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SUMMARY

Recent studies have shown that the a-hydroxyethyl radical
(CH3CHOH), a metabolite of ethanol, is produced in vitro and in
vivo. We report studies that establish the immunogenicity of a-

hydroxyethyl radical-derived protein adducts. Rat liver micro-

somes incubated in the presence of [14C]ethanol and NADPH
(under aerobic conditions) incorporate 14C into acid-stable ad-
ducts. Incorporation was markedly inhibited by the free-radical
scavenger a-(4-pyndyl-1 -oxide)-N-tert-butylnitrone. Rabbits rn-
munized with rat liver microsornes that had been preincubated
with ethanol and NADPH generated antibodies that recognized
polylysine-acetaldehyde adducts and adducts formed by incu-
bation of proteins with an a-hydroxyethyl radical-generating sys-
tern (ethanol plus H202 plus Fe2�). Rabbits immunized with
microsomes that had been preincubated with ethanol and
NADPH plus a-(4-pyridyl-1 -oxide)-N-tert-butylnitrone generated
antibodies that recognized polylysine-acetaldehyde adducts.
However, their reactivity against a-hydroxyethyl-derived protein
epitopes was greatly reduced or was virtually abolished. Data

indicate that microsomes metabolizing ethanol generate two
types of adducts, acetaldehyde-derived adducts and a-hydroxy-
ethyl radical-derived adducts, both of which are immunogenic.
Immunization of rabbits with a-hydroxyethyl-bovine serum albu-
mm adducts led to the production of antibodies that recognized
a-hydroxyethyl-rabbit serum albumin adducts but did not rec-
ognize the native protein. Chronic alcohol feeding of rats led to
the production of antibodies that recognized a-hydroxyethyl-rat
serum albumin adducts but did not recognize rat serum albumin.
The study (i) indicates that a-hydroxyethyl radical-derived protein
adducts are immunogenic, (ii) supports earlier work that pro-
posed that a-hydroxyethyl radicals generated in different sys-
tems bind covalently to proteins, and (iii) demonstrates the
formation of antibodies to a-hydroxyethyl-denved protein ad-
ducts after chronic alcohol ingestion in vivo. The findings may
have implications in the identification of chronic alcohol abuse
and the pathogenesis of alcohol-induced organ damage.

Classically, the first product of ethanol oxidation has been
considered to be acetaldehyde, produced when two electrons
and two protons are removed from the ethanol molecule. Recent

studies have demonstrated that a one-electron oxidation prod-
uct also exists; ethanol reacts efficiently with hydroxyl free
radicals, generating the a-hydroxyethyl radical (CH3CHOH).
Hydroxyethyl free radicals have been demonstrated to occur in

vitro in a number of biological systems, including liver micro-

somes (1-8) and activated neutrophils (9), and in the liver in

vivo (7, 10). Both acetaldehyde and the a-hydroxyethyl radical
are highly reactive molecules (11-13).

Studies by Peterson and co-workers (11) and by Tuma,

Sorell, and associates (12, 14) demonstrated that acetaldehyde
binds to proteins and generates two types of adducts, a stable

adduct and an unstable adduct that can be stabilized by reduc-

ing agents such as sodium borohydride and sodium cyanobo-
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rohydride. Studies by Steinbrecher et aL (15) and Israel et at.

(16) demonstrated that animals immunized with acetaldehyde-
protein adducts stabilized with sodium cyanoborohydride gen-
erate antibodies that recognize reduced acetaldehyde adducts.
The studies showed that the epitopes generated were recognized
independently of the protein used. It was further shown that
mice fed alcohol chronically generated antibodies against re-
duced acetaldehyde-protein adducts (16), suggesting that re-
duced acetaldehyde adducts are formed in vivo. The existence
of this type of antibody was also observed in human alcoholics
(17-22) and in rats fed alcohol chronically (23, 24).

Studies by Schuessler et at. (13) have indicated that a-

hydroxyethyl radicals, formed after X-ray irradiation of [‘4C]
ethanol-containing solutions, react with proteins, forming co-
valent bonds and promoting cross-links between protein mol-
ecules, both of which incorporate the alcohol carbon moiety

(13, 25, 26). Evidence for the binding of a-hydroxyethyl radicals

to proteins in a physiological system has also been obtained by

Albano et at. (27), who observed that covalent binding of ‘4C
from [‘4Cjethanol to rat liver microsomes (incubated in the
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presence of NADPH and 02) was markediy reduced by the
spin-trapping agent POBN, which is known to be a scavenger
of a-hydroxyethyl radicals. POBN did not affect the production
of acetaldehyde in this system.

The aim of the present study was to assess the immunoge-
nicity of the adducts formed in microsomal preparations me-
tabolizing ethanol and to determine whether these adducts can
be recognized differentially by the immune system. Data pre-

sented constitute the first demonstration that haptens formed

in the reaction of a-hydroxyethyl radical plus a protein are
immunogenic, and they support earlier studies that proposed
that a-hydroxyethyl radicals generated in different systems
bind covalently to proteins. Studies also show that, in vivo,

animals fed alcohol chronically generate antibodies against
epitopes formed in the reaction of a-hydroxyethyl radicals with
proteins.

Materials and Methods

Microsomal preparations. Rat liver microsomes were prepared as
describedby Johansson et aL (28). In short, the livers were homogenized
in 2 volumes of 10 mM sodium/potassium phosphate buffer, pH 7.4,

containing 1.14% (w/v) KC1. The microsomes were isolated after cen-
trifugation of the homogenate at 10,000 x g for 10 mm and ultracen-

trifugation of the resulting supernatant at 100,000 x g for 60 mm. The

microsomal pellet was washed once in the aforementioned buffer and
was then suspended in 50 mM potassium phosphate buffer, pH 7.4. The

microsomeswerestored at -70’ at a concentration of about 30-50 mg

ofprotein/ml. To increase the cytochrome P450 2E1 content of micro-
somal preparations used for the studies, male Wistar rats (body weight,
160-190 g) were fed a liquid diet containing 36% of calories as ethanol
(11-14 g of ethanol/kg/day) for 30 dayS (29, 30). Ethanol was with-

drawn from their diet 24 hr before sacrifice. Induction of cytochrome
P450 2E1 activity was evaluated by measuring oxidation of N,N-

nitrosodimethylamine to formaldehyde (31, 32) and measuring the level

ofcyt.ochrome P450 2E1 by Western blotting of microsomes using anti-

cytochrome P450 2E1 antibodies (30). The relative density of immu-
nostained bands was quantitated by computerized densitometry. Both
methods showed an induction of cytochrome P450 2E1 (2- and 3-fold,
respectively) in the alcohol-fed group, compared with the isocaloric

carbohydrate-fed control group (data not shown).

[1-’4ClEthanol binding to proteins. Microsomal proteins (0.5
mg) were incubated with [1-’4C]ethanol (specific activity, 21 mCi!

mmol; NEN-DuPont Canada) (final ethanol concentration, 50 mM) in
0.3 M potassium phosphate buffer, pH 7.7, under atmospheric oxygen,
in the presence or absence of 2 mM NADPH and in the presence or

absence of 20 mM POBN (Sigma Chemical Co., St. Louis, MO), in a
fmal volume of 25 �il. The reaction was allowed to proceed for 60 mm

at 22’, and 1 ml of 15% trichloroacetic acid was added to the mixture.
The precipitated protein was centrifuged at 5000 rpm in an Eppendorf
centrifuge. The supernatant was discarded, another 1 ml of 15% tn-

chloroacetic acid was added, and the pellet was loosened by vortex

mixing. This washing procedure was repeated six times.The pellet was
dissolved in 0. 1 ml of 1 N NaOH and was transferred to a counting
vial. The Eppendorf tubes were thoroughly washed with six 0.1-nil

aliquots of 0.3 M potassium phosphate buffer. The contents of the
counting vials were neutralized with 0.1 ml of glacial acetic acid,
reaching a final pH of about 6.5, and 10 ml of liquid scintillation fluid

(Aquasol-2; NEN-DuPont Canada) were added. Radioactivity was
measured in these vials, as well as in the last two neutralized washing

supernatants (to verify the absence ofcounts), in a scintillation counter
(Beckman LS5801). Small aliquots were used for the measurement of

proteins by the method of Lowry et at. (33). Radioactivity is expressed

as nanomoles of [1-’4C]ethanol/milligram of microsomal protein.
Acetaldehyde production by microsomes. Acetaldehyde produc-

tion was measured as described by Lieber and DeCarli (34). A mixture
containing 1 mM sodium azide, 5 mM MgCl2, 1 mM Na2EDTA, and 50

mM ethanol, in 50 mM phosphate buffer, pH 7.4, was preincubated in

the main well of a tightly sealed, 25-ml, center-well Erlenmeyer flask,

in a total volume of 3 ml. The center well contained 0.6 ml of 15 mM

semicarbazide HC1 in 100 mM potassium phosphate buffer, pH 7.4.

Three milligrams of microsomal proteins in 0.2 ml of 50 mM potassium

phosphate buffer were added to the main well and preincubated in a

shaking water bath at 37’ for 5 mm. A solution (0.5 ml) of NADPH

(final concentration, 1 mM) was added by injection to the main well

and the reaction was allowed to proceed for 5 or 10 mm. The reaction

was stopped by addition of 15% (w/v) trichloroacetic acid. The flasks

were removed from the water bath and allowed to stand overnight at

room temperature, to trap in the center well the acetaldehyde generated.

In some flasks standards were included by replacing the microsomes
with acetaldehyde (Aldrich, St. Paul, WI). A 1/5 dilution ofthe center-

well solution was used for absorbance readings at 224 nm. The rate of

acetaldehyde production is expressed as nanomoles of acetaldehyde/

milligram of protein/minute.

Preparation and purification of acetaldehyde adducts. Pro-
tein-acetaldehyde adducts were prepared as described elsewhere (16).

Four milliliters of a 16 mg/ml solution of bovine serum albumin or
poly-L-lysine (Mr 102,000-109,000; both from Sigma) were added to 4

ml of 480 mM acetaldehyde (in PBS, pH 7.4). The reaction was allowed

to proceed for 60 mm at 22’, and 2 ml of 0.5 M NaCNBH3 in PBS were

added. After 4 hr the mixture was dialyzed at 4’ against 1 liter of PBS.

No acetaldehyde was added for the controls. The resulting adducts
were stored at -70’.

Preparation and purification of hydroxyethyl radical ad-
ducts. The Fenton reaction was chosen as an a-hydroxyl radical-
generating system (35). Hydroxyl radicals react with ethanol, forming

a-hydroxyethyl radical. a-Hydroxyethyl radicals were produced by the
reaction of ethanol plus H202 plus Fe2� (the Fenton reagent plus

ethanol) (4). The complete reaction mixture contained 0.1 mM

Fe(NH4)2(S04)2.6H20, 0.2 mM EDTA, and 0.1 mM H202, in 0.3 M

potassium phosphate buffer, pH 7.8. The components were mixed with
or without 50 mM ethanol or 50 mM acetaldehyde, in the presence of 2

mg/ml bovine, rabbit, or rat serum albumin. The reaction was initiated

by addition of H202 and was allowed to proceed for 60 mm.

Incubation of microsomes for immunization. Four milligrams

of microsomal proteins were incubated for 4 hr at 37’ in the presence

of atmospheric oxygen, in the presence or absence of 50 mM ethanol, 2

mM NADPH, and 20 mM POBN, in 0.3 M potassium phosphate buffer,

in a final volume of 2 ml, in a shaking water bath. After incubation the
reactionmixtures were placed on ice for 10 mm. One milliliter was

taken and mixed with 1 ml of Freund’s complete adjuvant, according

to the method of Moncada et at. (36). One milliliter of this emulsion

(containing 1 mg of protein) was used for immunization of each rabbit.
The remaining reaction mixture was diluted 1/2 and stored at -70’.

At 2 weeks rabbits were given a booster injection of an emulsion

containing 0.5 ml ofthe diluted reaction mixture and 0.5 ml of Freund’s

incomplete adjuvant. Sera from the animals were obtained by ear

venipuncture before immunization (preimmune sera) and 2 and 4 weeks

after immunization.

ELISA. The ELISA method used has been previously described by

Israel et aL (16). One to 5 �g of protein were used to coat the wells.

Powdered skim milk (2.5%) was used to block nonspecific binding sites.
The secondary antibody was an affinity-purified goat anti-rabbit im-

munoglobulin bound to horseradish peroxidase (Dimension Labs, Mis-
sissauga, Ontario).

Measurement of ethanol production. Gas chromatography was
used to measure the amount of acetaldehyde converted to ethanol in

the reaction of acetaldehyde plus NaCNBH3 at 22’. An HP7620A gas

chromatograph equipped with a 5% Carb 20M, 30/60 mesh column
(Chromatographic Specialties, Brockville, Canada) was used. The con-

ditions were as follows: column temperature, 100’; injector and flame

detector temperature, 200’; air flow rate, 60 ml/min; hydrogen flow
rate, 45 ml/min. Under these conditions, the retention times for acet-

aldehyde, ethanol, and isopropanol (the internal standard) were 79 see,

106 sec, and 133 see, respectively.
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Antibodies in sera of alcohol-treated and control animals.
Rats were maintained for 30 days with an alcohol-containing diet or

an isocaloric carbohydrate control diet, as described above. After lap-
arotomy under ether anesthesia, blood was extracted from the inferior

vena cava in the absence of anticlotting agents. Blood was allowed to
clot and serum was used as the antibody source for the ELISA method.
The secondary antibody was a horseradish peroxidase-linked rabbit
anti-rat IgG (Dimension Labs).

Results

Production of acetaldehyde and “C incorporation in

microsomes. In the presence of 50 mM [‘4Clethanol, 2 mM

NADPH, and oxygen (air), microsomes incorporated ethanol-

derived radioactivity (25.6 ± 0.8 nmol/mg of protein in a 4-hr

incubation period at 37#{176}).Incorporation was reduced to 8.05 ±

1.2 nmol/mg of protein (p < 0.001) by the addition of 20 mM

POBN and to 2.8 ± 0.6 nmol/mg of protein (p < 0.001) by
omission of NADPH. The production of acetaldehyde was not
significantly affected by POBN (control, 14.6 ± 4.2; POBN,

12.3 ± 2.7 nmol of acetaldehyde produced/mm/mg of protein).

Immunogenicity of adducts formed in microsomes in-

cubated with ethanol. Rabbits were immunized with micro-

somes that had been incubated at 37#{176}for 4 hr in medium

containing oxygen (air) and (i) ethanol, (ii) NADPH, (iii)
NADPH plus ethanol, or (iv) NADPH plus ethanol plus POBN.

Sera of all of the rabbits injected with microsomes displayed
immunoreactivity against rat microsomal proteins, with little
variation between groups (data not shown). Fig. 1 shows the

marked immunoreactivity against acetaldehyde-polylysine con-

jugates of sera of rabbits immunized with microsomes incubated
with NADPH plus ethanol. Virtually no immunoreactivity was
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observed when ethanol was omitted from the microsomal in-

cubation medium. Reactivity was also markedly reduced when

NADPH was omitted. Addition to the microsomal incubation

system of the spin trap POBN plus NADPH plus ethanol did
not significantly alter the immunoreactivity developed against
the acetaldehyde-polylysine adduct. Fig. 2 shows that marked
immunoreactivity also developed against acetaldehyde-bovine

serum albumin adducts. This immunoreactivity was greatly

reduced by addition of POBN to the microsomal system. Thus,

a second type of epitope, present in protein-acetaldehyde ad-
ducts, is also formed in microsomes metabolizing ethanol, and

its synthesis is largely reduced by the spin trap POBN. This
observation is in line with the marked reduction produced by
POBN of incorporation of [‘4C]ethanol into microsomes. Both

ethanol and NADPH were also required for maximal produc-
tion of this second type of adduct (Fig. 2).

We subsequently tested the hypothesis that antibodies could

be generated against hydroxyethyl-protein adducts that might
be formed in the microsomal preparations in the presence of

ethanol. This was done by determining the immunoreactivity

of the antibodies, produced after immunization with micro-

somes incubated with NADPH plus ethanol, against hydroxy-

ethyl-derived bovine serum albumin adducts. The latter ad-
ducts were prepared by incubating bovine serum albumin with
an hydroxyethyl radical-generating system (H202 plus Fe2� plus

ethanol). Fig. 3 shows an experiment typical of four to six
animals, in which marked immunoreactivity was elicited
against bovine serum albumin modified with ethanol plus the
Fenton reagent (H202 plus Fe21. No immunoreactivity was
developed against bovine serum albumin treated with acetal-

dehyde plus the Fenton reagent, compared with the reactivity
against bovine serum albumin plus Fenton reagent in the
absence of acetaldehyde. Minor reactivity was, however, ob-

Fig. 2. Antibody reactivity against reduced bovine serum albumin-acet-
aldehyde adducts. Conditions were as for Fig. 1 . The sara from the same
rabbits were tested against reduced bovine serum albumin-acetaldehyde
adducts. Basal reactivity obtained against control bovine serum albumin
(treated with sodium cyanoborohydnde) was subtracted from absorb-
ance values obtained for reduced bovine serum albumin-acetaldehyde
(BSA-Ach.).
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Fig. 3. Antibody reactivity against products of ethanol-Fenton and acet-
aldehyde-Fenton incubations with bovine serum albumin. A typical ELISA
for serum from a rabbit immunized with microsomes that had been
incubated under aerobic conditions with 50 m�.i ethanol plus 2 m�
NADPH is shown. Reactivity is shown against bovine serum albumin
(BSA)(i) as a native protein or incubated with (ii) Fenton reagent (1 00 zM

H2O2 plus 100 �M Fe2�), (iii) Fenton reagent plus acetaldehyde, or (iv)
Fenton reagent plus ethanol.

served against proteins treated with the Fenton reagent alone,

likely reflecting immunoreactivity against oxidized groups in
the proteins. None of the rabbits immunized with microsomes
treated with NADPH plus ethanol plus POBN developed sig-
nificant immunoreactivity against bovine serum albumin in-
cubated with ethanol plus Fenton reagent. An experiment
typical of such animals is shown in Fig. 4. Experiments were

conducted to determine the incorporation of [‘4C]ethanol into

bovine serum albumin incubated for 60 mm in the presence of
the Fenton reagent [control 14C incorporation (50 mM [‘4C1
ethanol), 7.8 ± 0.5 nmol of [‘4C]ethanol/mg of protein; ethanol-

Fenton reagent (50 mM [‘4C]ethanol plus 100 �M Fe2� plus 100

�M H202), 22.5 ± 1.3 nmol of [‘4C]ethanol/mg of protein (p <

0.001)].
The experiments described above suggested that it would be

possible to immunize rabbits with a protein modified under

ethanol-Fenton conditions. Fig. 5 shows data from experiments

in which antibodies were generated by immunization with

bovine serum albumin treated with the hydroxyethyl radical-

generating system (Fenton reagent plus ethanol). These anti-
bodies recognized rabbit serum albumin treated under the same

conditions but not rabbit serum albumin treated with the
Fenton reagent in the absence of ethanol. The immunoreactiv-
ity against rabbit serum albumin treated with the Fenton

reagent plus acetaldehyde was only 1/100 of that observed

against rabbit serum albumin treated with the Fenton reagent
plus ethanol.

It was of interest to determine whether chronic alcohol

treatment would be able to activate the immune system to
produce antibodies against ethanol-Fenton reagent-derived ad-

ducts. Fig. 6 shows that chronic alcohol administration to rats
indeed led to the production of antibodies that recognize rat
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-� In the presence of ethanol, NADPH, and oxygen, rat liver

microsomes oxidize ethanol to the highly reactive a-hydroxy-

I ethyl radical (CH3CHOH) and to acetaldehyde (1-3, 5, 6, 8,

0 4 -

.

34). Data presented suggest that at least two immunogenic
types of adducts are formed in this system, (i) adducts whose
synthesis is not affected by the presence of a free-radical

0.3 -

scavenger, which generate antibodies that recognize acetalde-
hyde-lysine conjugates, and (ii) adducts whose synthesis can be
virtually abolished by a free-radical scavenger, which yield
antibodies that react with adducts that can be generated by the

0.2 - reaction of proteins with the Fenton reagent plus ethanol (Fe2’

plus H202 plus ethanol), a reaction known to generate hydrox-
yethyl radicals. These antibodies also react with an adduct

0.1 � formed in the reaction of bovine serum albumin and acetalde-
hyde in the presence of sodium cyanoborohydrate (see below).

Studies by Schuessler et al. (13) have indicated that a-

0.0 - hydroxyethyl radicals bind readily to proteins. The present
studies also show that [‘4Cjethanol is readily incorporated into
proteins under Fenton reaction conditions. Thus, it is likely

that the second type of antibodies indicated above are against

. . a-hydroxyethyl-protein adducts, which have been reported to
Rat serum dilutions be formed in microsomal systems (27). Such a view is in line

Fig. 6. Antibody reactivity of chronically ethanol-fed rats against hydrox- with data showing that immunization of rabbits with protein
yethyl-detived rat serum albumin adducts. An ELISA shows the immu- adducts produced in the presence of an inorganic a-hydroxy-
noreactivity ofthe sara ofethanol-fed and control rats. Rat serum albumin ethyl radical-generating system (the Fenton reagent plus

� ethanol) results in the production of antibodies that react with
obtained for the serum reactivity from seven animals (mean ± standard other proteins modified in the presence of the a-hydroxyethyl-
deviation), from which the absorbance values for the native protein have producing system. Thus, data indicate that immunoreactivity
been subtracted. can be elicited against a-hydroxyethyl radical-generated hap-

- tens in the proteins. It should be noted that we have not
� identified the chemical nature of the adducts formed. Also, it
� is not possible from the present studies to determine whether

� other reactive species formed under a-hydroxyethyl radical-

; generating conditions mediate the formation of the adducts.
� A question that arises involves the mechanism by which

:� � bovine serum albumin treated with acetaldehyde plus Na-

-� � CNBH3 forms epitopes that are similar to those produced in

� i� the reaction of bovine serum albumin with ethanol plus the
w :� Fenton reagent or by a microsomal system metabolizing ethanol

� in the absence of POBN. It has been observed that incubation

:� of proteins with aldehydes under aerobic conditions promotes

0 � the synthesis of a number of active oxygen radicals, including
hydroxyl radicals (41), and of protein oxidation products (42).
If ethanol is generated in the acetaldehyde plus NaCNBH3

Fig. 7. Ethanol production in the reaction of acetaldehyde with NaCNBH3. reaction mixture, then ethanol-derived radicals could conceiv-
Ethanol produced during the incubation of acetaldehyde (240 mM) with ably also be formed. Fig. 7 shows that ethanol was vigorously
different concentrations of NaCNBH3 is shown for different times. The produced in the reaction of acetaldehyde plus NaCNBH3. Ad-
concentration of ethanol producedin these reactions was quantified by ditional studies should be conducted to determine whether
gas chromatography, as indicated in Matenals and Methods. . . .

ethanol generated in this system is transformed into hydroxy-

serum albumin-hydroxyethyl adducts. These antibodies were ethyl radicals or into other moieties able to form protein
not observed in carbohydrate pair-fed control animals. adducts. � � .

The ability of hydroxyethyl radicals to bind to proteins and

to be immunogenic is of biological interest. Hydroxyethyl rad-

ical-protein adducts or their degradation products in urine may

be of value in the diagnosis of chronic alcohol use. It is also of
note that oxygen radicals in general, and hydroxyl radical in
particular, can be produced extracellularly, for example by
activated neutrophils (9, 43-45). Thus, an antigen-antibody

reaction involving hydroxyethyl radical adducts and neutro-
phil-bound immunoglobulins might serve as an amplification
system for neutrophil degranulation and organ damage. Hy-

droxyethyl adducts on the external surface of cell membranes

0 100 200 300 400 500 600 700 800 900 1000
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Discussion

Considerable effort has been devoted to elucidating the role
of acetaldehyde in the actions of alcohol. There is considerable
evidence that acetaldehyde binds to proteins, producing adducts
that render these proteins neoantigenic (15, 16, 19, 24). Chronic
alcohol consumption leads to the production of antibodies that
recognize acetaldehyde adducts (17-23). Although the different

types of haptens formed by acetaldehyde remain to be deter-
mined, one such type is N-ethyl-lysine (37-40).
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might also constitute a target for antibody-mediated cell-de-
pendent cytotoxicity or for complement-mediated lysis. As
shown by the studies presented here, rats fed alcohol chroni-

cally developed antibodies against hydroxyethyl radical-derived

adducts.

In conclusion, data presented indicate that hydroxyethyl
radical-derived protein adducts are immunogenic and are
formed in physiological preparations. Furthermore, chronic
alcohol administration leads to the production of antibodies
that recognize hydroxyethyl-protein adducts. The findings may
have diagnostic applications and pathogenic implications.
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