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SUMMARY
Intravenous administration of the spin-trapping agent a-(4-pyri-
dyl-1 -oxide)-N-t-butylnitrone (POBN) to anesthetized but oth-
erwise untreated rats was used to test for formation of 1 -hy-
droxyethyl radicals in vivo. The only EPR signals observed in
bile samples from rats that had received ethanol but no POBN
could be attributed to low concentrations of ascorbyl radical.
However, when POBN (700 mg/kg, intravenously) was also
administered, a nitroxide with a six-line EPR spectrum was
readily detected in bile. This spin adduct was proven to be the
1-hydroxyethyl radical adduct of POBN through injection of
[1 -13C]ethanol to rats, which resulted in the presence of an
adduct with a 1 2-line EPR spectrum. Comparable results were
obtained in experiments with isolated perfused rat livers. 1-Hy-

droxyethyl radical spin adducts of POBN were readily detect-
able in bile in the presence of only moderate (1 0-1 5 mM)
concentrations of alcohol. In these experiments, bile samples
were collected into a mixture of dipyridyl and bathocuproine
disulfonic acid, and the effectiveness of these chelators to
prevent ex vivo signal formation was confirmed experimentally.
No EPR signals for nitroxide spin adducts were observed in
plasma or perfusate, even though high concentrations of POBN
and alcohol were present. Taken together, these data indicate
that 1 -hydroxyethyl radicals are formed in vivo and can be
readily detected in bile when high concentrations of POBN are
achieved through intravenous injection.

Spin trapping and EPR spectroscopy studies have demon-
strated that liver microsomes metabolize ethanol to a free
radical metabolite, the carbon-centered 1-hydroxyethyl rad-
ical (1-7), but the mechanisms involved in this reaction are
still unclear. It is generally agreed that iron has an impor-
tant catalytic role, because rates of ethanol radical formation
are increased when iron salts are added to the incubation
systems, and iron-chelating compounds such as deferoxarn-
me markedly inhibit the reaction (1, 3, 5-7). An important

role of hydrogen peroxide was suggested from observations
that catalase inhibitors such as azide stimulated ethanol
radical formation in microsomes, whereas addition of cata-
lase was inhibitory (1, 3, 7). In addition, Knecht et al. (5) have
recently postulated that 1-hydroxyethyl radicals are formed

in a reaction requiring superoxide and transition metals.
Superoxide and hydrogen peroxide are formed primarily by
microsomal cytochrome P-450 enzymes (8), and microsomes
contain non-heme iron that can be released to participate in
lipid peroxidation and other free radical reactions (9). Some

evidence also implicates a direct role of cytochrome P-450 in
microsomal metabolism ofethanol to the 1-hydroxyethyl rad-
ical (10).

Although 1-hydroxyethyl radicals can be readily detected

by spin trapping in microsomal incubations, it has been con-

siderably more difficult to demonstrate their formation in

vivo. Knecht et al. (11) observed 1-hydroxyethyl radical ad-
ducts of POBN in bile of deer mice and indicated that the
EPR signals were especially intense if the mice were also

deficient in alcohol dehydrogenase and had been fed a high-
fat, ethanol-containing diet. We found that acute alcohol
administration to ethanol-fed (2) or fasted (12) rats caused
formation of lipid radicals in the liver, and we detected ex-
tremely low concentrations of 1-hydroxyethyl radical adducts
of a-phenyl-N-t-butylnitrone in liver extracts from glutathi-

one-depleted rats (12).
There are several possible explanations for why ethanol

radicals are more easily detected in microsomes than in vivo.

Well washed microsomes are almost devoid of superoxide
dismutase and catalase, and the presence of these enzymes

This research project was supported by Grant AA07337 from the National
Institute on Alcohol Abuse and Alcoholism, National Institutes of Health.

in cytosol could impair superoxide- or H202-dependent radi-
cal formation (5). Concentrations of free transition metals in

ABBREVIATION: POBN, a-(4-pyndyl-1 -oxide)-N-t-butylnitrone.
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intact tissue may be insufficient to catalyze radical forma-

tion. Intact liver also contains high concentrations of gluta-

thione and other antioxidants, which could compete with

spin-trapping agents for radicals that might be formed. And,

finally, spin adducts could be degraded to EPR-silent prod-

ucts by liver enzymes (13) or other biological reducing agents.

In the current report, we have used intravenous injection

of POBN to achieve high blood concentrations of the spin-

trapping agent. Under these conditions, it was possible to
reproducibly demonstrate the presence of 1-hydroxyethyl

radical spin adducts in bile from rats that had received no
previous treatment.

Materials and Methods

Male Sprague-Dawley rats (200-250 g) were allowed free access to
laboratory chow and water. The rats were anesthetized with pento-
barbital (50 mg/kg, intraperitoneally), and small supplemental doses
were administered if needed. The bile duct was cannulated with
PE-lO tubing, and the bile was collected into tared 1.5-ml polyeth-

ylene centrifuge tubes, which also contained 30 p.1 of a solution of
dipyridyl (30 mM) and bathocuproine disulfonic acid (300 mM) to
prevent ex vivo radical formation (14). POBN was dissolved in water
(100 mM) and was given by slow intravenous injection into the tail
vein or directly into the inferior vena cava, which had been exposed
during cannulation ofthe bile duct. The POBN and alcohol doses are
indicated in the figure legends.

The average biliary flow in these experiments was 2.1 ± 0.7 p.lJg of
liver/mm, so that enough bile to fill the sensing area ofa flat EPR cell
could be collected in 5 or 6 mm, but samples were normally collected
for 10-mm intervals. The bile samples were weighed immediately
after collection and were frozen on dry ice. The bile volume was
calculated from its weight, assuming a specific gravity of 1 g/ml.

At the end of the collection period, the animals were sacrificed by
cutting the diaphragm, and blood samples were taken by cardiac
puncture for determination of blood alcohol or preparation of plasma

(15). Plasma and blood samples were immediately frozen on dry ice.
Alcohol concentrations in the blood and bile were measured enzy-
matically (16). Biliary concentrations of POBN were estimated by
diluting 10 p.1 of bile to 1.0 ml with water and measuring the inten-
sity of the POBN absorption peak at 330 nm. Absorbances were
measured with a Perkin-Elmer Lambda 4B UV/visible double-beam

spectrophotometer, and bile collected from the same rat before
POBN injection was similarly diluted to provide a reference sample.
The POBN concentration was determined using an experimentally
determined extinction coefficient of 36.8 mM ‘ cm ‘. In some exper-
iments, rat livers were perfused with Krebs-Henseleit bicarbonate
buffer, pH 7.4, in a nonrecirculating perfusion system (17), and bile
was tested for the presence of spin adducts as indicated for in vivo
experiments.

To test for extraction of the 1-hydroxyethyl radical adduct of
POBN by organic solvents, this adduct was prepared by photolysis
(18). Briefly, POBN (100 mM), ethanol (7.5 M), and H202 (2.5 M) were
subjected to 30 sec of intense UV light. The identity of the resulting
spin adduct was proven by substituting [1-’3C]ethanol in the photo-
lytic experiments.

Samples of bile and plasma were tested for the presence of spin
adducts within a few hours of their collection and were thawed and
warmed to room temperature immediately before EPR analyses. The
samples were transferred into a quartz flat EPR cell and placed in
the cavity of a Bruker 300E EPR spectrometer. Samples that were
dissolved in organic solvents were thoroughly bubbled with nitrogen
to remove dissolved oxygen. Typical EPR operating conditions were
as follows: gain, 1 x 106; modulation amplitude, 1.0 G; modulation

frequency, 100 kHz; microwave power, 20 mW; conversion time, 92
msec; sweep time, 84 sec. In most experiments, it was necessary to
accumulate multiple scans to obtain suitably resolved EPR spectra.

Results

Ethanol (5 g/kg) was administered by gastric lavage to a
rat that was otherwise untreated. After 30 mm, to allow for
initial absorption of the alcohol, the rat was anesthetized

with pentobarbital and the bile duct was cannulated. No EPR
signals were observed in a bile sample taken before POBN

injection (Fig. 1A). After this initial bile sample had been

collected, POBN (700 mg/kg) was given by slow intravenous
injection over a period of 2 mm. After 5 mm, to allow for

redistribution of the POBN, sequential 10-mm bile samples

were obtained (Fig. 1, B-D). A six-line EPR spectrum was

observed in all bile samples after injection of POBN, and the
hyperfine splitting values (aN = 15.6 G, aH = 2.5 G) were
similar to those reported for the 1-hydroxyethyl radical ad-

duct of POBN in aqueous solutions (6, 11, 19). The EPR

signal intensities increased as the experiment progressed,
and the strongest signals were observed in the last sample,
which was taken 55-65 mm after POBN injection (Fig. 1D).
Over this same time period, the biliary alcohol concentration
decreased from 37 mr� in the sample collected between 5 and

15 mm after POBN injection to 28 mM in the last sample (Fig.

1, legend).

The same experiment was repeated with a rat that had not
been treated with ethanol before POBN injection. A bile

sample that was collected before POBN was injected con-

tamed only weak evidence of the ascorbyl radical (Fig. 2A),

which was observed as a minor EPR signal in some experi-
ments. After POBN was injected, an extremely weak nitrox-
ide signal developed over time (Fig. 2). This adduct had
hyperfine splitting values virtually identical to those of the

Fig. 1. Detection of spin adducts in bile from an alcohol-treated rat. A
rat was given ethanol (5 g/kg) by gavage, and after 30 mm it was
anesthetized with pentobarbital and a cannula was inserted into the bile
duct. After one bile sample (A) was taken, the rat received POBN (700
mg/kg, intravenously) and sequential I 0-mm bile samples were taken
for 1 hr, beginning 5 mm after POBN injection. Selected EPR spectra
are shown (B.-D), and the collection times, relative to POBN injection,
are indicated. Biliary alcohol concentrations were 34 m� for sample A,
37 mM for sample B, 34 mM for sample C, and 28 m�i for sample 0.
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Fig. 2. EPA spectra of bile samples from a control rat. All conditions
were identical to those indicated in Fig. 1 , except that no ethanol was
given. Biliary concentrations of POBN were estimated from absorbance
spectra of bile and were 5.3 mt�i for sample B, 4.6 m�i for sample C, and
4.3 m� for sample 0. The weak midfield doublets in A are the EPA
signals for the ascorbyl radical.

adduct detected after ethanol administration (Fig. 1). How-
ever, the signal appeared much later and was weaker at all
time points, compared with EPR signals observed when eth-
anol was also administered (compare Figs. 1 and 2). POBN
was rapidly excreted into the bile (Fig. 2, legend). The high-

est POBN concentrations were typically observed in the first

or second sample collected after POBN injection but re-
mained in excess of 4 mi� for periods of at least 1 hr.

In a similar set of experiments, untreated rats were anes-
thetized before intravenous injection of both POBN and eth-
anol. When POBN was injected intravenously, no EPR sig-
nals were observed in the first bile samples collected (Fig.

3A). However, when ethanol (1.06 g/kg) was subsequently
administered by intravenous injection, the next bile sample
again contained a six-line EPR signal (Fig. 3B), which was
similar to those observed after ethanol was given orally (Fig.

1). In other experiments, [1-’3C]ethanol (1.06 g/kg, intrave-
nously) was administered to rats that had already received

POBN, and a 12-line EPR spectrum was detected in the bile

of these animals (Fig. 3C). The additional splitting is due to
the presence of ‘3C in the spin adduct (a C = 4.5 G) and
identifies the major radical that was trapped as the 1-hy-
droxyethyl radical. The more intense central peaks of each

quartet of the spectrum in Fig. 3C can be explained by the
presence of low concentrations of a 13C-invariate signal,
which was usually observed when POBN was injected in the
absence of ethanol (Fig. 2).

Experiments were conducted to determine whether the

EPR signal intensity in the bile was influenced by the etha-
nol concentration. An anesthetized rat was given POBN by
intravenous injection, and the initial bile sample again con-

tamed no EPR signal (Fig. 4A). Ethanol was then given in
four incremental intravenous doses of 0.35 g/kg each. After

each dose, 5 mm were allowed for redistribution of the alco-
hol, and then one bile sample was collected over a 10-mm
period before another ethanol dose was given. The bile sam-
ple collected after the first ethanol dose contained a barely
perceptible EPR signal for a nitroxide, but the signal inten-
sity increased with each subsequent ethanol dose (Fig. 4,

only

Fig. 3. Biliary spin adducts detected after intravenous injection of both
POBN and ethanol. Aats were anesthetized with pentobarbital and
were then given POBN (700 mg/kg, intravenously). The first two bile
samples collected after POBN injection typically contained no EPA
signals for spin adducts, and spectrum A is from the second bile
sample. Spectrum B shows the next bile sample from the same rat and
was collected between 5 and 1 5 mm after injection of ethanol (1.06
g/kg, intravenously). Spectrum C is a sample from a different POBN-
treated rat, which was collected between 25 and 35 mm after injection
of [1 -13C]ethanol (1 .06 g/kg, intravenously). Biliary alcohol concentra-
tions for samples B and C were 28 m� and 27 mM, respectively.

B-E). The results of this experiment must be interpreted

with caution, because signal intensity normally increased

with time ofthe experiment (Fig. 1). Nevertheless, these data

strongly suggest that 1-hydroxyethyl radical formation can

be rapidly initiated by only modest concentrations of alcohol
(e.g., 10-15 mM).

Experiments by other investigators have clearly shown
that spin adducts can be formed through reactions among

biiary trace metals, spin-trapping agents, and alcohol or

dimethylsulfoxide (11, 14). This problem can be illustrated in

an experiment in which a rat was given POBN (700 mg/kg)

by intraperitoneal injection. When an intravenous dose of
[1-’3C]ethanol was subsequently given, bile collected into the
chelator mixture contained a weak signal often observed with
POBN alone, but the 12-line spectrum ofthe 1-[’3Clhydroxy-
ethyl adduct was not observed (Fig. 5A). The absence of the
1-hydroxyethyl radical adduct mmght be explained by less
efficient spin trapping after intraperitoneal administration,
due to lower available concentrations of POBN. For example,
biliary POBN concentrations in this experiment ranged be-
tween 2.5 and 3.7 mM, whereas higher concentrations were
routinely observed after intravenous administration of the

same POBN dose (Fig. 2, legend). However, when the next
bile sample was collected without addition of chelators and

was otherwise treated identically, the 1-[’3C]hydroxyethyl

adduct could be readily detected (Fig. SB). Because the only
significant difference between samples shown in Fig. 5, A and
B, was the presence of iron and copper chelators, these data
demonstrate that metal-catalyzed reactions can produce ar-
tifactual signals in the bile. However, the absence of 1-hy-
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Fig. 4. Influence of ethanol dose on EPR signal intensity in bile sam-
pIes. A rat was anesthetized and given POBN (700 mg/kg, intravenous-
ly), and one bile sample (A) was collected. The rat was then given four
sequential intravenous doses of ethanol (0.35 g/kg per dose) (B-E),
which were separated by 5 mm to allow for redistribution of alcohol and
1 0 mm for collection of one bile sample for EPA analyses. Biliary alcohol
concentrations are indicated.

droxyethyl radical adducts when chelators were present sug-
gests that such reactions may not form detectable levels of

radicals during the bile collection interval.
The question of ex vivo spin adduct formation during col-

lection of bile was addressed more directly in experiments
designed to estimate the time for transport of ethanol and
POBN from blood to the collection tube. Sequential bile sam-
ples were collected in 2-mm intervals from two rats. One rat

received ethanol (1 g/kg, intravenously) by slow injection over
the 2-mm collection period for the first bile sample. The
resulting biliary alcohol concentrations were 31.6 mM in the
sample during which ethanol was injected and 38 mr�i and 35
mM in the next two samples. Biliary alcohol concentrations
subsequently decreased slowly, as in Fig. 1. Because ethanol

is mmscible with both water and lipids, this rapid distribution
into bile was expected. This experiment was then repeated
with a second rat, except that POBN (700 mg/kg) was given
by slow injection during collection of the first 2-mm bile

sample. The resulting POBN concentrations in the first three
bile samples were 4.1 mr�t while POBN was being injected
and 5.5 mM and 3.8 nu�t for the second and third samples,

respectively. Biliary POBN concentrations then decreased
slowly in the remaining samples. These data show that
POBN, like ethanol, is rapidly distributed from blood into
bile. Furthermore, because peak concentrations of both
POBN and ethanol were achieved within 2 mm after their

POBN Lp.

+ cheIatcn

1.UC.etbaaol
�

1.uC.eth__ol

wftb cbsla$srs
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Fig. 5. Evaluation of chemical reactions between ethanol, POBN, and
trace metals in bile. A rat received POBN (700 mg/kg) by intrapentoneal
injection. After 30 mm, the bile duct was cannulated, and [1-13C]ethanol
(0.8 g/kg, intravenously) was injected. Bile samples were collected
during the time intervals indicated, either in the presence (A) or in the
absence (B) of the usual mixture of dipyridyl and bathocuproine. An-
other rat received POBN (700 mg/kg) by intravenous injection, and bile
samples were collected into empty tubes. Then [1 -13Cjethanol (30 m�
final concentration) was added either 4 mm before (C) or concurrently
with (D) the mixture of chelators.

injections were completed, the time interval during which
artifactual EPR signals could be produced during bile collec-
tion must also be <2 mm.

These data were used to design additional experiments to
test for artifactual EPR signal formation during the interval

before the bile is mixed with chelators. POBN (700 mg/kg,
intravenously) was injected, and after collection of bile sam-

ples [1-’3C]ethanol was added to the tubes at a final concen-

tration of 30 mM, which is comparable to the alcohol concen-
trations found in other experiments (Figs. 1 and 3). After 4
mmn (twice the probable time period between bile formation
and its mixing with chelators, as determined above), the
dipyridyllbathocuproine chelator solution was added (Fig.
5C). In Fig. SD, the chelators and [1-’3C]ethanol were added
concurrently. Both samples contained only a six-line, ‘3C-

invariate signal normally observed after injection of POBN
alone (Fig. 2), with no evidence of the 1-[’3C]hydroxyethyl
radical adduct. In other experiments, ethanol was given by
intravenous injection and POBN (5 nmi final concentration)
was added to bile samples in the same design, but no EPR
signals were observed (data not shown). Collectively, the

data shown in Fig. 5 provide strong evidence that insignifi-
cant concentrations of 1-hydroxyethyl radical adducts are
formed as a result of chemical reactions in bile during the
interval of bile collection.

Direct EPR analyses of plasma or blood samples revealed
signals from only the ascorbyl radical (Fig. 6). In the exper-

iment shown, bile samples contained clear evidence of the

1-hydroxyethyl radical, indicating that the radical had been

formed in this animal. It is possible that spin adducts in
biological fluids could be reduced to EPR-silent hydroxy-
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Fig. 6. EPA spectra of plasma and blood samples from an ethanol-
intoxicated rat. POBN (700 mg/kg) and [1 -13Cjethanol (1 g/kg) were
given by intravenous injection. An EPA spectrum of bile collected into
the chelator solution 40-50 mm later was obtained (A). Immediately

after this bile sample was collected, the experiment was terminated,
and heparinized blood was collected for EPA analyses of plasma (B) or
whole blood (C). Plasma samples routinely contained the ascorbyl
radical signal, which was often undetectable in whole blood. Aemoval
of red blood cells dunng preparation of plasma has the effect of
concentrating components found in serum. For this reason, EPA signal
intensities from highly water-soluble radicals are often more intense in
plasma than in blood samples (15).

lamines (13), and this possibility was tested by adding the
mild oxidant potassium ferricyanide (20) in concentrations of

0.05-0.5 mM. However, ferricyanide addition did not result in
detection of additional signals in plasma or blood and did not
appreciably change the signal intensity ofspin adducts in the

bile (data not shown). When the phothlytically prepared 1-hy-
droxyethyl radical adduct of POBN was added to plasma, no

line broadening was observed, indicating that the adduct did
not associate with proteins or other components in plasma
(15). However, approximately 15% of the EPR signal inten-
sity was lost after 20 mm of incubation with plasma and was
not restored by subsequent addition of 0.05 mrvi ferricyanide.
These data suggest that spin adducts that may circulate in
the blood could be degraded to EPR-silent products by unde-
termined mechanisms before the samples were analyzed.

Formation of 1-hydroxyethyl radical adducts of POBN
could also be documented in experiments with isolated per-
fused rat livers. When POBN (5 inrs�) was infused, bile sam-
ples sometimes contained weak EPR signals from the ascor-
byl radical and unidentified nitroxides (Fig. 7A). If ethanol
(50 mi&) was also infused, bile typically contained six-line
EPR signals (Fig. 7B). When [1-’3C]ethanol was used, the
additional spectral splitting (Fig. 7C) again proved that the
major nitroxide present was the 1-hydroxyethyl radical ad-
duct ofPOBN. EPR analysis ofperfusate indicated no detect-
able spin adducts (data not shown), even though high con-
centrations of POBN and ethanol were present. These data
provide additional evidence for hepatic formation of 1-hy-
droxyethyl radicals, as opposed to nonspecific chemical reac-
tions that may occur in biological fluids.

Attempts were made to detect the 1-hydroxyethyl spin
adduct of POBN in organic extracts ofblood, plasma, or liver
homogenates. First, several organic solvents were tested for

EG] 3460 3480 3500

Fig. 7. EPA spectra of bile collected from perfused rat livers. Livers
were removed under pentobarbital anesthesia and were perfused with
Krebs-Henseleit bicarbonate buffer, pH 7.4, in a nonrecirculating sys-
tem (1 7). In sample A, POBN (5 mM) was added to the influent perfusion
buffer. In sample B, ethanol (50 mM) and POBN (5 mM) were infused. In
sample C, [1 -13C]ethanol (50 mM) and POBN (5 mM) were infused.

their ability to extract the photolytically prepared spin ad-
duct. Virtually no EPR signal could be observed in the or-
ganic phase when aqueous solutions of the adduct were ex-

tracted with equal volumes of toluene, benzene, or hexane.

Both chloroform and methylene chloride decreased the EPR
signal of the aqueous phase by about 10%, and a weak 1-hy-

droxyethyl radical adduct could be detected in the organic
phase. However, attempts to extract plasma or liver homo-
genates (12) from POBN- and [1-13CJethanol-treated rats
with chloroform or methylene chloride resulted in only weak

six-line signals in the extracts (data not shown). Detection of
the 1-hydroxyethyl radical adduct ofPOBN in tissue extracts
may not be feasible, because of the high water solubility of
this spin adduct.

Biliary alcohol concentrations were routinely measured,

and the data were used to investigate the relationship be-
tween biliary and blood alcohol concentrations. The ratio
between the biliary alcohol concentration in the last bile
sample collected and the corresponding blood alcohol concen-

tration at the end ofthe experiment was 1.32 ± 0.21 (mean ±
standard deviation of 12 experiments, with blood alcohol

concentrations ranging from 2 to 32 mr�). The 30% higher
values in bile were unexpected and mmght be explained by
continued alcohol catabolism during the biliary collection
period and disruption of normal enterohepatic circulation of
alcohol. Nevertheless, the data indicate that biliary alcohol
concentrations (Figs. 1, 3, and 4) can be used to provide a

reasonable estimate of the corresponding blood alcohol con-
centrations.

The high doses of POBN used in these experiments raise

the concern that the spin-trapping agent may itself cause
metabolic abnormalities in the animals. For these reasons,
some experiments were conducted to assess the acute effects
of POBN, given at an intravenous dose of 700 mg/kg. Rates of

hepatic bile flow were measured as an indicator of overall
hepatic function. The average biliary flow over the first 30
mmn after POBN injection (2.2 ± 0.4 .dlg ofliver) was similar

to that of controls (2.4 ± 0. 1 �tlJg of liver) in three pairs of
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rats. When POBN was injected into two anesthetized rats,
transient tachycardia, dilation of pupils, and respiratory de-
pression were observed in both animals, but these parame-
ters returned to base-line values within 20 mmn.’

Discussion

In spin-trapping experiments, it is necessary to provide a
high concentration of spin-trapping agent at the site of rad-
ical production to successfully compete with endogenous com-
pounds for reaction with the radicals. This objective is easily
met in chemical or microsomal systems, where high concen-
trations of spin-trapping agent can be introduced into the
reaction vessel. However, when experiments are performed

in vivo, the spin trap concentration is influenced by rates of
absorption from the site of administration, distribution into
various compartments, metabolism, and excretion. In many

experiments involving in vivo spin trapping, the spin trap
has been administered by intraperitoneal administration
(e.g., Refs. 2, 12, and 14). Although many drugs are rapidly
absorbed after intraperitoneal injection, a sufficiently high

concentration of spin-trapping agent may not be attained.
For example, in an experiment in which POBN was given by
intraperitoneal injection, the 1-hydroxyethyl radical adduct

was not detected in bile (Fig. SA), even though sufficient
concentrations of POBN and ethanol were present to chem-
ically generate radical adducts in the absence of metal chela-

tors (Fig. 5B).

The results of these experiments demonstrate that 1-hy-
droxyethyl radical adducts of POBN can be reproducibly

detected in bile of ethanol-intoxicated rats if the spin trap is
given in a high dose by intravenous injection. Unlike prey-
ous studies involving alcohol dehydrogenase-deflcient deer
mmce fed alcohol-containing, high-fat diets (11) or fasted, glu-
tathione-depleted rats (12), the animals used in these exper-
iments received no prior treatment. The identity of the 1-hy-
droxyethyl radical of POBN was proven with [1-’3C]ethanol,

either given by intravenous injection (Figs. 3C and 5A) or
added to the perfusion buffer (Fig. 7C). The adducts could be
detected within 10 mmn of alcohol dosing (Figs. 3, 4, and 7),
and rates of their formation appeared to increase over a
period of 1 hr (Fig. 1). Spin adducts formed in the liver may
be quickly excreted into bile through the same mechanisms
that are responsible for rapid biliary excretion ofboth POBN
and ethanol. Although there were no clear relationships be-
tween blood or biiary alcohol concentrations and EPR signal
intensities in these studies, it should be noted that the rad-
icals could be detected in the presence of rather modest
(10-15 mM) concentrations of alcohol (Fig. 4). These concen-
trations are <0.1 g ofalcohol/di (0.1%) and are easily reached
in the blood of social drinkers.

POBN has several distinct advantages over other spin-
trapping agents for studies of 1-hydroxyethyl radical forma-
tion. For example, POBN reacts rapidly with 1-hydroxyethyl

radicals, and the resulting spin adducts are unusually stable
to reduction and other reactions that transform spin adducts
to EPR-silent products (21). POBN is highly water soluble,
and concentrated aqueous solutions can be prepared for in-
travenous injection. Experiments comparing effects of POBN

1 The authors thank Dr. Michael C. Koss and Ms. Linda Hess of the
Department ofPharmacology, University ofOkiahoma College ofMedicine, for
assistance in preliminary evaluation of these effects of POBN.

and a-phenyl-N-t-butylnitrone in hepatocytes and micro-

somes have shown that POBN has fewer effects on hepato-

cyte integrity and causes less inhibition of microsomal amin-
opyrine and ethoxycoumarin metabolism (22), even at
concentrations of 25 mM. Although exhaustive pharmacolog-
ical evaluations of POBN have not been performed, initial
data indicate that the dose of 700 mg/kg intravenously, which
results in biliary POBN concentrations of 4-6 � (Fig. 2,

legend), causes only transient abnormalities in heart and
respiratory rates, as well as pupil dilation, in anesthetized

rats.

Several potential disadvantages of POBN for studies of
mechanisms of alcohol radical formation in vivo should also
be acknowledged. One is that many carbon-centered spin
adducts of POBN have similar hyperfine splitting constants,

so that tentative identification of spin adducts from hyper-
fine splitting constants alone is not possible (11, 23). For
example, low concentrations of POBN spin adducts with hy-
perfine splitting values similar to those ofthe 1-hydroxyethyl
radical adduct were observed in some bile samples from rats
that had not received ethanol (Figs. 2 and 5). Another diffi-
culty is that POBN can reduce iron(III) in aqueous solution
and can lead to formation of artifactual spin adducts under
conditions where ferrous reoxidation is promoted (24). Fi-
nally, the high water solubility ofthe 1-hydroxyethyl radical
adduct ofPOBN makes its extraction from biological samples
quite ineffective.

Several lines of evidence strongly suggest that ethanol
radical adducts of POBN detected in this report were formed
in the liver and not by nonspecific reactions involving POBN,

ethanol, and transition metals. Firstly, bile samples were
collected into solutions of dipyridyl and bathocuproine, and
the effectiveness of these agents for prevention of ex vivo

radical formation in bile (14) was confirmed in the present
studies (Fig. 5). Furthermore, the time during which POBN,

ethanol, and transition metals may interact before collection
ofbile into the chelator solution is probably only about 2 mmn,
but when bile containing appropriate concentrations of
POBN and ethanol was incubated for 4 mmn no 1-hydroxy-
ethyl radical adducts were detected (Fig. SC). Secondly,
POBN spin adducts were not observed in plasma, blood (Fig.
6), or perfusate (see Results), even though high concentra-
tions of POBN and ethanol were present, along with trace

concentrations of transition metals, in these fluids. Finally,
artifactual signals might be expected to vary directly with

the concentrations of the reactants. But in these studies, the
1-hydroxyethyl radical adducts increased with time (Fig. 1),
even though concentrations of POBN and ethanol in the bile
(Figs. 1 and 2, legends) were relatively constant or decreas-

ing. The delayed appearance ofthe spin adducts in bile might
be consistent with delayed secretion from hepatocytes, but

this seems unlikely because of the rapid appearance of both

POBN and ethanol (see Results). It is conceivable that etha-
nol initiates a sequence of events in hepatocytes that accel-
erates radical formation over a period of time, but this pos-
sibility requires additional study.

As stated previously, studies with liver microsomes have

indicated that hydrogen peroxide, superoxide, and transition
metals may be important catalytic intermediates for 1-hy-
droxyethyl radical formation. These intermediates also have

been postulated to have a role in ethanol-induced oxidative
stress in vivo. However, it has been suggested that the pres-
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ence of cytosolic enzymes, antioxidants, and iron-chelating

agents might make such reactions unlikely in vivo (5), and

this concept is supported by the difficulty of detecting 1-hy-

droxyethyl radicals using previous approaches. This problem
has been overcome through the use of improved methods for
spin trapping described in this report. It is noteworthy that

the rats were not previously fed alcohol to increase the ac-

tivity of microsomal enzymes (11), depleted of glutathione

(12), or given a high dose of a transition metal (14) before

1-hydroxyethyl radicals could be detected, suggesting that
ethanol-induced oxidative processes may be initiated rou-
tinely. Although the toxicological significance of the 1-hy-
droxyethyl radical has not been established, it has been

shown to form immunoreactive protein adducts in in vitro

studies (25). Because this radical has now been shown to

form readily in vivo, the corresponding formation of radical-

initiated antigens becomes a more likely possibility and
should be evaluated further.
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