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Summary: The ketogenic diet is a high-fat, low-carbohy-
drate diet used to treat drug-resistant seizures, especially in
children. A number of possible mechanisms of action have
been proposed to explain the anticonvulsant effects of the
diet. Four of these hypothetical mechanisms are discussed

in the present article: the pH hypothesis, the metabolic hy-
potheses, the amino acid hypothesis, and the ketone hypoth-
esis. Key Words: Epilepsy, ketogenic diet, pH hypothesis,
metabolic hypothesis, amino acid hypothesis, ketone hy-
pothesis.

INTRODUCTION

The ketogenic diet is a high-fat, low-carbohydrate diet
used to treat drug-resistant seizures, especially in chil-
dren. The ketogenic diet was first formulated by Wilder1

in 1921. It lost favor after the invention of phenytoin in
1938, but came back into prominence in the 1990s when
it became clear that the diet could control seizures that
resist anticonvulsant drugs.2

Over the years, a number of hypotheses have been
offered to explain the ketogenic diet’s anticonvulsant
actions. These include: the pH hypothesis, the metabolic
hypotheses, the amino acid hypotheses (including the
GABA shunt hypothesis), the ketone theories (including
the acetone hypothesis), the caloric restriction hypothe-
sis, the brain lipids hypothesis, and the noradrenaline
hypothesis.3 The present discussion will briefly consider
the first four of these. A more complete discussion of
these and the other hypotheses can be found in a useful
book, entitled Epilepsy and the Ketogenic Diet,3 and in a
useful review article, entitled The Neuropharmacology of
the Ketogenic Diet.4

THE pH HYPOTHESIS

The pH hypothesis was proposed by Bridge and Iob5

in 1931. The gist of this hypothesis is the idea that the

ketogenic diet makes the blood (and brain) slightly
acidic, and that this change in pH stops seizures. This
hypothesis is based on the fact that in patients on the
ketogenic diet (in the near absence of carbohydrates) fats
are used as a major source of energy. As the fats are
metabolized by the liver, three fat-derived metabolites
are formed: 1) acetoacetate, 2) beta-hydroxybutyrate,
and 3) acetone. The first two of these compounds are
keto acids, whereas only acetone is a true ketone.6 Tra-
ditionally, however, these three compounds are often
referred to as the “ketone bodies.”
Because acetoacetate and beta-hydroxybutyrate are

ketoacids, Bridge and Iob5 postulated that they might
make the blood, and presumably the brain, slightly
acidic. It has long been believed that that mild acidosis is
anticonvulsant, whereas mild alkalosis is proconvulsant.
Low pH, for instance, has been shown to inhibit pH-
sensitive NMDA-type glutamate receptors and pH-sen-
sitive gap junctions, causing a possible decrease in neural
excitation.7,8 Making the blood slightly acidic has also
been offered as an explanation of how the carbonic an-
hydrase inhibitors, like acetazolamide, act to stop sei-
zures. Bridge and Iob5 proposed a similar mechanism for
the ketogenic diet.
The pH hypothesis was simple and very testable. Un-

fortunately, tests did not bear it out. In clinical studies,
Huttenlocher9 showed that the ketogenic diet did not
make the blood acidic, and Al-Mudallal et al.10 later
showed in animal studies that the ketogenic does not
change the pH of either the blood or the brain.
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THE METABOLIC HYPOTHESES

Another set of hypotheses may be called the “meta-
bolic” hypotheses. There have been several of these. The
present discussion will focus on three of them. The gist
of all of these hypotheses is that the ketogenic diet makes
the brain switch from a glucose-based metabolism to a
ketone-based metabolism, and that this change somehow
produces anticonvulsant effects.

THE INCREASED BRAIN
ENERGY HYPOTHESIS

Perhaps the first researchers to suggest a “metabolic”
hypothesis was DeVivo (i.e., Appleton and DeVivo11

and Nordi and DeVivo12). The gist of his hypothesis was
that the ketogenic diet provides the brain with extra
energy.
DeVivo pointed out that the ketone bodies are a more

efficient source of energy than glucose, because they
produce more ATP per unit.11,12 That would mean that
the brain of a person on the ketogenic diet would have
more available energy (i.e., more ATP). That increase in
available energy was postulated to have anticonvulsant
effects.12 A corollary to this hypothesis was the hypoth-
esis that the epileptic brain is deficient in energy, and that
it is this deficiency that leads to seizures. DeVivo,12 in
fact, makes this suggestion.
A question to be resolved regarding this hypothesis,

and other metabolic hypotheses, is whether the epileptic
brain is actually energy deficient. This has yet to be
established. It should also be kept in mind that the met-
abolic shift in patients on the ketogenic diet is not com-
plete. Glucose is still present in the blood of patients on
the ketogenic diet, usually in the low normal range.9,13

This glucose is presumably entering into the brain and
being used for energy. Even after some weeks of com-
plete starvation, fats provide only about 60% of the
brain’s energy supply.14

INCREASE IN MITOCHONDRIAL NUMBER

A recent report that seems to complement the DeVivo
hypothesis relates to the effects of the ketogenic diet on
mitochondria. Bough et al.15 have reported that rats on
the ketogenic diet produce more mitochondria than rats
on normal rodent chow. Presumably, more mitochondria
would also mean more energy for the brain, and, there-
fore, possibly, fewer seizures. As with the “increased
brain energy” hypothesis, the question remains as to
whether the epileptic brain is energy deficient, and
whether supplying more energy will make the epileptic
brain less excitable.

“FAST” ENERGY AND THE
KETOGENIC DIET

A very different sort of metabolic hypothesis relates to
the availability of “fast” energy. To simplify a rather
complex discussion, the gist of this hypothesis is that
glucose is necessary to provide the “fast” energy re-
quired for seizure activity and that in the absence of
glucose, seizures can not occur.16,17

The idea behind this hypothesis is that the glucose
found in people on a normal diet produces rapidly avail-
able, or “fast,” energy through glycolysis, as well as less
rapidly available, or “slow,” energy through the Krebs
cycle. Due to the easy availability of glucose in nondiet
patients, seizures, which require “fast” energy, can oc-
cur. However, ketone bodies (present in people on a
ketogenic diet) do not undergo glycolysis. Therefore,
they can only provide “slow” energy via the Krebs cycle.
Patients on the ketogenic diet, therefore, do not seize.
This hypothesis must account somehow for the fact

that glucose is present at low-normal levels in patients on
the diet,9,13 and also for the fact that hypoglycemia
causes seizures.
It should be noted that that lowered levels of glucose

in this hypothesis are thought to correlate with elevated
levels of ketone bodies. This hypothesis, therefore, is
compatible with the ketone hypotheses discussed below.
Several recent studies do seem to be in general agree-

ment with the idea that decreasing glucose metabolism
has anticonvulsant effects. Administration of fructose-
1,6-bisphosphate and 2-deoxyglucose have both shown
anticonvulsant effects in acute animal seizure models,18

and 2-deoxyglucose has been shown to raise seizure
thresholds and slow the rate of seizure development in
kindled rats.19 Likewise, in clinical studies, a low gylce-
mic index diet, restricted to foods that produce little
increase in the levels of blood glucose, has anticonvul-
sant actions, although that diet increases ketone bodies,
as will as limiting glucose.20

THE AMINO ACID THEORIES/THE GABA
SHUNT HYPOTHESIS

Another group of hypotheses relate to the amino acid
transmitters. The “GABA shunt” hypothesis is one of
these. The gist of the amino acid hypotheses is that the
ketogenic diet modifies the balance of the amino acid
transmitters in the brain in such a way as to suppress
seizure activity.21 The GABA shunt hypothesis, in par-
ticular, suggests that the diet suppresses seizures by en-
hancing GABAergic inhibition, like many of the anti-
seizure drugs.
In a sense, the amino acid hypotheses are an offshoot

of the metabolic hypotheses, since glutamate and GABA
are produced by a “shunt” off the Krebs cycle. Instead of

THE KETOGENIC DIET: PROPOSED MECHANISMS 403

Neurotherapeutics, Vol. 6, No. 2, 2009



going from alpha-ketoglutarate to succinyl coenzyme A
to succinate in the cycle (i.e., the direct route), the GABA
shunt follows an indirect route, going from alpha-keto-
glutarate to glutamate, and then to GABA and succinyl
semialdehyde, before proceeding to succinate.22 The
GABA shunt thus allows for the production of both of
the major amino acid transmitters during the course of
energy production. The GABA shunt hypothesis sug-
gests that in the presence of the plentiful acetyl-CoA
derived from fat metabolism, there is an increased pro-
duction of alpha-ketoglutarate, and that this leads in turn
to an increase in the production of glutamate, and espe-
cially GABA.21

Questions related to this hypothesis are why GABA is
increased more than glutamate, and also why enhance-
ment of GABA by the diet suppresses seizures in patients
in which GABA enhancement by the anti-seizure drugs
has already failed. Finally, it must be noted that brain
levels of GABA have been measured in animals on a
ketogenic diet, and widespread elevations have not been
found, although studies are continuing and there is a
possibility that there may be regional changes occurring
in discrete areas.4,11

THE KETONE HYPOTHESES/THE
ACETONE HYPOTHESIS

A final group of hypotheses are the “ketone” hypoth-
eses. The gist of these hypotheses is the idea that the
ketone bodies themselves have direct anticonvulsant ef-
fects on the brain. The “acetone” hypothesis, in particu-
lar, suggests that it is the increase in blood and brain
levels of acetone that causes the anticonvulsant effects of
the diet. This hypothesis has been associated with our
own research group in Toronto.
A ketone hypothesis was actually one of the earliest

suggestions as to how the ketogenic diet might work. It
was first suggested by Wilder1 when he introduced the
diet, although he speculated that the active, anticonvul-
sant compound was acetoacetate.
Our own group has recently tested the effects of the

ketone bodies in animal seizure models. In our hands,
neither acetoacetate nor beta-hydroxybutyrate has shown
anticonvulsant effects,23 although see Rho et al.24 Ace-
tone, however, as with ketogenic diet itself, has broad
spectrum anticonvulsant effects.23 It is effective against a
variety of different seizure types and its anti-seizure ef-
fects are associated with little toxicity.23 In animals,
these effects occur at blood acetone concentrations from
1 to 30 mM.
A question that must be addressed by the acetone

hypothesis is whether the ketogenic diet elevates acetone
to anticonvulsant levels in humans, and whether these
acetone levels correlate with the diet’s anticonvulsant
effects. Preliminary data suggest acetone levels in pa-

tients on the diet rise as high as 8 mM,25 which would be
in the anticonvulsant range in animals. As yet, however,
clinical data showing a significant correlation between
seizure control and blood levels of ketones/ketoacids are
largely lacking.

CONCLUSIONS

In summary, a number of different hypotheses related
to the mechanism of action of the ketogenic diet have
been framed. No one currently champions the pH hy-
pothesis, but all of the other hypotheses have supporters.
The ketogenic diet remains a rich field for research.
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