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Abstract

In the past decade, ketogenic diet (KD) has gained some popularity as a potential treatment for a wide range of diseases, includ-
ing neurological and metabolic disorders, thanks to a beneficial role mainly related to its anti-inflammatory properties. The high-
fat and carbohydrate-restricted regimen causes changes in the metabolism, leading, through the b-oxidation of fatty acids, to the
hepatic production of ketone bodies (KBs), which are used by many extrahepatic tissues as energy fuels. Once synthetized, KBs
are delivered through the systemic circulation to all the tissues of the organism, where they play pleiotropic roles acting directly
and indirectly on various targets, and among them ion channels and neurotransmitters. Moreover, they can operate as signaling
metabolites and epigenetic modulators. Therefore, it is inappropriate to consider that the KD regimen can improve the patients’
clinical condition simply by means of specific and localized effects; rather, it is more correct to think that KBs affect the organism
as a whole. In this review, we tried to summarize the recent knowledge of the effects of KBs on various tissues, with a particular
attention on the excitable ones, namely the nervous system, heart, and muscles.
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INTRODUCTION

The ketogenic diet (KD) is an unbalanced high-fat, re-
stricted-protein, and low-carbohydrate diet that simulates
a starvation condition and forces the metabolism to use
lipids as primary energy source. In KD, the relative glucose
deprivation and the elevation in circulating free-fatty
acids (FFAs) result in the production of ketone bodies
[KBs, b-hydroxybutyrate (bHB), acetoacetate (ACA), and,
the least physiologically abundant, acetone] generated by
the liver through FFAs b-oxidation, and therefore, KBs
replace glucose as peripheral primary energy source.
When the organism is in this metabolic condition, the few
residual circulating carbohydrates are used by erythro-
cytes as they lack mitochondria and thus cannot use KBs.
The interplay of KBs hepatic production and extrahepatic
utilization sets their systemic levels (Fig. 1), and total circu-
lating KB concentration in healthy adult humans normally
exhibits circadian oscillations (Fig. 2). KB metabolism occurs
principally in the mitochondria; in particular, the activity of
the oxoacid CoA-transferase 1 is highest in heart and kidney,
followed by skeletal muscle and brain. However, since skeletal
muscle accounts for �40% of body mass in adult humans, it
is responsible for the highest fraction of total KB metabolism
at rest (1).

CELLULAR TRANSPORT OF KBs

KBs are transported by monocarboxylate transporters
(MCTs) that are membrane proteins with a core domain
formed by 12 transmembrane segments and ubiquitously
expressed in mammalians. MCTs catalyze the transport of
short-chain monocarboxylates, usually carrying two or three
keto groups (pyruvate, ACA) or hydroxyl groups (lactate,
bHB), and because this transport is proton-coupled, they
also have a role in the acid-base balance. MCT isoforms differ
for substrates and inhibitors affinity, expression regulation,
intracellular localization, and tissue distribution (2). MCT1 is
expressed in the endothelial cells, ependymocytes, and
astrocytes, MCT4 in astrocytes, andMCT2 almost exclusively
in neurons (3). MCT1 and MCT4 have also been found in the
heart and the skeletal muscle (2): MCT1 is highly represented
in slow oxidative type I fibers (1), such as soleus, whereas
muscles with a higher proportion of fast-twitch glycolytic
fibers, such as the semimembranosus and semitendinosus,
are enriched inMCT4 (3).

The majority of smooth muscle (SM), including the fibers
of the gastrointestinal, female genital tracts, and blood ves-
sels, express MCT1 (3), however, MCT3 was also identified in
primary aortic SM cells and MCT4 in the vascular SM of the
ocular tissues (3).
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Compared with FFA oxidation, KBs are more energetically
efficient and therefore ensure a higher level of energy con-
tent to be used for ATP synthesis per molecule of oxygen
invested (i.e., P/O ratio �2,33 for FFAs and �2,50 for KBs,
where P/O represents the ATP produced per oxygen atom
reduced) (2). Apart from serving as energy fuels for extrahe-
patic tissues, KBs also play pleiotropic roles acting as signal-
ingmetabolites or as epigenetic modulators (1).

THERAPEUTIC USE OF KD

The rationale behind the use of KD as a therapeutic option
is that the human body already physiologically exploits KBs
as an immediate and alternative fuel for brain, heart, and
muscles during brief periods of fasting. The classic KD

provides 90% fats, 6% proteins, and 4% carbohydrate (or
eventually 80%, 15%, and 5%, respectively). However, due to
its highly restrictive nature, patient’s ease of producing KBs,
and to possible side effects, othermoremoderate approaches
suggest more conservative ratios of fats/proteins/carbohy-
drates as in the Modified Atkins Diet (MAD; 70/25/5), in the
medium chain triglyceride (MCT)-based KD (70/10/20) or in
the Low Glycemic Index (LGI)-based KD (45/28/27) (4).

KD BLUNTS CELLULAR HYPEREXCITABILITY

KD decreases states of hyperexcitability by acting on vari-
ous targets, such as ion channels, neurotransmitters, and the
astrocyte-neuron lactate shuttle (5) (Fig. 3). Due to historical
reasons, most of the studies on KD and hyperexcitability
have focused on the central nervous system (CNS), however,
since themolecular targets are also present in other excitable
tissues, similar conclusions can be reasonably extended to
these additional tissues too.

When the organism is in a KD regimen, the body’s pH buf-
fering capacity is transiently decreased due to the lower bi-
carbonate levels and this leads to significant acidosis. The
extracellular acidic environment promotes the activity of
acid sensitive ion channels (ASICs), with the subsequent
activation of sodium and calcium inward currents causing
calcium overload. However this action is counteracted by a
direct inhibition exerted by KBs on the opening of ASICs, as
it has been demonstrated in rat hippocampal neurons at pH
6.0, displaying a neuroprotective role and reducing neuronal
excitability (6).

ATP-sensitive Kþ channels (KATP) are metabolic sensors
modulated by the intracellular ATP/ADP ratio. In a ketogenic
regimen, KATP opening probability increases because of a
decrease in glycolytic ATP production due to a higher bHB
concentration. Those researchers, who focus their attention
on the KD-induced mitochondrial biogenesis and activity,
thus supporting the idea of an increase in ATP cellular con-
tent, instead suggest that KBs favor the ATP cellular efflux
via pannexins junctions and its subsequent degradation to
adenosine, which, in turn, activates adenosine A1 receptors
that increase KATP channels activity (5). In both the cases,
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Figure 1.Overview of the metabolic pathways
of ketone body (KB) metabolism in liver and in
extrahepatic tissues. When fats and carbohy-
drates degradation are balanced, equal levels
of acetyl-CoA and oxaloacetate (OAA) are
produced and enter the Krebs cycle. When
carbohydrates uptake is limited, OAA is used
to produce glucose, thus is unavailable to
react in the Krebs cycle with acetyl-CoA, that,
in turn, is diverted to ACA and bHB produc-
tion. KBs represent a transport form of acetyl-
CoA, usable by any tissues having the ma-
chinery of ketolysis (conversion of KBs back
to acetyl-CoA) and the ability to oxidize ace-
tyl-CoA in the Krebs cycle (38). KBmetabolism
occurs principally in the mitochondria and is
catalyzed by 3-hydroxybutyrate dehydrogen-
ase type 1 (BDH1), acetyl-CoA acetyltransfer-
ase 1 (ACAT1), and 3-oxoacid CoA-transferase
1 (OXCT1). [Reprinted from Evans et al. (1) with
permission fromWiley and Sons.]
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Figure 2. Plasma ketone body (KB) concentrations. Total circulating KB
concentration in healthy adult humans normally exhibits circadian oscilla-
tions between approximately 100–250mM, they increase to 1mM after
24h of fasting or prolonged exercise and elevate to 7–9mM with pro-
longed fasting (17–24days). Postexercise, the serum KBs can achieve con-
centrations of 1–2mM and accumulate as high as 40mM in pathological
state. During KDs, their level exceeds 500mM and can increase up to
5mM. Ketonemia, an abnormal increase of circulating KBs, could degen-
erate in ketoacidosis if uncontrolled KBs production causes a dangerous
dip in blood pH. [Reprinted from Evans et al. (1) with permission from Wiley
and Sons.]
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the increase in KATP function raises the resistance to seizures
in vivo.

KBs modulate the voltage-gated Ca2þ channels: in partic-
ular, they inhibit the Ca2þ influx in CA1 pyramidal cells and
reduce excitatory postsynaptic currents (EPSC). This action
is particularly relevant when the brain is in a hyperexcitable
state (7). In glial cells, instead, KBs cause elevations in cyto-
solic Ca2þ through L-type Ca2þ channels (8). N-type Ca2þ

channels in sympathetic nerve terminals are coupled to the
G-protein through the fatty acid receptor FFA3 that can be
positively or negatively modulated by bHB yielding contro-
versial results (8, 9).

M-current is a low voltage-activated potassium current
mediated by the KCNQ channels. Its activation strongly
antagonizes membrane depolarization and neuronal firing,
whereas its suppression increases both. Medium chain fatty
acids (MCFAs) present in a ketogenic regiment maintain this
current as active, thus contributing to the control of the cel-
lular excitability (3).

Chronic ketosis indirectly affects the Krebs cycle by lower-
ing the level of the excitatory glutamate and increasing the
synthesis of the inhibitory c-aminobutyric acid (GABA).
Glutamate is recovered by astrocytes from the synaptic
space, it is converted to glutamine and as such it is exported
to neurons, where it is transformed into GABA in a reaction
that requires oxaloacetate (OAA). KD enhances OAA avail-
ability leading to an enhanced GABA synthesis (10). Other
inhibitory neurotransmitters, such as adenosine, can be
involved. In a mouse model of pharmacoresistant epilepsy,
KD activates adenosine A1 receptors thus suppressing
chronic seizures (5). KD also inhibits the synaptic excitation
mediated by ionotropic glutamate receptors, including
amino-3-hydroxy 5-methyl-4-isoxazole-propionate (AMPA)
receptors. Indeed, decanoic acid (DA), a saturated FFA pro-
vided in MCT-KD, penetrates the blood-brain barrier and
exerts a direct antagonism on AMPA receptors, which deter-
mines a reduction of the inward currents and thus of cellular
excitability. At a concentration comparable with the one
found in children exposed to the MCT diet, the DA reduces
EPSCs in CA1 pyramidal neurons with a voltage-dependent
effect, suggesting stronger inhibitory activity during pro-
longed seizures (11, 12).

As mitochondrial dysfunctions seem to be potentially pro-
epileptic, the KD clinical benefits might also be associated
with its effects on mitochondria. Indeed, in murine

hippocampal neurons, the application of bHB or of DA pro-
motes the activity of sirtuins, leading to the activation of mi-
tochondrial respiratory chain enzymes. In vivo studies are
needed to confirm this as a potential mechanism of action of
KD (13).

Beyond the effects on ketones metabolism and on their
circulating concentrations, the high-fat content of KD ele-
vates FFAs levels in the body, including those of polyunsatu-
rated FFAs (PUFAs). Although the cellular mechanisms are
still unclear, KBs and PUFAs play a major role in the activa-
tion of pathways contributing to control excitability (14).

KD IN THE CNS

KBs become a source of energy for the CNS when their
concentration achieves 4mmol/L (15). KD forces the brain, a
highly energy-dependent organ consuming at least 20% of
the body’s total caloric needs (16), to use KBs.

KD Application in Several Form of Epilepsy

From 1990s, KD has become an established therapy for re-
fractory epilepsy due to its capability to significantly decrease
seizures frequency therefore improving the patients quality of
life (17). The anticonvulsant effect observed during MCT-KD
may be explained byMCFAs indirect actions in preserving the
M current, thus preventing aggravation of seizures (18).

In pediatric patients affected by Dravet syndrome and
receiving KD treatment, a reduction of seizures frequency
higher than 50% was observed in association with improved
language ability, cognitive and motor functions, and behav-
ior; only limited side effects were reported (19). This evi-
dence thus suggests that KD might be a good therapeutic
option. Interestingly, a recent study in developmental and
epileptic encephalopathy pediatric patients demonstrated
that the efficacy of KD in reducing seizures could differ
based on which gene was causative of the disease (20).
However, despite a further meta-analysis confirmed KD effi-
cacy in drug-resistant epilepsy in children, some doubts
arise in adults because of a lack of clear evidence (21).

Even though the majority of the studies support KD
administration in epileptic patients, we should not disregard
that KD may also affect cardiac electrical activity. Indeed,
QTc prolongation was observed in children with drug-resist-
ant epilepsy treated with KD, but the correlation involved
also systemic acidosis, low serum bicarbonate, and selenium
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Figure 3. Schematic illustrations to tie the mechanisms by which ketogenic diet (KD) alleviates different disease symptoms. Metabolic effects of KD are
shown in blue, the pathways involved in yellow, and the neuroprotective effects in green.
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deficiency (22, 23). Conversely, children with drug-resistant
epilepsy receiving KD, controlled supplementation and sta-
ble serum KB concentration (4–5mM) and revealed no alter-
ations of the ECG indexes associated with cardiac
repolarization. This evidence thus suggests that serum pa-
rameters as well as ECG recording (24, 25) should be con-
stantly and carefully monitored in pediatric patients on KD .
Furthermore, patients (and particularly adults) under long-
termKDmay develop a susceptibility tometabolic and cardi-
ovascular disorders due to the increasing risk to develop in-
sulin resistance (26) and alteration in thyrodic function (27).
Finally, gastrointestinal adverse effects are common in epi-
leptic children, especially during the first phases of KD
administration; also, metabolic abnormalities and renal
adverse effects have been reported (4).

KD Effects in Migraine, Autism, and Alzheimer’s Disease

Similarly to epilepsy, KBs reduces cerebral excitability and
influence migraine pathophysiology on several levels: for
example, it probably reduces macrophages-induced inflam-
mation during migraine attacks (28) and the oxidative stress
caused by reactive oxygen species (ROS). Indeed, KBs
enhance mitochondrial functions, reduce H2O2 production,
and promote antioxidants and detoxification enzymes syn-
thesis (29).

A recent 6-mo-long study on the autism spectrumdisorder
enrolled 45 children, equally divided into three groups. One
group received a balanced nutrition whereas another
received MAD; in the MAD groups 10 patients showed cogni-
tion and sociability improvements. Unfortunately, the drop-
out rate was high since five patients left the study due to
poor compliance to the diet. The third group was treated
with gluten-free and casein-free diet. These children showed
a partial improvement of symptoms similarly to the MAD-
group. It was thus concluded that both diet regimens may be
good alternative therapeutic options (30). In a mouse model
of autism, KD administration showed an antimicrobial effect
and a compositional remodeling of the gut microbiome
which has recently been recognized as an important element
in brain health (31).

KBs act as neuroprotectors through several mechanisms in
Alzheimer’s disease (AD) as they reduce the glutamate con-
centration, stabilize the synaptic functions due to enhanced
mitochondrial biogenesis, and alleviate the effects of impaired
glucose metabolism due to mitochondrial dysfunction,
inflammation, and oxidative stress. Furthermore, KBs reduce
the deposition of amyloid plaques by reversing Ab toxicity, as
shown in vitro in rat hippocampal neurons, and ameliorate
cognitive performance and memory (32). Moreover, bHB
inhibits the NLR family pyrin domain containing 3 (NLRP3)
inflammasome and reduces AD pathology in an AD mouse
model (33). Metabolic ketosis decreases ROS production and
improves mitochondrial respiration (34, 35). The neuroprotec-
tive anti-inflammatory activity of KD is exerted also by con-
trolling the activation of the NF-kB and the expression of the
iNOS (35) and by increasing the levels of neurotrophic factors
(BDNF, GDNF) and of proteins that prevent aggregation of
potential toxic polypeptides (15). In the clinical practice, the
feasibility of the administration of this dietary regimen may
be challenging in AD patients because their memory

difficulties cannot guarantee compliance and the presence of
disease symptoms, like disturbances in the senses of taste and
smell and/or behavioral disorders, may prevent food con-
sumption. Furthermore, energetic deficits may arise; indeed,
KD may induce an insufficient protein supply, leading to ca-
tabolism of structural proteins and eventually worsening of
sarcopenia, a common condition among elderly people (15).

KD IN THE PERIPHERAL NERVOUS SYSTEM

Similar to seizures, chronic pain is also thought to induce
a general increase in neuronal excitability and KD display
species-specific hypoalgesic effects as it prolongs thermal
pain latency in juvenile and adult rats, but not in mice. This
effect was unlikely due to a direct acute effect of KBs on mo-
lecular targets underlying thermal pain sensitivity, as at least
10 wk of ketogenic regimen were necessary for rats before
showing hypoalgesia (36). Nevertheless, the presence of a
direct KD/pain relationship is still controversial: some posi-
tive effects were observed on allodynia in a mouse model of
neuropathic pain, but no benefits were reported in a chemo-
therapy-induced neuropathymodel (36).

KD IN THE HEART

The heart has the highest energy expenditure and oxida-
tive demand; at rest its metabolic rate exceeds 400kcal/kg/
day (33-fold higher than skeletal muscle, 14,5 kcal/kg/day,
and 1.8-fold higher than the brain, 240kcal/kg/day) (37) and
its ATP turnover ranges between 6 kg/day and 35kg/day,
with 70% of energy supply originating from FFAs oxidation.
Under physiological conditions, the heart is omnivorous and
flexible: it oxidizes KBs in proportion to their delivery, at the
expense of FFAs and glucose oxidation (38, 39).

Preliminary studies indicate that the combination of KBs
with glucose elicits a higher cardiac efficiency relative to glu-
cose alone (40). In addition, KBs seem to have cardioprotec-
tive effects in ischemia/reperfusion injury probably because
they induce a reduction of myocardial oxidative stress. In
murine models, a pre- or postischemia increase in KBs limits
myocardial infarct size and apoptosis, improves postisch-
emic recovery of contractile function, and decreases the du-
ration of ventricular tachycardia during the early reperfus-
ion (41).

KD Effects in Pathophysiological States Leading to
Cardiac Dysfunction

According to a recent study (42), KD improves cardiac
function and alleviates cardiac remodeling in diabetic mice
with a significant diabetic cardiomyopathy. In particular, KD
regulates mitochondrial morphology, number and size, pre-
vents mitochondrial fission and improves their function,
suppresses oxidative stress, attenuates cardiomyocytes apo-
ptosis, increases left ventricular ejection fraction, and nor-
malizes left ventricular internal dimension.

In cardiac diseases, such as heart failure (HF), the heart
changes its preferences in fuel utilization. Plasma KBs con-
centration increases, probably as an adaptive process to sup-
ply energy for cardiac metabolism during stress, modifying
the general myocardial metabolic state, and contributing to
myocardial ROS decrease (39) and to mitochondrial quality
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control (43). In the mouse model of HF and in the failing
human heart, metabolomic profiles indicate a rise in KBs ox-
idation. Whether HF benefits from KD is still controversial:
although ketosis can be considered a potential instrument to
improve cardiac function, the perfusion of ACA decreases
contractile function in rat heart (38, 44).

KD Effects in Pathophysiological States Altering Cardiac
Electrical Activity

Even if acidosis promotes the activity of ASICs channels,
hence in line with the risk of a QT prolongation, the blocking
action by bHB on these channels and the activation of KATP

should promote cardiomyocytes repolarization. Despite this
reasoning, KD has a negative impact on long QT syndrome,
probably due to heart metabolic changes: a woman with con-
genital asymptomatic LQT2 followed 3wk of KD during
which four severe cardiac episodes occurred, even if serum
KBs were normal. When she resumed a regular diet, no fibril-
lation events occurred and the ECG showed a decreased QTc
(45). Indeed, KDmust be avoided in the presence of baseline
ECG abnormalities as it might potentially raise the risk of
malignant arrhythmias even during pregnancy, breastfeed-
ing, and in elderly people (12, 15, 17, 46).

KD IN SKELETAL AND SMOOTH MUSCLE

Skeletal muscle has a high affinity to KBs but, because of
their low circulating concentrations under normal condi-
tions, the contribution to energy provision in muscle is less
than 5% and FFAs are the main source (1). Therapeutic keto-
sis shows an overall anticatabolic potential in healthy skele-
tal muscle, especially during inflammation-related muscle
atrophy (47). In a mouse model for late-onset mitochondrial
myopathy with a mitochondrial respiratory chain dysfunc-
tion, long-term KD reduces the number of COX-negative
fibers, a hallmark of muscular dysfunction, induces mito-
chondrial biogenesis, and rescues mitochondrial ultrastruc-
ture (48). Acute, subchronic, and chronic exposure to KD
(and to ketone supplementation) also improves motor per-
formance of rodents at various levels based on strain, spe-
cific ketone formulation, age, and exposure frequency/time
after administration (49).

In physiological condition, the ability to use KBs is
increased in exercise-trained skeletal muscle because of an
increased ketolitic activity. However, ketolitic enzymes ac-
tivity varies among the different types of skeletal muscle
fibers. Moreover, KBs regulate metabolic processes and act
as signaling metabolites to regulate gene expression (1). The
metabolic and training status and the intensity of exercise
affect KBs metabolism during exercise (1) but the KD regi-
men does not clearly ameliorates endurance exercise per-
formance both in trained athletes and in obese individuals,
although it facilitates weight loss. Moreover, KD is ineffec-
tive in increasing anaerobic performance in athletes (40).

SM cells use glucose as primary energy substrate, but they
can also oxidize other substrates such as KBs. When vascular
SM is incubated in a medium containing a mixture of sub-
strates, the oxidation of one single substrate does not
account for more than 8% of the total oxygen consumption.
Thus, the oxidation of a particular substrate may parallel its

concentration. Some recent results suggest that bHB may
delay vascular aging by exerting antisenescence effects in
vascular cells. Indeed, bHB suppress the expression of
markers of senescence-associated phenotype (IL-6 and IL-1a)
and increase the expression of Oct4, a regulator of pluripo-
tency, in embryonic stem cells in human aortic SM cells
exposed to a senescence-generating stimulus and in middle-
agedmice (50).

SHOULD WE ALL FOLLOW A KETOGENIC
REGIMEN?

KD is a well-established nonpharmacological treatment in
neurological and metabolic disorders, however, its use is
increasingly recommended also in several other diseases. KD
therapy may induce an improvement of the clinical condi-
tion of patients by acting on common targets; for example, it
reduces neuronal excitability in epilepsy, migraine, and
chronic pain; decreases inflammation in migraine and AD;
acts on mitochondrial dysfunctions in epilepsy, migraine,
AD, diabetic cardiomyopathy, HF, and muscular dysfunc-
tions; and ameliorates cellular oxidative stress in AD, ische-
mia/reperfusion, diabetic cardiomyopathy, and HF. How-
ever, its effectiveness is heterogeneous among the popula-
tion, and this is likely also associated with its organoleptic
attractiveness that may compromise long-term adherence of
patients to dietary recommendations. The possibility to pre-
dict whether a patient might be a responder or a nonres-
ponder to KD is an interesting goal to pursue to ensure a real
improvement in the single patient’s quality of life in a vision
of a true personalized medicine. Based on current evidence,
it seems reasonable to recommend a patient-to-patient tai-
loring made by an experienced physician that will prescribe
a mandatory complete medical evaluation: physical exami-
nations, liver, thyroid, kidneys, and heart functions together
with serum chemistry panel to be performed as KD may
inducemetabolic, gastrointestinal, and renal side effects.

Though they are a natural fuel source that the body most
likely exploited during eras when primal diets were custom-
ary, KBs represent a heterogenous and still relatively new
and controversial phenomenon in research. Indeed, avail-
able studies involve small patient’s cohorts and cover only
short-term studies, and thus further research is needed
before drawing definitive conclusions.
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