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Introduction
Efficacy of metabolic therapies in animal models of seizure

It is renown that seizures may be caused by genetic or environmental 
factors. Central nervous system oxygen toxicity (CNS-OT), also known 
as hyperbaric oxygen (HBO2)-related seizures, compromise the safety 
of undersea divers using rebreathers and patients undergoing HBO2 
therapy [1]. Breathing 100% O2 at the barometric pressure (Pb) of 
2.4 atmospheres absolute (ATA), or higher doses, increases the risk 
of convulsions in exposed subjects, and current applications of HBO2 
therapy routinely use up to 3 ATA HBO2 [2], which is why CNS-OT 
currently represents the primary limiting factor in HBO2 therapy. For 
this reason, HBO2 provides a unique, reversible, and reproducible 
stimulus for generalized tonic-clonic seizures in animal models and is 
thus an effective model for assessing anti-seizure strategies.

In the past, it has been demonstrated that fasting delays the onset of 
CNS-OT [3], by shifting brain energy metabolism. For example, fasting 
for 24 to 36 hours delays the latency time to CNS-OT seizure up to 300%, 
which is comparable to high doses of anti-epileptic drugs (AEDs) [4,5] 
and experimental excitatory glutamatergic neurotransmission blockers 
[6]. Esters of betaxydroxybutyrate (BHB) or acetoacetate (AcAc) 
can effectively induce a rapid and sustained ketosis [7,8], therefore 
D’Agostino and colleagues [9] synthesized and tested a ketone ester 
[R,S-1,3-butanediol acetoacetate diester (BD-AcAc2)], which has been 
shown to induce therapeutic ketosis in dogs [10,11] and pigs [8] and was 
proposed as a metabolic therapy for parenteral and enteral nutrition 
[7]. The group was interested in esters of AcAc because precursors to 
BHB do not prevent CNS-OT [12], and animal studies suggest that 
AcAc and acetone have the greatest anticonvulsant potential [13-16]. 
Authors demonstrated that a single oral administration of the ketone 
ester BD-AcAc2 caused rapid and sustained elevations of BHB (>3 
mM), AcAc (>3 mM), and acetone (~0.7 mM) and increased resistance 
to seizures (LS = 574 ±115%, P < 0.001), compared with control (water) 
or BD, even though BD caused a significant increase in BHB (Figure 2) 
[9]. Ketone ester administration produces “fasting ketosis”, which effect 
is well documented in humans and animal models and correlates with 
a rise in blood ketones [13,16]. Dietary-induced hepatic ketogenesis 
is dependent on maintaining a low insulin-to-glucagon ratio, which 
quickly reverses with carbohydrate consumption. Seizure protection is 
also reversed upon ingestion of calories from carbohydrate or excess 
protein (>20%). BD-AcAc2 has little or no effect on blood glucose [9], 
and thus makes it an attractive option for mitigating CNS-OT and 
may represent a sought-after strategy for epilepsy to circumvent issues 
with compliance associated with KD [17]. In addition, D’Agostino 
and collaborators [9] demonstrated that the anticonvulsant benefits of 
fasting ketosis are conferred with BD-AcAc2, even during a standard 

diet ad libitum, reaching higher blood ketones levels than those 
typically reported in rats fasted

24-36 h [12] or rats eating a KD [18,19]. In fact, measurements of 
BHB, AcAc, and acetone together showed values of   ~6 mM, usually 
achieved in a week of fasting for humans [20]. Acetone levels elevated 
by BD-AcAc2 (0.7 mM) were similar to brain acetone levels in epilepsy 
patients that have achieved complete seizure control with adherence to 
a strict KD [21].

In order to further evaluate the anticonvulsant properties of orally 
administered ketone bodies, Viggiano and colleagues tested BD-AcAc2 
in an adult Winstar rat model of seizures, induced by pentylenetrazole 
(PTZ) injection [22]. The PTZ model was chosen as pro-convulsing 
agent as it represents one of the most commonly employed drugs in 
acute convulsive crisis models, highly comparable to generalized 
seizures in humans. Moreover, Bough and Eagles demonstrated how 
efficient a KD can be in PTZ-induced seizures in a rat model [23]. 
Viggiano and colleagues assessed the blood ketones increase following 
the oral administration of BD-AcAc2 in rats, in parallel with the CNS-
OT seizure model reported previously [9]. The main preliminary 
finding from Viggiano’s study was that oral administration of BD-
AcAc2 manifested a significant increase of BHB and an even more 
consistent resistance against the epileptic seizure onset, compared to 
the control group [24].

The Ketogenic Diet as a Universally Recognized Alternative 
Treatment for Refractory and non-Refractory Epilepsy.

In the event of glucose availability restriction, more than 60% of 
human brain’s energy will be derived from ketones. After prolonged 
periods of fasting or ketogenic diet (KD), the whole body utilizes 
energy obtained from free fatty acids (FFAs) released from adipose 
tissue. However, the brain is not capable to obtain significant energy 
from FFAs, thus hepatic ketogenesis converts them into ketone bodies: 
β-hydroxybutyrate (BHB) and acetoacetate (AcAc), while a percentage 
of AcAc spontaneously decarboxylates to acetone [20].

To date, it has been broadly demonstrated how the metabolic state 
of mild ketosis, which can be induced through KD administration, 
calorie restriction or fasting, represents an emerging tool for the 
metabolic management of epilepsy and a number neurodegenerative 
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disease [25], amyotrophic lateral sclerosis [26], and some types of cancer 
[27,28]. In addition, nutritional treatments represent a valid alternative 
whereas pharmaceutical approaches have shown a number of failures 
and ineffectiveness, not to mention the elevated number of side effects 
and costs for public health to be faced every year worldwide.

Under normal conditions and mostly in western societies, a healthy 
brain utilizes glucose as primary energy source, which unbalance can 
lead to a number of neurodegenerative disorders often associated with 
mitochondrial impairment and glucose transport-related dysfunctions, 
such as in epilepsy, traumatic brain injury, Parkinson’s and Alzheimer’s 
diseases [29-33]. Ketone bodies and Krebs cycle intermediates represent 
the best fuels for brain and other organs. In fact, through   their   
utilization, impaired   glucose   metabolism   may   be   bypassed   and   
their neuroprotective properties may be exploited [34].

However, neuroprotective mechanisms of ketosis are currently 
object of studies as mechanisms of action are still not sufficiently 
understood. It has been shown that ketone bodies are neuroprotective as 
they induce a consistent increase in mitochondrial biogenesis regulating 
the synaptic function, and also generate ATP increases, thus reducing the 
reactive oxygen species production in neurological tissues [35,36], and 
notably inhibit superoxide synthesis in primary rat neuronal cultures 
exposed to hyperoxia [37,38]. Moreover, the main reason why the KD 
has been proven so effective as an anticonvulsant approach is because 
it significantly reduces the metabolism of glucose [19]. In addition, Ma 
and colleagues [39] demonstrated that, at physiological concentrations, 
BHB and AcAc reduce spontaneous discharges of GABAergic.  neurons 
in the rat substantia nigra, through ATP-sensitive potassium channels. 
Also, a reduction of total CNS aspartate levels in association with 
an increase of glutamate concentrations was found during ketosis, 
observing a significant increase of decarboxylated glutamate to GABA, 
the main inhibitory neurotransmitter [40-44]. Moreover, a remarkable 
increase in mitochondrial transcription enzymes and proteins was 
observed in rat hippocampus after the administration of a KD [45]. 
Taken together, findings in the field suggest that neurons may resist to 
depolarization through ionic gradient and rest potential homeostasis, 
which might explain the evident analogy between the anticonvulsant 
mechanisms of orally administered ketone bodies and KD.

Epilepsy represents one of the most frequent neurological 
pathologies as it concerns about 43 million people worldwide. It results 
from a variety of CNS disorders and can be determined by vascular 
damages, genetic factors or malformations, cancers, pre-/post-natal 
injuries, traumatic brain injury.  It has been demonstrated that the 
KD is one of the most effective non- pharmacological approaches 
in refractory epilepsy [46], although it is still unknown to and 
underestimated by many neurologists.  Furthermore, the KD can be 
associated with classic antiepileptic drugs, thus significantly increasing 
their therapeutic results [4]. The KD induces a consistent increase in 
blood ketone concentration, notably AcAc and acetone [13,16] and its 
full success has been shown in about 50% of epileptic cases (complete 
seizure elimination), whereas it still significantly improves the quality 
of life for the remaining 50% of patients [16]. Furthermore, it has been 
reported that ketosis may be beneficial against cancer by decreasing 
blood glucose levels, the primary metabolic fuel for cancer cells [27,47-
49]. In fact, previous work highlighted that blood ketone concentration 
was negatively correlated with tumor growth.

The role of ketones in neurodegenerative diseases

Impairment of mitochondrial function is most likely the main cause 
of many neurodegenerative diseases by causing dysfunction in energy 

production. Metabolic therapies that target mitochondrial function 
could stall or reverse the progression of neurodegenerative diseases, 
such as Alzheimer`s disease (AD), amyotrophic lateral sclerosis (ALS), 
multiple sclerosis and traumatic brain injury (TBI) by preserving 
neuronal function and decreasing ROS. Ketones may confer a 
therapeutic effect, especially against neurodegenerative diseases that 
are characterized by impaired glucose metabolism. Transgenic animal 
models of neurodegenerative diseases showed positive outcomes 
induced by ketogenic diet.  Increased motor neuron number was 
reported in ALS transgenic models in response to ketosis (Zhao et 
al. 2006; Zhao et al. 2012), reduced lesion volume was described after 
TBI [50], increased cell survival and decreased seizure frequency in 
kainate-induced seizure models were observed [51] and suppressed 
inflammatory cytokines and chemokines in an experimental model of 
multiple sclerosis was reported [52].

Metabolic therapies in mouse models of alzheimer`s disease

Since KD has been proven to improve metabolic efficiency in 
seizure disorders by acting as an anticonvulsant [13,53-57], it has 
been suggested that the diet may be useful for treating several other 
neurological disorders, such as Alzheimer`s disease (AD).  Especially, 
since patients affected with AD often experience seizures [57], while 
it has been reported that neuronal excitability is enhanced [58,59] 
and neuronal circuits and mitochondrial homeostasis are altered. AD 
manifests as a progressive decline in memory, and affects an estimated 
5.4 million people in the US. This number is expected to double 
by 2050 (Alzheimer’s Association, 2012). The main pathological 
hallmarks of the disease are extracellular deposits of amyloid beta (Aβ), 
intracellular accumulation of neurofibrillary tangles (tau deposition), 
and progressive loss of neurons. In AD patients, similarly to other 
dementias, an energy imbalance is present. Hypometabolism can be 
observed in several brain areas, especially in the hippocampus [60,61] 
as well as impaired mitochondrial function [62]. There is a shift in 
brain metabolism as an early event in AD pathology, which results in 
decreased cerebral glucose utilization, while changing from utilization 
of glucose to increased ketogenesis during aging [63,64]. Providing 
ketone bodies as an alternative fuel for neurons has been suggested to 
bypass such metabolic deficits present in the AD brain.

Researchers use several transgenic mouse models to elucidate the 
mechanism of the disease and to test potential treatment options. In 
an animal model of AD, transgenic mice consuming a ketogenic diet 
exhibited better mitochondrial function and less oxidative stress and 
b-amyloid deposition when compared with normally fed controls [65] 
(Table 1).

Two, well established mouse models with Alzheimer-like pathology 
have been tested so far [66]. Five months old amyloid-depositing mice, 
transgenic for mutant amyloid precursor protein and presenilin-

Diabetic Ketoacidosis Therapeutic Ketosis
Blood Ketones (mM) > 10-20 0.5-8
Insulin Dysregulated/Absent Low
Glycemia High Low

Renal Metabolism Ketonuria, glycosuria, 
reduced GFR Mild osmotic diuresis

Acidosis Very high Mild and regulated

Pathology Hypovolemia, hypotension 
and death None

Cognitive Performance Impaired Enhanced
Physical Performance Impaired Enhanced

Table 1. Comparison of diabetic ketoacidosis to therapeutic ketosis.
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1(APP+PS1) and tau depositing mice transgenic for tau (Tg4510) 
were fed with low carbohydrate, medium chain triglyceride-rich diet, 
which induced ketosis, but did so without introducing high amounts 
of omega-6 or hydrogenated fats. Medium chain triglycerides were 
used, since those can be metabolized in the liver rapidly to produce a 
mild state of ketosis [67,68]. The study demonstrated that the ketogenic 
diet effectively elevated circulating ketone bodies, while successfully 
reduced glucose levels.  The behavioral and histopathological outcomes 
of this study were less prominent. KD enhanced motor performance in 
Tg4510 mice, but neither rescued neuronal loss, nor improved memory 
deficits. During the last two weeks of treatment the mice that were fed 
with KD performed significantly better on the rotarod, while in the 
radial arm water maze test learning deficits were identified in both 
transgenic lines with no significant differences between diets.

Other studies showed similar results; KD improved rotarod 
performance in young (1-2 month) nontransgenic and APP+PS1 
mice when fed KD for one month [69], while no effects on the soluble 
amyloid in the brain or muscle could be detected by ELISA, similarly to 
the previous study [66].

The effects of a ketone ester have also been tested in a recent study 
[70] on a 3xTg mice by reaching 0.7 mM BHB.  After 4-7 months of 
treatment subtle differences in learning were observed, with decreased 
anxiety and increased locomotor activity in the ketone- supplemented 
mice. These transgenic mice do not have amyloid deposits, but they 
exhibit intracellular staining with an anti-Aβ antiserum. Interestingly, 
in the ketone ester supplemented group the number of cells exhibiting 
this staining was reduced.

In a female AD mouse model reduced mitochondrial APP and 
the 16kD Abeta oligomer levels were reported after treatment with 
2-deoxyglucose (2-DG) [64]. 2-DG competitively blocks glucose 
metabolism; therefore, it induces a compensatory rise of ketone bodies 
by the liver [71] which might have led to the neuroprotective effect.

While some of these results are encouraging, it is necessary to 
further improve our understanding about the potential benefits of KDs 
in AD, which still remains an irreversible disease.

Metabolic therapies in mouse models of ALS

Currently, the most prevalent motor neuron disease is ALS, with 
a lifetime risk of 1 in 2000 [72]. While the mechanism of the disease 
remains elusive, it results in neuronal death characterized by excess 
glutamate and oxidative stress-induced metabolic dysfunction. The 
exact cause of ALS is still unknown, proteinopathy, glutaminergic 
dysregulation, metabolic dysregulation and motor neuron death all 
occur in ALS and suggest various neuroprotectants as possible therapy. 
Hallmarks of ALS also include mitochondrial dysfunction, oxidative 
stress, glutamate excitotoxicity, and ultimately death of motor neurons 
[73,74]. To date, the only therapy offered to ALS patients to extend 
survival is riluzole, which offers only a modest (2-3 months) extension 
of survival in some patients, and has considerable side effects [75].

In order to understand the mechanism of the disease and to test 
different therapeutic approaches, transgenic ALS mouse models are 
often utilized model organisms. The most commonly used transgenic 
mouse model is the SOD1-G34A line. These transgenic mice express 
mutant forms of the human SOD1 gene and multiple copies of the wild 
type (wt) human SOD1 gene, therefore, providing the opportunity 
to study the progression of ALS pathogenesis [76,77]. Recent studies 
suggest that the above mentioned histopathological and biochemical 
hallmarks result from impaired energy metabolism. Scientists tested 

the ketogenic diet in SOD1-G34A mice to restore energy balance as 
a collateral metabolic therapeutic approach. Zhao et al. [78] reported 
both histological and functional improvements when the transgenic 
mice were fed by the ketogenic diet compared with a control diet. 
The study described improvement in motor function as well as higher 
motor neuron count; however, the survival time was not increased.

In addition, Zhao et al. [79] has shown that caprylic triglyceride, 
which is a medium chain triglyceride, stalled the impairment of motor 
function and reduced the death of motor neurons in the spinal cord in 
the transgenic ALS mice through the restoration of energy metabolism. 
The survival time was not increased in this study either, the ketogenic 
diet and caprylic triglyceride were each shown to provide alternative 
fuel, but could not achieve extended survival. From these results it is 
clear that elevated blood ketone level enhances motor performance, but 
is not sufficient for extending survival.

Studies on ALS transgenic mice are crucial to test potential 
therapies that not only improve motor function, but extend survival, 
especially if anecdotal reports in humans suggest a therapeutic effect. 
Anecdotal reports from ALS patients (Winning the Fight against 
Neurodegenerative Diseases Foundation) describe symptomatic 
improvement in motor control following administration of the 
supplement component of the Deanna protocol (DP). The DP is 
comprised of arginine alpha-ketoglutarate (AAKG) as the main 
ingredient and a number of other agents that were reported to preserve 
metabolic function and prevent glutamate excitotoxicity associated 
with ALS-induced metabolic dysfunction.  The DP was developed to 
slow the disease progression which is caused by the premature death 
of motor neurons by using the metabolic intermediate AAKG in 
combination with mitochondrial ATP production supporting agents, 
through supplying an alternative energy source for the neurons and 
glial cells [26].

A recent study on SOD1-G34A mice tested the DP supplement as 
a potential metabolic therapy. The animals were randomly assigned 
to one of four groups: Standard Diet (SD; Control); SD + Metabolic 
Therapy (SD+DP); Ketogenic Diet (KD); or KD+DP (n=11 each 
group). The DP was composed of AAKG (arginine alpha-ketoglutarate 
in 1:1 ratio, Primaforce, 10%); GABA (gamma-aminobutyric acid, 
Primaforce, 1%); Bio-enhanced ubiquinone (HQ2, Tishcon, 0.1%); 
medium chain triglyceride (MCT) high in caprylic acid (MCT oil, Life 
enhancement, 10%) [26].

Mice fed with ketogenic diet or the Deanna Protocol (DP) 
supplementation showed improved motor performance similar to 
what was found in previous studies [78,79]. KD-fed mice exhibited 
better motor performance on accelerating rotarod, grip test and 
hanging wire motor function tests between 15 and 16 weeks of age. 
The DP supplementation added to a standard rodent diet improved 
motor function, delayed neurological deficits, and significantly 
extended survival in SOD1-G93A mouse model of ALS. The major 
findings of the study show that during the later stages of the disease 
progression the SD+DP mice demonstrated improved motor function 
on rotarod, grip test, and PAGE test as well. SD+DP group exhibited 
a significantly better neurological score from age 116 to 136 days.  In 
addition, 63.3% and 72.7% of animals lived past 125 days in KD+DP 
and SD+DP groups, respectively, while only 9% of the control animals 
remained alive past that time point. Therefore, it can be concluded that 
metabolic therapy using DP supplement delayed disease progression 
and extended survival in the SOD1-G93A mouse model [26].

A recent study on SOD1-G34A mice describes extended survival 
in response to resveratrol as well [80].  Resveratrol is considered an 
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anti-aging antioxidant that is found in many foods such as red wine, 
peanuts and Japanese knotweed (Polygonum cuspidatum). It has been 
found to suppress the influx of excitatory ions into some cell types 
which is associated with reduced glutamate-induced cell toxicity 
[81]. Resveratrol may target neurodegenerative diseases by reducing 
oxidative stress, both on its own and by increasing the expression of 
SIRT1 [82], a gene associated with longevity. In addition, resveratrol 
has been reported to increase the activity of SOD in cells and therefore 
protect them from apoptosis and oxidative stress [83], thus preserving 
metabolic function even in the presence of a persistent molecular 
pathology.

In the study by Mancuso et al. [80] resveratrol treatment from 8 
weeks of age significantly delayed disease onset and preserved lower 
and upper motorneuron function in the SOD1-G34A mouse model. In 
addition, it extended the lifespan of the transgenic mice and promoted 
survival of their spinal motorneurons. It is speculated that resveratrol`s 
protective effects were associated with increased expression and 
activation of Sirtuin 1 and AMPK in the ventral spinal cord, which 
mediators increased mitochondrial biogenesis and ultimately enhances 
cellular bioenergetic potential.

These studies suggest that targeting energy metabolism with 
metabolic therapy produces a therapeutic effect in ALS mice and is a 
feasible strategy that may prolong survival and quality of life in ALS 
patients. It is also important to mention that presently there are no clinical 
trials underway to test such metabolic therapies, so it is problematic to 
extrapolate the potential role of such therapies in humans.

Metabolic supplementation
Ketone supplementation would circumvent the need for dietary 

restriction that is required to sustain nutritional ketosis.  For this reason, 
ketone supplementation and other forms of energy intermediates are 
being developed and tested as forms of metabolic therapy. Ketogenic 
medical foods or exogenous ketones have proven problematic for 
reasons of cost, palpability, tolerability and longterm safety. Ketogenic 
fats, like medium chain triglyceride oil (MCT oil) are poorly tolerated 
by the gastrointestinal system, but studies have shown that cognitive 
enhancement benefits can be observed from the mild ketosis in those 
individuals tolerant to MCT-based formulas [32]. Oral administration 
of BHB and AcAc in their free acid form is expensive and ineffective at 
producing sustained ketosis. The sodium salt of BHB has been shown 
to elevate blood ketone levels in animal models [13], while esters of 
BHB or AcAc also promise great therapeutic potential [8,9,36]. These 
ketone esters of BHB are demonstrated to be safe and well tolerated 
in rats [84] and humans [85], while they produce fasting-level ketosis 
without dietary restriction.   Ketone esters may represent the sought-
after “ketogenic diet in a pill” [17], but further testing of these ketogenic 
agents are required.

In addition, a novel nutritional approach in immunotherapy of 
cancer based on ketogenic diet supplemented with chondroitin sulfate, 
vitamin D3, oleic acid and fermented milk showed the efficacy of a 
newly commercialized line of non-glucidic food products utilized in 
cancer patients’ daily diet (Dolce Vita LLC-Gilbert, AZ, USA) [86]. 
This new clinical supplementation might represent the future in terms 
of ketogenic nutrition for the treatment of pathologies such as cancer, 
obesity, diabetes type II, refractory and non-refractory epilepsy and a 
number of neurodegenerative diseases.

Potential future application

Nutritional therapies are increasing in popularity and are in 
the main focus in other neurological diseases as well. The possible 

beneficial effects of ketogenic diets on mitochondrial activity might 
explain the reports on improvement of patients’ scores in Parkinson’ 
disease [87]. Use of KD has also been shown to reduce the volume of 
cortical contusion in an animal model of cortical injury [50]. Since TBI 
may lead to epilepsy in some cases and because of the effective use of 
the ketogenic diet in reducing seizures, it has been suggested that it may 
also improve the clinical status following TBI. Ketone supplements are 
being developed, medical foods and dietary supplements are emerging 
in order to help keep low blood glucose levels and elevate ketone levels 
without dietary restrictions.

Future research will need to target the question whether Parkinson 
disease, glioblastoma, TBI and other metabolic disorders, such as 
Friedreich's ataxia, Multiple Acyl-CoA Dehydrogenase Deficiency 
(MADD), PDH deficiency, GLUT1DS can be alternatively treated with 
similar metabolic therapies.

Concerns
Previously, ketones were considered as “metabolic poison” 

and there has been much confusion about the physiological state of 
nutritional ketosis in the medical community [29]. Many of these 
concerns result from the association of therapeutic ketosis with 
diabetic ketoacidosis (DKA). DKA produces “runaway ketosis” and 
results in ketone concentrations of 20 mM or greater, which can be 
reversed with insulin administration. A major concern that frequently 
arises with regard to ketosis is related to the observation that blood pH 
may transiently decrease during the initial stages of ketosis [88] caused 
by the accumulation of ketone bodies in the bloodstream. However, 
several studies have demonstrated [8,10,11] that the mild H+ load and 
blood pH typically return to the normal range as long as ketones are 
maintained below 10 mM [88].
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