that the inducTion process involves the bio=
.synthesis of=new membranes (30,57,86).

Many efforts have beén made to solubilize and purify microsomal
oxidative enzymes without altering the active system. Invariably,
although purification of some components has been possible, the state
of others has been altered and the enzymatic acTTviTie§ have been
greatly diminished or completely lost (104,108,118,134). There is good
evidence that extraction of the lipid from biological membranes or the
'addiTion of bile salts causes disaggregation of membrane particles
composed of electron Transpotf complexes and that reaggregation occurs
after some lipids are restored or the bile.sa!Ts are removed (64).

The enzymatic activities parallel the aggregation.



J. Objectives of this study.

The objective at the beginning of this work in mid-1964 was to
éfudy the biochemical properties of the hepatic DHA [6a-hydroxylase
in vitro.‘ | planned to carry out a descriptive study of some biological
Qaria+ions of the |6a-hydroxylase system in comparison with other
hépa+ic steroid hydroxylase sysTemé, in an effort to find some bio-
chemical basis for the specificity of sfe}oid hydroxylations. Of
course, the comparison of the enzymatic products of DHA necessitated
their Idenf#ficaTion‘in our laboratory.

Simultaneous developments in thé related fields of biological
oxidation and molecular pharmacology interested me in comparisons
between the hepatic DHA hydroxylases and drug-metabolizing enzymes in
the same tissue. Thereafter, the objectives focused upon attempts to
establish some specific differences between the activities of the
enzyme systems after pharmacologic or physicochemical manipulations

and to correlate them with the redox component, cytochrome P-450.



20

[, MATERIALS AND METHODS
A. Animals.

I. Sprague-Dawley rats were purchased from Pacord Research, Inc.,

Beaverton, Oregbn. Except for special sTuﬁies, their ages were
between 9 and 12 weeks. The diet was Ralston-Purina laboratory
pellefs and water ad libitum., Livers from animals which were
fasted overnight (about 16 hours without pellets) were used in the
experiments concerning |yophilization, age effects, and the effect
of faé+ing on the metabolic achvifies. ~Those rats which received
drug frea+mén*s were injected intraperitoneally and the control
animals were given the same amount of the appr&pria+e vehicle.‘
The drugs and daily dosages per kg. of body wefghT'were: sodium
p%énbgarbifail, 100 mg.; S—meThylcholanThrenez, 20 mg.; and
phenylbufazones, 134 mg. All animals were freated daily for five
days and killed on The.sixfh day.
‘Progressively older rats (16 to 24 wéeks) were used for the
experiments testing the effect of sodium déoxychola+e on the enzymatic
activities and cytochrome P-450 content,

2. New Zealand white rabbits were bought from local food suppliers.

They were mature (5 to 9 Ibs.) and the females were nulligravid.
Their diet was Triangle Special Rabbit Diet, Traingle Milling Co.,
Hillsboro, Oregon, except for one pair which received Alber's Rabbit

Greens. The rabbifts were fasted 24 hours before death.

lLuminal, 160 mg./ml., Winthrop Laboratories, New York
2Sigma Chemical Corp., St. Louis, Mo., 25 mg./ml. sesame oil

3a gi ft from Geigy Pharmaceuticals, Ardsley, New York, 100 mg./ml.
sesame of |
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3. Livers from rhesus monkeys from the colony at the Oregon

Regional Primate Research CenTe; were quick-frozen and brought fo
our laboratory for processing. Thése Tissues were used within

4 to é weeks. The daily diet of adult animals was‘Purina-nonkey
chow and apples were offered éT biweekly intervals. Gravid monkeys
received a daily multi-vitamin supplemen+| and non-breeder adults
ate cabbage each week instead of vitamins. For the first ftwo days
of |ife, newborn monkeys were maintained on 5% glucose in water
with additions, for 2 to 3 days thereafter, of Similac? formula.
After 30 days, apples, bananas and Purina chow were added, and
after 90 days, no Similac was fed.

4. Tissue from three human anencephalic infants was excised and

dbfék:frozen within 30 minutes after clinical death and prepared
within 4 weeks. Appropriate consent had been obtained. The

related pregnancies were of 37 to 45 weeks duration; Cases No. 3

and 4 in prior reports (19,69) and L.B., Case No. 5, was a 5 Ib. 7 oz.

female delivered after 43 weeks gestation; the former were males.

B. PreparaTion of tissue,

}. Total microsomes.

All of the livers from rats and rabbits were perfused with
0.25 M sucrose after they were blotted and weighed but the livers or
organs from other species were only washed with sucrose before blofTing
and weighing them. Perfusion was incorporated fo remove hemoglobin

prior to homogenization.

IUnicap, chewab el Upjohn Co., Kalamazoo, Michigan

2SimilacR, Ross Laboratories, Columbus, Ohio
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All specimens, except rhesus livers, were minced with scissors
and homogenized in 0.88 M’suérose (f/S;w/v)’by means of three complete
excursions of a teflon pestle driven at 400 rpm. inside a glass
homogenizer (1.25%1072 mm. of clearance). The‘rﬁesus liver was homo-
genized in 0.25 M sucrose (1/2;w/v) in a Virtis "45" apparatus for two
minutes. The nuclei and mitochondria were sedimented simultaneously
by centrifuging at 10,000 g for 35 minQTes. The supernatant was

- recentrifuged after dilution to isotonic osmolarity with 5 volumes of
0.04 M KCI.'_ The combined pellets were suspended in 0.1 ¥ sodium
phosphafe‘buffef,-pH 7.4 (2/1;v/w fresh tissue) for mitochondrial
enzymatic studies.

The 10,000 g supernatant was centrifuged at 78 ;000 & (rave
in a Spinlo #30 rotor at 30,000 rpm.) for 60 minutes. The resulting
supernatant was retained for appropriate determinations. The sedimented
total microsomal fraction was resuspended in 0.1 ¥ phosphafe buffer,
pH 7.4 (1/1;v/w fresh tissue) for incubation experiments,

2. Microsomal subfractions.

The procedure to separate microsomes into smooth and rough
subfractions was based on those of Mason et al. (105) and Fouts (48).
A suspension‘of the total microsomal fraction in 3 to 4 volumes of a
0.88 M sucrose and 0.04 M KCL mixture (1/5;v/v) was carefully layered
over 2 mt, of |f42 M sucrose and centrifuged at (05,000 g (rave. in a

Spinco #40 rotor at 40,000 rpm.) for 8 hours. The smooth microsomal

subfraction was aspiraTed along with the 1.42 M sucrose and the rough

A single 10,000 g centrifugation was used for livers from two humans
and the rat preparations related to lyophilization, age effects,
and the effect of delays after the preparation of microsomal
fractions.
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microsomal pellet dislngea by gentle washing from the fransparent
glycogen layer underneath. The smooth subfraction waé resusﬁended in
3 to 5 volumes of 0.04 M KCI and the rngh subfraction in | to 2 volumes
of the 0.88 M sucrOse—Q.O4 M KC| mixture. Both subfractions were
resedimented by centrifuging at 78;000 g for 60 minuTes; The final
homogenates of the pellets in 0.1 M phosphate buffer pH 7.4 had a
protein concentration of 5 to 15 mg./ml. Figures No: | and 2 are
electron phofomicrbgraphs to substantiate the separation achieved.
For the experiménfs to test the effect bf'debxychol'amI on
the enzymatic activities, total microsomal fractions represen+iné 2 g.
fresh liver/ml. were ftreated as follows:
. DOC - Crystalline sodium deoxycholate, 0.5 mg./mg. protein,
was dissolved in the microsomal solution (60 mg. prot.) at room
temperature by gentle shaking. After 30 minutes, the ciear protein
solution was pipetted onto a Sephadex G-25-fine columnz, ClZ: 5L G5
2.2x15 cm.) and eluted with 0.1 M phosphéTe bﬁffér, pH 7.4, The mid-
portion of the eluate (10 to 12 ml.) was collected for the analyses.3
All of the samples were prepared as described‘excep+, of course,
for initial procedures that are described now.
B ﬁz— A 15 mi. centrifuge tube containing the microsomal fraction
was closed with a tight-fitting multiple-dose vial stopper penetrated

by three stainless steel needles. Affer 5 minutes of a constant

'Sigma Chemical Co., St. Louis, Mo.
2Pharmacia Fine Chemicals, Inc., Piscataway, N.J.

30, J.L. Gaylor gave valuable advise about this system and granted
permission to use the columns,



Figure No. 1. Micrograph of the subcellular fraction designated
smooth microsomal fraction. Very few dense ribosomal particles
are observed. Fractions were fixed in osmium tetré.oxide, dehy-
drated rapidly in a series of graded ethanol solutions (4° C.), and
embedded in Epon 812. Sections cut on a LKB Ultratome were

stained with uranyl acetate and 'lead citrate and viewed in an RCA

EMU-3F electron microscope. X48.000.

Figure No. 2. Micrograph of the subcellular fraction designated
rough microsomal fraction. Nearly all the vesicles are character-

ized by attached ribosomal particlés. X48. 800.
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flow of purified N, merely brisk enough fo stir the soquion, the
deoxycholate crystals were introduced by means of a N, filled

syringe info the solution; the N, exifed through the remaining
needle. The needles were withdrawn at the beginning of the 30 minute
DOC treatment leaving the N, atmosphere during the gentle agitation
which followed.. Thereafter the cleared solution was chromatographed

as described above.

3. Propylene glycol - Propylene glycol, 0.25 ml., corresponding
to the vehicle for the steroid substrates, wés ﬁipeffed and stirred
intfo appropriate microsomal fractions. The DOC treatment and
chromatography followed.

4. Steroid in propylene glycol - DHA or androstenedicne, 6.25 mg.

fn CUeZo mle Qf prépylene glycol were either pipetted and treated
with DOC in air as in preparation 3, or introduced into the
microsomes in a N, atmosphere from a Np-filled syringe. For the
latter pfocedure, the DOC was then poured into the syringe which
was reflushed with N, and the microsomal solution containing the
steroid in propylene g]ycol was aspirated and mixed with the DOC
in Thé syringe. The solution was left in the N, atmosphere of the
centrifuge tube for 30 mfnufes as described above. Thereafter,
the solution was chromatographed on the Sephadex column as
described., -
Lyophilized microsomes were prepared using a system of cylindrical
flasks suifable for tissue and one for a moisture frap immersed in an

ethanol-dry ice bath and coupled to a vacuum pump and pressure indicator.



26
Approximately 50 ml. of the microsomal solutions could be lyophilized
in 3 to 4 hours. The powder was weighed and usually stored in vacuo
at -14°C. The weight of lyophilized microsomal powder from | g. of
fresh fissue was usually about 40 mg.

C. Chemical methods.

A. "Protein content.

The protein content of all Tissue‘fracfions was défermined by
the biuret method described forrserum protein determinations (61). |
The respechve volumes of mitochondrial, microsomal and supernatant
fractions pipefted for analysis were 0,025, 0.20, and 6.40 ml. After
incubation in the presence of 0.2 ml. of 2% sodium deoxycholate for
two hours at 37°C, enough 0.9% NaCl was added to make | ml, After
addition of 4.0 ml. of 0.45 M NaOH to another sample, the tubes were
left at room temperature for 30 minutes before reading the absorbancies
at 540 mu in a Zeiss PMQ 1|1 spectrophotometer. Simultaneous duplicate
determinations of 4.0 mg. each of‘crysfalline bovine serum albumin
provided the reference value: Each mixture of biuret reagent had been
Tgsfed with the reference standard to establish its reliability.

From‘72 duplicafe deTerminaTiohs of serum albumin at the 4.0 mg. level,
the sensiTivay was calculated as 0.07 ﬁg. and the precision as * 0.12 mg.
(3.05)2 (11,141,

. 2. RNA content.

The RNA content of smooth and rough microsomal subfractions was

determined by using the orcinol reaction for pentose (15,28). About

'Mann Research Laboratories, fnc., N.Y., N.Y,

%See Table No. 2 (p. 27) for the formulas



Table No. 2. Reliability of the colorimetric procedures.
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2 mg. of microsomal protein were precipitated in 5 mi. of efhanol and
centrifuged for ten minutes at 2,000 TpMs. in an International Model V
centrifuge. After decanting the supernatant, the pellet was washéd

with 5 ml, of deionized water to remove glycogen and the mixture was
recenfrifuged. The supernatant was aspirated énd the pellet was treated
with 2.8 nml. &f lO%‘perchIoric acid and heated for 20 minutes at 70°C.
After cooling and recentrifugation, the supernatant was saved and the
hydrolysis was repeated. rThe.Comﬁined supernafanfs'were di luted with
deionized water up to 12.5 mi. To duplicate 2.5 ml, samples, 2.5 ml.

of orcinol reagent was added and the mixfures'were heated for 40 minutes
in a boiling water bath., Aftfer cooling, the colér comp lex was e*TracTed
bsing 2:5 mls ©f Isoémyl alcohol with repeated inversion of the stoppered
tubes. After centrifugation, the absorbancies were détermined at

675 mu using appropriate blank samples and the values were compared to
those given by 10 mg., samples of.D—ribose.

From 28 duplicate determinations at the 10.0 pg. level, the
sensitivity was calculated as 0.02 ug. and the precision as * 0.03 ug.
(0.3%). The RNA content was calculated by mul+iblying the ribose
éonfenf by 3.76, the reciprocal of the average ratio of the optical
densi+ies of | ng. of RNA and | ug. of rfbose.

D. Enzymetic methods .

. Succinic-cytochrome ¢ reductase.

Solutions of miTochondEIal, microsomal and supernatant fractions
equivalent to 0.0125, 0.10 and 0.025 g. of fresh tissue/ml. in 0.1 M
phosphate buffer pH 7.4 were prepafed. For the determinations of

enzyme activity, 0.05, 0.1, and 0.1 ml.,, respectively, of the solutions
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were pipetted into two 10x0.5x4.0 cm. quartz cuvettes (the volumes
correspond to 6.25xl0’”, leO‘z, and 2.5x|0‘3'g. of fresh liver for the

mitochondrial, microsomal, and supernatant fractions, respectively).

!

Together with 1.0 ﬂmole of KCN (0.10 ml.) and 1.0 mg. cytochrome e
(0.10 ml.), enough 0.02 M phosphate buffer pH 7.4 was added fo make a
fotal volume of 0.4 ml. To the reference cuvette, 0.50 ml. of phosphate
buffer was added and in the sample cuveTTé 5.0 ﬁmoles of éuccinafe'in
phosphate buffer (0,50 ml.) wa§ placed and mixed with a transfer

pipeffe at time zero. Spectrophofometric readings at 550 mu corresponding
to the reduction of cytochrome ¢ at room temperature wére made at

30 second intervals and the mumoles reduced were calculated faking the
difference between the molar extinction coefficients of the oxidized

and reduced cyfochromé e as 1.97x10" cm™1p-1(63)., Activity is expressed
as mumoles/mg./minute.

2. Cytochrome P-450,

One ml. of a microsomal protein solution containing 2 to 3 mg./ml.
was pipetted info fwo 0.5x!.0x4.0 cm. quartz cuvettes which were placed
info a Cary model 14 recording spectrophotometer equipped with a
scafTered Transmission attachment and a high-intensity quartz lamp
opera+ed at 70 volts. After the absorbéncy difference had been adjusted
to zero, CO was bubbled into the sample solution for 20 seconds before
several crysfals of sodium dithionite were dissolved in both cuvettes
and mixed with a fransfer pipeTTeé. The differeﬁce specfrum betwsen

500 to 400 my was recorded and the absorbancy at 450 mp minus that at

lType'lll from horse heart, Sigma Chemical Co., St. Louis, Mo.
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490 mﬁ and the molar extinction coefficient 91 cm.”!m¥ ! were used to
calculate the cytochrome P-450 content (28;{18).

fn the e%perimenTé testing the inhibifion of P-450 in The

presence of’SU—9055; various amounts of the latter were added to the
sample cuvette in 0.1 ml, of 1073 M tartaric acid. The same volume of
tartaric acid was added to the reference cuvette 1o prepare the
di fference-spectra system,

3. Acetanilide p~-hydroxylase activity.

Between | to 3 mg. (0.20 ml.) microsomal profefnvwas incubated
in a 25 ml. Erlenmeyer flask with 4.0 mmoles (0.1 ml.) acetani|ide!
in 0.04 M Tfis buffer, pH 8.2, 2.0 ﬁmoles (0.10 ml.) NADF;H2 in deionized
water, and 0.60 ml. Tris buffer for 30 minutes with shaking in an air
atmosphere in a water bath at 37°C. Duplicate samples and a flask
without acetanilide were inéuba#ed and 4.0nmmoles of acetanilide was
added to the blank after the reactions were stopped by adding 0.10 ml.
of 20% trichloracetic acid. The solubility coefficient ;f +ge product
was decreasé; by the addition of 0.5 g. of crystalline NaCl and the
p—hydroxyace+anilide was exfracféd into 10 ml, of a solution of amyl
alcohol-ether (I.5/IQO). Each flask was'sfoppefed'immediafely to
retard evaporation and swirled several Tfmes. After five minutes,
8 ml. of the 9.7 ml. ether phase was pipetted into 4.5 ml. of 0.10 M
NaOH in a 25 ml. separatory funnel; The NaOH phase (4.7 ml.) was

drained into a test tube where 1.0 ml. of a mixture of 1:5 Folin-

'Mallinckrodt Chemical Works, St. Louis, Mo.

2Triphosphopyridine nUcIeonde, reduced form, Disodium salt, Sigma
Chemica! Co., St. lLouis, Mo., General Biochemicals, Chagrin
Falts, Ohio :
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Ciocalteu reagent; deionized water was added and inverted immediately.
The blue color developed during a 30 minute reaction time in a 37°C
water bath., The absorbancy at 765 mp (see Figure No. 3) was compared

I although

to that given by 0,10 and 0.30 ﬁmoles of ?—hydroxyace#anilide
the wave length used in the reported method was 691. The average value
of duplicate samples minus the value of the blank were.used to calculate
the rate which was expressed a5>p—hydroxyéce+anilide formed in
mumoles/mg. protein/minute (90).

From 28 duplicate determinations at the 0.10 umo[e level and
25 determinations at the 0.30 pymole level, the respecf?ve sensitivities
were 2.0 mumoles and 0.70 mumoles and the precision values were * 2.9

mumoles (2.9%) and * 0.90 mumoles (0.3%).

4, Aminopyrine N-demethylase activity.

Between | to 3 mg. (0.20 ml.) of microsomal protein was incubated
ina 25 ml, Erlenmeyer flask with 5.0 mmole.s.\aminopyriﬁe2 (I.O'm!. in
0.05 Tris buffer, pH 7.5), 2.0 umoles (0.10 ml.) NADPH, and 0.70 mi.
Tris buffer. AfTef 20 minutes incubation with shaking in air at - g =
the reactions were stopped by addiné 0.25 ml. of 25% zinc sulfate and
6.25 mi. of safurafed barium hydroxide. Duplicate sample§ and a flask
without aminopyriné were incubated and 5.0 mmoles of aminopyrine was
added terminally to the blank and 1.0 mi. of Tris buffer to each
sample. The mixtures were decanted into centrifuge tubes for sedimenta-

tion of the residues. The 3.0 ml. supernatants reacted in stoppered

IEasTman Organic Chemicals, Rochester, N.Y.

% & K Laboratories, fnc., Hollywood, California



Figure No. 3. Spectra of p-hydroxyacetanilide and acetanilide

(100 mimoles/2.3 ml.) in Folin- Ciocalteu reagentc'
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tubes with 3.0 ml. of formaldehyde reagent for 40 minutes at 37°C.

The absorbancies at 412 mﬁ were compared to those given by 4.0 and

8.0 pg. of formaldehyde treated simultaneously. The average value of
duplicate samples minus The value of the blank were used to calculate

the rate which was expressed as formaldehyde formed in mumoles/mg.
prbfein/minufe (111,120), From 20 duplicate determinations at the

4,0 and 8.0 Hg. levels, the respective sensitivities were O0.11 ug. and
0.22 pg., and the precisions were * 0.13 pg. (3.3%) and * 0.26 ug. (3.3%).

5. - Steroid hydroxylase activity.

In prelfminary expérimen+s with the |6a-hydroxylase system,
the incubation conditions for microsomal fractions were adopted from
previocus studies with Jiver slices (16). The basic incubation mixture
contained 8.65 umoles of DHA in O.1 ml. propylene glycol, microsomes
(fresh or lyophilized) equivalent to 0.3 to 1.0 g. fresh liver in
5 ml. of 0.25 M sucrose, 4.16 umoles of NADPH and [5.0 ml. of Krebs-
Ringer phosphate, and the reacfion was carried out at 37°C with shaking
in air for 2.5 hours. These conditions were used, with slight modifica-
tions as indicated in the text, for all studies with Iyophilized
microsomes and with those obtained from the rhesus and the rats in the
sfgdy of age effects and substrate specificity. Incubation conditions
were constant within any set of experiments.

Optimal incubation conditions for the steroid hydroxylase
system were determined experimentally for hepatic microsomal systems
and they were utilized for the remaining experiments. The final .

6.0 mt. mixfure in a 23 ml. Erlenmeyef flask consisted of | to 3 mg.

of microsomal protein, 1.09 umoles of DHA in 0.1 ml. of propylene
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glycol (1.83x107% M in The'incubafion mixture), 12.2 umoles of NADPH in
0.6 ml. of deionized water, and Pts.] m!; of KrebSeRjnger.phosbhafe
buffer, pH 7.4. The contents were incubated for 30 minutes with

shaking in air at 37°C and the reaction was stopped by placingyfhe
flasks in crushed ice. Control incubation mi%fhres with substrate
added terminally were always included; Results from control flasks
thus prepared were the same as when the substrate was incubated with
tissue that had been inactivated by boiling for three minutes. The
substrate cohcenfrafionhof |.83xI107™" M (Y.O9fumoles) was chosen as the
optimal bne because the effect of doubling that concentration '
repfesenfed only about a. 20% ihcrease‘in activity in both the lyophilized
and fresh microscomal fracfions‘(see Figure No. 4). Recovery experiments
of DHA or 16a~-0H-DHA after the incubations showed that 70 To 90% of
The added substrate remained unmetabolized and Thaf most ofifhe added
product also could be recovered. The microsomal solutions prepared
equivalent ta | g. fresh tissue/ml. were usea for the incubation studies
immediately after their preparation, to prevent deterioration in the
enzymatic activities. Therefore, it was not possible to use a constant
amount of'pEofein. Since the reaction wés linear to 4.3 mg; of micro-
somal protein, the rahge l To 4 mg. was used as the optimum amount. An
excess of NADPH was added to insure maximum rates. Alfhough addition
of 6.1 umoles of NADPH gave maximal rates of l6a—hydroxyla+ion.in two
experiments, that amount was doubled to 12.2 ﬁmoles to insure an excess
for all tissue preparations. No inhibition was observed in the presence
of an excess of cofactor and the pH of the mixture did not change

from 7.4 during the reaction period. A comparison of the rates reported



Figure No. 4. Rates (mimoles/mg. /min.) of 7q- and 16a-hy-
droxylation of different amounts of DHA by rat liver mi(;rosorneso
Conditions: 30 min. incubations at 37° C. of a mixture of

DHA, 12 umoles NADPH, 1-4 mg. microsomal protein and

5.1 ml. of buffer - final volume 6 mil.
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forrl6a—hydroxylaffon by slices with those by microsomes shows that the
latter have a hjgher rate of fransformation in short periods of incuba-
tion (see Figure No. 5). :Infervafsvof-SO minutes were chosen because

in that period the rate of subs+ra+e Q+11i2a+ion was low; enough proaucT
had accumulated for accurate colo}imefry and li%%le product was
metabolized in that period. Therefore, the rates reported as mumo [ es

of 16a-0H-DHA formed/mg. ﬁicrosomal protein/minute represent net rates
for the described conditions and not necessarily initial rates,
especially in the experiments where the microsomal enzymatic activities
were sfim&laTed By drug ftreatments. The rates afe uncorrected.

In the incubations that tested the effects of aminopyrine,
SU-9055, KCN, and CO on the enzymatic activities, fhe-former three
compguﬁas,(amounfs given in the Results section) were added as the
last reagent. Experiments with CO were done in a ventilated hood
using a bell jar to mix the CO and O, (4:1) which were quantitated by
flow meters. The Wafburg flasks were wrapped in aluminum foil fo
prevent light inferference. The system containing microsomes, substrate
. and’buffer in the flask‘and NADPH in The side-arm was.flushed by
bubbling the gas mixture into the solutions for one minute prior to
closing and mixing them, Each flask was unstoppered and reflushed
with the gas mixfture at ten minute intervals during the incubation.

The extraction method used for rhesus liver (3 extractions
with boiling acefone and 3 more with chloroform), was adopted from
studies with slices. However, the rates of recovery of added
[6a~0H-DHA (18 ug.) from incubation mediz was 87 to 103% when only

two 40 ml. chloroform extractions were made (see Table No. 3). The



Figure No. 5. Rates (mmoles/mg. /min.) of 16a-hydroxylation
of DHA for different durations of incubation by lyophilized liver

microsomes from male rats. The incubation mixture contained
1. 09 umoles DHA, 6.24 umoles NADPH and microsomal powder
equivalent to 0.328 g. of fresh tissue in Krebs-Ringer phosphate

pH 7.4 - total volume 5.4 ml.
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Table No. 3. Recovery of 1éa- OH DHA added to different micro-

somal-tissue mixtures.
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RECOVERY OF 160-OH-DHA ADDED TO DIFFERENT
MICROSOMAL-TISSUE MIXTURES

18 ug. added 313 ug. added
Mixture * Mg. recovered % | Mg. recovered %
Unincubated tissue 18.4 103 252 81
Boiled tissue 16,5 92 = =
Incubated tissue 15.6 87 157 50
Before incubation 10,2 66 69 22
(30 min. )

¥2.5 to 3.48 mg. protein, 12 umoles NADPH, KRP buffer,
pH 7.4, and the steroid in 6 ml,
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latter extraction procedure was adopted for subsequent experiments,
The combfned chloroform extracts were washed with waTer; dried with
9.0 g. of anhydrous sodium sul fate, filtered and evaporated in an all-
glass Blchi rotary evaporator.

For most of the experiments with rhesus liver and all of those
using lyophilized preparations, including the age and substrate studies
with rat liver, the producT_Was quantitated as the crude residue.
Subsequently, however, they were dissolved in 0.1 ml. of methanol and
applied in 4 adjacent lanes onto 0.025 mm. layers of silica gel 6!
ac+fva+ed at 120°C for one héur. The 20x20 cm. plates were develobed
in system C [ethyl acetate-cyclohexane, 50:50 (98)], system B [ethyl
acetate-n-hexane-ethanol, 80:15:5 (99)7], or system M [ethyl acetate-n-
hexane-acetic acid, 75:20:5 (98)] fto a distance of 15 cm. Inspection
with a Chromatovue scanner systematically revealed no produ&fs absorbing
ultraviolet IighT. One lane ffom each residue and appropriate amounts
of reference»compougds were spréyed in a ventilated hood with a bicric
.acid reagenT f§t 3B-hydroxy-A>-steroids [100 mg. of picric acid in
36 mi. of glacia!l acetic acid and 6 ml. of 70% perchioric acid (40) 7.
The colors developed maximally when the plate was warmed. Photographic
records of all plates were obtained using Polaroid color film type 48
(see Figure No. 6). Areas of silica gel within the remaining lanes that
represenféd 75% of the incubation products and a blank area were

scraped off for elution and quantitation. The elution usually consisted

lE. Merck A.G., Darmstadt, Germany



Figure No. 6. Photograph of a thin-layer chromatogram contain-
ing one-fourth of the residue from representative incubations of a
hepatic microsomal fraction with steroid. The spots, which develop
aftel; spraying with picric reagent, represent (in lane 3-reference
steroids, from tAhe bottom of the photograph, upward) about 5 Mg. of

7a- OH-DHA, 73-OH-DHA, l6g-OH-DHA, and DHA.
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of two extractions with 2 ml of 95%’aq; methanol (45) followed each
time by cen+rifuga+ion; Recoveriés of the [6a- and 7a—hydro¥y products
from the silica gel ranged from 87 to 97%. Duplicate aliquots were
eQaporaTed in vacuo for colorimetric analysis with the blue tetrazolium
(B wreact iom- fBr l6d-OH—DHA (47) and nodificaffons of the Lifschutz

reaction (94,95) for the 7-hydroxylated epimers of DHA.

a. DHA [6o-hydroxylase activity. The product (Cl},

labeled l6a—OH—DHA, was identified in thin-layer chromatography ey
élua+es by a correspéndence with the referenée'compdund in three TLC
sys+ems-as the free alcohol (The RF's in systems B; C; and M weré 0;68,
0.23, and 0.53) and in paper system ExI [2,2,4-+rime+hy|pen+ane:me+hanol:_
water (10:9:1 by vol.)] (39) as the acetylated derivative (RF 0.55) and
by the spectral characteristics In concentrated sulfuric acid and
in the Oertel-Eik-Nes reaction (117) at 15 minufes-and two hours (see
Table No. 4 and 5). The product gave a posiTiVe colorimetric response
to the picrie acid, Pettenkofer and BT reageﬁfs sprayed on the chromato-
grams.

For quantitation, 0.175 ml. of a solution of 0.07% blue tetra-
zolium reagent in 95% ethano! (w/v) and 0.125 ml. of afsolu+ion of 1%
+e+rame+hylammonium hydroxide in 90% ethano! (w/v) reacted with the
residue for one hour at 25°C. Two ml. of 1% acetic acid (v/v) in
50% ethanol was added and the absorbancies at 480, 520 and 560 were

read permitting application of Allen's correction [A corrected =

520

2(A__ ) - (A’ + A__)]. Comparison of the corrected absorbancies,
520 480 560 :

minus the values for silica gel blanks, with those given by duplicate

samples of [5.2 ﬁg. of reference steroid permi+Ted calculations of



Table No, 4. Spectral data obtained from the reaction of concen~-
trated sulfuric acid (1.0 ml. mixture - 2 hrs. at room tempera-.
ture) with pure 16q- OH-DHA and product C isolated from incuba-

tion mixtures of hepatic microsomal fractions.



SPECTRAL DATA* FROM l6a- OH-DHA AND PRODUCT C FROM
INCUBATIONS OF HEPATIC MICROSOMAL FRACTIONS.

K 16a- OH-DHA (= 6 ug.) Product C (= 7 ug.)
m ; Absorbancy m ; Absorbancy

( 570; 0.161 570; 0.114

(¥ P . 490; 0.128 470; 0.131
( 376; 0.326 375; 0.301

( 270; 0.129 270; 0.128

( 510; 0.131 520; 0.103

Mok ( 450; 0.113 450; 0.128
i ( 315; 0.172 315; 0.129
( 230; 0.068 260; 0.119

* Corrected for the silica gel blank.



Table No. 5. Spectral data in Oertel- Eik-Nes reaction (2 ml. )
for 160-OH-DHA and product C isolated from incubation mixtures

of hepatic microsomal fractions and DHA.
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SPECTRAL DATA IN THE OERTEL-EIK-NES REACTION (2 ML.)
FOR l6a-OH-DHA AND PRODUCT C.

l160- OH-DHA'!

" (15 min. period) M ; Absorbancy
( 615; 0.087
Maxima ( 405; 0.414
( 380; 0.330 (1)
Minima { 450; 0,021

(120 min. period)

( 615; 0.
Maxima ( 405; 0.
( 380; 0.
Minima ( 450; 0.

351
139 (1)
279

039

Product C*

m

Absorbancy

610;
405;
380;

440;

615;
405;
380;

440;

0.032
0.109
0.100 (I)

0.029 .

0.068
0.069 (I)
0.087

0. 040

1. 12 ug. of reference steroid.

A -

2. Represents 1/26 of the yield of the following incubation:
4 mg. DHA, 192 mg. microsomal protein, 154 umoles NADPH,
and 97.6 ml. of buffer - total volume 121.6 ml; duration 2.5
hrs. The absorbancies of the product eluted from the 167~ OH-
DHA zone (Rp = 0.23 - System C) in TLC were corrected by
subtracting readings obtained from a comparable incubation

without DHA,
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hydroxylation rates which are expressed as mﬁmoles 6f | 6a~0H-DHA
formed/mg. protein/minute (47). The molar extinction coefficient of
pure |60-0H-DHA is 13,164 em.~1 M "1 in the BT reagent. From 74
~duplicate determinations at the 15.2 ﬁg. level, the sensitivity was
0.11 pg. and the precision was * 0,28 ﬁg. (1.9%).

For the detection of the [6a-hydroxylated products when
di fferent substrates were incubated, the BT reaction was used sys+ema+i;
cally and the resﬁlfs are expréssed wiTh‘referénce to |6a=-0H-DHA, '

.b. DHA 7-hydroxylase activity. The evidence for the

identification of 7a-, and 78-OH-DHA is given for boTh.compounds_in
the Results section where the formation of the latter compound, as a
new hydroxylation of a sTeréid hormone in vitro, is described.

For quan‘l’ffafiqn%of each 7-hydroxy ep.irﬁer of DHA, 1.0 ml. of
freshly pre-mixed Peffenkofer reagent was added to duplicate evaporated
aliquots. The reagent is composed of a mixture (1:5:15 v/v) of glacial
acetic acid, 1% furaldehyde (in acetic acid;wafer/50:50) and 17 N
sulfuric acid (75). The resulting color with ffs maximum absorbance
at 580 mp was stable between 10 and 20 minu%es thereafter (see Figure
No. 7). The absorb;ncies at 555, 580 and 605vwere read in the fen
minute interval and the corrected absorEancy was comparéd to values
determined similarly with different amounts of pure 7a-, and 78-OH-DHA
which exhibited linear responses to |0 ug./ml., the maximum amount cof
each tested (see Figure No. 8). The respective molar extinction
coefficients at 580 ﬁu were 17,580 cm.”! ! for the Ta-hydroxy _

compound and 19,800 cm.”! M1 for the 78-hydroxy epimer.

/



Figure No. 7. Effect of time on the modified Lifschiitz reaction
with the 7-hydroxy-epimers of dehydroepiandrosterone (5 jg. /

ml.). The absorbancies represent corrected values.
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Figure No. 8. Linearity of the modified Lifschiitz reaction
with the 7-hydroxy-epimers of dehydroepiandrosterone.

The absorbancies represent corrected values.
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6. Materials for steroid hydroxylase studies.

‘Steroids: With the exception of 16a-OH-DHA, the compounds were
gi fts to Dr. Colas of purchased from commercial suppliers. These
steroids were used without further purification after checking, in
some instances, melting points and their spectral properties.

DHA, Schering Co., Berlin; M.P. 151.5 to 152.5°C was dissolved
in propylene glycol (1.09 umoles/0.| ml.) as the usual substrate
solution.

|6a-0H-DHA, supplied by Dr.ﬁCoIés from a lot prepared from
synthetic 38, 16a, |7a-trihydroxypregn-5-en-20-one by periodate oxida-
tiom M.P. .4B> 4o [1BB°C.

7a-0OH~DHA was given by Dr. David K.VFukushima, M.P. 174 to
180°C,

7a—diace+oxydehydroepiandros+efone was given by Dr. R.M. Dodson,
M.P. 168 to 170°C.

78-OH-DHA was given by Dr. R.M. Dodson, M.P. 215 to 215.5°C.

7—ke+O*DHA was givén by Dr. W. Klyne from the Medical Research
Qouncil Steroid Reference Collection, M.P.-232 iic 234°¢:

Androstenedione, obtained from Calbiochem, Los Angeles,
California, Lot 32522,

Androsterone, obtained from Sigme Chemical Co., Lot No. A. 105-1.

ETiochblanolone, given by Dr. W. Klyne from the MRC Reference
Steroid Collection. |

3g-hydroxy-5a-androstan-17-one, given by Dr. W. Klyne and the

MRC Reference Steroid Collection.
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3B-hydroxy-5B-androstan-|7-one, given by Dr. W. Klyne and the
MRC Reference Steroid Collection.

Estrone, obtained from Sigma Chemical Co., St. Louis, Mo;,

Lot No. E95-44, M.P. 260°C.

Reagents: Chemicals were reagent grade except for methanol
which was spectral grade and chloroform which was washed and redistilled
CI152)., >The mid-portion of the third distillate at reduced pressure of
2-furaldehyde was stored at -14°C. A solution of 1% (v/v) in 50% acetic
acid (w/v) was stable at 4°C. The tetramethyl-ammonium hydroxide
.solufionl, was 1% (w/v) in 90% ethanol. Blue tetrazoliu reagent
[3:3' - dianisolebis - 4:4' (3:5-diphenyl) tetrazolium chloride]?
was a 0.07% (w/v) solution in 95% ethanol. SU-90552, [3-(1,2,3,4-
tetrahydro-!-oxo-2 naphthyl)-pyridine] was dissolved in 1072 M
tartaric acid. The crystalline human chorionic gonadofrophin (Hee)
in a vial containing 5000 1.U. was‘weighed aﬁd portions gorrgsponding
to 100 and 560 |.U. were weighea and dissolved in the incubation media.

_E. Miscellaneous procedures,

Melting points (uncorrected) were obtained using a Kofler hot
stage microscope. Infrared specTra’of steroids in‘KI pellets were

determined with a Perkin-Elmer Model 221 instrument utilizing KB-015

microframes>. Acetylation of steroids was done overnight at room

'Eastman Organic Chemicals, Rochester, N.Y.
2Mann Research Laboratories, lnc.; N.Y., N.Y.
3p gift from CIBA Pharmaceutical Co., Summit, N.J.

4Upjohn Co., Kalamazoo, Michigan

,SWesTern Scientific Associates, San Ramén, California
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temperature in O.1 ml. ace+ic anhydride and 0.1 ml. of pyridine.

The Oertel-Eik-Nes reaction (117) was at room femperature uging 2! \mllis
of reagent (sulfuric acid:ethanol/!:2). At |5 and 120 minutes there-
affer, the specffum was read in a Cary mode! |5 recording spectro-
photometer. The concentrated sulfuric acid gpeéTra were read affer a
two-hour reaction at room +emperafuré; Tﬁe microanalytical Zimmerman
reacfion (154) was modified Tovu+flize 95% ethanol for the preparation
of the reagents and no ascorbic acid was added to stabilize the 2.5
KOH. The Peffenkofef reaction (75) was also ddné uéing % furaldehyde-
acetic écid mixture and 17 ¥ sulfuric acid but wifh heaTing for

12 minutes at 67°C.‘

Additional reagents for idenTificaTion'of compounds on thin-
layer chromatograms and the conditions for color development include:

I. Anisaldehyde reagent - % (w/v) solution of distilled
anisaldehyde in glaciai acetic acid to which 2% (v/v) of concentrated ‘
~ sulfuric acid was added immediately prior Té spraying. Thereafter,
the plates were heated about 6 to 8 minutes at 85°C (97).

2. Antimony-trichioride reagent - 20% (w/v) solution of anti-
mony trichloride in CHIoroform. After spraying the chromafbgraphed
residues, the plates were heated to 85°C for |5 minutes (113).

3. Pettenkofer reagent - (the prepéraTion is described in the
section on quantitation) The plafes were sprayed and heated to 85°C
for 6 minutes (18).

4. Blue tetrazolium reagent —'a mixture (1:9) of 1% (w/V)
solution of blue TeTfazoIium in distilled wafer‘and a 2 N NaOH in
methanol was freshly prepared and sprayed on the plates which were then

heated to 85°C for 5 minutes (115),
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11, RESULTS

The organization of this section répghly fol lows the experi-
mental design which included studies of biclogical differences of
microsomal hydroxylations and N-demethylation and alfera+ion; in the
rat, of those enzymatic activities after drug treatment. Other experi-
ments tested séﬁe kinefic parameters in the relationship between the
enzymes. Also, physicochemical alferation of the membranes with deoxy-
cholate, a non-ionic detergent, was the basis for another type of
comparison. Finally, the isolation and identification of 78-hydroxylation
of DHA as a new transformation in vitro of a steroid hormone is described.

A.. Microsomal hydroxylation and N-demethylation.

The body and liver weights of the rats, and the protein contents
of the hepatic subcellular frachons are in Tébleé No. 6 (total micro-
somal preparations) and 7 (subfractions). The data in those tables
represent separate sets of experiments but they contain duplicé+e

'observafions.fér sone'paramefers such as the weight of the organs
after the drug treatments. Except for the experiments with pheﬁo-
barbital, where'some animals died prema+ure|y,-éll of the vafueé in
Section A represent at least duplicate exberimenfs done on separate

days with at least two adult animals in each experiment.

. Protein, RNA, and cytochrome P-450 contents and succinic-

cytochrome ¢ reductase activity.

a. Body weight and protein content. The average wejgh+
of the male animals and their livers was 287 and 12.1 g. respectively

and 175 and 8.8 g. for the females (see.Table-No; 6 which also shows



Table No. 6. Body and liver weights from rats and protein and
cytochrome P-45O contents in microsomal fractions from rat

liver. The values are mean values # standard deviations, if given.
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Table No. 7. Body and liver weights and protein content in smooth
and rough subfractions of microsomes from rat liver. The values

represent mean values + S. D., if given.
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that the livers from animals treated with phenobarbital or 3-methyi-

cholanthrene were heaviér than those from the control rats which
weighed more). ‘The total microsomal p?ofein content/g. liver was
approximately equal in all of the rats, except the fésTed ones which

had a smaller organ and slightly more microsomal‘profe{n/g. fresh liver.
The protein content of the total microsomal fractions from non-fasted
male rats was 14.6 * 3.2 mg./g. fresh tissue (X t S.D.) and the value
for female rats, 1.3 £ |.5,

THe smooth subfractions of liver from fasted and non-fasted
males contained 2.65 * |.8 and |.9] ¢ 0.5 and the values for females
were 3.1 * 2.1 and 3.0 £ |.8 mg./g. |liver (see Table No. 7). These
vaIQes were much smaller and less variable than Thése for the respective
roughﬁéub;raCTions which were 4.1 + 4,0 and 11.28 ¢ 3,] fqr fasted
and non-fasted males and IO.3 t 2.6 and 5.9 * 1,2 respectively for
females, |

The increase in the ftotal microsomal protein/g. liver resulting
from phenobarbital treatment is selectively apparent in the smooth
subfractions of both sexes, to 14.9 mg./g..for males ahd to 8.5 mg./g.
liver for females; however, the content in the rough subfractions from
males was simulTaneousfy'reduced with the phenobarbital freatments
to 7.3 mg./g. Increases over the control values were less marked
when 3-methylcholanthrene or phenylbutazone were injected. Male rat
liver usgally contained more total and rough microsomal profeinvfhan
the female tissue but the latter usually had more ﬁrofein in The
smooth microsomal fracfibn and only the igma!es responded to drug

treatment by also increasing the protein content of their. rough sub-

fractions; it actually decreased in the males.



The smooth subfraction from male rabbit liver contained an
average of 2.8 (range 1.8 to 4.2) mg. profein/é. of fresh tissue and
the rough subfraction had 3.5 (range 3.0 fo 4.2) mg. protein/g. in
three experiments (see Table No. 8). The comparable values for female
rabbits were 3.7 (range 2.4 to 5.0) and 3.3 (range 2.2 to 4.4) mg.
protein/g. of fresh liver. These values represent +he %as+ed's+a+e and
the sums of the smooth and rough fractions are much lower than those
observed from fasted rats.

b. RNA éonfenT, The ribonucleic acid (RNA) content of the
microsomal subfractions was determined fo confirm the accuracy of the
separation of the lighter smooth microsomal membranes from the heavier
rough microsomal membranes, although recent evidence (28) definitely
indicates that significant amounts of RNA are present in the smooth
membranes. Thé rough subfractions, presumably containing the attached
ribosomes, had 79 * 18 pg. RNA/mg. protein compared to 39 * |0 pg./mg. for
smooth subfractions from male rats (see Table No. 9). A similar relation
existed for the females which had 88 * 2] and 55 * |6 ug./mg. protein
respectively for rough and smooth subfractions. The variation amcng The
samples is apparent from the size of the standard deviations and the over-
fap of the extended values; however, when paired values are compared, the
mean difference between rough and smooth subfractions is significant in
- every instance where data from three or more experimeh+5 are avaifable.

The RNA content in the rough and 5moo+h microsomal subfracfions
from male rabbits was 86 vs. 58 ug./mg. protein, respectively (refer back
to Table No. 8). The related values from females were 119 and 81. Both
di fferences were significant at the | or the 5% probability level (33,

100,151).



Table No. 8. Comparison of protein and RNA content, and en-
zymatic transformations by microsomal subfractions of liver

from fasted rats and rabbits.
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Table No. 9. RNA (ug./mg. protein) in microsomal subfractions

from liver of rabbits and rats.
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c. Cytochrome P-450 content. In the total mi crosomal

fractions (fefer back fo Table No. 6), male rats had 0;48 1.0:22 mﬂmoles
of cytochrome P—450/ﬁg. protein and females had 0.40 * O.ZI; The values
from males treated with phenobarbital, 3-methylcholanthrene and phenyl-
butazone were 1.00, 0.77, and 0.48 mumoles/mg. respectively and
represent average‘incréasés of 108, 61, and 0%. Female rats treated
with phenobarbital, 3-methylcholanthrene, and phenylbutazone had an
average of 0,68, 0.78, and 0.33 mumoles of P-450/mg. microsomal protein
representing average increases of 70, 95% by the former agents and a

I18% decrease by phenylbutazone.

d. Succinic-cytochrome e reductase activity. This activity

which characterizes hifochondrial subcel lular fracffons was determined
in an effort to establish the amount of mitochondrial contamination

in microsomal fractions from rat liver. In preparations utilizing a
single 10,000 g centrifugation before further sedimentation, the
respective mean enzymatic rates for cytochrome ¢ reduction by 10,000 g
sediment (mitochondria, unbroken cells, etc.), rough microsomes,

smooth microsomes and supernatant were 124, 25, |5 and 3 mumoles mg.
protein/minute (see Table No. 10). When the 10,000 g supernatant was
diluted to an isotonic solution and.recenfrifuged, those values were
reduced to 94, 4 and 3 respecfivély (the supernatant waé not analyzed).
On the basis of this result, the dilution and recentrifugation procedure
was systematically incorporated inToIThe method for preparation of

microsomal fractions.



Table No. 10. Effect of the second 10, 000 g mak., centrifugation
on the succinic-cytochrome ¢ reductase activity (mimoles/mg,/

min.) in.subcellular fractions of rat liver.
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2.. Subcellular distribufion of steroid enzymatic activities; effect

of lyophilization,

The specific activities of the steroid 7- and |6a-hydroxylase
systems were greatest in the microsomal fraction (see Table No. ll);
In two experimenfé, 48 to 50%_of the total cellular 7&— and J6d—
hydroky!ase activities was detected in the microsomal fraction and
46 to 52% in the IO;OOO g sediment. All of the 7B—hydrokylase activity
was found in the microsomal fraction. Since no attempt was made to
prepare mitochondrial fractions free of microsomes, the observed |6a-
hydroxylase activity in the 10,000 g sediment cannot be ascribed +o-
mi fochondria alone. |

In the earliest experiments with the microsomal |6a-hydroxylase
system, batches of microsomes prepared from several rats were tested
and the remainder wasAimmediaTely lyophilized. After the lyophilized
preparations were observed to retain their |6u-hydroxylase activity
<(ﬁg./g. tissde/hour), they were used to study the optimal incubation
conditions for the hydroxylaTion.(see Table No. 12). The acTiVTTy
per mg. of powder appeared to decrease in the preparations stored in
vacuo at room Tempefafure; hoWéver, most of those stored at -14°C were
stable or increased. Unfortunately, the water content of these
preparations was not measured.

3. Effects of age, sex, species, and substrate modifications.

Liver microsomes from imma+ufe rats of either sex have a low
activity (ﬂg./g./hour) of l6a-hydroxylation. Subsequently, it appears
to develop rapidly in male rats fo a maximum coinciding with sexual
maturation at about S0 to 60 days of age (see Figure No. 9). The

activity was considerably less in liver microsomes from rhesus monkeys



Table No. 11. The 7- and léa-hydroxylation of DHA: subcellular

distribution in liver from male rats.
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Table No. 12. The stability of the 16g-hydroxylase system in
lyophilized micvrosomal fractionéo Preparations A throﬁgh C are
from male rats (A; and A, are from tﬁe sarr'ue fraction) and those
designated H; to H; are from two human male anencephalic fetuses
(Hl and H, are from the same fetus). The incubation mixture was
microsomal powder equivalent to 1 g. tissue, 8.65 umoles of DHA,
4.16 Uumoles NADPH, 5 ml. of 0.25 _I\_/[_ sucrose, and 15 ml. of Krebs-

Ringer-phosphate buffer, pH 7. 4; incubation time, 2.5 hrs.
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Figure No. 9. Age and sex effects upon the 16a-hydroxylation
of DHA by rat liver microsomes. The incubation mixture was
microsomal powder equivalent to 0.5 g. tissue, 4.43 umoles
DHA, 2.08 umoles NADPH, and 5.0 ml. of Krébs-Ringer phos-

phate ;buffer, pH 7. 4; incubation time, 2.5 hours.
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fetuses than that in most of the newborn animals up to six weeks.
Although the values for the latter group varied widely, some were
equivalent to adult values and others were at an intermediate level.
The respective rates for tissue from adult maje and female monkeys
were 34.7 £ 1.0 and 40.5 ¢ 9.6 ug./g./hour (see Table No. 13).]

The mean rates of l6a-hydroxylation by smooth and rough
microsomes from mature rabbits of either sex were comparablie (see
Table No. 8, p.55). The values were 0.84 and 0.71 for males and .00
and 0.64 mumoles/mg./minute for female rabbits. The respective S/R
ratios were |.23 and [.90.

In contrast to the values observed from newborn rats and
monkeys, the values from lyophilized microsomes from two male human
newborn monsters (77 fo 180 ug./g./hour), were large and exceeded the
largest ones observed from any of the adult animals (see fable No. f2).
Freshly incubated microsomes from a female monster also had an—acfive
l6a-hydroxylase system (data given in Table No. 35).

Some Cjq- ahd C,g-steroids were +esfed in a preliminary experi-
ment as substrates for the hepatic I6a—hydr§xylase'sys+em. The value .
(mumoles/mg./minufe) for DHA was higher +han'%or other unéafurafed
steroid hormones (see Table No. [4). The rafes of I6a—hydroxyla+ion
were higher for certain steroid substrates with a 38-hydroxy configura-
tion. The A%-3 keto and phenolic configurations appeared to exert a

negative influence under the conditions used.

I'| owe the rhesus monkey-liver samples to the cooperation of Dr. H. Feder
who studied steroid techniques for an academic term under
Dr. Colas' supervision. Dr. Feder aided in some of the analyses
with rhesus liver and in others on the age effects on the |6a-
hydroxylaticn of DHA by rats.



Table No: 1B Age and sex effects upon the l6a-hydroxylation
of DHA by rhesus liver microsoxﬁes. The incubation conditions
were: protein equivalent to 0.5 g: liver, 8.65 Umoles of DHA,
4.16 umoles NADPH, 5 ml. of 0.25 M sucrose, and 15 ml. of

Krebs-Ringer phosphate, pH 7. 4; incubation time, 2.5 hrs.
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AGE AND SEX EFFECTS ON THE 16g-HYDROXYLATION OF DHA
(ug./g./hr.) BY HEPATIC MICROSOMES FROM MACACA MULATTA.,

Age Males Females
Fetuses 75-80 days ~ 9.8
124-127 days 1= 3 2.6
La3 =
6.2 -
150-160 days 1.5 0.5
0.8 3. &
Newborn 1 day - 11.0
- 9.5
10-14 days 18.0 0.9
234G =
6 (weeks) = 23: 0
Immature 3 (years) - 7.0 -
‘Adults > 5 (years) 27.0 95,0
= A 23.2 | 37. 8
29.0 45. 0
36.0 32.0
37.0 50.0
57.0 45.0
28.0 25.0
40.0 44.0
= 30.0
= 57.0
- 45.0
adult ( X =34.7 adult ( X =40.5
( (
males ( S.D.= 11.0|females (S.D. = 9.6




Table No. 14. léa-hydroxylation of C;4 and C,; steroids by rat
liver microsomes. The incubated mixtures (2.5 hr., 37° )
consisted of 0.313 mg. of substrate, 6.24 umoles of NADPH, micro-
somal powder from 0.328 g. of tissue and 5 ml. of Krebs-Ringer

phosphate buffer, pH 7. 4.
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4, ‘Effect of drug-treatment on the enzymatic activities in total

microsomal fractions.

All of the rats were killed in a non-fasted condition for this

~set of experiments.

a. Acetanilide p-hydroxylation. The activity (mumoles/mg./

minute) in 7 sets of untreated male rats was 0.37 * 0.12 and was

0.28 ¢+ 0,14 in 4 sets of untreated female rats (see Table No. 15). The
“mean ratio of the male/female activities (M/F ratio) was 1.32. Males
treated with phenobarbital (100 mg./kg.) metabolized 0.46 mumoles/mg./
minute, a-24% increase from control values. The average rate in fissue
from females was 0.83 which representfs a 200% increase over the control
values and the M/F ratio from phenobarbi+a|-+rea+ed‘rafs was reversed;
the value-was 0.56. '

The respective activities in males and females treated with
3-methylcholanthrene (20 mg./kg.) were |.35 and 1.63; these values
represent average increases of 265 and 482% from control values. The
M/F ratio was 0.83.

Rats treated with phenylbutazone (134 mg./kg.) had activities

>wi+hin the fange of one 5.D. from Theraverage mean of control valﬁes.

b. Aminopyrine N-demethylation. The N.demethylase activity

(mumoles/mg./minute) in 7 sets of untreated male rats was 2.62 * 0.25
and was 1.70 * 0.12 in 4 sets of untreated females (see Table No. 16).
The mean ratio of the male/female activities (M/F ratio) was 1.54, a
value which confifms a significant sex-difference (p = <.001). Males
treated with phencbarbital metabolized 7.93 mumoles/mg./minute which

‘represents an increase of 202% of the confrol value. The average rate



Table No. 15. Acetanilide p-hydroxylation (mmoles/mg. /min.)
by hepatic microsomal fractions from nonfasted and drug-treated

rats.
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Table No. 16. Aminopyrine N-demethylation (mmoles/mg. /min.)
by hepatic microsomal fractions from nonfasted and drug-treated

rats.
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in tissue from females was 6.62 mumoles/mg./minute which indicates a
289% increase. The M/F ratio was 1.20.

The respective activities in males and females treated with
3—me+hylcholan+hrehe were 2.47 and 2.35; Thesé values represent an
average of 5 and 38% increases from confrol leveis and the M/F ratio
was 1.05.

Male rats treated with phenylbufazone had an activity of 3.75
which indicates a 43% increase éver the control levels and females
metabolized 2.72 mumoles/mg./minute, an average increase of 60%. The
M/F ratio was 1.38.

c. DHA I6a5ﬁxdroxyla+ion; Microsomes from non-fasted

male rats 16a-hydroxylated DHA at the rate of 1.41 * 0.32 mﬁmoles/mg./
minute (see Table No. 17). Pretreatment of The male animals with

phenobarbital resulted in an average decrease to 0.77 mumoles/mg./

minute. Simitarly, values decreased affer 3-methylcholanthrene and —
phenylbutazone pretreatments to 0.67 and 0.56:. The microsomal [6a-
hydroxylase activity from non-fasted female rats was 0.10 * 0.07 mumo | es/
mg./minute. Affer pHenobarbiTaI treatment, the mean activity- increased

to 0.32; from 3-methylcholanthrene, no change; and from phenylbutazone,

the mean activity was 0.14.

d. DHA 7-hydroxylation. The 7a~hydroxylation rate for

microsomes from male réfs was |.33 £ 0.82 mumoles/mg./minute and for
females the significantly lower rate (p = <,002) was 0.41 * 0.34 (see
Table No. 18). The respective average values for microsomeé from
males pretreated with phenobarbital, 3-methylcholanthrene or phenyl-

butazone were 2.04, 1.75 and 1.96. The corresponding values from the



Table No. 17. DHA léa-hydroxylation (mmoles/mg. /min.) by
hepatic microsomal fractions from nonfasted and drug-treated

rats.
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Table No. 18. DHA 7-hydroxylations (mmoles/mg. /min.) by
hepatic microsomal fractions from nonfasted and drug-treated

rats,
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drug-treated female rats were 0.87, 0.83 and 0.47 mumoles/mg;/minufe.
The trend was for an increase in activity in both sexes after each of
the drugs; however, only the females treated with phenobarbifal and
3-methylcholanthrene had rates greater than one S.D. from the mean.

The DHA 78-hydroxylation activities by microsomes from male
and female rats were 0.09 and 0.08 mumoles/mg./minute respectively.
Treatment of the males with phenobarbital or phenylbutazone increased
the rate to 0.20 which is greater than one S.D. from the mean. In
females, treatment with phenobarbital and 3-methylcholanthrene increased
the rates to 0.23 and 0.15 mumoles/mg./minute, also greater than one S.D.
from the average rate.

5. Effect of drug-freatment on enzymatic activities in microsémal

subfractions.

The procedure for the separation of smooth and rough microsomal
subfractions incorporates an additional 8 hour centrifugation. In
order to avoid doing incubation experiments at night with the freshly
prepared subfractions, | completed the tissue preparations, in early
. experiments, at a reasonable midnight hour and waited until the next
morning to do the enzymatic studies. The results for acetanilide p-
hydroxylation and DHA 16a-hydroxylation are given in the next fwo
tables (Tables No. 19 and.ZO). The data are characterized by large
standard deviations from the mean activities of each group. The
variability is emphasized by the wide range of the smooth/rough ratios
(Ratio S/R) and the lower values than obféinéd by immediéfe incuba-
tions. The steroid hydroxylase system was especially labile. By

changing the preparation schedule so that | was incubating freshly-



‘Table No. 19. The effects of delaying the test of p-hydroxylation
of acetanilide for 2-10 hours after preparation of the microsomal

fractions from liver of fasted rats.
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Table No. 20. The effects of delaying the test of 16a-hydroxyla-
tion of DHA for 2-10 hours after preparation of the microsomal

fraction from liver of fasted rats.
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prepared Tissue, the results were reproducible; Thereaffer; that
procedure was adopted for all of the experiments,

In the earliés+ experiments with the subfrécfionaTion, the
rough fraction from rat liver usually had the greatest DHA |6a-
hydroxylase activity, the opposite of reported results obTained with
drug-metabolizing enzymes in rabbit liver. Because of some uncertainty
about the complefeness of the subfracticnation, in spite of confirma-
tion from the RNA data, | tested the procedures as | had been using
them by attempting to reproduce published results from experiments
with rabbifs. These results are given in Table No. 21.

The considerafion of primary interest from the rabbit experi-
ments was whether the enzymatic activities were greater in Thé smooth
subfraction as had been reported. The average ratio of the activities
in smooth/rough fractions (Ratio S/R) ranged from 1.18 to .56, The
conclusion was that the tissue fractionation method gave the expected
and reproducible resulfs. Not only the drug-metabolizing enzymes but
also the DHA [6a-hydroxylase system had its greafeéf speci fic activity
in smoofh microsomes from rabbits. For rat subfractions, the S/R
ratio had been less than 1.0, except for p-hydroxylation by fissue from
males, indicating that the enzymatic diéTribufion in rats was different

from that of rabbits.

a. Acetanilide p-hydroxylation. The average acetanilide
p-hydroxylase activities (mﬁmoles/mg;/minufe) in smooth and rough
microsomes from male rabbits were 1.82 ana 1.53 and those for females
were |.61 and 1.22 respectively., The corresponding data from non-

fasted rats was 0.42 ¢ 0.19 and 0.33 ¢ 0.14 for males and 0.40 * Q.28



Table No. 21. Enzymatic transformations by microsomal sub-

fractions of liver from rabbits.
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: .77
and 0.57 * 0,05 for female rats (see Table No. 22). The P-hydroxylase

activity and the S/R ratio was slightly greater in male rets which had
been fasted.

The average activities in smooth and rough subfractions from
phenobarbital-treated male rats were higher at 0.59 and 0.98 mumo les/
mg./minute than contro! value, but those of females decreased in
comparison to the values for untreated females to 0.38 and 0.39.

Rats treated with 3-methylcholanthrene had large increases in
p-hydroxylation. The smooth microsomes of the males had the greatest
average activity but in femaleé the rough fraction was most active.
The respective values were 2.44 and 1.57 for males and 2.21 and 2.93
for females.

-« . The average values for both smooth and rough fractions from
phenylbutazone-treated male rats were decreased buf for the female
rats both were greater than their respective control values. The
average of the measured activities was C.20 and 0.16 for males and
0.68 and 0.89 mumcles/mg./minute for female rats treated with phenyl-
butazone. |

b. Aminopyrine N-demethylation. The average activities

(mumoles/mg./min.) for smooth and rough microsomal subfractions from
male rabbifs were 4.61 and 3.89, compared to 4.94 and 3.85 for tissue
from females. The corresponding valués from non-fasted rats were 2.8 =
0.52 and 2,40 * 0.54 for males and 1.63 * 0,25 and 1.84 ¢ 0.3] for

- female rats (see Tables No., 2| and 23). Fasted males had similar .
values as non-fasted animals, 2.28 * 0,96 and 2.25 ¢ 0,86 mumoles/mg./
minute respectively, for smooth and rough subfractions, bu+ the S/R

ratio was larger.



Table No. 22. Acetanilide p-hydroxylation (mmoles/mg. /min.)
by . hepatic microsomal subfractions from nonfasted, fasted and

drug-treated rats.
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Table No. 23. Aminopyrine E-defnethylation (mumoles/mg. /min, )
in hepatic microsomal subfractions from nonfasted, fasted and drug-

treated rats.
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Large increases 1In N-demethylase activity in both se%es resul ted
from phenobarbffal prefreatment. Values in smooth and rough sub-
fractions from males were 6.75 and 6.65; females metabolized 5.3! and
6415 mﬁnoles/mg./minu+e. The average N-demethylase activities in
animals treated with 3-methylcholanthrene and phenylbutazone were

roughly similar to control values for both subfractions and both sexes.

c. DHA 16a-hydroxylation. From fasted male rabbits, |6a-
hydroxylation rates (mumoles/mg./minute) in smooth and rough sub- 4
fractions were 0.84 and 0.71; the respective values for female
rabbits were 1.00 and 0.64. Smooth microsomes from noﬁ—fasfed male
rats hydroxylated 1.09 * 0.44 mumoles/mg./minute compared to .35 #
0.33 for the rough subfraction (see Tables No. 2! and 24). The
corresponding values from fasted mele rats were [.20 * 0.22 and 1.40 ¢
0.33. The S/R mean ratios for non-fasted or fasted males were 0.8l
and 0.86, respectively. In contrast, only the smooth microsbmés from
female rats had detectable activity, 0.04 mumoles/mg./minute indicating
the sex-related difference. .

The average activities in smooth and rough fractions after
phenobarbifal_freafmenf to males were reduced to 1.0 and 0.47 ﬁumoles/
mg./minUTe. Treatment of males with 3—he+hyicholanfhrene resulted in
a small increase in the activity of the smooth subfraction, to 1.24,
but that in the rough subfraction was only 0.72. In phenylbutazone-
freated males, activities of boTh subfractions were reduced to 0.15 and
0.54 muroles/mg./minute, respecffvely.

The responée of the female rats to phenobarbital treatment was

to give anbequal activity, 0.22 mumoles/mg./minute, in both subfractions.



Table No. 24. DHA l6¢-hydroxylase activity (mmoles/mg. /min. )
in hepatic microsomal subfractions from nonfasted, fasted and drug-

treated rats,
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Table No, 25, DHA 7-hydroxylation (mimoles/mg. /min.) in
hepatic microsomal subfractions from nonfasted and drug-treated

female rats.
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No |6a-hydroxylation was detected in any of the subfractions from 3-
methylcholanthrene or phenylbutazone-treated female rats.

d. DHA 7-hydroxylation. These activities were measured

in only two experiments with microsomal subfractions because the
identification of the compounds and the development of +HeAana!y+icél
procedure were not completed until late in the course of this wérk.
From non-fasted females, the rates of'7a—hydroxylaTion were 0.4! and
0.54 mumoles/mg./minute (see Tab!e No. 25). After 3—me+hy|cho|an+hreﬁe
the respecffve average values were |.13 and 0.77. Smooth and rough
microsomes metabolized 0.91 and 0.28 mumoles/mg./minufé, respectively,
after phenylbufazone treatment.

The 78-hydroxylase activities in smooth and rough subfractions
from female rats were'0.0S and 0.03. The rates increased in both
fractions o 0.16 and 0.28 mumoles/mg./minute after 3-methylcholanthrene
treatment. Only the smooth subfraction had 78-hydroxylase acf{vify

after phenylbutazone treatments.
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B. Inhibition of enzymatic activities.

l. Reciprocal inhibition between steroids and drugs.

a. N-demethylation in the presence of DHA. In incubations

incorpora+ing two concentrations of aminopyriné,v2.5xlo_3 M and
1.25%1073 M, the addition of different amounts of DHA decreased the
amount of formajdehyde |iberated in every instance. See Table No. 26
which shows fthat the percentage of decrease of N-demethylation (mumoles/
-mg./minute) was nearly identical for both concentrations of aminopyrine,
A plot of the reciprocal of the velocities and the concentration of
inhibifor'(DHA).(54) (see Figure No. 10) shows that a best-fitting
straight line does;nOT describe the relationship between the Two
variébles. No information about the tfype of inhibf%ioh was apparent
using the incubation conditicns of previous experiments.

b. [Ibo-hydroxylation in the presence of aminopyrine. The

optimal concentration of DHA for 16a-hydroxylation, 1.83xI10™% M, and
one-half of that amount were used to exam{ne the effect of aminopyrine
on the |b6oa-hydroxylation éf DHA. The results in Table No. 26 show that
~The larger quantities of aminopyrine do inhibit I6a-hydroxylation at
about the same rates fdr either concentration of DHA. See Figure. No. I[|
which demonstrates that the reciprocal of the rates are similar but give
no information about the type of inhibition. The percentage of inhi-
biftion produced by aminopyrine is less than that for DHA in the

opposite experiment using similar quantities of inhibitor.

& 7a;hydroxyla+ion in the présence oframinopyrine. The

effect of aminopyrine on 7a-hydroxylation was measured in the same

flasks as for fhe |6a-hydroxylation data. At the higher concentration



Table No. 26. Reciprocal effects of DHA and aminopyrine on
their rates of oxidation {mimoles/mg. /min.) by hepatic micro-

somes from male rats.
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RECIPROCAL EFFECTS OF DHA AND AMINOPYRINE ON THEIR
RATES OF OXIDATION (m moles/mg./min.) BY HEPATIC MICRO-
SOMES FROM MALE RATS,

N-Demethylation of Aminopyrine |

[10-* M DHA] [1.25 x 107> M] [2.5x 107° M]
0 3.42 (l0o0)* 3.79 (100)*
1.38 1.27  (37) 1.44  (38)
2.'¢5 1. 04 (33) 1.01 (27)
5.50 ' 0.89  (26) 0.69 (18)

10. 90 0.74 (22) 0.64 (17)

16¢-Hydroxylation of DHA

[10-* M aminopyrine ] [0.92 % 10-4 M1 ke B8 2 L% B
0 1.40 (100) 1.77 (100)
1.7 1.27 (91) 1,44 (81)
3.3 1,08 (77) 1.41  (80)
5.0 1.27  (91) 1.26  (71)
&7 0.97 (69) 1.30 (73)
8. 4 0.97  (69) 1.25  (71)

70-Hydroxylation of DHA

Lo~ M aminopyrine] [0.92 x 10-* M ] [1.83x 10"* M)
0 2.43 (100) 2.36. (100}
1.7 1.63  (67) 3,08 (132)
3.3 0.98 (40) 2.88 (122)
5.0 0.77  (32) 2.54 (108)
5T 0.74 (30) 2.41 (105)
8.4 2.11 (87) F. 78 (74)

*Values in parentheses are % of control values.



Figure No. 10. Effect of DHA on N-demethylation of aminopyrine

(moles/mg. /min.) by hepatic microsomes from male rats.
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Figure No. 11. The effect of aminopyrine on léﬁ-hydi'oxylation
(Wmoles/mg. /min.) of DHA by hepatic microsomes from male

rats.
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of DHA substrate, addition ‘of the smaller amounts of aminopyrine
resulted in increaséd 7d—hydro%yla+ion: In contrast, the transformation
was inhibited when aminopyrine was added to the flasks containing the
lower concentration of DHA. Figure No: 12 demonstrates the different
activities of the 7&—5ydfo%ylé§e system under these conditions and

permits the calculation of an'apparenf K, for aminopyrine (347.

2. Inhibition of enzyma+ié activities by SU-9055.
Because some of the data obtained from the preceding experiments
were inconclusive, another approach to the problem was initiated using

a known steroid hydroxylase~inhibitor.

a. N-demethylation in The presence of SU-9055, SU-9055 is

a synthetic organic compound which inhibits the |6a-, |70-, and 8-
hydroxylations of steroids in vitrok(20). Results in Table No. 27 and
Figure No. |3 show that SU-9055 also inhibits N-demethylation of
aminopyrine more profoundly than sferoid hydroxylé+ion. AT high con-

centrations of SU-9055, the inhibition is linear and‘greaTer +han 90%
complefe.

b. |6a-hydroxylation in the presence of SU-9055. At all

concentrations éf SU-9055, [6u-hydroxylation was inhibited although
not linearly, The maximum average inhibition was 94% at the highest
' cqncenfra+ion and Figure No. |3 shows that the slope of the line in a
pliet waf /v ahd [SU—9055] resembles that of N-demethylation more than
“that of Ta- + 78-hydroxylation.

"

c. 7Ja- + 7B-hydroxylation in the presence of SU-9055.

Because of an inadequate chromatographic separaffon of the 7a- and 78-

epimers in this experiment, probably due to a shortened stabilization



Figﬁre No. 12, The effect of aminop}}rine on 7a.-hydroxylation
of DHA (mmoles/mg. /min.) by hepatic microsomes from male _

rats.
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EFFECT OF AMINOPYRINE ON 7@-HYDROXYLATION OF DHA
BY HEPATIC MICROSOMES FROM MALE RATS
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Table No. 27. Effect of SU-9055 on N-demethylase and steroid

hydroxylase activities (mmoles/mg./min.) in hepatic microsomes

from male rats.
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Figure No. 13. Effect of SU-9055 on steroid hydroxylase and
N-demethylase activities (mmoles/mg. /min;) in hepatic micro-

somes from male rats,
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period for the system, The.compounQS were measured together. The rates
of hydroxylation increased up fo 55% at lower concentrations of SU-9055
and only at the highest ones was significant inhibition appaﬁenf. The
slopes of the lines (felafing‘l/v to [inhibitor]) for 7-hydroxylation
in the presence of SU-9055 orvaminopyrine are very similar for the same

concentration of DHA, 1.83xI0™% M (see Table No. 27 and Figure No. 13).

3. Inhibition of the chemical reduction of cytochrome P-450 by

SU-9055.

The data which demonstrated SU-9055 inhibition of N-demethylase
and [6a-hydroxylase activities suggested a common, of perhaps sim{lér,
mechanism for the inhibition. Therefore, some spectrophotometric
studies were initiated with the SU-9055 and the protein solutions.
Addition of varying amounts of SU-9055 to the protein resulted in
di fference spectra showing a trough at 383 mu and a peak at 420 mu
(see Figure No. 14), The absorbancies at the wave length of both,

. the maximum &nd the minimum absorbance, were directly proportional
(with one exception) to the inhibitor concentration. The largest
absorbancy change, resulTiné from 5x1073 M SU=9055, was 0.012 at
420 mu. The changé in absorbéncy at 420 mu was greater at low con-
centrations of SU-9055 than for the trough (Asgs). Curves showing
the raTeé of change are shown in Figure No. |5.

At the low concentrations of SU-9055‘, +he P-450 content

measured in microsomal solutions decreases proportionally. Figure No.

i fference spectra were obtained by adding tartaric acid o the
reference cuvette when the effects of SU-9055 in tartaric
acid were quantitated.. The determination of P-450 in those
solutions required 5 minutes of reaction time to get maximum
reduction of P-450 with sodium dithionite.



Figure No. 14, Difference spectra after addition of SU-9055

(in 10-* M tartaric acid) to hepatic microsomes from male rats

(2.1 mg. protein).
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Figure No. 15, Relationship between peak (A ,,) and trough
(Ajg3) differential absorption and SU-9055 added to hepatic mi- .

crosomes from male rats (2.1 mg. protein),
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Figure No. 16. Graphic determination of "Ki" for SU-9055 and

P-450 in hepatic microsomes from male rats.
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is The graphic determination (35) of the apparent Ki for the interaction
between SU-9055 and P-450 which resulted in a value of 1.7xi076 m.
A modification of this procedure (87) yielded a value of 2.5xI076 m,
The validity of V.. was checked by finding that the rate (v) at
10 (K. + b,) was 89% of V (b, is the total amount of enzyme, also

1 t max ¢ :
determined graphically).

4, Inhibition of enzymatic activities by CO and KCN.

The results of +he_preceding set of experiments raised some
doub+ about the assumption That the supply of Cbésehsi+ive‘Cy+ochrone
P-450 wés a limiting factor for both the stercid 7- and I6a—hydr§xylafing
systems.

The effect of a mixture of CO:O2 (80?20) on drug-metabolizing
enzymes and on the steroid hydroxylases was then analyzed and is given
in fable No. 28. Enzyma+ié N-demethylation was dgcreased to 77% of
the control and p-hydrbxylafion increased 52%. DHA 7u-hydroxylation
fell to 62% ef its control value and in The‘same flasks, 78- and l6o-
hydroxylation rates dropped to 22 and 20% of their control values,
rQSpec+iver.

In experiments carried out simulfaneously, |0’§ M KCN reduced
the N-demethylation to 77% and incfeased the p-hydroxylation to 150%,
"nearly exactly as the C0:0, mixture had done. The respective values
for 7a-, 78—, and l6a-~hydroxylation in the presence of 1073 M KCN

represented 87, 75, and 60% in their contro! values.



Table No. 28. The effects of CO and KCN on aminopyrine
N-demethylation, acetanilide p-hydroxylation, and DHA 7- and

l6a-hydroxylations (mmoles/mg. /min.) by hepatic microsomes

from male rats.
E L3
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C. Physicochemical alteration of microsomal particles.

The preceding differences in activities of microsoﬁal steroid
hydroxylases and drug-metabolizing enzymes came to lTght In the course
éf comparative studies based upon biological differences; selective
responses to Treafmenfs in vivo Qifh enzyﬁe—inducjng drugs, or chemical
inhibifion‘of the reactions in vitro. The following experiments
represent an effort to explore diffefeqces in the enzymic mechanisms
by inducing physicochemical changes in the microsomal membranes with
a deTergenT‘prior +5 TEe tests for enzymatic écfivay.

| The addition of sodium deoxycholate [DOC (0.5 mg./mg. péofein)]
immediately reduced the turbidity of protein solutions observed
visually. The only quantitative estimation, independent of the enzy-
matic activities, about The physicochemical alteration of the membranes
was the residual content of cytochrome P-450 after the +reé+men+. |
Inspection of Table No. 29 shows that the P-450 content (mumoles/mg.
profein) after the DOC-freatment was greatly reduced in both experiments.
In experiment 3, where the P-450 decrease was least, about one-third
of the N-demethylase and 16a-hydroxylase activities remained but neither
p—hydrox&laTion nor 7a~hydroxylation were detectable.

In the microsomes treated with DOC, but in a N2 atmosphere,
the P-450 content was only.parTIally reduced (the DOC treatment in
experiment 3 was accidentally shortened from 30 minutes) and.again,
N-demethylation was observed but not proportional to the residual P-450
content; i+s rate remained near 30% of the control value. No steroid
hydroxylafions occurred in the vélid experiment (No. 2) with anaerobic

conditions for the DOC treatment but p-hydroxylation was unchanged.



T»able’ No. 29. Cytochrome P-450 content and oxidase activities
(Humoles/mg. /min.) after sodium deoxycholate treatment of

hepatic microsomes from male rats.
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In the tissue to which propyene glycol was added before +the DOC,
more P-450/mg. proTe:n was measured than in the control. In spife of
that surprising result, N—demeThylaxlon rates remained aT about 20 to
25% of control values, no p-hydroxylation was observed and sTerO|d
hydroxylations were not subs+an+tally profecfed by the sfer0|d solvent,
propylene glycol. |

In contrast to propylene glycol alone, the addition of DHA in
that solvent before the DOC treatment served to refain about 40% of
the |6a-hydroxylase acTivi%y and to increase the -p-hydroxylase
acfiviTy by about 200%. N-demethylation still persisted but its rate
remained at about 25% of the control -and no substantial 7d—hydroxylafion
was detected in spite of a parfial or no decrease of the P-450 content
in that tissue.

Androstenedione in propylene_glycol conferred less protection
for all of the activities in comparison to the results with DHA and
The p—hydroxYIaTion was greatly diminfshed. No spots absorbed ultra-
violet light on the thin-layer chromatograms whiéh were obtained from
+he incubation of DHA with *issue which had been pretreated with
androsTehedione.

Finally, Table No. 29 shows that when DHA in propylene glycol
was added to microsomes in a N,-rich atmosphere and thereafter, the
DOC was dissolved, the P-450 contents of two samples were reduced to
about 20 and 65% of the controls, and Thé respective activities of
the |6a-hydroxylase system were 65 and 44% of their control val&es.
In those flasks, the rate of 7d—hydroxyla+ion was low ér undeTe;Tab!e.

When the drug-metabolizing enzymes were tested, the residual N-
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demethylation rate was about 45% of its control and p-hydroxylation
was greatly increased as it had been in the presence of DHA in propylene
glycol, but without Nz;

With The evidenée‘fhaf destruction of P-450 by DOC was
accompanied by great decreasesvin N-demethylation and 7a~hydroxylation,
and less for I6d—hydroxy|a+ioh, it seemed logical to determine whether
intact untreated membranes obtained from females would serve to supply
P-450, or some other components, to the treated particles to restore
the enzymatic functions. Table No. 30 shows the results of 7a- and
|6a~hydroxylation from experiments wherein DOC-treated microsomes from
male rats were incubated with infact ones from female rats. The rates
calculated by subfraction of the female microsomal values from those
obfained with the combined female and DOC-treated male preparation are
given in addition to the resulfs obtained separately.

The values in Table No. 30 for P-450 content of the DOC-treated

tissue are identical fo the ones given in Table No. 29 since the

(male and female) values represent the combined individual amounts of
male and female. The calculated values for the hydroxy{aTiqns:are of
prime interest in comparison to the rates given by male microsomes
alone. To the extent Tha% those values agree, they are confirmatory.
The differences would represent some facilitation or inhibition of the
reaction as a result of a contribution from the female microsomes.

The rates for 7a-hydroxylation by untreated microsomes from
males agree with the calculated male rates. With the DOC—+reéTed
microsomes, a minor quantitation error is apparent since the (malte and

female) value should be less than the female value alone if the male



Table No. 30. Cytochrome P-450 content and steroid ilydroxylase

activities by combined DOC-treated and intact microsomes.
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vefue (s actually @.- The Qalue of 034 mumoles/mg./minute by microsomes
from female rats is slightly less than expected and, +heref6re, the
residual value for the (mele and female) female situation was probably
réduced less than it probably should have been, This same cqnsiderafiqn
applies to experiment | in each instance. The data from experimeﬁf 2
show that there was no facilitation of 7a-hydroxyla+{on by the addition
of intact female microsomes to DOC-treated male microsomes.

With respect to I6q—hydroxy|a+ion, the data show no increases
éonferred by.microsones-from female rats but Tﬁe'céfculafed rates
represeﬁf confirmation that |6a-hydroxylation was not altered by-DOC—

treatment as much as the 7oa-hydroxylase system.



104

D. Isolation and identification of 78-0H-DHA.

Three products of the incubation of 38-hydroxyandrost-5-en-17-one
with liver microsomal fractions were consistently deTéc+ed by using the
-picric acid spray on thin-layer plates chromatographed in system B. In
addition to the red spot with the mobility (RF 0.72) of the expected
16a-0H-DHA, there were fwo products, designated A; and A2 (respective
values, 0.3! and 0,35), which developed a vivid blue color immediately
after the application of the spray. The only steroids reported (40)
to give a blue color with the picric acid reagehT are hydroxylated
derivatives of parent compounds which display various éhades of red.
This fact and the demonstrated ability of rat liver homogenates to
Jo~hydroxylate DHA (143) suggested that A, and A, might be 7-hydroxy
derivatives of DHA. The AR g values (97) for 7a- and 75—hydroxyla+ion;
calculated from the chromatographic data of A1 and Az’ and the
reference steroids (see Table No. 31) were compatible with that
hypothesis (#0),

By poo}jng residues eluted from the chromatjographic areas
with the mobility of A; in system B, enough amorphous material was
accumulated after several incubafiohs with smooth and rough fractions
of rat liver microsomes to perform the following tests: thin-layer
chromatography in systems C, B, and M; overnight aceTyIaTién of eluates
from these chromatograms followed by thin-layer chromatography in
system C (Rp of the acetylated product, 0.67; blue color with the
| pieric acid.reagenf);_and anisa!dehyde—concenTraTéd H2804 (blue-gray),
SbCl 4 (blue), blue tetrazolium (negative), and Zimmerman (positive)

tests on the unacetylated compound. In addition, the latter was



Table No. 31. Rp and ARMg (7-H —> 7-OH) values derived

from thin-layer chromatography of A;, A,, and reference ster-
: _ 1 i

oids. RMg = log (RF « 1)

ARMg (7-H -— 7-OH) = RMg (7-H)—R1\,Ig (7-OH).

Table No. 32. Spectrophotometric data (m) for the 7q-, and

78-hydroxy derivatives of DHA, A, A, in concentrated sulfuric

acid.
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RF and ARy, (7-H —> 7-OH) Values Derived from the Thin-Layer
Chromatography of A;, A,, and Reference Steroids.

Compound System C System B System M
+
RF ARMg Ry ARMg Rp ARMg
A, 0.04 1.362 0.31 0.994 | 0.20 | 0.949

3B, 7a-dihydroxy-
androst-5-en-

17-one:

This data 0.04 1.362 0.31 0.994 | 0.20 | 0.949

Data from (97) | 0.02 | 1,382 - |- - |0.17 | 0.908
A, 0.06 1.176 g=35 0.926 | 0.26 | 0.801

3@, 7f-dihydroxy-
androst-5-en-

17-one:
This data - = 0.35 | 0.926 | 0.26 | 0. 801
Data from (97) = 0.926 ¥*| - - - | o.515%

+ Subject to large errors because of very low Ry values.
* Values calculated for androst-5-ene-3f, 17f-diol —> androst-5-
ene-3ﬁg 7{3, l7B-tI‘iOln

Spectrophotometric Data (m:) for the 7g-, and 7f-hydroxy derivatives
of 3f-hydroxyandrost-5-en-17-one, A; and A, in Concentrated Sulfuric

Acid.,

Free Alcohols Maxima Minima
7a-OH 232, 299, 395 253, 335
A, 232, 299, 395 253, 345
A, 232, 300, 395 253, 355
7p8-OH 230, 300, 400 260, 345

Acetylated Products

7a- OH 232, 297, 395 215, 270, 3508
A, 230, 300, 395 222, 260, 350
A, 240, 300, 395 230, 265, 350

7p-OH 250, 297, 400 230, 270, 330
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chromatographed on Whatman No. 42 paper with the system benzene;
meThanol;wafer (10:7:3;’by'vol.); elufed, and submitted to the modified
Pettenkofer reaction. A violet color (Amax.'SBO mp) developed insfénfly
-at room temperature and faded upon subsequent heating. This behavior
is charac+eris+ic.of'BB,V7—dihydro£y—A5-5+eroids, and appears to be
related to the Tésf originally described by Lifschitz (94,95) and sub-
sequently modified by others (4,I50): In all the tests described above
A, and 7a-OH-DHA behaved identically. The spectra of the free and
unacetylated compounds in concentrated H,SO, is given in Table 32,

| Sufficient A, for iden+ificé+idn was accumulated by using
rabbit liver microsomes. 1n these incubations, higher yields of Ay
than of A; are the rule, while the opposite is true about incUbaTions
with rat liver preparations. Two open flasks containing a fotal of
420 mg. microsomal protein from female rabbit liver, 10 mg. DHA
(in 0.4 ml. proﬁane—l,Z—diol), 0.3 mmole NADPH, and 130 ml, Krebs~
Ringer phosphate buffer pH 7.4 were shaken for one hour at 37°C. |
The contents were extracted twice with 1600 ml. saturated NaHCO 4,
twice with 680 ml. of distilled water, and reduced to diviness Ulwanigede
Successive TLC of the residue in Syéfemé B and M resulted in the
isolation of about 100 ug. of crystalline A, with m.p. 211 o 214.5°C.
not depressed by authentic 78-OH-DHA. These two compounds, after

acetylation and thin-layer chromatography in system C, yielded single

'Mr. Robert Mushen, a Pre-Doctoral Trainee in the Department of
Obstetrics and Gynecology, cooperated in these batch-
incubations and the related procedires, the experiments on
the mechanism of the hydroxylation and the development of
the quantitative method for the 7-hydroxylated products.
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spots with The same EF’ 0.69. Another batch of A, similarly prepared;
m.p. 213 o 215°, permitted the comparison of i%s infrared spectrum
with that of the reference steroid (see Figure No. 17). The identical
‘infrared spectra, melting poinfs; chromatographic properties of the
free and acefyléfed compounds,'and color reactions (which were the same
as those described for A1 above) are convincing evidence that A2 is
77B—OH—DHA.

Evidence for the direct 78-hydroxylation of the substrate: To
ascertain the possible mechanism for the formation of 73-0H-DHA, heated
and fresh microsomes from rabbit liver were individually incubated with
DHA and its 7a-hydroxy, 7B-hydroxy, and 7-keto derivatives (steroid/
microsomal protein ratio, I/ZO): Examination of the incubation pro-
ducts by TLC in system M and detection by the anisaldehyde and picric
acid reagents showed that no transformation occurred with microsomes
previously placed in a boiling water bath for ten minutes. Three
major products of DHA after the incubation with fresh m{érés;mes were
_ the 16a- and 7é—hydroxy derivatives and an unidentified metabolite of
intermediate poiariTy (respective RF values; 0.53, 0.26, and 0.40);
oﬁly traces of the 7a~hydroxy compound wereidefecféd. Incubation of
the 70- or the 7B—hydroxys+ero}d resulfed in very little +ransforma+ion
of the substrate into its epimer, and no bfher major transformation.
Traces of both 7-hydroxy epimers were also detected when 7-keto-DHA
was the substrate (see Figure No. 18). Reliable quantitation of

These Tranéformafions was not possible because of insufficient amounts

of the reference-compounds.



Figure No. 17. Infrared spectra of A: 220 g, of 78- OH-DHA
and B: 205 ug. of crystalline A,. The steroids were mixed with

80 mg. KI for the preparation of the pellets.
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Figure No. 18, Chromatographic evidence for the direct 7B-

hydroxylation of DHA by liver microsomes from male rabbits.
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CHROMATOGRAPHIC EVIDENCE FOR THE
DIRECT 78-HYDROXYLATION OF DHA BY
- LIVER MICROSOMES FROM MALE RABBITS
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Because 78-hydroxylation was detected concurrently with the
previousfy desciribed e%perimenfs, and since the initial studies were
relaféd primarily fo I6a—hydro%ylaflon; quanfifafive data are
-unavailable for experiments relative to specieé{ sex and age effects
on 7—hydroxyfafions of DHA. Fortunately, however, photographic
records of the chfomafograms were made and 5emi—quan+i+a+ive data was
available from them. On the basis of the size of the spots and the
intensity of the color reactions with p}crfc acid reagent, the rates
of transformations were-graded O fo +++ (see 'Table No. 33). The sex
di fference for [6u-hydroxylation in rat ITver was c!eaf!y apparen+‘and
Ja=hydroxylation was the favored Transforma+ion‘a+ C-7. In rabbi%
liver, the 7B—hydfoxyla+ed product predominéfed and no sex dijfference
was apparent for steroid hydroxylations. In contrast ijh the lack
of l6a~-hydroxylase activity in feTal.monkey liver, both 7-hydroxylase
systems were already défec#able at this stage and were fully developed
shortly after birth. Neifherlliver from a male nor a female.hymén
-anencephalic féfus had 7-hydroxylation activity (see Table No. 54).

A search for 7—hydroxyla+i6n in various fefal organs yielded
no activity in spleen, thymus, lung-néf kidney (see Table No. 35).

In the spleen and thymus gland, appréximafely 0.10 mﬁmoles/mg./minu+e
of l6a-hydroxylation were observed. Comparison of the P-450 data from
liQer with that of the |6a-hydroxylation rate shows a lack of correla=--
tion but the 7-hydroxylation was absent when the P-450 content was
reduced. Ffom aﬁofher type of experimental situation, Table No. 36

shows that the 7-, and |6a-hydroxylation activities were very low in



Table No. 33. Effects of species, sex and age on some hydroxy-
lations of DHA by liver microsomes. The rate of each transfor-
mation is graded 0 to +++ on the basis of intensity and size spots

in thin-layer chromatograms. The No. of preparations are in

brackets.
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EFFECT OF SPECIES, SEX AND AGE ON SOME HYDROXYLATIONS
OF 3p-HYDROXYANDROST-5-EN-17-ONE BY LIVER MICROSOMES.

TISSUE SOURCE . No. 70q-OH- 7p-OH- 1l6n-0H-
ADULT RAT

(Smooth microsomal subfraction):

Male [59] 4+ o+ i+¥
‘Female [16] +++ + 0
(Rough microsomal subfraction):

Male [59] +++ + o
Female [ 16] i + 0
ADULT RABBITS

(Smooth microsomal subfraction): -

Both sexes [3] + +++ +++
(Rough microsomal subfraction):

Both sexes [3] + +++ +++
RHESUS

(Total microsomal fraction):
"Immature fetus (70-75 days) - female P43 + + 0
Mature fetuses (124-160 days) - both -

sexes [8] ++ + 0

Newborn ( < 42 days) - both sexes [6] +++ +++ ++
Mature (> 4 years) - both sexes [4] +++ +++ +++
HUMAN ANENCEPHALIC FETUSES

(Total microsomal fraction): [Z] 0 0 T¥



Table No. 34. léa-hydroxylation by hepatic microsomes from
male and female human anencephalic fetuses. The adjacent values
represent duplicate incubations under the standard conditions cal-
culated using the equivalent weight of liver or the mg of biuret

protein.

Table No. 35, Cytochrome P-450 and steroid hydroxylations in

rat liver and in various organs of a human female anencephalic

fetus.
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16a-HYDROXYLATION BY HEPATIC MICROSOMES FROM A MALE

AND A FEMALE HUMAN ANENCEPHALIC FETUS,

s e Rates )
v Mg. /g. /30 min. Nmoles/me. /min,
o; lyophilized tissue, Hy: 155.0 4,01
(30 months old) 180.0 4,70
Q; fresh tissue 83.0 0. 87
97.0 1,02

CYTOCHROME P-450 AND STEROID HYDROXYLATIONS IN RAT
LIVER AND IN VARIOUS ORGANS OF A HUMAN ANENCEPHALIC

FETUS,

Cytochrome P-450

Steroid Hydroxylations
(mumoles/mg. /min. )

- (mimoles/mg. prot.) b= 7o~ 7B-

d" rat liver 0.304 0. 87 1.88 0.25

? rat liver 0.276 0. 05 1.11 0.25
2 human liver 0. 066 0.95 0 0
" spleen = g. 10 0 0
" thymus = 0.09 0 0
i lung - 0 0 0
— 0 0 0

i kidney




Table No. 36. Cytochrome P-450 content, _N_-demethyiation,
p-hydroxylation, and steroid hydroxylations by hepétic micro-
somes from a pregnant rat (est. 20 days gestation) and after

addition of human chorionic gonadotrophin (HCG).
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hepatic microsomes from the pregnant rat which contained 0.214 mumoles/
Omg./proféin of P—450; The latter amount islsljghfly more than one;half
of The mean value from non-pregnant raTs: In the presenée of human
chorionic gonadotrophin, the 7@-hydroxy|a+ion rates were greater than
for the control value but 7B—hydrokyla+ioﬁ was reduced. Addition of
100 1.U. reduced the l6a-hydroxylation; however, the average rate in

the presence of 500 |.U. was unchanged.
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IV. DISCUSSION

The DHA 7a- and l6d—hydroxylase systems are active in hepatic
hicrosomal fractions which also contain many other oxido-reductases.
‘The identification of 78-OH-DHA as another metabolic product of DHA in
the incubations of microsomal fractions from rat, rabbit and monkey
“liver reveals a new transformation of steroid hormones by mammalian
preparations. The criteria for identification were chromatographic
mobilities, several color reactions, melting behavior, concentrated
stoq and infrared spectra. The rabbit liver in this study also had
a higher rate of 78-hydroxylation in comparison to that in the 7o-
configuration confirming the same disfribution of activity when
38-0OH-A%-cholenic acid was the substrate (156). In rat liver, the
opposite distribution observed with choiesfero|—26—1“C as the substrate
(107), was also confirmed using DHA., The accumulation of both 7-epimers
of DHA appeared equal in monkey |iver and none was defeé+ed ¥rom
human feTaI-IiVer incubations.

Two facts point 1o a dirécT hydroxylation mechanism for 78-OH-
DHA. Autoxidation was not responsible since boiled preéarafions yielded
no product, confirming observations with cholesterol (107). The
possibility of the operation of a 78-oxidoreductase, which seems
likely with the C,5 substrate, but not with C;g substrates (96), is
unlikely with Cyq substrates, since neither 7-keto-, ﬁor 70—~0OH-DHA ’

yielded more 7B-OH—DHA than did DHA, although they would be expected

to be intermediates in such conversion.
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Aside from its participation in the formation of bile acids from
cholesTeEol, little is known about the precise biological significance
of steroid 7-hydroxylation (149). A precursor role is possible for 3g-
.7—dihydro><y—A5—C19 steroids in the formation of_7—hydroxy!a+ed estrogens
and sferoids with an aromatic ring B (145). |t is inferesting that 7g8-

“hydroxylated bile acids were found only in the gall bladders of infants
or younger children at autopsy (8) but steroid 7g-hydroxylation is not
limited to infants since the transformation was also demonstrated
in vivo following the administration of etiocholanolone or testosterone
to adult males (54). |

The colorimetric method for the quantitation of both 7-hydroxy-
lated epimers has precedent in tests which also utilize concentrated
sul furic écid and have a Amax at 580 mpy (150,8,4). The modified
LifschUTzA reaction is highly specific for 3g, 7—/dehydroxy—A5-s+eroids
and the chronogen is stable for at least 20 minutes (150). The
chromogens formed by the 7—hydr;xy epimers of DHA with the modified

 Pettenkofer réagenT are less stable, but they have molar extinction
coefficients in the range 17-20,000 compared to 7500 given by 38, Ta-
dihydroxy-a3-choleni¢ acid in the Lifschitz conditions. Also, The
Pettenkofer reagent hés the convenience of detecting 7-hydroxylated
38-OH-AS-steroids separately from others in the samé solution merely
by recording the absorbancies before and after heating which destroys -
the chromogen of the 7-hydroxy compounds. Inadequate amounts of
standard coﬁpounds‘were available to do & complete analytical study,
but the sensifivify calculated for the Pettenkofer reagent using the
data reported with the Lifschgfz reagent is high enough to disTinguish-

0.3 pa of. product,
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The rates of the steroid hydroxylations, expressed as mﬁnole/mg./
minute or.ﬁg./g./hour; are net rates which apply specifically to the
conditions employed and are not strictly comparable to those determined
with other steroid substrates or with di fferent time intervals. The
experimentally determined conditions, which have precedent in many
reports of in vitro steroid metabolism, do not account for the metabolism
of the products to any other compounds with chemical configurations which
might alter their detectability based upon the specificity of the
colorimetric methods. if, for example, | 6a~OH-DHA Qas further hydroxy—
lated, the product might be measured as one of |6a-hydroxylation as
long as the o-ketolic configuration remained intact (the molar extinction
coefficients may change appreciably, however). Nevertheless in this
study, most of the added |6a-OH-DHA could be accounted for as a-ketols
at the end of the incubation so that any transformations sugsequenf to
l6a-hydroxylation are probably minimal. The inhibiting effécf of a
| ba-hydroxy!l function on furTher metabolic conversions has been
recognized already from studies im vivo (53).

Alternatively, to measure initial rates, which would have been
ideal, wohld have required that the experimental condiTions‘be
repeatedly determined and changed when different species and sexes and
drug-treatments were evaluated. The chemical induction of such inter-
related and variable enzymatic systems as those contained in %he’micro—
somal membranes produces selective but unknown effects which might have
direct, indirect or no effects on any parT'of the system. For example,
the hepatic microsomal l6oc-hydroxylation of adult male rats mighT be-

decreased affer drug treatments because of an induction of enzymes
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which compete for the substrate, or might be decreased as a result of
the induction of other enzymes active in the metabolism of I6d—
hydroxylated products. To meet the objecTivés of this study, it was
necessary, therefore, to choose conditions where the rate of the
transformation was Iineér with respect To the amount of enzyme; The
substrate and cofactors were presenT in excess; and where the amount
of product formed was adequate for accurate measurements. These
conditions were met. Furthermore, it wés determined that most of the
product formed was not metabolized and that 70 to 90% of the substrate
remained at the end of the incubation period when non-treated fTissues
were being tested. As shown in the curve of the rafeéiof I6a—hydroxyla—
tion in incubations of 30 minutes and longer, those for the former
period are the greatest and certainly periods longer than 30 minutes
cannot be safely used. The rates are of the same order of magnitude
as those determined for hydroxyiafions of other sferofd substrates in
conditions that utilized 5, 7, 10 or I5 minute incubation periods, but
where imprecise detection methods were employed (see Table No. 1).
Comparisons with data reported by the same wdrkers in 1967, where
specific hydroxysteroids were ‘measured, shows that fhe rate of 16a-
hydroxylation of DHA (1.41 mumoles/mg./minute) is nearly identical to
that for testosterone l6a-hydroxylation (1.5) for which the 7 minute
incubation beriod applies.

The preliminary data refated to the I6oa-hydroxylation rates of
some C19 steroids and estrone are subject to reservation because they
also represent net rates. It is possible that the compounds for which

the highest rates were observed are those which simply are not metabolized
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further in those condiTIons; rather than reflecting any selectivity for
the |6a-hydroxylase system. In addifion; those rates may be incorrect
to the extent that the various l6&—hydroxyla+ed products have different
eg+incfion coefficients in the BT reaction from ThéT of I6d—OH—DHA; the
colorimetric sfandard;

The DHA l6a-hydroxylation was decreased but 7-hydroxylation was
increased in hepatic tissue from male rats which had been treated with
phenobarbital, 3-methylcholanthrene, or phenylbutazone. In contrast
+o The resulf iﬁ malés,>+he f6a-hydroxylase ac+i9i+y was Jhcreased
slightly in the tissue from females after phenobarbital treatment. The
decrease in the activity was |imited to the rough subfraction after
phenobarbital or 3—he+hy!cholan+hrene, so that the smooth/rough ratios
increased to over 1.0. The opposite distribution prevailed after
phenylbutazone therapy and no other major products of DHA wére observed
after that agent. |

Iln no instance were the rates of 7a-, or 7B-hydroxylation
reduced by drug treatments. The small numbér of experiments in each
group does not permit the calculation of reliable significance levels
but the rgfe increases ranged from 13 to 188%. The average age of the
animals that contributed the control data was older and the large S.D.
is probably a result. The largest increase occurred after phenobarbital
treatment, just as was observed with N-demethylation. The 7—hydroxyla-
tions by the smooth subfractions were selectively stimulated by 3~
methylcholanthrene and phenylbutazone; therefore, the smooth/rough ratios
increased to more than [.0. The 7B8-hydroxylase activity, which

represented only about 10 to 20% of that for 7a-hydroxylation and is
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~therefore less accurately ﬁeasured, fol lowed exactly the same trend.
The expected increases in cytochrome P-450 content and the stimulations
of the drug-metabolizing enzymes were confirmed and it was also observed
that the mature females were stimulated more than the males, confirming
previous data (85); These resﬁlfs of enzymatic activities after drug
treatments indicate that the i6d—hydroxylase system responds in an
opposite way from the 7-hydroxylase which mimics the increases in the
. cytochrome P-450 content and the activity of drug-metabolizing enzymes.
Therefore, if the observed parallelism of the changes can be taken as
an indication, DHA 7-hydroxylation is mbre likely to be dependent on
cytochrome P-450 than is DHA |6a-hydroxylation. Table No. 37 tabulates
the comparisons between cytochrome P-450, steroid hydroxylations and
drug metabolism.

This failure fo stimuiate the !6a-hydroxylation of steroid
substrates by drug treatments is contrary to the published reports (153).
_Significant differences in the experimental conditions are possibly
the basis for the different results. Although those authors limited
the incubation periods to 7 minutes, the ratio of substrate/microsomal
protein was much smaller and they used a NADPH generating system.
Their rates could hardly be initial rates since about 70% of the sub-
strate, testosterone, was metabolized in that period. Even so, the
rate of l6a—hyﬁroxy|a+ion measured by these authors from adult male
rats (nutritional status not reported) can be calculated as 1.5 mﬁmoles/
mg./minute, assuming 20 ﬁé)Jmicrosomal'profein/g. liver. In the present
study, the rate of l6a-hydroxylation was |.41 * 0.32 mumoles/mg./minute

from unfasted animals. The rate of 7a-hydroxyla+ion calculated from



Table Na. 37. Comparison of the cytochrome P-450 content,
steroid hydroxylations and drug metabolism by hepatic micro-
somes from rats.
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the reported data was O.54Imﬁmoles[mg./minuTe compared with 1,33 + 0,82
in this study. This difference is an example of the iimiTaTion imposed
upon any comparisons of data collected under different conditions such
as subsTraTe; cofacTor;_Time and preparation of the tissue. A factor
which may be important--and yeT has not been studied--in comparisons

of the induction of steroid hydroxylase systems is the age of the
animals. The experiments that demonstrated The‘inducTion of the |6a-
hydroxylase were carried out using rats younger than those used in the
present experiments wherein animals with a maximum, natural development
of The enzymatic ac%ivify were selected. The sTimuléTion of drug; |
metabolizing enzymes by 3-methylcholanthrene or barbital treatments is
much greater in immature males than in mature ones (27,89) and the same
response might be true for steroid hydroxylases.

Aminopyrine inhibited competitively the DHA 7-hydroxylase
system in reciprocal kinetic studies and the drug affected [6a~hydroxyla-
. Tion to a much less extent. In the tests of -N-demethylation, DHA
proved to be a potent inhibitor. Based upon the smaller apparent Kﬁ
values obtained previously for steroid substrates, one would expect
that DHA would inhibit the drug-metabolism (148). The difference in
the degree of competition of the drug and steroid for 16a~ and 7o-
hydroxylations was unexpected but the data are consistent with the
hypothesis of different mechanisms for these two reactions, Furthermore,
‘+he graphical plot, indicating a coﬁpefifive inhibition by aminopyrine
on 7oa~hydroxylation in the presence of low concentrations of DHA, also

suggests that their reactions are related. The apparent K;, 0.68
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10~% M, is in the range of'reporfed valuesv(l48). At the higher con-
centrations of DHA, The effect of aminopyrine was opposite fn’direcfion -
and remains unexplained; |

Kinetic studies with SU-9055 show that this steroid hydroxylase
inhibitor decreases bofh N-demethylation of aminopyrine and |6a- |
hydroxylation of DHA; but in equimolar concentrations, the former
reaction was inhibited over 90% whereas |6a-hydroxylation sustained
only a 50% inhibition. The reported inhibition of testicular !6g-
hydroxylation of progesferéne by SU-9055 (0% M) was over 75%
comple+é'(20). The 7-hydroxylation reacticn was not inhibifed at low
or moderate concentrations of SU-9055, which rather increased the |
activity. After It was de+ermin§d that SU-9055 produces a low amplitude
spectral response, as had drugs or steroid substrates when they were
added to microsomes, it was observed that the amount of cytochrome
P-450 remaining varied inversely with the conceanaTion of SU-9055.
The apparent K; of the interaction determined graphically, 1.7x1076 p,
is an order lower than the apparent Km's reported for the group of
steroid substrates (148). . At 2x107® M, the éoncenfra+ion of SU-9055»
which produéed a 50% inhibition of P-450, N—demeThyiaTion was inhibited
65%, |6a-hydroxylation was not affected and 7-hydroxylation was
increased 50%, but as was mentioned, at equimolar concentrations of
inhibitor and substrate, the cytochrome P-450 cdnfenf and N-demethyla=
tion were decreased over 90% but l6a-, and 7-hydroxylation were
inhibited only by about 50%. The obvious inferprefafion of these dafé
is that the steroid Hydfoxy!ases studied are less, if & all, dependenfl

on P-450 than is N-demethylation. Alternatively, if they are P-450
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dependent, the turnover EaTe is very high, a different mechanism of
electron fransfer is operative, or different species of P-450 with
varied specificities, perhaps, are presenf; SU—4885,| another sub-
stituted pyridine; appears from indirect data to inhibit partially the
steroid 1I8-hydroxylation by adrenal mitochondria by an interaction
with cytochrome P-450 (131). Evidence for more than one cytochrome
P-450 is accumulating from several different Rinds of experimenTs 45
74,108,139).

In preliminary studies included only for comp leteness, the
80% CO:20% 0, gas mixture inhibited N—demeThylaTioﬁ and 7a—hydro¥y|a+ion "
by less than 40% and |6a-hydroxylation by nearly 80%. KCN inhibited
the latter transformation by 40% but the former ones by less than
25%. Besides pointing to one different response of the steroid
hydroxylases, these data show again a similarity of the 7a-hydroxylase
with the N-demethylase systems. In regard to the sensitivity to KCN,
the. l6a-hydroxylase is analogous to the steary|-CoA desaturase, a
hepatic microsomal mixed function oxidase, which apparently is‘independenf
of P-450 and is sensitive to KCN (122). The ‘7-hydroxylation of 38-OH-
AS-cholenic acid by rabbit liver microsomes was inhibited 65% by KCN (150).
The increase in p-hydroxylation in these experiments confirms KCN
inhibition data obtained with rabbit microsomes (105). The stimulation
of p-hydroxylation by CO may have some relation to the same response
by the stearyl-ACP desaturase from yeast (109).

A 30 minute treatment of hepatic microsomal membranes obtained

from male rats with deoxycholate (DOC) abolished the 7a-hydroxylation

lZ—meThylwl, 2-bis (3-pyridyl) -l-propanone
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and p-hydroxylation, and destroyed 90% of the P-45Q, 70% of the N~
demefﬁyléfion, and 67 to 97% of The'!6d—5ydrokylaTiOn. ‘Addition of
DHA before the DOC resulted in'desfrucf}on of only 33 o 58% of the
.l6d—hydroxylafion but changed Little the 7d—hydroky]a+ion and N-
demefhylafion; Under +he.same condiTions; p—hydrokylafioniwas
stimulated by about 200% and cytochrome P-450 was either protected
partially from the acTioh of DOC or increased slightly. N,,
propytene glycol or androstenedione did not affect the hydroxylations
but appeared to protect the P-450. The addition of untreated micro- |
somes from female rats did not facif}TaTe either sTerofd +ransformé+ion.
lnfefprefa+ion of these results is difficult because some
important samples were lost or the importance of including others could
’nof be anticipated. Nevertheless, they indicate too that 7&—; and
[6a-hydroxylation rates are not solély dependent on the cytochrome
P-450 content, 'Also, the interaction of DHA with the [ba~hydroxy lase
partially prevenis the desTrucTiQe action of DOC but the 7a-hydroxylase
.remains vulneréble, or perhaps an additional co-factor required. for
the action of the latter is not influenced by DHK.VIFurTher experiments
will be necessary fto show if more than one P-450 and/or another redox
component(s) are active in sTeroid and drug metabolism, and, if so,
whether they are destroyed selectively by DOC., The 7d—hydroxyla+ion
of DOC has been reported and one migh+45peculafe that this transforma--
tion inhibits The DHA 7a-hydroxylation, or that after the enzyme
inferacfs wah the DOC, further hydroxylafions'are impossible because
of structural changes in the enzyme (5). 'Tﬁe present data confirm

the retention of 20 to 25% of the N;demeThyIase activity found after
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snake venom solubilization of microsomes from either control or
phenobargifal—freafed rats (120). The same % of the N-demethylation
of N, F-dimethylalanine was retained affter DOC treatment (157).
‘Addition of untfreated microsomes to the tests of benzpyrene hydroxy-
lation iﬁ Triton N - 10l - treated microsomes did not stimulate the
reaction either (137).

Species, age, and sex-related differences in the steroid 7-,
and |6a-hydroxylase activities are greater than has been appreciated
previously. In the fetal condition, for example, the only detected
tTransformation of DHA by human feTai microsomes was |6a-hydroxylation,
but in the fetal monkey, the latter fransformation was nearly absent
whereas the 7-hydroxylated epimers were found. The very low concen-
tration of cytochrome P-450 found in the hepatic microsomes from the
human fetus parallels the reduced 7-hydroxylation activities.
Similarly, micrbsomés from a prggnan+ rat were inactive in the tests
for the 7—hydrpxyla+ions and less active in N-demethylation, bu+.+he
-cytochrome P-450 content was 45% of the values of nonpregnant rats.
Pregnancy has been observed fo decrease also the ‘alanine’ transaminase
activity in liver from rats near +efm gestation (66). Newborn rat
liver contains 25% as much cytochrome P-450 as that from adults and it
‘increases progressively to 75% of adult levels during the first week
of [ife. [In the -same time period,'fhe N—deméfhylase activity
increases to 35% of adult values (29). The latter transformation also
is sex-dependent in rats (p = <0.001) with a male/female ratio (M/F)
of 1.62 (83). Although the DHA 7d—hydroxylafion rates were not studied

with respect to the age of rats (Table No. | confirms the activity
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from 40 to 50 g. immature rafs), microsomes from mature males were
more active in this respect too, than those frbm females (p = <O;002);
The M/F ratio wasv3.24; n conTras+; the |6d—hydroxyla+ion became
really active only'wi+h the sexual maturity of males; The M/F ratio
was |4.1. Taken together, these éomparafive findings from several
biological siTuaTioas suggest fhaf 7d—hydroxyla+ion is probably
dependent oﬁ cytochrome P-450 for reducing equivalents to a greater
extent than |6a-hydroxylation. Acetanilide p-hydroxylation, alsoc
dependent on cytochrome P-450, is not sex-dependent in rats nor is it
a%fecfed by pregnancy (85,90).

Biological variations of the éroup of the microsomal mixed
function oxidases from mammalian liver are not limited to enzymatic
transformations. As én example of another type of variation,
microsomal fractions obtained from rabbit tiver appear.TO have less
mitochondrial contamination than those prepared similarly from rats
(112). 1+ was possible in this study to reduce greatly the amount of
mitochondrial fragments, determined by a marker enzyme, succinic-
cyfochrom? e reducfaée, inlfhe microsomaj fractions from raTé by
introducing a second 10,000 g centrifugation of the diluted, isotonic
supernafanf.. Incorporation of this procedure and the practice of
using non-fasted énimals; whose hépafic protein content is lower than
is obtained from fasted ones, served to reduce by about 25% the content
of protein fmg./g.) ]n +he§microsomal fracfibns. A comparative study
of rabbit and rat microsomes showed that either pre-incubation forA
one hour or prélonged centrifugations affect rat microsomes more than

those from rabbits, especially in the smooth subfractions (51). The
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separafioﬁ methods uTiIizea for the comparative study with drug-
meTaboIizing enzymes f}om rats were incorporation of an addition of
CsC!, to increase the particle density or dilution of fhe fractions to
hypotonic solutions; in the present sTudyVThe comparable solution was
made isotonic. Algo in the comparative study cited, the incubation
mi xtures were supplemented with |Q5,000 g supernatant as a partial
source of the NADPHfgenera+jng system and the reactions were carried
out in an O, atmosphere. This study utilized incubation mixtures
with an excess of NADPH.in a buffer medium, and incubations in air.
In spite of the modificaTions-employed here, the acetanilide and %hé
DHA- | 6a~hydroxy lases from the rat |iver microsomal subfractions also
gave erratic and variable results if the tests of enzymatic activity
were delayed between 2 to [0 hours.
| The.profein confenT in the smooth and rough subfractions of

rabbits or raTs.repreSenfs another species difference. Both sub-
. fractions from rabbits contain 2 to 4 mg. of protein per g. of fresh
Tissue whereés the rough subfraction from rats has three to five-fold
more proTeiﬁ than the snoofh_one. The extrapolation to the situation
In the intact animal of the facts in conjunction with other data (62)
showing that the smooth subfraction from rabbits is the one more
active in oxidative ngfébolism, but that the rough one from rats is

usually more active (28), would indicate that the SER of rabbits, but
| the RER of rats, is responéible for the quantitative transformations
per g. of liver tissue from normal animals. The proTe}n content from
fasted rats was slightly higher, probably because of glycogen

depletion from the livers of those animals.
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Another variation ébserved‘was a sex differénce in the hepatic.
profein content in rats after the drug +rea+men+s; The anouﬁf of
protein in the smooth subfractions increased in both sexes, and did so
in the rough subfracfiqn from females; but less protein was measuréd
in that subfraction from males after all Thrée Types of treatment.

The latter observéffon is consistent with the hypothesis that SER is
formed in some fashion from RER (29). The accurate separation of the
subfractions is supported py electron micfophofography of the pellets,
RNA predominance in fhe,réugh subfractions, and the confirmation of
publishéd data which correlated the enzyméfic activities QiTh

morphologic parameters (50,125).
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V. SUMMARY AND CONCLUSIONS

Three hydroxylations of dehydroepiaﬁdrosferone (DHA) were
studied in hepatic microsomal fractions frecm raTs; rabbifs; rhesus
monkeys and human anehcéphalic fetuses, In addition to known 7a-,
and l6d—hydroxyla+ion, DHA 7B8-hydroxylation was identified as a
new Transformation of steroid hormones by mammalian preparations.

The steroid transformations showed a number of biological differences
related to species, age and sex., Separation of microsomal fractions
inftc éﬁDOTh and rough subfracfions demonstrated that the smooth
microsomes of Thé rabbit, but not of The rat, are more active to
carry'ouflsferoid hydroxylations, p-hydroxylation of aceTani!Ide;
and N-demethylation of aminopyrine.

Tissue from mature rats which had beeﬁ Treafed.wTTh pheno-
barbital, 3-methylcholanthrene, or phenylbutazone was characterized by
increased rates of 7-hydroxylation and oxidative metabolism of

‘ace+anilide or aminopyrine, but [6a-hydroxylation was decreased. The
cytochrome P-450 content was increased as expected. |

Aminopyrine inhibited compe+i+ive]y the DHA 7o-hydroxylation
but not that at C-16. SU-9055 inhibifed all of the enzymatic
transformations, although at different rates; the apparent K; for the
SU-9055-cytochrome P-450 interaction was 1.7x10™® M, KCN or CO
‘inhibited |b6o~-hydroxylation more than the o%her énzymafic activities.

Treatment of microsomal membranes.wifh deoxycholate des+r0yéd
most of the cytochrome P-450 and the enéymaffc écTivifies, but the

!6u—hydroxylase.sys+em was protected to the extent of 40% or more by
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the addiTion‘of DHA prior fo tThe treatment. The p-hydroxylation of
acetanilide was unaccountably stimulated 200% after the same treatment.
These data emphasize a number of differences among steroid
hydroxylases and drug—mgfabolizing enzymes, The great simifarity
observed between DHA 7d—hydrogyla+ion and aminopyrine N-demethylation
suggests that they share a clésely—relafed mechanismg however; DHA
|6o~hydroxylation and acetanilide p-hydroxylation differ so much from
each other and from the formef +ransforha+ions that a multiplicity of
specifié énzymés, redox components, or mechanisms must be postulated

to explain Them.
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