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Abstract—The effects of interleukin 2 (IL-2), a pivotal cytokine for generating an effective immune
response, on rat liver microsomal cytochrome P450-linked monooxygenase systems were investigated
by measuring the contents of cytochromes bs and P450, and the activities of various xenobiotic-
metabolizing enzymes [debrisoquine and bufuralol monooxygenases (CYP2D), 7-ethoxycoumarin O-
deethylase, benzphetamine N-demethylase, aniline hydroxylase and p-nitroanisole N-demethylase]. The
enzymatic activities except for p-nitroanisole N-demethylase and aniline hydroxylase were increased
approximately to 1.3-fold of those of untreated liver microsomes following intraperitoneal infection of
IL-2 (15 U/rat). However, the amount of immunoreactive bs protein, and the activities of aniline
hydroxylase and p-nitroanisole N-demethylase were not changed by injection of IL-2. To elucidate
further the mechanism of the induction of CYP2D by IL-2, quantitative analyses of immunoreactive
CYP2D protein and its mRNA were conducted by western blot and slot blot hybridization analyses.
The results indicated that IL-2 induced an increase in the amounts of immunoreactive CYP2D protein

0006-2952/93 $6.00 + 0.00
© 1993. Pergamon Press Ltd

and its mRNA. These enzymatic activities were thus up-regulated at the mRNA level.

Interleukin-2 (IL-2§) produced by activated T
lymphocytes is one of the best characterized
cytokines. This cytokine was first recognized as a
T cell growth factor in the supernatant of
phytohemagglutinin stimulated lymphocytes [1], and
is pivotal for the generation of an effective immune
response. Much of its biological activity, gene
structure and clinical potential on hepatitis and
cancer immunotherapy has been documented [2-4].
Many immunomodulators such as interferon (IFN),
IFN inducers, interleukin-1 (IL-1) and interleukin-
6 (IL-6) depress the activities of liver cytochrome
P450 (P450)-linked monooxygenase systems [5-8].
Among them, much attention has been focused on
the depressive effects on P450-linked monooxygenase
systems caused by inflammatory cytokines such as
IL-1 and IL-6. However, there have been no reports
regarding the effects of IL-2 on P450-linked
monooxygenase systems. Therefore, we investigated
the effects of IL-2 on P450-linked monooxygenase
systems by measuring the content and the enzymatic
activities of xenobiotic-metabolizing enzymes of rat
liver microsomes. Furthermore, the effects of IL-2
on the immunoreactive CYP2D protein and gene
expression of CYP2D subfamily members were
investigated by performing quantitative analyses of
the immunoreactive CYP2D protein of liver
microsomes and its mRNA.

MATERIALS AND METHODS

Chemicals. TL-2 purified from the conditioned
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§ Abbreviations: IL-1, interleukin 1; IL-2, interleukin 2;
IL-6, interleukin 6; P450, cytochrome P450; bs, cytochrome
bs; IFN, interferon; SDS, sodium dodecyl sulfate.

medium of a rat splenocyte culture stimulated by
concanavalin A, benzphetamine and 7-ethoxy-
coumarin was purchased from the Sigma Chemical
Co. (St Louis, MO, U.S.A.). Debrisoquine,
4-hydroxydebrisoquine, bufuralol and 1'-hydroxy-
bufuralol were generous gifts from Dr H. Fukui at
the Department of Pharmacology, Osaka University
Medical School. The Histofine SAB-PO(R) kit for
western blot analyses was purchased from the
Nichirei Co. (Tokyo, Japan). Rabbit anti-human
immunoglobulins (IgG, IgA and IgM) were
purchased from the Funakoshi Chemical Co.
(Tokyo, Japan). All other chemicals of the highest
commercially available grade were purchased from
Wako Pure Chemicals (Osaka, Japan) and Nacalai
Chemical Co. (Kyoto, Japan).

Animals and IL-2 treatments. Male Wistar white
rats weighing about 100 g (5 weeks old) were used
throughout this study. They were housed in plastic
cages and allowed free access to food and water.
They were maintained under a controlled lighting
cycle (12 hr on, 12 hr off) and deprived of food and
water overnight before decapitation. IL-2 solutions
(15 or 30U/rat) dissolved in 1.5mL saline and
saline only for the controls were injected once
intraperitoneally into the rats.

Preparation of rat liver microsomes. Twenty-four
or 48 hr after the injection of IL-2, rats were killed
by cervical dislocation and prior to removal their
livers perfused via the portal vein with ice-
cold 50 mM potassium phosphate buffer (pH 7.4)
containing 1.15% (w/v) potassium chloride to remove
as much blood as possible. The microsomal fractions
were immediately prepared at below 4° by the
method of Mitoma et al. [9].

Determination of the contents of P450, bs and
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protein. Protein concentration was determined by
the method of Lowry et al. [10] using bovine serum
albumin as a standard. A molar extinction coefficient
of bovine serum albumin of 6.68 x 10°M~!cm™! at
280 nm was used [11].

The content of P450 was determined spectro-
photometrically by a carbon monooxide difference
spectrum of a dithionite-reduced sample with a
molar extinction coefficient of 91 x 1*°M~!cm™! at
450 minus 490nm [12]. The content of bs was
determined by a reduced and oxidized difference
spectrum with a molar extinction coefficient of
185 x 10°M~'cm™! at 424 minus 409 nm [12].

Assays of the enzymatic activities. The activities
of benzphetamine N-demethylase and p-nitroanisole
N-demethylase of liver microsomes were determined
by measuring the formation of formaldehyde
according to the method of Nash [13]. The activity
of 7-ethoxycoumarin O-deethylase was determined
by the method of Greenlee and Poland [14]. The
activity of aniline p hydroxylase was determined by
measuring the formation of p-aminophenol from
aniline by the method of Imai ef al. [15]. These
enzymatic reactions were performed at 37° for S min.
The activities of debrisoquine and bufuralol
monooxygenases were determined by the methods
of Kronbach et al. [16] and Matsuo et al. [17] at 37°
for 40 min. All measurements of enzymatic activities
were carried out in a final volume of 1 mL of 50 mM
potassium phosphate buffer (pH 7.4) containing
substrate: 1 mM benzphetamine, 1 mM 7-ethoxy-
coumarin, 0.25mM debrisoquine or 0.25mM
bufuralol, NADPH regenerating system (5mM
glucose 6-phosphate, 0.5IU giucose 6-phosphate
dehydrogenase, 4 mM MgCl, and 0.2 mM NADPH)
and 1 mg microsomal protein.

Preparation of anticytochrome bs (bs) IgG. bs was
purified from bovine liver microsomes by the method
of Spatz and Strittmatter [18]. This purified enzyme
gave a single protein band on SDS-polyacrylamide
gel at amolecular mass of 16 KDa. The immunization
of rabbits with purified bs was performed by the
method of Hamamoto ez al. [19]; that is, the solution
of highly purified b5 in 0.5 mL of 50 mM potassium
phosphate buffer, pH 7.4 containing 0.1 mM EDTA
with 1.0mL of Freund’s complete adjuvant was
injected into the footpads or a thigh muscle of rabbits
once a week for 3 weeks. Two weeks after the last
injection, a booster injection of 1.0 mg protein was
given. The globulins were purified from the rabbit
sera by ammonium sulfate precipitation.

Western blot analyses. Liver microsomes (5 ug of
protein/lane) were subjected to SDS-PAGE and
the proteins were transferred electrophoretically to
nitrocellulose sheets and then immunoblotted with
the serum of an autoimmune hepatitis patient
containing the LKM-1 autoantibody (CYP2D6
antibody) and anti-bs IgG. The serum of an
autoimmune hepatitis patient was received as a
generous gift from Dr Michael P. Manns of the
Department of Internal Medicine (1st Division) at
the University of Mainz, Germany. The reactivity
of anti-CYP2D IgG in this serum has already been
confirmed by examining the expressed fusion protein
of ¢cDNA in Escherichia coli [20]. Low range
molecular mass marker proteins were obtained from

Bio Rad laboratory Co., Ltd (Richmond, CA,
U.S.A)).

RNA slot blot hybridization. Liver specimens of
approximately 500 mg were incubated in a solution
consisting of 4 M guanidine thiocyanate, 25mM
sodium citrate, 0.1 M 2-mercaptoethanol and 0.5%
(w/v) sarcosyl, for 10 hr at 37°. Total RNA extractions
from the livers were conducted by the method of
Chomczynski and Sacchi [21]. Five micrograms of
RNA were used for the slot blot hybridization.
Bovine CYP2D cDNA, cloned and sequenced in
this laboratory and found to be approximately 70%
homologous to the rat CYP2D subfamily, was used
as the probe [22]. Under the conditions used, 70%
homologous hybridization was possible with the
¢DNA probe, which means that the same subfamily,
i.e. CYP2D subfamily members, should be detected.
The labeling of CYP2D cDNA with [?P]-dATP was
carried out by the method of nick translation [23].
Hybridization was conducted in 4 x SETS buffer
[0.6 M NaCl, 120mM Tris~HCl (pH7.5), 8 mM
EDTA, 10X Dephardt and 0.1% (w/v) SDS]
containing 50 mg/mL heat-denatured salmon sperm
DNA at 60° for 24 hr. A single wash was conducted
in 4 X SETS buffer [0.15M NaCl, 30 mM Tris-HCl
(pH 7.5), 2 mM sodium EDTA and 0.1% (w/v) SDS]
followed by a double wash in 1 X SETS buffer at
60° for 15 min.

Densitometrical analyses of western blot and RNA
slot blot hybridization. Densitometrical analyses
of immunoblots were performed optically by
absorbance at 550 nm and those of RNA slot blots
were performed at 610 nm using a Shimadzu Dual
Wavelength TLC Scanner Model CS 910.

Statistical analyses. Statistical analyses were
performed on Macintosh classic Stat-Work soft ware.
The statistical significance was determined using the
Student’s ¢-test.

RESULTS

Initially, the effect of 15 and 30 U of IL-2 on the
spectrophotometrical P450 content of rat liver
microsomes was investigated. After 24 hr, the P450
content of the rat liver microsomes was comparable
to that before injection but it was significantly
increased to 118.6% and 118.8% of the original
value 48 hr after the injection of 15 and 30 U of IL-
2, respectively. (The mean content of P450 of
untreated liver microsomes was 0.84 = (.11 nmol/
mg of microsomal protein.) Consequently, it was
decided to use rat liver microsomes 48 hr after
injection of 15U of IL-2 for the following
experiments.

In addition, we examined the effect of IL-2 (15 U/
rat) on the spectrophotometrical content of bs of rat
liver microsomes 48 hr after the injection of IL-2. In
contrast with P450, a significant change in the content
of bs due to injection of IL-2 was not observed. The
mean contents of bs of the liver microsomes of
untreatedrats and IL-2-treated rats were 0.40 = 0.015
and 0.42 = 0.027 nmol/mg of microsomal protein,
respectively.

Furthermore, the immunoreactive bs proteins of
liver microsomesswere immunoquantitated using



Effects of IL-2 on P450-linked monooxygenase systems

(A)
Untreated

a b

16KDa —

(B)

Untreated

a b

Absorbance (550nm)

587

IL-2 treated

IL-2 treated

L
|

I

T IT

¢ d

Fig. 1. (A) The effects of IL-2 on the immunoreactive bs protein of rat liver microsomes. Duplicate

experiments are shown with IL-2 (15 U/rat) dissolved in 1.5 mL saline, or only saline for the controls,

intraperitoneally injected into rats. After 48 hr the rats were killed and liver microsomes prepared. The

proteins (5 pg) of the liver microsomes were subjected to SDS-PAGE, then transferred to nitroceliulose

sheets. The blots were visualized using anti-bs IgG obtained from bg-immunized rabbits. The relative

molecuiar mass of the stained band is indicated as 16 kDa. Lanes a and b, untreated rats; lanes ¢ and
d, IL-2 treated rats. (B) Densitometric analyses of (A), performed as described in the text.

anti-bs IgG purified from b5 immunized rabbits. The
electrophoretical bands and their densitometrical
analyses shown in Fig. 1 did not express differences
between untreated and IL-2-treated rats.
Subsequently, the effects of IL-2 (15 U/rat) on
the activities of several xenobiotic-metabolizing
enzymes: debrisoquine 4-monooxygenase, bufuralol
1’-monooxygenase, 7-ethoxycoumarin O-deethyl-
ase, benzphetamine N-demethylase, aniline
p-hydroxylase and p-nitroanisole N-demethylase,
were examined. The activities of all the xenobiotic-
metabolizing enzymes with the exception of aniline

BP 45:3-E

hydroxylase and p-nitroanisole N-demethylase were
significantly enhanced by 15 U of IL-2. The inducible
rates of these activities were approximately 1.3-fold
of those in untreated liver microsomes. The activities
of aniline p-hydroxylase and p-nitroanisole N-
demethylase were not changed by the injection of
IL-2. These results are shown in Fig. 2.

To elucidate further the induction mechanism of
xenobiotic-metabolizing enzymes by IL-2, the
amount of CYP2D protein was immunoquantitated
by western blots and the amount of CYP2D mRNA
was quantitated by RNA slot blot hybridization. The
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Fig. 2. The effects of IL-2 on the activities of debrisoquine
4-monooxygenase (DB), bufuralol 1'-monooxygenase
(BUF), 7-ethoxycoumarin O-decthylase (EC), benz-
phetamine N-demethylase (BP), aniline p-hydroxylase
(AH) and p-nitroanisole N-demethylase (NA) of rat liver
microsomes. IL-2 (15U) dissolved in 1.5mL saline, or
saline only for the controls, was injected intraperitoneally.
The enzymatic activities are expressed as percentages of
control values. Control values are DB, 0.28 = 0.12; BUF,
0.62+0.23; EC, 2.79+0.88; BP, 4.25%1.30; AH,
0.77 £0.17 and NA, 1.91 £0.08 {nmol/min/mg micro-
somal protein). Each value represents the mean + SD of
four rats and the values which are significantly different
from controls are shown by *: *P < 0.05. Columns indicate
the means and error bars express the standard deviations.

results of western blot analyses of liver microsomes
using the serum containing the CYP2D antibody are
shown in Fig. 3 and those of RNA slot blot
hybridization are shown in Fig. 4. From the
densitometrical analyses of stained protein bands of
western blot and hybridized bands of RNA slot blot,
significant changes (P < 0.05) were observed between
the absorption peak areas of IL-2-treated rats and
those of untreated rats. The inducible contents of
CYP2D protein and its mRNA by IL-2 corresponded,
indicating that IL-2-inducible CYP2D was up-
regulated at the mRNA level.

DISCUSSION

In this study, the effects of IL-2 on the content of
P450 and the activities and gene expression of several
xenobiotic-metabolizing enzymes were investigated.
Since IL-1 and IL-6 have depressive effects on the
enzymatic activities of liver microsomal enzymes {6~
8], the results in this study provided new evidence
of induction effects on the content and enzymatic
activities of P450 by IL-2. The relationship between
some cytokines and the activities of xenobiotic-
metabolizing enzymes of liver microsomes has been
reported by many investigators [5-8]. Some cytokines
such as IFN, IL-1 and IL-6 have been reported to
depress the level of P450 as well as the activities of
P450-dependent xenobiotic-metabolizing enzymes
[3-6]. We confirmed that IL-1 suppressed the gene
expression of CYP2D mRNA [24]. Attention has
been focused on the depressive effects of IL-1 and
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IL-6 which are considered to be important mediators
of the inflammatory response. Unexpectedly, the
present study shows that P450 is induced by injection
of the cytokine IL-2 in vivo in contrast with the
reports of depressive effects of the other cytokines.
Tominaga et al. [25] have reported that IL-2
directly stimulates glucocorticoid synthesis using rat
adrenocortical cells in an in vitro study. However,
there have been no reports on the induction of
xenobiotic-metabolizing enzymes by IL-2 in an in
vivo study.

It is well known that a variety of xenobiotics
including 3-methylcholanthrene and phenobarbital
induce the activities of xenobiotic-metabolizing
enzymes [26,27]. Our finding of induction by IL-2
of P450 is of interest, because 1L.-2 is not a xenobiotic
but a cytokine physiologically produced with
important immunological roles. We further analysed
the effects of IL-2 on b5 which is a major component
of the P450-dependent mixed-function oxidase
system, but no induction of bs protein was observed.
The physiological relevance of the induction of
xenobiotic-metabolizing enzymes by IL-2 is unclear.
However, our results suggest that IL-2 may bear a
close relation to the defense mechanism against
xenobiotics via P450, which may enhance detox-
ification.

From the results of our experiments, induction of
P450 was not observed after 24 but was observed
after 48 hr with post intraperitoneal IL-2 injection.
With other cytokines including IL-1, IL-6 and IFN
depression of xenobiotic-metabolizing enzymes was
observed 24 hr after injection. The fact that induction
by IL-2 is delayed compared to that by other
cytokines suggests that the effects of IL-2 on
xenobiotic-metabolizing enzymes are indirect, poss-
ibly provoked by changes in endogenous substrates.
The receptors of [L-2 exist mainly on the surface of
T lymphocytes and are not found on hepatocytes.
This is consistent with the suggestion that IL-
2 indirectly affects the xenobiotic-metabolizing
enzymes.

Though there is overlapping in the substrate
specificity of the enzymatic activities of P450 isozymes
[28-32], the major activities of individual P450
isozymes of rat liver microsomes are as follows:
CYP2D1 is principally responsible for debrisoquine
and bufuralol monooxygenation, CYP2B1 and
CYP2C11 for benzphetamine N-demethylation, and
CYP1Al and CYP2B1 for 7-ethoxycoumarin O-
deethylation. Aniline p-hydroxylation is mainly
catalysed by CYP2E1 and CYPlAl, and p-
nitroanisole N-demethylation is mainly catalysed by
CYP2C11. However, the activity of CYP1Al in 7-
ethoxycoumarin O-deethylase is much higher than
that in aniline p-hydroxylase [33].

Therefore, all activities of xenobiotic-metabolizing
enzymes except for the activities of aniline
p-hydroxylaseandp-nitroanisole N-demethylase were
induced significantly by IL-2, suggesting that IL-2
influences not just one specific isozyme but also
some subfamilies of P450 isozymes such as CYP2D1,
CYP2B1 and CYP1A1l. IL-2 does not have much
effecton CYP2E1 and CYP2C11 subfamily members.

Moreover, we investigated the effects of IL.-2 on
the content of CYP2D protein and its gene
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Fig. 3. (a) Western immunoblot analyses of CYP2D of rat liver microsomes. IL-2 (15 U/rat) dissolved

in 1.5 mL saline or saline only for the controls, was injected intraperitoneally. The liver microsomal

proteins (5 pug) were subjected to SDS-PAGE and transferred to nitrocellulose sheets, and the blots

were visualized by the method described in Materials and Methods. The relative molecular mass of the

stained protein band is indicated as 52 kDa. Lanes 1 and 2, untreated rats; lanes 3 and 4, IL-2 treated
rats. (b) Densitometric analyses of (a), performed as described in the text.

expression. Serum of an autoimmune hepatitis
patient containing a high titre of LKM-1 antibody
(CYP2D6 antibody) was used for performing
quantitative analyses of immunoreactive CYP2D
of rat liver microsomes. It has already been
demonstrated that CYP2D6 antibody in the serum
of an autoimmune hepatitis patient recognizes the
CYP2D of rat liver microsomes [33-35). Therefore,
the antibody against CYP2D6 used in this experiment
should also react with the CYP2D protein of rat

liver microsomes. A previous report demonstrated
that CYP2D6 antibody was able to recognize both
forms of P450, CYP2D1 and CYP2D2 of rat liver
microsomes [34]. From the results of western blot
analyses of our experiments, a difference in the
induction rates of CYP2D1 and CYP2D2 protein
could not be detected because the molecular
masses of these proteins were similar and their
electrophoretical bands overlapped. From the
standpoint of enzymatic activities, CYP2D1 has
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Fig. 4. (I) Slot blot analysis of CYP2D mRNA using total RNA extracted from livers. Duplicate RNA

samples from individual livers are shown. Total liver RNA (5 ug) was bound to a nylon filter and

hybridized with the CYP2D cDNA as described in Materials and Methods. Five micrograms of RNA

extracted from livers were applied for slot blot hybridization. Lanes a and b, RNA from untreated

rats; lanes ¢ and d, RNA from IL-2 treated rats. (II) Densitometric analyses of (I}, performed as
described in the text.

activities towards both debrisoquine and bufuraiol
monooxygenases, while CYP2D2 has negligible
catalytic activities toward debrisoquine compared
with those of CYP2D1. [28]. Our data show that the
induction rates of the activities of debrisoquine and
bufuralol monooxygenases by IL-2 were the same.
Taken together it seems that it was not CYP2D2 but
CYP2D1 that was mainly induced by IL-2.

From the results of our western blot and RNA
slot blot analyses, the inducible contents of
immunoreactive CYP2D protein and its nRNA were
comparable, suggesting that IL-2 does not alter
significantly the translation rate from CYP2D mRNA
to CYP2D protein but affects the mRNA level which

was determined by the balance between the rate of
mRNA synthesis and the stability of mRNA.

In conclusion, activities of xenobiotic-metabolizing
enzymes and the CYP2D protein content of liver
microsomes are enhanced by IL-2, and the induction
of CYP2D is regulated at the mRNA level. The
physiological relevance of inducible effects on
xenobiotic-metabolizing enzymes awaits further
elucidation.
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