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Oxidation of glutathione by free radical intermediates formed
during peroxidase-catalyzed N-demethylation reactions
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Horseradish peroxidase-catalyzed N-demethylation of aminopyrine and dimethylaniline results in
generation of free radical intermediates which can interact with glutathione (GSH) to form a glutathione
radical. This can either dimerize to yield glutathione disulfide or react with Oz to form oxygenated
products of glutathione. Ethylmorphine is not a substrate in the peroxidase-mediated reaction, and free
radical intermediates which react with GSH, are not formed from aminopyrine and dimethylaniline when
the horseradish peroxidase/H,02 system is replaced by liver microsomes and NADPH. Therefore, it
appears unlikely that formation of free radical intermediates can be responsible for the depletion of GSH
observed during N-demethylation of several drugs in isolated liver cells.
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1. INTRODUCTION

The N-demethylation of various drugs by
isolated hepatocytes has been found to be
associated with a decrease in intracellular
glutathione (GSH) level which may lead to deple-
tion of the cells of GSH under certain experimental
conditions [1,2]. This was first interpreted as an ef-
fect of stimulated glutathione peroxidase activity
caused by increased intracellular H>O; generation
as a result of drug-stimulated production of
superoxide anion radicals (O27) by the cytochrome
P450 monooxygenase system [2]. Stimulation of
glutathione peroxidase activity has been found to
be associated with an efflux from the hepatocytes
of a minor fraction of the glutathione disulfide
(GSSG) formed in the reaction with isolated
hepatocytes [1,2] as well as with the perfused rat
liver [3]. However, enhanced production of oxygen
radicals by the monooxygenase is not the predomi-
nant mechanism responsible for GSH consump-

* To whom correspondence should be addressed

* Permanent address: Department of Biochemistry,
Memorial University of Newfoundland, St Johns,
Canada

Published by Elsevier Science Publishers B.V.

tion during N-demethylation of ethylmorphine and
aminopyrine in isolated hepatocytes [4].

N-Demethylation reactions can also be catalyzed
by peroxidases such as horseradish peroxidase
(HRP) and prostaglandin synthase (PGS); the
peroxidase-mediated reactions involve the forma-
tion of free radical intermediates as indicated by
ESR spectroscopy [5,6]. Moreover, cytochrome
P450 can also function as a peroxidase in presence
of organic hydroperoxides or H,0;, and this
hemoprotein has been found capable of catalyzing
a variety of reactions, including N-demethylations,
by a peroxidative mechanism [7]. A radical
pathway of N-demethylation, analogous to that
proposed for other hemoprotein—hydroperoxide
systems, has been suggested for the metabolism of
aminopyrine by cytochrome P450 peroxidatic ac-
tivity [8].

Oxidation of GSH to GSSG occurs when the
thiol is present during peroxidase-mediated drug
oxidation; e.g., the PGS-linked metabolism of
paracetamol and p-phenetidine [9,10]. This has
been ascribed to the interaction of GSH with a
radical intermediate (R'), formed by one-electron
oxidation of the drug substrate, resulting in the
formation of a thiyl radical (GS") and regeneration
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of the drug substrate; GSSG formation can subse-
quently occur by dimerization of two GS* radicals:

R° + GSH — RH + GS
GS + GS° —— GSSG

Thus, it appears that oxidation of GSH to GSSG
during drug biotransformation may not only be a
consequence of stimulated glutathione peroxidase
activity but can also occur by direct interaction of
GSH with free radical intermediates formed from
various drug substrates. The present study was
designed to investigate whether non-enzymatic ox-
idation of GSH by this latter mechanism may con-
tribute to the consumption of glutathione observed
during N-demethylation of drugs in isolated liver
cells.

2. METHODS

Fed, male Sprague-Dawley rats (200—250 g body
wt) which had been given sodium phenobarbital in
the drinking water (1 mg/ml) for 7 days, were used
throughout this study.

Hepatocytes were isolated by collagenase perfu-
sion of the liver as in [11]. Liver microsomes were
isolated as in [12].

Hepatocyte incubations were performed using
rotating, roundbottom flasks under a 93.5%
0,-6.5% CO, atmosphere at 37°C, and at 10°
cells/ml in a Krebs-Henseleit buffer (pH 7.4) sup-
plemented with 25 mM Hepes (N-2-hydroxyethyl-
piperazine-N '-2-ethane sulfonic acid). Incubations
with microsomes were in 100 mM Tris—HCI (pH
7.4) containing EDTA (5 mM), at 37°C, and 1 mg
protein/ml; the reaction was initiated with cumene
hydroperoxide (0.2 mM) or NADPH (1 mM). In-
cubations with horseradish peroxidase, finally,
were also performed in 100 mM Tris—~HCl (pH
7.4) containing EGTA (5 mM), but at 25°C;
[HRP] was 0.1 mg/ml, and the reaction was
started by the addition of H20, (1 mM).

Protein concentration was assayed as in [13],
formaldehyde according to [14], and GSH and
GSSG as in [15]. Oxygen uptake was measured by
monitoring oxygen tension in a closed cell fitted
with a Clark type oxygen electrode (Rank
Brothers, Bottisham) at a polarizing voltage of
—0.6 V and 25°C, in a final volume of 2 ml.
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3. RESULTS

Incubation of isolated hepatocytes from
phenobarbital-treated rats with aminopyrine,
dimethylaniline or ethylmorphine, caused a mark-
ed decrease in intracellular GSH concentration
(fig.1). This was most prominent in the presence of
ethylmorphine; after 30 min incubation with this
drug only 25% of the original GSH level remained.
The effect was dependent on cytochrome P450-
linked metabolism of the substrates, since no GSH
depletion was observed in the presence of the
cytochrome P450 inhibitor metyrapone (not
shown).

To investigate whether formation of free radical
intermediates from the three drugs could be
responsible for the consumption of GSH during
their metabolism in isolated hepatocytes, the for-
mation of formaldehyde from each of the drugs
was assayed in three different experimental
systems: horseradish peroxidase + hydrogen
peroxide (HRP/H»0;), liver microsomes +
cumene hydroperoxide, and liver microsomes +
NADPH. Aminopyrine and dimethylaniline were
metabolized by all three systems, HRP/H;O; be-
ing most effective (table 1). Ethylmorphine, on the
other hand, was only metabolized at a significant
rate by liver microsomes + NADPH.

Addition of GSH caused a marked inhibition of
the HRP/H;0,-catalyzed demethylation of
aminopyrine and dimethylaniline (table 1). This in-
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Fig.1. Decrease in intracellular GSH level during N-
demethylation of various drugs in isolated hepatocytes.
Hepatocytes were incubated as in section 2 in the
presence of: aminopyrine, 5 mM (e—e); dimethyl-
aniline, 5 mM (wm—a); or ethylmorphine, 5 mM

(&—=A). One experiment typical of 5.
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Rate of N-demethylation of various drugs in different experimental systems
Effect of GSH

Aminopyrine (5§ mM)

Dimethylaniline (5 mM)

Ethylmorphine (§ mM)

Formaldehyde (nmol.min™!.mg protein™?)

— GSH + GSH — GSH + GSH -~ GSH + GSH

(1 mM) (1 mM) (1 mM)
HRP/H,0:; 2333 +240 755+39 232.8+41.8 83.0 = 11.5 22+ 1.1 1.4 + 0.7
Microsomes/Cumene-OOH 505+ 3.6 39.3+09 728+ 2.6 760+ 0.8 5.7+0.5 7.3 + 0.8
Microsomes/NADPH 221+ 1.6 244+20 269+ 1.7 284+ 42 19220 16.3 + 1.0

Incubations were performed as in section 2. Values represent means + SE of 3—4 different expt

Table 2

Oxidation of GSH to GSSG during drug N-demethylation in different experimental systems

Aminopyrine Dimethylaniline Ethylmorphine
(5 mM) (5 mM) (5 mM)
GSSG formation (nmol.min™'.mg protein™?)
HRP/H;0; 84.5 + 4.1 35.6 + 2.4 25+ 1.1
Microsomes/Cumene-OOH 0.6 +04 11.5 £ 2.7 0.5 +£0.3
Microsomes/NADPH 1.5 + 0.2 27 +£0.2 1.7+ 04

Incubations were performed in presence of 1 mM GSH as in section 2. Values represent means =+
SE of 3—4 different expt

Table 3

Effect of GSH on O; uptake during HRP/H,0,-catalyzed N-demethylation of
various drugs

Substrate O uptake (nmo!l.min"".0.1 mg
protein~!)
— GSH + GSH (1 mM)
H,0; (1 mM) 6.8 £ 1.0 6.8+ 0.9
+ Aminopyrine (5 mM) 50.0 £ 5.2 368.0 + 35.3
+ Dimethylaniline (5 mM) 6.7 + 0.5 245.0 + 30.2
+ Ethylmorphine (5 mM) 5.9+ 0.5 59+ 0.5

Incubations were performed as in section 2. Values represent means + SE of 3
different expt

hibition was accompanied by an oxidation of GSH
to GSSG (table 2). In the other systems there was
no apparent effect of GSH on formaldehyde for-
mation, and the production of GSSG was very
limited. With ethylmorphine, no inhibition of for-
maldehyde production by GSH was observed in
any of the experimental systems.

The HRP/H,;0;-catalyzed metabolism of
aminopyrine was associated with oxygen uptake
(table 3). This oxygen uptake was stimulated
several-fold by the addition of GSH. A similar
stimulated oxygen uptake, in the presence of GSH,
was observed with dimethylaniline but not with
ethylmorphine.
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4. DISCUSSION

The formation of substrate radicals of
aminopyrine and  dimethylaniline  during
peroxidase-catalyzed N-demethylation has
previously been shown by ESR spectroscopy
[6,8,16] and is further supported by this finding
that the formation of formaldehyde from both
drugs in the HRP/H,O, system is markedly in-
hibited by GSH which undergoes concomitant ox-
idation to GSSG (cf. tables 1,2). Since GSSG is not
formed in the absence of drug substrate, this
observation implies that GSH reacts with a drug
radical intermediate to form a thiyl radical which
can subsequently dimerize to yield GSSG. Conse-
quently, in presence of GSH the radical in-
termediate is reduced back to the parent drug, and
N-demethylation is inhibited. It is of interest to
note that ethylmorphine, which is rapidly
demethylated by liver microsomes in the presence
of NADPH, cannot serve as a substrate in the
peroxidase-mediated reaction. This is probably
due to steric hindrance at the nitrogen atom pro-
hibiting hydrogen abstraction.

The radical intermediates formed from
aminopyrine and dimethylaniline react rather
poorly with O,. In contrast, the thiyl radical pro-
duced by the interaction of GSH with these in-
termediates appears to react readily with molecular
oxygen (cf. table 3). The nature of any oxygen con-
taining product(s) of GSH is presently unknown
but in analogy with what has been observed with
other thiyl radicals [17], a GSH sulfonic acid may
be one of the products. The identity of the ox-
ygenated GSH product(s), and the physiologial
significance of their formation, are presently under
investigation in our laboratory.

When the HRP/H,0, system was replaced by
liver microsomes + cumene hydroperoxide or
NADPH, there was no apparent inhibition of for-
maldehyde production from either drug by GSH,
nor was there any significant stimulation of GSSG
formation in the presence of drug (cf. tables 1,2).
Thus, it appears that N-demethylation of
aminopyrine, dimethylaniline and ethylmorphine
in liver microsomes does not involve the formation
of radical intermediates or, if they are formed,
they are not able to react with GSH. Although for-
mation of a radical intermediate of aminopyrine
by cytochrome P450 in the presence of cumene
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hydroperoxide has been reported [8], this species
was only observed at >20 mM drug which is far
more than used here.

These results indicate that the consumption of
GSH observed during cytochrome P450-linked M-
demethylation of ethylmorphine and other drugs
in isolated hepatocytes cannot be due to non-
enzymatic oxidation of GSH by radical in-
termediates, since such radicals do not appear to
be formed by cytochrome P450. We are therefore
presently investigating whether formation and ex-
cretion of unstable conjugates of GSH and pro-
duct(s) of the N-demethylation reaction may be
responsible for the depletion of GSH observed in
the intact cell system.

ACKNOWLEDGEMENT

This study was supported by a grant from the
Swedish Medical Research Council (proj.
no0.03X-2471).

REFERENCES

[11 Jones, D.P., Thor, H., Andersson, B. and
Orrenius, S. (1978) J. Biol. Chem. 253, 6031-6037.

[2] Jones, D.P., Ekléw, L., Thor, H. and Orrenius, S.
(1981) Arch. Biochem. Biophys. 210, 505-516.

[3] Sies, H., Gerstenecker, C., Menzel, H. and Flohé,
L. (1972) FEBS Lett. 27, 171-175.

[4] Eklow, L., Moldéus, P. and Orrenius, S. (1983)
Eur. J. Biochem., in press.

[5] Josephy, P.D., Eling, T. and Mason, R.P. (1982)
J. Biol. Chem. 257, 3669-3675.

[6] Lasker, J.M., Sivarajah, K., Mason, R.P.,
Kalyanasaman, B., Abou-Donia, M.B. and Eling,
T.E. (1981) J. Biol. Chem. 256, 7764—7767.

[71 Rahimtula, A.D. and O’Brien, P.J. (1975) Bio-
chem. Biophys. Res. Commun. 62, 268-275.

[8] Griffin, B.W., Marth, C., Yasukochi, Y. and
Masters, B.S.S. (1980) Arch. Biochem. Biophys.
205, 543—553.

[9] Moldéus, P., Andersson, B., Rahimtula, A. and
Berggren, M. (1982) Biochem. Pharmacol. 31,
1363—1368.

[10) Andersson, B., Nordenskjold, M., Rahimtula, A.
and Moldéus, P. (1982) Molec. Pharmacol. 22,
479-485.

[11] Moldéus, P., Hogberg, J. and Orrenius, S. (1978)
Methods Enzymol. 51, 60-71.

[12] Ernster, L., Siekewitz, P. and Palade, G. (1962) J.
Cell Biol. 15, 64—71.



Volume 162, number 2 FEBS LETTERS Qctober 1983

[13] Lowry, O.H., Rosebrough, N.J., Farr, AL, and [16] Griffin, B.W. and Ting, P.L. (1978) Biochemistry
Randall, R.J. (1951) J. Biol. Chem. 193, 265-275. 17, 2206-2211.
[14] Nash, T. (1953) Biochem. J. 55, 416—420. [17] Mason, R.P. and Chignell, C.F. (1982) Pharmacol.
[15] Hissin, P.J. and Hilf, R. (1976) Anal. Biochem. 74, Rev. 33, 189-211.
214-226.

415



