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Hepatic microsomes metabolize ethanol to a free radical metabolite which forms adducts with the spin
trapping agents PBN (phenyl-N-t-butylnitrone) and DMPO (5,5-dimethyl-l-pyrroline N-oxide). This
ethanol radical has been identified as the I-hydroxyethyl radical through the use of ’C-labelled ethanol. A
role of the cytochrome P-450 enzymes in the generation of the I-hydroxyethyl radical was suggested by
requirements for oxygen and NADPH, as well as inhibition in the presence of SKF 525-A and imidazole.

In contrast, the ESR signal intensity of the |-hydroxyethyl radical was diminished when either catalase,
or the iron chelating agent deferoxamine, was added to the microsomal incubations, and was increased by
the addition of ADP-Fe. These observations suggest that the ethanol radicals may arise secondary to
iron-catalyzed formation of hydroxyl radicals from hydrogen peroxide. This possibility was supported by
enhanced rates of 1-hydroxyethyl radical formation when microsomal catalase activity was inhibited by the
addition of sodium azide, or by pretreatment of rats with aminotriazole. However, the reaction was
relatively insensitive to scavengers of the hydroxyl radical. Thus, the mechanism of {-hydroxyethy! radical
formation could involve two cytochrome P-450-dependent pathways: generation of hydrogen peroxide
required for a Fenton reaction, as well as direct catalytic formation of the ethanol radical.

KEY WORDS: |-Hydroxyethyl radical, spin trapping. ethanol administration, microsomal oxidation,
hydroxyl radical, cytochrome P-450.

INTRODUCTION

Chronic abuse of alcoholic beverages leads to pathological changes in a number of
tissues. The liver is especially sensitive to the deleterious effects of ethanol, but the
mechanism(s) for development of alcoholic liver disease remain unclear. Many inves-
tigators have proposed a role of lipid peroxidation in this phenomenon, based on
increased levels of malondialdehyde, conjugated dienes. and chemiluminescence after
the acute and chronic administration of ethanol to laboratory animals.'?

Because lipid peroxidation often occurs as a result of free radicat attack on mem-
brane lipids, potential sources of initiating radicals have been explored. Several
investigators have suggested that liver microsomes isolated from ethanol-fed rats
produce higher concentrations of superoxide anion, hydrogen peroxide, and hydroxyl
radicals than microsomes from untreated rats.’* Liver microsomes are also known to
metabolize ethanol to the 1-hydroxyethyl radical.®’ If these free radical species are
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also produced in the endoplasmic reticulum in vivo, lipid peroxidation would be a
likely consequence.

We have recently reported that carbon-centered radicals can be detected in livers
of rats fed ethanol-containing liquid diets for two weeks.® In these experiments, the
spin trapping agent 2.4.6-trimethoxyphenyl-N-t-butylnitrone was administered to
rats, and electron spin resonance (ESR) spectra which are thought to be due to lipid
radical adducts of the spin trap were observed in extracts of livers from ethanol-fed
rats, but in samples from pair-fed controls. The intensity of radical formation was
increased when rats were fed diets high in fat® which is significant because dietary fat
is known to increase the severity of alcoholic liver damage.

The I-hydroxyethyl radical must be considered as a potentially toxic metabolite of
ethanol. However, little is known of the mechanism for the bioactivation of ethanol
to a free radical. The current study has been designed to explore factors affecting rates
of 1-hydroxyethyl radical formation in hepatic microsomes.

MATERIALS AND METHODS

Female Sprague-Dawley rats weighing 140 to 150 grams were purchased from Sasco
(Omaha. NE), and were fed lab chow ad libitum until used in experiments. Livers were
homogenized in 0.15 M potassium phosphate buffer, pH 7.4, microsomes were isolat-
ed by differential centrifugation, and were washed twice by resuspension in the
phosphate buffer. The microsomes (1 to 2 mg protein/ml) were incubated at 37°C with
50mM ethanol, 30mM PBN, and an NADPH-generating system as previously
described.® In some experiments, DMPO (130 mM) was substituted for PBN. After 15
to 30 minutes of incubation, the reaction systems were extracted with toluene or
benzene.

ESR spectra were recorded at room temperature with either an IBM-Bruker ESP
300 or a Varian E-9 EPR spectrometer equipped with an X-band microwave bridge.
Instrumental conditions are given in the figure legends.

Catalase activity in liver fractions was measured by recording the rate of decrease
of hydrogen peroxide absorbance at 240 nm, following the addition of tissue samples.
Hydrogen peroxide generation by microsomes was measured by the ferrithiocyanate
method utilized by Kuthan and Ullrich.®

RESULTS

When ethanol was incubated with rat liver microsomes, ethanol, PBN, and an
NADPH-generating systems, the ESR spectrum of the 1-hydroxyethyl radical adduct
of PBN could be observed in toluene extracts (Figure 1). When sodium azide, an
inhibitor of catalase, was added to the incubation mixture, the intensity of the ESR
signal was increased nearly two-fold (Figure 1). Because the signal intensity is propor-
tional to the concentration of free radical adducts in the sample, these results indicate
that azide has stimulated rates of formation of the 1-hydroxyethyl radical.

In the absence of azide, very little hydrogen peroxide could be detected in microso-
mal incubations with NADPH under aerobic conditions. However, addition of
sodium azide (1 mM) resulted in an average hydrogen peroxide generation rate of

1.9 nmoles/min/mg.of microsomal protein.
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FIGURE | Effect of Sodium Azide on the Formation of the 1-Hydroxyethyl Radical Adduct of PBN
During the Metabolism of Ethanol by Rat Liver Microsomes. Ethanol was incubated with microsomes,
PBN, and an NADPH-generating system as indicated in Materials and Methods, and the system was
extracted with toluene after 20 minutes of incubation. In the lower panel. sodium azide was included at a
final concentration of 1 mM. The IBM-Bruker ESP 300 spectrometer settings for both spectra were as
follows: microwave power, 19.8mW; modulation amplitude, 0.975G: gain, 2 x 10%; time constant,
0.33sec; scan range, 100G: and scan time. 335sec. For these spectra. ay = 15.1G; a} = 5.0G.

Results with azide indicated that hydrogen peroxide could be involved in the
microsomal generation of the 1-hydroxyethyl radical. This hypothesis was tested by
treating rats with 3-amino-1,2,4-triazole (AT), which is metabolized in vivo to an
irreversible inhibitor of catalase.® The AT was administered at a dose of 1 g/kg, i.p..
60 minutes prior to removal of livers and preparation of microsomes. This dose of AT
has been shown to abolish the spectral changes of catalase compound I in perfused
rat livers.'® Under these conditions, AT treatment inhibited catalase activity in liver
homogenates by >90%. The ESR spectra of the 1-hydroxyethyl radical adducts of
PBN were 53% more intense in microsomes from AT-treated rats than in microsomes
of rats which had received an equivalent volume of saline (data not shown). However,
addition of azide did not further increase the intensity of signals in microsomes from
AT-treated rats. These data demonstrate that the stimulatory effect of azide depicted
in Figure [ is the result of inhibition of catalase contaminating the microsomes.

Mechanisms of 1-hydroxyethyl radical generation by microsomes have been
probed by altering conditions of the incubation system, and measuring the effects on
the signal intensity (see Figure 1). No signals could be detected if the incubations were
performed under an atmosphere of argon, if NADPH was omitted from the incuba-
tion, or if the microsomes were placed in a boiling water bath for three minutes prior
to incubation. The cytochrome P-450 inhibitors SKF 525-A and imidazole both
decreased the intensity of the ESR signals (Table 1). Addition of catalase, deferoxam-
ine, reduced glutathione, and excess hydrogen peroxide decreased the intensity of the
1-hydroxyethy! radical adduct signal, while adition of ADP-Fe increased the signal
intensity. The addition of mannitol or dimethyl sulfoxide had little effect on ethanol
radical formation (Table 1).
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TABLE |
Effects of various additions on the formation of |-hydroxyethy! radical adducts of PBN during microsomal
ethanol metabolism

Addition Relative ESR signal
None 100
SKF 525-A (ImM) 48
Imidazole (| mM) 67
Catalase (100 units/ml) 42
Hydrogen Peroxide (1 mM) 68
ADP-Fe'* (0.4mM-0.012 mM) 201
Deferoxamine (1.0 mM) 32
Mannitol (10 mM) 88
Dimethyl Sulfoxide (10 mM) 95
Reduced Glutathione (10 mM) 25

Ethanol was incubated with microsomes, PBN, and an NADPH-generating system, as indicated in
Materials and Methods. On each day of experiments, the signal intensity of the I-hydroxyethyl radical (see
Figure 1) in the absence of other additions was assigned a value of 100, and the value for the relative ESR
signal was assigned from the ratio of the peak signal heights. The values are means of at least two
experiments.

In some-experiments, DMPO was substituted for PBN in order to test for the
presence of oxygen-centered radicals during the generation of the 1-hydroxyethyl
radical. With DMPO as a spin trap, a spectrum with six spectral peaks was observed
in benzene extracts of microsomes metabolizing ethanol (Figure 2). If 1-*C-ethanol
was used in the experiments, splitting of the spectral peaks occurred, indicating that
the adduct trapped was the 1-hydroxyethyl radical. When ethanol was omitted from
the incubation system, no ESR signal was observed (not shown).

DISCUSSION

The microsomal metabolism of ethanol to acetaldehyde was first reported by Orme-
Johnson and Ziegler." Since that time, the mechanisms of this oxidation have been
the subject of intense debate. The role of cytochrome P-450 in ethanol oxidation has
been proven with experiments utilizing purified cytochrome P-450 and reductase."
However, there is considerable evidence which suggests that hydroxy! radicals could
have a role in microsomal ethanol metabolism. For example, the oxidation of di-
methy! sulfoxide and 2-keto-4-thiomethylbutyric acid can be catalyzed by hydroxyl
radicals, and cross competition in the microsomal oxidation of these substrates and
ethanol has been reported.’ Hydroxyl radicals are known to react rapidly with ethanol
to abstract a hdyrogen atom, forming water and the 1-hydroxylethyl radical.

Although generation of 1-hydroxyethyl radicals from ethanol by liver microsomes
have been proven with the spin trapping agents PBN (Figure 1), DMPO (Figure 2),
and 4-pyridyl-1-oxide-t-butylnitrone,” the mechanism for this metabolism remains
unclear. The involvement of cytochrome P-450 is indicated by the dependence on
NADPH and oxygen, and sensitivity to SKF 525-A and imidazole (Table 1). Albano
et al., have also demonstrated an inhibitory effect of metyrapone and 1-nitroisothio-
cyanate.” But other data strongly suggest an important role of hydrogen peroxide in
the microsomal formation of ethanol radicals.

Itis well established that hydrogen peroxide is formed by hepatic microsomes in the
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FIGURE 2 Spectra of the [-Hydroxyethyl Radical Adduct of DMPO Formed by Rat Liver Microsomes.
Ethanol was incubated with microsomes, DMPO, and an NADPH-generating system. After 30 minutes of
incubation, the systems were extracted into benzene. In the lower panel, |- C-ethanol was used as the
substrate. The Varian E-9 spectrometer settings were microwave power, 25 mW; time constant. 3 sec; scan
range. 100 G; scan time, 16 min; modulation amplitude, 1.0 G; and gain, 5 x 10*. For the spectra obtained
with "“C-ethanol. the modulation amplitude was 2.0G and the gain was 4 x 10*. For these spectra,
ay = 146G; af =225G:and ac,;, = 6.2G.

presence of oxygen and NADPH,” and the cytochrome P-450 enzymes have been
shown to be its major source. Under normal conditions, the hydrogen peroxide is
rapidly catabolized by catalase, which contaminates the microsomal fraction after
homogenization of the liver. However, the concentration of hydrogen peroxide can be
increased substantially through inhibition of catalase by azide or by pretreatment of
rats with aminotriazole. The increases in 1-hydroxyethyl radical formation in the
presence of azide (Figure 1), or when microsomes from AT-treated rats were used
(Results), as well as the inhibitory effects of excess catalase (Table 1) all indicate an
important role of hydrogen peroxide in the formation of ethanol radicals. In addition,
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the stimulation of adduct formation by ADP-Fe and inhibitory effects of deferoxam-
ine, a potent and specific iron chelating agent (Table 1), further suggest that hydroxyl
radicals formed in the presence of iron and hydrogen peroxide may drive microsomal
ethanol radical formation.

These observations raise the question of whether hydrogen peroxide-dependent
reactions provide the only pathway for 1-hydroxyethyl radical formation in mi-
crosomes. Several lines of evidence suggest that this may not be the case. First, there
is substantial residual activity in the presence of excess catalase and deferoxamine
(Table 1). Similar results were obtained by Albano et al., who also showed that the
stimulatory effects of azide were lost when care was taken to deplete the incubation
systems of iron.” Secondly, mannitol and dimethyl sulfoxide, which are commonly
utilized scavengers of the hydroxyl radical, had relatively small effects on the forma-
tion of ethanol radicals (Table 1). Third, the spectra of hydroxyl radical adducts were
not observed in microsomes metabolizing ethanol (Figure 2). And finally, addition of
excess hydrogen peroxide, which could be expected to generate high concentrations
of hydroxyl radicals, inhibited the formation of 1-hydroxyethyl radicals (Table 1).
This inhibitory effect of hydrogen peroxide could be explained by oxidative damage
to some other enzymatic system which is also involved in ethanol radical formation.

Thus, these data suggest that there are at least two pathways for ethanol metabol-
ism to a free radical in hepatic microsomes. One pathway utilizes hydrogen peroxide
and may involve hydroxyl radicals, and a second source may be direct generation by
the cytochrome P-450 enzymes. Hydrogen atom abstraction at the active site of
cytochrome P-450 has been demonstrated for some substrates."

Another important question is the fate of l-hydroxyethyl radicals that may be
formed in vivo during periods of ethanol intoxication. Although 1-hydroxethyi radical

adducts of PBN (Figure 1) and DMPO (Figure 2) are readily formed in hepatic
microsomes, we have been unable to observe these signals in livers of rats given the
spin trapping agents and a large dose of ethanol.*'* However, in these experiments,
ESR signals thought to be due to lipid radical adducts were observed in extracts of
liver, heart, lung and spleen of rats which had been treated with ethanol, but not in
tissues of rats which had received an equivalent volume of saline and the spin trap.*"
Therefore, it is conceivable that the attack of ethanol radicals on cellular membranes
could have resulted in formation of other free radical intermediates in the various
organs. It is also obvious that glutathione, at physiological concentrations, dramatic-
ally decreases the intensity of the I-hydroxyethyl radical signal in microsomes (Table
1), as previously observed by Albano et al.” Thus, spin trapping of the 1-hydroxyethyl
radical in vivo may be unsuccessful due to the effects of glutathione and perhaps other
cellular defense mechanisms.

Acknowledgements

These investigations were supported, in part, by grant AA07337 from the National Institute of Alcohol
Abuse and Alcoholism, and by a grant from the Alcoholic Beverage Medical Research Foundation.

References

1. Videla, L.A. and Valenzuela, A. Alcohol ingestion, liver glutathione and lipoperoxidation: metabolic
interrelations and pathological implications. Life Sci., 32, 2395-2407, (1982).

2. Dianzani, M.U. Lipid peroxidation in ethanol poisoning: a critical reconsideration. Alcohol and
Alcoholism, 20, 161-173, (1985).

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by University of 1llinois Chicago on 11/06/11
For personal use only

MICROSOMAL GENERATION OF ETHANOL RADICALS 211

Dicker, E. and Cederbaum, A.l. Hydroxyl radical generation by microsomes after chronic ethanol
consumption. Alcoholism: Clin. Exp. Res., 11, 309-314, (1987).

Ekstrom, G. and Ingelman-Sundberg, M. Rat liver microsomal NADPH-supported oxidase activity
and lipid peroxidation dependent on ethanol-inducible cytochrome P-450 (P-4501lel). Biochem.
Pharmacol., 38, 1313-1319, (1989).

Klein, S.M., Cohen, G., Lieber, C.S. and Cederbaum, A.l. Increased microsomal oxidation of
hydroxyl radical scavenging agents and ethanol after chronic consumption of ethanol. Arch. Biochem.
Biophys., 223, 425-432, (1983).

Reinke, L.A., Lai, E.K., DuBose, C.M. and McCay, P.B. Reactive free radical generation in vivo in
heart and liver of ethanol-fed rats: correlation with radical formation in vitro. Proc. Nat. Acad. Sci.,
USA, 84, 9223-9227, (1987). ‘

Albano, E., Tomasi, A., Goria-Gatti, L. and Dianzani, M.U. Spin trapping of free radical species
produced during the microsomal metabolism of ethanol. Chemico-Biological Interact., 65, 223-234,
(1988). -

Kuthan, H. and Ullrich, V. Oxidase and oxygenase function of the microsomal cytochrome P-450
system. Eur. J. Biochem., 126. 583-588, (1982).

Margoliash, E.. Novogradsky. A. and Schejter, A. Irreversible rection of 3-amino-1:2:4-triazole and
related inhibitors with the protein of catalase. Biochem. J., 74, 339-350, (1960).

Thurman, R.G., KcKenna, W.R. and McCaflrey, T.B. Pathways responsible for the adaptive increase
in ethanol utilization following chronic treatment with ethanol: inhibitor studies with the hemoglobin-
free perfused rat liver. Mol. Pharmacol.. 12, 156-166, (1976).

Orme-Johnson, W.H. and Ziegler, D.M. Alcohol mixed function oxidase activity of mammalian liver
microsomes. Biochem. Biophys. Res. Commun., 21, 78-82.

Morgan, E.T., Koop, D.R. and Coon, M.J. Catalytic activity of cytochrome P-450 isozyme 3a
isolated from liver microsomes of ethanol-treated rabbits. J. Biol. Chem., 257, 13951-13957, (1982).
Dawson. J.H. Probing structure-function relations in heme-containing oxygenase and peroxidase.
Science, 240, 433-439, (1988).

Reinke, L.A. Lai, E.K. and McCay, P.B. Administration of ethanol or acetaldehyde to rats results
in the generation of free radicals in liver, heart, and other organs. In Biomedical and Social Aspects
of Alcohol and Alcoholism (eds. K. Kuriyama, A. Takada and H. Ishii), Elsevier Science Publishers
B.V. (Biomedical Division), Amsterdam, pp. 663-666. (1988).

Accepted by Prof. E.G. Janzen

RIGHTS

i,



