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Abstract—The effects of adrenalectomy and cortisone administration on components of
the mixed function oxygenase system of liver microsomes from adult male rats were
studied. The N-demethylation of ethylmorphine (EM) as measured by formaldehyde
production was used as an index of the overall activity of this system. EM demethylase
activity in liver microsomes from adrenalectomized rats was 56 per cent of the value
obtained with sham-operated controls, while cytochrome P-450 content fell by only
19 per cent. NADPH cytochrome ¢ reductase and cytochrome P-450 reductase
activities were decreased 68 and 69 per cent, respectively, in liver microsomes from
adrenalectomized animals, while the apparent affinity constant (Ksp) of EM for
cytochrome P-450 spectral change was not altered. The decrease in maximal spectral
change caused by adrenalectomy corresponded to the decrease in cytochrome P-450
content. Cortisone acetate administration (5 mg/kg/day for 8 days) to adrenalectomized
rats prevented the decrease in EM demethylase activity. Accordingly, the steroid
treatment increased the NADPH cytochrome ¢ reductase and cytochrome P-450
reductase activities to 113 and 140 per cent, respectively, of the values obtained with the
sham-operated controls, without significantly altering the cytochrome P-450 content or
the kinetic constants for the spectral changes. These data suggest that the well known
decrease in drug-metabolizing activity seen in liver microsomes of adrenalectomized
animals is not related to changes in cytochrome P-450 content or to a decrease in the
ability of cytochrome P-450 to bind drug substrates. However, there appears to be a
relationship between the reductase activities and the adrenal function, because the
changes in activities in NADPH cytochrome ¢ reductase and cytochrome P-450 reductase
in liver microsomes from adrenalectomized and cortisone-treated adrenalectomized
rats paralleled the changes in EM demethylase activity.

* A preliminary report of this work has been presented (Fedn Proc. 27, 350, 1968).
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In 1958 ReEMMER showed that adrenalectomy lowered the activity of the rat liver
microsomal enzymes which catalyze the N-demethylation of monomethyl 4-amino-
antipyrine and the oxidation of hexobarbitall- 2 and that the decrease was prevented by
the administration of prednisolone.?2 Extending these findings, Kato and Gillette3
found a sex difference in the effect of adrenalectomy of rats; whereas it impairs the
metabolism of aminopyrine and hexobarbital without affecting the metabolism of
aniline and zoxazolamine in male rats, it does not decrease the metabolism of any of
these substances in female rats.

Other authors? have pointed out the relationship between the pituitary-adrenal
system and drug-metabolizing activity by showing that hind limb ligation shortened
the duration of action of pentobarbital, hexobarbital, zoxazolamine and meprobamate
in intact rats but not in adrenalectomized animals. Moreover, the sleeping time of rats
receiving hexobarbital was shortened by treatment of hypophysectomized rats with
either corticosterone or ACTH or by treatment of adrenalectomized rats with corticos-
terone. Despite this continued interest, however, the mechanism by which the pituitary-
adrenal system regulates drug metabolism has not been determined.

During the past few years, considerable knowledge has been gained about the mixed
function oxygenase system that hydroxylates drugs and other foreign compounds.
In the current view, hydroxylation is thought to proceed through a series of steps.
With certain drug substrates such as ethylmorphine, the first step is binding of the
drug to oxidized cytochrome P-450. This complex is then reduced by NADPH cyto-
chrome c reductase either directly or indirectly through an unidentified electron carrier.
The reduced complex then reacts with oxygen to form an active oxygen complex which
rearranges to form the hydroxylated drug and oxidized cytochrome P-450. (This
mechanism is discussed extensively in reference 5.)

A number of studies suggest that steroids are hydroxylated by the same microsomal
enzyme systems which metabolize drugs: (1) both drug and steroid hydroxylation by
liver microsomes require NADPH and oxygen® and are inhibited by carbon monoxide;?
(2) both drugs and steroids interact with microsomes to produce spectral changes;8
and (3) steroids competitively inhibit drug hydroxylation.?

Thus there are at least two possible mechanisms by which steroid hormones may
influence drug metabolism by the liver microsomal system: (1) by combining with
cytochrome P-450, thereby altering the apparent affinity of the enzyme system for
drugs; and (2) by altering the amount or the activity of one or more of the components
in the electron transport system. In this study we have attempted to evaluate these
possibilities by studying the various components of the electron transport system in
liver microsomes from adrenalectomized and cortisone-treated rats.

MATERIALS AND METHODS

Chemicals. NADP+ was obtained from Sigma Chemical Company and trisodium
isocitrate from Calbiochem. Isocitric acid dehydrogenase from porcine heart was
purchased from Calbiochem as a 509, glycerol solution having an activity of 2-5
enzyme units/mg at 30°, Cortisone acetate suspension was supplied by Merck, Sharp
& Dohme Inc. (Cortone acetate) and diluted with saline before use. Carbon monoxide,
having less than 25 ppm oxygen, was purchased from Matheson Company and further
deoxygenated by bubbling it through a solution consisting of 0-059; 2-anthraquinone-
sulfonic acid sodium salt and 0-59; Na2S204 in 0-1 N NaOH.
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Animals and animal treatments. Male Sprague-Dawley rats, weighing 120-140 g,
were obtained from Hormone Assay Laboratories, Inc., Chicago, Ill, and were
received 2 days after either adrenalectomy or sham adrenalectomy. Since anorexia
and weight loss, commonly seen after adrenalectomy, may produce a starvation-like
state which in itself affects drug metabolism,1? all rats used for these experiments were
kept as nearly as possible in an identical nutritional condition by oral force feeding.
Accordingly, the postoperative oral feeding schedule with diet no. 4370 described by
Scow!! was begun on the day the animals arrived. Each rat was given an equal amount
of the diet. The diet of the adrenalectomized rats was suspended in saline, whereas
that of the sham-operated controls was suspended in water. The adrenalectomized
rats were also given saline to drink.

One group of adrenalectomized rats was treated with a saline suspension of cortisone
acetate, 5 mg/kg, subcutaneously once a day for 6 days before sacrifice. The sham-
operated rats were injected with an equal amount of saline.

Enzyme preparation. The livers were homogenized in 4 vol. of an ice-cold solution of
Tris-KCl (1:15%;, KCl containing 0-05 M Tris-HCl, pH 7-4) with a motor driven
Teflon-glass homogenizer. The homogenate was centrifuged at 9000 g for 20 min in a
Servall refrigerated centrifuge. The supernatant fraction was centrifuged for 1 hr at
30,000 rpm (78,000 g, av.) in a no. 30 rotor with a Spinco model L preparative ultra-
centrifuge. The microsomal pellet was resuspended in a volume of the Tris-KCl buffer
equivalent to the original volume of 9000 g supernatant. All operations were performed
at 0-4°.

Incubation procedures. The final composition of the incubation mixtures was:
Tris-HCl buffer, pH 7-4, 50 mM, sodium isocitrate, 8 mM ; NADP, 0-:33 mM ; isocitric
acid dehydrogenase, 0-36 unit per ml; microsomal protein, about 2 mg/ml; and
substrate in appropriate concentrations. The final volume was 3-0 ml. Nicotinamide
was omitted from the incubation mixture because it has been shown to inhibit the
metabolism of various drugs.!2 In the kinetic experiments, ten different concentrations
of substrate were used, ranging from 0:1 to 1-0 mM. In other experiments 1 mM
ethylmorphine was used. The mixtures were incubated in air for 10 min at 37° in a
Dubnoff metabolic incubator and the amount of formaldehyde formed was measured
according to the method of Nash.13

Spectral methods and reductase assays. The spectral dissociation constants (K;p) and
maximal spectral changes for ethylmorphine were determined as described by Schenk-
man et ql.8

Microsomal P-450 content was estimated in a Shimadzu MPS-50 L recording
spectrophotometer and expressed as millimicromoles of cytochrome P-450 per
milligram of microsomal protein with the use of the extinction coefficient of
91 mM-lcm—1.14

Cytochrome P-450 reductase activity was determined as described by Gigon ef al.,15
and NADPH cytochrome ¢ reductase was measured according to the method of
Phillips and Langdon.16

The reductase assays were done with a Beckman DU spectrophotometer equipped
with a Gilford 222 photometric unit and a Gilford model 2000 multiple sample
recorder. The cell block was maintained at 37°.

Protein concentrations. Protein concentrations were estimated by the method of
Lowry et al.17 using bovine serum albumin as the standard.
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Statistics. The Michaelis constants (Kj,), maximum velocities (Fmax), the spectral
dissociation constants (Ks;p) and maximum spectral changes were calculated by
computer as described by Davies ef /.18 Individual values for Vimax and Ky, in which the
standard error was greater than 15 per cent were not considered valid, and therefore
were omitted. The Student’s z-test was used as a test for the significance of differences
between the groups of animals.

RESULTS
Effect of adrenalectomy on ethylmorphine N-demethylase kinetics. Adrenalectomy
produces quantitative as well as qualitative changes in microsomal enzymes (Table 1).
The decrease in drug metabolism usually seen after adrenalectomy results from a
decrease in V' max and a small but statistically significant increase in Ky,

TABLE 1. KINETIC CONSTANTS FOR THE N-DEMETHYLATION OF ETHYLMORPHINE BY LIVER
MICROSOMES FROM SHAM-OPERATED AND ADRENALECTOMIZED RATS*

Vmax
(mpmoles HCHO
Kn formed/10 min/mg
Rats (mM) % Change protein) % Change
Sham 0:27 4- 0-02 (6) 91 + 7 (6)
Adrenalectomized  0-36 +0-02 (10)} + 333 53 + 4 (10)t — 417

* EM at ten different concentrations over a range of 0-1 to 1-0 mM was incubated for 10 min at 37°
with liver microsomes from either sham-operated or adrenalectomized animals, as described in
Methods. Values represent the mean - S.E.M. The numbers in parentheses are animals per group.

P <001.

Oral feeding. No differences were found in either the body or liver weights of the
sham-operated and adrenalectomized rats, showing that the orally administered diet
adequately maintained a nutritional balance between the two groups. As reported by
Bellamy et al.,19 however, cortisone treatment caused an increase in liver weight and
a decrease in body weight. In none of the groups was the weight gain equivalent to that
in animals fed ad /ib., but any nutritional effects on microsomal enzymes were pre-
sumably the same for all groups. Morevoer, the finding that the K, value of the
ethylmorphine N-demethylation in sham adrenalectomized rats (Table 1) was similar
to that of well fed animals'® also suggests that the diet was adequate, because Gigon
and Gram (see reference 20) have found that 3-day starvation of rats tends to increase
both the K,, and ¥ max of ethylmorphine N-demethylation.

Effects of adrenalectomy and cortisone administration. In another experiment
adrenalectomy resulted in a similar decrease in cytochrome P-450 reductase and
NADPH cytochrome ¢ reductase activities, while ethylmorphine demethylase was
decreased to a slightly greater extent (Table 2). Cortisone administration to adrenalec-
tomized rats prevented the decrease in ethylmorphine N-demethylation and NADPH
cytochrome ¢ reductase activities, but increased cytochrome P-450 reductase activity.
Thus cytochrome P-450 reductase is more responsive to cortisone treatment than is
NADPH cytochrome c reductase,

Cytochrome P-450 and spectral binding constants. Although Table 2 shows that
adrenalectomy causes a decrease in microsomal cytochrome P-450 content, this effect



2465

“SPOYISIAL Ul USAIS 91 $3inpaooid 1410 JO S|TEId(] "SPOYIOIA Ul PAQLIDSIP SB SIWOSOIOW JOAN] UNM Ul ] JOJ Pajeqnoul sem ‘I [ ‘(JNH) duiydiourAyy

i

*s[o13u0d pajerado-wreys Yim paredwod se 600 > 4 §

‘Jonuod Jo jued Jod oxe sesayjuared ur soquiny ;

*sfonuod pajerado-wreys yyum pareduiod se 100 > 4 +

*S|etIUR 9A WOIJ pauieIqo “W'H'S T Uesll oY) se passaidxa oIe S)Nsoy 4

(66) oL orn (or1) €1 9L en
€50+ 0L 8.0+ 89 10-0 1 £50-0 180-0 T og-01 6T L1 160-0 F 96-0 ¥+ €s SUOS(I0d +
POZIWIOIR[BUIPY
(€6) (€L) (oD (89) (69) ) 199
woF 99 §.0+ 99 £00-0 = $0-0 ve-0+ Loy et 190-0F €01 S (1 PIZILO0IEUAIPY
9¢-0F 1L 9-0 T 06 000+ €0-0 o0 T 9¢-L §F €Il 00+ LTI 1+ ¥ pajersdo-ureys
01 X (0SP-d 01 X 8w/ OV) (W) (wajo1d (urejoad Sur sojourriur)  j(wiar gf/ursrord s[ewy
0349 sajowriur) a8ueyd (4%y) JuRISUOD Fwi/urui/paonpar sajowrur) 0SY-d SWOIYd03LY) Suw/paurioy
a3ueyd Tendads UoIBIOSSIP OHDH se[owru)
[enoeds wnuwixew NH Jenoads W ase1oNpal asejonpal uonej{yiowep WA
Jewxey 0sy-d 014D 20140 HIAVN

Adrenalectomy and ethylmorphine metabolism

%AWOLOATYNIIAY Ad @IONAOYd SIDONVHO FHL NO INFWIVHHEL ENOSLLYO0) 40 10844y g 374V ],



2466 J. A. CastrO, F. E. GREENE, P. GiGoN, H. SasaME and J. R. GILLETTE

was not always reproducible. In some experiments no change in cytochrome P-450
content was observed after adrenalectomy. Moreover, the administration of cortisone
to adrenalectomized rats did not prevent the apparent decrease in the cytochrome
P-450 content shown in Table 2.

The spectral dissociation constant (Ksp) was not significantly affected by adrena-
lectomy or by cortisone administration to adrenalectomized rats. However, the maximal
spectral change was significantly lower in microsomes from adrenalectomized animals
than in those from sham-operated rats and remained low in those from adrenalec-
tomized rats receiving cortisone. This decrease in the maximal spectral change
produced by the interaction of ethylmorphine with microsomes paralleled the decrease
in cytochrome P-450 content (last column, Table 2).

DISCUSSION

In agreement with the findings of Remmer,!: 2 this study demonstrates the decrease
in drug metabolism by adrenalectomy and its reversal by a glucocorticoid. Kinetic
analysis of ethylmorphine demethylase activity (Table 1) revealed that adrenalectomy
causes both a decrease in Vnax and a small increase in K.

The decrease in ethylmorphine demethylation caused by adrenalectomy was
apparently not due solely to a decrease in cytochrome P-450 content nor to alterations
in the type T spectral changes produced by this substrate. As shown in Table 2,
adrenalectomy decreased ethylmorphine demethylation about 44 per cent, but
decreased the cytochrome P-450 content only about 20 per cent. Moreover, adrenal-
ectomy did not significantly alter the apparent affinity of microsomes for ethylmorphine
as measured by the spectral binding constant, Ks,. Further, it decreased the maximal
spectral change to about the same extent as it decreased microsomal cytochrome
P-450 content. Also the administration of cortisone to rats did not prevent the effects
of adrenalectomy on either the cytochrome P-450 content or the maximal spectral
changes, even though cortisone treatment prevented the effects of adrenalectomy on
ethylmorphine N-demethylation. Indeed when the Vpax value was related to the
microsomal P-450 content, cortisone treatment increased the -ethylmorphine
N-demethylation to about 150 per cent of the control level.

The finding that adrenalectomy does not change the K, value was surprising. The
addition of cortisol and corticosterone to liver microsomes has been shown to evoke
spectral changes having absorption maxima at 409 and 413 my and minima at 365 and
375 my, respectively,® whereas ethylmorphine causes a difference spectrum having a
maximum at 385 mu and a minimum at 423 mg. If the corticoids and ethylmorphine
were bound to the same site in liver microsomes, it might be expected that the presence
of endogenous steroid would either increase the apparent K, or decrease the maximal
spectral change. Since neither of these parameters was altered by adrenalectomy or
cortisone treatment (when the concentration of microsomal cytochrome P-450 is
considered), it may be assumed that steroids were either present in very low concen-
trations or interacted with sites which do not bind ethylmorphine. Since cortisone
reversed the effect of adrenalectomy on ethylmorphine metabolism, it seems probable
that the effect of glucocorticoids is not mediated via direct interaction of the steroid
molecule with cytochrome P-450, but rather through an indirect effect on the synthesis
or catabolism of another component of the system.

A close correlation was found between the changes in the N-demethylation of
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ethylmorphine and the activities of NADPH cytochrome ¢ reductase and cytochrome
P-450 reductase. The data presented in Table 2 show that adrenalectomy decreases
both of these activities to about the same extent as it decreases ethylmorphine
N-demethylation. Moreover, the administration of cortisone completely prevented
the decrease in NADPH cytochrome ¢ reductase activity caused by adrenalectomy
and markedly increased the activity of cytochrome P-450 reductase. The effect on
the latter becomes more impressive when the leyel of the cytochrome P-450 is taken
into account. The cytochrome P-450 reductase activity per cytochrome P-450 was
185 per cent and ethylmorphine demethylase 156 per cent of the control levels.
Clearly, of the known components of the microsomal enzyme systems, only the
reductase activities were responsive to cortisone, to the degree observed in ethyl-
morphine metabolism. Thus, in the overall sequence of events thought to occur in drug
hydroxylation, adrenal steroids seem to exert their effect at the step of reduction of
cytochrome P-450.
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