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Ethanol is metabolized to acetaldehyde by hepatic microsomes in a reaction that requires cytochrome
P-450, and a role for hydroxyl radicals has been implicated in this process. However, previous spin trapping
experiments have failed to demonstrate the production of hydroxy! radicals by liver microsomes unless iron
or other metal catalysts have been added. The spin trapping experiments described in this report provide
unambiguous evidence that liver microsomes form hydroxyl radicals during oxidation of NADPH, that the
addition of exogenous iron is unnecessary for this process, and that hydroxyl radicals participate in the
metabolism of ethano!. Liver microsomes are known to metabolize ethanol to the 1-hydroxyethyl radical,
and our experimental data support the conclusion that a significant part of the production of the
1-hydroxethyl radical occurs as a consequence of hydroxyl radical attack on ethanol. Lack of previous
observation of microsomal hydroxyl radical production in spin trapping experiments is shown to be related
to the contamination of the microsomes with catalase.

KEY WORDS: Hydroxyl radical, 1-hydroxyethyl radical, ethanol, spin trapping, free radicals, hepatic
microsomes, catalase, hydrogen peroxide.

INTRODUCTION

The primary metabolic fate of ethanol is oxidation to acetaldehyde by enzymes found
in the liver. The predominant pathway for ethanol metabolism is via cytosolic alcohol
dehydrogenase activity. Ethanol can also be peroxidatively metabolized to acetal-
dehyde by catalase when hydrogen peroxide is present,' but the contribution of this
pathway to ethanol metabolism is questionable because of the low intracellular
concentrations of H,0,.>* In 1965, Orme-Johnson and Ziegler reported that hepatic
microsomes also metabolized ethanol to acetaldehyde.* It was first proposed that
microsomal ethanol oxidation was catalyzed by the drug-metabolizing enzumes such
as cytochrome P-450,° but it was also recognized that at least some of the acetaldehyde
could be formed peroxidatively by catalase contaminating the microsomes, because
microsomal enzymes continually form H, O, in the presence of NADPH.® The obser-
vation that highly purified cytochrome P-450 enzymes in reconstituted systems were
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capable of oxidizing ethanol to acetaldehyde clearly demonstrated a catalase-indepen-
dent mechanism for microsomal ethanol metabolism.”®

However, the molecular mechanisms for the cytochrome P-450 dependent metab-
olism of ethanol remain uncertain, because results from a number of laboratories have
indicated that hydroxyl radicals may be involved in this reaction.”'* It was proposed
that hydrogen peroxide generated by the microsomal enzymes, in the presence of iron
chelates which are invariably present in the incubation system, results in hydroxyl
radical generation through a Fenton-type reaction. This hypothesis was formulated
on the basis of indirect evidence involving hydroxyl radical “‘scavengers”, iron
chelation, etc. Hydroxyl radicals readily attack ethanol, abstracting a hydrogen atom
to form the 1-hydroxethyl radical, which is thought to undergo subsequent reactions
Ito ultimately produce acetaldehyde. More recently, definitive evidence for the
production of 1-hydroxyethyl radicals during microsomal ethanol oxidation has been
obtained using the combined technologies of spin trapping and electron paramagnetic
resonance spectroscopy.'>'® A role for hydrogen peroxide in 1-hydroxyethyl radical
formation was suggested by inhibitory effects of added catalase or deferoxamine, and
increased rates of ethanol radical formation after inhibition of microsomal catalase
activity or the addition of hydrogen peroxide.'®'

A difficulty with the hypothesis that microsomal ethanol oxidation is mediated
through a hydroxyl radical intermediate is that most spin trapping experiments have
failed to demonstrate hydroxyl radical formation. For example, microsomes formed
1-hydroxyethyl radical adducts of DMPO in the presence of ethanol, but no adducts
were observed in the absence of ethanol.'® Similarly, Lai and Piette have utilized spin
trapping to study free radical formation during microsomal lipid peroxidation, but
observed hydroxyl radical adducts only when iron was added to the microsomal
incubations.” ™ These negative results could result from inadequate methodology
for the study of microsomal hydroxyl radical formation, or could indicate that
oxidizing intermediates other than hydroxyl radicals are responsible for ethanol
radical generation. An understanding of the mechanism through which ethanol is
metabolized to the 1-hydroxyethyl radical in vitro is essential for the determination of
the extent to which generation of these radicals may contribute to the toxicity of
ethanol in vivo.??

The results presented in this report demonstrate that hydroxyl radicals are generated
by hepatic microsomes oxidizing NADPH, and that previous negative results are
most likely explained by rapid catabolism of hydrogen peroxide by catalase which
contaminates even thoroughly washed, Sepharose CL-2B chromatographed micro-
somes. These observations are consistent with the hypothesis that the production of
1-hydroxyethyl radicals from ethanol by hepatic microsomes results from an attack
by hydroxyl radicals generated during the microsomal oxidation of NADPH. Addition
of H,0, to the microsomes increased rates of hydroxyl and 1-hydroxyethyl radical
production.

MATERIALS AND METHODS

Chemical agents used in these experiments were obtained from the following sources:
NADPH, glucose-6-phosphate, glucose-6-phosphate dehydrogenase, potassium
azide, and aminotriazole were purchased from Sigma (St. Louis, MO). The spin
trapping agent DMPO (5,5-dimethyl-1-pyrroline-N-oxide) was obtained from the
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Aldrich Chemical Company (Milwaukee, WI). As received from the distributor,
DMPO frequently exhibits an EPR signal by itself at the concentration employed in
these experiments. Therefore, the DMPO stock solutions were routinely passed
through activated charcoal columns prior to assembling the reaction systems. This
procedure removes the impurities that are responsible for these signals. All other
chemicals were of reagent grade quality.

Male Sprague-Dawley rats weighing 250-300 g were obtained from Sasco Corp.
(Omaha, NE) and were employed as the source of liver tissue in these experiments. For
experiments in which aminotriazole pretreatment was used to inhibit hepatic catalase
activity (24), the animals were given an intraperitoneal injection of aminotriazole
(1.0 g/kg body wt.) 1 hour prior to microsome preparation. Liver microsomes were
prepared by differential centrifugation as described previously (25), with two important
modifications to reduce contamination of the microsomes with catalase and other
non-microsomal components. First, livers were homogenized in 10ml of 45mM
phosphate buffer per gram of tissue in order to dilute soluable cell components.
Secondly, the microsomes were washed three times to further remove contaminants
(e.g., catalase, ferritin) which are loosely associated with the microsomes. When
additional steps were taken to prevent contamination of the microsomes with iron,
livers were perfused with chilled heparinized saline to remove red blood cells, and
buffer treated with Chelex 100 resin (Bio—Rad Laboratories) was used for homogen-
ization and all washing steps. The presence of metal ions was tested using a method
based on ascorbic acid oxidation.? When ascorbic acid (which absorbs U.V. light at
265 nm) is dissolved in the Chelex-treated buffer, the loss of absorbance at 265 nm was
less than 0.5% in 15 min, indicating that most metal contaminents had been removed
by the chelation treatment.? The limit of sensitivity for this assay is about 0.2 uM (as
EDTA-Fe*"). In some experiments, the washed microsomes were further purified by
chromatography on a Sepharose CL-2B column.”’ These chromatographed microsomes
had a non-heme iron content averaging 2.3 nmol/mg protein, while the washed (but
not chromatographed) microsomes had an average non-heme iron content of
6.6 nmol/mg protein.

The basic microsomal incubation system was composed of 40 mM DMPO, micro-
somes (3.0mg protein/ml of reaction system), and 45mM potassium phosphate
buffer, pH 7.4. Reactions were started by addition of an NADPH-generating system
consisting of 0.3 mM NADPH, 5 mM glucose-6-phosphate, and 0.5 Kornberg unit of
glucose-6-phosphate dehydrogenase. In all systems except where specifically indicated,
100 uM azide was added to inhibit catalase which contaminates the microsomal
preparations. The concentrations of other additions are indicated in the respective
figure legends.

The microsomal reaction system were assembled and transferred to a quartz flat cell
for direct observation of the reaction in a Bruker E-300 EPR spectrometer at room
temperature. Unless otherwise noted, the EPR spectrometer settings were as follows:
modulation frequency 100kHz, modulation amplitude, 0.975G, conversion time
327.68 ms, sweep time 335.544 s, center field 3480 G, sweep width 100 G, frequency
9.75 GHz. All spectra are accumulations of two or more scans. Hyperfine splitting
constants for the spin adducts are given in the figure legends. Protein content was
determined by the procedure described by Gornall et al.”® The activity of catalase
contaminating the microsomes was routinely assayed by the methods of Beers and
Sizer.” Non-heme iron was measured by the method of Kok and Wild® using
bathophenanthrolene to form a colored complex with ferrous iron. The method was
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FIGURE | Formation of free radicals by liver microsomes during aerobic, NADPH-dependent metab-
olism. Hepatic microsomes were incubated with the spin trapping agent DMPO (40 mM) and an NADPH-
generating system. Azide (0.1 mM) was included in spectra B-E, heat-denatured microsomes were used in
spectrum C, NADPH was omitted in spectrum D, and ethanol (100 mM) was added in spectrum E. The
hyperfine splitting constants measured in these microsomal systems are as follows: for the hydroxyl radical
DMPO (spectra B and E), are: ay = a' = 14.9G; for the 1-hydroxyethyl radical adduct of DMPO
(spectrum E), ay = 159G and a}f = 23.1G. In spectrum E, the hydroxyl radical adduct peaks are
indicated by the arrows. The spectra shown have a width of 100 G, with midfield of 3840 G.

slightly modified so that the volumes and concentration of reagents enabled the final
volume of the assay system to be 1.1 ml instead of 4.5ml as described by Kok and
Wwild.

RESULTS

When microsomes were incubated with DMPO in the presence of NADPH, no radical
adducts were observed (Figure 1A). However, when azide (0.1 mM) was added to the
microsomal suspension (Figure 1B), the characteristic spectrum of the hydroxyl
radical adduct of DMPO was obvious. The adduct was not formed in the absence of
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FIGURE 2 Effects of azide and aminotriazole pretreatment on microsomal formation of hydroxyl
radical adducts of DMPO. Microsomes used for spectrum C were obtained from rats which had been
pretreated with aminotriazole to inactivate catalase.’® Azide was added to the microsomes in spectrum A
(0.1 mM) and spectrum B (1.0mM). The hyperfine splitting constants for the azidyl adduct of DMPO
(specglrum B) were ay = a = 14.5G, a5, = 3.2G, and are similar to those reported by Kalyanaraman
et al’

NADPH or when the microsomes were inactivated by prior heating (Figure 1C, 1D).
When ethanol was added to the microsomal systems (Figure 1E), the EPR spectra
indicated that a second adduct of DMPO was present. The identity of this second
adduct was proposed to be the 1-hydroxyethyl radical, which is known to be readily
trapped by DMPO." This assignment was confirmed in experiments described in
experiments described below in this report. Formation of the 1-hydroxyethyl adduct
was also required the addition of NADPH and enzymatically active microsomes (data
not shown).

Because the spectrum of the hydroxyl radical adduct of DMPO was observed only
in the presence of azide, experiments were conducted to test for optimal concentrations
of azide, and also to determine whether these results could be attributed to inhibition
of catalase or some direct effect of azide. When the azide concentration was increased
to 1.0mM (Figure 2B), the EPR spectrum indicated the formation of the azidyl
radical adduct of DMPO in addition to the hydroxyl radical adduct. These results
indicate that azide can compete with DMPO and/or ethanol to scavenge hydroxyl
radicals, so the concentration of azide in spin trapping experiments must be minimized.
The azide concentration of 0.1 mM was found to be sufficient to cause complete
inhibition of the microsomal catalase activity, but some spectra still display evidence
of low concentrations of the azidyl adduct of DMPO (e.g., Figure 2A). A weak
hydroxyl radical adduct could be observed in the absence of azide when microsomes
from aminotriazole-treated rats were used (Figure 2C). Pretreatment of rats with
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FIGURE 3 Effect of hydrogen peroxide addition on the microsomal generation of hydroxyl and
1-hydroxyethy! radical adducts of DMPO. Hepatic microsomes were incubated with azide (0.1 mM) and
DMPO (40 mM). Ethanol (100 mM) was added in spectra C and D, and hydrogen peroxide (0.1 mM) was
added in Spectra B and D. The spectra shown in B and D were obtained at a lower spectrometer gain setting
because of a five-fold increase in signal intensity caused by hydrogen peroxide.

aminotriazole causes greater than 90% inhibition of hepatic catalase activity, as
indicated previously.?*

The addition of hydrogen peroxide to the microsomal systems increased the
intensity of both the hydroxyl radical and the 1-hydroxyethyl radical adducts of
DMPO (Figure 3, compare 3A with 3B and 3C with 3D). However, these DMPO
adducts were not produced when NADPH was omitted, or when heat-denatured
microsomes were used, even if exogenous hydrogen peroxide was added to the
suspensions (data not shown). Addition of superoxide dismutase had no obvious
effect on the formation of either adduct (data not shown).

The assignment of the 1-hydroxyethyl radical to the spectrum shown in Figures 1
and 3 was confirmed through the use of 1-"*C-ethanol (Figure 4). The C atom splits
the normal six-line spectrum into 12 lines. The spectrum observed in microsomal
incubations with '*C-ethanol proved to be as predicted from the hyperfine splitting

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/10/11

For personal use only.

HYDROXYL RADICAL GENERATION BY MICROSOMES 341

A

N

FIGURE 4 Confirmation of the generation of 1-hydroxyethyl adducts of DMPO by microsomes
metabolizing ethanol. Spectrum A was obtained in the presence of 100mM 1-"*C-labelled-ethanol and
0.1 mM hydrogen peroxide (A). Spectrum 2B is a computer simulation of spectrum 2A, and spectrum 2C
represents the splitting pattern for the DMPO adducts of the hydroxyl (bottom) and 1-'*C-labeled
1-hydroxyethyl (top) radicals. Several of the spectral peaks shown in spectrum 2C were not resolved in
spectra 2A and 2B. The hyperfine splitting constants of the 1-'*C hydroxyethy! radical adduct of DMPO
in this microsomal system were ay = 14.9G; af = 23.1G; az. = 718G.

constants when overlapping spectral lines of the 1-hydroxyethyl radical and the
hydroxyl radical are taken into account (Figure 4C).

When increasing concentrations of ethanol were added to the microsomal system,
the formation of the 1-hydroxyethyl adducts was concomitantly increased (Figure 5).
The spectral contribution of the hydroxyl radical adduct decreased as the ethanol
concentration was increased, until essentially only the 1-hydroxyethyl radical adduct
signal was observed at an ethanol concentration of 1.0M (Fig. 5D).

The formation of hydroxyl radicals from hydrogen peroxide in biological systems
is thought to require catalysis by iron or another redox-active metal. Therefore, the
results of these studies could be explained in at least two ways. First, the hydroxyl
radical formation could be associated with the microsomes per se. Alternatively, metal
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FIGURE 5 Effect of adding increasing amount of ethanol to the hydroxyl radical-generating microsomal
system. A. Microsomes oxidizing NADPH in the presence of 100 M azide (no ethanol added). The
following additions were made: B. 50mM ethanol; C. 500 mM ethanol; D. 1.0 M ethanol.

contaminants in the buffers used, together with hydrogen peroxide generated by the
microsomes, could result in the artifactual formation of the hydroxyl radicals. For
this reason, experiments were conducted using buffers in which the microsomes and
all solutions were prepared using buffers treated with Chelex 100 resin. In addition,
part of the microsomal suspension was further purified through chromatography, in
order to remove ferritin as a source of iron.””* The results of these experiments
demonstrate that both hydroxyl and 1-hydroxyethyl radical adducts of DMPO
are formed even after precautions were taken to minimize contamination by iron
(Figure 6). In the more highly purified systems, weak signals were also present in
addition to that of the hydroxyl radical signal (Figures 6A, 6C). These appear to be
due to overlapping contributions of azidyl and superoxide adducts. Superoxide is a
precursor for microsomal hydrogen peroxide, but reacts with DMPO at a much
slower rate than the hydroxyl radical.*** The significance of these weak signals will
be the subject of a subsequent report.
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FIGURE 6 Effect of column purification of microsomes on the formation of hydroxyl and 1-hydroxyethyl
radical adducts of DMPO. Hepatic microsomes were prepared with buffers treated with Chelex 100 resin
(used in experiment A and B), and a portion of the microsomal suspension was further purified through
chromatography on a Sepharose column (experiments C and D). All microsome proparations were
ultimately suspended in KC1(0.16 M) which had been treated with Chelex 100 resin and were found to have
minimal concentrations of redox-active metals in the ascorbate oxidation test.”* Azide (0.1 mM) was added
to all microsomal suspensions, and ethanol (100 mM) was added to the suspensions shown in spectra B and
D. Non-chromatographed microsomes had a non-heme iron content of 6.6 nmol/mg, and catalase activity
of 0.002 units/mg. Chromatographed microsomes had a non-heme iron content of 2.3nmol/mg and
catalase activity of 0.007 units/mg. The follow spectrometer conditions were employed to improve the
signal-to-noise ratio: sweep time, 42s.; conversion time, 40.96 ms.; accumulation of 16 scans.

DISCUSSION

The results of these studies clearly indicate that hydroxyl radicals are produced by
liver microsomes during NADPH oxidation, and that real-time observation of
hydroxyl radical generation by the microsomes depends on essentially eliminating the
catalase activity which normally contaminates even repeatedly washed microsomal
preparations. The presence of catalase apparently is the primary reason for the lack
of any previous observation of hydroxyl radicals by microsomes using spin trapping
and EPR techniques in the absence of added iron and iron chelating agents." ' In
addition, most studies of the metabolism of ethanol to a free radical'>™'" have employed
nitrone spin traps which form unstable adducts with hydroxyl radicals.

Azide was used in most experiments to inhibit catalase, but a direct effect of azide
in the formation of the radical adducts was disproven when catalase activity was
minimized by aminotriazole pretreatment instead of using azide (Figure 2). In
contrast, azide at high concentrations is a scavenger of hydroxyl radicals, and forms
the azidyl adduct which can be trapped by DMPO (Figure 2B). Azide has been

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/10/11

For personal use only.

344 P.B. McCAY, L.A. REINKE AND J.M. RAU

commonly employed in studies on microsomal ethanol oxidation to inhibit the
peroxidative metabolism of ethanol by hepatic microsomes.>*? Interpretation of the
role of hydroxyl radicals in ethanol oxidation in such studies is complicated by two
effects of azide. First, hydroxyl radical formation is intensified in the presence of azide
(Figure 1), due to increasing concentrations of hydrogen peroxide resulting from the
inhibition of catalase. Secondly, high concentrations of azide effectively compete with
ethanol for hydroxyl radical attack (Figure 2B). Azide itself is an iron chelating
compound, but we could find no evidence that in the presence of hydrogen peroxide,
azide plus iron (FeCl,, ) produced hydroxyl radicals detectable by spin trapping.

The data shown in this report support the conclusion that the metabolism of
ethanol to 1-hydroxyethyl radicals may be mediated at least in part by hydroxyl
radicals produced in a hydrogen peroxide-dependent reaction as previously suggested
in studies of microsomal oxidations’'* and spin trapping experiments.'®'® The inverse
relationship between the increasing signal strength for the 1-hydroxyethyl radical and
the concomitant decreasing signal for the hydroxyl radical as the ethanol concentration
was increased (Figure 5) is readily explained by hydrogen atom abstraction from
ethanol by the hydroxyl radical. Additional support for the involvement of hydrogen
peroxide in this process was obtained in experiments in which H, O, was added to the
reaction systems. A corresponding increase in the intensity of production of both the
hydroxyl and 1-hydroxyethyl radicals was observed. In the absence of azide, ethanol
may diffuse to a site of hydroxyl radical formation which is not readily accessible to
DMPO, resulting in lower rates of 1-hydroxyethyl radical formation.'s'®

In this report, the requirement for hydrogen peroxide for the production of hydroxyl
radicals could be interpreted to involve a Fenton-type reaction in which the catalytic
action of some form of iron is required. Experiments in which precautions were taken
to prevent the introduction of adventitious iron in the buffers still demonstrated
formation of hydroxyl and 1-hydroxyethyl radicals by the microsomal suspensions
(Figure 6). These results indicate that the microsomes themselves provide the required
catalyst, which is most likely some form of iron. Microsomes prepared through
standard methods are usually contaminated with both ferritin and an unidentified
form of non-heme, non-ferritin iron. Although chromatography on Sepharose
columns removes most of the ferritin.”’2 the non-ferritin iron has proven difficult to
remove and continues to release low concentrations of ferrous iron under reductive
conditions.” In the experiments described in this report, NADPH and enzymatically
active microsomes were required for hydroxyl radical generation when hydrogen
peroxide was generated endogenously or added to the system exogenously. These
results are consistent with enzymatic reduction of some form of iron bound to the
microsomes. However, the possibility that 1-hydroxyethyl radicals may be formed
through hydroxy radical-independent mechanisms is not excluded. The relationships
which exist among tissue iron, iron chelates and hydroxyl radical generation require
additional study and can be facilitated by the spin trapping methods described in this

paper.
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