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SUMMARY

SCHENKMAN, J. B., JANSSON, I., P0WIS, G. & KAPPUS, H. (1979) Active oxygen in
liver microsomes: Mechanism of epinephrmne oxidation. Mol. Pharmacol. 15,
428-438.

Under normal conditions, during the oxidation of NADPH, liver microsomes are shown
to generate hydrogen peroxide but not appreciable amounts of superoxide anion. This
latter species can be detected, however, if iron pyrophosphate is present. The NADPH-

supported microsomal oxidation of epinephrmne is non-self-propagating, i.e., requires an
external catalyst. It requires NADPH in a stoichiometry of 1 per adrenochrome formed,
while utilizing 3 oxygens and producing 3 peroxides. This reaction is inhibited by
superoxide dismutase but not by catalase and does not appear to diminish the background
rate of NADPH mediated hydrogen peroxide formation, a reaction utilizing equal amounts
of oxygen and NADPH for a 1:1:1 stoichiometry with hydrogen peroxide formation.
Adremochrome formation always exhibits a lag period. This is shown here to be due to
accumulation of an intermediate of epinephrine oxidation. From the data presented it is
concluded that if free superoxide anion is released to the aqueous medium, it is only in
small amounts and rapidly dismutes. Epinephrmne does not reduce cytochrome P-450.
NADH does not support the oxidation of epinephrine to adremochrome to any appreciable
extent, but does allow peroxide formation to occur, presumably by other routes. A
schematic mechanism of epinephrmne oxidation is shown demonstrating the observed 1:3
stoichiometry of adrenochrome:peroxide formation.

INTRODUCTION

The conversion of epinephrmne to adrem-
ochrome has been studied since the early
part of this century (see 1 for review). In
alkaline solution the reaction was fairly
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rapid and corresponded to the utilization of
one molecule of oxygen per molecule of
epinephrime consumed. At neutral or near
neutral pH this oxidation was shown to be
very slow unless catalyzed by metal ions
(1). Hydrogen peroxide formation was re-
ported to accompany the oxidation of cat-
echol and catechol amimes, since the con-
sumptiom of oxygen was diminished by the
presence of catalase (2).

The catalysis of epinephrmne oxidation by
ferritin iron plus hydrogen peroxide (3) was
suggested as being mediated by hydroxyl
radicals (in analogy with Fenton’s reagent).
Later studies suggested epinephrine oxida-
tiom to involve organic radicals and species
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of active oxygen other than hydroxyl radi-
cal (4). In the oxidation of epinephrine cat-
alyzed by xanthine oxidase, the reaction
was shown to require the co-oxidation of
hypoxanthine (4). An oxygen radical similar

to that involved in aerobic reduction of
cytochrome c by xanthine oxidase (5), su-
peroxide anion, was implicated in that re-
action. That superoxide was indeed in-
volved in the reaction catalyzed by xan-
thine oxidase was demonstrated (6, 7) by
complete inhibition of adrenochrome for-
mation at pH 7.8 and 10.2 by superoxide
dismutase.

Two distinct mechanisms have been sug-
gested for the autoxidation of epinephrime
to adrenochrome (6). One involves a super-
oxide mediated free radical chain, and the
other a superoxide dismutase insensitive
pathway driven by an organic radical me-
diated chain reaction. The latter appeared
to predominate at lower pH, adremochrome
formation being completely insensitive to
superoxide dismutase below pH 8.5 (6); su-
peroxide dismutase is not inoperable in this
range, as it completely inhibits the xanthine
oxidase catalyzed reaction even at pH 7.8
(6).

Although attempts to detect superoxide
anion generation by microsomes and
NADPH were unsuccessful when lactoper-
oxidase was used as a trap (8), superoxide
dismutase inhibition of epinephrmne oxida-

tion to adremochrome by microsomes at pH
8.5 was strongly suggestive of involvement
of superoxide anion (9). In this report we
have examined epinephrine oxidation to
adrenochrome at pH 7.5 and show that two
reactions can occur, one of which is super-
oxide dismutase inhibitable and requires
NADPH and the other, which is not in-
hibitable by superoxide dismutase and does
not require NADPH. The former reaction
is catalyzed by microsomes and the latter
is unaffected by microsomes. The stoichi-
ometries of these reactions are described
and their mechanisms are discussed.

MATERIALS AND METHODS

Preparation of microsomes. The micro-
somal fraction of pooled livers of 200-350 g
male Sprague-Dawley rats (Charles River
Breeders) was prepared. The animals had
been allowed free access to lab chow and

water until decapitation. The livers were
removed and flushed retrogradely with
chilled 0.15 M NaCl to remove blood. The

microsomes were prepared by the rapid

calcium aggregation technique (10) and
were resuspended to 10 mg protein/mi in
0.15 M KC1-10 miss Tris-HC1 buffer, pH 7.5.
Protein was determined by a biuret method

(11).
Assays. Epinephrine oxidation to adre-

mochrome (3) was measured in a medium
(3.0 ml) containing 0.5 mg microsomal pro-
teim/ml (unless otherwise indicated) in 0.1
M Tris-HC1, pH 7.5, 5 nmt MgCl2, 0.2 nmi
NaN3 and 0.4 nmi epinephrine. In the pres-
emce of catalase NaN3 was omitted. The
medium was equilibrated in two cuvets at
370 in am Aminco DW2 spectrophotometer
and the reaction was initiated by rapid ad-
dition of 0.5 nmi NADPH in the sample
cuvet with a spring loaded plunger. Adre-
nochrome formation was measured as the
increase in absorption at 480 mm using am
extinction coefficient of 4.02 m�’cm’
(12). When K02 was used to catalyze adre-
mochrome formation, it was added in an-
hydrous dimethylsulfoxide, the latter kept
stored over anhydrous Na2SO4.

NADPH consumption was assayed in the
above medium at 37#{176},and measured by

determining fluorometrically the amount of
enzymatically active NADPH remaining at
various times, using glutamic dehydrogem-
ase (13).

Oxygen consumption was determined in
the same assay medium at 37#{176}polarigraph-
ically. A 1 nil waterjacketed chamber sup-
plied with a Yellow Springs Instruments
oxygen electrode was used. It was standard-
ized with air saturated medium at 37#{176}(210
nmoles 02 per ml) and further checked
using standanzed H2O2 solutions (#{128}240mm
= 43.6 M’cm’, [14]) and catalase.

Hydrogen peroxide formation was meas-
ured by the ferrox forming reaction (15, 16)
with modifications suggested by Hilde-
bramdt and Roots (14). Sodium azide (0.2
mM) was present to inhibit endogenous cat-
alase activity. Assays were at 37#{176}for up to
5 miii with microsomes and was initiated
by NADPH. The assay makes use of H202
oxidation of ferrous ions and complexatiom
of the ferric ions with thiocyanate. The red
color was measured at 480 mm and quanti-
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FIG. 1. Difference spectra of lactoperoxidase complexes with 10 �M KO, ( ) or 100 �iM H,02 (-)

Conditions for spectral measurement are in METHODS section.

tated using standard curves prepared with

microsomes for each assay medium with
standardized H2O2.

Spectra with lactoperoxidase were per-
formed with am Aminco DW2 spectropho-

tometer, scanning from 480 mm to 630 mm,
and using a similar medium to that of the
other assays. For standardization of spec-
tra, KO2 (Apache Chemicals, Inc.) dissolved
in dry dimethylsulfoxide containing 0.3 M
recrystallized dicyclohexyl-18-crown under
dry argon (gift of J. Valentine), was used to
from the superoxide complex and H2O2

(Baker Chemicals), diluted in distified wa-
ter was used to form the peroxide complex.
In all studies 10 �.tM lactoperoxidase was

used and spectra were recorded at 22#{176};at
370 the spectra are less stable.

RESULTS AND DISCUSSION

Spectra of lactoperoxidase-active oxy-
gen complexes. In order to determine the
species of active oxygen formed by liver
microsomes 10 �zM lactoperoxidase was used
to trap and visualize two of these forms,

superoxide (O2) and peroxide (H202). Fig-
are 1 shows the difference spectra of the
complexes obtained on addition of peroxide

or superoxide to lactoperoxidase. The two
complexes exhibit distinct differences, the

spectra in agreement with those assigned
for these complexes by Yamazaki et al. (17).

The addition of H2O2 to 10 �tM lactoperoxi-
dase causes the appearance of two peaks
(solid trace), one at 590 mm and one at 552
mm, with isosbestic points at 528 mm and
602 mm. The addition of potassium super-
oxide to 10 �LM lactoperoxidase causes the
appearance of two peaks (dashed trace),
one at 538 mm and one at 568 nm. Normally,
the addition of KO2 to an aqueous medium
causes an immediate effervescence of oxy-
gem due to disproportionation of the super-
oxide to oxygen and peroxide. A rate con-
sts.nt of about 107M’sec’ has been esti-
mated at neutral pH for this reaction (7,
18), from which it would be expected that
the superoxide would be dissipated within
a small fraction of a second. However, when
lactoperoxidase is present in excess it traps
the superoxide in a stable complex and
disproportionatiom does not occur, as seen
by the characteristic spectral complex and
lack of effervescence. From this result, if
superoxide anion is formed and released by
the microsomes on the addition of NADPH
it would be expected to be trapped by the
lactoperoxidase, provided sufficient levels
can accumulate.

The addition of 10 �M lactoperoxidase to
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the microsomal suspension, followed by
NADPH reveals immediate formatiom and
release of H2O2 to the medium (Fig. 2). The

appearance of isobestic points at 528 mm

and 602 mm plus lack of other overlapping
spectral changes clearly indicates that hy-
drogen peroxide, but not detectable levels
of superoxide anion, is released to the
aqueous suspension, am observation in
agreement with that of Debey et al. (8).
The lack of appearance of a complex indic-
ative of superoxide anion release is not due
to inability of the added lactoperoxidase to
trap this active oxygen species, but is due
to too slow accumulation and too rapid
degradation. This was seem on addition of

50 ILM iron pyrophosphate, a requirement
for lipid peroxidase activity. The addition
of this chelate caused rapid appearance of
a combined superoxide and peroxide com-
plex (Fig. 3). Thus, if O2 is normally re-
leased by microsomes, it is at a level below
that detectable by lactoperoxidase in the
absence of iron chelate. One can provide
calculations of the maximal levels of super-
oxide one can generate (steady-state levels)
based upon the rate constant for superoxide

dismutation of iO� M�sec’ (7, 18) and

some rate of superoxide formation. Choos-
ing a rate similar to that of adremochrome
production in table I, one would expect
concentrations of superoxide to remain be-
low 0.3 ,�LM, a level that was not detected
using 10 �.LM lactoperoxidase as a trap.

Epinephrine oxidation catalyzed by the
microsomal fraction. Because the autoxi-
datiom of epimephrine is not mediated by
superoxide anion at pH 7.5 (6), it appeared
appropriate to examine the reaction cata-
lyzed by microsomes. Addition of limiting
levels of NADPH causes rapid bursts of
adrenochrome formation (Fig. 4), at rates
more than 50 times the autoxidatiom rate,
followed by cessation of the reaction after
depletion of the NADPH. Further addition
of NADPH (at arrows) reinstitutes the for-
matiom of adrenochrome. NADH was not
able to support adremochrome formation by
microsomes. From these results it is clear

that the reaction catalyzed by microsomes
requires the co-oxidation of NADPH. In
this reaction, at limiting NADPH levels
(Fig. 4), 6 �tM adremochrome was produced
during oxidation of 20 �tM NADPH.

500 520 540 560 580

Wove�ength (nm)

600

FIG. 2. Formation of lactoperoxidase complex with H,0, generated by NADPH oxidations in liver

microsomes
Conditions are provided in the METhODS section. Repetitive scans were recorded at a rate of 5 nm/sec after

addition of 1 mi�i NADPH to the medium containing 1.5 mg microsomes and 10 nmoles lactoperoxidase/mI.
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FIG. 3. Formation of composite !actoperoxidase complex I and complex III spectrum in the presence of

microsomes, NADPH and iron pyrophosphate (50 �M)

Scans of the spectra were at a rate of 5 nm/sec. Conditions were as described in METHODS. Solid lines increase

upward with time, followed by decline in absorbance (dashed line). Selected spectra deleted to show changes

with time more clearly.
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FIG. 4. Microsoma! adrenochrome formation at limiting levels of NADPH

20 �M NADPH was added as indicated by arrows. Microsomal protein was 1.5 mg/mI.
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The stoichiometry of the microsome-cat-
alyzed co-oxidation of epinephrmme and
NADPH was studied in order to determine
the mechanisms and species of active oxy-
gem in the reaction (Fig. 5). The NADPH
supported reaction exhibits a lag period
before adrenochrome formation occurs.
Similar lag periods are observed in NADPH
consumption, oxygen consumption and per-
oxide production by the microsomes.
Adrenochrome production is stopped im-

mediately by superoxide dismutase, regard-
less of when it is added to the medium,
indicating the involvement of superoxide in

the reaction leading to adrenochrome for-
mation.

The initial rates of utilization of NADPH
and oxygen are 28 nmoles/min and 32
nmoles/min per mg microsomes respec-
tively and are accompanied by rates of

E

V

0

E
C

adrenochrome and peroxide formation of 2
nmoles/min and 32 mnoles/min respec-
tively (Fig. 5). The initial rates vary with
different preparations, but by one and a
half mm the rates of adrenochrome forma-
tion are generally maximal and continue
linearly for a period. An observed stoichi-
ometry of this latter period is shown in
Table 1, along with simultaneous equations
drawn to describe the observed reactions
(A and B). Because the enhanced rates of
oxygen and NADPH consumption and
H2O2 formation are triggered by epineph-
rime addition, the rate of adrenochrome for-
mation is taken as the unit value in equa-
tion A. The reaction is not self-propagating,
but requires a constant supply of NADPH,
hence NADPH is added to act as an elec-
tron source for activating oxygen to O2.
Oxygen reduction by liver microsomes

FIG. 5. Stoichiometry of simultaneous microsoma! adrenochrome and H2O2 production and NADPH and

02 consumption

Conditions are described in METHODS section. This represents results of a typical experiment.
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TABLE 1

Stoichiometry ofEpinephrine Oxidation’

Observedb: 13 EPI + 70 NADPH2 + 80 02 -� 80 H202 + 13 ADR.

A: 1 EPI + 1 NADPH2 + 3 02 -� 3 H2O2 +

(13) (13) (39) (39)

1 ADR.

(13)

B: 1 NADPH2 + 1 02 -� 1 H2O2

(41) (41) (41)

�: 13 EPI + 54 NADPH2 + 80 02 -� 80 H202 + 13 ADR.

�: 16 NADPH2 -p?

-5 NADPH2 -* 5 NMNH2C

a nmoles/min/mg microsomal protein

/) mean of 3 experiments

C A fluorescence assumed to be reduced nicotinamide ribotide formed in the medium and was not quenched

by glutamic dehydrogenase.

stops at the level of H202 when azide is

present to block subsequent reaction by
contaminating catalase, and three mole-
cules of oxygen are required to satisfy the
stoichiometry of the cooxidation of one
molecule each of NADPH and epinephrine.

Taking the rate of adremochrome forma-
tion and relating it to the stoichiometric
rates predicted by equation A provides the
values shown in brackets (Table 1). The

values calculated did not account for the
total rates observed. Equation B is provided
to account for the excess rates of NADPH
and oxygen consumption and peroxide for-
mation and reflects a 1:1:1 stoichiometry.

The remaining rate of peroxide produced
equals the remaining rate of oxygen con-
sumption (values in brackets), and an equal
rate of NADPH consumption is added.
Note these observed rates are greater than

the initial rates. Equation A and B values
in brackets are summed and indicated all

components are accounted for except for an
excess rate of NADPH disappearance,
equal to 16 nmole/mim/mg. This value is
much lower in younger rats. This excess

rate of NADPH consumption (s), since it
is not accompanied by oxygen uptake, must
be supporting nonxoxidative reaction(s).

One such reaction is the hydrolytic cleavage
of NADPH to reduced nicotinamide ribo-
tide (19), a compound which fluoresces and
has UV absorption like NADPH, but wifi

not support reductive reactions; accompa-
nying NADPH disappearance is an increase
in fluorescent material in the medium
which is not quenched by glutamic dehy-
drogemase, at a rate of about 5 nmoles/min/
mg.

Mechanism of microsomal epinephrine

oxidation. The stoichiometry shown in Ta-
ble 1 equation A would utilize a mechanism
like that depicted in Scheme 1, in which
superoxide formed by NADPH-supported
oxygen reduction, is shown to initiate epi-
nephrmne oxidation as well as leuco-adre-
nochrome oxidation (steps “a” and “d”).

The semiquinone free radicals formed are
shown to be oxidized by oxygen (steps “b”
and “e”); whereas steps “a” and “d” pro-
duce hydrogen peroxide with one equiva-
lent each of NADPH and epinephrmne, hy-
drogen peroxide is formed by dismutation
of the superoxide molecules from steps “b”
and “e” and contains both reducing equiv-

alents derived from epinephrmne.
The nom-epinephrmme associated oxida-

tion of NADPH shown in equation B of
Table 1 is faster than the initial rates of the

reaction (Fig. 5), and an average rate of
H2O2 formation of 41 mmoles/min/mg mi-

crosomes in 1:1:1 stoichiometry with 02

consumption and NADPH consumption.
This would suggest epinephrine initiates
electron flow from NADPH in a pathway
not using NADPH in the absence of epi-
mephrmne. It would also indicate that path-
ways not influenced by epinephrmne operate

simultaneously. As will be indicated below,

the enhanced rate in equation B is probably
due to reduction of epinephrmne radical

back to epinephrine.
Based upon the observed stoichiometry

(Table 1) during microsomal epinephrmne
oxidation to adrenochrome other composite
stoichiometries and mechanisms may be
proposed. For example, one might suggest
a second mechanism, in which epinephrmne
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SCHEME 1. Proposed mechanism ofepinephrine oxidation by superoxide to adrenochrome

oxidation begins with NADPH reduction of
oxygen to superoxide anion, followed by
superoxide reduction by an electron from
epinephrine, at point “a,” yielding peroxide
(Scheme 1). The resulting radical may be
further attacked by another superoxide, at
point “b,” forming another peroxide and
epinephrmne quinone. This may be followed
by ring closure, at point “c,” which forms
the adrenochrome catechol, leucoadreno-
chrome. Leucoadrenochrome may be fur-
ther oxidized by superoxide at point “d,”
forming a semiquinone radical and more
peroxide, and again at point “e,” by super-
oxide yielding a fourth peroxide and adrem-
ochrome. In this mechanism, equation A
would have a stoichiometry of 1 adremo-
chrome: 2 NADPH: 4 02: 4 H202. Equation
B would stifi be in 1:1:1 stoichiometry, but
comprising about 2/3 the rate shown in
Table 1, i.e., (28):(28):(28), or the initial
rate.

A third possible mechanism can also be
drawn, in which the same stoichiometry as
mechanism #2 would be obtained. This
would be a radical propagated dispropor-
tionation, in which only the initiation is
mediated by superoxide anion. This can be
depicted, using the abbreviation of Misra
and Fridovich (6) as follows:

2 NADPHI + 4 02 -� 4 02 + 2 NADP�

4 02 + 4 RH3 -+ 4 H202 + 4 RH3.
2 RH3. -‘ RH2 + RH3

RH2 + RH3. -� RH- + RH3

RH. + RH3. -‘ R + RH,

�=RH3 +2NADPH2+402-s4H2O2+ R

RH3 indicates epinephrine, RH2 is leucoadreno-

chrome and R is adrenochrome.

A number of other mechanisms in which
stoichiometries of 2 H2O2:1 adremochrome
are possible may be omitted here as not
fitting the observed stoichiometry or the
sensitivity to superoxide dismutase. Mech-
anisms #2 and #3 could also be eliminated
as inconsistent with results obtained with
superoxide dismutase: Superoxide dismu-
tase causes immediate cessation of adre-
nochrome formation, regardless of when it
is added to the reaction medium, as indi-
cated above and in Figure 5. However, su-
peroxide dismutase does not have such im-
mediate effect on 02 consumption of H2O2
production (Fig. 6). These are slowed im-
mediately but are well above the back-
ground rate observed in the absence of ep-
inephrmne. This would suggest that during
the period of increasing rate (Fig. 5) there
is an accumulation of some metabolite
(RH.� . ?) in a superoxide dependent reac-
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m ‘flutes

FIG. 6. The influence of superoxide dismutase

(SOD) on microsoma! oxygen consumption and hy-

drogen peroxide formation

SOD (120 U/nil) was added (+) at 1.5 mm and its

influence can be compared with the reactions in the

absence (-) of SOD. Results are of a typical experi-

ment. Conditions are as described in METHODS section.

tion. This component continues to be oxi-
dized, consuming 02 and forming H2O2, but
adrenochrome formation is immediately
stopped, when superoxide dismutase is
added. The ability to continue consuming
02 and to form H2O2 in the presence of
superoxide dismutase would obviate mech-
anism #2, since this requires O1 at all four
oxidative steps. Reaction mechanism #3
can also be eliminated based upon the re-
sponse to superoxide dismutase: accumu-
latiom of organic radical intermediates
would cause continued adremochrome pro-
duction and not immediate cessation, and
also contrary to that observed, would cause
immediate cessation of enhanced 02 con-
sumption and H202 production.

Further indication that Scheme 1 and

Table 1 (A) depict the mechanism of adre-
nochrome formation is seen in Figure 7.
The addition of superoxide dismutase to
microsomes after NADPH in the absence
of epinephrine does not affect the rates of
oxygen consumption, as expected, nor H2O2
production, since in both instances H2O2

contains both reducing equivalents derived
0 from NADPH (either by dismutatiom of

superoxide or by sequential electron trans-
fer from an oxygen activating enzyme). The

20 addition of epinephrine after superoxide
dismutase is without effect on oxygen con-

40 �j sumption (Fig. 7), indicating superoxide is
needed for initiation of the reaction; simi-

60 �‘ larly, the addition does not cause adreno-
.� chrome formation nor enhance hydrogen

peroxide production.
80 � In the absence of superoxide dismu-

� tase epinephrmne addition enhances the

too NADPH supported oxygen consumption
(Fig. 7); superoxide dismutase addition im-
mediately slows oxygen consumption. This

20 strengthens the suggestion above that the
continued enhanced rates of 02 uptake and
H2O2 formation after superoxide dismutase
are due to the presence of semiquinone
intermediates which can be autoxidized by
molecular oxygen. This would also explain
the lag in the rate of adremochrome reaction
(Fig. 5) as being due to the accumulation of
the semiquinone metabolite to steady state
levels.

In further agreement is the observation
that NADPH consumption also exhibits a
lag period (Fig. 5). This lag in part cam be
explained (Table 1) as being due to epi-

mephrmne oxidation (eq. A). However, mom-
adrenochrome related NADPH consump-
tion also appears to rise (eq. B) to levels
above background. This can be explained
in relation to the following observations:
the addition of epinephrmne to the micro-

somal suspension after superoxide dismu-
tase does not cause an increase in the rate
of NADPH consumption, in agreement
with the lack of stimulation of oxygen up-

take with these conditions shown in Figure
7. However, unlike the results in Figures 6
and 7, the addition of superoxide dismutase
after NADPH and epinephrine, when the
reaction has become linear, does not cause

an appreciable slowing of the enhanced rate
of NADPH consumption for at least three
minutes. This would indicate that some
intermediate which has accumulated is re-
ducible and that the reaction consumes
NADPH. The data presented are consist-
ent with epinephrmne semiquinone accu-
mulation. This intermediate can be re-
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FIG. 7. Oxygen consumption in the presence of epinephrine (Epi) and NADPH, and the influence of

superoxide dismutase (SOD) on the oxygen uptake

Numbers refer to rates (nmoles O2/min/mg protein). The reaction was run in the medium containing 0.5 mg

microsomes per ml.
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duced, consuming NADPH, and oxidized,
consuming 02 and forming O2 plus epi-
nephrmne quinone. Both reactions are insen-
sitive to superoxide dismutase (see Scheme
1).

Leucoadrenochrome semiquinome radical
(the intermediate after step “d” in Scheme
1) would not be expected to accumulate
since its oxidation would yield adreno-
chrome. Similarly, leucoadrenochrome ac-
cumulation can be obviated since its oxi-
dation would be prevented by superoxide
dismutase. Further, oxidation of leuco-
adrenochrome is very rapid; this interme-
diate accumulates when the incubation be-
comes anaerobic. Adrenochrome aLso be-
comes reduced to leucoadrenochrome
(colorless) under these conditions (see also
21). However, subsequent aerobic mixing
causes almost immediate color reformation.

In conclusion, the NADPH-supported
microsomal catalysis is inhibited by super-
oxide dismutase, indicating an involvement
of superoxide anion. The epinephrmne must

act to pull an NADPH-supported electron
flow, since NADPH consumption is also
enhanced. However, because the enhanced
NADPH consumption is insensitive to su-
peroxide dismutase, a reduction of some
accumulated intermediate must have
caused the effect. This would agree with
the lag observed in adrenochrome produc-
tiom and oxygen consumption, and would
indicate that the accumulating intermedi-
ate can reduce molecular oxygen and is an
epinephrmne radical. Thus, the rate-limiting
step in epinephrine oxidaton would be the
oxidation of this radical (after “a” in
Scheme I).

From the results and above discussion it
would appear that the microsomal oxida-
tion of epinephrmne is accomplished by the
ability of this compound to reduce super-
oxide anion, released by the microsomes, at
a rate faster than the superoxide can dis-
mute. This consumption of superoxide does
not cause an increase in the rate of
NADPH-mediated electron flow itself



438 SCHENKMAN ET AL.

(since superoxide dismutase would also be
expected to do so), but results in accumu-

lation of a reducible intermediate which
does enhance NADPH consumption. Be-
cause this enhancement of NADPH con-
sumption is on the same order of magnitude
as the rate of adrenochrome production, we
cam provide a rough calculation to deter-
mine as approximate rate of superoxide for-
mation. At steady state conditions, i.e.,

when adrenochrome production is linear, at

1 mg microsomes per ml the rate of super-
oxide production would be on the order of
2.5 x iO-7 M sec’. Calculations using this

rate of formation and the second order rate
constant for superoxide dismutatiom of i07

M’ sec’ (7, 18) would suggest that levels
of superoxide above 0.3 /�tM would not be

reached.
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