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It is now widely accepted that ketosis (a physiological state characterized by elevated plasma ketone body levels) possesses a wide range of neuroprotective effects. There is a growing interest in the use of ketogenic supplements, including medium-chain triglycerides (MCT), to achieve intermittent ketosis without adhering to a strict ketogenic diet. MCT supplementation is an inexpensive and simple ketogenic intervention, proven to benefit both individuals with normal cognition and those suffering from mild cognitive impairment, Alzheimer's disease, and other cognitive disorders. The commonly accepted paradigm underlying MCT supplementation trials is that the benefits stem from ketogenesis and that MCT supplementation is safe. However, medium-chain fatty acids (MCFAs) may also exert effects in the brain directly. Moreover, MCFAs, long-chain fatty acids, and glucose participate in mutually intertwined metabolic pathways. Therefore, the metabolic effects must be considered if the desired procognitive effects require administering MCT in doses larger than 1 g/kg. This review summarizes currently available research on the procognitive effects of using MCTs as a supplement to regular feed/diet without concomitant reduction of carbohydrate intake and focuses on the revealed mechanisms linked to particular MCT metabolites (ketone bodies, MCFAs), highlighting open questions and potential considerations.
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INTRODUCTION

It is well established that ketogenic diet (KD) and ketone bodies (KB) exert many neuroprotective effects, such as providing an alternative energy source for the brain cells, modulating neurotransmission, supporting the antioxidant and anti-inflammatory responses. Several extensive reviews have been written on this topic (1–4). Although glucose is the primary energy source in the brain, cerebral glucose metabolism is often reduced in aged individuals and patients with Alzheimer's disease (AD), while the brain ketone body metabolism seems to remain intact (5–7). Therefore, providing the brain with ketone bodies in one way or another has emerged as an approach to support cognitive function—a concept that recently acquired a name: neuroketotherapeutics (8). Historically, the state of ketosis for the sake of harnessing its neuroprotective effects has been achieved through adhering to KD, long known as a treatment of intractable epilepsy (9, 10). Despite its efficacy, the use of KD is limited due to the severity of this dietary regime, which requires an almost complete reduction of dietary carbohydrates to enable ketogenesis from the long-chain fatty acids (LCFA) in the liver. A few alternative strategies have been proposed to achieve ketosis intermittently by adding various ketogenic supplements to a regular diet, including the medium-chain triglycerides (MCTs), as well as the salts and esters of ketone bodies (2, 11).

Medium-chain fatty acids (MCFAs) are saturated fatty acids with a chain length from 6 to 10 carbon atoms. Triglycerides that contain MCFAs are called medium-chain triglycerides. As a consumable product, MCTs are produced from coconut and palm kernel oils, both very rich in MCFAs (primarily, the caprylic (C8) and capric (C10) fatty acids) (12). Because of the difference in chain length, MCFAs and LCFAs have different physical properties (MCFA are soluble in water) and are handled by the cells differently, since many enzymes that use fatty acids as substrates are specific to certain chain lengths. After intestinal absorption, in enterocytes, LCFAs get activated (i.e., fused with CoA to form an acyl-CoA—a form in which fatty acids can enter various metabolic pathways) and esterified, trigger chylomicron formation and get transported via lymph, whereas MCFAs largely avoid activation and are primarily transported directly to the liver through the portal vein. In liver cells, the MCFAs, again, avoid activation in the cytosol and enter mitochondria, where they get activated to undergo β-oxidation to produce acetyl-CoA (13). The activated LCFAs can only cross the mitochondrial membranes with the help of the carnitine transport system. When glucose levels are high, insulin stimulates the acetyl-CoA carboxylase activity leading to an increased production of malonyl-CoA, which, in turn, inhibits the carnitine palmitoyltransferase I (CPT-I), one of the components of the carnitine transport system, thus significantly limiting the amount of LCFAs available for β-oxidation in a healthy, well-fed organism (14, 15). Therefore, in hepatocytes, the MCFAs are rapidly oxidized in the mitochondria, whereas the activated LCFAs are primarily directed toward triglyceride (TG) storage, phospholipid biosynthesis, and excretion in very-low-density lipoprotein (VLDL) particles (13). When enough MCFAs are available, their uncontrolled oxidation may produce amounts of acetyl-CoA, which exceed the capacity of the tricarboxylic acid (TCA) cycle. This acetyl-CoA can be redirected to various metabolic pathways, including ketogenesis in the mitochondria, as well as de novo lipogenesis and cholesterol synthesis in the cytosol. The ketone bodies [acetoacetate (AcAc) and β-hydroxybutyrate (βHB)], produced in the liver, can be transported with blood to other organs, including the brain, where they can be converted back to acetyl-CoA and used in the TCA cycle to produce ATP (14) (Figure 1). LCFAs are ketogenic only under conditions such as starvation and KD (when glucose is low), or diabetes. MCFAs, on the other hand, are ketogenic even in a well-fed state in the presence of carbohydrates (16, 17), which is why they can be used as a ketogenic supplement when added to a regular carbohydrate-rich diet.
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FIGURE 1. Medium-chain fatty acids, acetyl-CoA, and intersecting liver metabolic pathways. Long-chain fatty acids (LCFA) and medium-chain fatty acids (MCFA) are handled by the cells differently. MCFAs do not require transport proteins (TP) to cross membranes, get activated and undergo oxidation in mitochondria. Acetyl-CoA can feed TCA cycle, ketogenesis, lipogenesis, cholesterol synthesis. Excess LCFAs can be esterified to be stored in liver and excreted as VLDL particles. More details in text. AcAc, acetoacetate; Acetyl-CoA, acetyl-Coenzyme A; βHB, β-hydroxybutyrate; HMG-CoA, β-Hydroxy β-methylglutaryl-Coenzyme A; HMGCS-2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; LCA-CoA, long-chain acyl-Coenzyme A; LCFA, long-chain fatty acids; MCA-CoA, medium-chain acyl-Coenzyme A; MCFA, medium-chain fatty acids; SCOT, Succinyl-CoA:3-ketoacid CoA transferase; TCA cycle, tricarboxylic acid cycle; TG, triglycerides; TP, transport proteins (see details in text); VLDL, very low density lipoprotein.


A growing number of studies have demonstrated that MCT supplementation of a regular diet has a positive effect on cognition, both in healthy individuals and those suffering from mild cognitive impairment (MCI), Alzheimer's disease (AD), and other neurological disorders [for details see review (18)]. Although it is generally assumed that the procognitive effects of MCT supplementation are mediated by KB, and human studies are typically designed in line with this hypothesis, a few animal and in vitro studies have shown that MCFAs may also exert effects in the brain directly, as will be discussed in detail below. The mechanisms of the beneficial effects on cognition are far from being fully understood, and it is often unclear which MCT metabolites and to what extent mediate the effects of MCT supplementation.

Moreover, since MCFAs, LCFAs, and glucose participate in mutually intertwined metabolic pathways, it is important to understand how MCT supplementation of regular diet affects metabolic health in the long term. Doses used in human studies typically lie within 1 g/kg, which is generally considered safe, according to a review of MCT toxicologic properties (19). However, only several studies also monitored cardiometabolic effects alongside cognitive assessment (Table 1), and there exist reports of exceeding the 1 g/kg concentration range until the desired neuroprotective effect has been reached (47). MCTs are cheaper than KB salts and esters and are now widely commercially available. Their consumption is unregulated, and the MCT consumer behavior has not yet become a subject of systematic study.

Below we summarize the available research on the effects, MCT metabolite-specific mechanisms, and metabolic consequences of the MCT supplementation of a regular diet for the purpose of enhancing cognition, highlighting open questions and potential considerations.



HUMAN STUDIES OF MCT SUPPLEMENTATION OF REGULAR DIET

Over the past few years, several human studies explored whether MCT supplementation-induced ketogenesis was sufficient to achieve measurable effects on cognition and brain energy metabolism. In this section, we discuss the studies of MCT supplementation in patients with MCI and AD, and healthy individuals, summarizing the dose, administration protocol, the type of MCFAs used in MCT formulation, major outcomes, and the relationship between the observed effects and the KB plasma levels. The details of the listed human studies can be found in Table 1. For a meta-analysis of MCT supplementation studies in MCI and AD, the reader may be referred to Avgerinos et al. (18).


Studies in Subjects With Mild Cognitive Impairment

In a randomized, double-blind, placebo-controlled crossover study, 6 months followed by another 6 months of open-label extension of MCT (C8) supplementation with up to 42 g a day (25.2 g on average), given with meals, improved some cognitive assessment scores in elderly subjects with mild to moderate dementia (20). In another study in MCI subjects, 6 weeks of MCT supplementation (30 g / day, C8+C10) improved verbal fluency scores compared to placebo (21). Although within the group receiving MCT, the scores in several other cognitive tests have improved compared to the values before the intervention, there was no difference compared to placebo. MCT consumption increased the cerebral metabolism of KB across both cortical and subcortical regions, and the degree of cognitive improvement in some cognitive tests correlated with the brain KB uptake. An analysis of resting-state functional connectivity across eight brain networks in the MCI subjects in this clinical trial was published in a separate paper (22), demonstrating that after MCT supplementation, the connectivity in one of the eight networks, the dorsal attention network (DAN), was 59% higher compared to the placebo group, which was also associated with better scores in some cognitive tests (22). Improved DAN connectivity was associated with increased ketone body uptake and plasma levels post-administration. In a 1.5-month intervention trial, the addition of 6 g of MCT (C8+C10) to either breakfast or dinner was reported to have improved scores in the Mini Mental State Examination test in elderly nursing home residents, although the significance level of this finding was at P=0.06 (23).



Studies in Alzheimer's Disease Patients

A PET study in Alzheimer's Disease (AD) patients demonstrated that 1 month of daily consumption of 30 g of MCT (C8+C10 or C8) led to mild ketonemia and increased total brain energy metabolism due to an increase in ketone body utilization (24). In another open-label placebo-controlled study, although ingestion of a drink containing 20 g of MCT (C8+C10) had no effect on cognition in AD patients, 12 weeks of daily consumption of this drink together with a regular diet led to significant improvements in logical memory tests (25).

Several studies of MCT supplementation in AD patients showed that the intervention efficacy depended on APOE4 status. APOE4 is an allelic variant of Apolipoprotein E, a lipid-binding protein that helps transport fatty acids in the brain between astrocytes and neurons. APOE4 variant disrupts normal fatty acid transport and metabolism in the brain and is a strong genetic factor for late-onset AD (48). Although in vitro βHB has been shown to rescue energy defects associated with the APOE4 isoform (49), several human studies found that APOE4-positive individuals benefited less from ketogenic interventions. For example, a single 38 g oral dose of MCT (95% C8, 5% C10) given after an overnight fast in a low-carb-high-fat drink improved cognitive performance (memory, but not attention) assessed at the peak of the ketonemia in APOE4-negative AD patients, and the degree of improvement correlated with the βHB levels (26). However, although APOE4-positive AD patients in the same study developed even higher levels of βHB and its levels remained high longer than in APOE4-negative patients, however, no cognition-enhancing effect was observed. In a randomized double-blind placebo-controlled study, 3 months of supplementation with 20 g MCT (C8) daily improved cognitive measures in APOE4-negative but not APOE4-positive AD patients (27). In another open-label study in a Japanese population, similarly, 3 months of supplementation with 20 g MCT (C8) improved cognitive assessment scores in APOE4-negative (but not in APOE4-positive) AD patients with higher baseline scores but failed to improve cognition in individuals with more advanced progression of the disease (28). Additionally, in a double-blind randomized placebo-controlled parallel study in individuals diagnosed with MCI with a total number of 4 participants who completed the trial (out of whom 2 received MCT), 24 weeks of MCT supplementation (56 g/day, C8+C10) improved memory and overall AD cognitive assessment scores in one APOE4-negative subject and memory in one APOE4-positive subject (29). The two control subjects in this study demonstrated no memory or overall score improvements. As no statistical analysis was possible due to the small sample size, this report on memory improvement in an APOE4-positive individual should be taken with caution.



Studies in Cognitively Healthy Subjects

The literature on ketogenic supplementation has been primarily concerned with its clinical applications to alleviate some of the symptoms of neurodegenerative and other cognitive diseases. Therefore, the data in healthy subjects is limited. However, it has been demonstrated that a single ingestion of 10 g of MCT (C8+C10) increased the NAD+/NADH redox potential in the brain of healthy volunteers by 18% (30). When intensively treated type 1 diabetic patients with normal cognition received 40 g of MCT (C8+C10) during a controlled period of hypoglycemia, this intervention attenuated the hypoglycemia-induced impairment in cognitive performance (31). Administration of either 12 or 18 g of MCT (C8+C10) for 3 weeks improved cognitive performance in healthy young adults without significant dose-dependent differences (32). Several studies have also demonstrated benefits for elderly individuals not diagnosed with any cognitive impairment. In a double-blind placebo-controlled study, a single ingestion of 20 g of MCT (C8+C10) improved working memory and attention in elderly individuals with normal cognition (33). An fMRI study in healthy elderly individuals found that a single 20 g dose of MCT (C8+C10) improved performance in some cognitive tests, and some of these improvements correlated with an increased rate of KB utilization in the dorsolateral prefrontal cortex (34).

Thus, it appears that the addition of 12–56 g of MCT to a regular diet can lead to significant cognitive improvements, often correlated with the measured elevation of KB. Although the utilization of KB has been reported to double across all brain regions (21), it is unclear why MCT supplementation improves performance in some cognitive tests but not the others. A lower dose of 12 g was sufficient to improve cognition in one study, and a single 10 g dose has significantly increased the NAD+/NADH ratio in the brain. However, very few studies used doses lower than 20 g. Cognitive assessment tests are typically conducted at the peak of the elevated plasma KB levels, based on the assumption that an immediate availability of KB must be required to improve task performance. However, while certain procognitive effects can be observed after a single administration, other effects require continuous chronic administration, suggesting the involvement of different mechanisms. Very few studies measured MCFA concentrations, and none estimated their correlation with cognitive testing results. Most studies focused on aged individuals and those suffering from cognitive decline. It appears that once the cognitive decline has progressed to a certain stage, MCT supplementation becomes less effective. Therefore, MCT supplementation may be recommended as a preventative measure to help sustain cognition before the decline. Healthy younger subjects may benefit from MCT supplementation to the same extent as healthy elderly subjects, if not more. More studies are needed to clarify the effects of MCT supplementation on cognition in healthy young adults.




THE MECHANISMS OF THE PROCOGNITIVE EFFECTS OF MCT SUPPLEMENTATION

Most human studies of the procognitive effects of MCT supplementation have been designed to determine whether MCT supplementation can be clinically used to alleviate cognitive deficits or to improve cognitive function (Table 1), and the effects were typically assumed to be mediated by ketone bodies. Several clinical studies in dogs followed this line of investigation and demonstrated that MCT supplementation can be used to reduce the frequency of seizures and improve cognitive performance in dogs (50–54). A number of rodent and in vitro studies revealed that not all the effects of MCT supplementation could be linked to liver ketogenesis and investigated the mechanisms of these effects. In the following section, we review the known mechanisms of MCT supplementation and MCFA action focusing on metabolite-specific effects.


Region and Phenotype-Specificity

Two studies demonstrated that the effect of MCT feeding on brain energy metabolism in specific brain regions was different depending on the presence or absence of stressful conditions.

Brownlow et al. compared the effects of a MCT ketogenic diet (MCT-KD, 27% w/w MCT (C8) with the protein/fat/carbohydrate caloric ratio of 22,5/77/0,5) with a ketogenic supplementation (KS) protocol (MCT (C8) and βHB salts mixture added to regular chow, 10% w/w) (55). This study was meant to assess whether nutritional ketosis could provide cognitive benefits in healthy adult rats with and without accompanying stress (induced by hypoxia). In the MCT-KD-fed animals, βHB stayed chronically elevated at about 1.3 mM, while the KS feeding increased the βHB levels for 4 h post-administration with a subsequent return to baseline. Notably, neither ketogenic treatment affected the βHB concentrations measured in the hippocampus. Conversely, chronic stress reduced the hippocampal βHB concentrations in all animal groups, although this reduction was less pronounced in the MCT-KD group. The finding that the hippocampal βHB level was more affected by stress than ketogenic intervention indicates that the ketone body metabolism likely plays an important role in the hippocampus. Both MCT-KD and, although to a lesser extent, KS significantly upregulated the levels of β-hydroxybutyrate dehydrogenase-1 (BDH1) and acetyl-CoA transferase (ACAT1) in the hippocampus. BDH1 participates in both biosynthesis and utilization of the ketone bodies, while ACAT1 is a mitochondrial enzyme which catalyzes a reversible conversion between acetoacetyl-CoA and 2 molecules of acetyl-CoA—a reaction step in both acetoacetate utilization and the final step of β-oxidation (56, 57). This pattern of enzyme level change in the brain together with the observation that even the MCT-KD had no effect on the brain βHB concentration could potentially be interpreted as a sign of an increase in MCFA β-oxidation in the brain. The hippocampal level of GLUT-1 (endothelial and astrocytic glucose transporter) was lower in the MCT-KD and KS groups compared to control. GLUT-3 (neuronal glucose transporter) hippocampal protein levels were not affected by either ketogenic treatment. Chronic stress reduced GLUT-1 and elevated GLUT-3 levels in the hippocampus, while both ketogenic treatments completely abolished this effect. Finally, both the MCT-KD and KS protocols attenuated the stress-induced decrease of BDNF (brain-derived neurotrophic factor) in the hippocampus (p ≤ 0.05). A similar effect was recently demonstrated in mice, where MCT-KD attenuated the decrease in cortical levels of BDNF induced by a high-fat-high-cholesterol non-ketogenic diet (58).

Hollis and colleagues investigated the effects of 2 weeks of MCT supplementation on anxiety in rats (59). They divided adult male rats into groups based on the anxiety-like behavior (high, normal, and low anxiety). MCT (C8+C10) was mixed into the chow (5% of caloric intake). Under this supplementation protocol, the blood βHB concentration significantly increased from 0,10–0,15 mM to 0,15–0,25 mM. The brain concentration of βHB was not measured. MCT supplementation reduced anxiety in highly anxious animals, but not in animals with normal anxiety levels. The treatment stimulated dominant behavior in animals with varying baseline anxiety level but did not affect depressive-like behavior. MCT supplementation reduced mitochondrial respiration and the Complex I protein levels in the prefrontal cortex (PFC) of the high-anxiety animals to the levels observed in low-anxiety animals. In the same high-anxiety animals, MCT supplementation elevated the intracellular levels of GLUT-1, GLT-1 [also known as EAAT-2, glutamate transporter found in astrocytes and neurons, responsible for glutamate reuptake (60)], and Na+/K+ ATPase subunits (which support the function of GLT-1). No changes were documented in the PFC of low-anxiety animals. Similarly, no changes were found in the Nucleus accumbens of animals of either anxiety level.

The results of these two studies indicate that the MCT supplementation may affect the energy metabolism and neurotransmission in the brain, however the effects may be region- and phenotype-specific. For example, the level of GLUT-1, a transporter required for glucose transport across the blood-brain-barrier, was modulated by the MCT supplementation differently depending on the investigated brain structure and other factors, such as stress or anxiety. More studies are needed to clarify the significance of brain βHB levels under various conditions irrespective of the feeding regime. More studies should also focus on comparing the effects of MCT supplementation among different brain regions.



Differential Effects of C8 and C10

Historically, most MCT studies have been carried out using MCTs containing a mixture of caprylic (C8) and capric (C10) fatty acids. However, the past decade of research has revealed significant differences in the effects of C8 and C10 both in vitro and in vivo.

Hughes et al. incubated neuronal cell line SH-SY5Y cells with either C8, or C10, or βHB for 6 days (61). Only C10 increased the activity of citrate synthase (the enzyme of the first reaction of the TCA cycle), mitochondrial Complex I activity, and catalase activity. Electron microphotographs of the C10-treated cells revealed an increase in number and decrease in the size of mitochondria. Co-incubation with an inhibitor of PPAR-γ (peroxisome proliferator-activated receptor-gamma) abolished the C10 effect on the citrate synthase activity. Therefore, C10 (but not C8 and not the ketone bodies) enhanced energy metabolism and triggered mitochondrial proliferation in this neuronal cell line through interaction with PPAR-γ. This finding is in line with the reports demonstrating that C10 binds with PPAR-γ well, while C8 – very poorly (62). The ability of C10 to activate citrate synthase in a PPAR-γ-mediated manner has also been confirmed in human fibroblasts (63). Additionally, ketogenic diet has been shown to reduce seizure activity in mice via a mechanism involving PPAR-γ (64). PPAR-γ is a ligand-inducible transcription factor expressed in many organs, including the brain, where it is predominantly found in microglia (65). Microglia and astrocytes tend to increase PPAR-γ production during neuroinflammation (66). Saturated fatty acids longer than C8 can act as ligands activating PPAR-γ to trigger transcription of its downstream genes (67). PPAR-γ mediates transcription of antioxidant enzymes such as superoxide dismutase and catalase and inhibits various proinflammatory and inflammatory pathways, including the NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) pathway (65, 68, 69). PPAR-γ agonists demonstrated anti-inflammatory properties in various models of neuroinflammatory and neurodegenerative diseases, both in vitro and in vivo (65, 66, 70–73). Therefore, PPAR-γ activation may be one of the neuroprotective mechanisms of the KD and MCT supplementation, which is not directly linked to βHB, but may be acted upon with C10 (Figure 2).
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FIGURE 2. Known mechanisms of the neuroprotective effects of medium-chain triglyceride (MCT) metabolites – caprylic (C8) and capric (C10) medium-chain fatty acids and β-hydroxybutyrate. Details in text. A1R, A2R, adenosine receptors A1 and A2; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA receptor is a subtype of glutamate receptor); βHB, β-hydroxybutyrate; C10, capric acid; C8, caprylic acid; GABA, γ-aminobutyric acid; GPR109, G-protein-coupled receptor 109; GPR40, G-protein-coupled receptor 40; MCT, medium-chain triglycerides; PGC-1α, Peroxisome proliferator-activated receptor γ coactivator 1α; PPAR-γ, Peroxisome proliferator-activated receptor γ; UCP, uncoupling proteins.


Tan et al. compared the effects of chronic administration of MCT (C10) and MCT (C8) in 2 murine models of epilepsy (6Hz test and injection of flurothyl, a GABAA receptor blocker) (74). A diet with 35% calories consumed in the form of MCT (C10) had a significant anticonvulsant effect, while a similar diet with MCT (C8) had no effect. While neither blood nor hippocampal βHB levels were affected by either of the MCT diets, the blood levels of the corresponding MCFAs were elevated. MCT (C10) diet also significantly increased the brain C10 concentration, but no such effect was found in the MCT (C8)-fed animals, suggesting the anticonvulsant effect of the MCT (10) diet could be mediated by the C10 effects in the brain (74). MCT (10) diet increased the plasma antioxidant capacity and upregulated the mRNA expression of several antioxidant enzymes in the hippocampus, including the Hmox1 (heme oxygenase 1). Although Hmox1 transcription is known to be activated by Nrf2 (nuclear factor erythroid 2-related factor 2) (75), which, in turn, may be activated by βHB (76), other antioxidant enzyme genes downstream to Nrf2 were not upregulated, thus further suggesting that βHB was not responsible for the observed effects of the MCT (10) diet. In the same study, when C8 or C10 were added to cultured astrocytes, both MCFAs stimulated basal respiration in mitochondria indicating that astrocytes could oxidize both these MCFAs. However, only C10 increased proton leak. Proton leak, also referred to as uncoupling, is a net movement of protons across the inner mitochondrial membrane not associated with ATP production. Although protein leak decreases ATP production per one mitochondrion, consistent uncoupling has been shown to trigger mitochondrial proliferation and thus a net increase in ATP per cell in the hippocampus, protecting mice against seizures (77). Proton leak also decreases ROS production (78). Therefore, its elevation protects brain cells against oxidative stress (79). A recent study in mouse brain slices likewise confirmed that C8 oxidation was linked to ATP production, while C10 oxidation was linked to increased proton leak (80). Uncoupling proteins (UCPs) are implicated in the mechanism of protein leak (81). Notably, although in the study by Tan et al., C10 stimulated proton leak in cultured astrocytes, no increase in proton leak was registered in the mitochondria isolated from the hippocampus of the MCT-fed animals. Additionally, the MCT (10) diet did not affect the hippocampal expressions of uncoupling protein genes Ucp2, Ucp3, Ucp4, and Ucp5. It is essential to highlight that UCPs are not always conducting protons but are tightly regulated. UCPs are activated by fatty acids (82). C12 and C14 have the strongest stimulating effect on proton transport. C10 has a weaker effect, while C8 and shorter fatty acids are unable to activate UPCs (83). This may explain why several studies have confirmed that C10 but not C8 was able to stimulate protein leak in mitochondrial preparations. It has been demonstrated that ketogenic diet can increase both the levels and the activity of uncoupling proteins in the brain (84). On the other hand, βHB ester consumption has been reported to increase UCP4 and UCP5 protein levels in the brain, accompanied by an increase in brain levels of malonyl-CoA (85). Although the proton leak was not measured in this study, the accumulation of malonyl-CoA should increase fatty acid synthesis and thus activate UCPs. βHB could potentially increase the levels of uncoupling proteins via its effect on peroxisome proliferator-activated receptor-gamma (PPAR-γ) coactivator (PGC)-1α [a transcription coactivator, which controls mitochondrial biogenesis and UCP expression (86, 87)]. Therefore, the lack of ucp upregulation in the study by Tan's group is consistent with the lack of βHB elevation. It is unclear why C10 stimulated the proton leak in vitro but not in vivo. A potential explanation could be that the brain concentration of C10 was not high enough. Further studies are needed to determine whether C10-induced protein leak could be promoted by MCT feeding. To summarize, it appears that βHB can increase the UCP protein expression in the brain, while C10 may potentially activate UCPs to increase the proton leak (Figure 2). These two mechanisms may act together in KD and when taking ketogenic doses of C10-containing MCTs.

MCT consumption has also been linked to PGC-1α in another study, where a single and, to an even greater extent, a repeated intragastric administration of MCT (C8, 0.15 g/kg) reduced the toxic effects of MPTP (1-methyl-4-phenol-1,2,5,6-tetrahydropyridine) in a murine model of Parkinson's disease (88). MPTP is known for its ability to selectively damage dopaminergic neurons. Intraperitoneal injection of MPTP significantly reduced the levels of dopamine and its metabolites in the striatum. MCT administration 1.5 h before the MPTP injection allowed to reduce its toxic effect. Single MCT administration increased striatal mRNA level of PGC-1α. PGC-1α is required for induction of many reactive oxygen species (ROS)-detoxifying enzymes and has been shown to grant neuroprotection against MPTP and kainic acid in other studies (89). A potential mechanism of PGC-1α induction is the activation of GPR109 (G-protein coupled receptor 109, also known as hydroxycarboxylic acid receptor 2, HCA2) by its ligand βHB (90–92). Signaling through GPR109 is involved in some neuroprotective effects of KD and βHB (91). However C8 itself may also increase PGC-1α expression through its interaction with another G protein-coupled receptor GPR40 (also known as free fatty acid receptor 1, FFAR-1), known to be activated by MCFAs [although C8 shows lower affinity compared to C10 (93)]. GPR40 signaling has been associated with neurogenesis (94), potentially participating in signaling cascades involving the phosphorylated-cyclic adenosine monophosphate response element-binding protein (pCREB) and BDNF (95). In vivo administration of MCFA to mice excited a subpopulation of pro-opiomelanocortin (POMC) neurons in the hypothalamus, and this effect was mediated through GPR40 (96). Therefore, βHB and MCFAs could both act to upregulate PGC-1α, triggering antioxidant response and improving cellular energetics through mitochondrial biogenesis (Figure 2).

When various medium-chain fatty acids were compared in their potency to suppress pentylenetetrazol (PTZ) induced epileptiform activity in rat hippocampal slices, C10 was found to be more effective than valproic acid (VPA), a commonly used anti-epileptic drug; C9 (pelargonic fatty acid) was slightly less effective than C10; C8 had no effect (97). In vitro, the anti-seizure effect of C10 could be achieved at 0.1 mM concentration. In the same study, intraperitoneal injection (0.4 g/kg) of C9 (C10 and C8 were not studied) 10 min after the onset of status epilepticus established in awake rats was more effective in suppressing seizures than VPA (97). As valproic acid is a well-known teratogen due to its inhibitory effect on HDAC (histone deacetylases) (98), the authors of the study monitored dose-dependent effects of MCFAs on HDAC activity (97). C8 and C10 had no effect in physiological concentrations (2 mM), although at higher concentrations C10 had a stronger HDAC-inhibitory activity than C8. Therefore, in this model, C10 and C8 were very different in terms of their anticonvulsant activity. In a later study by the same group, C10 but not βHB prevented seizure activity in rat hippocampal slices in two different epilepsy models. The study also revealed that C10 can act as an antagonist of AMPA receptors (99) to suppress seizure activity (Figure 2). The effect of MCT supplementation on AMPA transmission has been confirmed in vivo in a study by our group, where 4 weeks of daily MCT (C8+C10, 2 ml/kg) administration during 6 h of fasting improved spatial and working memory in healthy rats, accompanied by increased expression of the GluN2a- and GluN2b NMDA receptor subunits and the GluA1- and GluA2- AMPA receptor subunits in the medial PFC (100, 101). If C10 inhibits glutamatergic signaling through AMPA receptors, upregulation of the receptor level may be required to sustain glutamatergic transmission necessary for learning.

Wlaz et al. published two similar reports on the effects of single intragastric administrations of C8 (102) and C10 (103) on seizure threshold in several murine epilepsy models assessed in a range of standard tests. C8 (30 mg/kg) was effective against myoclonic and clonic but not tonic seizures induced by PTZ injection, while C10 (30 mg/kg) had no effects in the same tests. Both C8 and C10 (10-30 mg/kg) were effective in the 6-Hz seizure test. Neither C8 nor C10 (30 mg/kg) were effective in the maximal electroshock test. Co-administration of C8 and C10 at therapeutic concentrations had an additive effect, which may be indicative of at least partially different mechanisms of action (102, 103).

One of the mechanisms of the C8 anticonvulsant properties seems to be mediated through adenosine receptors. It is well established that elevated extracellular adenosine reduces seizure activity in several seizure models, and the anticonvulsant action is mediated through A1R adenosine receptors (104, 105). One of the main factors controlling the amount of extracellular adenosine is the adenosine kinase (ADK) (105). KD reduces ADK activity which results in increased extracellular adenosine and suppressed seizure activity (106). Although it has been demonstrated in hippocampal slices that the reduction in excitability can be achieved through ATP/pannexin-1/adenosine/A1R/KATP pathway simply by reducing the glucose concentration in the buffer without any addition of βHB (105), a series of studies in Wistar Albino Glaxo/Rijswijk (WAG/Rij) rats, a genetic model of absence epilepsy, conducted by D'Agostino, Kovacs and colleagues revealed that βHB itself seems to be able to elicit anticonvulsant effects through a mechanisms involving A1R. Using a mixture of ketone salts and medium-chain triglycerides (KSMCT) as the ketogenic supplement (2.5 g/kg/day), they demonstrated that administration of A1R antagonist abolished the anti-seizure effect (i.e., decrease in number of spike-wave discharges – SWD) established by 7 days of KSMCT treatment (107) and dose-dependently decreased or abolished the anxiolytic effects of KSMCT treatment (108). In both studies, KSMCT treatment significantly elevated the blood level of βHB. In another study, they showed that the same KSMCT supplementation protocol alleviated isoflurane-induced anesthesia (immobility), and this effect was mediated through A1R but not A2R receptors (109). This observation was further confirmed in yet another study by the same group, where KEKS food [standard chow with mixed in ketone esters and ketone salts (110)] supplementation decreased the lipopolysaccharide-induced elevation of SWD in the same rat model, while A1R, but not A2AR antagonism abolished the anti-seizure effect of KEKS supplementation (111). In contrast to this series of studies, in a mouse seizure model, 30 mmol/kg (5 g/kg) C8 (administered as free fatty acid) increased the seizure threshold in the 6 Hz psychomotor seizure threshold test, and this effect was blocked by both A1R and A2AR antagonists (112), suggesting that C8 may affect adenosine signaling through a mechanism not involving βHB. The involvement of A2R was further confirmed in another study, where the effects exerted by C8 on POMC neurons were abolished with A2aR and A2bR antagonists (96). Therefore, both KD and ketogenic supplementation of regular diet seem to have neuroprotective effects mediated by A1R and possibly also A2R receptors (Figure 2). It is possible that increased ATP synthesis due to influx of KB or MCFAs in the brain results in elevated extracellular adenosine concentrations, which act upon AR (105, 113), although the exact mechanism is unknown.

Wang and Mitchell compared the effects of 8 weeks of supplementation (5% of caloric intake) with either MCT (C8) or MCT (C10) in aged rats and found differences on both behavioral and biochemical tests (114). The plasma concentrations of MCFAs reached 6,4 μM (C8) and 18,2 μM (C10). Similar to the Tan's group results in mice, the brain level of βHB did not differ among the two MCFA and the LCFA control groups. In behavioral tests, both MCT (C8) and MCT (C10) enhanced social recognition, however only MCT (C10) improved new object recognition. Locomotor activity was decreased in animals in the MCT (C8)-fed group but not in the MCT (C10)-fed group. Protein expression of Ube-3a (ubiquitin protein ligase 3A) was elevated 2-fold in the PFC of the MCT (C10)-fed animals and 4-fold in the PFC of the MCT (C8)-fed animals compared to control. Ube-3a plays an important role in protein degradation and it has been shown that its shortage in the hippocampus of aged rats is associated with memory impairment (115). The mRNA levels of many immediate early genes (IEGs), including Arc, Erg1, Erg2, Junb, Plk3, Nr4a1, and Fosb were reduced in the PFC of the MCT-fed animals. The effects of C8 and C10 containing MCTs were very similar, except for Junb whose level was significantly lower in the MCT (C8)-fed group. As this is one of the first reports on the effects of MCT on neuroplasticity, it is quite difficult to interpret these results. In studies concerning the molecular mechanisms of memory and learning, the expression of IEGs, such as Arc, Erg1, Erg2, Junb, Fosb, is usually measured immediately after learning or an acute stress event. In such experiments, elevated expression of an IEG is interpreted as its involvement in neuroplasticity. Although the role of elevation of decrease of the basal level of IEG mRNA is less clear, some studies have linked increased basal expression of Arc in the hippocampus of aged rats with spatial memory deficits (115). In other words, elevated basal level of IEG expression may signal a reduced sensitivity of the IEG induction in response to incoming stimuli. The observed property of MCTs to decrease basal level of IEGs in PFC requires further research. Wang and Mitchel also measured the levels of the hippocampal growth factors VEGF (vascular endothelial growth factor), GDNF (glial cell-derived neurotrophic factor), and IGF-1 (insulin-like growth factor 1), but found no effect of MCT supplementation (114).

To summarize, a few studies investigated the differential roles of C8 and C10 on brain physiology. C10, but not C8, directly modulates AMPA receptors activity, activates PPAR- γ and facilitates, at least in vitro, the mitochondrial proton leak. The two MCFAs differ in their effects on seizure activity, although the results are controversial for different models and feeding regimes. The mechanism of anticonvulsant effects of C8 may be related to signaling through A2aR and A2bR adenosine receptors. The effects of MCT supplementation on neurotransmission and neuroplasticity-related genes cannot be easily explained by global effects such as increased ATP production or reduced oxidative stress and require more detailed studies. Additionally, more studies should implement experimental designs allowing to distinguish between the effects of βHB and the two MCFAs. The details of the studies related to differential effects of C8 and C10 can be found in Table 3.



MCFA Oxidation and Ketogenesis in the Brain

It is widely accepted that adult mammals' brain uses almost no LCFA (C14-C18) in energy metabolism (121, 122). However, it seems that MCFAs, if administered/present in the diet, may be used by the brain to a far greater extent. The brain is physically protected with the blood-brain barrier (tight junctions between endothelial cells). Therefore, fatty acids must cross cellular membranes to get inside the brain. In the brain, similar to other tissues, LCFA transport across membranes requires various proteins, such as fatty acid transport protein (FATP), fatty acid translocase (FAT)/CD36, plasma membrane-bound fatty acid binding protein (FABPpm), and cytosolic fatty acid-binding protein (FABPc) (123). Only a small amount of LCFAs injected into rat's carotid artery is taken by the brain (124). On the other hand, MCFAs are soluble in water, do not require transport proteins to cross membranes, and predominantly avoid activation in the cytoplasm by acyl-CoA synthases. 94% of C8 and 88% of C10 injected into the carotid artery are taken by the brain (125). When injected directly into CSF, C8 rapidly crosses the blood-brain barrier into the peripheral blood, whereas LCFA transport is limited (96).

Primary cultures of astrocytes from new-born rats oxidize fatty acids (C8, C14, C16) (116, 117). It has been noted that since β-oxidation enzymes are more active in developing brain, the higher-than-expected rates of β-oxidation in some studies could have been an artifact due to the use of cells obtained from a developing brain or stem cells (126). However, β-oxidation is required for neural progenitor cells proliferation in an adult brain's hippocampus (126). Human astrocytes obtained from adult epileptic patients undergoing neurosurgery readily oxidized C16, and fatty acid oxidation was required for neuroprotection following an ischemic stroke in adult mice's hippocampus (118). A recent study in adult mouse brain slices revealed that C8 and C10 were preferentially metabolized and not stored in astrocytes (80). The metabolism of both MCFAs supported glutamine synthesis, which in turn supported neuronal GABA synthesis. In astrocyte preparations, astrocytes oxidized C8 more actively than βHB, while neurons oxidized βHB 3-fold more actively than astrocytes but were unable to oxidize C8 (117). Modeling in a human magnetic resonance study estimated that βHB oxidized is neuronal compartment is approximately 1.85 times more actively than in the astrocytic compartment (35). Therefore, the emerging view is that oxidation of βHB and MCFAs may be largely compartmentalized to neurons and astrocytes, respectively. Consistent with this view, in rat hippocampal slices, βHB but not C8 could support synaptic transmission under hypoglycemic conditions, although C8 added together with βHB was able to improve the rate of recovery of synaptic function after the glucose concentration was restored (31). Therefore, MCFAs and βHB may act in the brain synergistically to support synaptic function. However, contrary to this generalization, a few studies reported that neuron-like cells also were able to oxidize MCFAs. In a human neuronal cell line (originally derived from neuroblastoma), the rate of C8 oxidation was 5-fold greater compared to C10, albeit much lower compared to glucose (119). C8 was also oxidized in a cell line derived from mouse embryonic hypothalamic neuronal primary culture (96). Further studies are required to clarify whether neurons are able to oxidize MCFAs in vivo or ex vivo.

When rats were injected with sodium salt of C8, as much as 20% of the brain's acetyl-CoA was determined to be a product of the injected C8's oxidation (127), although the contribution of the liver ketogenesis to the brain's acetyl-CoA production was not directly accounted for, and the interpretation of the results of this study has been questioned (128). When fatty acids were administered to mice by oral gavage, unlike LCFA, C8 was actively oxidized in the hypothalamus and affected the firing rates of POMC neurons, exhibiting an excitatory effect in some populations and inhibitory in others (96). Therefore, MCFA oxidation has been experimentally confirmed in vivo. Additionally, medium-chain acyl-CoA dehydrogenase (MCAD, an enzyme participating in β-oxidation of both MCFAs and LCFAs when they are shortened to medium-chain length) deficiency, one of the most prevalent disorders of fatty acid oxidation, may lead to accumulation of C8 and C10 in the brain (129). MCAD has been found in both developing and adult rat brain in much greater quantity than LCFA-specific acyl-CoA-dehydrogenases, which may be indicative of the brain's ability to oxidize larger quantities of MCFAs (130). The existence of this disease suggests that a healthy brain may be oxidizing significant amounts of MCFAs. Therefore, although fatty acid oxidation may account for only a small amount of ATP produced in the brain, it may play an important not-yet-understood role in various brain regions.

In addition to being able to carry out β-oxidation, astrocytes can also produce ketone bodies (116, 120, 131–134). Ketogenic diet increases transcription of hmgcs-2 (hydroxy-3-methylglutaryl-CoA synthase 2, the key enzyme of ketogenesis) in the brain (135). Both in the liver and primary astrocyte culture, ketogenesis was more active with C8 as a substrate compared to C16 (120). Although, quantitatively, astrocytes cannot compete with the liver in the quantity of produced ketone bodies, brain ketogenesis may play region-specific regulatory role. For example, astrocytic ketogenesis in the ventromedial hypothalamus is involved in control of food intake in response to a high-fat diet regimen (133).

Therefore, existing data indicate that MCFAs may be oxidized directly in the brain and act as a substrate for ketogenesis in the brain, much more so than LCFAs. These effects of MCFAs in the brain, as well as their relative importance, require further research. Known neuroprotective mechanisms linked to MCT metabolites βHB, C8, and C10 are summarized in Figure 2.



Therapeutic Concentrations of βHB and MCFAs

It is reasonable to assume that if a chemical molecule exerts certain effects, the occurrence of these effects should correlate with the concentration of this molecule. Although the neuroprotective effects of ketogenic diet and MCT supplementation have been predominantly considered as being mediated by βHB, some studies found no correlation between the βHB concentration and the extent of the neuroprotection offered by KD or MCT supplementation, which brought more attention to investigating the direct effects of MCFAs.

In one study, a plasma βHB concentration of 4 mM correlated with the anticonvulsant effect of KD in children (136). In another study, the anticonvulsant effect was found to be “good” or “excellent” when βHB concentration was above 2 mM (36). On the other hand, when C10 was chronically administered to mice in two different seizure models, the anticonvulsant effect did not correlate with βHB concentration (74). MCT added to regular food (9% of daily caloric intake) reduced seizure frequency without significant βHB elevation in dogs (53). In clinical studies of MCT supplementation, the therapeutic effect on cognition was achieved after oral administration of 38 g (26) and 20 g (27) of MCT resulting in the elevation of plasma βHB levels to, correspondingly, 0.43–0.68 mM and 0.30–0.40 mM, which is an order of magnitude less than the therapeutic concentrations reported in the KD studies.

The brain concentrations of βHB are rarely measured in the studies of neuroprotective effects of MCT (Tables 1, 2), however a few studies have looked specifically at the relationship between the plasma and brain concentrations. Intravenous administration of βHB to healthy adult volunteers elevated plasma βHB level from 0.2 mM when fasted in the morning to 2.1 mM following the administration. Using magnetic resonance spectroscopy, βHB concentration in the occipital lobe was estimated as 0.24 mM, about 10-fold lower than in the blood (37). Fasting for 2 and 3 days brought the βHB levels, correspondingly, to 1.7 mM and 3.2 mM in plasma and 0.6 mM and 1.0 mM in the brain, about 3-fold lower than in the blood (37). Although there is about 3-fold difference between the values given by the two studies, starvation is known to increase brain uptake of the KB (143), and ketogenic diet is known to increase the monocarboxylate transporter (required for KB transport) expression in the brain (144), which may explain why the measured values were higher in starved subjects.


Table 1. Human studies of chronic and acute administration of medium-chain triglycerides (MCT) in healthy subjects and individuals suffering from Alzheimer's disease and Mild Cognitive Impairment.
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Table 2. Animal studies of chronic and acute administration of medium-chain triglycerides (MCTs) and their metabolites caprylic (C8) and capric (C10) medium-chain fatty acids and β-hydroxybutyrate.
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In relation to MCFAs, although a large portion of orally administered MCFAs is metabolized in the liver, the plasma concentrations of MCFAs also become elevated. When children were fed a diet with MCT (C8+C10) providing 46% of caloric intake, the plasma concentrations of C8 and C10 reached 0.31 and 0.16 mM (38). A single oral dose of MCT (C10) or MCT (C8) given to mice resulted in C10 concentrations up to 0.41 mM in plasma and 0.24 mM in the brain (103) and C8 concentrations of 0.51 mM in plasma and 0.25 mM in the brain, the difference between the plasma and the brain being about 2-fold (102). In rats, cerebrospinal fluid (CSF) concentration of FA was measured to be 2.5-fold lower than in blood. However, MCFAs accounted for 1% of all FA in the blood, but 4% in the CSF (96). Therefore, based on the limited available data, it appears that the brain concentration of MCFAs may be roughly estimated to be as high as about half of their plasma concentration. Most in vitro studies of MCFA effects used concentrations (Table 3) comparable to the brain concentrations either measured or estimated based on their plasma concentrations in animal (Table 2) and human (Table 1) studies.


Table 3. In vitro and ex vivo studies of caprylic (C8) and capric (C10) medium-chain fatty acids.

[image: Table 3]

A very insightful metabolic study has recently been conducted by Cunnane's group (39). When 20 ml of MCT were given to healthy volunteers diluted in skim milk, the ketogenic response was 2-fold stronger if the drink was given without an accompanying meal, and the C8 MCT drink was not significantly more ketogenic than the C8+C10 MCT drink. Plasma concentrations of MCFAs (measured as a fraction of total lipids without distinguishing between free and esterified forms) reached almost 0.3 mM (after consuming two 20 ml MCT drinks 4 h apart). When taken together with a meal, MCFA plasma concentrations continued to slowly increase for hours after administration. When given without a meal, C8 MCT administration resulted in a peak with a time profile similar to that of KB, however C8 and C10 plasma concentrations remained elevated without significant peaks after consumption of the C8+C10 and C10 MCT drinks. These results suggest that whatever effects C10 might directly exert in the brain, it does not matter how C10 or C8+C10 are administered. However, if one aims to maximize C8 delivery to the brain, administration of C8 triglyceride without an accompanying meal may be the best strategy.

Another factor to consider is that because most studies are designed to trigger liver ketogenesis with an implicit assumption that the higher the βHB concentration peak, the greater the effect of the intervention, MCT and various ketone supplements (salts and esters of ketone bodies) are typically given in a single dose. Several metabolic studies have demonstrated that smaller MCT doses spread out over the day may result in mild ketonemia and elevated MCFA concentrations. Courchesne-Loyer and colleagues used the following supplementation protocol to determine whether low doses of MCTs could trigger ketonemia: up to 7.5 g MCT were given to healthy volunteers 4 times a day (with meals and before bed) to a total of 30 g/day. Under these conditions, blood βHB was mildly elevated throughout the day reaching up to 0.4 mM, with the daily average increasing from about 0.1 mM pre-intervention to 0.2 mM after 4 weeks of supplementation (17). Bernini and colleagues measured blood and brain concentrations of KB and MCFAs in traumatic brain injury patients who underwent a transition from fasted state to receiving enteral nutrition, either standard or enriched with MCT (23 g/1000 Kcal) (40). There was a positive linear correlation between the blood and the brain KB concentrations. The blood and the brain KB levels decreased during the transition with no differences found between the standard nutrition vs. MCT-enriched nutrition groups. The blood MCFA increased from about 10 μM to 30-40 μM (C8 and C10) when transitioning to MCFA-enriched nutrition. Brain C8 and C10 concentrations also increased significantly. This study shows that when MCTs are mixed with other foods in low quantities and the dose is spread over rather than taken acutely, it does not elevate KB level, however it does increase the blood and brain levels of MCFAs. The effects of non-ketogenic and low-dose MCT supplementation protocols on brain functions have not yet been thoroughly investigated.

To summarize, it has been reported by different research groups in different experimental models that MCFAs exert neuroprotective effects without measurable elevation of βHB levels in the hippocampus (55, 74) or the whole brain (59, 114), while the MCFA concentrations (when they were measured) were elevated in both plasma and the brain. All the above-mentioned studies point out at the incompleteness of the paradigm prevailing in the design of human studies according to which MCT effects are entirely mediated by ketone bodies. Although it is well supported that ketogenesis from MCFA in the liver supplies the brain with alternative fuel with certain procognitive benefits, at this point, it is still an open question to what extent and which beneficial effects of MCFAs are mediated through KB and which through MCFA. A recent review by Lin and colleagues summarized available data on how to maximize the ketogenic potential of MCT ingestion, suggesting that up to 20 g of C8 triglycerides in emulsified form with coffee on empty stomach might be the best strategy (145). However, if the desired effects were mediated by MCFAs rather than KB, an entirely different strategy would be advisable, i.e. taking smaller amounts and mixing MCT with fat and carbohydrate-containing foods to increase the amount of MCFAs in peripheral circulation so that more was available for uptake by the brain.

At this point, there is currently no agreement across the studies on the optimal target therapeutic concentrations of either βHB or MCFAs. Since βHB or MCFAs are involved in multiple metabolic and signaling pathways, and since the effects of MCT supplementation seem to be brain-region- and phenotype-specific, it is possible that different concentrations may be required to achieve different effects in different models and different brain regions. More detailed animal studies are required to better understand the complex effects of MCT metabolites in the brain.




METABOLIC EFFECTS OF MCT SUPPLEMENTATION

Over the past several decades, a large number of studies have looked at the metabolic effects of MCT consumption either in the form of a high-fat diet or when using MCFAs as a substitute for dietary LCFAs. Although the overall conclusion is that MCFAs in large amounts are far less hepatotoxic than large amounts of LCFAs, one can find many conflicting results. For instance, a MCFA-rich diet compared to a LCFA-rich diet increased (137), decreased (138), or had no effect (139) on TG accumulation in the liver; increased (41, 42, 146, 147), decreased (137, 140, 141), or had no effect (43) on fasting plasma TG concentration; increased (41–43), decreased (44), or had no effect (45) on fasting plasma total cholesterol concentrations (Table 2). The reader may be referred to a recent meta-analysis of differential effects of medium- and long-chain saturated fatty acids on the blood lipid profile (148).

According to a review of toxicological properties of MCT, 1 g/kg dose has been confirmed as safe (19). However, when MCTs are taken for their ketogenic properties, it is reasonable to try and administer a higher dose to achieve higher blood levels of ketone bodies. In one case report, seizures were significantly reduced in a 43-year-old man after supplementing his regular diet with four tablespoons of MCT twice daily (which adds up to about 112 g/day) (47). Large oral doses of MCT may cause osmotic diarrhea, especially when taken on an empty stomach. However, the tolerance is better when taken with meals (27). Since MCFAs, LCFAs, and glucose participate in many intertwined metabolic pathways, one must be cautious when taking increasingly high amounts of MCT without any dietary restrictions. While obesity, insulin resistance, and diabetes are common risk factors for developing AD, all sharing dyslipidemia as a pathological mechanism (149), human clinical trials of MCT effects on cognitive functions generally do not include participants with metabolic disorders (20, 21, 29, 46).

The studies of MCT supplementation of regular diet on markers of metabolic health are still limited. A recent clinical study in patients with MCI receiving 30 g of MCT for 6 weeks assessed a range of cardiometabolic and inflammatory markers and only found a 2.5-fold elevation of IL-8 (46). In one animal study, supplementation of standard feed with MCT in juvenile male rats (10 g/kg) allowed to achieve plasma βHB levels of up to 5 mM for almost 8 h with a parallel almost-2-fold decrease in plasma glucose (142). However, when administered in such a high dose, after 28 days, the liver mass significantly increased while the HDL cholesterol significantly decreased, which raises a concern that MCT added in high amounts to a standard diet without dietary restrictions can be hepatotoxic. It must be noted, however, that, taking into account the rat metabolic rate, the administered dose of 10 g/kg MCT is only 2–5 times higher than the doses used in human clinical trials. In a human study, when a total of 20–30 g of MCT were given in four separate 5–7.5 g doses, no changes were observed in plasma TG and cholesterol concentrations (142). The effects of MCT supplementation will likely be highly variable depending on the constituents of the diet, the timing of meals, and the absence or presence of underlying metabolic disorders. At this moment, the long-term effects of MCT supplementation on cardiovascular risk factors and glucose metabolism are unknown.

It should also be noted that although MCT are ketogenic in the presence of carbohydrates and taking MCT with meals is known to improve gastrointestinal tolerability, administering large MCT doses together with carbohydrates is not advisable. Insulin activates acetyl CoA-carboxylase (150), which increases the cellular concentration of malonyl-CoA, which in turn results in more acetyl-CoA redirected toward de novo lipogenesis, less oxidation of LCFAs and more LCFAs available for esterification to form TG and cholesterol esters. Therefore, to maximize the ketogenic effect of MCT administration and at the same time to minimize the metabolic consequences of taking fats and carbohydrates together in excess, it may be advisable to take MCT after an overnight fast. Alternatively, administering MCT in several small doses spread out throughout the day may also reduce the likelihood of adverse effects in the liver. As mentioned, very few studies to date investigated the neuroprotective effects of this approach (Table 1).



FUTURE PERSPECTIVES AND CONCLUSIONS

The supplementation of a regular diet with MCT is a promising approach to improve cognitive functions in healthy individuals and those suffering from age- or disease-related cognitive impairment. The effects of MCT supplementation on cognitive functions seem to be both phenotype-specific and brain-region-specific. It appears that both ketone bodies and MCFAs directly mediate these effects via partially overlapping and interacting pathways. More research is needed to better understand the underlying mechanisms of these effects. Ideally, more studies should implement experimental designs allowing to distinguish between the effects of βHB and the two MCFAs. For example, chronic MCFA injections into carotid artery could be used to study chronic effects of MCFAs in vivo. Since most studies were conducted with the assumption that the neuroprotective effects of MCT depend on ketogenesis, single doses and larger concentrations were used. Several existing studies point at the possibility that several small doses throughout the day may also offer certain cognition-enhancing benefits. This approach requires further study.

Despite a large amount of research on the effects of MCT ingestion on metabolic health, the consequences of MCT supplementation of a regular diet for the purpose of improving cognition have not been sufficiently investigated, especially when taken at higher doses without reduction of carbohydrate intake. With the increasing popularity of MCT supplementation and growing public awareness of its potential cognition-enhancing effects, more research is needed to clarify the long-term effects of MCT supplementation on cardiovascular and metabolic health, as well as how MCTs are being used outside clinical settings.
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Brainsices Rt hippocampal slices  BHB C8 8mMBHBBMM  C8 or BHB were added for  Hypoglycemia reduces synaptic @1)
c8 30min to the brain slices in ~ transmission. BHB increases synaptic
hypoglycemic medium transmission under hypoglycernic

conditions. C8 does not affect
synaptic transmission under
hypoglycemic conditions.

Cell culture Neuronal cell line C8C10BHB 025mMGC8or  Cultured cells were c10 61)
SH-SY5Y C10,5mMBHB  incubated with C8, or C10,  Increased: Citrate synthase activity
or BHB for 6 days Mitochondrial Complex | activity

Catalase activty.
No change: Mitochondrial Gomplex
1,1l or IV) Acyl CoA
Dehydrogenase activity SHB, C8,
sebacic acid (a product of
w-oxidation of C10)

No change: Citrate synthase activity.
C10 effect on citrate synthase is
mediated through PPAR-y

Primary cell  Human fibroblasts from  G10 0.25mM 10 6 day incubation with G10  50% of the cells responded to 10 (63)

culture patients with complex | treatment Increased: citrate synthase
deficient Leigh activity mRNA levels of PDK4, PDK3,
syndrome GLYATL2, ATP5O, CPT1A, ACADVL

Decreased: mRNA levels of
SLC25A23, PCK2, MTHFD2, DHRSS,
NDUFC1, ALDH1L2, ADHFE1 C10
effect on citrate synthase is mediated
through PPAR-y.

Primary cell  Cortical astrocyte c8C10 02mM C8or 10 Cultured astrocytes were  Both C8 and C10 increased basal  (74)
culture culture from male CD1 incubated with C8 or G10 respiration and ATP turnover, 10

mice for2h increased proton leak.
Brainsiices,  Cortical brain slices;  C8C10 0.2mM C8 or C10 _ Isotope-labeled C8 and G10 In brain slices: C8 and C10 are (80)
primary cell  Cultured astrocytes were added to brain sices  actively metabolized, primarily in
culture from male NMRI mice astrocytes. C10is preferred over C8

as an oxidative substrate. BHB and
MCFASs (C8 and G10) are metabolized
in different cellular compartments. In
cultured astrocytes: C8 increased
ATP production, G10 increased
proton leak. Glutamine generated
from astrocyte C8 and G10
metabolism is utiized for neuronal

GABA synthesis.

Brainsiices  Brain slices from 6-16  C8 0.004-0.040mM  C8 applied via superfusion  C8 affected the fiing rates of POMC  (96)
week POMC 6GFP to the siice chamber neurons: excitatory effect in some
mice populations and inhibitory in others.

C8 effect is mediated by GPR40
receptors.

Cellcultire  Hypothalamic-neuron-  C8 05mM C8 The cells were incubated  LGFAs are preferentially stored, while  (96)
derived N29/4 cell with labeled C8 for upto  C8 is preferentially oxicized.
line 18h

Brainsices  Entorhinal c8C10 PTZassay:upto  C8 or C10 were applied for  G10 prevented PTZ-induced ©7)
cortex-hippocampal 1mM HDAC 40min to the brain slices in  epileptiform activity and was more
slices obtained from assay: up to PTZ-containing medium  effective than valproic acid (VPA). C8
male Sprague-Dawley 10mM had o effect on epileptiform activity.
rats; pentylenetetrazol €8 and C10 have no effect on
(PTZ)-induced Histone deacetylase activity in
epileptiform activity physiological concentrations (under

2mM).

Brainsices  Hippocampal sices  C10 pHB Up to 10mM C10 or BHB were applied  C10 blocks epileptiform activity (©9)
obtained from for 40min to the brain slices  (induced by PTZ or low Magnesium).
Sprague-Dawley rats; in PTZ-containing medium  C10 inhibits AMPA transmission at
PTZ-induced physiological concentrations (100 M)
epileptiform activity
(inhibition of GABA
transmission), low
Magnesium-induced
epileptiform activity
(potentiation of NMDA
transmission)

Heterologous  Xenopus laevis oocytes C8 C10 Up to 5mM C10 or C8 were added toa  C10 (but not C8) reduces AMPA (99)

expression preparation of cocytes transmission. C10 has stronger effect

system engineered to express on GluA2/3 and GluA1/2 heteromeric
AMPA receptor subunits  AMPA receptors compared to GluA1
homomeric AMPA receptors. C10
binds to AMPA receptors acting as a
non-competitive inhisitor. The binding
site of C10 is in the channel of AMPA
receptors.

Primary cell  Cortical astrocyte cs 03-05mM Cultured calls were Astrocytes oxidize C8. (116)

culture culture from 2-day-old incubated with C8 for 2h
rats

Primarycell  Primary cultures C8 pHB 0.05mM C8, Cultured calls were Astrocytes oxidize C8 most actively,  (117)

cultures established from 1mM BHB incubated with labeled more actively than BHB or glucose.
astrocytes and substrates for 3h Neurons and oligodendrocytes
oligodendrocytes cannot oxidize C8.
obtained from 1 to 2
day-old rats, and
neurons from 16 to 17
day-old rats.

Primary el Human astrocytes cie Upt0200mM  Cultured cells were Human astrocytes from adults oxidize  (118)

culture obtained from adiuit incubated with labeled C16  C16. 3,35 triiodo-L-thyronine (T)3
epileptic patients for2h stimulates fatty acid oxidation and
undergoing ATP production. T3 protects
neurosurgery; astrocytes from oxidative stress and
Astrocytes from mouse hypoglycemia. T3 neuroprotection
embryos. requiies fatty acid oxidation.

Cellcultre  Human neuronal cell €8 G10 025mMC8or  Cultured cells were C8 and C10 were oxidized by the  (119)
line SH-SY5Y cto incubated with labeled C8  SH-SYSY cells. MCFA oxidation rates

or G10for 6h were lower compared to glucose. C8
oxidation was 5-fold greater
compared to G10.

Primary cell  Cortical astrocytes c8cie 0.15mM Cultured cells were Ketogenesis occurred from both C8  (120)

culture from 1 to 2 day-old rats incubated with labeled C8  and C16 in cultural astrocytes.

or C16 for 2h Ketogenesis was more active with C8

as a substrate. Addition of
A9-Tetrahydrocannabinol (THC)
increased camitine
palmitoyltransferase | activity and
stimulated ketogenesis from C16, but
had no effect with C8 as the
substrate. THC effect on ketogenesis
was mediated through CB1
cannabinoid receptor but not the CB2
receptor.

AMPA, a-amino-3-hyaroxy-5-methyl-4-isoxazolepropionic acid; C10, capric acid; C8, caprylic acid; GABA, y-aminobutyric acid; GPRAO, G-protein coupled receptor 40 (also known as
Free fatty acid receptor 1 (FFAT)); LCFA, long-chain fatty acids; MCFA, medium-chain fatty acids; NA, not applicable; POMC, Proopiomelanocortin; PPAR-y, Peroxisome prolferator-
activated receptor gamma; PTZ, pentylenetetrazol: BHB, B-hydroxybutyrates.
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Taumatic bran ey MOT (not specifed) 230/1000Keal, folowing raumatic bren nsy (TEI: 1 fastng BHB + AcAcn Blood: | GBin Bloodk 0.0012mM ot measured Brain ovoratmedan NA @
patients (0 Keal: mecian tie 371),2) rtermedte  0.663mM asting) (asting) 00162 values and 1090
ution 7.5 Kealikg; median tma 55h, ) 0.459mM (ntermediate  (ntermediate utron) percenties): Tota ketono
sable utiion 15 Kcallkg: meckan tme 85, nuttion) 0.129mM (stale  0.0163mM (stable bodies, 0017
nutiton) nuttion) (6.1-62.6) Gitamato,
§HB + AcAcin Brain: G101 Blood: 0003mM [09-24.2
00347 mM astig) 00079mM (asting) Glucose, 1.1mM (05-2.7)
00173mM (tomedato 00187 mM (ntemodiate Pynato, 0.104mM
nudtion) 00131 MM nuteion) 0.0152mM {65.5-166.8] Lactate,
(stae ruttor) (stae nutior) 29mM(16-5.4]
8 and C10in Brain: Lactate/pyruvate rato 20
ranged betveen 0.001 o-cel
and 0.002mM anct
increased signifcanty
Guring nuttion.
Non-obese acts MOT(61908 +32%  Fornuated detwih  The subjects consumed tho xperimental dt  Not measured Not measurecs N Increasad: Tighcordes  MCT causa a signifcant @
G0y 40% MT or (40% MGT orongrhan e, 150% of increase in the hepatic
long-chainfat, 1505  estmated enargy requrements) for 6 cays. Synthess o these faty
ofestmated snergy acids fom MOFA through
roquirements donovo syntesis andir
hain longation and
desaturaton.
Healty ackts MOT(E68%C8+385 70 g/day 70 of daly fat take was roplaced with MOT  Not measured Not measures N Increased: Tota! NA @
cio (or sunfowe o) for 2 weeks chaiesterl LOL
ehestero Tigyosices
Gicose
Prmary NOT(2%G8 +26%  Adibitum Subjocts were gven 500 bottes of of MCT  Not measured Not measured N No change: A @
hypertighceridermio ci0) MCTiong-chain fatin _anc com ol in ierent proportons) and asked HOL-cholesteral
patints aiferent proportons 1.2 o thef roguia food. The ameunt of Trgceridos Increased:
Gl ot consumed was measured each week. Totel chojestercl
Moderately overweght  MCT (ot speciiod) 18 g/day OT was administerod as part ofday food  Not moasured Notmoasured m Increased: Soum, A )
Grinese subjects with intk for 90 days -
ype 2 dabstes meltus st
crcumference Body
‘weightInsuin resstance
Gaorc ntake
Insuln Trigycerdes Totel
choestero HDL
ehoestersLDL
chalesterl Apalipoprotein
Ahpoipoproten8
Cricien with opiopsy  MCT (not speciiod) MOT 6ot 60% MCT) 24 metaboto study was condictodin MOT dt: Totalpasma ot measured N Both MCT e N @)
Modfed MCT dst  chicven 3 weeks after he it was. Kketons bocies up o 2mM No changes: Tota
@0% MCT) establshed, Modifd 1CT et Total choesterl HDL
plasma ketono bodis vp eholstorol LDL
o 1m chestecl Pyuvate
Lactate
Decroased: Alzine
vl MCT(60% 08 +40%  30g/day NGTinlactose-freoskim ik, wiceacay.io.  Blood: 08mM gHB (aer  Blood:S5mg/diC3  Feported provously (1) Increased: itoeukin8  NA @

c10)

with breakdast and dener, over a pariod of 6
months.

Smonths)

(after 6 months) 5.0 mg/ct
C10 (atter 6 months)

BHBC8 C10

No change: Body mass
index HoATe (ghycated
hemogiobin) Ghucose
nsuin HOL, LDL, Total
cholesterdl Tigiycerdes:
Coreactive protein
Granuiocyte-macrophage
colony-stimuating factor
(GMCSF) Inteferon
‘gamma terieuiin 10
Intereukin 6 Intericn 17
nterforon
gammainducible protein
10(P10) Monooyte
chemoattractant protei 1
(MCP1) Tumor necrosis
factor-sipha (TNFa) Tumor
necrosis factor-a receptor
1 (NFRY)

AcAc, acetoacetate; AD, Alzheimer's disease; ALT, alanine aminotransferase; APOE4, apolipoprotein 4; AST, aspartate transaminas:

10, capric acid; C8, caprylic acid; HDL, high density lipoproteir

CFA, long-chain fatty acids; LDL,

low density lipoprotein; MCFA, medium-chain fatty acids; MCI, Mild cognitive impairment; MCT, medium-chain triglycerides; MMSE, Mini-Mental State Examination; NA, not applicable; BHB, B-hydroxybutyrate.
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Condition substance amount/ protocol ketone MCFAlovels and Cognitive offects
concentration body effects
lovels.
Beagie cog Aged dogs 6-11years)  AC-T200 MOT (95% C8 + 2 gk Addedito standard 2 morihs Not measured Not measured Not measured Not measured Increased in parietal  (:0)

5%C10). food Gortex: Total phosphoipid
'DHA ocosahexaencic
aci) DPA
(Docosapartaenoic ack)
Total 3 pojyunsaturated
fatty acd

Dog Aged Beagie dogs MCT (97% C8 + 3% G10) MCT supplement, 55% 8 moniths BHB in Blood: 0.11mM ot measured Improved: Visuospatial o change: Standard  NA 61

i mixed into th food function Learming Reversal - dog blood panel
made by Neste. Purina leaming Atenion More  parameters
PeiCare aiffcult tasks showed

more sgnifcant efects.

Dog Aged dogs with carine. MCT (FA content Standard dit containing 3 months BHB in Blood: No Not measurod Docreased: Signscf  Increased in Blood: DHA NA ©
cogniiveysiunclion  unspecifiec) 6.5% or 9% MCT difference from control cogritive dysfunction  (Docosahexaenoic acd)
syncrome (analogous to {measured festing love) sndrome EPA Eicosapentasndic
dementiain people) acie total omega3

polunsaturated faty
acids omega-d/omega-s
o

No change in Blood:
Choesterol Giucose Toal
ighyerides

oog Dogs dagnosedwith  MCT (60-65% C8, 9% ofcal 3months BHB in Blood: 0.070mM  Not measured Decreased: Sozuwe  Decreased: Biood N =)
idopathic eplepsy 30-50% C10) supplementation 7 days  (preprancia) 0.0S9mM flequency Sezwe day  alkaline phosphatass

washout 8 months fpostorandia) froquency actiy

supplementaton No change: Body weight
B00d glucose Pancreas
ipase actity

oog Dogs Gagnosedwith  MOT (60-65% C8, 9 ofcal 3montrs Not reported Not measured Improved: Not measured Positive correlation: (%)
idopatric epiepsy 30-50%C10) supplementation 7 days. ‘Spatiaworking memory. Prodlem-sotving test

washout 8 months Problem-soNing resuls with the
supplementation Onner-reported tranabilty postprandial bood HE

Rat 2m.o. Spragus Dawiey  MOT (Cich ketogeric  KD-MCT: 27% wiw hronic: 3 weoks BHB in Blood: Acute: ~  Not measured KOMCT: Increased (all  KD-VCT: Increased:  KD-MOT: &
rats Chvoric Gt (KD-MCT) 20g MCT(C8) acdedito tansitoninto diets 3 26mM (peakat Th) regardloss of the Perohera fat pacpH8  Incroased: BOHT (s ct
hypoxiainduced sress  KetoCaNa in 100mIMCT  standard feed (F/C/P:  weeks ad ibitum Chronic:~ 1.3m stress):Novelobject  Decreased: Bocy weight & KS, stiess-ncuced

(©8)Ks) 77.005/225)K5:10%  Acute: Srdleintragastic (KD-MCT) ~ 0.5mM (KS) exploration Spatial Glucose nsuiin increase) Hippocampal
(wh)added tostancard 10 gKkgKS BHB in Hippocampus: learning Spatia memory  No change: Epydimalfal  ACAT1
feed With no sress: ~ 0.9mM MM Probe trie) Pad ACTH, CORT (basal  Decreased:
(KD-MCT) ~ 0.9mM (KS) No change: Passive  and restran Hippocampal GLUT s
~ 0.9mM (i) Under avoidance KS: stessinduced) KS: a8 K, postress
stross: ~ 06mM Increased: Spatia Increased: Periphera et induoed recucton)
(KO-MCT) ~ 0.5mM (KS) learing (on day 4 pad Epydimalfatpad o change: Hippocampal
~0.45mM () paiced by sress) No change: Body weight  pHB (out patialy
No change: Novel object  Glucoso BHB, sl attenvated siress-induced
exploration Passive AGTH, CORT (pasaland  reduciion) Hippocampal
avoidance Spatial memory  estrain stiess-ncucec)  BDNF Hippocampal
(VWM Probo tria) GLUTS (oasa) KS:
Increased: Hipocampal
ACATI pehyckooutyrate
dehycirogenase-1 [BOHT)
Decreased:
Hippocampal GLUT (no
stress incuced recuction)
No change: Hippocarpal
BHB stross induced
reducton) Hippocampal
'BONF Hippocampal
GLUT3 (oasa)
Mouse 78wo. CSTBLE mdes  NOT (FA content MOT dit: kelogenic det  Highvfat-nigh-cholesterol  BHB in Blood: Not measured Improved: Spatia Nochange in Blood:  Both MCT-cnriched diet ~(59)
unspecifiod) ketogenic et with calorko proportion of (1ot ketogenic, 40% a)  ~5.5 unts nspecifed; learing and memory  Ghicose TG Total and adding Metformin
84% fat and 2% dit: 16 days, aftr thatfor MO group) ~2.6 (it chojesterol nsUN AST 1o the high-fat-high-
carbohyate 8weeks: unspesfied: control group) activly (Aspartate cholesterol diet:
high-fathigh-cholesterol aminotransierase) LT Reverse the high-at
gt or activty (Aarino. Gtinduoed increase (10
high-atigh-<hoesterol aminotransierase) control lvels) i protein
et + metiomin or levels of: cortical and
MCTih diet hippocampal NF-xB.
cortical TNF-a, Gortcal
and ppocampal glal
florilary acicc protein
(GFAP), cortical and
Hpocampal gl
phosphate tau phosphate
tau amyod proten
precursor (APP). MOT
foading roversed tho.
Pigh-fat detinduced
decrease in cortical BONF
protein evels.

Rat 28mo.Wstarmales  MCT(0% 08 +60%  5%MCT Added o standard chow  Blood: ~ Notmeasured Decreased: Aiely  Increased: pHE i blood  Mitochondrial ©)
Dided intoLow and High  G10) 8-i5caysadibium  0.144-0288mM BHB (Oark-Light B No change: Body weight  respiration: Decreased
ety subgroups No change: Foodinteke mPFG No change in

Dopressivo-lko behavior Nuckeus accumbens.

. Increased in mPFC:
GLUT (only b High
Aty group) GLT
(EAAT2) (oniyin High
Aniaty group) NarK
APase (ony in High
ity group)
Hexokinase mu/oyt onlyin
High Anity group)
Decreased in mPFC:
Phospho-GSK-3a/GSK-
S onlyin High Aniety
group) Hexckinaso (only i
Low Anxiety group)
No change inmPFC:
GLUT! (ony i Low
Aniety group) GLTY
(EAAT2) fonlyin Low
Arvdoty group) NarK.
APase (only in Low
Aniaty group)
Hexckinase (onl in High
ity group) phospho-
GSK-3/GSK-3u (ony i
Low Anisty group)
Hexokinase only in Low
Ansioty group)

Mouss 7-8w.0.CD1 maks MCTCHMCT(C1) 35t cal Addedto standard chow  Blood: 0.5-1mM BHB Increased: Seizure Increased: Piasma Incroased: Hipocampal  (74)

Seizure model 10 days ad ibitum Brain: 175 hmolGBHB  (MCTIC8) 0.076mM 10 thveshoid (6-Hz) reducing capecity mANA foves of heme
wereio) MCTICIO] Toeranceto  (enti-cxidant ffect) oxygenase 1 and FoxO
Brain: 2880molgC8  fuoroth MCTCI0)  MCTICIO) wereio)
WCT(C§) 1.17 molig No change: Body weight  No change: mANA levels
c1oweTC1o) BoodBHBBEN BB of For03, Fox08, St
Bood gucoss MRNA leves of Ucp2,
Uops3, Ucpé and UepS
Catalaso and supercxic
dismutase acthites in the
hypothalamus Proton leck
inthe mitochondia
isolted from the
Hippocampus
Rat Adult Wister males. 3HB-80E 30%of cal Addedtostandardchon  Blood: 28mM BHB  Not measured Not measured Increased: Biocd ketons  Increased in the whole (55)
R3-hydronoutyrate R 14 days ad ibtum bodies brain: malony-CoA UCPA.
13 butanediol Decreased: Foodntake  and UCPS protein
monoeste) Boodgucose Bood  [NAD+/[NADPH ratio
isuin Blood eptn No Decreased in the whole
change in blood: brain:
totalfaty acd stoaric 3-phosphogcerate
acidpH Hactate bghtamate
aAgA
No change in the whole
brain: TCA cycle
intormediatos ATP
hyckolysis

Mouse 12mo. CSTBUIOR  C8 015gkg Intragastric gavage: ot measured Notmeasired Not measured N Increased in stiatum: ()
males MPTP modelof singe (1.5 before MPTP) Dopamine acute and
Parknson's Disease repeated repeated C8 s, MPTP)

(@ days, 1.5nbefore DOPAC (34-

MPTP and 2 consecaive Ditydoxyphenylacetic

daye) acic) (acute and repeated
C8vs. MPTR HVA
(Homovanic ack) (acute
and repeated C8 vs
MPTF) PGO-1a mANA
(Percxisome
proffeator-actiated
receptor-y coactiator)
(ecuto C8 s, ct, 1.5h
post-gavage) PEPCK:
mANA
(Prosphosnoipyruate
carboxykinase, Oytosolc)
(acuto C8 . ct, 1.5h
post-gavage) PEPCKM
mANA
(Prosphoenoipyruvate
carboxykinase,
Mitochondsial fecuto C8
vs. o, 1.5h post-gavage)

Mouse Swo. CSTBUBIMAs  MCT(CH) 10% of cal Single ragastic gavage  Not measured Not measred Not measured Decreased: Foodntake  Increased in PVH )

(paraventricular
nuclous of
hypothalamus):

MSH (epha
melanocyte-stmuating
hormone) -fos (marker of
neuronal actvity)

Mouse Swo.CSTBUBIMAs  C8 NA Labeled CB vas Not measured Not measired Not measured Increased in NA )

aiministered: - IOV: 2L hypothalamus (30min
of 1 mGimL - via carotid after IV
artory: Smi (40 wUimin) - administration, 15min
oral gavage: 100M after administration via
the carotid artery,
60min after oral
gavage):
FA oxdaton FA oxidation
tostorage raio
Rat Wistar Han male. High-at det Hightat det @2%fa)  Adlbtum20wesks  Not measured Not measured Nochange: Total FA  NA ©)
levess. Plasma FA levols
10 25-40ct ighar thanin
‘CSF. MOFA/Total FA
proportion: 1% n plasma,
4% in CSF. Among the
WCFAs, 8% was C8in
both plasma and CSF.
Rat 7m.o. Wistar males: MOT (60% C8 +.40% 2 gg/day Intragastdic daly gavage  Not measred Not measied Increased: Sportaneous  Not measured Increased inmPFC:  (100)
1o +fasting 6 NVGay 4 weoks aternations in Y-meze GluN2a mANA(NMDA
Time in targe cuackant receptor subuit 24)
MM probe tial GluN2D mANA (VDA
rocoptor suburit 28)
GIUAT mRNA (AMPA
receptor subunit 1) GuA2
RANA (AMPA receptor
swbunt2)
Rat 7m.o. Wistar males MCT(60% C8 +40% 2 gkg/day Iniagasic daly gavage  Not measured Not measured Increased: Sportancous  Not measured NA )
c1 +fasting 6 day 4 wocks atemations in Ymazo
Time i target quackant n
MM probe tial

Mouss Adultraive Albino Swiss  C8 5mmolkg 10mmolkg  Sngle dosage CBvias  Blood (20 mmol/kg CB):  Dose-dependent incroase.  Increased Decroased inblood:  NA (102)
males 25-30 Sozuro 20mmolkgI0mmolkg  suspendedina0S%  OIMM pHE Blood: 0.1810051mM  (dose-dependentlyl:  Gucoso (20 mmolko C3)
tests aqueous solution of c8 seizure tveshoid (P1Z: No change in blood: pH

methy celudose and (630 mmolig C8) Brain: - myoconic twitchand (20 mmolikg C8)

admistered by gastic: 0.1110025mM CB (530 clonus) sezure threshold

gavage (10 mikg) 30min mmolig C8) ©H)

before the test No change: sezure
thveshold (PTZ: torws)
scizuro thoshokd (MEST)
CBincreased
anticonwisant potency of
valproio acid (VPA) inthe
6z and MES seizure
tosts.

Mouss Adul e Abino Swiss €10 10mmolkg 30 mmolikg  SingledosageC0was  Blood (0mmol/kg  Blood:0.41mM C10(30  Incroased: Seizure Increased n blood: pHE  NA (109
males 25-30 Soizure 50 mmolkg suspencedina05%  C10} 166mMBHE  mmolko) tiveshold (5-H2) 0 mmoig)
tests acqueous soltion of Brain: 0.24mMMC10(30  (dose-dependently, 10 Decreased in blood: pH

methyt celuiose and mmolig) and 30 mmolkg) Sezure (30 mmovkg) Giucose (30
administered by gastic teshold (MEST) mmolkg)
gavage (10 mikg) 30min (doseindependenty, 50
before the test mmolikg)
No change: Seizure
toshold PT2)

Rat 10mo. Wistar Abino MCT(60% C8 +40% 2.5 gko/day Intragasidic gavage 7 days  GHB in Blood: 1.8mM  Not measured Decreased: Spike-wave  Increased: Biocd BB Inhibition of Adenosine  (107)

GaoRjswikmaks  C10) +Ketons Sak (Gay 1) 1.9mM (day 7) cischarges (SWD) roceptor AT: abofshed

Na/K-§HB) (1:1; KSMCT) (oetwesn days 3and 7 of the ant-sezure efect of
gavage) KSMCT. The SWD.

Pumber and BHB levels
retuned o the baseine
levels on tho st cay.
without ketone
supplemontation.

Rat 8m.o. Wistar Abino MOT(60% C8 +40% 25 gkg/day Inragastic gavage 7 days PHBin Blood: 1.23mM  Not measured Decreased: Anvely  Increased: Bood BB Inhibition of Adenosine  (10)
GlaoRjswikmaks  G10)+ Ketona Sat (Gay 1) 1.23mM (day ) (evatodpius maze)  Decreased: Bod recoptor AT: i ot

Na/K-5HB) (1:1; KSMCT) glucose change bood BHB levels
No change: Body weight  mocified (abofshed) the
antianety efect of
KSMOT

Rat 6mo.WAGRjmakes  MCT(80%C8+40% 25 ghg/day Iniragasidic gavage 7 days Blood (day T): 1.33mM  Not measired Increased: Latencyto  No change: Body weight _ Inhibition of Adenosine (10
Isoflrane-nduced C10) + Ketons Sak Aer 7 days, isofurane  BHB (KSMCT) 2.14mM isoflrene-ncused Bood glucose receptor AT: aboished
anesthesia (mmabity)  (Na/K-pHB) (1:1; KSMCT) (3%) was admiistored for  BHB (KEMCT) immobity MCT-evoked dolay in the
Inhibtion of Adenosine AT NCT (80% C8 + 40% 5min onset of
receptor C10) + Keton Ester isofuraneindused

1.3 butanediol - anesthosia
acetoacetate dester) (1:1:
KEMCT)
Rat 10mo. Wistar Abino. KEKSfood: 10%whv  20% KEKS food 10 days ad ibtum BHB in Blood: 1.25mM  Not measured Decreased: Spike-wave  Increased: Bkood pHB  The SWD numberand  (110)
GaoRjswikmaks  KERS-3-butaneciol G2y 1)1.35mM (Gay 10) cischarges (SWD) BB loves rotuned fo the

acetoacetate dester + (oetweendays 7and 10 ghocose Bodyweight  baseline levels on the
10% wiw KSNa+ and of reatment) Toal tme of socond day without
Ca2+-ketone sat mixed SWD LPS-evokedt ketone supplementation.
vith standerd chow 19% increase in SWD umber
saccharino No change: Discharge

requency within SWD

Average SWD duration

Total time of seep-vaking

stages

Rat KEKS food: 10% wiw  20% KEKS food 9 days ad ibitum BHB in Blood: 1.25mM  Not measured Decreased: Spike-viave Inhibition of Adenosine  (111)

KERS1.3-butaneciol- (Gay 1) 1.40mM (day 9) discharges (SWD) No change: Biood receptor AT: aboished
acetoacetate dester + (bstweendays3and 9of  ghcose Bodyweight  the alviaing efectof
109w KSNar an eatment) LPS-evokedt KEKS food on
Ca2+-ketone st mixed increaso in SWD umber LPS-generated ncreases
vithstandard chow 1% 0 the SWD number.

o Inhibition of Adenosine
rocoptor A2A: cic not
sinifcanty modiy the
aleviating ofect of KEKS
food on LPS-gensrated
increases i the SWD.
number.

Mouse Adul raive Abino Swiss  C8 20mmolkg 0 MmOy Single dosage Covias  Blood (30 mmolikg C8): - Not measused Increased: 6Hzseizuwe  Decreasedinblood:  Innioon of Aderosine (112)
meles 25-30g Inibiion Suspendedina05%  ~25mMBHB. Uveshold (0mmolikg)  Ghucose (ronasted mice) _receplors AT or A2
of Adenosine Af and A2a queous soltion of (pon-fasted mice) ~ No chango: 6Hz scizuro  No change in blood:  abclishe the
receptors methylcolucsoand  38mMBHB (astod mico) theshold (20mmolikg)  Ghucose (fsted mice) pH  anticonvusant ffect of C8

adiministered by gastic (ronfasted and fasted (80 mmolkg), Combined

gavage (10 mikg) 30min mice) adminstraton of an

before thetest adenosine transporter
inhibitor dipyrcamole and
20 mmolkg capryic acd
raisecthe tiveshold for
tho & He-nduced
soizures. Kuyp channel
blockage by gibenclamide
G not abolish the
anticonvsant efectof
8 (80 mmolig). Giucose
(2 9ko) aboished the
anticonwsant efect of
8 (50 mmotg)in
non-fasted but notin
fastect mice,

Rat 2imoWstarmdes  MCTCMCT(C10 5% MCT Addedtostandardchon  Blood: ~ 03MMBHB  Blood: 0.004mM C8  Increased: Socia Decreased: Body weight  Increased: pIRS-1/RS-1  (114)
Aged arimals 8 woeks ad it (MCT(C10)~025mM  (MOT(C§)00182mM  rocognition Nowel objoct  Increased in blood: C8 (i Foceptor

BHB (MCTICE) c10MCTICI0) recogniton (MCTCI0)  (MCTIC s ctland  Substiate 1) in forebran
0.002mM CB(MCTICI0)  Decreased: Locomotor  MCTIC10) C10 (CTIC) pAkVAKL
0.000mM CIO(MCTICS)  actity (MCTICS) WCTICIO)vs ctland  (Serne/Thveonine Kiase)

meTca) in forebrain (VCTIC10)

No change in blood: &~ SYP protein

WCTCIO s G10 (Synaptophysi in

weTICs vs i) forebrain (MCTICE)
UBE3A protein
Wbiquit-protein igass
EQA)inforebrain
(4CTIC8) and MCTIC10)
MRNA of pasticy-reated
early genes in mPFC
@it gba2)
Decreased: pS/SEK.
(Ribosoma protein S6
Knase)in brain (MCTICS)
and MCTIC10) mANA of
plastcity-relatec eary
genes inmPFG arc, g1,
erg2,jun, i3, edal,
fosb)
No change: GONF
protein (Gial ool
line-derved neurotroptic
facto i forebrain IGF-1
proten (nsuin-ike growth
factor 1) inforebrain VEGF
protein (Vascular
endothetal growth actor)
in forebrain PSD-95
protein (Postsynaptic
density proten 96)in
forebrain mANA of
plastity-relatec eary
genes inmPFG kT, sf)

Rat Adult Wistar females and  C8C10. 0.043mMC80.022mM  ntracarotd nfusion Not measured NA Not measured Not measured Brain uptake: 94% C&)  (125)
males itracarotd infusion cto Decapiation after 165 8% (010)
ofC8anac10

Rat AdkitSprague Daviey €8 220mM Intracarotidinfusion  Blood: 0.1312mM pHB +  Blood at 105 min: NA Increased n blood:  Osidation of w2n
males intracarotd infusion (267 mU/: Unlabelod C8  AcAc (Omin) 03574mM  undetectable (iiabeied ketone bodes (105minvs 13C-octanoatein the
ofcs (G0min)and Laboed C8  pHB + ACAC(105mn)  C8) 0.25mM (abeled C&) omin) brain acoounted for ~20%

(2.468-13C4joctencate) No change in blood: of totel bren cxidative
(105min) Glucose (105minvs O energy prodiction.
min)

Rat Adlt Wistar males. MOT(10%C8+30%  B55%CB4+316%C10  Added tostandardchow  Not measured Not measured Not measured Increased: Apparnt fat_ No change: Skeletal  (157)

cio 4 weeks (ghen daly at the digestioty (v 1 & LCT) - muscle peroxisomal
beginning ofthe cark Liver weight (v ctr) iver  oxication Liver
phase) TG content (v U1 & LCT)  peroxisomal oxidation
Musclo TG content (v cr) - Skcltal musdlo CPT-1
Decreased: Feed ntake  andi GPT-2 actiy Liver
(5 CH1&LCT) Bood TG CPT-1 and OPT-2 ity
s LCT) Blood feefatty
acids (s ct) Bood
glucose (v5LCT)
No change: Bod weignt
{5 ct1&LCT) Bood TG
s ot Blood ghucose (s
ctr) Blood nsuln (s ci &
LOT) Liver weight (15 LCT)
Muscle TG content (5
LOT) Wt weightof
opicichmal adipose tissue
5 ct1 &.LCT) Wet weight
of eropeitoneal acpose
tissuo (s ct &LCT)

Rat ‘Sprague Daviey malss,  MCT (FA content 70% MoT Addedtochow2! days  Not measured Not measred Not measured Increased: Biood Decreased: Hepatio TNF  (125)
Non-akohoic unspecifed) adbtum adiponectin mANA and protein
steatohepatis (NASH) Decreased: Lier TG No change: Hepatic

accumuation Blood loptin - CYPZEI proto
No change: Bood TG (Cytoctvome P4S0 2E1)
Boodinsuin
Rat ‘Sprague Davloy males  MCT (FA content 25%WEMCT (5% cal  Semiluid MCT det gven  Not measred Not measired Not measured Increased: Restng NA (139
unspecifed) nMen viaa gastrostomy tube otygen consumption

twice a day for 6 wesks Norepinephing-stimuiated

(st 3 weeko—gracualy xygen consumption

increasing cosage 17-30 Decreased: Body weight

migay) Siz6 of adpocytes
Oissctive fat
No change: Adpocyte
density Liver fat Bood
glucoso

Rat ‘Sprague Davley males  MOT (FA content 5%,15%,25%MCT  Added to standardchow  $HB in Blood: Not measured Not measured Increased in Blood:  NA (140
Stptozotocininduced  unspeciied) Gradualincrease: 5% for  Non-ciabetis: ~ 0.11mM Ketones i non-ciabetics
diavetes 14 cays 15% for 12cays (5% MCT) ~ 0.22mM VS ctlnon-<labetes)

25% for 12 days (15% MCT) ~ 0.48mM Decreased in Blood: TG
25% MCT) Diees: ~ i non-abetics vs cit
1M (5% MCT)~ M non-diabetics) Gycerol
(15% MCT) ~ 12mM dabatics vs ct dabetics)
@s%men)

Rat w0, Lovis males MCT (FA content 264%C8,169%C10  Addedtostandardchow  Not measured Not detected Not measued Decreased in Blood: TG NA (an
weighing ~50g wnepecifed) 6 woeks ad ibitum Chylormicron VLOL

No change in Blood:
Cholesterol
Rat Sprague Dawley maes  MCT@5%C8+35% 510 gkoday Daiy inragastic gavage  Maximum GHB in Blood: Not measred Not measured Increased: Blood BHE  NA (142)
C10)BMS Na/K-HB 28days ~38mM (5 gkg MCT, 11 (acutely, MCT-containing
minecal sl + MCT aftor Gavage) ~5mM (10 suppements vs ct)
kg MCT, 1-8hater Reltive iver weoht
gavago) ~2mM 6 9/kg Decreased: Body weicht

BMSHMCT, 4h after (64 wesks, al

gavage) ~3mM (10 gkg. supplements vs ct)

BMSHMCT, ~-8h afer Bhood glucose (acutel.

omage) MCT-containing
supplements vs ct)
Biood HOL (ater 28 days)
Reltive spieen weight
No change: Siood total
cholesterol Bood TG
Blood LOL Relative weight

of bran Reiative weight of
lungs Relative weight of
Kichoys Rolativo woight of
heart

AcAc, Acetoacetate; ACAT1, Acetyl-CoA acetyliransferase 1; ACTH, Adrenocorticotropic Hormone; BDH1, B-hydroxybutyrate dehydrogenase-1; BDNF, Brain derived neurotrophic factor; BHB, B-hycroxybutyrate; C10, capric acid; C8,
caprylic acid; CORT, Corticosterone; CPT, camitine palmitoyltransferase; EAAT2, Excitatory amino acid transporter 2; FA, Fatty acio; GLT, Glutemate transporter 1; GLUT, Glucose transporter; GSK-3a, Glycogen synthase kinase-3
alpha; HDL, High density lipoprotein; KS, Ketone salt; LPS, Lipopolysaccharide; MCFA, medium-chain fatty acids; MPTR, 1-methyl-4-phenyl-1,2,3,6-tetrahycropyricine; NA, not applicable; SWD, Spike-wave discharges; TG, Triglycerides;
TNE Tumor necrosis factor; UCP, Uncoupling protein; VLDL, Very low density lipoprotein.
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