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SUMMARY

Sex differences in drug oxidase activity of liver microsomes from rats have been shown
to be related to a difference in substrate affinity for the mixed function oxidase reaction,
and not to a difference in the content of cytoch:omo P-450. These results, as well as spec-
tral studies of substrate interaction with microsomal cytochrome, showed that microsomes
isolated from livers of male rats had over twice the magnitude of substrate (hexobarbi-
tal and aminopyrine) binding than did microsomes isolated from the livers of female
rats. Similar studies with aniline indicated only a small difference in V,,, or substrate
induced spectral change between microsomes isolated from livers of male or female rats.

INTRODUCTION

It has long been known that there is a
sex difference in the response of rats to

treatment of drugs, i.e., male 1S arenore

resistant to ;?g sfiects of sexeral drugs than
female ratg (1, 2). This difference in re-
sponse 1s due to a higher rate e-
sociated with an iwﬁ_@;ﬂy of the

hydroxylating microsomal enzyme system
(4-9). The higher drug-oxidizing activity
seen in the liver microsomal fraction of
male rats appears to be due to an gpdro-
genic_effggt, since Murphy and DuBois
( ave shown that castration of male
rats decreases the rate of metabolism of
Guthion, while administration of testos-
terone to female rats enhances the metabo-
lism of Guthion (10) and hexobarbital (4).
This type of s&?r___;emﬁcm_me for
thezgt and has not been observed in other

animal species (2). Kato and Gillette (11),
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Schmidt-Volkmar (12), and Schmidt-
Volkmar and Remmer (unpublished ob-
servations) have shown that the sex
dependent difference an

increases the in wvitro drug oxidation rate
by liver microsomes of female rats, but has
the opposite effect on microsomes of male
rats (13). In addition, treatment of rats,
with different hormones has been shown
(14) to affect the enzyme activity of micro-
somes preparcd from male rat liver, but not
from female rat liver.

Not all drugs are oxidized at a faster
rate by microsomes isolated from male rat
liver. For example, Kato and Gillette (14)
have found no sex difference in the metabo-
lism of aniline and Zoxazolamine. In addi-
tion they found (14) that various treat-
ment of rats, such as starvation or hormone
administration, which affect the metabo-
lism of drugs in the male animal, were

516

Mol. Pharmacol. 3, 516-525 (1967)



SEX DIFFERENCES IN DRUG METABOLISM

without effect on the metabolism of aniline
and Zoxazolamine.

Recently it has been shown that a micro-
somal cytochrome, P-450, is involved in
steroid hydroxylation in adrenal cortex
microsomes (15) and in liver microsomes
(16-18). Remmer and Merker (19) and
Orrenius and Ernster (20) found the ac-
tivity of the liver microsomal drug oxi-
dizing enzyme system to parallel the
microsomal cytochrome P-450 both in
content and in time course of induction
after treatment of rats with phenobarbital,
using female and male rats, respectively.

The addition of substrates of the liver
microsomal mixed function oxidase to a
microsomal suspension has recently been
found to cause two types of spectral
changes (21, 22) as well as a modification
of the electron paramagnetic resonance
(ESR) spectrum (23) associated with sub-
strate interaction with some microsomal
pigment. The magnitude of the spectral
changes is dependent on the amount of
substrates and of microsomal particles
added, suggesting a substrate affinity to the
enzyme. The pigment with which these
substrates interact was shown to be cyto-
chrome P-450 by relating the effect of
substrates on the CO-complex of this
terminal oxidase (24).

The present study was undertaken to)
determine whether the higher rate of drug
oxidation observed with microsomes iso-
lated from livers of male rats was due to
a difference in the content of the micro-
somal mixed function oxidase or to differ-

ences in substrate affinity of this enzymeJ
system.

METHODS

Microsomal fractions were prepared at
0° from 0.25 M sucrose homogenates of rat
liver as described elsewhere (25). The
microsomes were washed with 0.15M KCl
to remove adventitious hemoglobin, and
resuspended in 0.15M KCIl containing
60 mm Tris-chloride buffer of pH 7.5, to a
protein concentration of about 20 mg/ml.
The assay medium contained 50 mMm Tris-
chloride buffer, pH 7.5, 0.33 mm TPN* (un-
less otherwise stated), 5§ mm MgCl,, 8 mM
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sodium isocitrate, and 15 pg/ml Sigma
type 1V isocitric dehydrogenase. Substrate
concentrations were as indicated, as were
microsome concentrations. The rate of
aminopyrine oxidation was determined
from the rate of formaldehyde production,
while the rate of aniline oxidation was
measured by determining the rate of p-
aminophenol formed. Hexobarbital oxida-
tion was determined by substrate disap-
pearance as described previously (26).
Other methods of assay, both enzymic and
spectral, have been reported previously
(24). Adult male rats and adult female rats
of the Holtzman strain (Wisconsin) were
used as indicated.

RESULTS

A comparison of the content of cyto-
chrome P-450 in microsomes isolated from
the livers of adult male and immature or
adult female rats, surprisingly, did not re-
veal differences in magnitude similar to
those expected from the observed differ-
ences in the drug oxidase activities. For
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Fic. 1. Comparison of cytochrome bs and cyto-
chrome P-460 content in liver microsomes from
male and female rats

Liver microsomes of male (——) or female
(====- ) rats were suspended to 2 mg/ml in
50 mM Tris buffer, pH 7.5, and added to two
cuvettes. A 0.01-ml aliquot of a 2% DPNH solu-
tion was added to one cuvette to obtain the dif-
ference spectrum of cytochrome bs (425 mu peak).
In a separate experiment cytochrome P-450 was
determined by bubbling CO for 1 min into one of
a similar pair of cuvettes, and Na,S;0s was then
added to both cuvettes. This action eliminates the
contribution of cytochrome bs to the spectrum.
Difference spectra were obtained with a split-
beam recording spectrophotometer.
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example, while the rates of oxidation of
aminopyrine, codeine, and many other
compounds are 2-3 times faster with
microsomes isolated from livers of male
rats compared to microsomes isolated from
livers of female rats, the content of cyto-
chrome P-450 is only about 20% higher.
Figure 1 shows a comparison of the spec-
tral contributions of cytochrome bs and
cytochrome P-450 in microsomes isolated
from male and female rat livers. The cyto-
chrome b; content ranges from equal to
about 20% higher in microsomes from male
rat liver, while the cytochrome P-450 con-
tent is significantly 15-20% higher (Tables
1 and 2). This latter small difference is
insufficient to explain the differences ob-
served in mixed function oxidase activity.

002,

"420 450 480

Wavelength (mp)

+ .3:90.

Fic. 2. Comparison of the magnitude of the
type I spectral change oblained with microsomes
from Ulvers of male and female rats

Sodium hexobarbital (2 mM) was added to one
of a pair of cuvettes containing 2 mg of protein
per milliliter of liver microsomes from male
( ) or female (----- ) rats; the difference
spectra were recorded.

An examination of the magnitude of
spectral change caused by different sub-
strates (Fig. 2) indicated that the magni-
tude of type I spectral change (trough
420 myu, peak 385 mu) (21, 24), caused by
substrates like aminopyrine and hexobarbi-
tal, is much greater with microsomes iso-
lated from male than from female rat liver.
When expressed on a per milligram protein
basis, the magnitude of interaction between
hexobarbital and the pigment of micro-
somes from male rat liver was about 2.7
times greater than that seen with micro-
somes from female rat liver (Table 1).

Mol. Pharmacol. 3, 516-525 (1967)
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Differences were also observed in the
substrate dependence of both spectral
change and enzyme activity (Fig. 3). The
Lineweaver-Burk plots in Fig. 3A show
differences in the substrate dependence of
hexobarbital oxidase, as reflected by the
different K, values obtained with micro-
somes isolated from livers of male or fe-

male rats. The Wee
timeshigher with microsomes.fram. livers

of male rats (6.0 mumoles/min/mg pro-
tein) than microsomes from livers of female
rats (1.8 mumoles/min/mg protein). Figure
3B shows reciprocal plots relating the hexo-
barbital dependence of type I spectral
change, as determined at 420 mgy relative
to 445 mp, with suspensions of microsomes
isolated from male and female rat livers.
The maximal optical density value for this
type of spectral change is 2.5 times higher
in the microsomes from male liver, in agree-
ment with the V., value obtained for en-
zyme activity (see also Table 1). The
intercept on the abscissa, termed “spectral
dissociation constant” (21, 24), was higher
with microsomes isolated from livers of
female than male rats. Although there is
not a direct correlation between the abso-
lute values of K,, as determined by en-
zymatic assay and K, as determined
spectrophotometrically, there is a similar
trend in the differences between the two
types of microsomes. The differences in the
values of the constants obtained here
presumably reflect the differences in the
concentration of hexobarbital used for the
two types of experiments, i.e. it was not
possible to measure hexobarbital concen-
trations in such a low range in the enzymic
assay for the K,, determination. Thus the
greater tolerance or resistance to drugs by
male rats may be due to a greater affinity
of the drug to the enzyme (lower K, and
K,), coupled together with the increased
ability of the mixed function oxidase sys-
tem to metabolize the drug. -t
A similar series of comparisons of sub-
strate dependence for aminopyrine demeth-
ylase activity and aminopyrine induced
spectral change revealed similar differences
between microsomes isolated from livers of
male and female rats. The magnitude of
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spectral change caused by aminopyrine as
determined by enzymic assay, as well as
the Vowmax value, were higher with the
microsomes isolated from male rats. The
spectral dissociation constant K,, as well
J 430

0050 v

0.025+

0.000+

AAbsorbance

-0.025+

-0.050+

400 450 500
Wavelength (mpu)
F1a. 4. Comparison of type II spectral change

obtained with microsomes from livers of male and
female rats

Aniline (final concentration about 15 mM) was
added to one of a pair of cuvettes containing
28 mg protein per milliliter of liver microsomes
from male ( ) or female (----- ) rats;
difference spectra were recorded.

as the K,, for aminopyrine as determined
by enzymic assay, were higher with the
microsomes isolated from female rats. Thus
the pattern of differences described above
with hexobarbital is likewise observed with
the substrate aminopyrine.

In contrast to the results described
above, there was only a small difference in
the rate of p-hydroxylation of aniline when
microsomes from male or female rats were
used (Table 2). This is in agreement with

SCHENKMAN ET AL.

the reported lack of sex difference in ani-
line oxidation (11). The present studies
show that microsomes from male rats hy-
droxylated aniline only 189% faster than
microsomes from livers of female rats. It is

(430-417mp)

|
AAbsorbance

Km=0.5mM

m(mm

Fia. 5. Comparison by reciprocal plots of ani-
line dependence of the type II spectral change,
using microsomes solated from livers of male and
female rats

The change in absorbance was measured at
430 mu minus 417 mu with an Aminco-Chance
dual wavelength spectrophotometer. Microsome
concentrations employed are indicated in paren-
theses for males (@) and females (X).

noteworthy that nearly the same difference
was observed in the magnitude of type II
spectral change (21) caused by aniline
addition to microsomal suspensions (Fig.
4) and in the amount of cytochrome P-450
present (Table 2).

Figure 5 shows reciprocal plots of the
aniline dependence of the type II spectral
change for microsomes from male and fe-
male rat livers. No significant difference

spectral change (B) between lver microsomes of male and female rats as cxpressed by rectprocal

plots

(A) The microsome concentrations employed are indicated in parentheses for female (@) and

male (X) rats. Since the rate of enzyme activities differed, two ordinates were used: M = scale for
males; F = scale for females. Activities are expressed as millimicromoles of hexobarbital oxidized
per milliliter of reaction medium per minute. The rate of hexobarbital oxidation was determined by
the removal of 0.56-1.5 ml aliquots from the incubation medium at 0, 10, and 20 min. The aliquots
were added to 30 ml of petrol ether, and the extent of substrate disappearance was determined spec-
trophotometrically as described previously (24).

(B) The changes in absorbance (420445 mu) were measured with an Aminco-Chance dual wave-
length spectrophotometer. Two ordinate scales are used, since spectral changes are much greater with
microsomes from male rats. M =scale for males; F —=scale for females. Microsomal protein con-
centrations for males (X) and females (@) are indicated in parentheses in the figure.

Mol. Pharmacol. 3, 516-525 (1967)



SEX DIFFERENCES IN DRUG METABOLISM

‘was observed in the spectral dissociation
constant between the two types of micro-
somes. In a similar manner the dependency
of the rate of aniline hydroxylation on the
concentration of aniline indicated no sig-
nificant difference (K, =0.04 mMm) be-
tween microsomes from livers of male and
female rats. As noted previously (24),
aniline is one of the few substrates so far
examined where a direct correlation of the
enzymically determined K,, and the spec-
trally determined K, do not correspond.
One week after castration, the rate of
oxidation of aminopyrine and the change
of absorbance obtained with hexobarbital
(420445 my) did not yet reach the respec-
tive values obtained with microsomes iso-
lated from livers of female rats. However
the cytochrome P-450 content (Table 1)
decreased a little and corresponded to the
amount of cytochrome P-450 found in
microsomes from female rats. By 2 weeks
after castration of male rats the K, value
obtained for aminopyrine demethylation
increased to a value intermediate between
that found with liver microsomes isolated
from normal male and female rats. Four
weeks after castration, the change of ab-
sorbance after hexobarbital was added to
microsomes did not differ significantly from
the value determined with microsomes
from livers of female rats (Table 3).

TaBLE 3
Magnitude of hexobarbital-induced
spectral change

Results are expressed as the change in absorbance
observed at 420 myu relative to 445 mu (AE X 103
per milligram of protein) observed on addition of 2
muM hexobarbital. Standard deviations are indicated
by +.

Conditions n Male n Female

Before castration 21 7.9 +1.5 16 3.0 £ 0.91
After castration
1 week
4 weeks

10 4.7 £1.

75 2.5 +£0.59
10 2.9 £0.95

6
9 2.8 +£0.67

Ovariectomy, however, did not change the
rate of aminopyrine demethylation, the
cytochrome P-450 content, or the magni-
tude of the type I spectral change of liver

i
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microsomes (Table 1). The aniline hy-
droxylation rate and the change of the
spectral absorbancy, after aniline was
added to male microsomes, decreased a
little 3 weeks after castration and ap-
proached the values found with micro-
somes from livers of female rats. This #
indicates that the small sex difference in
the rate of aniline hydroxylation, the cyto-
chrome P-450 content, and in the aniline-
induced spectral changes are significant.

DISCUSSION

The often observed greater tolerance of
male rats to different drugs, and the
greater rate of drug oxidation by male rats,

can now be explained as due to a grea
aﬂinitﬁ of drugs for the terminal ox \
cytochrome P:450, present in liver micro-

somes, and to a greater maximal nt _of
binding of su jcrosomes.
1crosomes 1solated from livers of male

rats were found to oxidize aminopyrine and
hexobarbital at more than twice the ra
of microsomes isolated from livers of fe
male rats. This increase in activity cor
related with the increase in the maximal
spectral change occurring upon drug inter-
action with the microsomal hemoprotein,
cytochrome P-450. The striking difference-

in activity can not be due to an increased
content of cytochrome P- since micro-
somes irom livers of male rats contain no

more than a 20% higher content of cyto-
chrome P-450 per milligram of microsomal
protein compared to microsomes isolated
from livers of female rats. In addition, a
greater affinity of the terminal oxidase of
microsomes from livers of male rats for
these drugs was seen from the relative
magnitudes of the spectral dissociation
constants (K,) and the K, obtained when
substrate dependence on both spectral
change and enzyme activity were deter-
mined. The physiological significance of
this latter point is at once apparent when
one considers the concentration of drug
which may actually reach the enzyme sys-
tem in the liver of the intact rat. Since thea
enzyme system may not be functioning at
saturation levels of substrate, the lower
K,, and K, values for the system in the

Mol. Pharmacol. 3, 516-525 (1967)
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male rat increase the effective differences
in the rate of metabolism between the
sexes, i.e., at saturation level the male rat
would only metabolize a given drug twice
as fast as the female rat, but with any
given substrate level below saturation, the
percentage of enzyme interacting with a
substrate will be even greater for the male.

In contrast to studies with hexobarbital
or aminopyrine, only a small difference in
activity could be demonstrated between
microsomes from livers of male and female
rats when aniline was used as substrate.
The 20% higher rate of hydroxylation of
aniline observed with microsomes from
livers of male rats (Table 2), as well as the
slightly greater magnitude of the maximal
spectral change seen after aniline was
added to microsomes from male rats (Table
2 and Figs. 4 and 5) is presumably due to
the 20% higher content of cytochrome
P-450 associated with these microsomes.
No difference in the affinity of aniline for
the enzyme system of microsomes from
livers of male and female rats has been
observed when the affinity was determined
either by measuring the dependence of the
rate of hydroxylation or the magnitude of
the spectral change on the aniline concen-
tration, i.e., the K,, and K, values, respec-
tively.

Although a number of hypotheses could
be proposed for the observed differences in
substrate binding properties and activities
of the hepatic microsomal oxidase of male
and female rats, for example, the presence
of an endogenous inhibitor as suggested by
Davies et al. (27) or the presence of two
different forms or types of cytochrome
P-450 as suggested by El Defrawy (28),
a further understanding of the enzyme sys-
tem and its components will be required
before the question can be resolved regard-
ing the existence of molecular differences
hbetween this enzyme system in male and
female rats, and why such differences are
absent or difficult to detect in similar sys-
tems from other species.
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