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Abstract

While most epileptic patients respond to treatment with existing antiepileptic drugs, there remains a
considerable number of patients in whom these drugs do not suffice. Such patients, particularly
children, are often treated using the ketogenic diet. This diet imposes a strict limit on carbohydrates;
while providing for adequate protein, most of the calories are supplied as triacylglycerol, much of

which is metabolized to ketone bodies.

Animal experiments have provided evidence that the anticonvulsant effect of the ketogenic diet is
mediated by acetone and correlates with acetone levels. Acetone can be converted in vivo to glucose
via acetol and pyruvate; the initial conversion to acetol is catalyzed by cytochrome P450 2E1
(CYP2E1). When CYP2EI knockout mice are subjected to starvation to induce ketogenesis, they
develop blood acetone levels much higher than those observed in wild-type mice. Similarly,

pharmacological inhibition of CYP2EI significantly increases blood acetone levels in rat and man.

Taken together, these observations suggest that pharmacological inhibition of CYP2EI has the potential
to significantly increase the antiepileptic effect of the ketogenic diet. With patients that respond
insufficiently to the diet alone, increased acetone levels may improve response. With patients who
respond sufficiently to the diet, CYP2EI inhibitors might allow relaxation of the fairly severe diet

regimen and so improve compliance and quality of life.

An existing inhibitor of CYP2E] is the drug disulfiram. This drug also inhibits the enzyme aldehyde
dehydrogenase, which functions in alcohol degradation, and in this capacity has long been used in the
treatment of alcohol addiction. Disulfiram inhibits CYP2E1 at conventional therapeutic dosages and
increases blood acetone levels in humans and animals. It should therefore be a viable candidate for the

proposed drug/diet combination treatment.



Background

The blanket term “epilepsy” covers a fairly diverse range of conditions. This applies to their clinical
manifestations; examples are the all-out grand mal seizures, focal seizures, which may affect only one
limb or another, and absences, which do not involve any motor manifestations at all. It also applies to
pathogenesis, which ranges from biochemical defects in transmitter synthesis or degradation over
channel and receptor mutations to anatomical lesions. Lastly, and accordingly, it also applies to therapy.
While drugs such as valproate and carbamazepine are useful in more than one form, no single drug is
applicable in all forms and situations. Also, while some forms of epilepsy are more readily controlled

by drug therapy than others, it seems that refractory cases occur across most forms.

A common motif in all epilepsies is an abnormally high level of neuronal excitability. In keeping with
this observation, many antiepileptic drugs broadly inhibit neuronal activity, and accordingly are also
used to lower CNS activity in situations ranging from psychoses to narcosis. Several such drugs, in
particular the benzodiazepines and the barbiturates, are agonists of the GABA 4 receptor, one of the two
major inhibitory ionotropic receptors in the brain. Valproate, apart from inhibiting sodium channels,

also inhibits the degradation of GABA [1], and therefore indirectly increases GABA 4 receptor activity.

The ketogenic diet in the treatment of refractory epilepsy

The therapeutic effect of the ketogenic diet was discovered empirically, and its use actually predates the
introduction of modern antiepileptic drugs [2]. It has now largely been superseded by phenytoin and
other anticonvulsant drugs. However, it remains in use in a significant number of patients, particularly
in children, that fail to respond to anticonvulsant drug therapy. It is completely or partially effective in

some, but not all of those patients; this applies across a range of different forms of epilepsy [3].

In the ketogenic diet, the greater fraction (according to [2], between 75% and 83%) of all calories is
supplied as triacylglycerol, while carbohydrates and protein are restricted. Carbohydrates yield glucose
via degradation alone or via short adapter pathways, while most of the amino acids produced by protein
breakdown can be used for gluconeogenesis. Restricting both carbohydrates and protein causes a
shortage of glucose. This is compensated by the breakdown of triacylglycerol to fatty acids, which are
then converted to ketone bodies. The term comprises the two organic acids B-hydroxybutyrate and
acetoacetate as well as acetone, which forms from acetoacetate through decarboxylation. Ketone bodies

can partially replace glucose as a source of energy in most tissues, including the brain.



Role of acetone in the anticonvulsant effect of the ketogenic diet

Several alternative explanations have been proposed for the therapeutic effect of the ketogenic diet. In
brain tissue slices, acetoacetate and B-hydroxybutyrate promote opening of Karp channels [4] and
promote the presynaptic accumulation of GABA [5]; both of these effects might reduce neuronal
excitability. However, recent experiments with animal models of epilepsy point to acetone as the

anticonvulsant mediator [6]. This conclusion is based on the following observations:

1. Injection of acetone alone, in the absence of metabolic ketogenesis, is sufficient to inhibit
seizure activity [7]; the same is true of isopropanol, which is converted to acetone in vivo [8].
The range of acetone concentrations required for anticonvulsant activity in animal models

overlaps with that observed in patients on the ketogenic diet [9].

2. Like several anticonvulsant drugs, acetone has sedative and narcotic properties at high

concentrations [10, 11].

3. Acetoacetate, which is the precursor of acetone, has lower anticonvulsant activity than acetone;

B-hydroxybutyrate, which is not converted to acetone, has none [12].

4. Metabolites of acetone (see Figure 1) have either weak anticonvulsant activity or none at all

[13]. During ketosis, these metabolites do not occur in high concentrations in the blood [14, 15].

5. Using proton NMR, acetone has been detected as the major ketone body in the brain of epileptic
children treated with the ketogenic diet [16].

The current proposal is based on the assumption that acetone mediates the anticonvulsant effect of the
ketogenic diet. Animal studies that will be necessary to validate the proposed combination therapy will
also help to further support the role of acetone, or refute it. Indeed, the use of CYP2E1 inhibitors has
been suggested before as a touchstone to distinguish between acetone itself and its metabolites as the

anticonvulsant mediators of the ketogenic diet [17].

Acetone metabolism

While textbooks sometimes describe it as a metabolic dead end of ketogenesis that is destined solely
for exhalation and excretion, acetone actually undergoes significant metabolism in vivo. The details of
this pathway have been elucidated in rats [18]. The initial hydroxylation of acetone to acetol is carried

out by cytochrome P450 type 2E1 (CYP2EI; [19]), which is itself induced by ethanol and acetone [20,



21]. Acetol can then be converted to pyruvate via two alternative pathways (Figure 1). In the liver,
pyruvate produced from acetone may contribute significantly to the formation of glucose via
gluconeogenesis [14, 22]; pyruvate formed in the brain would likely undergo further degradation by

pyruvate dehydrogenase.

The importance of CYP2E1 in acetone metabolism has been confirmed in knockout mice, which, upon
fasting-induced ketogenesis, develop plasma acetone levels that are several times higher than those
observed in the parental strains [23]. Similar results were observed when CYP2E1 was inhibited with

diallyldisulfide [24] or disulfiram [25, 26].

CYP2E]

Like many other cytochrome P450 enzymes, CYP2EI is strongly expressed in the liver. It is also
expressed in some areas of the brain, including the hippocampus. CYP2EI is the key enzyme in the so-
called microsomal ethanol oxidation system, which contributes to the degradation of ethanol via
acetaldehyde. CYP2EI also degrades acetone, and in both the liver and the brain it is transcriptionally
induced by both ethanol and acetone [27-31]. In the brain, CYP2E1 participates in dopamine
degradation [32], but no major disturbance of dopaminergic function has been reported in CYP2EI

knockout mice.

CYP2EI is also involved in the metabolism of xenobiotics such as acetaminophen, isoniazid, and
aniline, as well as halothane and enflurane [30, 33]. Many of the resulting metabolites induce or
promote cancer, and pharmacological inhibition of CYP2EI has been suggested as a means to obstruct
this route to carcinogenesis [34, 35]. Induction of CYP2EI, with consecutively increased production of
reactive oxygen species, has also been implicated in alcohol-induced [36] and fat-induced [37] forms of

hepatitis.

The structure of CYP2EI, with two different inhibitors bound to it, has been solved [38], which opens
the way to the development of specific inhibitors. An inhibitor of CYP2E]1 that already is in clinical use
is disulfiram. Inhibition of CYP2E1 occurs at dosages that are also used in the treatment of alcoholics;

this is evident both from drug interactions and from disulfiram-induced acetonemia [25].
The rationale for supplementing the ketogenic diet with CYP2E1 inhibitors

While the ketogenic diet is effective in many epileptic patients, it still falls short in others; a significant



number of patients respond with only partial reduction of seizures or not at all [3, 39, 40]. Results from
animal experiments [7, 12] suggest that consistent anticonvulsant action of acetone may require plasma
levels that are not consistently obtained by the diet alone [9]. It seems plausible that insufficiently
treated patients should benefit from a further increase of diet-induced plasma acetone levels. Genetic
and pharmacological studies [23, 25, 26] suggest that such higher, therapeutically more effective levels
should be attainable by the proposed diet-drug combination.

The ketogenic diet, while often effective, is hampered by limited patient compliance, which is due to its
impact on the quality of life, as well as medical issues such as growth failure, kidney stones, and
osteoporosis [41]. Accordingly, less rigid dietary regimens are being explored [42]. It seems possible
that combination with pharmacological inhibition of CYP2E1 would permit a relaxation of dietary
regimens, while still maintaining acetone levels in the therapeutic range. Such a regimen could then
improve compliance in patients who in principle respond satisfactorily to the diet alone, and potentially
be a viable alternative for patients who respond to conventional anticonvulsant drugs but experience

serious side effects from such treatment.
A candidate CYP2EI1 inhibitor: disulfiram

Among the known inhibitors of CYP2EI, the only one in current clinical use is disulfiram, which is
therefore the most obvious candidate for animal and clinical studies. Disulfiram was first characterized
as an inhibitor of aldehyde dehydrogenase, and as such has been used for more than fifty years to
prevent relapse in alcohol addicts. Subsequently, disulfiram was found to also inhibit dopamine-f-
hydroxylase [43], CYP2E1 [44], and proteasomes [45]; novel applications based on these effects have
been proposed [46]. The drug is metabolized rapidly, and it is the metabolites that are responsible for
the various inhibitory effects. Due to its widespread and longstanding use in the treatment of
alcoholics, the pharmacokinetics, pharmacodynamics, side effects, and drug interactions of disulfiram

are well-tilled ground [30, 47-49].

Pharmacokinetics, metabolism

After oral uptake, disulfiram undergoes rapid and quantitative uptake and metabolism [48]. After initial
reduction of disulfiram to diethyldithiocarbamate (DDTC), the latter undergoes methyl conjugation and
repeated oxidation (Figure 2). Oxidation can be carried out by several different cytochrome P450

enzymes; CYP2EI itself is one of them, but not as efficient as several others [50]. Some of the



metabolites are conjugated with glucuronic acid and excreted; a fraction of the sulfur contained in

disulfiram is recovered in the urine as sulfate.

Most studies on disulfiram and its active metabolites concern the liver, because alcohol degradation
occurs there. Since the brain lacks the liver’s abundance of P450 enzymes, it is not clear how efficient

formation of the active metabolites in the brain may be.

Inhibition of aldehyde dehydrogenase (ADH)

Inhibition of ADH by disulfiram is the pharmacological rationale of its use in the treatment of alcohol
addicts. Alcohol dehydrogenase converts ethanol to acetaldehyde, which in patients that have taken
disulfiram accumulates and causes intense hangover-like symptoms (headaches, nausea, and vomiting).
The inhibition of aldehyde dehydrogenase is caused by the disulfiram metabolite S-methyl-N,N-
diethylthiolcarbamate sulfoxide (DETC-MeSO; Figure 2). Inhibition is irreversible and involves the
formation of an N,N-diethylcarbamoyl adduct of the active site cysteine [51].

Aldehyde dehydrogenase also occurs in one of the two alternative degradation pathways for acetol
(Figure 1). The possibility that this would influence the proposed application of disulfiram seems

remote but cannot be entirely dismissed (see below).

Inhibition of CYP2EI

The inhibition of cytochrome P450 metabolism by disulfiram was initially noticed through drug
interactions [52, 53] and later assigned to CYP2E1 [44]. A recent study identified
diethyldithiocarbamate as the inhibitory metabolite; mass spectrometry indicated formation of a mixed
disulfide between this metabolite and the apo-enzyme [54]. However, in this study, enzyme activity
could not be restored by reductive cleavage of the disulfide, suggesting that the enzyme had incurred
additional changes, for example the binding of another metabolite to its prosthetic heme group. Spectral
effects suggestive of the latter have been reported [53], although that early study did not differentiate
between CYP2EI and other P450 enzymes. In any event, inhibition of CYP2EI is irreversible and

virtually complete at dosages similar to those used in the conventional treatment of alcoholics [55, 56].

The inhibition of CYP2E1 by disulfiram has been exploited in experimental studies [57], but it appears
not to have been used with therapeutic intention. In both humans and animal models, CYP2EI

inhibition by disulfiram amplifies blood acetone levels induced by fasting [26, 58].



Dual effect of disulfiram in acetone degradation

Both CYP2E1 and ADH participate in the degradation of acetone. In this pathway, CYP2E1 precedes
ADH (Figure 1), and its inhibition should therefore exercise the dominant effect, raising the
concentration of acetone and reducing that of downstream metabolites. As discussed above, inhibition
of aldehyde dehydrogenase would only concern one of two alternative pathways downstream of acetol,
suggesting that its effect will likely be minor. However, a significant increase of the levels of
downstream metabolites, relative to levels attained with the diet alone, cannot be entirely ruled out. It is
not clear at present whether this would add to or detract from the intended clinical effect of disulfiram.
If ADH inhibition should turn out to produce untoward consequences, it may be necessary to consider

other inhibitors of CYP2EI1 that do not interfere with ADH.

Toxicity

In keeping with its long-standing use in alcohol addiction, there is a considerable variety of known
possible side effects of disulfiram. A survey of all reactions reported in a 20 year period in Denmark
[47] found an overall incidence of adverse reactions between 1:200 and 1:2000 per treatment year, and
a fatality rate of 1:25,000 per treatment year. The most frequent complication was liver toxicity; this
may to some extent have been facilitated by preexisting alcohol-mediated liver damage. Neurological

and psychiatric symptoms were the next most common.

Intriguingly, several cases of disulfiram-induced seizures have been reported [59, 60], and apparently in
at least some of these, alcohol consumption or withdrawal (which also may trigger seizures) were not
involved. A biochemical explanation has not been provided. As stated earlier, disulfiram also inhibits
dopamine-f-hydroxylase, the enzyme that converts dopamine to norepinephrine. In animal
experiments, disulfiram, as well as genetic knockout of the enzyme, promotes the occurrence of
seizures after concurrent application of cocaine [61], a powerful inhibitor of presynaptic reuptake of
dopamine and norepinephrine. Whether or not the sporadic cases of disulfiram-induced seizures are in

any way related to this experimental observation is unknown.

If the inhibition of dopamine-f-hydroxylase by disulfiram should indeed turn out to counteract its
intended therapeutic effect, it may be necessary to develop more specific CYP2E1 inhibitors that do not
interfere with dopamine-B-hydroxylase. If interference with dopamine degradation by CYP2EI itself
should present a problem, it may be alleviated by the use of inhibitors that are excluded by the blood



brain barrier.

Interaction of disulfiram with hyperbaric oxygen

In rats exposed to hyperbaric oxygen, disulfiram amplified oxygen-induced lung toxicity, which was
ascribed to inhibition of superoxide dismutase [62]. The disulfiram dosages used in these experiments

were far higher than those used therapeutically in humans.

Hyperbaric oxygen can also induce seizures, which has been ascribed to inhibited transport and
presynaptic depletion of GABA [63]. In keeping with this explanation, such seizures can be inhibited
with GABA, receptor agonists [64]. It is interesting to note that the first metabolite of disulfiram,
diethyldithiocarbamate (Figure 2), can also inhibit hyperbaric oxygen-induced seizures [65]. Whether
or not this observation is related to the antiepileptic action mechanism of disulfiram proposed here has

not been established.
Experimental studies

The proposed therapeutic approach needs to be tested in animal experiments and, if these are

successful, in clinical studies.

Animal experiments

These should be performed with established pharmacological mouse or rat models of epilepsy. The

following experiments should be performed:

1. Wild type and CYP2EI knockout mice should be subjected to diet regimens varying in
stringency, with or without added disulfiram. Blood levels of acetone and its metabolites should
be monitored. Behavioral and neurological performance scores should be recorded, and

tolerable diet/disulfiram regimes should be established.

2. The effect of different diet/disulfiram combinations on experimentally induced seizure activity
should be determined and compared against diet alone and disulfiram alone. CYP2E1 knockout
mice should again be included as controls in order to understand possible contributions from the

effects of disulfiram on targets other than CYP2EI.

3. Toxicity: Since disulfiram is approved and widely used for the treatment of alcohol addiction,

toxicity studies should not be necessary at this stage.



Clinical studies

Given the longstanding use of disulfiram in its established application, it should be possible to limit
toxicity studies and focus them on potential novel complications arising from its combination with

ketogenic diet or, potentially, with other antiepileptic drugs.

The effectiveness of the proposed combination treatment needs to be studied in various forms of
epilepsy. Initial studies might be conducted with a group of patients who show a partial response to
ketogenic diet alone, in whom it could be determined whether or not addition of disulfiram improves
clinical response. If results are favorable, the studies could be extended to patients who fail to respond
to the diet alone. In addition, a combination of disulfiram with a relaxed ketogenic diet could be tried in
patients whose seizures are controlled well by a strict diet alone, but who do not tolerate the diet well

due to psychological reasons or medical complications.

In current practice, some patients are treated with both antiepileptic drugs and ketogenic diet at the
same time. Interactions between acetone and several antiepileptic drugs have been studied in a mouse
model [66]. Acetone increased the antiepileptic activities of some anticonvulsants; the degradation of
acetone was accelerated by several drugs as well. Overall, no unmanageable interactions were
observed. It should be noted, however, that the concentrations of acetone were not very high; ketogenic
diet in conjunction with CYP2E1 inhibition would likely result in higher concentrations, which may

lead to more significant interactions. This question would also have to be addressed in clinical studies.
Conclusion

Clinical and experimental data from the literature support the notion that the effectiveness of the
ketogenic diet in the control of epileptic seizures could be augmented by inhibitors of CYP2EI. An
established and well-known drug with such activity is disulfiram. Animal experiments and, if these are

successful, clinical studies to explore the validity of this concept seem justified.

10



Acknowledgments

I thank Gary Dmitrienko, Jared Silverman, and Stephanie Malatesta for useful discussions.
Contflicts of interest

None.

11



References

[1]

2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Rosenberg, G. The mechanisms of action of valproate in neuropsychiatric disorders: can we
see the forest for the trees?, Cell Mol Life Sci 64 (2007) 2090-2103.

Vining, E.P.G. The ketogenic diet, Adv Exp Med Biol 497 (2002) 225-231.

Caraballo, R., Vaccarezza, M., Cersoésimo, R., Rios, V., Soraru, A., Arroyo, H., Agosta, G.,
Escobal, N., Demartini, M., Maxit, C., Cresta, A., Marchione, D., Carniello, M. and Panico,
L. Long-term follow-up of the ketogenic diet for refractory epilepsy: multicenter
Argentinean experience in 216 pediatric patients, Seizure 20 (2011) 640-645.

Ma, W., Berg, J. and Yellen, G. Ketogenic diet metabolites reduce firing in central neurons
by opening K(ATP) channels, J Neurosci 27 (2007) 3618-3625.

Erecinska, M., Nelson, D., Daikhin, Y. and Yudkoff, M. Regulation of GABA level in rat
brain synaptosomes: fluxes through enzymes of the GABA shunt and effects of glutamate,
calcium, and ketone bodies, J Neurochem 67 (1996) 2325-2334.

Likhodii, S., Nylen, K. and Burnham, W.M. Acetone as an anticonvulsant, Epilepsia 49
Suppl 8 (2008) 83-86.

Likhodii, S.S., Serbanescu, 1., Cortez, M.A., Murphy, P., Snead, O.C.3. and Burnham, W.M.
Anticonvulsant properties of acetone, a brain ketone elevated by the ketogenic diet, Ann
Neurol 54 (2003) 219-226.

Chu, N., Driver, R.L. and Hanzlik, P.J. Anticonvulsant action of isopropyl alcohol, J
Pharmacol Exp Ther 92 (1948) 291-302.

Musa-Veloso, K., Likhodii, S.S., Rarama, E., Benoit, S., Liu, Y.C., Chartrand, D., Curtis,
R., Carmant, L., Lortie, A., Comeau, F.J.E. and Cunnane, S.C. Breath acetone predicts
plasma ketone bodies in children with epilepsy on a ketogenic diet, Nutrition 22 (2006) 1-8.
Postolache, V., Safta, L., Cuparencu, B. and Steiner, L. [Effect of acetone upon barbiturate
anesthesia], Arch Toxikol 25 (1969) 333-337.

Sulway, M.J. and Malins, J.M. Acetone in diabetic ketoacidosis, Lancet 2 (1970) 736-740.
Rho, J.M., Anderson, G.D., Donevan, S.D. and White, H.S. Acetoacetate, acetone, and
dibenzylamine (a contaminant in 1-(+)-beta-hydroxybutyrate) exhibit direct anticonvulsant
actions in vivo, Epilepsia 43 (2002) 358-361.

Gasior, M., French, A., Joy, M.T., Tang, R.S., Hartman, A.L. and Rogawski, M.A. The

anticonvulsant activity of acetone, the major ketone body in the ketogenic diet, is not

12



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

dependent on its metabolites acetol, 1,2-propanediol, methylglyoxal, or pyruvic acid,
Epilepsia 48 (2007) 793-800.

Reichard, G.A.J., Skutches, C.L., Hoeldtke, R.D. and Owen, O.E. Acetone metabolism in
humans during diabetic ketoacidosis, Diabetes 35 (1986) 668-674.

Kalapos, M.P. On the mammalian acetone metabolism: from chemistry to clinical
implications, Biochim Biophys Acta /621 (2003) 122-139.

Seymour, K.J., Bluml, S., Sutherling, J., Sutherling, W. and Ross, B.D. Identification of
cerebral acetone by 1H-MRS in patients with epilepsy controlled by ketogenic diet,
MAGMA § (1999) 33-42.

Kalapos, M.P. Possible mechanism for the effect of ketogenic diet in cases of uncontrolled
seizures. The reconsideration of acetone theory, Med Hypotheses 68 (2007) 1382-1388.
Casazza, J.P., Felver, M.E. and Veech, R.L. The metabolism of acetone in rat, J Biol Chem
259 (1984) 231-236.

Koop, D.R. and Casazza, J.P. Identification of ethanol-inducible P-450 isozyme 3a as the
acetone and acetol monooxygenase of rabbit microsomes, J Biol Chem 260 (1985) 13607-
13612.

Hu, Y., Ingelman-Sundberg, M. and Lindros, K.O. Induction mechanisms of cytochrome
P450 2E1 in liver: interplay between ethanol treatment and starvation, Biochem Pharmacol
50 (1995) 155-161.

Koop, D.R. Inhibition of ethanol-inducible cytochrome P450IIE1 by 3-amino-1,2.4-
triazole, Chem Res Toxicol 3 (1990) 377-383.

Reichard, G.A.J., Haff, A.C., Skutches, C.L., Paul, P., Holroyde, C.P. and Owen, O.E.
Plasma acetone metabolism in the fasting human, J Clin Invest 63 (1979) 619-626.

Bondoc, F.Y., Bao, Z., Hu, W.Y., Gonzalez, F.J., Wang, Y., Yang, C.S. and Hong, J.Y.
Acetone catabolism by cytochrome P450 2E1: studies with CYP2E1-null mice, Biochem
Pharmacol 58 (1999) 461-463.

Chen, L., Lee, M., Hong, J.Y., Huang, W., Wang, E. and Yang, C.S. Relationship between
cytochrome P450 2E1 and acetone catabolism in rats as studied with diallyl sulfide as an
inhibitor, Biochem Pharmacol 48 (1994) 2199-2205.

DeMaster, E.G. and Nagasawa, H.T. Disulfiram-induced acetonemia in the rat and man,

Res Commun Chem Pathol Pharmacol /8 (1977) 361-364.

13



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

DeMaster, E.G. and Stevens, J.M. Acute effects of the aldehyde dehydrogenase inhibitors,
disulfiram, pargyline and cyanamide, on circulating ketone body levels in the rat, Biochem
Pharmacol 37 (1988) 229-234.

Hipolito, L., Sanchez-Catalan, M.J., Polache, A. and Granero, L. Induction of brain
CYP2EI changes the effects of ethanol on dopamine release in nucleus accumbens shell,
Drug Alcohol Depend 700 (2009) 83-90.

Howard, L.A., Miksys, S., Hoffmann, E., Mash, D. and Tyndale, R.F. Brain CYP2EI is
induced by nicotine and ethanol in rat and is higher in smokers and alcoholics, Br J
Pharmacol 738 (2003) 1376-1386.

Carpenter, S.P., Lasker, J.M. and Raucy, J.L. Expression, induction, and catalytic activity of
the ethanol-inducible cytochrome P450 (CYP2E1) in human fetal liver and hepatocytes,
Mol Pharmacol 49 (1996) 260-268.

Lieber, C.S. Cytochrome P-4502E1: its physiological and pathological role, Physiol Rev 77
(1997) 517-544.

Upadhya, S.C., Tirumalai, P.S., Boyd, M.R., Mori, T. and Ravindranath, V. Cytochrome
P4502E (CYP2E) in brain: constitutive expression, induction by ethanol and localization by
fluorescence in situ hybridization, Arch Biochem Biophys 373 (2000) 23-34.

Nissbrandt, H., Bergquist, F., Jonason, J. and Engberg, G. Inhibition of cytochrome P450
2E1 induces an increase in extracellular dopamine in rat substantia nigra: a new metabolic
pathway?, Synapse 40 (2001) 294-301.

Guengerich, F.P., Kim, D.H. and Iwasaki, M. Role of human cytochrome P-450 IIE1 in the
oxidation of many low molecular weight cancer suspects, Chem Res Toxicol 4 (1991) 168-
179.

Irving, C.C.,, Tice, A.J. and Murphy, W.M. Inhibition of N-n-butyl-N-(4-
hydroxybutyl)nitrosamine-induced urinary bladder cancer in rats by administration of
disulfiram in the diet, Cancer Res 39 (1979) 3040-3043.

Nigro, N.D. and Campbell, R.L. Inhibition of azoxymethane-induced intestinal cancer by
disulfiram, Cancer Lett 5 (1978) 91-95.

French, S.W., Wong, K., Jui, L., Albano, E., Hagbjork, A.L. and Ingelman-Sundberg, M.
Effect of ethanol on cytochrome P450 2E1 (CYP2EI), lipid peroxidation, and serum

protein adduct formation in relation to liver pathology pathogenesis, Exp Mol Pathol 58

14



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

(1993) 61-75.

Abdelmegeed, M.A., Banerjee, A., Yoo, S., Jang, S., Gonzalez, F.J. and Song, B. Critical
role of cytochrome P450 2E1 (CYP2E1) in the development of high fat-induced non-
alcoholic steatohepatitis, J Hepatol (2012) .

Porubsky, P.R., Meneely, K.M. and Scott, E.E. Structures of human cytochrome P-450 2E1.
Insights into the binding of inhibitors and both small molecular weight and fatty acid
substrates, J Biol Chem 283 (2008) 33698-33707.

Freeman, J.M., Vining, E.P., Pillas, D.J., Pyzik, P.L., Casey, J.C. and Kelly, L.M. The
efficacy of the ketogenic diet-1998: a prospective evaluation of intervention in 150
children, Pediatrics /02 (1998) 1358-1363.

Thammongkol, S., Vears, D.F., Bicknell-Royle, J., Nation, J., Draffin, K., Stewart, K.G.,
Schefter, I.LE. and Mackay, M.T. Efficacy of the ketogenic diet: which epilepsies respond?,
Epilepsia 53 (2012) e55-9.

Bergqvist, A.G.C. Long-term monitoring of the ketogenic diet: Do's and Don'ts, Epilepsy
Res 7100 (2012) 261-266.

Levy, R.G., Cooper, PN. and Giri, P. Ketogenic diet and other dietary treatments for
epilepsy, Cochrane Database Syst Rev 3 (2012) CD001903.

Goldstein, M., Anagnoste, B., Lauber, E. and McKeregham, M.R. Inhibition of dopamine-
B-hydroxylase by disulfiram, Life Sci 3 (1964) 763-767.

Brady, J.F., Xiao, F., Wang, M.H., Li, Y., Ning, S.M., Gapac, J.M. and Yang, C.S. Effects of
disulfiram on hepatic P450IIE1, other microsomal enzymes, and hepatotoxicity in rats,
Toxicol Appl Pharmacol 708 (1991) 366-373.

Lovborg, H., Oberg, F., Rickardson, L., Gullbo, J., Nygren, P. and Larsson, R. Inhibition of
proteasome activity, nuclear factor-KappaB translocation and cell survival by the
antialcoholism drug disulfiram, Int J Cancer //8 (2006) 1577-1580.

Barth, K.S. and Malcolm, R.J. Disulfiram: an old therapeutic with new applications, CNS
Neurol Disord Drug Targets 9 (2010) 5-12.

Enghusen Poulsen, H., Loft, S., Andersen, J.R. and Andersen, M. Disulfiram therapy--
adverse drug reactions and interactions, Acta Psychiatr Scand Suppl 369 (1992) 59-65;
discussion 65-6.

Johansson, B. A review of the pharmacokinetics and pharmacodynamics of disulfiram and

15



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

its metabolites, Acta Psychiatr Scand Suppl 369 (1992) 15-26.

Levy, R.H. Cytochrome P450 isozymes and antiepileptic drug interactions, Epilepsia 36
Suppl 5 (1995) S8-13.

Madan, A., Parkinson, A. and Faiman, M.D. Identification of the human and rat P450
enzymes responsible for the sulfoxidation of S-methyl N,N-diethylthiolcarbamate (DETC-
ME). The terminal step in the bioactivation of disulfiram, Drug Metab Dispos 23 (1995)
1153-1162.

Shen, M.L., Johnson, K.L., Mays, D.C., Lipsky, J.J. and Naylor, S. Identification of the
protein-drug adduct formed between aldehyde dehydrogenase and S-methyl-N,N-
diethylthiocarbamoyl sulfoxide by on-line proteolytic digestion high performance liquid
chromatography electrospray ionization mass spectrometry, Rapid Commun Mass
Spectrom /4 (2000) 918-923.

Haley, T.J. Disulfiram (tetraethylthioperoxydicarbonic diamide): a reappraisal of its toxicity
and therapeutic application, Drug Metab Rev 9 (1979) 319-335.

Zemaitis, M.A. and Greene, F.E. Impairment of hepatic microsomal drug metabolism in the
rat during daily disulfiram administration, Biochem Pharmacol 25 (1976) 1355-1360.
Pratt-Hyatt, M., Lin, H. and Hollenberg, P.F. Mechanism-based inactivation of human
CYP2E1 by diethyldithocarbamate, Drug Metab Dispos 38 (2010) 2286-2292.

Kharasch, E.D., Thummel, K.E., Mhyre, J. and Lillibridge, J.H. Single-dose disulfiram
inhibition of chlorzoxazone metabolism: a clinical probe for P450 2E1, Clin Pharmacol
Ther 53 (1993) 643-650.

Emery, M.G., Jubert, C., Thummel, K.E. and Kharasch, E.D. Duration of cytochrome P-
450 2E1 (CYP2E1) inhibition and estimation of functional CYP2E1 enzyme half-life after
single-dose disulfiram administration in humans, J Pharmacol Exp Ther 297 (1999) 213-
219.

Kharasch, E.D., Hankins, D.C., Jubert, C., Thummel, K.E. and Taraday, J.K. Lack of
single-dose disulfiram effects on cytochrome P-450 2C9, 2C19, 2D6, and 3A4 activities:
evidence for specificity toward P-450 2E1, Drug Metab Dispos 27 (1999) 717-723.

Stowell, A., Johnsen, J., Ripel, A. and Merland, J. Disulfiram-induced acetonaemia, Lancet
1(1983) 882-883.

Price, T.R. and Silberfarb, P.M. Disulfiram-induced convulsions without challenge by

16



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

alcohol, J Stud Alcohol 37 (1976) 980-982.

McConchie, R.D., Panitz, D.R., Sauber, S.R. and Shapiro, S. Disulfiram-induced de novo
seizures in the absence of ethanol challenge, J Stud Alcohol 44 (1983) 739-743.
Gaval-Cruz, M., Schroeder, J.P., Liles, L.C., Javors, M.A. and Weinshenker, D. Effects of
disulfiram and dopamine beta-hydroxylase knockout on cocaine-induced seizures,
Pharmacol Biochem Behav §9 (2008) 556-562.

Forman, H.J., York, J.L. and Fisher, A.B. Mechanism for the potentiation of oxygen toxicity
by disulfiram, J Pharmacol Exp Ther 272 (1980) 452-455.

Wheeler, D.D., Blackburn, J.G. and Tai, J.J. Effect of hyperbaric oxygen on GABA
transport in rat brain synaptosomes, J Neural Transm 57 (1983) 167-185.

Lembeck, F. and Beubler, E. Convulsions induced by hyperbaric oxygen: inhibition by
phenobarbital, diazepam and baclofen, Naunyn Schmiedebergs Arch Pharmacol 297 (1977)
47-51.

Whelan, H.T., Bajic, D.M., Karlovits, S.M., Houle, J.JM. and Kindwall, E.P. Use of
cytochrome-P450 mono-oxygenase 2 El isozyme inhibitors to delay seizures caused by
central nervous system oxygen toxicity, Aviat Space Environ Med 69 (1998) 480-485.
Zarnowska, 1., Luszczki, J.J., Zarnowski, T., Buszewicz, G., Madro, R., Czuczwar, S.J. and
Gasior, M. Pharmacodynamic and pharmacokinetic interactions between common
antiepileptic drugs and acetone, the chief anticonvulsant ketone body elevated in the
ketogenic diet in mice, Epilepsia 50 (2009) 1132-1140.

van Stekelenburg, G.J. and Koorevaar, G. Evidence for the existence of mammalian
acetoacetate decarboxylase: with special reference to human blood serum, Clin Chim Acta
39(1972) 191-199.

Koorevaar, G. and van Stekelenburg, G.J. Mammalian acetoacetate decarboxylase activity.
Its distribution in subfractions of human albumin and occurrence in various tissues of the

rat, Clin Chim Acta 7/ (1976) 173-183.

17



Legends for Figures

Figure 1: Metabolism of acetone, according to reference [18]. Step 1 may occur spontaneously, but
inducible acetoacetate decarboxylase activity has been reported, though no enzyme has been purified
[67, 68]. Steps 2 and 7 are catalyzed by alcohol- and acetone-inducible cytochrome P450 activity,
mostly CYP2E1. Step 5 is catalyzed by aldehyde dehydrogenase. The drug disulfiram inhibits both
CYP2EI and aldehyde dehydrogenase.

Figure 2: Structures of disulfiram and two of its metabolites. Diethyldithiocarbamate (DDTC) is
formed by glutathione-dependent reduction and inhibits CYP2E1 [54]. The second metabolite, S-ethyl-
N,N-diethylthiolcarbamate sulfoxide (DETC-MeSO), inhibits aldehyde dehydrogenase; several
cytochrome P450 enzymes participate in its formation from DDTC [50].
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