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Abstract

Abnormal neuronal signaling caused by metabolic changes characterizes several neurological 

disorders, and in some instances metabolic interventions provide therapeutic benefits. Indeed, 

altering metabolism either by fasting or by maintaining a low-carbohydrate (ketogenic) diet might 

reduce epileptic seizures and offer neuroprotection in part because the diet increases mitochondrial 

biogenesis and brain energy levels. Here we focus on a novel hypothesis that a ketogenic diet-

induced change in energy metabolism increases levels of ATP and adenosine, purines that are 

critically involved in neuron–glia interactions, neuromodulation and synaptic plasticity. Enhancing 

brain bioenergetics (ATP) and increasing levels of adenosine, an endogenous anticonvulsant and 

neuroprotective molecule, might help with understanding and treating a variety of neurological 

disorders.

Introduction

Key factors influencing normal and abnormal signaling in the brain include neuron–glia 

interactions as well as cellular and mitochondrial bioenergetics. Clinically, the relationship 

between metabolism and altered brain activity is well documented and, although this 

relationship has been exploited therapeutically, the mechanisms underlying these effects are 

not well understood. One example of this relationship is the change in brain activity 

precipitated by a ketogenic diet, a low-carbohydrate high-fat protocol designed to mimic 

fasting that was introduced in the 1920s as a strategy to manage and reduce epileptic 

seizures [1]. Historical observations noted that fasting decreased the incidence of seizures in 

persons with epilepsy, but because fasting cannot be maintained, seizures inevitably return. 

Like fasting, the ketogenic diet results in limited glucose availability due to the very low 

carbohydrate intake and forces the body to use ketones as an alternate source of acetyl-CoA 

to generate ATP. Also similar to fasting, a ketogenic diet does reduce the incidence of 

seizures significantly and it is particularly useful in pediatric cases of medically intractable 

epilepsy [2,3]. Conservatively, adherence to a ketogenic diet results in more than a 50% 
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reduction in seizures in more than 50% of cases, and the neuroprotective benefits of this diet 

extend to a variety of acute and chronic neurological disorders [4].

Although therapeutic benefits and metabolic changes associated with a ketogenic diet have 

been described, to date the specific mechanism(s) by which a ketogenic diet alters neural 

activity is not well understood [5]. This gap between clinical efficacy and mechanistic 

understanding deters widespread use of the diet and hampers development of alternate 

approaches to treating seizure disorders. Currently, antiepileptic drugs are associated with 

side effects of headaches, weight gain, drowsiness and dizziness, as well as hormonal and 

fertility disruptions [6], and up to 35% of persons with epilepsy are not treated successfully 

with available antiepileptic drugs (AEDs). By contrast, ketogenic diets are largely devoid of 

these major side effects [7]. Overall, the efficacy of ketogenic diet therapy is at least 

comparable to AEDs [3], and the success of the ketogenic diet in cases of pharmacoresistant 

epilepsy suggests that altered metabolism is not targeting solely the same neural 

mechanisms as the AEDs [7]. New therapeutic strategies are needed that lack significant 

side effects and avoid compliance issues that restrict the use of this strict and unpalatable 

dietary regimen [3,7,8].

In general, AEDs act to either decrease neuronal excitability and/or increase neuronal 

inhibition, and some of the major mechanisms targeted by AEDs include voltage-gated ion 

channels and GABA-mediated inhibition [9]. In a clear distinction from AEDs, the 

anticonvulsant properties of the ketogenic diet have been attributed most often to 

mechanisms such as direct cellular effects of ketone bodies, alterations in neurotransmitter 

levels or circulating factors that act as neuromodulators, and transformations of cerebral 

energy metabolism [5,10]. However, these underlying mechanisms for ketogenic diets do 

not explain fully the changes in forebrain neuronal activity manifest clinically by 

anticonvulsant and neuroprotective outcomes [4]. Based on previous [11,12] and recent 

[13,14] research, it appears likely that altered brain bioenergetics and purinergic signaling 

explain most of the changes in neuronal activity observed with a ketogenic diet. Specifically, 

an increase in the purines ATP and adenosine integrates many observed experimental results 

and provides a direct neuronal mechanism underlying the anticonvulsant and 

neuroprotective properties of ketogenic diets. In this article, we present and discuss evidence 

that favors the hypothesis (see Figure 1) that purinergic mechanisms help explain the 

anticonvulsant and neuroprotective effects of ketogenic diets.

Bioenergetics, purines and neuronal signaling

Bioenergetic status in the brain is a carefully orchestrated balance between energy needs—

demanded mainly by Na+/K+ ATPase enzymes to maintain ionic homeostasis—and energy 

supplies such as glucose, ATP, creatine phosphate, glycogen, ketone bodies and various 

amino acids. Seizure disorders and insults related to acute and chronic neurodegenerative 

disorders greatly increase cellular energy demand. Without adequate supplies of primary and 

alternate sources of energy coupled with strong feedback and constraints on energy 

expenditure—particularly neuronal excitation—neuron dysfunction and death are likely. 

Therefore, increasing brain energy supplies and/or reducing energy demand could help 

prevent a bioenergetic crisis.
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In brain, adenosine and ATP participate interdependently to balance energy supplies against 

demands and both purines regulate neuronal signaling directly via cell-surface receptors 

[15]. Adenosine activates four subtypes of G-protein-coupled receptors (A1, A2A, A2B and 

A3), and tonic levels of adenosine present extracellularly are sufficient to activate A1 and 

A2A receptors that have high affinity (~100 nM) for adenosine [16]. In hippocampus and 

cortex, adenosine A1 receptors are strongly inhibitory and their activation confers 

neuroprotection and elevates seizure thresholds [17]. Presynaptic adenosine A1 receptors 

reduce glutamate release, and postsynaptic adenosine A1 receptors hyperpolarize neurons 

through G-protein-coupled potassium channels.

Accordingly, augmenting adenosine A1 receptor activity can stop [18] or limit the spread of 

seizures [19] and enhance neuronal survival [17]. Conversely, reducing the influence of 

adenosine A1 receptor activation increases neuronal damage after an insult such as stroke or 

hypoxia and increases and strengthens persistent neuronal bursting activity patterns in both 

in vivo [20] and in vitro models of epilepsy [21]. Akin to a ketogenic diet’s success in 

refractory epilepsy, adenosine is an effective anticonvulsant even in animal models of drug-

resistant epilepsy [22]. Thus, adenosine can reduce seizures by mechanisms independent of 

those implicated in the actions of AEDs.

ATP acts at its own purine receptors—a large family of both ionotropic (P2X) and 

metabotropic (P2Y) receptor subtypes with diverse pharmacological profiles and cellular 

effects [23]. Cell-surface ATP receptors are located presynaptically, where they can act to 

increase neuronal excitation [24] and postsynaptically, where they help control a variety of 

neuronal functions [25]. Intracellular ATP can also link directly to neuronal excitability via 

ATP-sensitive K+ channels, and reports have shown neuroprotective effects after 

augmenting [26] or blocking [27] their activity. Importantly, in addition to ATP providing 

cellular energy, signaling intracellularly, regulating ion channels and activating ATP 

receptors, extracellular ATP is dephosphorylated rapidly to adenosine and thereby 

contributes significantly to the ongoing influence of adenosine on synaptic transmission 

[28].

Basal endogenous extracellular adenosine is derived mainly from ATP released from 

neurons and glia [29], and adenosine levels are regulated by various enzymes including 

ecto- and endo-nucleotidases, adenosine kinase, adenosine deaminase, purine nucleoside 

phosphorylase and S-adenosylhomocysteine hydrolase. Whether formed intra- or 

extracellularly, adenosine can be transported across the plasma membrane by a family of 

nucleoside transporters and, under normal conditions, extracellular adenosine is removed 

constantly from the extracellular space via equilibrative transporters [30]. During 

energetically stressful conditions such as hypoxia, hypoglycemia or seizures, cellular energy 

demands outstrip ATP salvage, intracellular adenosine levels rise and adenosine levels rise 

rapidly in the extracellular space [31,32]. A sufficient increase in extracellular adenosine in 

many brain regions, including hippocampus and cerebral cortex, halts synaptic transmission 

entirely. In addition to pathological conditions such as stroke or seizure, diverse 

nonpathological stimuli such as NMDA receptor activation and small changes in 

temperature, pH and free radicals can regulate adenosine and/or ATP [33], and 

physiologically relevant changes in these variables alter seizure propensity and synaptic 
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transmission significantly [34,35]. Likewise, we propose that a shift in metabolism, such as 

that precipitated by a ketogenic diet or fasting, might be a primary mechanism where altered 

bioenergetics influences neural activity and signaling significantly via changes in ATP and 

adenosine.

Glial cells, specifically astrocytes, regulate purine signaling and metabolism and participate 

strongly in controlling physiological and pathophysiological conditions [17,36,37]. 

Astrocytes modulate local neuronal activity and ongoing synaptic plasticity by releasing a 

variety of gliotransmitters [38] including ATP [39]. ATP in the extracellular space is 

dephosphorylated rapidly and the resulting adenosine contributes significantly to ongoing 

inhibitory influences exerted by activated A1 receptors [39]. This relationship is illustrated 

in Figure 2. Of special interest is the significantly increased size, differentiation and diverse 

localization of astrocytes in the human brain as compared to brains of other species [40]. 

The complexity of the human brain astrocytic network might be critical for ongoing 

neuromodulation and synaptic plasticity, but also greatly increases the propensity for 

pathological changes in astrocytes and results in abnormal purine signaling after a seizure or 

injury [41]. Thus, current research reveals the parallel ongoing and dynamic links between 

metabolism and neuronal activity through the purines ATP and adenosine, with critical 

regulation of extracellular purine signaling by astrocytes, purine receptors, adenosine 

transporters and ecto-enzymes.

The ketogenic diet, ATP and adenosine

Metabolic equilibrium and energy demands during compromised conditions are spearheaded 

by the relationship between glia and neurons, and the brain prioritizes its energy demands 

and ATP supply under conditions of stress [42]. The normal human brain increases its levels 

of high-energy molecules in response to an acute episode of either hyper- or hypoglycemia; 

this response in the brain to changes in glucose contrasts sharply with that in skeletal muscle 

[43]. Similarly, a more prolonged change in metabolism, either with fasting or with a 

ketogenic diet, is capable of changing the levels of purines and other energy molecules. 

Previous reports have suggested that a ketogenic diet increases ATP [11,12], and 

phosphocreatine to ATP ratio [44], and although it did not reach significance, doubles ADP 

levels [13].

Several physiological consequences of a ketogenic diet are similar to fasting and include 

hypoglycemia and increased levels of ketone bodies and free fatty acids [5]. There is little 

evidence that the ketone bodies themselves—β-hydroxybutyrate, acetoacetate and acetone—

are responsible for the anticonvulsant influence. Direct application of β-hydroxybutyrate or 

acetoacetate did not affect synaptic responses [45], and levels of either these ketones [46], 

acetone [47] or its metabolites [4,48] do not correlate with the level of seizure control. 

Overall, acetone shows the best anticonvulsant effects in either in vivo or in vitro models, 

but a direct neuronal mechanism underlying the effects of acetone is unclear. In terms of 

excitatory neurotransmitters, an increase in glutamate uptake and transport has been 

discounted recently as a mechanism underlying the ketogenic diet’s success [49].
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Both hypoglycemia and decreased pH are physiological changes that have been shown to 

increase adenosine and/or ATP levels. A decrease in glucose and changes in acid–base 

balance are observed with either a severe ketogenic diet or fasting [50], and although there is 

little evidence for a global change in brain pH with a ketogenic diet [51], there could be 

smaller changes in pH in restricted microdomains [34] or an increased magnitude of 

activity-dependent pH changes. Furthermore, astrocyte metabolism increases with a 

ketogenic diet and astrocytes are a major contributor to extracellular purines; astrocytes 

likely contribute to the metabolic changes by providing ketones to neurons when glucose is 

scarce [52].

Recently, there have been several new mechanisms proposed to underlie the anticonvulsant 

success of the ketogenic diet. One intriguing synaptic mechanism is increased activity at 

ATP-sensitive K+ channels, a mechanism which directly hyperpolarizes neuronal 

membranes [53]. Notably, adenosine A1 receptors regulate the activity of ATP-sensitive K+ 

channels [54], and a combination of increased activity at A1 receptors as well as increased 

ATP-sensitive K+ channels offers a more comprehensive anticonvulsant mechanism 

involving both purines. Inhibiting glycolytic enzymes with 2-deoxy-D-glucose (2-DG) is a 

metabolic manipulation other than a ketogenic diet or fasting which offers significant 

anticonvulsant activity. In addition, 2-DG might exert its anticonvulsant effects through 

changes in growth and transcription factors [14]. Although such mechanisms might play a 

crucial role, it should be noted that 2-DG and a host of metabolic inhibitors also serve to 

release adenosine, both at the synaptic [55] and the behavioral [56] level, and increased 

adenosine could be a complementary mechanism for both acute and chronic seizure 

protection and neuroprotection.

Enhanced mitochondrial biogenesis and a concerted upregulation of mitochondrial genes 

occur with a ketogenic diet [13]. These changes might be the substrate for increases in high-

energy molecules such as ATP and ADP; accordingly, an increase in adenine nucleotides 

offers the potential for increased adenosine, particularly because the intracellular 

concentrations of ATP are ~10,000-fold higher than adenosine. Although no single 

mechanism can explain the anticonvulsant effects of a ketogenic diet [5], we propose that 

changes in ATP and adenosine are critical players in developing metabolic strategies to 

reduce seizures and, as outlined above, note overlap in mechanisms known to regulate 

purines and the mechanisms proposed to underlie the success of a ketogenic diet. As 

schematized in Figure 1 and illustrated in Figure 2, the actions of a ketogenic diet might be 

twofold: (1) enhanced energy status (mitochondrial biogenesis, high-energy molecules and 

ATP levels) helps maintain cellular homeostasis, and (2) enhanced adenosine levels acting at 

A1 receptors reduce neuronal activity and metabolic demand—directly increasing seizure 

threshold and reducing neuronal excitability.

Adenosine is best known as a sleep-promoting [57] and neuroprotective [58] molecule, 

released consequent to any type of mechanical brain injury, hypoxia, seizures or 

hypoglycemia. In addition to its success with epilepsy, the ketogenic diet shares clinical 

parallels with the physiological actions of adenosine in that the diet has been shown to 

improve sleep quality in children with epilepsy [59] and offer neuroprotection [4] in models 

of ischemia, traumatic brain injury [60] and insulin-induced hypoglycemia [61]. Although 
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we currently propose that both changes occur—increased bioenergetics and increased 

adenosine—the endpoint of increased adenosine via another intermediary mechanism of 

regulation (decreased pH in a critical intra- or extracellular compartment, hypoglycemia, net 

intracellular ATP dephosphorylation and/or changes in enzymes that metabolize adenosine) 

remains an alternate explanation. Increased adenosine in forebrain regions critical for 

seizure initiation and propagation would still provide an anticonvulsant (and 

neuroprotective) influence, regardless of whether it is caused by or causal to the enhanced 

bioenergetics.

Food for thought: therapeutic implications

The recent popularity of and expanded food choices for low-carbohydrate diets, the ongoing 

challenges of pediatric and medically refractory epilepsy sustain ketogenic diets as a topic of 

intense research interest. Despite clinical success for more than 80 years, a poor 

understanding of the mechanisms underlying the therapeutic efficacy of a ketogenic diet 

limits more widespread acceptance of the diet. In addition, an incomplete understanding of 

mechanisms makes it impossible thus far to develop analogous and specific therapies which 

could eliminate the need for such strict compliance to a restrictive, controversial and 

unpalatable diet [62].

In parallel, more than 20 years ago, adenosine was noted as the brain’s natural 

anticonvulsant [63], and adenosine is a long-coveted therapeutic target for conditions 

ranging from epilepsy to stroke to chronic pain [17]. To date, however, efforts to capture its 

therapeutic and neuroprotective potential have been thwarted by unacceptable side effects of 

otherwise very specific and potent adenosine receptor agonists. The short half-life of 

adenosine in the blood, and the widespread distribution of adenosine receptors, including 

identical receptors in both brain and heart, makes it difficult to administer adenosine directly 

and avoid these complications. As a result, recent adenosine-based therapies have moved 

toward placing local adenosine-releasing grafts as polymers, encapsulated cells or 

engineered adenosine-releasing stem cells directly into the brain [22]. Knockout strategies to 

manipulate enzymes involved in adenosine regulation, such as adenosine kinase, are also 

being explored [20,41]. Other stimuli which regulate adenosine, such as decreased pH 

[34,64,65], also have clinical implications and might lead to novel therapies. Underscoring 

adenosine’s strong anticonvulsant potential are studies that have shown good seizure control 

under a variety of in vivo and in vitro conditions, including in animal models of 

pharmacoresistant epilepsy [22].

Interactions among bioenergetics, glial function and neuronal activity are gaining 

recognition for their paramount importance in influencing the ongoing physiology and 

pathophysiology of the brain. It is well known that ATP and adenosine play multiple roles in 

energy cycles and in glial and neuronal signaling [15]. Because of its direct connection 

between energy metabolism and neuronal signaling, adenosine has been described as a 

‘retaliatory metabolite’ [66]. Alternate therapeutic strategies could exploit this unique and 

direct link between metabolism and neuronal activity for significant clinical potential. 

Recent evidence of the release of ATP from glia, its degradation to adenosine, and the 

specific metabolic and neuromodulatory neighborhood created by this relationship offers the 
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perspective of a local anticonvulsant and neuroprotective zone created by the relationship 

between neurons, glia and purines (Figure 2). Progress in understanding the regulation of 

purines and the importance of the ‘tripartite synapse’ highlights the interrelationship 

between metabolism and synaptic transmission via purine molecules.

Here we present ATP and adenosine as key molecules underlying the success of a ketogenic 

diet (Figure 1). As illustrated in Figure 2 and demonstrated experimentally [28,67], either 

ATP or adenosine in the extracellular space will increase activation of A1 receptors and 

decrease neuronal excitability. To date, we and others have noted increases in purine levels 

with a ketogenic diet, but their direct role in signaling and the anticonvulsant and 

neuroprotective properties of the diet have not been elucidated. Still to be evaluated are 

possible changes in receptor levels and the relative role of glia versus neurons. 

Understanding how to alter metabolism to modulate ATP and adenosine reliably, and 

potentially in a brain region-specific manner, could yield major new therapeutic 

opportunities. Furthermore, the significance of understanding the critical mechanisms 

underlying the anticonvulsant and neuroprotective benefits of the diet extends far beyond 

epilepsy to other conditions, particularly chronic or neurodegenerative conditions as well as 

acute conditions with a prolonged recovery time. As examples, head injury and stroke share 

a sudden onset but offer an extended window during which enhanced survival of neurons 

could be pivotal in increasing long-term quality of life and recovery of function.

Notably, conditions that are influenced by a ketogenic diet are also those where adenosine is 

known to have therapeutic potential [4,68,69]. At this time, until a better pharmacological 

approach is developed, a testable, inexpensive and nontoxic modification to current 

treatment protocols postinjury or postseizure could be to avoid glucose and administer an 

alternate energy source such as lactate [70], ketones [60] or related compounds as an 

adjuvant neuroprotective strategy which upregulates ATP and adenosine. This approach 

would capitalize on the relationship between metabolism and neuronal signaling, augment 

endogenous levels of purines and thus enhance their endogenous anticonvulsant and 

neuroprotective potential. These types of readily testable and implementable therapeutic 

options are needed more urgently than ever, and understanding the key anticonvulsant and 

neuroprotective mechanisms underlying the ketogenic diet is viewed as a research 

imperative.
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Figure 1. 
A purinergic signaling hypothesis for the neuroprotective and antiseizure actions of the 

ketogenic diet. During maintenance on a ketogenic diet, increased mitochondrial biogenesis, 

brain energetics and brain ATP levels are observed. Increased intracellular ATP enhances 

brain energy stores and homeostasis, and increased extracellular ATP is rapidly 

dephosphorylated into extracellular adenosine with subsequent signaling through adenosine 

receptors. Adenosine, acting at adenosine A1 receptors, exerts an inhibitory and 

anticonvulsant influence thereby providing neuroprotection and antiseizure effects. 

Enhanced signaling although A1 receptors provides a mechanism directly linking cellular 

energy molecules (ATP and adenosine) with decreased neuronal activity (A1 receptor 

activation).
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Figure 2. 
Proposed mechanisms underlying the therapeutic effects of a ketogenic diet. Metabolic 

alterations by ketogenic diets can lead to increased levels and actions of ATP and adenosine. 

Under normal conditions, ATP is released from astrocytes, and ATP and adenosine can also 

be ‘released’ from neurons. ATP released from astrocytes contributes to an ongoing 

influence on neural excitability and synaptic plasticity via adenosine, and any change in 

intracellular ATP significantly influences adenosine owing to the large gradient between 

ATP and adenosine inside the cell. Extracellular adenosine, whether it is released or 

originates from ATP, can bind to and activate inhibitory adenosine A1 receptors both pre- 

and postsynaptically. Together, ATP and adenosine can mimic many of the actions of 

ketogenic diets including hyperpolarizing neurons, closing calcium channels and opening 

potassium channels, decreasing glutamate release, decreasing neurotransmission, preventing 

excitotoxicity and averting cellular energy crisis.
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