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Abstract Ketogenesis is the branch of mammalian
metabolism concerned with the synthesis of ketone
bodies. In this process, the small, water-soluble
compounds acetoacetate, D-3-(3-hydroxybutyrate and
propanone are produced by the liver in response to
reduced glucose availability. Although ketone bodies
are always present at a low level in healthy
individuals, dietary manipulation and certain patho-
logical conditions can increase the levels of these
compounds in vivo. In some instances, such as in
refractory epilepsy, high levels of ketone bodies can
be beneficial—in this instance, by exerting an
anticonvulsant effect. Conversely, if the levels of
ketones rise to supraphysiological levels, as can occur
in diabetes mellitus, a state of ketoacidosis can occur,
which has serious consequences for cellular function.
More recently, research has identified a possible link
between ketogenesis and free radical-mediated pathol-
ogies, highlighting the potential application of ketogenic
diets to the treatment of conditions such as Alzheimer's
disease. Overall, an understanding of ketone body
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metabolism and its links to human disease may prove
to be vital in developing new regimens for the
treatment of human disease.
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Introduction

Mammals have evolved to utilize carbohydrate as
their primary source of metabolic fuel, extracting
energy through a series of intricate biochemical
pathways. Yet, since the early days of medicine, it
has been known that by restricting our dietary intake
of carbohydrate, we can significantly alter the course
of certain diseases, such as epilepsy. In his work
Epidemics, a volume within the Hippocratic Corpus,
Hippocrates stated that “epilepsy is cured as quickly
as it had appeared, through complete abstinence of
food and drink” [40]. While Hippocrates had certainly
no concept of the metabolic pathways he was
manipulating, his early theories have stood the test
of time, and research into low carbohydrate, high fats
diets has enjoyed a renaissance in recent years. To
fully appreciate the clinical utility of such diets, we
must first understand the changes in mammalian
biochemistry brought about by such a regime. This
involves a study of the basic pathways of mammalian
metabolism.
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Mammalian metabolism
Normal metabolism

In the well-fed state, mammals derive much of their
metabolic energy from carbohydrates, with glucose
serving as the principle substrate for energy (ATP)
production, which is achieved via. the three well-
known pathways: glycolysis, tricarboxylic acid (TCA)
cycle and the electron transport chain (ETC). A
crucial reaction linking the glycolytic pathway with
the TCA cycle involves the intermediate compound
acetyl-CoA, a thioester that can be considered as the
gatekeeper of mammalian metabolism, since under
normal conditions, the majority of ATP production
requires the passage of two-carbon units into the TCA
cycle. In particular, acetyl-CoA is the major product
of fatty acid catabolism, and thus plays a major role in
ketogenesis, i.e., the formation of ketone bodies [10].

Ketone body metabolism

Ketone bodies are a group of small organic molecules
produced in the mitochondria of perivenous hepato-
cytes under conditions of reduced glucose availability,
with healthy adults producing up to 185 g of ketones
per day. The two principal ketone bodies are
acetoacetate and D-3-(-hydroxybutyrate; the former
compound undergoes slow nonenzymic' decarboxyl-
ation to produce the third and least abundant ketone
body, propanone. The primary physiological role of
ketone bodies is the transfer of lipid-derived energy
from the liver to the peripheral tissues [39], which is
particularly important for the brain during periods of
hypoglycemia, since this organ cannot utilize fatty
acids for energy production.

Overall, ketogenesis is driven by the availability of
acetyl-CoA, which in terms of ketone body produc-
tion, is derived primarily from the (3-oxidation of fatty
acids [17]. Under hypoglycemic conditions, oxaloac-
etate is used preferentially for gluconeogenesis, and
therefore acetyl-CoA produced from fatty acid oxida-
tion cannot be funneled into the TCA cycle (since this
requires oxaloacetate), but is instead converted into
ketone bodies (Fig. 1). During ketogenesis, acetyl-

! Decarboxylation is also possible via. the cytosolic enzyme
acetoacetate decarboxylase.
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CoA is converted to 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) by mitochondrial HMG-CoA synthase,
which is also used for cytosolic cholesterol synthesis.
However, since hepatic mitochondria express higher
levels of HMG-CoA synthase, ketogenesis is favored
over the isoprenoid pathway. The ketones so-formed
are then released by the liver and delivered to the
tissues for use in energy production through ketolysis.

Ketolysis can be considered as essentially the
reverse of ketogenesis, although separate enzyme
systems have evolved to mediate the process. The
conversion of acetoacetate back into acetoacetyl-CoA
by succinyl-CoA-oxoacid transferase (SCOT) is the
rate-limiting step in this process, with the expression
of the SCOT gene being downregulated by high
intracellular levels of acetoacetyl-CoA [37]. The
acetoacetyl-CoA so-produced is then cleaved by
methylacetoacetyl-CoA thiolase (MAT), producing
free acetyl-CoA, which can then enter the TCA cycle.
Interestingly, high levels of MAT activity have been
demonstrated in hepatic tissues, unlike SCOT that is
virtually undetectable in hepatocytes [15]. It seems
likely that hepatic MAT activity supplements produc-
tion of acetoacetyl-CoA.

The role of ketone bodies during fasting
General metabolism during fasting

The metabolic changes that occur during fasting have
been well characterized [28]. Initially, hepatic reserves
of glycogen are broken down by glycogenolysis,
liberating glucose, which is exported into the circula-
tion. After 1-2 days, the carbohydrate supply becomes
largely dependent upon gluconeogenesis (in reality, the
glycogen stores won't have become depleted until
several days of fasting, but gluconeogenesis works in
unison with glycogenolysis to meet the energy require-
ments of the organism). The main substrate for
gluconeogenesis at this stage is 3-monoacylglycerol
(MAG) [45], which is released following the hydroly-
sis triglycerides in adipose tissue. The fatty acids
released during lipolysis cannot generally be converted
to glucose in mammals, due to an inability to produce
oxaloacetate independently of glycolysis. The only
exception to this is the catabolism of odd-chain fatty
acids that yield propinoyl-CoA, a precursor of
succinly-CoA. In plants and microbes, the glyoxylate
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Fig. 1 Metabolic pathways in ketogenesis. Under reduced
glucose availability, acetyl-CoA is channeled towards ketone
body formation in the liver. (3-Ketothiolase (1) mediates the
condensation of two acetyl-CoAs, forming acetoacetyl-CoA,
which then undergoes a further condensation with acetyl-CoA
mediated by HMG-CoA synthase (2), forming HMG-CoA.
This compound is cleaved (3) to acetoacetate, the first
ketone body, which is then reduced by p-hydroxybutyrate
dehydrogenase (4), yielding D-3-f-hydroxybutyrate. In extra

cycle provides a means of producing oxaloacetate
independently of glycolysis [11, 40].

Lipogenesis vs. ketogenesis

Ordinarily, in the well-fed state when metabolic fuel
is abundant, the liver converts glucose to fatty acids
and incorporates these (as triglycerides) within very
low density lipoproteins (VLDL), which are then
secreted by the liver for transport to other tissues [16].
In the fasting state, however, the liver preferentially
converts fatty acids to ketone bodies, not VLDL. This
metabolic switch is made at the level of the hepatic
mitochondria [20], since this is the location of ketone
body synthesis and (3-oxidation. In order for fatty
acids to enter the mitochondrial matrix, they must be
esterified to carnitine by carnitine acyl transferase I,
which is only present on the outer face of the

Aspartate

Glutamate

GABA A GSH

hepatic tissues, ketone bodies are activated by acetoacetate:
succinyl CoA CoA transferase and converted to acetyl-CoA
by [-ketothiolase (5), which permits their passage into the
TCA cycle. x-Ketoglutarate can be funneled towards gluta-
mate synthesis either directly via glutamate dehydrogenase (6)
or by transamination (7). The glutamate so-formed may be
used for GABA synthesis, or be converted to the tripeptide
glutathione; however, this latter process is heavily dependent
on cysteine availability

mitochondrial membrane and is inhibited by
malonyl-CoA—the key intermediate of fatty acid
synthesis. Thus, when long-chain fatty acids are being
synthesized, the levels of malonyl-CoA will be high
and carnitine acyl transferase I will be inhibited [12].
Since fatty acids are blocked from entering the
mitochondrial matrix, they remain in the cytosol and
are converted to triglycerides and phospholipids.
Conversely, in the fasting state, when glucagon
and (3-adrenergic receptor agonists stimulate lipol-
ysis, the level of malonyl-CoA will be low, and
fatty acids are converted to fatty acyl carnitine and
traverse the mitochondrial matrix membrane for
synthesis of ketone bodies. Of course, since the
liver lacks SCOT, it cannot utilize ketone bodies
for energy production. Instead, the liver derives
much of its ATP from keto acids, derived from the
degradation of amino acids [44].
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The starvation timeline

The average, well-nourished 70-kg man would be
expected to have the fuel reserves described in Table 1
[5]. Assuming that the basal energy demand for a 24-
hour period is approximately 1,600 kcal, these fuel
reserves would be sufficient to ensure survival for
about 3 months. Carbohydrate reserves are exhausted
within 24 h, yet inspection of Fig. 2 shows that blood
glucose is maintained at a relatively constant level
after this time has elapsed. This observation arises
from the brain's and red blood cells' absolute
requirement for glucose, and thus the first priority of
metabolism during starvation is to provide fuel for
these systems [38]. The potential energy liberated
form glucose synthesis is about 25,600 kcal
(1,600 kcal from glycogenolysis and 24,000 kcal
from protein-derived gluconeogenesis). Since, from
an evolutionary point-of-view, survival is largely
dependent upon being able to move quickly, which
is in turn dependent on muscle mass, gluconeogenesis
from amino acids released by protein breakdown is a
last resort. Luckily, however, the vast majority of a
mammal's energy reserves are contained within the
fatty acyl moieties of triglycerides stored in adipose
tissues. Therefore, if survival is to continue, the
energy contained within triglycerides must be con-
verted into a form usable by the brain and red blood
cells [31].

In the first day of starvation, low blood sugar
levels lead to a reduction in insulin secretion and an
increase in circulating glucagon. This hormone
activates two processes: (i) increased lipolysis in
adipose tissue and (ii) hepatic gluconeogenesis [46].
The increases in acetyl-CoA and citrate brought about
by these two processes switch off glycolysis, sparing

Table 1 Approximate energy stores in an average 70 kg man.
Source—see Ref. [5]

Available energy (kcal)

Glucose or glycogen Triglycerides Proteins

Blood 60 45 0
Liver 400 450 400
Brain 8 0 0
Muscle 1,200 450 24,000

Adipose tissue 80 13,5 000 40
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glucose. Cellular glucose uptake is also reduced by
glucagon, and muscle shifts from using glucose to
fatty acids for fuel. This inhibits conversion of
pyruvate to acetyl-CoA, and results in the export of
pyruvate and lactate to the liver for gluconeogenesis.
A small amount of proteolysis releases amino acids,
such as alanine, which are also exported to the liver
for gluconeogenesis.

After 3 days of starvation, the TCA cycle is unable
to oxidize all of the acetyl-CoA produced by fatty
acid catabolism, since the levels of oxaloacetate have
been depleted by gluconeogenesis. Consequently,
excess acetyl-CoA is utilized for ketogenesis, and
the subsequently produced ketone bodies are released
by the liver for use by the brain and other tissues.
After several weeks' starvation, ketone bodies are the
principal fuel source for the brain, and thus the length
of survival is roughly dependent upon the size of the
triglyceride reservoir [14].

Ketone bodies, diabetes and ketoacidosis

Pathologies leading to abnormalities of glucose
metabolism, principally poorly-controlled diabetes
mellitus, can lead to increased ketone body produc-
tion. Cellular glucose uptake is mediated by the
pancreatic hormone insulin, which activates the
GLUT transporter proteins. In type 1 diabetes, which
is characterized by complete insulin deficiency,
increased blood glucose levels can prove lethal, and
this condition must be treated with exogenous insulin.
In type 2 diabetes, insulin is produced, but various
biological factors have induced a state of insulin
resistance. Under conditions of low insulin, hormone
sensitive lipase activity is increased, leading to
increased lipolysis and thus ketone body production
[47] (Fig. 3). If the levels of ketone bodies are
allowed to increase, their acidic nature overwhelms
the buffering capacity of blood, decreasing its pH, and
leading to a condition known as diabetic ketoacidosis
(DKA). The production of ketone bodies in this
fashion accounts for the fruity smell on the breath of
patients with diabetes who have poorly controlled
blood sugar (this is due to propanone, which is a
volatile ketone; its boiling point is only 56.5°C) [54].

Although DKA is a more common complication of
type 1 diabetes, it can also occur in type 2 diabetes,
particularly when the patient is experiencing addi-
tional metabolic stressors—e.g., infection, surgery or
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even psychological stress [36]. A similar state of
ketoacidosis can occur in cases of salicylate (aspirin)
poisoning. This arises from the ability of salicylates to
inhibit the enzymes of the TCA cycle (specifically
succinate dehydrogenase and «-ketoglutarate dehy-
drogenase). This leads to increased formation of
lactate, which is then converted into ketone bodies
[32].
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Fig. 3 Control of ketogenesis. The activation of hormone-
sensitive lipase (HSL) by adrenaline via protein-kinase A
(PKA) stimulates lipolysis, liberating molecules of fatty acyl
CoA that are exported from adipocytes to the hepatic tissues.
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Ketogenic diets
General features of a ketogenic diet

A diet high in fat and low in carbohydrate and protein
is generally described as a ‘ketogenic diet’. The
classic ketogenic diet, developed in 1921 by Russell
Wilder at the Mayo Clinic in Minnesota, USA, was
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T mHS
Acetoacetyl-CoA

T MAT
B-Oxidation

Hepatic Mitochondria

Following metabolism by (-oxidation, acetyl-CoA enters the
ketogenic pathway. Conversely, if insulin levels are high, HSL
is maintained in an unphosphorylated form, and is inactive. In
this case, fatty acids are stored as triglycerides
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based on the consumption of fats and carbohydrates
in the ratio of 4:1, with the fat complement consisting
mainly of long-chain saturated triglycerides. In his
early work, Wilder noticed that ketogenic diets had an
anticonvulsant effect in children with refractory
epilepsy (i.e., epilepsy that does not fully respond to
anticonvulsant drugs) [2, 35]. Since production of
ketone bodies is a key feature of ketogenic diets,
Wilder hypothesized that ketones were directly
responsible for the observed anticonvulsant effect.
While it is likely that ketone bodies have some
anticonvulsant role in refractory epilepsy, ketogenic
diets also promote alterations in the production of free
fatty acids [50], amino acids [53], purines [30] and in
the utilization of glucose. In particular, ketogenic diets
appear to promote the production of y-aminobutyric
acid (GABA), a key inhibitory neurotransmitter in the
mammalian brain [52]. The mechanism for increased
GABA production would seem to be linked to the
increased turnover of the TCA cycle, with a
portion of «-ketoglutarate being used for produc-
tion of glutamate, which is then available for
conversion to GABA. The so-called ‘GABAergic
hypothesis’ states that ketosis favors increased
glutamic acid decarboxylase activity, promoting
GABA synthesis and thus dampening hyperexcit-
ability throughout the brain.

Medium-chain triglycerides ketogenic diet

Medium-chain triglycerides are formed from the
esterification of glycerol with medium-chain fatty
acids (between six and 12 carbon atoms in length),
and are found in high abundance in coconut and palm
kernel oils. They are rapidly absorbed into the portal
circulation, and are thus metabolized much faster than
long-chain triglycerides (such as those found in
animal fat). In the 1960s, it was discovered that
medium-chain triglycerides were much more keto-
genic than long-chain triglycerides, and later in 1971,
Huttenlocher introduced a variant of the classic 4:1
ketogenic diet using MCT [22]. Although this diet
offered excellent seizure control in refractory epilepsy,
gastrointestinal side-effects lead to a decline in use.
Despite this, well-administered MCTs diets are associ-
ated with fewer clinical side-effects (kidney stones,
hypoglycemia and acidosis) than classic ketogenic
diets, and the highly ketogenic nature of MCT permits
more carbohydrate intake than the classic ketogenic
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diets, and thus increased palatability. However, the
MCT diet has a number of limitations. Firstly, it is not
suitable for patients taking valproate (a common
antiepileptic drug) since this may increase the risk of
liver failure. Secondly, it takes longer to achieve
seizure control with the MCT diet, since the levels of
MCT oil must be increased slowly to minimize GI
side-effects, and finally, MCT oil is much more
expensive than alternative diet regimens [27], reducing
the availability of such treatments.

The Atkins diet

Of all the high fat low carbohydrate diets, the
Atkins diet is by far the most infamous. Popular-
ized in the early 1990s, the Atkins diet is
essentially a very low carbohydrate diet with the
daily energy requirements being met almost exclu-
sively by fat metabolism. Although a diet high in
fat obviously leads to ketogenesis, the efficacy of
the Atkins diet is now believed to be due to the
restrictive food choice, and not ketogenesis [3].
Early discussions of the Atkins diet proposed that
strict adherence could lead to ketoacidosis [48]. This
was typified by a case report published in the Lancet,
where Chen et al. described a 40-year-old female,
who after following an Atkins style diet for 1 month,
displayed a serum (-hydroxybutyrate concentration
of 390 pug/mL (normal range: 0—44 pg/mL) and an
apparently associated state of ketoacidosis [6].
Although the levels of (3-hydroxybutyrate in this
patient are clearly in excess of the normal range, it could
not promote ketoacidosis, since this can only occur
through insulin deficiency/insufficiency. Multiple
authors [29] highlighted the misleading nature of this
article, pointing out that insufficient detail was provid-
ed to enable correct evaluation of the case report.
Further criticism of Atkins style diets focuses on
the consequences for cardiovascular health, since
many of these diets contain high levels of saturated
fat [8]. In vivo, dietary fat is transported to the liver
by chylomicrons, where triglycerides are repackaged
and secreted as nascent VLDL, which, via. an
extensive delipidation cascade, are metabolized to
low density lipoprotein (LDL). Thus, the higher the
dietary fat intake, the more VLDL will be produced
by the liver, and the more LDL will be generated by
the delipidation cascade. However, the evidence
seems to suggest that Atkins style diets may decrease
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total cholesterol and triglycerides, and increase the
levels of high density lipoprotein (HDL), particularly
in hyperlipidaemic patients. The reasons for this seem
unclear; however, replacing saturated fatty acids with
mono- or polyunsaturated fatty acids is known to
decrease LDL, possibly by increasing its removal
from the circulation [16]. Furthermore, the altered
utilization of acetyl-CoA during ketogenesis may
affect the isoprenoid pathway, resulting in reduced
de novo cholesterol synthesis (c.f. Fig. 1). It would,
therefore, seem that when comparing high fat low
carbohydrate diets, care must be taken to compare
‘like with like’, since even the composition of the fats
consumed in such a diet may have considerable
bearing on whether it increases or decreases cardio-
vascular risk.

Weight loss mechanisms in ketogenic diets

The cellular and biochemical mechanisms responsible
for weight loss in ketogenic diets, such as the Atkins
diet, are still uncertain, despite extensive investiga-
tion. The incongruent results are most likely due to
the prevalence of underpowered studies, since large,
multicenter investigations have reported more consis-
tent findings [25]. Overall, it certainly seems that
initial weight loss can be attributed to dieresis; ketone
body excretion (ketonuria) increases renal sodium and
hence urinary water loss. In addition, glycogenolysis,
which is a prominent feature of the early stage of a
ketogenic diet, is associated with concomitant water
release (for every 1 g of glycogen stored, approxi-
mately 2 g of water are stored also) [9]. Later, weight
loss is more difficult to explain. Some authors have
suggested that ketones act on the satiety center of the
brain and suppress hunger [13], while others believe
that it is simply the physical form of the carbohydrate
consumed that affects satiety [33]. Increased lipolysis
(due to reduced insulin secretion) does promote
weight loss [43], but probably not to a significant
extent. It would seem that the weight loss observed in
such diets follows a biphasic pattern—initial weight
loss is due to metabolic alterations, while later weight
loss is more than likely attributable to restrictive food
choice. The current consensus is that an effective
ketogenic diet should contain slightly more protein
than previously used, and maintain a total fat content
around 30%, and to include approximately 50% low
glycaemic carbohydrate [1]. This dietary profile is

certainly less ‘severe’ than previously reported keto-
genic diets and would undoubtedly improve long-
term compliance due to its increased palatability.

Ketone bodies and oxidative stress
Free radical chemistry and antioxidants

Oxidative stress is a key feature of a variety of
pathophysiological processes, including development
of neurodegenerative conditions such as Alzheimer's
disease, as well as cardiovascular disease. In general,
it can be regarded as an imbalance between oxidant
species (mostly free radicals) and antioxidant defenses
[51]. In biological systems, most oxidants fall into the
category of ‘reactive oxygen species’, which includes
the superoxide (O,") and hydroxyl (HO") radicals,
and singlet oxygen ('O,). The superoxide anion is
produced by a variety of biochemical reactions in
vivo, including the electron transport chain, and it
undergoes spontaneous disumtation to hydrogen
peroxide. In 1894, Fenton first proposed the iron-
catalyzed formation of hydroxyl radicals from
superoxide (ii). However, since any system that
produces superoxide will also produce hydrogen
peroxide, it seems likely that the reducing power
for this reaction is first supplied from the reaction
of iron(IlI) with superoxide (i), and the iron(Il) so-
formed reacts with hydrogen peroxide to produce
hydroxyl radicals in a sequence known as the
Haber—Weiss reaction (iii):

(i) Fe*" +0,” - Fe*" + 0,
(i) Fe*" + H,0, — Fe’" + HO" + HO™
(iii)) 0, + H,0, —» HO" + HO™ + O,.

Hydroxyl radicals produced in this way are
powerful oxidizing agents (E°'=+1.06 V) and lipids,
proteins and nucleic acids are all indiscriminately
oxidized by this species. Taking this into account, it
seems likely that much of the oxidative damaged
inflicted by reactive oxygen species is mediated by
hydroxyl radicals.

The various effects of free radicals can be controlled
to some extent through the presence of antioxidants,
such as ascorbate, x-tocopherol and glutathione. In
general, antioxidants can function through one of two
mechanisms—they can reduce free radical species
through proton donation (proton-donating antioxidants)
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or they can interrupt the free radical chain reaction
which occurs with many biological substrates (chain-
breaking antioxidants). Proton-donating antioxidants
are best represented by water-soluble compounds,
e.g., ascorbate and certain plant polyphenols, while
chain-breaking antioxidants tend to be lipophilic or
amphipathic in nature, and are represented by fat-
soluble compounds such as «-tocopherol and its
analogues (e.g., Trolox). While much of the
oxidative damage observed in vivo occurs through
a free radical chain reaction, both types of
antioxidant appear to operate synergistically to
ameliorate the actions of reactive oxygen species.
This is certainly the case in lipid peroxidation (Fig. 4),
where a-tocopherol reduces lipid peroxyl radicals to
lipid hydroperoxides (iv). The o-tocopheryl radical
formed is then reduced by ascorbate (v), forming

/ o)
c’ — —
N — OH
+02
\ + ROOH
0o=0" o|
—a T OH

Lipid hydroperoxide, cyclic peroxides etc.

Fig. 4 Lipid peroxidation. An unsaturated fatty acid undergoes
free radical attack by hydroxyl radicals, in which an allylic
hydrogen atom is abstracted from a cis-cis pentadiene center,
producing a lipid pentadienly radical, which quickly isomerises
to a cis-trans conjugated diene. Addition of molecular oxygen
forms a lipid peroxyl radical, which may react with a further
unsaturated fatty acid, propagating the chain reaction, or
undergo termination, in which lipid hydroperoxides and cyclic
peroxides are formed as the terminal products of lipid
peroxidation
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dehydroascorbate, which is in turn recycled by
biradical quenching (vi) [19]:

(iv) TOH + LOO" — TO" + LOOH
(v) TO" + AscH — TOH + Asc™
(vi) 2Asc” + H" — Asc + AscH .

By considering these reactions, it is clear that a
defining characteristic of an antioxidant is its ability
to participate in redox reactions, typically by donating
a proton to the oxidative milieu. Ketone bodies
certainly have the ability to act as Brensted—Lowry
acids (pK,'s ~4.7), and taking into account that
reduction of acetoacetate to D-3-(-hydroxybutyrate
has E°'=—0.291 V [26], it is tempting to speculate
that this species could reduce the «-tocopheryl
radical, for example. Indeed, a quick calculation for
this system gives AE°’=+ 0.209 V, which would be
thermodynamically favorable under physiological
conditions. Thus, it seems that ketone bodies have
the chemical potential to be effective antioxidants.
However, the experimental evidence is far from
persuasive.

Ketone bodies—antioxidant or prooxidant?

In 1904, Holleman [21] demonstrated that pyruvate
(an «-keto acid) could react with hydrogen peroxide
to produce water, and thus function as an antioxidant:

CH3;COCOOH + H,0, — CH3COOH + H,0 + COa,.

Taking this into consideration, it seems likely that
ketone bodies could also act as antioxidants, since
they share a certain amount of structural homology
with pyruvate (ketone bodies are (-keto acids).
Accordingly, it is possible that ketone bodies may
confer an ‘antioxidant effect’ and thus prove benefi-
cial in pathologies associated with oxidative stress,
such as Alzheimer's disease, cardiovascular disease
and cancer.

Unfortunately, the experimental evidence for an
antioxidant role of ketone bodies is conflicting, and it
would seem that a division lies between experiments
conducted in vivo and those conducted in vitro. For
example, Haces et al. [18] investigated the free radical
scavenging properties of acetoacetate and 3-[3-
hydroxybutyrate against six reactive oxygen species.
Their findings demonstrated that acetoacetate was
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Fig. 5 Decarboxylation of acetoacetate. Acetoacetate may be
stabilized by weak electrostatic interactions with a metal ion, M
(II), which promotes decarboxylation independently of Schiff-
base formation (as in an enzyme-mediated mechanism). The

able to quench the activity of singlet oxygen,
hypochlorous acid and peroxynitrite, while 3-f3-
hydroxybutyrate was only able to quench the activity
of hydroxyl radicals. When this was extended to a rat
model, it was found that 3-3-hydroxybutyrate ame-
liorated lipid peroxidation in the rat hippocampus,
which was attributed to either restoration of the ATP
supply, or a direct antioxidant effect. However, since
acetoacetate can also supplement ATP production,
and this latter compound showed no significant effect
on lipid peroxidation, it would seem likely that some
other ‘antioxidant’ property of 3-{3-hydroxybutyrate
was responsible.

It has been shown elsewhere [23] that acetoacetate
increases lipid peroxidation in human endothelial
cells. In this investigation, Jain et al. demonstrated a
dose-responsive relationship between acetoacetate
concentration and the formation of superoxide, which
was significantly enhanced by iron(II) ions. The
authors suggest that iron(II) catalyzes the addition of
two protons across both carbonyl groups of acetoace-
tate, followed by autooxidation, releasing hydrogen
peroxide. Although the involvement of a reactive enol
intermediate is an appealing idea, such a mechanism
would be more likely to lead to the decarboxylation of
acetoacetate, producing propanone and carbon
dioxide. Taking into account that the carbon
dioxide so-produced could then react with perxoy-
nitrite to form (inter alia) nitrocarbonate anions
[41], we could speculate that it is the metal-catalyzed
formation of carbon dioxide which may actually be a
source of oxidative stress (Fig. 5). This may also go
some way to explain why 3-f3-hydroxybutyrate
appears more ‘antioxidant’, while acetoacetate seems
more ‘prooxidant’.

A role for ketone bodies in improving mitochon-
drial function and reducing systemic oxidative stress

_M(I1y M

— O) -— o

~ N PR
COz + ONOO" - ONOOCOO"

product would predominately exist as the keto tautomer,
propanone. The carbon dioxide formed in the process may
react with peroxynitrite, forming a variety of radical species,
including the nitrocarbonate anion

has been identified [7], and a state of ketosis has also
been shown to be favorable in Alzheimer's disease,
ostensibly through a similar mechanism [49]. The
pathophysiology of Alzheimer's disease involves the
formation and deposition of 3-amyloid, which may be
initiated by an inappropriate inflammatory response. In
murine models of the disease, a ketogenic diet rich in
saturated fats and low in carbohydrates has been shown
to reduce the formation of (3-amyloid [42], which may
be linked to the increased expression of monocarbox-
ylic acid transporter-1 (MCT-1) [34], which will help
maintain a positive energy balance in the brain. Of
further interest are the high levels of iron and copper
present in the Alzheimer's brain, both capable of
undergoing Haber—Weiss chemistry to produce hy-
droxyl radicals, which may be subsequently involved
in oxidative modification of biomolecules [24]. In
light of these and similar findings, it would seem
prudent to move towards an ‘oxidative hypothesis’
for Alzheimer's disease, in which ketogenic diets
may have a role to play.

The antioxidant/prooxidant dichotomy of ketone
bodies is most likely due to the vastly complex nature
of mammalian metabolism. While chemically a
ketone body may have the potential to act as an
antioxidant, e.g., by reducing hydroxyl radicals, the
metabolism of ketone bodies in vivo may actually
result in more free radicals being formed, thus tipping
the balance towards a state of oxidative stress. This
latter conjecture is consistent with the increased
synthesis of glutathione? observed during ketone

Z Glutathione (y-glutamylcysteinylglycine) has the largest
negative reduction potential found in vivo (E°'=—-1.5 V)
making it the most potent naturally occuring antioxidant in
biological systems. See Ref. [4] for an excellent treatment of
the thermodynamics of reduction by glutathione.
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body metabolism—a metabolic attempt at maintaining
the balance between oxidants and antioxidant defenses.
Therefore, although explorations of ketone bodies'
chemistry may help us understand the mechanisms
involved, it is their physiological role which is
ultimately important.

Conclusion

Mammalian metabolism is a complex series of
interrelated biochemical pathways, each exerting
considerable influence on one another. During reduced
glucose availability (or uptake), ketone bodies serve as
the primary currency of fat-derived metabolic fuel. Yet
despite almost a century of investigation and clinical
use, the molecular mechanisms involved in ketogenic
diets are still poorly understood. The ancient physicians
of the classical world were strong advocates of the
ketogenic diet, even though they had no awareness of
ketone body metabolism. Among them, the royal
physician Erasistratus said that “one inclining to
epilepsy should be made to fast without mercy and be
put on short rations” [40]. While it would no longer be
considered good dietetic practice to make someone
“fast without mercy”, the manipulation of the diet to
increase ketone body production still has clinical
applications in epilepsy, but if we are to fully
understand the anticonvulsant effects afforded by these
diets, considerable effort must be made to elucidate the
underlying mechanisms.
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