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Ketogenic diets and orally administered exogenous ketone supplements are

strategies to increase serum ketone bodies serving as an alternative energy

fuel for high energy demanding tissues, such as the brain, muscles, and the

heart. The ketogenic diet is a low-carbohydrate and fat-rich diet, whereas

ketone supplements are usually supplied as esters or salts. Nutritional ketosis,

defined as serum ketone concentrations of ≥ 0.5 mmol/L, has a fasting-

like effect and results in all sorts of metabolic shifts and thereby enhancing

the health status. In this review, we thus discuss the different interventions

to reach nutritional ketosis, and summarize the effects on heart diseases,

epilepsy, mitochondrial diseases, and neurodegenerative disorders. Interest

in the proposed therapeutic benefits of nutritional ketosis has been growing

the past recent years. The implication of this nutritional intervention is

becoming more evident and has shown interesting potential. Mechanistic

insights explaining the overall health effects of the ketogenic state, will lead

to precision nutrition for the latter diseases.

KEYWORDS

nutritional ketosis, ketogenic diet, ketone bodies, precision nutrition, ketone
supplementation

The ketogenic diet and its metabolic effect

Caloric restriction and various forms of fasting (intermittent fasting, time restricted
eating, periodic fasting) showed extension of lifespan in animals and reduced
rates of several diseases, especially metabolic diseases, and cancers (1, 2). Fasting
elicits evolutionarily conserved, adaptive cellular responses that reduce free-radical

Abbreviations: AD, Alzheimer’s disease; ALS, Amyotrophic lateral sclerosis; APOE, Apolipoprotein E;
ATP, adenosine triphosphate; βHB, beta-hydroxybutyric acid; FA, fatty acids; GABA, gamma-
amino butyric acid; KB, ketone bodies; KD, Ketogenic diet; MAD, Modified Atkins diet; MCT,
medium-chain triglyceride; MS, multiple sclerosis; PD, Parkinson’s disease; PEO, progressive external
ophtalmoplegia; PPAR, peroxisome proliferator activated receptor; PUFA, polyunsaturated fatty
acids; RCT, randomized controlled trial; ROS, reactive oxygen species; SGLT2, sodium-glucose
cotransporter-2; UCP, uncoupling proteins; VLCKD, very-low-carbohydrate ketogenic diet.
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production, improves glucose regulation, increases stress
resistance, suppresses inflammation, and causes weight loss.
In recent years carbohydrate restriction is gaining popularity
and attention. Benefits for general health can be weight
loss and improved glucose tolerance, but also better blood
pressure control and cholesterol profile (3). It is still unclear
whether (neuro) protective effects are associated with an overall
reduction in calories (hypocaloric diet) or rather by specific
nutrient restriction (diet restriction).

The human body is adapted to survive these periods
with no or limited food availability by adapting its substrate
preference to sustain bodily functions. During fasting and
starvation, but also with carbohydrate restriction, or prolonged
intense exercise, the body is stimulating lipid utilization from
lipid reserves by mitochondrial beta-oxidation. Whole-body
fat oxidation rates increase twofold to threefold (4). The
mitochondria of the liver start producing ketone bodies as an
alternative fuel source to replace glucose. These ketone bodies
(KB), including acetoacetic acid (acetoacetate), acetone and
beta-hydroxybutyric acid (βHB), can be utilized by the brain,
heart and skeletal muscle through the citric acid cycle (Krebs
cycle) and act as an energy source when glucose is not readily
available (see Figure 1) (5–7). β-hydroxybutyrate provides
more adenosine triphosphate (ATP) per mole of substrate than
pyruvate for brain and muscle tissue [for more details on
the biochemical signaling, we recommend ref (5)]. Ketosis,
referred to by Hans Krebs as “physiological ketosis,” is defined
as blood βHB concentrations of ≥ 0.5 mmol/L. The maximum
concentration of KB is around 8 mmol/L in undisturbed
glucose metabolism while blood pH remains unchanged. Upon
refeeding, the presence of insulin and reduction of glucagon
will reduce lipolysis and diminish the ketogenetic flux in the
liver (8). Besides starvation, also diets low in carbohydrate
content can be used to reach a state of ketosis (see Table 1).
The latter carbohydrate restricted diets vary in their proportion
of carbohydrates. The challenge, however, has been to raise
circulating KB levels by using a palatable diet without significant
elevated concentrations of plasma cholesterol and free fatty acids
(FA). The classic or standard long-chain triglyceride ketogenic
diet contains high fat vs. low carbohydrate and low protein
content with a 4:1 ratio of fat to protein plus carbohydrate
(in grams). Lower ratios can be used to improve adherence.
Another strategy to improve adherence is to include days
in which more carbohydrates are added to the diet (cyclical
ketogenic diet). Targeted ketogenic diet is similar to a standard
ketogenic diet except that carbohydrates are consumed just
before exercise. Lower ratio with increase in protein content
(high protein ketogenic diet) can also be helpful to increase
adherence. A very-low-carbohydrate ketogenic diet (VLCKD) is
usually referred to as a standard ketogenic diet. Modified Atkins
diet (MAD) is adapted from Atkins weight reduction diet in
which carbohydrate intake is restricted to 10–20 g/day. Ratio’s
between fat to protein plus carbohydrate range typically between

1:1 and 1.5:1, but can reach 4:1. The third type ketogenic diet is
the medium-chain triglyceride (MCT) diet. It follows the outline
of standard ketogenic diet, but instead of using long-chain
triglycerides, medium chain (C6–C12) triglycerides are used
since these triglycerides are more ketogenic. Calorie intake is
calculated based on the percentage of energy derived from MCT.
A fourth strategy is to minimize glycemic increases by higher
amounts of carbohydrates with low glycemic index (< 50). This
low glycemic index (LGI) diet allows more carbohydrate than
either the classic ketogenic diet or the modified Atkins diet and
causes more stable glucose levels.

Adverse reaction during initiation of the diet as a result
of the low glucose levels is termed “keto-flu” and consists
of headache, weakness, irritability, constipation, nausea, and
vomiting. Symptoms can vary and often diminish after a week
of diet. Due to reduction of total calorie intake, since high fat
diet is less palatable and fat has a weak effect on satiation,
weight loss and anorexia often occur. Polyunsaturated fatty
acid intake and reduced intake of cholesterol is important to
prevent elevated cholesterol and triglycerides levels associated
with atherogenic risk, especially during long-term use of the
ketogenic diet (9). Supplementation of omega 3-fatty acids can
prevent hyperlipidemia and improve fatty acid profile (10).
Gut microbiome alterations in its composition can result in
gastrointestinal discomfort, and certain species (Akkermansia,
Bacteroidetes, Firmicutes, Muciniphila, Lactobacillus) increase
production of short-chain FAs like acetate, propionate and
butyrate (11). It is important to avoid malnutrition and
include an adequate intake of macro- and micronutrients. Low-
carbohydrate diets are often low in thiamin, vitamin B6, folates,
vitamin A, vitamin E, calcium, magnesium, iron or vitamin K.
There is a reduced bone- and calcium (Ca) metabolism and
a risk for developing hypercalciuria and kidney stones (12).
Urine analysis and urine calcium creatinine ratio should be
analyzed during KD. Good hydration minimizes the risk of
stone formation. Mild carnitine depletion occurs in the first
months of diet treatment and stabilize or restores slightly with
long term treatment (13).

KB can also arise in pathological conditions without
carbohydrate restriction. In relative or absolute insulin
deficiency, as can occur in diabetic patients, glucose cannot be
transported into liver cells, resulting in KB production in the
liver (diabetic ketoacidosis). With excessive long-term alcohol
consumption an alcoholic ketoacidosis can occur. Hepatic
glycogen stores are depleted by malnutrition and ethanol
metabolism further impairs gluconeogenesis (14).

In recent years, the effectiveness of exogenous KB
supplementation has been explored (15). Oral administered
exogenous KB supplementation rapidly elevate plasma levels
of KB during a ketogenic diet, but can also be taken as
a supplement on top of a normal diet (see Table 1). The
metabolic response, due to the presence of glucose, is however
different. Exogenous KB lowers fasting glucose concentrations
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FIGURE 1

Effects of ketogenic diet and ketone body supplementation and downstream metabolism, exemplified for skeletal muscle. The liver produces
ketone bodies during fasting, starvation, in carbohydrate restriction, or prolonged intense exercise. These ketone bodies can be used for input in
the TCA cycle in various tissues, including the muscle to generate ATP. The Cori cycle, also known as lactic acid cycle, is the pathway in which
lactate is transported to the liver and converted into glucose. Glucose-alanine cycle is the pathway in which alanine is transported to the liver
and converted into glucose. KB, ketone bodies (acetoacetic acid/acetoacetate, acetone and beta-hydroxybutyric acid); TG, triglycerides; FFA,
free fatty acids; Acetyl CoA, Acetyl coenzyme A; TCA, tricarboxylic acid; ATP, Adenosine triphosphate.

via attenuated hepatic glucose output (without increase in
skeletal muscle glucose uptake). Dairy products are a natural
source of β-hydroxybutyrate with concentration ranging from
10 to 631 µM (16–18). Beta-hydroxybutyrate and acetoacetate
salts and/or amino acids, and esters, and MCT supplementation
is commercially available and generally considered as safe.
Ketone salts, consumed as sodium, potassium and/or calcium
βHB, result in high levels of inorganic ion consumption. Ketone
esters decrease blood pH and ketone salts increase urinary
pH (19). Ketone formulations are racemic mixtures with equal
amount of left- and right-handed enantiomers (D-βHB and
L-βHB). In the body, D-enantiomers are the predominant
circulating KB and is better oxidized than L-enantiomers.
It is important to take into account when evaluating these

effects of diets or supplementation, that commercial ketone
meters and laboratory analysis only detect D-βHB and most
do not test for acetoacetate. The combination of KB and
MCT supplementation can augment the plasma KB levels to a
higher extent and keep them elevated during a more prolonged
period (20).

There is no systematical evaluation of cardiovascular risks
associated with long term use of KD. Currently, there are no
recommendations for routine evaluations such as ECG, cardiac
or carotid artery ultrasound (21). Reduced levels of insulin-like
growth factor 1 cause growth and bone problems in children.
Routine weight and height measurements during KD help to
assess growth. Dual energy X-ray absorptiometry (DEXA) and
vitamin D as routine examination is recommended during
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TABLE 1 Types of diet to reach nutritional ketosis.

Diet Specifics Advantages Disadvantages

Classic KD,
VLCKD

4:1 ratio fat to
protein plus
carbohydrate

Faster in
ketosis, more
effective?

Less palatable,
difficult to adhere

MAD Carbohydrate
intake restricted
to 10–20 g/day
(ratio 1:1 to
1.5:1)

More palatable,
better
adherence

Less effective
compared to classic
KD?

MCT Medium chain
triglycerides as
fat source

MCT are more
ketogenic

Not all fat sources
can be used.

LGI Carbohydrates
with low
glycemic index
(<50).

More
carbohydrates
are allowed

Less production of
ketone bodies, less
effective?

KB
supplementation

Oral ingestion
of KB

Better
adherence

Only direct effects
of KB, no metabolic
shift.

KD and calcium and vitamin D supplementation should be
maximized and exercise strongly encouraged. When growth
retardation occurs, protein intake should be maximized.

Physical performance and fatigue are dependent on
substrate availability to working muscles. As exercise intensity
increases, there is a shift in the contribution of different
substrates to energy provision from free fatty acids and glucose
in the blood toward intramuscular triglycerides and glycogen. At
moderate-to high intensity exercise (> 75% of maximal oxygen
uptake, VO2max), muscle glycogen is the main energy source
(22). Hence, much focus has been directed toward advancing
nutrition strategies that might spare glycogen reserves as
this could support or even optimize sports performance
(23–25).

KB have the potential to be used as an alternative fuel source
to carbohydrates and fat during endurance exercise and can
lower the exercise-induced rise in plasma lactate (see Figure 1)
(26), amongst other metabolic effects (6). Moreover, the capacity
to take up and utilize KB during exercise seems higher in
exercise-trained skeletal muscle (27).

The potential ergogenic effects of KB supplementation
has therefore attracted a lot of scientific interest. Habitual
consumption of a ketogenic diet, which is high in fat (∼80% total
kcal), very low in carbohydrate (∼5% total kcal), and moderate
in protein (∼15% total kcal), augments circulating KB and
enhances fat oxidation while sparing carbohydrate oxidation
during endurance exercise (28–30). Yet benefits of ketogenic
dieting for performance remain equivocal, possibly attributed
to a low muscle glycogen content at the start of exercise due
to severe carbohydrate restriction and impaired glycolytic flux
during high-intensity exercise (31–33). This has led to the
exploration of means to achieve acute nutritional ketosis that
bypass the undesirable effects of carbohydrate restriction. Acute

exogenous ingestion of KB in the form of βHB salts or ketone
esters has sparked the interest to enhance performance and
recovery in athletes (34, 35). The latter ketone supplements can
induce acute ketosis as evidenced by > 0.5 mM βHB in the blood
for up to 3 h after consumption of an acute dose, without the
necessity to modify dietary intake (19, 36). Hence, they could
serve as an attractive strategy to supply the working muscle
with extra energy, while sparing muscle glycogen stores (35). In
addition, ketone bodies are in essence a more efficient energy
substrate than glucose or fatty acids because its conversion into
an oxidizable form does not require ATP, thereby enabling more
muscle work for a given energy cost (34).

From a performance point of view, the effect of exogenous
KB supplementation as an ergogenic aid, especially in the
acute form, is not ambiguous. A recent meta-analysis (13
studies) (37) and systematic review (10 studies) (38) both failed
to show consistent effects of exogenous KB supplements on
physical performance (both endurance and power outcomes).
Except for the seminal study of Cox et al. (39), the remainder
of the studies failed to show any benefit of acute KB
supplementation on performance (40–46), and some even
reported detrimental effects (47, 48). Also, on secondary
outcome measures like plasma lactate and glucose, respiratory
exchange ratio, or perceived exertion the efficacy of KB
supplementation remains inconclusive.

The various KB supplements in combination with their
pharmacokinetics as well as the variation in gastrointestinal
distress between supplements is likely to affect the performance
outcome measures. That is, the type of supplement (ketone ester
vs. ketone salt) and the nutritional status (fed vs. fasted state)
seems to determine the level of circulating βHB concentrations,
and hence explain a lot of the variance between studies (37, 38).
Providing ketone monoesters in the fasted state maximizes the
state of ketosis, reaching peak circulating βHB concentrations
above 2 mM (19, 39, 40, 49), which are blunted in the fed
state (19). Ingestion of ketone salts (46, 48), ketone diesters
(47), ketone precursors (44, 45), or ketone monoesters (41)
in the fed state induce acute ketosis (βHB > 0.5 mM),
yet fail to reach the 2 mM cutoff. The difference in peak
βHB concentrations between ester and salt supplements are
likely mediated by the βHB isoform present in the drinks.
In contrast to ketone esters, which are composed of D-βHB,
ketone salts are often a racemic mixture of both D-βHB and
L-βHB isoforms of βHB, even though the metabolism and
metabolic fate of L-βHB being less well understood (50, 51).
The L-βHB isoform seems less readily oxidized and does not
seem to contribute a lot to energy supply, and hence may
accumulate upon repeated ketone salt drinks (19). Furthermore,
it is documented that food in the gut can delay or prevent
the uptake of small hydrophilic carbons such as βHB (52,
53), probably explaining the lower circulating βHB following
food consumption (19). KB supplementation is also associated
with symptoms of gastrointestinal distress, which can range in
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severity. Symptoms including nausea, diarrhea, constipation,
vomiting and abdominal pain have been reported (36). Another
factor that may likely influence the performance benefit is
the type of test chosen. As KB have been suggested to exert
antiglycolytic effects (39), KB may especially work advantageous
during low-to-moderate intensity endurance exercise (35). That
is, KDs have shown to be beneficial during a long duration
(≥ 12 h), low-intensity ultra-endurance-type event, where
mitochondrial beta-oxidation can match lower rates of ATP
demand, whereas the combination of nutritional ketosis and
high carbohydrate intake may confer performance benefits in
endurance events of moderate intensity and durations of ≥ 8 h
(54). In summary, even though there is a clear biological
rationale to support a performance enhancing effect of acute
exogenous KB supplementation, to date there is not sufficient
evidence to support a clear ergogenic effect. Due to divergent
effect across subjects, this might also suggest responders and
non-responders (55).

Overall, nutritional ketosis seems an interesting and
promising strategy to increase the health status of healthy
individuals and to serve as a therapeutic intervention in
several diseases. Insights in these mechanisms will lead to
precision nutrition for these diseases (56). Below, the effects
on KB on epilepsy, heart diseases, mitochondrial diseases, and
neurodegenerative disorders will be summarized.

Ketogenic diet in (intractable)
epilepsy

KD is a well-established, effective non-pharmacologic
treatment for intractable childhood epilepsy. Its history dates
back to 500 years BC when fasting was already was recognized
as an effective therapy against epilepsy; a finding that was
also mentioned in Hippocrates Collection, Hippocrates’ medical
theories on the treatment of various illnesses (57). Since
then, many different diets have passed the revue and in
the recent years, KD has gained more popularity in both
pediatric and adult patients. Both the classic and the modified
KD are effective for the treatment of (Intractable) childhood
epilepsy (58, 59). Furthermore, both carbohydrate restricted
diets as well as calorie restriction reduce seizures (60) since the
reduction of glycolysis is a key element to suppress seizures
(61). In a randomized controlled trial (RCT) in children
with refractory epilepsy, KD was compared to MAD and
LGI (62). All 3 diets showed a similar reduction in seizures
(66% for the KD, 45% for the MAD, and 54% for the LGI).
While LGI showed relatively fewer adverse events, neither
the MAD nor LGI were non-inferior to KD. Of notice is
that seizure decline was rapid for KD and MAD, while more
gradual for LGI.

An important antiepileptic effect of KD occurs through
direct inhibition of receptors by FAs. One of the antiepileptic

drugs that interacts with sodium channels, valproic acid, is
actually a branched short-chain fatty acid made from valeric
acid. Antiepileptic action of a number of PUFAs was also
observed on isolated hippocampal neurons. Decanoic acid, an
MCT, can directly and selectively inhibit AMPA receptors non-
competitively in animal models (63). Decanoic acid is also a
peroxisome proliferator activated receptor (PPAR) γ agonist,
which elicits neuronal mitochondrial biogenesis (64–66).

Many hypotheses for indirect metabolic antiepileptic
effect of KD in the brain have been postulated as well.
Increasing ATP availability, reducing reactive oxygen species
(ROS) generation by mitochondrial complex I, inhibiting the
mitochondrial permeability transition pore, and stimulating
mitochondrial biogenesis, all seem to stabilize synaptic
functions. That is, βHB can be produced in astrocytes and
is metabolized in the mitochondria of all brain cell types
(67). KB serve as an efficient mitochondrial fuel, where it
can alter the NAD+/NADH and Q/QH2 couples and reduce
production of mitochondrial ROS. Evidence for mitochondrial
dysfunction in acquired epilepsy comes from the observation
that metabolic and bioenergetic changes occur following
acute seizures and during different phases of chronic epilepsy
(68). Stimulation of mitochondrial biogenesis is important
to improve and stabilize synaptic transmission, for which
about 30% of the energy in the human brain is spent (69).
Ketogenic diet causes a reduction of glycolytically derived
lactate in the brain due to a better tolerance to in vivo
hypoxia (70). Other indirect ways to stimulate the antiepileptic
effects of KD may lay in the alterations of the metabolism
of neurotransmitters such as glutamate and gamma-amino
butyric acid (GABA), and the activation of energy-sensing
signaling pathways such as the PPAR, mammalian target of
rapamycin (mTOR), and adenosine monophosphate-(AMP)-
activated kinase (AMPK) pathways (71, 72). Indeed, KB are
able to change GABA and glutamate aminoacid metabolism
thereby inhibiting glutamatergic excitatory transmission
and mitigate neuronal hyperexcitability (73). These effects
were also noted after brain injury in rats with an age-
dependent decreased cortical contusion volume with ketogenic
neuroprotection (74).

Another system in which KD has influence on is the gut-
microbiome (75). Mice treated with antibiotics or reared germ
free are resistant to KD-mediated seizure protection, whereas
enrichment of Akkermansia muciniphila and Parabacteroides
populations restores anti-epileptic effect of KD (76). Efficacy
of KD in seizure reduction in children with refractory epilepsy
was associated with changes in intestinal microbiota and specific
microbiomes may serve as an efficacy biomarker (77). Addition
of probiotics can reduce fat accumulation in the liver caused by
ketogenic diet in rats (78).

Intestinal dysbiosis might also be a possible etiopathogenic
factor in drug-resistant epilepsy (79). Gut bacteria can release
neuropeptides and neurotransmitters, such as serotonin, GABA
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and glutamate, or their precursors (tryptophan and its
metabolites) (80). They are also important for the biosynthesis of
short-chain fatty acids. An additional mechanistical connection
between the gut and brain is the stimulation of afferent neurons
of the enteric nervous system (ENS) by bacteria. Enteric afferent
neurons communicate intestinal conditions to the brain through
the vagus nerve.

In drug-resistant epilepsy, KD has shown anti-epileptic
effect and has a major benefit compared with standard epilepsy
treatment with AEDs in children and adolescents due to less
long-term adverse effects (81). A meta-analysis showed that
treatment with KD in refractory epilepsy in children gives a
5.6 times more likely chance than the control group to have
a 50% reduction of seizures after three months of the diet or
earlier (82).

Even in infants < 2 years of age, KD can be considered
as a non-pharmacological treatment and is currently used
in infants with refractory epilepsy syndromes (83). In super-
refractory status epilepticus (status epilepticus that persists or
recurs 24 h after anesthetic therapy onset or after its withdrawal)
KD is recommended as an alternative therapeutic strategy (84).
Evidence for KD in refractory epilepsy or status epilepticus
in adults is limited, with only one RCT. In comparison
with a control group, cotreatment with MAD in adults with
refractory epilepsy decreased seizure frequency 2.19 times (85,
86). Effect of KD in epilepsy is thus well-established and has
been used for centuries. However, the quality of evidence
is low due to the limited number of randomized controlled
studies, small sample sizes and the limited studies in adults
(87). Large-scale RCTs, refinement of more palatable diets and
other nutritional ketogenic strategies are needed to optimize
nutritional ketosis in clinical practice as a non-pharmacological
treatment strategy in epilepsy.

Ketogenic diet in cardiology

Energy source of heart tissue is 60–90% oxidation of fatty
acids, 10–30% of glucose, and 5% of KB of total ATP under
normal conditions, respectively. Per unit mass, the myocardium
consumes most of the KB (88, 89). Under hemodynamic stress
the ventricles of the heart secrete B natriuretic peptide (BNP)
to stimulate the release of free fatty acids from adipose tissue
and ketogenesis in the liver to provide heart muscle tissue an
additional energy source (90). Atrial natriuretic peptide (ANP)
exert potent lipolytic effects by activating hormone-sensitive
lipase in adipocytes, however the role of ANP in ketogenesis
remains unknown (91).

In the hypertrophied and failing heart, decreased myocardial
capacity for fatty acid oxidation occurs, leading to enhanced
cardiac glucose utilization through anaerobic glycolysis,
pyruvate accumulation and lactate production. This remodeling
of mitochondrial energy metabolism is suggested to be a

fetal shift resulting in an increase in cardiac efficiency (92).
Intramyocardial lipid accumulation and myocardial insulin
resistance occur. KBs are able to provide an additional energy
source and may therefore improve energetics in the failing heart.

In a mouse model were pressure overload-induced heart
failure was established by transverse aortic constriction,
continuous KD showed no significant effects on cardiac systolic
function and fibrosis but aggravated cardiac diastolic function
(93). In the same study, an alternate-day KD, however, exerted
potent cardioprotective effects against heart failure after 8 weeks
of diet. Continuous KD for 8 weeks also transiently increased
endothelial cell proliferation in the heart and prevents capillary
rarefication in these mice (94).

A new class of treatments in chronic heart failure are
sodium-glucose cotransporter-2 (SGLT2) inhibitors. SGLT2
inhibitors were initially designed as antidiabetic drugs by
blocking glucose reabsorption in the proximal renal tubules.
As a result, glucose renal excretion will be increased, thereby
lowering serum glucose levels and stimulating ketogenesis.
These KB improve cardiac energy supply and reduce
pathological ventricular remodeling, and inflammation in
patients with heart failure (95). Animal studies further support
the improvement of heart function in ketogenic therapy. In
type 2 diabetic mice, KD reduces mitochondrial fission and
hence improves mitochondrial function in the heart (96).
Rats fed for 5 days with a ketone ester supplementation diet
improved running performance on a motorized treadmill
(97). The isolated hearts from these rats, treated with KB
supplementation for 66 days, had greater free energy available
from ATP hydrolysis during increased work. In another study
on rat hearts, addition of both insulin and KB to isolated
perfused working rat hearts led to a 35% increased efficiency of
cardiac hydraulic work (98).

Besides KB, the KD can also provide a significant source
of polyunsaturated fatty acids (PUFAs). These PUFAs can
inhibit voltage-regulated sodium and calcium currents, thereby
exerting an antiarrhythmic action on the heart (99, 100).
In addition, KD lowers heart rate and increases heart rate
variability due to reduced sympathetic activity (101).

However, long-term use of KB might promote side
effects in the heart. When treated for 16 weeks, KD-fed
rats showed increased heart rates and impaired cardiac
function. Additionally, increased cardiac fibrosis was found,
potentially mediated by βHB-induced effects on the Sirtuin 7
promotor (102).

In summary, nutritional ketosis may serve as a
cardioprotective alternative energy supply in the failing
heart and reduce pathological ventricular remodeling and could
serve as a supportive, non-pharmacologic treatment in people
with heart failure along current treatments, such as SGLT2
inhibitors (103, 104). Long-term use of ketosis should however
be tested for safety.
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Ketogenic diet in mitochondrial
diseases

Mitochondrial diseases are systemic and heterogenic
diseases caused by underlying pathogenic variants in nuclear
or mitochondrial DNA (mtDNA). Oxidative phosphorylation
and ATP production are impaired and energy demanding
organs most often show symptoms. Reason for initiation of
KD in patients with a mitochondrial disease is intractable
epilepsy and similar positive effects on epilepsy compared
to patients without a primary mitochondrial disease
(105). Few patients have been treated with KD for other
reasons (muscle involvement, movement disorder, and
intellectual disability) with some reports on improvement of
clinical symptoms.

In mitochondrial dysfunction, increased anaerobic
glycolysis causes excess amounts of pyruvate that accumulate
and is converted into lactate. To prevent acidification of the
cell, pyruvate is also transaminated into alanine and lactate is
transported out of the cell thereby acidifying the extracellular
environment. Lactate and alanine are transported to the liver to
be converted again into glucose (gluconeogenesis), via the Cori
cycle and the glucose-alaninecycle, respectively (see Figure 1).
When pyruvate is converted into acetyl coenzyme A, this step is
irreversible and therefore carbohydrates can be converted into
fats but not vice versa (106).

KD and KB are capable to increase mitochondrial
respiration via an increase in ATP production and improve
the efficiency of the mitochondrial respiratory chain complex
with increased mitochondrial biogenesis (69). βHB also reduces
the production of ROS thereby improving mitochondrial
respiration and bypassing the complex I dysfunction (67,
107). After oxidative stress in neocortical neurons, KB are
neuroprotective by inducing expression of mitochondrial
uncoupling proteins (UCP) which reduce ROS production (69,
108). In acidic conditions and high levels of ATP and NADH,
the mitochondrial membrane permeability transition is further
reduced (109). In brown adipose tissue of mice, mitochondrial
biogenesis and UCP1 expression was shown to increase with
a ketone ester diet (110). Increase in antioxidant activity was
accomplished during KD by an increase of glutathione and
glutathione peroxidase activity (111, 112). In addition, rats
given a diet including decanoic acid-containing triglycerides
had increased brain mitochondrial function and ATP synthesis
capacity (113). In MCT-fed aged rats mitochondrial density and
function in cerebellar Purkinje cells were significantly increased
and age-related mitochondrial dysfunction was recovered (114).
Also, a mouse model for late-onset mitochondrial myopathy
due to overexpression of mutated Twinkle protein, a nuclear-
encoded replicative helicase of mtDNA, showed clear health
improvements after 10 months of KD. That is, markers
for disease progression improved in these mice (115). The
amount of cytochrome c oxidase negative muscle fibers in

treated mice decreased by 30%, the citrate synthase activity in
muscle as a marker of mitochondrial biogenesis was doubled,
liver lipid levels were restored and muscle mitochondrial
ultrastructure was normalized (no ragged red fiber-like muscle
fibers or mitochondria with distorted structure and cristae on
electron microscopy).

Few trials have been carried out in patients with
mitochondrial myopathy, or on patient-derived material.
In five patients with mtDNA deletions with a progressive
external ophtalmoplegia phenotype (PEO), the MAD induced
progressive muscle pain and muscle fiber necrosis after 2 weeks
of diet (116). Muscle biopsy showed lysis of muscle fibers
with the most mitochondrial abnormalities (ragged-red fibers).
Transcriptomic analysis showed increase in mitochondrial
biogenesis, and oxidative phosphorylation. Follow-up analysis
after 2, 5 years suggested that muscle regeneration and mild
improvement in muscle strength occurred. Lysis of ragged-
red fibers might actually be beneficial by inducing satellite
cell fusion. In another study, cell cultures of patients with
PEO/Kearns-Sayre syndrome grown in a medium containing
KB, hence replacing glucose as the carbon source, showed
reduced heteroplasmy mtDNA mutation levels (117).

In summary, the above experiments suggest that nutritional
ketosis can positively impact on mitochondrial bioenergetics,
mitochondrial ROS/redox metabolism and mitochondrial
dynamics (118). In human trials, however, the risk for
muscle fiber necrosis should be monitored carefully and
explored further.

Ketogenic diet in
neurodegenerative diseases

Central features of neurodegenerative diseases are
neuronal oxidative stress and mitochondrial dysfunction.
The brain hypometabolism in neurodegenerative diseases is
associated with reduced glucose utilization as detected by
fluorodeoxyglucose positron emission tomography (FDG-
PET). The brain preferentially uses KB over glucose (119, 120).
A ketogenic diet is able to increase KB substrate and thereby
increase brain phosphocreatine (PCr) levels (121). In addition,
the KD is able to abate apoptosis of neurons (122).

It is unclear whether neuroprotective properties arise
from the combination of elevated concentration of KB with
low availability of carbohydrates, or solely from elevated
concentration of KB. Hence, it is plausible that caloric restriction
is already sufficient for neuroprotection (123, 124). KD and
caloric restriction both result in reduction of blood glucose and
a reduced glycolytic flux. The restriction of calories will improve
mitochondrial functions, leading to reduced ROS production
and increased energy output. Both caloric restriction and KD
decrease inflammatory and pro-apoptotic activities through
activation of PPAR (125, 126). It has also been shown in
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numerous species, including primates, that caloric restriction
prolongs the lifespan (127, 128).

From a brain-function point-of-view, ingesting a single
MCT meal improves task performance in healthy elderly. This
was accompanied by decreased regional blood flow in the
dorsolateral prefrontal cortex, the brain region responsible for
executive functions, indicative of extra energy source availability
(129). Decanoic acid is able to modulate astrocyte metabolism
directly, leading to activation of the astrocyte-neuron lactate
shuttle and providing fuel to neighboring neurons in the form of
lactate (130, 131). Healthy participants between 55 and 80 years
had no effects on cognitive function with supplementation of 30
g MCT for a period of 2 weeks (132).

Most trials in neurodegenerative diseases on KB and KD
have been investigated in Alzheimer’s (AD) and Parkinson’s
disease (PD).

Alzheimer’s disease

There is growing evidence that the KD may be an effective
treatment for AD largely through enhanced mitochondrial
functioning, however, clinical studies to date have been
equivocal (133–135). Consumption of monounsaturated,
polyunsaturated and omega 3 fatty acids is related to a
decreased risk for AD (136). A direct effect of PUFAs is blocking
voltage-gated sodium and calcium channels (137). On the
contrary, intake of high saturated fat may possibly be associated
with an increased risk in AD (138). Also, high glycemic diet
can deteriorate the brain, as 1 year of high glycemic dieting
was related to precuneal amyloid accumulation in the lateral
temporal lobe and posterior cingulate gyrus (139).

In a mouse model of AD, long-term administration
of ketone esters lessened amyloid β-peptide and
hyperphosphorylated tau deposition, which decreased levels
of anxiety and improved cognition (140). The KD was also
found to reduce the volumes of soluble amyloid-beta in
homogenates of murine brains (141). Four months of KD
improved spatial learning, spatial memory and working
memory in a mouse model of AD (the 5XFAD mic) (142). At
a histopathological level, reduced amyloid plaque deposition
and microglial activation was seen, resulting in reduced
neuroinflammation. Initiation at a late stage showed no effect
on cognitive improvement.

In patients with mild cognitive impairment, 6 weeks of very
low carbohydrate diet improved verbal memory performance
(143). Urinary ketone levels were positively correlated with
memory performance. Consumption of 56 g/day of MCT
supplementation for 24 weeks also increased serum KB
concentrations and improved memory in subjects with mild
cognitive impairment (144). A single oral dosage of MCT led
to the elevation of plasma KB levels in AD patients, and to
increased cognitive performance for Apolipoprotein E (APOE)
ε4 negative, but not for APOE ε4 positive subjects (120).

Apolipoproteins are involved in the metabolism of fats, and the
epsilon subunit is associated with risk for Alzheimer’s disease.
APOE-ε4 status may possibly influence βHB consumption
efficacy and may therefore be efficient in APOE ε4 negative
patients. A randomized placebo controlled trial in which MCT
was given to subjects with mild and moderate AD for 90 days
increased serum concentrations of KB and improved cognitive
functioning (145). Effects were again most notable in APOE
ε4 negative patients who were dosage compliant. In a study in
Japan MCT was administered to 20 Japanese patients with mild-
to-moderate AD (146). At 12 weeks they showed significant
improvement in the digit-symbol coding test and immediate
logical memory tests compared to the baseline.

In the Ketogenic Diet Retention and Feasibility Trial, 15
patients with AD maintained an MCT-supplemented KD for
3 months (147). They observed that upon achieving complete
ketosis, the mean of the Alzheimer’s Disease Assessment Scale
cognitive subscale score was significantly improved, but this
reverted back to baseline after the washout. After a 12-week
trial with modified KD in 21 AD patients, daily function
and quality of life improved (148). Changes in cardiovascular
risk factors were mostly favorable, and adverse effects were
mild in this study.

Therapeutic hyperketonemia was achieved in a patient with
Alzheimer’s disease dementia during oral administration of
28.7 grams βHB thrice daily. After 20 months of treatment,
improvements in behavior and cognitive and daily activity
performance were observed (149).

Parkinson’s disease

Nutrition plays an important role in risk for developing
PD and as modifier during the disease progression (150).
High prevalence of insulin resistance is suggested in patients
with PD ranging from 50 to 80% and type 2 diabetes
is associated with an increased risk of PD (151). Insulin
receptors are abundant in the brain, however, concentrated
in some areas such as the substantia nigra and basal
ganglia. Reduced insulin-mediated glucose uptake was found
in newly diagnosed untreated adults with PD (152). Yet,
dietary glycemic index is inversely associated with the risk of
Parkinson’s disease (153). So, high glycemic index carbohydrates
might decrease the risk of Parkinson’s disease (PD) by
an insulin-induced increase in brain dopamine. However,
epidemiological studies about carbohydrate consumption and
PD remain inconclusive.

Mitochondrial dysfunction is a fundamental and complex
hallmark in many neurodegenerative disorders, including PD.
KB can enhance mitochondrial oxidative phosphorylation and
mitochondrial biogenesis in the substantia nigra and bypass
complex I deficiency (154, 155). Nutritional supplements
coenzyme Q10 and fish oil have also been associated with
reduced PD progression (156).
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Animal and in vitro studies have demonstrated beneficial
effects of KB on the course of PD. It was shown that βHB
acts in vitro as a neuroprotective agent against the toxicity of
MPTP, which induces a defect in the mitochondrial complex
I of dopaminergic neurons (157). Infusion of βHB in mice
treated with the MPTP neurotoxin confers partial protection
against dopaminergic neurodegeneration possibly mediated by
βHB effects on complex II and by improvement of cellular
respiration and ATP production (107). KB also show prevention
of synaptic dysfunction induced by mitochondrial respiratory
complex inhibitors (Rotenone and 3-nitropropionic acid) in
rat brain slides. The protective effects of KB could result from
possible antioxidative activity, improved ATP synthesis, and
from the effect on the ATP-sensitive potassium channel (KATP)
(158, 159).

Human trials conducted being limited, heterogeneous and
lacking PD-specific outcomes (160). In a first clinical pilot
in 5 patients with PD, improvements in motor score was
noticed after 4 weeks of KD (161). A possible (additional)
reason for improvement could be the low intake of proteins
(8% in this study) which increases the bioavailability of
levodopa, a drug used to treat motor symptoms. In a 8-week,
randomized, controlled trial to assess the effect of a low-fat vs.
ketogenic diet in 38 PD patients, an improvement in motor
and non- motor symptoms was found in both groups (162).
The ketogenic group however, showed greater improvements
in non-motor symptoms. This is an important finding, since
treatment with levodopa mainly addresses motor symptoms
and does not adequately control many non-motor symptoms.
Protein intake was kept at approximately 1 g per kg of body
weight per day within each diet group to prevent increased
bioavailability of levodopa. In some patients, KD exacerbated
the PD tremor and/or rigidity. Perhaps the abrupt increase
in fat intake augmented dopamine depletion and/or oxidative
stress in the substantia nigra (163). Whether cognitive gains
would be maintained upon discontinuation of the KD (or KB
supplementation) remains unknown so far.

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is an adult-onset
neurodegenerative disorder in which spinal and cortical motor
neurons progressively degenerate. Mutations in the gene
encoding Cu/Zn superoxide dismutase 1 (SOD1) is found in
a small percentage of familial ALS. Mutant SOD1 has been
localized in the mitochondria. KD fed SOD1-G93A transgenic
ALS mice lost 50% of baseline motor performance 25 days later
than the disease controls through the gain in mitochondrial
energy production (164). In line, administration of caprylic
triglyceride, a medium-chain triglyceride, to mutant SOD1 mice
resulted in delayed motor function and better preserved spinal
cord motor neuron counts (165).

Within the PatientsLikeMe Community, seven ALS
patients reported using ketogenic diets of whom two reported
“moderate” effectiveness (166). A small randomized, double-
blind trial that compared a high-fat with a high-carbohydrate
hypercaloric diet and an isocaloric control diet reported more
adverse events during the 6-months high-fat hypercaloric diet,
including weight loss (167). Adequate caloric intake is essential
in amyotrophic lateral sclerosis and future studies should
monitor malnutrition closely (168).

Multiple sclerosis

Nutritional ketosis has anti-inflammatory properties that
can be beneficial to patients with Multiple Sclerosis (MS)
(169). In mice experimental autoimmune encephalitis, a
mouse model for MS, calorie restriction 3 days a week for
5 weeks was effective in ameliorating symptoms and completely
reversed disease progression in a portion of animals (170).
KD had more modest effects and did not reverse EAE
progression in mice.

In a RCT with 60 relapsing-remitting MS patients, a diet
low on carbohydrates (<50 g carbohydrates) for 6 months or
a 7 days low caloric intake (10–18% of normal) followed by a
Mediterranean diet for 6 months showed improved quality of
life compared to regular diet with a mild reduction in expanded
disability status scale (EDSS) scores (170). After 6 months on
the low carbohydrates diet, serum levels of neurofilament light
chain, a biomarker of neuroaxonal damage, were significantly
reduced compared with regular diet in patients with relapsing-
remitting MS (171). Also the expression of enzymes involved in
the biosynthesis of pro-inflammatory eicosanoids was reduced
(172). A comparison of 15 patients on a MCT diet, a modified
paleolithic diet or usual diet showed only a significant reduction
on fatigue scores and maintained cognitive function scores for
the modified paleolithic diet compared to the control group
(173). A pilot study with twenty subjects and a phase II trial
with 65 patients with relapsing MS were enrolled into a 6-
month prospective MAD intervention. In these MS patients,
KDs were reported to be safe and tolerable. Improvements were
seen in body composition, fatigue, depression, quality of life, and
neurologic disability. Reduced pro-inflammatory adipokines
and elevated anti-inflammatory adipokines were found in the
serum (174, 175).

Studies of a KD in neurometabolic degenerative disorders,
and more specifically AD and PD consistently demonstrated
improved learning and memory. Especially in the prodromal
stage of the diseases, nutritional ketosis might delay start
of symptoms. Its role in disease progression needs further
evaluation. For other neurodegenerative diseases like ALS and
MS, the evidence for the therapeutic value of KD or KS are
limited, yet promising. In ALS mouse models delayed motor
function is observed and in MS anti-inflammatory properties
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of nutritional ketosis can result in improvements in fatigue,
depression, quality of life, and neurologic disability (176).

Conclusion/future directions

Nutritional ketosis is a well-established strategy for
treating epilepsy and has plausible mechanisms for treating
neurodegenerative and heart diseases as well. As a performance
enhancing strategy, the role of KB supplementation is equivocal,
and it might be of added value especially in long duration,
low-intensity (ultra) endurance exercise. Both KD and orally
administered exogenous KB supplementation elicit widespread
physiological changes at both a systemic and cellular level.
Unraveling the exact mechanisms for the different nutritional
strategies will lead to precision nutrition. International
recommendations for the management of children (21) and
adults (177) treated with KD have been composed.

Author contributions

CS and ST wrote and revised the manuscript. Both authors
contributed to the article and approved the submitted version.

Funding

CS was member of the Radboudumc Center of
Expertise for Neuromuscular Disorders (Radboud-NMD),
the Netherlands Neuromuscular Center (NL-NMD), and
the European Reference Network for rare Neuromuscular
Diseases (EURO-NMD).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Fontana L, Klein S. Aging, adiposity, and calorie restriction. JAMA. (2007)
297:986–94.

2. de Cabo R, Mattson MP. Effects of intermittent fasting on health, aging, and
disease. N Engl J Med. (2019) 381:2541–51. doi: 10.1056/NEJMra1905136

3. Bueno NB, de Melo IS, de Oliveira SL, da Rocha Ataide T. Very-low-
carbohydrate ketogenic diet V. Low-fat diet for long-term weight loss: A meta-
analysis of randomised controlled trials. Br J Nutr. (2013) 110:1178–87. doi: 10.
1017/S0007114513000548

4. Volek JS, Noakes T, Phinney SD. Rethinking fat as a fuel for endurance
exercise. Eur J Sport Sci. (2015) 15:13–20. doi: 10.1080/17461391.2014.959564

5. Laffel L. Ketone bodies: A review of physiology, pathophysiology and
application of monitoring to diabetes. Diabetes Metab Res Rev. (1999) 15:412–26.
doi: 10.1002/(sici)1520-7560(199911/12)15:63.0.co;2-8

6. Robinson AM, Williamson DH. Physiological roles of ketone bodies as
substrates and signals in mammalian tissues. Physiol Rev. (1980) 60:143–87. doi:
10.1152/physrev.1980.60.1.143

7. Schulze PC, Wu JMF. Ketone bodies for the starving heart. Nat Metab. (2020)
2:1183–5. doi: 10.1038/s42255-020-00310-6

8. McGarry JD, Foster DW. Hormonal control of ketogenesis. Biochemical
considerations. Arch Intern Med. (1977) 137:495–501.

9. Bergqvist AG. Long-term monitoring of the ketogenic diet: Do’s and don’ts.
Epilepsy Res. (2012) 100:261–6. doi: 10.1016/j.eplepsyres.2011.05.020

10. Dahlin M, Hjelte L, Nilsson S, Amark P. Plasma phospholipid fatty acids
are influenced by a ketogenic diet enriched with N-3 fatty acids in children with
epilepsy. Epilepsy Res. (2007) 73:199–207. doi: 10.1016/j.eplepsyres.2006.10.005

11. Paoli A, Mancin L, Bianco A, Thomas E, Mota JF, Piccini F. Ketogenic
diet and microbiota: Friends or enemies? Genes. (2019) 10:534. doi: 10.3390/
genes10070534

12. Molteberg E, Tauboll E, Kverneland M, Iversen PO, Selmer KK, Nakken KO,
et al. Substantial early changes in bone and calcium metabolism among adult

pharmacoresistant epilepsy patients on a modified atkins diet. Epilepsia. (2022)
63:880–91. doi: 10.1111/epi.17169

13. Berry-Kravis E, Booth G, Sanchez AC, Woodbury-Kolb J. Carnitine levels and
the ketogenic diet. Epilepsia. (2001) 42:1445–51. doi: 10.1046/j.1528-1157.2001.
18001.x

14. Howard RD, Bokhari SRA. Alcoholic ketoacidosis. Treasure Island, FL:
Statpearls (2022).

15. Poff AM, Moss S, Soliven M, D’Agostino DP. Ketone supplementation:
Meeting the needs of the brain in an energy crisis. Front Nutr. (2021) 8:783659.
doi: 10.3389/fnut.2021.783659

16. Nielsen NI, Larsen T, Bjerring M, Ingvartsen KL. Quarter health, milking
interval, and sampling time during milking affect the concentration of milk
constituents. J Dairy Sci. (2005) 88:3186–200. doi: 10.3168/jds.S0022-0302(05)
73002-2

17. Larsen T, Nielsen NI. Fluorometric determination of beta-hydroxybutyrate
in milk and blood plasma. J Dairy Sci. (2005) 88:2004–9. doi: 10.3168/jds.S0022-
0302(05)72876-9

18. Cavaleri F, Bashar E. Potential synergies of beta-hydroxybutyrate and
butyrate on the modulation of metabolism, inflammation, cognition, and general
health. J Nutr Metab. (2018) 2018:7195760. doi: 10.1155/2018/7195760

19. Stubbs BJ, Cox PJ, Evans RD, Santer P, Miller JJ, Faull OK, et al. On the
metabolism of exogenous ketones in humans. Front Physiol. (2017) 8:848. doi:
10.3389/fphys.2017.00848

20. Kesl SL, Poff AM, Ward NP, Fiorelli TN, Ari C, Van Putten AJ, et al. Effects
of exogenous ketone supplementation on blood ketone, glucose, triglyceride, and
lipoprotein levels in sprague-dawley rats. Nutr Metab. (2016) 13:9. doi: 10.1186/
s12986-016-0069-y

21. Kossoff EH, Zupec-Kania BA, Auvin S, Ballaban-Gil KR, Christina Bergqvist
AG, Blackford R, et al. Optimal clinical management of children receiving dietary
therapies for epilepsy: Updated recommendations of the international ketogenic
diet study group. Epilepsia Open. (2018) 3:175–92. doi: 10.1002/epi4.12225

Frontiers in Nutrition 10 frontiersin.org

https://doi.org/10.3389/fnut.2022.947567
https://doi.org/10.1056/NEJMra1905136
https://doi.org/10.1017/S0007114513000548
https://doi.org/10.1017/S0007114513000548
https://doi.org/10.1080/17461391.2014.959564
https://doi.org/10.1002/(sici)1520-7560(199911/12)15:63.0.co;2-8
https://doi.org/10.1152/physrev.1980.60.1.143
https://doi.org/10.1152/physrev.1980.60.1.143
https://doi.org/10.1038/s42255-020-00310-6
https://doi.org/10.1016/j.eplepsyres.2011.05.020
https://doi.org/10.1016/j.eplepsyres.2006.10.005
https://doi.org/10.3390/genes10070534
https://doi.org/10.3390/genes10070534
https://doi.org/10.1111/epi.17169
https://doi.org/10.1046/j.1528-1157.2001.18001.x
https://doi.org/10.1046/j.1528-1157.2001.18001.x
https://doi.org/10.3389/fnut.2021.783659
https://doi.org/10.3168/jds.S0022-0302(05)73002-2
https://doi.org/10.3168/jds.S0022-0302(05)73002-2
https://doi.org/10.3168/jds.S0022-0302(05)72876-9
https://doi.org/10.3168/jds.S0022-0302(05)72876-9
https://doi.org/10.1155/2018/7195760
https://doi.org/10.3389/fphys.2017.00848
https://doi.org/10.3389/fphys.2017.00848
https://doi.org/10.1186/s12986-016-0069-y
https://doi.org/10.1186/s12986-016-0069-y
https://doi.org/10.1002/epi4.12225
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-947567 November 9, 2022 Time: 15:36 # 11

Saris and Timmers 10.3389/fnut.2022.947567

22. Egan B, Zierath JR. Exercise metabolism and the molecular regulation of
skeletal muscle adaptation. Cell Metab. (2013) 17:162–84. doi: 10.1016/j.cmet.2012.
12.012

23. Bartlett JD, Hawley JA, Morton JP. Carbohydrate availability and exercise
training adaptation: Too much of a good thing? Eur J Sport Sci. (2015) 15:3–12.
doi: 10.1080/17461391.2014.920926

24. Burke LM. Re-examining high-fat diets for sports performance: Did we call
the ’Nail in the Coffin’ too soon? Sports Med. (2015) 45(Suppl. 1):S33–49. doi:
10.1007/s40279-015-0393-9

25. Cermak NM, van Loon LJ. The Use of carbohydrates during exercise
as an ergogenic aid. Sports Med. (2013) 43:1139–55. doi: 10.1007/s40279-013-
0079-0

26. Fery F, Balasse EO. Effect of exercise on the disposal of infused ketone bodies
in humans. J Clin Endocrinol Metab. (1988) 67:245–50. doi: 10.1210/jcem-67-2-245

27. Winder WW, Baldwin KM, Holloszy JO. Exercise-induced increase in the
capacity of rat skeletal muscle to oxidize ketones. Can J Physiol Pharmacol. (1975)
53:86–91. doi: 10.1139/y75-011

28. McSwiney FT, Wardrop B, Hyde PN, Lafountain RA, Volek JS, Doyle L.
Keto-adaptation enhances exercise performance and body composition responses
to training in endurance athletes. Metabolism. (2018) 81:25–34. doi: 10.1016/j.
metabol.2017.10.010

29. Phinney SD, Bistrian BR, Evans WJ, Gervino E, Blackburn GL. The human
metabolic response to chronic ketosis without caloric restriction: Preservation of
submaximal exercise capability with reduced carbohydrate oxidation. Metabolism.
(1983) 32:769–76. doi: 10.1016/0026-0495(83)90106-3

30. Volek JS, Freidenreich DJ, Saenz C, Kunces LJ, Creighton BC, Bartley
JM, et al. Metabolic characteristics of keto-adapted ultra-endurance runners.
Metabolism. (2016) 65:100–10. doi: 10.1016/j.metabol.2015.10.028

31. Burke LM, Ross ML, Garvican-Lewis LA, Welvaert M, Heikura IA, Forbes
SG, et al. Low carbohydrate, high fat diet impairs exercise economy and negates the
performance benefit from intensified training in elite race walkers. J Physiol. (2017)
595:2785–807. doi: 10.1113/JP273230

32. Edwards LM, Murray AJ, Holloway CJ, Carter EE, Kemp GJ, Codreanu I,
et al. Short-term consumption of a high-fat diet impairs whole-body efficiency and
cognitive function in sedentary men. FASEB J. (2011) 25:1088–96. doi: 10.1096/fj.
10-171983

33. Havemann L, West SJ, Goedecke JH, Macdonald IA, St Clair Gibson A,
Noakes TD, et al. Fat adaptation followed by carbohydrate loading compromises
high-intensity sprint performance. J Appl Physiol. (2006) 100:194–202. doi: 10.
1152/japplphysiol.00813.2005

34. Egan B, D’Agostino DP. Fueling performance: Ketones enter the mix. Cell
Metab. (2016) 24:373–5. doi: 10.1016/j.cmet.2016.08.021

35. Evans M, Cogan KE, Egan B. Metabolism of ketone bodies during exercise
and training: Physiological basis for exogenous supplementation. J Physiol. (2017)
595:2857–71. doi: 10.1113/JP273185

36. Clarke K, Tchabanenko K, Pawlosky R, Carter E, Todd King M, Musa-
Veloso K, et al. Kinetics, safety and tolerability of (R)-3-hydroxybutyl (R)-3-
hydroxybutyrate in healthy adult subjects. Regul Toxicol Pharmacol. (2012) 63:401–
8. doi: 10.1016/j.yrtph.2012.04.008

37. Valenzuela, PL, Morales JS, Castillo-Garcia A, Lucia A. Acute ketone
supplementation and exercise performance: A systematic review and meta-analysis
of randomized controlled trials. Int J Sports Physiol Perform. (2020) 15:1–11. doi:
10.1123/ijspp.2019-0918

38. Margolis LM, O’Fallon KS. Utility of ketone supplementation to enhance
physical performance: A systematic review. Adv Nutr. (2020) 11:412–9. doi: 10.
1093/advances/nmz104

39. Cox PJ, Kirk T, Ashmore T, Willerton K, Evans R, Smith A, et al. Nutritional
ketosis alters fuel preference and thereby endurance performance in athletes. Cell
Metab. (2016) 24:256–68. doi: 10.1016/j.cmet.2016.07.010

40. Evans M, Egan B. Intermittent running and cognitive performance after
ketone ester ingestion. Med Sci Sports Exerc. (2018) 50:2330–8. doi: 10.1249/MSS.
0000000000001700

41. Evans M, McSwiney FT, Brady AJ, Egan B. No benefit of ingestion of a ketone
monoester supplement on 10-Km running performance. Med Sci Sports Exerc.
(2019) 51:2506–15. doi: 10.1249/MSS.0000000000002065

42. Faull OK, Dearlove DJ, Clarke K, Cox PJ. Beyond Rpe: The perception of
exercise under normal and ketotic conditions. Front Physiol. (2019) 10:229. doi:
10.3389/fphys.2019.00229

43. Rodger S, Plews D, Laursen P, Driller MW. Oral B-Hydroxybutyrate salt fails
to improve 4-minute cycling performance following submaximal exercise. J Sci
Cycl. (2017) 6:26–31.

44. Scott BE, Laursen PB, James LJ, Boxer B, Chandler Z, Lam E, et al. The effect
of 1,3-butanediol and carbohydrate supplementation on running performance. J
Sci Med Sport. (2019) 22:702–6. doi: 10.1016/j.jsams.2018.11.027

45. Shaw DM, Merien F, Braakhuis A, Plews D, Laursen P, Dulson DK. The effect
of 1,3-butanediol on cycling time-trial performance. Int J Sport Nutr Exerc Metab.
(2019) 29:466–73. doi: 10.1123/ijsnem.2018-0284

46. Waldman HS, Basham SA, Price FG, Smith JW, Chander H, Knight AC, et al.
Exogenous ketone salts do not improve cognitive responses after a high-intensity
exercise protocol in healthy college-aged males. Appl Physiol Nutr Metab. (2018)
43:711–7. doi: 10.1139/apnm-2017-0724

47. Leckey JJ, Ross ML, Quod M, Hawley JA, Burke LM. Ketone diester ingestion
impairs time-trial performance in professional cyclists. Front Physiol. (2017) 8:806.
doi: 10.3389/fphys.2017.00806

48. O’Malley T, Myette-Cote E, Durrer C, Little JP. Nutritional ketone salts
increase fat oxidation but impair high-intensity exercise performance in healthy
adult males. Appl Physiol Nutr Metab. (2017) 42:1031–5. doi: 10.1139/apnm-2016-
0641

49. Poffe C, Ramaekers M, Van Thienen R, Hespel P. Ketone ester
supplementation blunts overreaching symptoms during endurance training
overload. J Physiol. (2019) 597:3009–27. doi: 10.1113/JP277831

50. Veech RLKMT. In: Massino AS editor. Ketogenic diet and metabolic
therapies:expanded roles in health and disease. Oxford: Oxford University Press
(2016). p. 241–53.

51. Webber RJ, Edmond J. Utilization of L(+)-3-hydroxybutyrate, D(-)-3-
hydroxybutyrate, acetoacetate, and glucose for respiration and lipid synthesis in
the 18-day-old rat. J Biol Chem. (1977) 252:5222–6.

52. Horowitz M, Maddox A, Bochner M, Wishart J, Bratasiuk R, Collins P,
et al. Relationships between gastric emptying of solid and caloric liquid meals and
alcohol absorption. Am J Physiol. (1989) 257(2 Pt 1):G291–8. doi: 10.1152/ajpgi.
1989.257.2.G291

53. Melander A. Influence of food on the bioavailability of drugs. Clin
Pharmacokinet. (1978) 3:337–51. doi: 10.2165/00003088-197803050-00001

54. Maunder E, Kilding AE, Plews DJ. Substrate metabolism during ironman
triathlon: Different horses on the same courses. Sports Med. (2018) 48:2219–26.
doi: 10.1007/s40279-018-0938-9

55. Prins PJ, D’Agostino DP, Rogers CQ, Ault DL, Welton GL, Jones DW,
et al. Dose response of a novel exogenous ketone supplement on physiological,
perceptual and performance parameters. Nutr Metab. (2020) 17:81. doi: 10.1186/
s12986-020-00497-1

56. Ordovas JM, Ferguson LR, Tai ES, Mathers JC. Personalised nutrition and
health. BMJ. (2018) 361:bmjk2173. doi: 10.1136/bmj.k2173

57. Wheless JW. History of the ketogenic diet. Epilepsia. (2008) 49(Suppl. 8):3–5.
doi: 10.1111/j.1528-1167.2008.01821.x

58. Roehl K, Sewak SL. Practice paper of the academy of nutrition and dietetics:
Classic and modified ketogenic diets for treatment of epilepsy. J Acad Nutr Diet.
(2017) 117:1279–92. doi: 10.1016/j.jand.2017.06.006

59. Martin K, Jackson CF, Levy RG, Cooper PN. Ketogenic diet and other dietary
treatments for epilepsy. Cochrane Database Syst Rev.(2016) 2:CD001903. doi: 10.
1002/14651858.CD001903.pub3

60. Eagles DA, Boyd SJ, Kotak A, Allan F. Calorie restriction of a high-
carbohydrate diet elevates the threshold of Ptz-induced seizures to values equal to
those seen with a ketogenic diet. Epilepsy Res. (2003) 54:41–52. doi: 10.1016/s0920-
1211(03)00041-x

61. Greene AE, Todorova MT, McGowan R, Seyfried TN. Caloric restriction
inhibits seizure susceptibility in epileptic El mice by reducing blood glucose.
Epilepsia. (2001) 42:1371–8. doi: 10.1046/j.1528-1157.2001.17601.x

62. Sondhi V, Agarwala A, Pandey RM, Chakrabarty B, Jauhari P, Lodha R, et al.
Efficacy of ketogenic diet, modified atkins diet, and low glycemic index therapy diet
among children with drug-resistant epilepsy: A randomized clinical trial. JAMA
Pediatr. (2020) 174:944–51. doi: 10.1001/jamapediatrics.2020.2282

63. Chang P, Augustin K, Boddum K, Williams S, Sun M, Terschak JA, et al.
Seizure control by decanoic acid through direct ampa receptor inhibition. Brain.
(2016) 139(Pt 2):431–43. doi: 10.1093/brain/awv325

64. Malapaka RRV, Khoo S, Zhang J, Choi JH, Zhou XE, Xu Y, et al. Identification
and mechanism of 10-carbon fatty acid as modulating ligand of peroxisome
proliferator-activated receptors. J Biol Chem. (2012) 287:183–95. doi: 10.1074/jbc.
M111.294785

65. Miglio G, Rosa AC, Rattazzi L, Collino M, Lombardi G, Fantozzi R.
Ppargamma stimulation promotes mitochondrial biogenesis and prevents glucose
deprivation-induced neuronal cell loss. Neurochem Int. (2009) 55:496–504. doi:
10.1016/j.neuint.2009.05.001

Frontiers in Nutrition 11 frontiersin.org

https://doi.org/10.3389/fnut.2022.947567
https://doi.org/10.1016/j.cmet.2012.12.012
https://doi.org/10.1016/j.cmet.2012.12.012
https://doi.org/10.1080/17461391.2014.920926
https://doi.org/10.1007/s40279-015-0393-9
https://doi.org/10.1007/s40279-015-0393-9
https://doi.org/10.1007/s40279-013-0079-0
https://doi.org/10.1007/s40279-013-0079-0
https://doi.org/10.1210/jcem-67-2-245
https://doi.org/10.1139/y75-011
https://doi.org/10.1016/j.metabol.2017.10.010
https://doi.org/10.1016/j.metabol.2017.10.010
https://doi.org/10.1016/0026-0495(83)90106-3
https://doi.org/10.1016/j.metabol.2015.10.028
https://doi.org/10.1113/JP273230
https://doi.org/10.1096/fj.10-171983
https://doi.org/10.1096/fj.10-171983
https://doi.org/10.1152/japplphysiol.00813.2005
https://doi.org/10.1152/japplphysiol.00813.2005
https://doi.org/10.1016/j.cmet.2016.08.021
https://doi.org/10.1113/JP273185
https://doi.org/10.1016/j.yrtph.2012.04.008
https://doi.org/10.1123/ijspp.2019-0918
https://doi.org/10.1123/ijspp.2019-0918
https://doi.org/10.1093/advances/nmz104
https://doi.org/10.1093/advances/nmz104
https://doi.org/10.1016/j.cmet.2016.07.010
https://doi.org/10.1249/MSS.0000000000001700
https://doi.org/10.1249/MSS.0000000000001700
https://doi.org/10.1249/MSS.0000000000002065
https://doi.org/10.3389/fphys.2019.00229
https://doi.org/10.3389/fphys.2019.00229
https://doi.org/10.1016/j.jsams.2018.11.027
https://doi.org/10.1123/ijsnem.2018-0284
https://doi.org/10.1139/apnm-2017-0724
https://doi.org/10.3389/fphys.2017.00806
https://doi.org/10.1139/apnm-2016-0641
https://doi.org/10.1139/apnm-2016-0641
https://doi.org/10.1113/JP277831
https://doi.org/10.1152/ajpgi.1989.257.2.G291
https://doi.org/10.1152/ajpgi.1989.257.2.G291
https://doi.org/10.2165/00003088-197803050-00001
https://doi.org/10.1007/s40279-018-0938-9
https://doi.org/10.1186/s12986-020-00497-1
https://doi.org/10.1186/s12986-020-00497-1
https://doi.org/10.1136/bmj.k2173
https://doi.org/10.1111/j.1528-1167.2008.01821.x
https://doi.org/10.1016/j.jand.2017.06.006
https://doi.org/10.1002/14651858.CD001903.pub3
https://doi.org/10.1002/14651858.CD001903.pub3
https://doi.org/10.1016/s0920-1211(03)00041-x
https://doi.org/10.1016/s0920-1211(03)00041-x
https://doi.org/10.1046/j.1528-1157.2001.17601.x
https://doi.org/10.1001/jamapediatrics.2020.2282
https://doi.org/10.1093/brain/awv325
https://doi.org/10.1074/jbc.M111.294785
https://doi.org/10.1074/jbc.M111.294785
https://doi.org/10.1016/j.neuint.2009.05.001
https://doi.org/10.1016/j.neuint.2009.05.001
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-947567 November 9, 2022 Time: 15:36 # 12

Saris and Timmers 10.3389/fnut.2022.947567

66. Zuckermann AM, La Ragione RM, Baines DL, Williams RS. Valproic acid
protects against haemorrhagic shock-induced signalling changes via ppargamma
activation in an in vitro model. Br J Pharmacol. (2015) 172:5306–17. doi: 10.1111/
bph.13320

67. Achanta LB, Rae CD. Beta-hydroxybutyrate in the brain: One molecule,
multiple mechanisms. Neurochem Res. (2017) 42:35–49. doi: 10.1007/s11064-016-
2099-2

68. Waldbaum S, Patel M. Mitochondrial dysfunction and oxidative stress: A
contributing link to acquired epilepsy? J Bioenerg Biomembr. (2010) 42:449–55.
doi: 10.1007/s10863-010-9320-9

69. Bough KJ, Wetherington J, Hassel B, Pare JF, Gawryluk JW, Greene JG, et al.
Mitochondrial biogenesis in the anticonvulsant mechanism of the ketogenic diet.
Ann Neurol. (2006) 60:223–35. doi: 10.1002/ana.20899

70. Puchowicz MA, Emancipator DS, Xu K, Magness DL, Ndubuizu OI, Lust
WD, et al. Adaptation to chronic hypoxia during diet-induced ketosis. Adv Exp
Med Biol. (2005) 566:51–7. doi: 10.1007/0-387-26206-7_8

71. Pinto A, Bonucci A, Maggi E, Corsi M, Businaro R. Anti-oxidant and anti-
inflammatory activity of ketogenic diet: New perspectives for neuroprotection in
Alzheimer’s disease. Antioxidants. (2018) 7:63. doi: 10.3390/antiox7050063

72. Maalouf M, Sullivan PG, Davis L, Kim DY, Rho JM. Ketones inhibit
mitochondrial production of reactive oxygen species production following
glutamate excitotoxicity by increasing nadh oxidation. Neuroscience. (2007)
145:256–64. doi: 10.1016/j.neuroscience.2006.11.065

73. Lutas A, Yellen G. The ketogenic diet: Metabolic influences on brain
excitability and epilepsy. Trends Neurosci. (2013) 36:32–40. doi: 10.1016/j.tins.2012.
11.005

74. Prins ML, Fujima LS, Hovda DA. Age-dependent reduction of cortical
contusion volume by ketones after traumatic brain injury. J Neurosci Res. (2005)
82:413–20. doi: 10.1002/jnr.20633

75. Defeudis G, Rossini M, Khazrai YM, Pipicelli AMV, Brucoli G, Veneziano M,
et al. The gut microbiome as possible mediator of the beneficial effects of very low
calorie ketogenic diet on type 2 diabetes and obesity: A narrative review. Eat Weight
Disord. (2022) 27:2339–46. doi: 10.1007/s40519-022-01434-2

76. Olson CA, Vuong HE, Yano JM, Liang QY, Nusbaum DJ, Hsiao EY. The
gut microbiota mediates the anti-seizure effects of the ketogenic diet. Cell. (2018)
173:1728.e–41.e. doi: 10.1016/j.cell.2018.04.027

77. Zhang Y, Zhou S, Zhou Y, Yu L, Zhang L, Wang Y. Altered Gut microbiome
composition in children with refractory epilepsy after ketogenic diet. Epilepsy Res.
(2018) 145:163–8. doi: 10.1016/j.eplepsyres.2018.06.015

78. Mu C, Nikpoor N, Tompkins TA, Rho JM, Scantlebury MH, Shearer J.
Probiotics counteract hepatic steatosis caused by ketogenic diet and upregulate
ampk signaling in a model of infantile epilepsy. EBioMedicine. (2022) 76:103838.
doi: 10.1016/j.ebiom.2022.103838

79. Chatzikonstantinou S, Gioula G, Kimiskidis VK, McKenna J, Mavroudis I,
Kazis D. The gut microbiome in drug-resistant epilepsy. Epilepsia Open. (2021)
6:28–37. doi: 10.1002/epi4.12461

80. Blander JM, Longman RS, Iliev ID, Sonnenberg GF, Artis D. Regulation
of inflammation by microbiota interactions with the host. Nat Immunol. (2017)
18:851–60. doi: 10.1038/ni.3780

81. Sourbron J, Klinkenberg S, van Kuijk SMJ, Lagae L, Lambrechts D, Braakman
HMH, et al. Ketogenic diet for the treatment of pediatric epilepsy: Review and
meta-analysis. Childs Nerv Syst. (2020) 36:1099–109. doi: 10.1007/s00381-020-
04578-7

82. Pizzo F, Collotta AD, Di Nora A, Costanza G, Ruggieri M, Falsaperla R.
Ketogenic diet in pediatric seizures: A randomized controlled trial review and
meta-analysis. Expert Rev Neurother. (2022) 22:169–77. doi: 10.1080/14737175.
2022.2030220

83. van der Louw E, van den Hurk D, Neal E, Leiendecker B, Fitzsimmon G,
Dority L, et al. Ketogenic diet guidelines for infants with refractory epilepsy. Eur J
Paediatr Neurol. (2016) 20:798–809. doi: 10.1016/j.ejpn.2016.07.009

84. Gomes D, Pimentel J, Bentes C, Aguiar de Sousa D, Antunes AP, Alvarez A,
et al. Consensus protocol for the treatment of super-refractory status epilepticus.
Acta Med Port. (2018) 31:598–605. doi: 10.20344/amp.9679

85. Zare M, Okhovat AA, Esmaillzadeh A, Mehvari J, Najafi MR, Saadatnia M.
Modified atkins diet in adult with refractory epilepsy: A controlled randomized
clinical trial. Iran J Neurol. (2017) 16:72–7.

86. Martin-McGill KJ, Jackson CF, Bresnahan R, Levy RG, Cooper PN. Ketogenic
diets for drug-resistant epilepsy. Cochrane Database Syst Rev. (2018) 11:CD001903.
doi: 10.1002/14651858.CD001903.pub4

87. Ruan Y, Chen L, She D, Chung Y, Ge L, Han L. Ketogenic diet for epilepsy:
An overview of systematic review and meta-analysis. Eur J Clin Nutr. (2022)
76:1234–44. doi: 10.1038/s41430-021-01060-8

88. Balasse EO, Fery F. Ketone body production and disposal: Effects of fasting,
diabetes, and exercise. Diabetes Metab Rev. (1989) 5:247–70. doi: 10.1002/dmr.
5610050304

89. Cahill GF Jr. Fuel metabolism in starvation. Annu Rev Nutr. (2006) 26:1–22.
doi: 10.1146/annurev.nutr.26.061505.111258

90. Yurista SR, Nguyen CT, Rosenzweig A, de Boer RA, Westenbrink BD. Ketone
bodies for the failing heart: Fuels that can fix the engine? Trends Endocrinol Metab.
(2021) 32:814–26. doi: 10.1016/j.tem.2021.07.006

91. Lafontan M, Moro C, Sengenes C, Galitzky J, Crampes F, Berlan M.
An Unsuspected metabolic role for atrial natriuretic peptides: The control of
lipolysis, lipid mobilization, and systemic nonesterified fatty acids levels in
humans. Arterioscler Thromb Vasc Biol. (2005) 25:2032–42. doi: 10.1161/01.ATV.
0000183728.14712.d8

92. Rajabi M, Kassiotis C, Razeghi P, Taegtmeyer H. Return to the fetal gene
program protects the stressed heart: A strong hypothesis. Heart Fail Rev. (2007)
12:331–43. doi: 10.1007/s10741-007-9034-1

93. Guo Y, Liu X, Li T, Zhao J, Yang Y, Yao Y, et al. Alternate-day ketogenic diet
feeding protects against heart failure through preservation of ketogenesis in the
liver. Oxid Med Cell Longev. (2022) 2022:4253651. doi: 10.1155/2022/4253651

94. Weis EM, Puchalska P, Nelson AB, Taylor J, Moll I, Hasan SS, et al. Ketone
body oxidation increases cardiac endothelial cell proliferation. EMBO Mol Med.
(2022) 14:e14753. doi: 10.15252/emmm.202114753

95. Saucedo-Orozco H, Voorrips SN, Yurista SR, de Boer RA, Westenbrink BD.
Sglt2 inhibitors and ketone metabolism in heart failure. J Lipid Atheroscler. (2022)
11:1–19. doi: 10.12997/jla.2022.11.1.1

96. Guo Y, Zhang C, Shang FF, Luo M, You Y, Zhai Q, et al. Ketogenic
diet ameliorates cardiac dysfunction via balancing mitochondrial dynamics and
inhibiting apoptosis in type 2 diabetic mice. Aging Dis. (2020) 11:229–40. doi:
10.14336/AD.2019.0510

97. Murray AJ, Knight NS, Cole MA, Cochlin LE, Carter E, Tchabanenko K, et al.
Novel ketone diet enhances physical and cognitive performance. FASEB J. (2016)
30:4021–32. doi: 10.1096/fj.201600773R

98. Kashiwaya Y, King MT, Veech RL. Substrate signaling by insulin: A ketone
bodies ratio mimics insulin action in heart. Am J Cardiol. (1997) 80:50A–64A.
doi: 10.1016/s0002-9149(97)00458-x

99. Leaf A, Kang JX, Xiao YF, Billman GE, Voskuyl RA. Experimental studies
on antiarrhythmic and antiseizure effects of polyunsaturated fatty acids in
excitable tissues. J Nutr Biochem. (1999) 10:440–8. doi: 10.1016/s0955-2863(99)
00034-0

100. Leaf A, Kang JX, Xiao YF, Billman GE, Voskuyl RA. The antiarrhythmic and
anticonvulsant effects of dietary N-3 fatty acids. J Membr Biol. (1999) 172:1–11.
doi: 10.1007/s002329900578

101. Polito R, Valenzano A, Monda V, Cibelli G, Monda M, Messina G, et al.
Heart rate variability and sympathetic activity is modulated by very low-calorie
ketogenic diet. Int J Environ Res Public Health. (2022) 19:2253. doi: 10.3390/
ijerph19042253

102. Xu S, Tao H, Cao W, Cao L, Lin Y, Zhao SM, et al. Ketogenic diets inhibit
mitochondrial biogenesis and induce cardiac fibrosis. Signal Transduct Target Ther.
(2021) 6:54. doi: 10.1038/s41392-020-00411-4

103. Selvaraj S, Kelly DP, Margulies KB. Implications of altered ketone
metabolism and therapeutic ketosis in heart failure. Circulation. (2020) 141:1800–
12. doi: 10.1161/CIRCULATIONAHA.119.045033

104. Kleissl-Muir S, Rasmussen B, Owen A, Zinn C, Driscoll A. Low
Carbohydrate diets for diabetic cardiomyopathy: A hypothesis. Front Nutr. (2022)
9:865489. doi: 10.3389/fnut.2022.865489

105. Zweers H, van Wegberg AMJ, Janssen MCH, Wortmann SB. Ketogenic diet
for mitochondrial disease: A systematic review on efficacy and safety. Orphanet J
Rare Dis.(2021) 16:295. doi: 10.1186/s13023-021-01927-w

106. Frayn KN, Evans RD. Human metabolism : A regulatory perspective.
Hoboken, NJ: Wiley-Blackwell (2019).

107. Tieu K, Perier C, Caspersen C, Teismann P, Wu DC, Yan SD, et al. D-
beta-hydroxybutyrate rescues mitochondrial respiration and mitigates features
of Parkinson disease. J Clin Invest. (2003) 112:892–901. doi: 10.1172/JCI
18797

108. Kim DY, Davis LM, Sullivan PG, Maalouf M, Simeone TA, van Brederode
J, et al. Ketone bodies are protective against oxidative stress in neocortical
neurons. J Neurochem. (2007) 101:1316–26. doi: 10.1111/j.1471-4159.2007.
04483.x

109. Masino SA, Rho JM. Mechanisms of ketogenic diet action. In: Noebels JL,
Avoli M, Rogawski MA, Olsen RW, Delgado-Escueta AV editors. Jasper’s basic
mechanisms of the epilepsies. Bethesda, MD: National Center for Biotechnology
Information (US) (2012).

Frontiers in Nutrition 12 frontiersin.org

https://doi.org/10.3389/fnut.2022.947567
https://doi.org/10.1111/bph.13320
https://doi.org/10.1111/bph.13320
https://doi.org/10.1007/s11064-016-2099-2
https://doi.org/10.1007/s11064-016-2099-2
https://doi.org/10.1007/s10863-010-9320-9
https://doi.org/10.1002/ana.20899
https://doi.org/10.1007/0-387-26206-7_8
https://doi.org/10.3390/antiox7050063
https://doi.org/10.1016/j.neuroscience.2006.11.065
https://doi.org/10.1016/j.tins.2012.11.005
https://doi.org/10.1016/j.tins.2012.11.005
https://doi.org/10.1002/jnr.20633
https://doi.org/10.1007/s40519-022-01434-2
https://doi.org/10.1016/j.cell.2018.04.027
https://doi.org/10.1016/j.eplepsyres.2018.06.015
https://doi.org/10.1016/j.ebiom.2022.103838
https://doi.org/10.1002/epi4.12461
https://doi.org/10.1038/ni.3780
https://doi.org/10.1007/s00381-020-04578-7
https://doi.org/10.1007/s00381-020-04578-7
https://doi.org/10.1080/14737175.2022.2030220
https://doi.org/10.1080/14737175.2022.2030220
https://doi.org/10.1016/j.ejpn.2016.07.009
https://doi.org/10.20344/amp.9679
https://doi.org/10.1002/14651858.CD001903.pub4
https://doi.org/10.1038/s41430-021-01060-8
https://doi.org/10.1002/dmr.5610050304
https://doi.org/10.1002/dmr.5610050304
https://doi.org/10.1146/annurev.nutr.26.061505.111258
https://doi.org/10.1016/j.tem.2021.07.006
https://doi.org/10.1161/01.ATV.0000183728.14712.d8
https://doi.org/10.1161/01.ATV.0000183728.14712.d8
https://doi.org/10.1007/s10741-007-9034-1
https://doi.org/10.1155/2022/4253651
https://doi.org/10.15252/emmm.202114753
https://doi.org/10.12997/jla.2022.11.1.1
https://doi.org/10.14336/AD.2019.0510
https://doi.org/10.14336/AD.2019.0510
https://doi.org/10.1096/fj.201600773R
https://doi.org/10.1016/s0002-9149(97)00458-x
https://doi.org/10.1016/s0955-2863(99)00034-0
https://doi.org/10.1016/s0955-2863(99)00034-0
https://doi.org/10.1007/s002329900578
https://doi.org/10.3390/ijerph19042253
https://doi.org/10.3390/ijerph19042253
https://doi.org/10.1038/s41392-020-00411-4
https://doi.org/10.1161/CIRCULATIONAHA.119.045033
https://doi.org/10.3389/fnut.2022.865489
https://doi.org/10.1186/s13023-021-01927-w
https://doi.org/10.1172/JCI18797
https://doi.org/10.1172/JCI18797
https://doi.org/10.1111/j.1471-4159.2007.04483.x
https://doi.org/10.1111/j.1471-4159.2007.04483.x
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-947567 November 9, 2022 Time: 15:36 # 13

Saris and Timmers 10.3389/fnut.2022.947567

110. Srivastava S, Kashiwaya Y, King MT, Baxa U, Tam J, Niu G, et al.
Mitochondrial biogenesis and increased uncoupling protein 1 in brown adipose
tissue of mice fed a ketone ester diet. FASEB J. (2012) 26:2351–62. doi: 10.1096/fj.
11-200410

111. Ziegler DR, Ribeiro LC, Hagenn M, Siqueira IR, Araujo E, Torres IL,
et al. Ketogenic diet increases glutathione peroxidase activity in rat hippocampus.
Neurochem Res. (2003) 28:1793–7. doi: 10.1023/a:1026107405399

112. Jarrett SG, Milder JB, Liang LP, Patel M. The ketogenic diet increases
mitochondrial glutathione levels. J Neurochem. (2008) 106:1044–51. doi: 10.1111/j.
1471-4159.2008.05460.x

113. Tan KN, Carrasco-Pozo C, McDonald TS, Puchowicz M, Borges K.
Tridecanoin is anticonvulsant, antioxidant, and improves mitochondrial function.
J Cereb Blood Flow Metab. (2017) 37:2035–48. doi: 10.1177/0271678X16659498

114. Balietti M, Giorgetti B, Di Stefano G, Casoli T, Platano D, Solazzi M, et al. A
ketogenic diet increases succinic dehydrogenase (Sdh) activity and recovers age-
related decrease in numeric density of sdh-positive mitochondria in cerebellar
purkinje cells of late-adult rats. Micron. (2010) 41:143–8. doi: 10.1016/j.micron.
2009.08.010

115. Ahola-Erkkila S, Carroll CJ, Peltola-Mjosund K, Tulkki V, Mattila I,
Seppanen-Laakso T, et al. Ketogenic diet slows down mitochondrial myopathy
progression in mice. Hum Mol Genet. (2010) 19:1974–84. doi: 10.1093/hmg/ddq076

116. Ahola S, Auranen M, Isohanni P, Niemisalo S, Urho N, Buzkova J,
et al. Modified atkins diet induces subacute selective ragged-red-fiber lysis in
mitochondrial myopathy patients. EMBO Mol Med. (2016) 8:1234–47. doi: 10.
15252/emmm.201606592

117. Santra S, Gilkerson RW, Davidson M, Schon EA. Ketogenic treatment
reduces deleted mitochondrial dnas in cultured human cells. Ann Neurol. (2004)
56:662–9. doi: 10.1002/ana.20240

118. Qu C, Keijer J, Adjobo-Hermans MJW, van de Wal M, Schirris T, van
Karnebeek C, et al. The ketogenic diet as a therapeutic intervention strategy in
mitochondrial disease. Int J Biochem Cell Biol. (2021) 138:106050. doi: 10.1016/j.
biocel.2021.106050

119. Owen OE, Morgan AP, Kemp HG, Sullivan JM, Herrera MG, Cahill GF Jr.
Brain metabolism during fasting. J Clin Invest. (1967) 46:1589–95. doi: 10.1172/
JCI105650

120. Reger MA, Henderson ST, Hale C, Cholerton B, Baker LD, Watson GS,
et al. Effects of beta-hydroxybutyrate on cognition in memory-impaired adults.
Neurobiol Aging. (2004) 25:311–4. doi: 10.1016/S0197-4580(03)00087-3

121. Pan JW, Bebin EM, Chu WJ, Hetherington HP. Ketosis and epilepsy: 31p
spectroscopic imaging at 4.1 T. Epilepsia. (1999) 40:703–7. doi: 10.1111/j.1528-
1157.1999.tb00766.x

122. Stafstrom CE, Rho JM. The ketogenic diet as a treatment paradigm for
diverse neurological disorders. Front Pharmacol. (2012) 3:59. doi: 10.3389/fphar.
2012.00059

123. Wlodarek D. Role of ketogenic diets in neurodegenerative diseases
(Alzheimer’s disease and Parkinson’s disease). Nutrients. (2019) 11:169. doi: 10.
3390/nu11010169

124. Contestabile A. Benefits of Caloric restriction on brain aging and related
pathological states: Understanding mechanisms to devise novel therapies. Curr
Med Chem. (2009) 16:350–61. doi: 10.2174/092986709787002637

125. Cullingford T. Peroxisome proliferator-activated receptor alpha and the
ketogenic diet. Epilepsia. (2008) 49(Suppl. 8):70–2. doi: 10.1111/j.1528-1167.2008.
01840.x

126. Jeong EA, Jeon BT, Shin HJ, Kim N, Lee DH, Kim HJ, et al. Ketogenic diet-
induced peroxisome proliferator-activated receptor-gamma activation decreases
neuroinflammation in the mouse hippocampus after kainic acid-induced seizures.
Exp Neurol. (2011) 232:195–202. doi: 10.1016/j.expneurol.2011.09.001

127. Kemnitz JW. Calorie restriction and aging in nonhuman primates. ILAR J.
(2011) 52:66–77. doi: 10.1093/ilar.52.1.66

128. Redman LM, Ravussin E. Caloric restriction in humans: Impact on
physiological, psychological, and behavioral outcomes. Antioxid Redox Signal.
(2011) 14:275–87. doi: 10.1089/ars.2010.3253

129. Yomogida Y, Matsuo J, Ishida I, Ota M, Nakamura K, Ashida K, et al.
An fmri investigation into the effects of ketogenic medium-chain triglycerides
on cognitive function in elderly adults: A pilot study. Nutrients. (2021) 13:2134.
doi: 10.3390/nu13072134

130. Augustin K, Khabbush A, Williams S, Eaton S, Orford M, Cross JH,
et al. Mechanisms of Action for the medium-chain triglyceride ketogenic diet in
neurological and metabolic disorders. Lancet Neurol. (2018) 17:84–93. doi: 10.1016/
s1474-4422(17)30408-8

131. Thevenet J, De Marchi U, Domingo JS, Christinat N, Bultot L, Lefebvre G,
et al. Medium-chain fatty acids inhibit mitochondrial metabolism in astrocytes

promoting astrocyte-neuron lactate and ketone body shuttle systems. FASEB J.
(2016) 30:1913–26. doi: 10.1096/fj.201500182

132. O’Neill BV, Dodds CM, Miller SR, Gupta A, Lawrence P, Bullman J, et al.
The effects of Gsk2981710, a medium-chain triglyceride, on cognitive function
in healthy older participants: A randomised, placebo-controlled study. Hum
Psychopharmacol. (2019) 34:e2694. doi: 10.1002/hup.2694

133. Rusek M, Pluta R, Ulamek-Koziol M, Czuczwar SJ. Ketogenic diet in
Alzheimer’s disease. Int J Mol Sci. (2019) 20:3892. doi: 10.3390/ijms20163892

134. Hersant H, Grossberg G. The ketogenic diet and Alzheimer’s disease. J Nutr
Health Aging. (2022) 26:606–14. doi: 10.1007/s12603-022-1807-7

135. Lilamand M, Mouton-Liger F, Di Valentin E, Sanchez Ortiz M, Paquet C.
Efficacy and safety of ketone supplementation or ketogenic diets for Alzheimer’s
disease: A mini review. Front Nutr. (2021) 8:807970. doi: 10.3389/fnut.2021.807970

136. Morris MC, Tangney CC. Dietary fat composition and dementia risk.
Neurobiol Aging. (2014) 35(Suppl 2):S59–64. doi: 10.1016/j.neurobiolaging.2014.03.
038

137. Voskuyl RA, Vreugdenhil M. Effects of essential fatty acids on voltage-
regulated ionic channels and seizure thresholds in animals. In: Mostofsky DI,
Yehuda S, Salem N editors. Fatty acids: Physiological and behavioral functions.
(Totowa, NJ: Humana Press) (2001). p. 63–78.

138. Morris MC, Evans DA, Bienias JL, Tangney CC, Bennett DA, Aggarwal N,
et al. Dietary fats and the risk of incident Alzheimer disease. Arch Neurol. (2003)
60:194–200. doi: 10.1001/archneur.60.2.194

139. Taylor MK, Sullivan DK, Morris JK, Vidoni ED, Honea RA, Mahnken JD,
et al. High glycemic diet is related to brain amyloid accumulation over one year
in preclinical Alzheimer’s disease. Front Nutr. (2021) 8:741534. doi: 10.3389/fnut.
2021.741534

140. Kashiwaya Y, Bergman C, Lee JH, Wan R, King MT, Mughal MR, et al. A
ketone ester diet exhibits anxiolytic and cognition-sparing properties, and lessens
amyloid and tau pathologies in a mouse model of Alzheimer’s disease. Neurobiol
Aging. (2013) 34:1530–9. doi: 10.1016/j.neurobiolaging.2012.11.023

141. Van der Auwera I, Wera S, Van Leuven F, Henderson STA. Ketogenic diet
reduces amyloid beta 40 and 42 in a mouse model of Alzheimer’s disease. Nutr
Metab. (2005) 2:28. doi: 10.1186/1743-7075-2-28

142. Xu Y, Jiang C, Wu J, Liu P, Deng X, Zhang Y, et al. Ketogenic diet ameliorates
cognitive impairment and neuroinflammation in a mouse model of Alzheimer’s
disease. CNS Neurosci Ther. (2022) 28:580–92. doi: 10.1111/cns.13779

143. Krikorian R, Shidler MD, Dangelo K, Couch SC, Benoit SC, Clegg DJ.
Dietary ketosis enhances memory in mild cognitive impairment. Neurobiol Aging.
(2012) 33:e19–27. doi: 10.1016/j.neurobiolaging.2010.10.006

144. Rebello CJ, Keller JN, Liu AG, Johnson WD, Greenway FL. Pilot
feasibility and safety study examining the effect of medium chain triglyceride
supplementation in subjects with mild cognitive impairment: A randomized
controlled trial. BBA Clin. (2015) 3:123–5. doi: 10.1016/j.bbacli.2015.
01.001

145. Henderson ST, Vogel JL, Barr LJ, Garvin F, Jones JJ, Costantini LC.
Study of the ketogenic agent Ac-1202 in mild to moderate Alzheimer’s disease:
A randomized, double-blind, placebo-controlled, multicenter trial. Nutr Metab.
(2009) 6:31. doi: 10.1186/1743-7075-6-31

146. Ota M, Matsuo J, Ishida I, Takano H, Yokoi Y, Hori H, et al. Effects of
a medium-chain triglyceride-based ketogenic formula on cognitive function in
patients with mild-to-moderate Alzheimer’s disease. Neurosci Lett. (2019) 690:232–
6. doi: 10.1016/j.neulet.2018.10.048

147. Taylor MK, Sullivan DK, Mahnken JD, Burns JM, Swerdlow RH. Feasibility
and efficacy data from a ketogenic diet intervention in Alzheimer’s disease.
Alzheimers Dement. (2018) 4:28–36. doi: 10.1016/j.trci.2017.11.002

148. Phillips MCL, Deprez LM, Mortimer GMN, Murtagh DKJ, McCoy S,
Mylchreest R, et al. Randomized crossover trial of a modified ketogenic diet in
Alzheimer’s disease. Alzheimers Res Ther. (2021) 13:51. doi: 10.1186/s13195-021-
00783-x

149. Newport MT, VanItallie TB, Kashiwaya Y, King MT, Veech RLA. New way
to produce hyperketonemia: Use of ketone ester in a case of Alzheimer’s disease.
Alzheimers Dement. (2015) 11:99–103. doi: 10.1016/j.jalz.2014.01.006

150. Seidl SE, Santiago JA, Bilyk H, Potashkin JA. The emerging role of nutrition
in Parkinson’s disease. Front Aging Neurosci. (2014) 6:36. doi: 10.3389/fnagi.2014.
00036

151. Craft S, Watson GS. Insulin and neurodegenerative disease: Shared and
specific mechanisms. Lancet Neurol. (2004) 3:169–78. doi: 10.1016/S1474-4422(04)
00681-7

152. Van Woert MH, Mueller PS. Glucose, insulin, and free fatty acid metabolism
in Parkinson’s disease treated with levodopa. Clin Pharmacol Ther. (1971) 12:360–7.
doi: 10.1002/cpt1971122part2360

Frontiers in Nutrition 13 frontiersin.org

https://doi.org/10.3389/fnut.2022.947567
https://doi.org/10.1096/fj.11-200410
https://doi.org/10.1096/fj.11-200410
https://doi.org/10.1023/a:1026107405399
https://doi.org/10.1111/j.1471-4159.2008.05460.x
https://doi.org/10.1111/j.1471-4159.2008.05460.x
https://doi.org/10.1177/0271678X16659498
https://doi.org/10.1016/j.micron.2009.08.010
https://doi.org/10.1016/j.micron.2009.08.010
https://doi.org/10.1093/hmg/ddq076
https://doi.org/10.15252/emmm.201606592
https://doi.org/10.15252/emmm.201606592
https://doi.org/10.1002/ana.20240
https://doi.org/10.1016/j.biocel.2021.106050
https://doi.org/10.1016/j.biocel.2021.106050
https://doi.org/10.1172/JCI105650
https://doi.org/10.1172/JCI105650
https://doi.org/10.1016/S0197-4580(03)00087-3
https://doi.org/10.1111/j.1528-1157.1999.tb00766.x
https://doi.org/10.1111/j.1528-1157.1999.tb00766.x
https://doi.org/10.3389/fphar.2012.00059
https://doi.org/10.3389/fphar.2012.00059
https://doi.org/10.3390/nu11010169
https://doi.org/10.3390/nu11010169
https://doi.org/10.2174/092986709787002637
https://doi.org/10.1111/j.1528-1167.2008.01840.x
https://doi.org/10.1111/j.1528-1167.2008.01840.x
https://doi.org/10.1016/j.expneurol.2011.09.001
https://doi.org/10.1093/ilar.52.1.66
https://doi.org/10.1089/ars.2010.3253
https://doi.org/10.3390/nu13072134
https://doi.org/10.1016/s1474-4422(17)30408-8
https://doi.org/10.1016/s1474-4422(17)30408-8
https://doi.org/10.1096/fj.201500182
https://doi.org/10.1002/hup.2694
https://doi.org/10.3390/ijms20163892
https://doi.org/10.1007/s12603-022-1807-7
https://doi.org/10.3389/fnut.2021.807970
https://doi.org/10.1016/j.neurobiolaging.2014.03.038
https://doi.org/10.1016/j.neurobiolaging.2014.03.038
https://doi.org/10.1001/archneur.60.2.194
https://doi.org/10.3389/fnut.2021.741534
https://doi.org/10.3389/fnut.2021.741534
https://doi.org/10.1016/j.neurobiolaging.2012.11.023
https://doi.org/10.1186/1743-7075-2-28
https://doi.org/10.1111/cns.13779
https://doi.org/10.1016/j.neurobiolaging.2010.10.006
https://doi.org/10.1016/j.bbacli.2015.01.001
https://doi.org/10.1016/j.bbacli.2015.01.001
https://doi.org/10.1186/1743-7075-6-31
https://doi.org/10.1016/j.neulet.2018.10.048
https://doi.org/10.1016/j.trci.2017.11.002
https://doi.org/10.1186/s13195-021-00783-x
https://doi.org/10.1186/s13195-021-00783-x
https://doi.org/10.1016/j.jalz.2014.01.006
https://doi.org/10.3389/fnagi.2014.00036
https://doi.org/10.3389/fnagi.2014.00036
https://doi.org/10.1016/S1474-4422(04)00681-7
https://doi.org/10.1016/S1474-4422(04)00681-7
https://doi.org/10.1002/cpt1971122part2360
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-947567 November 9, 2022 Time: 15:36 # 14

Saris and Timmers 10.3389/fnut.2022.947567

153. Murakami K, Miyake Y, Sasaki S, Tanaka K, Fukushima W, Kiyohara C, et al.
Dietary glycemic index is inversely associated with the risk of Parkinson’s disease:
A case-control study in Japan. Nutrition. (2010) 26:515–21. doi: 10.1016/j.nut.2009.
05.021

154. Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden CD.
Mitochondrial complex I deficiency in Parkinson’s disease. J Neurochem. (1990)
54:823–7. doi: 10.1111/j.1471-4159.1990.tb02325.x

155. Parker WD Jr., Parks JK, Swerdlow RH. Complex I deficiency in Parkinson’s
disease frontal cortex. Brain Res. (2008) 1189:215–8. doi: 10.1016/j.brainres.2007.
10.061

156. Mischley LK, Lau RC, Bennett RD. Role of diet and nutritional supplements
in Parkinson’s disease progression. Oxid Med Cell Longev. (2017) 2017:6405278.
doi: 10.1155/2017/6405278

157. Kashiwaya Y, Takeshima T, Mori N, Nakashima K, Clarke K, Veech RLD-.
Beta-hydroxybutyrate protects neurons in models of Alzheimer’s and Parkinson’s
disease. Proc Natl Acad Sci U.S.A. (2000) 97:5440–4. doi: 10.1073/pnas.97.10.5440

158. Kim DY, Vallejo J, Rho JM. Ketones prevent synaptic dysfunction induced
by mitochondrial respiratory complex inhibitors. J Neurochem. (2010) 114:130–41.
doi: 10.1111/j.1471-4159.2010.06728.x

159. Kim DY, Abdelwahab MG, Lee SH, O’Neill D, Thompson RJ, Duff HJ, et al.
Ketones prevent oxidative impairment of hippocampal synaptic integrity through
katp channels. PLoS One. (2015) 10:e0119316. doi: 10.1371/journal.pone.0119316

160. Grammatikopoulou MG, Tousinas G, Balodimou C, Anastasilakis DA,
Gkiouras K, Dardiotis E, et al. Ketogenic therapy for Parkinson’s disease: A
systematic review and synthesis without meta-analysis of animal and human trials.
Maturitas. (2022) 163:46–61. doi: 10.1016/j.maturitas.2022.06.001

161. Vanitallie TB, Nonas C, Di Rocco A, Boyar K, Hyams K, Heymsfield SB.
Treatment of Parkinson disease with diet-induced hyperketonemia: A feasibility
study. Neurology. (2005) 64:728–30. doi: 10.1212/01.WNL.0000152046.11390.45

162. Phillips MCL, Murtagh DKJ, Gilbertson LJ, Asztely FJS, Lynch CDP. Low-
fat versus ketogenic diet in Parkinson’s disease: A pilot randomized controlled trial.
Mov Disord. (2018) 33:1306–14. doi: 10.1002/mds.27390

163. Milder JB, Liang LP, Patel M. Acute oxidative stress and systemic Nrf2
activation by the ketogenic diet. Neurobiol Dis. (2010) 40:238–44. doi: 10.1016/j.
nbd.2010.05.030

164. Zhao Z, Lange DJ, Voustianiouk A, MacGrogan D, Ho L, Suh J, et al. A
ketogenic diet as a potential novel therapeutic intervention in amyotrophic lateral
sclerosis. BMC Neurosci. (2006) 7:29. doi: 10.1186/1471-2202-7-29

165. Zhao W, Varghese M, Vempati P, Dzhun A, Cheng A, Wang J, et al. Caprylic
triglyceride as a novel therapeutic approach to effectively improve the performance
and attenuate the symptoms due to the motor neuron loss in als disease. PLoS One.
(2012) 7:e49191. doi: 10.1371/journal.pone.0049191

166. Bedlack R, Barkhaus PE, Barnes B, Beauchamp M, Bertorini T,
Bromberg MB, et al. Alsuntangled #63: Ketogenic diets. Amyotroph Lateral

Scler Frontotemporal Degener. (2021):1–5. doi: 10.1080/21678421.2021.19
90346

167. Wills AM, Hubbard J, Macklin EA, Glass J, Tandan R, Simpson EP, et al.
Hypercaloric enteral nutrition in patients with amyotrophic lateral sclerosis:
A randomised, double-blind, placebo-controlled phase 2 trial. Lancet. (2014)
383:2065–72. doi: 10.1016/S0140-6736(14)60222-1

168. De Marchi F, Collo A, Scognamiglio A, Cavaletto M, Bozzi Cionci N, Biroli
G, et al. Study protocol on the safety and feasibility of a normocaloric ketogenic
diet in people with amyotrophic lateral sclerosis. Nutrition. (2022) 94:111525.
doi: 10.1016/j.nut.2021.111525

169. Di Majo D, Cacciabaudo F, Accardi G, Gambino G, Giglia G, Ferraro
G, et al. Ketogenic and modified mediterranean diet as a tool to counteract
neuroinflammation in multiple sclerosis: Nutritional suggestions. Nutrients. (2022)
14:2384. doi: 10.3390/nu14122384

170. Choi IY, Piccio L, Childress P, Bollman B, Ghosh A, Brandhorst S, et al. A
Diet Mimicking Fasting Promotes Regeneration and Reduces Autoimmunity and
Multiple Sclerosis Symptoms. Cell Rep (2016) 15:2136–46. doi: 10.1016/j.celrep.
2016.05.009

171. Bock M, Steffen F, Zipp F, Bittner S. Impact of dietary intervention
on serum neurofilament light chain in multiple sclerosis. Neurol
Neuroimmunol Neuroinflamm. (2022) 9:e1102. doi: 10.1212/NXI.00000000000
01102

172. Bock M, Karber M, Kuhn H. Ketogenic diets attenuate cyclooxygenase and
lipoxygenase gene expression in multiple sclerosis. EBioMedicine. (2018) 36:293–
303. doi: 10.1016/j.ebiom.2018.08.057

173. Lee JE, Titcomb TJ, Bisht B, Rubenstein LM, Louison R, Wahls TL. A
modified mct-based ketogenic diet increases plasma beta-hydroxybutyrate but
has less effect on fatigue and quality of life in people with multiple sclerosis
compared to a modified paleolithic diet: A waitlist-controlled, randomized
pilot study. J Am Coll Nutr. (2021) 40:13–25. doi: 10.1080/07315724.2020.173
4988

174. Brenton JN, Lehner-Gulotta D, Woolbright E, Banwell B, Bergqvist AGC,
Chen S, et al. Phase Ii study of ketogenic diets in relapsing multiple sclerosis: Safety,
tolerability and potential clinical benefits. J Neurol Neurosurg Psychiatry. (2022)
93:637–44. doi: 10.1136/jnnp-2022-329074

175. Brenton JN, Banwell B, Bergqvist AGC, Lehner-Gulotta D, Gampper
L, Leytham E, et al. Pilot study of a ketogenic diet in relapsing-remitting
Ms. Neurol Neuroimmunol Neuroinflamm. (2019) 6:e565. doi: 10.1212/NXI.
0000000000000565

176. Lin WS, Lin SJ, Liao PY, Suresh D, Hsu TR, Wang PY. Role of ketogenic
diets in multiple sclerosis and related animal models: An updated review. Adv Nutr.
(2022) 13:2002–14. doi: 10.1093/advances/nmac065

177. Cervenka MC, Wood S, Bagary M, Balabanov A, Bercovici E, Brown MG,
et al. International recommendations for the management of adults treated with
ketogenic diet therapies. Neurol Clin Pract. (2021) 11:385–97.

Frontiers in Nutrition 14 frontiersin.org

https://doi.org/10.3389/fnut.2022.947567
https://doi.org/10.1016/j.nut.2009.05.021
https://doi.org/10.1016/j.nut.2009.05.021
https://doi.org/10.1111/j.1471-4159.1990.tb02325.x
https://doi.org/10.1016/j.brainres.2007.10.061
https://doi.org/10.1016/j.brainres.2007.10.061
https://doi.org/10.1155/2017/6405278
https://doi.org/10.1073/pnas.97.10.5440
https://doi.org/10.1111/j.1471-4159.2010.06728.x
https://doi.org/10.1371/journal.pone.0119316
https://doi.org/10.1016/j.maturitas.2022.06.001
https://doi.org/10.1212/01.WNL.0000152046.11390.45
https://doi.org/10.1002/mds.27390
https://doi.org/10.1016/j.nbd.2010.05.030
https://doi.org/10.1016/j.nbd.2010.05.030
https://doi.org/10.1186/1471-2202-7-29
https://doi.org/10.1371/journal.pone.0049191
https://doi.org/10.1080/21678421.2021.1990346
https://doi.org/10.1080/21678421.2021.1990346
https://doi.org/10.1016/S0140-6736(14)60222-1
https://doi.org/10.1016/j.nut.2021.111525
https://doi.org/10.3390/nu14122384
https://doi.org/10.1016/j.celrep.2016.05.009
https://doi.org/10.1016/j.celrep.2016.05.009
https://doi.org/10.1212/NXI.0000000000001102
https://doi.org/10.1212/NXI.0000000000001102
https://doi.org/10.1016/j.ebiom.2018.08.057
https://doi.org/10.1080/07315724.2020.1734988
https://doi.org/10.1080/07315724.2020.1734988
https://doi.org/10.1136/jnnp-2022-329074
https://doi.org/10.1212/NXI.0000000000000565
https://doi.org/10.1212/NXI.0000000000000565
https://doi.org/10.1093/advances/nmac065
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Ketogenic diets and Ketone suplementation: A strategy for therapeutic intervention
	The ketogenic diet and its metabolic effect
	Ketogenic diet in (intractable) epilepsy
	Ketogenic diet in cardiology
	Ketogenic diet in mitochondrial diseases
	Ketogenic diet in neurodegenerative diseases
	Alzheimer's disease
	Parkinson's disease
	Amyotrophic lateral sclerosis
	Multiple sclerosis

	Conclusion/future directions
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


