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Cleavage of folates during ethanol metabolism
Role of acetaldehyde/xanthine oxidase-generated superoxide

Spencer SHAW,* Elizabeth JAYATILLEKE, Victor HERBERT and Neville COLMAN
Departments of Medicine and Pathology, Mount Sinai School of Medicine, New York, NY,
and The V.A. Medical Center, Bronx, New York, NY 10468, U.S.A.

Although folate deficiency and increased requirements for folate are observed in most alcoholics, the
possibility that acetaldehyde generated from ethanol metabolism may increase folate catabolism has not
been previously demonstrated. Folate cleavage was studied in vitro during the metabolism of acetaldehyde
by xanthine oxidase, measured as the production of p-aminobenzoylglutamate from folate using h.p.l.c.
Acetaldehyde/xanthine oxidase generated superoxide, which cleaved folates (5-methyltetrahydrofolate >
folinic acid > folate) and was inhibited by superoxide dismutase. Cleavage was increased by addition of
ferritin and inhibited by desferrioxamine (a tight chelator of iron), suggesting the importance of catalytic
iron. Superoxide generated from the metabolism of ethanol to acetaldehyde in the presence of xanthine
oxidase in vivo may contribute to the severity of folate deficiency in the alcoholic.

INTRODUCTION

The folate deficiency and increased requirement for
folate observed in most alcoholics are attributable to
multiple mechanisms [1-7]. The possible role of
catabolism or cleavage of folic acid in the alteration of
requirements for folate caused by ethanol has not been
previously demonstrated. In vivo, Murphy et al. [8]
observed that folic acid is metabolized to acetamino-
benzoylglutamate, suggesting that catabolism of folates
occurs via cleavage at the C9-N'0 bond. Innocentini &
Duran [9] observed cleavage of folate in vitro by red-
blood-cell membrane oxidase and horseradish peroxidase
and concluded that singlet oxygen rather than superoxide
was the predominant free radical in producing cleavage
of folate. Recent studies by Haddad et al. [10] revealed
cleavage of folic acid during the metabolism of a number
of drugs (xanthopterin, allopurinol and dihydro-orotic
acid), suggesting that the cleavage was due to production
of superoxide. The metabolism of ethanol by its major
metabolic pathway, via alcohol dehydrogenase, leads to
the formation of acetaldehyde, which is metabolized to
acetate primarily by the hepatic mitochondrial enzyme
acetaldehyde dehydrogenase [11]. The oxidation of
acetaldehyde, however, can also occur by reaction with
the ubiquitous enzyme xanthine oxidase, during which
superoxide radicals are generated [12]. We recently
observed that the metabolism of ethanol by alcohol
dehydrogenase in the presence of xanthine oxidase
promotes peroxidation of lipid membranes [13]. This
peroxidation was inhibited by superoxide dismutase and
stimulated by addition of ferritin iron, suggesting that
peroxidation was initiated by superoxide radicals and
potentiated by the presence of catalytic iron mobilized
from ferritin during the generation of superoxide.

This prompted us to study whether superoxide

generated from the oxidation ofacetaldehyde by xanthine
oxidase can cleave folates and thus contribute to the
altered folate metabolism seen in alcoholics.

MATERIALS AND METHODS

H.p.l.c. measurement of folates and
p-aminobenzoylglutamate (NH2Bz-Glu)

Folates and NH2Bz-Glu were measured by a

modification of the h.p.l.c. method of Reingold et al.
[14]. Samples were chromatographed on an Ultrasil ODS
(10 ,um particle size) column (4.6 mm x 25 cm) with all
buffers run at a flow rate of 1 ml/min. The column was
first equilibrated with 5 mM-PIC-A in 0.1 M-sodium
phosphate, pH 7.2, for 30 min just before injection of the
samples. NH2Bz-Glu was eluted isocratically with
1 mM-sodium phosphate buffer, pH 7.5, containing
0.500 methanol for 20 min. Folates were then eluted
in a stepwise isocratic fashion with 20 min each of the
phosphate buffer containing 10, 20 and 4000 (v/v)
methanol. The column was then washed with 5000
methanol in water for 1 h and then re-equilibrated with
the PIC-A buffer for 30 min before injection of the next
sample. A representative chromatogram is shown in
Fig. 1. Concentrations of NH2Bz-Glu and 5-methyltetra-
hydrofolate were determined by area of chromatograms
determined from standard curves using known standards.

Cleavage of folates
Cleavage of folic acid was determined by the measure-

ment of NH2Bz-Glu production. This product is
produced during the C9-N'0 cleavage of the folate
molecule and was selected because of ease of quanti-
fication. In selected experiments the relationship between
the production of NH2Bz-Glu and the disappearance of
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NH2Bz-Glu (18.8 nmol)
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Fig. 1. Representative chromatogram of a standard mixture of
18.8 nmol of NH2Bz-Glu and 8.4 nmol of 5-methyltetra-
hydrofolate
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Fig. 2. Relationship between production of NH2Bz-Glu and
catabolism of 5-methyltetrahydrofolate (5-MeH4folate)

A stoichiometric relationship was observed between the
disappearance of 5-methyltetrahydrofolate ( ) and the
appearance of NH2Bz-Glu (----) during incubations.
Results are means+S.E.M.

head-space gas chromatography on a Perkin-Elmer
2000 head-space gas chromatograph by the method of
Korsten et al. [15].

Reaction mixtures were incubated for 30min and
stopped by cooling to 0 °C and ultrafiltration in a

Centricon-30 (30000 Mr cut-off) for 10 min at 2500 g.

The filtrate was then immediately analysed by h.p.l.c. All
samples were in quadruplicate and incubated in the dark.
Results are expressed as means + S.E.M. of the four
determinations, and the significance of differences
between groups was determined by Student's t test.

RESULTS

The effect of the metabolism of ethanol by alcohol
dehydrogenase in the presence of xanthine oxidase on

the cleavage of 5-methyltetrahydrofolate is shown in
Fig. 3.
As shown in Fig. 4. the ability of acetaldehyde/

xanthine oxidase to cleave several forms of folate was

compared. Comparable cleavage was obtained with
direct addition of acetaldehyde to xanthine oxidase
instead of a generating system.
The ability of the thiols cysteine and glutathione to

inhibit folate cleavage is shown in Fig. 5.
The importance of superoxide radicals and catalytic

iron in producing cleavage were studied as shown in
Table 1.

DISCUSSION

The results of the present study demonstrate that the
metabolism of acetaldehyde by xanthine oxidase can

cleave folates. Cleavage was observed by direct addition
of acetaldehyde as well as during the continuous
generation of acetaldehyde from alcohol dehydrogenase
in vitro. Thus the major physiological pathway of ethanol
metabolism via alcohol dehydrogenase could play an
important role in catabolizing folate.

folates was studied as shown in Fig. 2. The production of
NH2Bz-Glu was stoichiometric with the disappearance
of 5-methyltetrahydrofolate: 5-methyltetrahydrofolate
decreased from 172.1 + 10.8 nmol to 79.2+ 10.4 (mean
93.1 nmol) and NH2Bz-Glu increased from 8.1 + 6.2
to 109.0+24.6 (mean 101 nmol). In addition to the
stoichiometry, production of NH2Bz-Glu from cleavage
was also verified by its co-elution with a known standard
of NH2Bz-Glu by h.p.l.c. and by the correspondence of
absorbance spectra of standards of NH2Bz-Glu run on
the column and cleavage products (both with maximum
absorbance at 273 nm).

Incubations
Incubations were carried out in sealed I ml vials in

0.1 M-phosphate buffer, pH 7.4, at 37 'C. Except where
specified, the concentrations of reagents were as follows:
folic acid, folinic acid and 5-methyltetrahydrofolate,
333 nmol/ml; xanthine oxidase (from buttermilk),
125 munits/ml; acetaldehyde [0.25 mM; usually added
directly to reaction mixtures or generated from the
metabolism of ethanol by alcohol dehydrogenase (from
equine liver; 100 munits/ml)]; NAD+, 0.75 mM; ethanol,
20 mm. Acetaldehyde concentrations were verified by
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Fig. 3. Cleavage of 5-methyltetrahydrofolate by acetaldehyde/
xanthine oxidase

Acetaldehyde generated during the metabolism of ethanol
by alcohol dehydrogenase (ADH) in the presence of
xanthine oxidase cleaved 5-methyltetrahydrofolate.
Suitable blanks lacking either NAD+, ethanol or xanthine
oxidase served as controls. Cleavage was also produced by
direct addition of acetaldehyde instead of its generation
from ethanol, NAD+ and alcohol dehydrogenase. Results
are means+ S.E.M.
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Table 1. Role of superoxide and iron in ethanol-induced cleavage
of 5-methyltetrahydrofolate

Cleavage was markedly inhibited by superoxide dismutase
as well as by 4-methylpyrazole (an inhibitor of alcohol
dehydrogenase). Addition of ferritin as a source of iron
enhanced cleavage, as did direct addition of Fe2 , whereas
chelation of iron with desferrioxamine inhibited it. The
reaction mixture consisted of 0.75 mM-NADI, 20 mM-
ethanol, 105 munits of alcohol- dehydrogenase/ml,
0.125 unit of xanthine oxidase/ml and 333 nmol of
5-methyltetrahydrofolate/ml. Results are means+S.E.M.
Statistical significance (addition versus no addition):
*P < 0.001; **P < 0.01; ***P < 0.05.

NH2Bz-Glu formed
Addition (nmol/30 min per ml)

0 -

Folic acid Folinic acid 5-MeH4folate

Fig. 4. Comparison of cleavage of different folates
acetaldehyde/xanthine oxidase

by

5-Methyltetrahydrofolate (5-MeH4folate) was readily
cleaved, whereas folic acid and folinic acid (168 nmol/ml
each) were not. The rate of cleavage of 5-methyltetra-
hydrofolate was significantly increased compared with
that observed for either folinic acid or folic acid
(both P < 0.001). Results are means+S.E.M.
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Fig. 5. Inhibition of folate cleavage by thiols

Additions of cysteine (b) and glutathione (a) to reaction
mixtures containing 168 nmol of 5-methyltetrahydro-
folate/ml inhibited folate cleavage. Gluthione was in-
hibitory over the range of concentrations normally present
in the liver. Results are means + S.E.M.

The cleavage of folate was markedly inhibited by the
addition of superoxide dismutase, suggesting an
important role for superoxide radicals. These results are
consistent with those of Haddad et al. [10], who observed
cleavage of folate in vivo due to generation of superoxide
by addition of various drugs, but differ from those of
Innocentini & Duran [9], who suggested that singlet
oxygen might play a more important role in this respect.
The reason for these differences is not apparent, but

None (reaction mixture only)
Superoxide dismutase (320 units/ml)
4-Methylpyrazole (10 /LM)
FeCI2 (100 PM)
Ferritin (I mg/ml)
Desferrioxamine

100 UM
200 uM

155.1 + 15.0
18.3 + 4.2*
72.9+ 13.2**

280.2+ 13.3*
206.0+ 13.8***

121.6+ 16.8
70.1 +8.6**

may be a question of methodological interpretation or
interconversion of active species.
The addition of ferritin or Fe2" promoted cleavage of

5-methyltetrahydrofolate, and chelation of iron by
desferrioxamine, albeit at high concentrations (200 /IM),
inhibited it, consistent with a possible facilitating role for
catalytic iron in folate cleavage. Thomas et al. [16]
demonstrated that superoxide generated from xanthine/
xanthine oxidase could mobilize ferritin iron and promote
lipid peroxidation, and we have observed similar
mobilization of ferritin iron by acetaldehyde/xanthine
oxidase-generated superoxide [17]. Catalytic iron thus
generated could promote cleavage through a variety of
mechanisms, such as interconversion of free radicals by
the Haber-Weiss and Fenton reactions to particular
reactive species or through direct reaction with reactive
oxygen to form active intermediates capable ofpromoting
cleavage [18].

Although Fe2" may interact with molecular oxygen to
produce highly reactive species, tight chelation of iron
inhibits such reactions [19,20]. In the presence of iron
overload, excess iron may be present as low-molecular-
mass complexes that can initiate free-radical reactions
[21,22]. Similarly, increased saturation of ferritih may
increase its ability to initiate free-radical reactions [23].
Increased hepatic iron stores have been frequently
observed in alcoholics [24] as well as in bone marrow
during folate deficiency and might thus potentiate folate
cleavage by acetaldehyde/xanthine oxidase.
The addition of glutathione to reaction mixtures

markedly inhibited cleavage. This inhibition occurred at
concentrations of glutathione normally present in the
liver. However, after chronic alcohol administration in
subhuman primates [25] as well as in man [26], a decrease
in hepatic glutathione was observed that, in primate
studies, was exaggerated by acute ethanol administration.
Thus, after chronic alcohol consumption, this important
protective mechanism may be diminished. Furthermore,
in the rodent model, chronic alcohol administration
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markedly decreased hepatic biliary glutathione [27]
measured in the presence of ethanol, and this decrease
was accentuated by acute ethanol administration.
Although acute ethanol administration has been
observed to interfere with the enterohepatic circulation
of folates [4], it is unclear to what extent cleavage may
contribute to such effects.

In the present study the ability of superoxide generated
from ethanol metabolism to cleave three folate com-
pounds (folic acid, folinic acid and 5-methyltetra-
hydrofolate) was compared. The last-named compound
was much more sensitive to cleavage and suggests the
possibility that the major folate pools, which are all
pools of reduced folates, and in particular the pool of 5-
methyltetrahydrofolate, could be selectively depleted by
ethanol. Such depletion would further exacerbate the
apparent increased methyl-group wastage seen after
ethanol administration that may have a significant patho-
genetic role in alcohol-mediated liver injury. Methyl-
group wastage due to ethanol could occur by a variety of
mechanisms, including recently reported inappropriate
use of S-adenosylmethionine for synthesis of sarcosine
via glycine methyltransferase [28]. Interestingly, pterin
aldehyde has been shown to be an effective inhibitor of
xanthine oxidase [29] and thus may represent a negative
feedback cycle to prevent further cleavage.

In conclusion, superoxide-mediated folate cleavage
during ethanol metabolism may be a major catabolic
mechanism contributing to the increased requirement for
folate seen in the alcoholic.

This work was supported by the Veterans Administration
and U.S. Public Health Service Grants AA07212 and
DK37509.

REFERENCES
1. Sullivan, L. W. & Herbert, V. (1964) J. Clin. Invest. 43,

2048-2062
2. Eichner, E. R., Pierce, H. I. & Hillman, R. S. (1971) Am. J.

Med. 50, 218-2321
3. Eichner, E. R. & Hillman, R. S. (1973) J. Clin. Invest. 52,

582-591
4. Steinberg, S. E., Campbell, C. L. & Hillman, R. S. (1981)

Biochem. Pharmacol. 30, 96-98.
5. Tamura, T., Romero, J. J., Watson, J. E., Gong, E. J. &

Halsted, C. H. (1981) J. Lab. Clin Med. 97, 654-661

6. Tamura, T. & Halsted, C. H. (1983) J. Lab. Clin. Med. 101,
623-628

7. Halsted, C. H. (1980) Am. J. Clin. Nutr. 33, 2736-2740
8. Murphy, M., Keating, M., Boyle, P., Weir, D. G. & Scott,

J. M. (1976) Biochem. Biophys. Res. Commun. 71,
1017-1024

9. Innocentini, L. H. & Duran, N. (1980) Braz. J. Med. Biol.
Res. 15, 11-16

10. Haddad, D. A., Pheasant, A. E., Blair, J. A. & Hamon,
C. G. B. (1986) in Chemistry and Biology of Pteridines
(Cooper, B. A. & Whitehead, V. M., eds.), pp. 509-512,
Walter de Gruyter and Co., New York

11. Marjanen, L. (1972) Biochem J. 127, 633-638
12. Kellogg, E. W. & Fridovich, I. (1975) J. Biol. Chem. 250,

8812-8817
13. Shaw, S. & Jayatilleke, E. (1987) Biochem. Biophys. Res.

Commun. 143, 984-990
14. Reingold, R. N., Picciano, M. F. & Perkins, E. G. (1980)

J. Chromatogr. 190, 237-240
15. Korsten, M. A., Matsuzaki, S., Feinman, L. & Lieber,

C. S. (1975) New Engl. J. Med. 292, 386-389
16. Thomas, C. E., Morehouse, L. A. & Aust, S. D. (1985)

J. Biol. Chem. 260, 3275-3280
17. Shaw, S., Jayatilleke, E. & Lieber, C. S. (1988) Alcohol 5,

135-140
18. Gutteridge, J. M. C. (1984) Biochem. J. 224, 697-701
19. Wills, E. D. (1969) Biochem. J. 113, 325-332
20. Gutteridge, J. M. C., Richmond, R. & Halliwell, B. (1979)

Biochem. J. 184, 469-472
21. Gutteridge, J. M. C., Rowley, D. A., Griffiths, E. &

Halliwell, B. (1985) Clin. Sci. 68, 463-467
22. Wheby, M. S. (1984) Arch. Intern. Med. 144, 621-622
23. Gutteridge, J. M. C., Halliwell, B., Treffy, A., Harrison,

P. M. & Blake, D. (1983) Biochem. J. 209, 557-560
24. Chapman, R. W., Morgan, M. Y., Boss, A. M. & Sherlock,

S. (1983) Dig. Dis. Sci. 28, 321-327
25. Shaw, S., Jayatilleke, E., Ross, W. A., Gordon, E. &

Lieber, C. S. (1981) J. Lab. Clin. Med. 98, 417-425
26. Shaw, S., Rubin, K. & Lieber, C. S. (1983) Dig. Dis. Sci. 28,

585-589
27. Vendemiale, G., Jayatilleke, E., Shaw, S. & Lieber, C. S.

(1984) Life Sci. 34, 1065-1073
28. Molloy, A. M., Scott, J. M. & Weir, D. G. (1986) in

Chemistry and Biology of Pteridines (Cooper, B. A. &
Whitehead, V. M., eds.), pp. 505-508, Walter de Gruyter
and Co., New York.

29. Spector, T. & Ferrone, R. (1984) J. Biol. Chem. 259,
10784-10786

Received 22 March 1988/21 September 1988; accepted 3 October 1988

1989

280


