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1     Summary 

Partha Dabke 

Mechanism of Ketogenic Diet: Impact of Beta – Hydroxybutyrate and Decanoic Acid on 

Sirtuins, Energy Metabolism and Cellular Lipids in a Murine Hippocampal Neuronal 

Cell Model 

Ketogenic diet (KD), is a high-fat, low-carbohydrate diet used primarily in the treatment of 

pharmaco refractory epilepsy along with other indications such as inborn errors of metabolism, 

neurodegenerative disorders, and cancer. Although several mechanisms of action have been 

proposed for KD, the exact molecular and biochemical pathways have not been completely 

elucidated. 

Sirtuins (SIRT), a group of seven NAD+-dependent enzymes with diverse functions known for 

their role in regulation of the aging process, also regulate other vital cellular functions of energy 

production like the mitochondrial respiratory chain/oxidative phosphorylation, fatty acid 

oxidation, glucose metabolism and detoxification of reactive oxygen species (ROS). All these 

mechanisms are altered under KD treatment and modulation of energy metabolism in the 

mitochondria and ROS detoxification are amongst the mechanisms proposed to mediate the 

anti-epileptic and neuroprotective effects of the KD.  

In this research, we hypothesized that sirtuins mediate the action of KD.  

Hippocampal murine neurons from the HT22 immortalized cell line were used in this project. 

While the standard glucose concentration to culture the HT22 cells is 4.5 g/l, cell cultures under 

low glucose concentrations (1 g/l) were established to simulate a low calorie (low glucose), 

ketogenic environment for the cells in vitro. Glucose concentrations lower than 1 g/l were 

found to be unsuitable for the HT22 neurons as the cells showed poor proliferation. In the next 

step, HT22 cells were cultured in DMEM with low glucose as either untreated (controls) or 

incubated with either 5 mM ßHB or 250 µM decanoic acid (C10) as key metabolites found 

elevated under KD. Cells were cultured for one week and enzyme activity, protein expression 

and gene expression of SIRT 1 – 4 was measured in the untreated and KD treated HT22 cells.  

Incubation with ßHB led to higher SIRT 1 and SIRT3 enzyme capacities and higher SIRT1 

protein expression, while cells incubated with C10 showed significantly higher SIRT1 enzyme 
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SIRT3 protein and gene expressions as well as higher SIRT3 enzyme capacity, albeit not 

significantly. Gene expressions of SIRT 1 – 4 were not significantly altered under ßHB and 

C10 incubations (except SIRT3). The gene expression of monocarboxylate transporters 1 and 

2 was higher in the KD treated cells compared to controls. Maximal enzyme capacities of 

complexes I – V of the mitochondrial respiratory chain (MRC) and citrate synthase (CS) – a 

marker of mitochondrial content and quality- were measured under ßHB and C10 incubations 

for one week. While ßHB incubation predominantly led to higher complex I + III and CS 

enzyme capacity, cells incubated with C10 not only showed higher enzyme capacities of 

complex I+III and complex IV, but also significantly higher ratios of complex I+III and 

complex IV activities to that of CS – indicating a more efficient functioning of the MRC under 

C10 incubation.  

Cellular cholesterol, phospholipids and sphingomyelin were measured in HT22 cells, firstly 

under standard and low glucose concentrations and subsequently under ßHB and C10 

incubations. Cellular cholesterol was lower in both treated groups as compared to untreated 

cells. Cellular phospholipids remained unchanged (except phosphatidylserine) in ßHB 

incubated HT22 cells, whereas they were significantly higher in the C10 incubated cells. Ratios 

of individual phospholipids to cholesterol was significantly higher in both the KD treated 

groups as compared to the control cells. The results of this research depict an overall 

upregulation of mitochondrial metabolism in the HT22 cells accompanied by significant 

alterations in cellular lipids, especially the phospholipids in the HT22 cells incubated with C10. 

MRC was upregulated in both the KD treated groups, compared to their controls which could 

lead to higher ATP production. Higher CS enzyme capacity is suggestive of increased 

mitochondrial biogenesis. SIRT1 and SIRT3 regulate the processes of mitochondrial 

biogenesis and MRC, respectively, and thus, higher SIRT 1 – 3 enzyme activity assumes 

significance with regards to improved mitochondrial function.  
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2     Zusammenfassung 

Partha Dabke 

Wirkungsmechanismus der Ketogenen Diät: Wirkung von Beta-Hydroxybutyrat und 

Caprinsäure auf Sirtuine, Energiestoffwechsel und Zelluläre Lipide in einem Neuronalen 

Hippocampalen Mäusezellmodell 

Ketogene Diät (KD) ist eine fettreiche, kohlenhydratarme Diät, die hauptsächlich zur 

Behandlung der therapierefraktären Epilepsie zusammen mit anderen Indikationen wie 

angeborenen Stoffwechselstörungen, neurodegenerativen Störungen und Krebs eingesetzt 

wird. Obwohl verschiedene Wirkmechanismen für KD vorgeschlagen wurden / worden sind, 

sind die genauen molekularen und biochemischen Wege noch nicht vollständig aufgeklärt. In 

dieser Forschungsarbeit wurde die Hypothese aufgestellt dass Sirtuine, eine Gruppe von sieben 

NAD+-abhängigen Enzymen mit verschiedenen Funktionen, die Wirkung von KD vermitteln 

könnten. Sirtuine (SIRT), die für ihre Rolle bei der Regulierung des Alterungsprozesses 

bekannt sind, regulieren auch andere wichtige zelluläre Funktionen der mitochondriale 

Atmungskette, der Oxidation von Fettsäuren, des Glukosestoffwechsels und der Entgiftung 

reaktiver Sauerstoffspezies (ROS). Alle diese Mechanismen werden unter KD-Behandlung 

verändert, und die Modulation des Energiestoffwechsels in den Mitochondrien und die ROS-

Entgiftung gehören zu den wichtigsten vorgeschlagenen Mechanismen für die 

antiepileptischen und neuroprotektiven Wirkungen der KD. Der Lipidstoffwechsel wird auch 

unter KD aufgrund höherer Fettsäureoxidationsraten, höherer Serum Beta-Hydroxybutyrat 

(ßHB) -Spiegel und niedrigerer Glucosespiegel verändert. In dieser Arbeit wurden 

Hippocampus-Mausneuronen aus der HT22-immortalisierten Zelllinie verwendet. Während 

die Standardglukosekonzentration zur Kultivierung der HT22-Zellen 4,5 g/l beträgt, wurden in 

dieser Forschung Zellkulturen unter niedrigen Glukosekonzentrationen (1 g/l) etabliert, um 

eine kalorienarme (glukosearme) ketogene Umgebung für die Zellen in vitro zu simulieren. Es 

wurde festgestellt, dass Glukosekonzentrationen von weniger als 1 g/l für die HT22 Neuronen 

ungeeignet sind, da die Zellen eine schlechte Proliferation zeigten. Im nächsten Schritt wurden 

HT22-Zellen in DMEM mit niedrigem Glucose Gehalt entweder als unbehandelte (Kontrollen) 

oder als KD-behandelte Zellen kultiviert. In-vitro-KD-Behandlung wurde durch Inkubation 

von Zellen mit entweder 5 mM ßHB oder 250 µM Caprinsäure (C10) durchgeführt - einer 

Schlüsselkomponente der mittelkettigen Fettsäure Diät. Die Zellen wurden eine Woche lang 



4 
 

kultiviert und die Enzymaktivität, Proteinexpression und Genexpression von SIRT 1 - 4 wurde 

in den unbehandelten und KD-behandelten HT22 Zellen gemessen. Die Inkubation mit ßHB 

führte zu höheren SIRT 1 und SIRT3 Enzymaktivitäten und einer höheren SIRT1 

Proteinexpression, während mit C10 inkubierte Zellen eine signifikant höhere SIRT1 

Enzymaktivität, SIRT3 Proteinexpression und Genexpression zeigten. Die SIRT3 

Enzymaktivität wurde erhöht, aber nicht signifikant. Die Genexpressionen von SIRT 1 - 4 

waren unter ßHB- und C10-Inkubationen nicht signifikant verändert (außer SIRT3). Die 

Genexpression der Monocarboxylat Transporter 1 und 2 war in den mit KD behandelten Zellen 

im Vergleich zu den Kontrollen höher. Die maximalen Enzymkapazitäten der Komplexe I - V 

der mitochondrialen Atmungskette (MRC) und der Citrat-Synthase (CS) - ein Marker für den 

Gehalt und die Qualität der Mitochondrien - wurden unter ßHB und C10 Inkubationen 

gemessen. Während die ßHB-Inkubation vorwiegend zu einer höheren Enzymkapazität von 

Komplex I + III und CS führte, zeigten mit C10 inkubierte Zellen nicht nur höhere 

Enzymkapazitäten von Komplex I + III und Komplex IV, sondern auch signifikant höhere 

Verhältnisse von Aktivitäten von Komplex I + III und Komplex IV zu das von CS - was auf 

eine effizientere Funktion des MRC unter C10-Inkubation hinweist. Zelluläres Cholesterin, 

Phospholipide und Sphingomyelin wurden in HT22 Zellen zunächst unter Standard- und 

niedrigen Glucosekonzentrationen und anschließend unter Inkubationen mit ßHB und C10 

gemessen. Das zelluläre Cholesterin war in beiden mit KD behandelten Gruppen im Vergleich 

zu unbehandelten Zellen niedriger. Zelluläre Phospholipide blieben in mit ßHB inkubierten 

HT22-Zellen unverändert (außer Phosphatidylserin), während sie in den mit C10 inkubierten 

Zellen signifikant höher waren. Das Verhältnis einzelner Phospholipide zu Cholesterin war in 

beiden mit KD behandelten Gruppen im Vergleich zu den Kontrollzellen signifikant höher. Die 

Ergebnisse zeigen eine allgemeine Hochregulation des mitochondrialen Metabolismus in den 

HT22-Zellen, begleitet von signifikanten Veränderungen der zellulären Lipide, insbesondere 

der Phospholipide in den mit C10 inkubierten HT22-Zellen. MRC war in beiden mit KD 

behandelten Gruppen im Vergleich zu ihren Kontrollen hochreguliert, was zu einer höheren 

ATP-Produktion führen könnte. Eine höhere CS-Enzymkapazität deutet auf eine erhöhte 

mitochondriale Biogenese hin. SIRT1 und SIRT3 regulieren die Prozesse der mitochondrialen 

Biogenese bzw. MRC, und daher gewinnt eine höhere SIRT 1-3 Enzymaktivität im Hinblick 

auf eine verbesserte Mitochondrien Funktion an Bedeutung. Zusammenfassend lässt sich 

sagen, dass Sirtuine die biochemischen Wirkungen von KD im Zusammenhang mit dem 

mitochondrialen Metabolismus in Hippocampalen-Neuronen vermitteln können. 
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3       Introduction 

 

3.1    Ketogenic Diet – Overview and Clinical Considerations 

 

3.1.1 History of Ketogenic Diet 

Ketogenic Diet (KD), a low carbohydrate and high fat diet was introduced as a treatment for 

children with epilepsy in the early 20th century (Wheless 2008). Since ancient times, fasting 

has been described in the context of treatment of epilepsy (Wheless 2004; Vining 2002). KD, 

by definition, is a ‘ketonemia – producing’ diet, a condition that could simulate fasting. An 

article in 2019 summarized the work of Guelpa and Marie – two physicians from Paris, who in 

1911, reported the use of intermittent fasting in treatment of epilepsy in 21 patients (Höhn, 

Dozières-Puyravel, and Auvin 2019). The term ‘ketogenic diet’ was coined by Dr. Wilder from 

Mayo Clinic and this dietary treatment was widely used to treat epilepsy thereafter for the next 

several years, until the development of a new anti – epileptic medication – diphenylhydantoin 

(Wheless 2008). Due to more effective pharmacological therapies being developed, the use of 

KD became less common. An important development in this field took place in the 1970s when 

Huttenlocher described a novel form of KD using medium chain triglycerides as its primary 

content (Huttenlocher 1976a). The medium chain triglyceride (MCT) diet was shown to be as 

effective as the classical KD in controlling seizures. It was reported that the MCT diet not only 

caused ketonemia, but also a significant elevation in concentration of medium chain 

triglycerides – particularly, decanoic acid (C10) and octanoic acid (C8) in plasma of patients 

under this dietary treatment (Haidukewych, Forsythe, and Sills 1982a; Sills, Forsythe, and 

Haidukewych 1986). This finding was significant as it denoted that there may be multiple 

different metabolites that may exert the therapeutic effect of KD. Interest in KD as a treatment 

for pharmaco-refractory epilepsy spiked in the late 1990s due to a large study published by 

Freeman and colleagues that demonstrated the beneficial effects of KD (Freeman et al. 1998). 

Since then, different forms of KD have been described and shown to be effective in treatment 

of not only epilepsy, but also other neurological disorders (Gano, Patel, and Rho 2014; Hartman 

and Vining 2007). The international ketogenic diet study group recently published a detailed 
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report listing the latest KD management strategies, indications as well as contraindications for 

the use of KD in children (Kossoff et al. 2018). Despite significant advances in the development 

and use of KD in patients with various conditions and age groups the exact mechanism of 

action has not yet been elucidated. A better understanding of the active metabolites of KD and 

their role in several biochemical and molecular mechanisms is essential to further develop KD 

management strategies.  

 

3.1.2 Composition and types of ketogenic diet 

The term ketogenic diet (KD) derives its name from the ketonemia producing nature of this 

dietary intervention. Since its inception in the early 20th century, several different forms of KD 

have been used in clinical practice. The classical KD utilizes the highest proportion of fat 

amongst different ketogenic diets. A fat to carbohydrate and protein ratio of 4:1 or 3:1(weight 

(in grams) of fats to carbohydrates plus proteins) is most commonly used in the classical form 

of KD (Hartman and Vining 2007).  
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Figure 1: Pie charts representing the different types of ketogenic diet with the percentages of 

fat, carbohydrate, and protein in each. Adapted from: (Gano, Patel, and Rho 2014). 

 

As described in Fig. 1, the classical form of KD has a much higher proportion of fat content in 

comparison with the modified Atkins diet (MAD), medium chain triglyceride (MCT) diet and 

the low glycemic index treatment (LGIT) diet (Gano, Patel, and Rho 2014). Palatability and 

compliance are  two of the most important concerns for the patients, as it is challenging to 

ingest high amounts of fat. In 2003, Kossoff and colleagues published a case series of 6 patients 

of intractable epilepsy who were treated with Atkins diet, a slightly different form of KD. 

Although this diet also involves restriction of carbohydrates, it allows for a more liberal intake 

of calories and proteins. The study concluded that although some patients were successfully 

treated, Atkins diet could not be suggested as a replacement for the classical KD (Kossoff et 

al. 2003). In the following years, a modified Atkins diet (MAD), was designed that, although 

restricted carbohydrates, allowed for a more liberal protein intake, fluid consumption and was 

easier to administer to the patients (Kossoff and Dorward 2008; Kossoff et al. 2007).  

The medium chain triglyceride (MCT) diet is a special kind of KD which was introduced by 

Huttenlocher in 1971 (Huttenlocher, Wilbourn, and Signore 1971) consisting of special MCT 

fats (C6 – C12). It was reported that the MCT diet was equally effective as the classical KD in 

controlling seizures in children and also caused significant ketonemia (Huttenlocher 1976a). 

Haidukewych and colleagues reported that plasma levels of two MCT fats – decanoic and 

octanoic acids were significantly elevated in patients under MCT diet and hypothesized that 

these fatty acids may be responsible for the therapeutic effect of this diet (Haidukewych, 

Forsythe, and Sills 1982a; Sills, Forsythe, and Haidukewych 1986). Larger clinical studies and 

RCTs in the following years demonstrated the efficacy of the MCT diet (Liu 2008; Neal et al. 

2009) in treatment of pediatric epilepsy. In a bid to make the KD further palatable for patients, 

Pfeifer and colleagues designed a different regime – where a more liberal intake of 

carbohydrates was allowed, but only those with a low glycemic index (Pfeifer and Thiele 

2005a). This was termed as low glycemic index treatment (LGIT). Due to the relatively more 

liberal carbohydrate intake and lesser fat consumption, the LGIT diet was tolerated better by 

some patients and unlike the classical KD, admission to the hospital for initiation of this dietary 

treatment was not necessary (Pfeifer, Lyczkowski, and Thiele 2008). Although lesser number 

of studies have been published regarding efficacy of LGIT, it has been shown to be effective 
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in treatment of therapy refractory epilepsy (Goswami and Sharma 2019; Kim et al. 2017; 

Pfeifer, Lyczkowski, and Thiele 2008). The LGIT diet has been shown to be effective in 

significantly reducing the seizure frequency in patients with Angelman syndrome – a rare 

genetic disorder (Grocott et al. 2017; Thibert et al. 2012). The LGIT diet, as compared to other 

forms of KD, has also been shown to have much fewer and less severe side effects (Goswami 

and Sharma 2019; Sondhi et al. 2018).  

 

3.1.3 Therapeutic indications and side effects 

The ketogenic diet (KD) has been used traditionally, and most popularly to treat seizures in 

children (Wheless 2008). Approximately 30% of patients suffering from epilepsy have 

“therapy refractory epilepsy” – epilepsy in which seizures are not controlled by adequate trials 

of two or more proven anti – epileptic drugs (AEDs) for a significant duration (Kwan et al. 

2010). This highlights the importance of the use of KD, a non-pharmacological approach in 

treating epilepsy resistant to conventional AEDs (D'Andrea Meira et al. 2019). Hence, despite 

its limitations, KD has emerged as an important and highly effective therapeutic strategy in 

management of therapy refractory epilepsy in not just children (Kossoff et al. 2018), but also 

in adults (Kverneland et al. 2018; Martin-McGill et al. 2018; McDonald and Cervenka 2018). 

A wide variety of disorders causing therapy refractory epilepsy have been successfully treated 

using KD (Goswami and Sharma 2019). It has been reported through several studies that KD 

is an effective treatment option in Dravet syndrome – a disease characterized by infantile 

seizures, often resistant to AEDs (Caraballo 2011; Veggiotti et al. 2011; Goswami and Sharma 

2019). Thammongkol and colleagues reported the successful use of KD in reducing seizures in 

patients of variable age groups (infancy to adolescence) as well as different etiologies (genetic, 

structural and metabolic) (Thammongkol et al. 2012). It is noteworthy, that patients with a wide 

variety of severe epileptic encephalopathies such as Otahara syndrome, West syndrome, 

Lennox Gastaut syndrome and several others have been successfully managed with KD 

(Goswami and Sharma 2019; Sharma and Tripathi 2013).  

 

Besides epilepsy, KD is increasingly being used in treatment of other neurological disorders 

(Gano, Patel, and Rho 2014). The KD is the treatment of choice in patients with GLUT1 

transporter deficiency (Klepper 2008). The KD is being extensively evaluated as a treatment 
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strategy for neurodegenerative disorders such as Parkinson’s disease (PD) and Alzheimer’s 

disease (AD) (Wlodarek 2019). The idea behind exploring beneficial effects of KD in patients 

with neurodegenerative diseases is that ketone bodies (KBs) have been suggested to confer 

neuroprotection; although the exact mechanisms responsible for this effect have not yet been 

clearly described  (Yang et al. 2019). Details regarding potential mechanisms of action of KD 

will be discussed in the following sections. A multicenter clinical trial conducted by Henderson 

and colleagues showed a positive correlation between improvement in cognitive function and 

serum beta hydroxybutyrate (ßHB) levels in patients with AD (Henderson et al. 2009). It has 

been suggested that KD may not only provide symptomatic relief in patients with AD, but may 

also exert a disease-modifying effect (Gasior, Rogawski, and Hartman 2006). Similarly, 

clinical improvement in PD patients, on treatment with KD has been observed (Phillips et al. 

2018; VanItallie et al. 2005). Another study showed improvement in motor function in a rat 

model of PD on treatment with KD (Shaafi et al. 2016). ßHB treatment of rat hippocampal 

neurons in vitro, was shown to confer neuroprotection in a PD model (Kashiwaya et al. 2000). 

Whether KD may be beneficial in other neurodegenerative diseases such as amyotrophic lateral 

sclerosis (ALS) and Huntington’s disease (HD) is also being evaluated in animal models and 

in vitro studies (Zhao et al. 2006; Lim et al. 2011; Hartman 2012). 

KD has been shown to be an effective therapeutic option for several types of inborn errors of 

metabolism (IEMs) (Scholl-Burgi et al. 2015). A classical KD is the treatment of choice for 

patients with GLUT1 transporter deficiency as KBs easily cross the blood brain barrier (BBB) 

and function as an alternative fuel for the brain (Klepper 2008). Pyruvate dehydrogenase 

complex (PDC) deficiency is another type of IEM where KD has proven to be very effective. 

Since KBs are the main energy substrate, the glycolysis pathway is circumvented leading to 

lower pyruvate generation and thereby improving the clinical condition of the patients with 

PDC deficiency (Chida et al. 2018; Sofou et al. 2017). The MAD has been shown to improve 

myopathy in two children with glycogen storage disease type III by reducing both the clinical 

symptoms as well as creatine kinase levels in blood (Mayorandan et al. 2014). Mitochondrial 

disorders constitute a group of heterogenous diseases having multi-systemic effects, 

neurological manifestations such as epilepsy and a deficit in energy production (Gano, Patel, 

and Rho 2014; Rahman 2012). Improvement in mitochondrial function has been hypothesized 

as one of the key mechanisms of action of KD (Bough et al. 2006; Hasan-Olive et al. 2019; 

Rogawski, Loscher, and Rho 2016). Thus, it has been suggested that KD may be an effective 

therapeutic option in mitochondrial disorders which, otherwise, are very difficult to treat 
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(Branco et al. 2016; Garone and Viscomi 2018). Sirtuins may mediate this effect (Potthast et 

al. 2017). 

It has been suggested that cancer may be fundamentally a metabolic disease and that 

dysfunctional energy metabolism may play an important role in its pathogenesis (Seyfried et 

al. 2014). This is indeed synchronous with the theory put forth by Otto Warburg wherein he 

described that although different insults may trigger the production and development of cancer 

cells, deficient cellular respiration might play a central and fundamental role (Warburg 1956). 

The KD has been suggested to alter energy metabolism and divert the cellular pathways from 

glycolysis to fatty acid oxidation (Hartman et al. 2007; Masino and Rho 2012a). The KD has 

hence been suggested as a therapeutic option in cancer patients with several on-going clinical 

and experimental studies showing positive results (Branco et al. 2016; Klement 2017; Seyfried 

et al. 2014).  

 

KD, as a therapeutic strategy, has been traditionally used in the pediatric age group. It has been 

observed that although poor compliance or tolerability may be seen in a few children, both the 

classical KD and MAD are generally well accepted (Baby et al. 2018; Kossoff and Rho 2009; 

Martin-McGill et al. 2018). Even the MCT diet, which consists of special oil emulsions is well 

tolerated by most patients (Liu 2008). Although it has been observed that KD treatment was 

more successful in children as compared to adolescents and adults, a review article reported 

that the differences in efficacy and tolerability were not very high (Payne et al. 2011). In fact, 

both classical KD and MAD have been successfully used in the treatment of therapy refractory 

epilepsy as well as other neurological disorders in adults (Kverneland et al. 2018; McDonald 

and Cervenka 2018; McDonald and Cervenka 2019). The international ketogenic diet study 

group concluded that although side effects of KD treatment have been observed across several 

studies, the risk of serious side effects is quite low. This report also stated that gastrointestinal 

complaints, particularly in the first few weeks of the diet was the most common adverse effect 

(Kossoff et al. 2018). Growth retardation has been observed in children receiving KD treatment 

(Kossoff et al. 2018; Hartman and Vining 2007). One study showed that both classical KD and 

MCT diets showed decreased growth in children (Neal et al. 2008). Armeno and colleagues, 

based on a prospective study, suggested that careful growth monitoring of children under KD 

treatment is very important in order to further adjust the diet and supplements (Armeno et al. 

2019). Hyperlipidemia has also been described as an important side effect of KD (Kossoff et 
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al. 2018). Several other adverse effects of KD treatment have been less commonly observed, 

either in routine clinical practice or as a part of clinical studies and case reports (Kossoff et al. 

2018; Hartman and Vining 2007). 

 

3.2    Mechanisms of action of ketogenic diet 

3.2.1 Metabolism of ketogenic diet  

The ketogenic diet (KD) has been used in the treatment of therapy refractory epilepsy as well 

as several other disorders for almost a century (Branco et al. 2016; D'Andrea Meira et al. 2019; 

Gano, Patel, and Rho 2014). Despite proven beneficial clinical effects a clear understanding of 

how the KD exerts its therapeutic effect is not well understood (Masino and Rho 2012a; 

Rogawski, Loscher, and Rho 2016). Under KD, there is an increase in fatty acid oxidation in 

the liver resulting in formation of ketone bodies (KBs) – namely beta hydroxybutyrate (ßHB), 

acetone (Ac) and acetoacetate (AcAc). These KBs, after crossing the BBB are then converted 

to acetyl CoA, which, through the Krebs cycle result in energy generation in the form of 

adenosine tri-phosphate (ATP) (Hartman et al. 2007).  It is clear that treatment with KD 

significantly alters metabolism – a switch from a primarily carbohydrate-based metabolism to 

fatty acid oxidation in the liver and uptake of KBs, instead of glucose by the brain (Masino and 

Rho 2012a; Hartman et al. 2007). The medium chain triglyceride (MCT) diet is a special form 

of diet where elevated levels of MCT fats in serum has been reported, along with ketosis (Sills, 

Forsythe, and Haidukewych 1986; Haidukewych, Forsythe, and Sills 1982a). Studies in mouse 

models demonstrated that medium chain triglycerides – decanoic (C10) and octanoic (C8) acids 

could be detected not only in plasma but also in the brain tissue of the animals treated with the 

MCT diet, suggesting that these compounds can cross the BBB (Wlaź et al. 2012; Wlaź et al. 

2015). Thus, it is important to discuss the role of both – KBs and MCT fatty acids in the context 

of understanding potential mechanisms of action of ketogenic diet.  
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Figure 2: A representation of various biochemical pathways involved in metabolism of 

ketogenic diet. CAT, carnitine-acylcarnitine translocase; GLUT-1, glucose transporter-1; BBB, 

blood-brain barrier; CPT-1, carnitine palmitoyl transferase; numbered black circle 1, 3-

hydroxybutyrate dehydrogenase; numbered black circle 2, succinyl-CoA3-oxoacid CoA 

transferase; numbered black circle 3 , mitochondrial acetoacetyl-CoA thiolase; MRC, 

mitochondrial respiratory complex. Adapted from (Gano, Patel, and Rho 2014).  

 

3.2.2 Role of ketone bodies 

Ketogenic diet (KD), as the name suggests, is characterized by the presence of ketone bodies 

(KBs) in blood. It has been suggested that KBs may have a neuroprotective action, although 

the exact understanding of how this neuroprotection is conferred is not yet clear (Simeone, 

Simeone, and Rho 2017). Whether ketone bodies exert an anti-seizure effect, directly or 

indirectly, is an important question and has been much debated (Simeone et al. 2018). Some 

studies have shown that blood ßHB levels positively correlate with a reduction in seizure 

frequency in children (Gilbert, Pyzik, and Freeman 2000; van Delft et al. 2010). However, it 

has been suggested that more studies are necessary to determine how exactly does ßHB exert 

its neuroprotective effect (Yang et al. 2019). Several animal model studies have evaluated the 

effects of various KBs – ßHB, acetoacetate (AcAc) and acetone (Ac) as anti-seizure agents 

(Gasior et al. 2007; Likhodii et al. 2003; Keith 1933).  It has been suggested that KBs do exert 
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an anti-seizure effect, however the exact underlying molecular mechanisms responsible for 

such an effect are not clearly understood (Masino and Rho 2012a; Rogawski, Loscher, and Rho 

2016).  

It is well known that under KD treatment, glucose levels in blood are lower than normal and 

that the KBs, particularly ßHB is taken up by the brain as an alternative energy substrate. This 

provided a firm basis to investigate the effects of KD and KBs on energy metabolism. Bough 

et al reported that several genes regulating energy metabolism were upregulated in KD-treated 

rats and hypothesized that mitochondrial biogenesis could be one of the potential mechanisms 

of action via which the KD exerts its therapeutic effect (Bough et al. 2006). Reactive oxygen 

species (ROS) are generated during electron transfer in the mitochondrial respiratory chain. 

Maalouf et al demonstrated that treatment of cortical brain slices from Wistar rats with the KBs 

– ßHB and AcAc resulted in decreased production of ROS and free radicals (Maalouf et al. 

2007).  Similarly, decreased ROS production on treatment with AcAc in HT22 – hippocampal 

murine cells was also reported (Noh et al. 2006). Kim et al showed that KBs may provide 

protection against oxidative injury, possibly via a reduced production of ROS in the 

mitochondria in neocortical neurons (Kim et al. 2007). It has also been shown that treatment 

of hippocampal brain slices from Sprague-Dawley rats with ketone bodies prevented synaptic 

dysfunction, possibly via ROS detoxification and increase in ATP levels (Kim, Vallejo, and 

Rho 2010). Xie et al described a novel post – translational modification (PTM) – lysine beta-

hydroxybutyrylation (Kbhb) in mouse liver during prolonged fasting (Xie et al. 2016). The 

authors demonstrated that Kbhb was associated with upregulation of genes regulating several 

important metabolic pathways, including redox homeostasis. A study performed in mice 

reported that treatment with ßHB improved the depressive behavior and that this effect may be 

mediated by Kbhb modifications (Chen, Miao, and Xu 2017). Thus, Kbhb – a recently 

discovered histone modification mechanisms may have important implications in 

understanding the therapeutic mechanisms of KD. With increasing research underway in 

understanding the metabolism of KD, it has been suggested that ßHB may not only function as 

an alternative energy substrate during periods of fasting or caloric restriction, but also as a 

signaling molecule in various metabolic pathways (Puchalska and Crawford 2017). It has been 

suggested that although the mechanism of action of KD is not completely understood, 

significant evidence points towards a crucial role being played by the KBs, particularly ßHB 

in mediating the therapeutic effect of KD (Simeone, Simeone, and Rho 2017). 
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3.2.3 Role of decanoic acid 

Decanoic acid (C10) – a medium chain triglyceride, is an important metabolite elevated in 

serum of patients receiving the medium chain triglyceride (MCT) diet treatment – a special 

form of KD (Huttenlocher, Wilbourn, and Signore 1971). Huttenlocher showed that the MCT 

diet was as effective in controlling seizures as the classical (3:1) KD and that plasma ketone 

levels positively correlated with reduction in seizure frequency (Huttenlocher 1976a). 

Haidukewych and colleagues found significant elevations in plasma of two key MCT fats – 

octanoic and decanoic acids in children under MCT diet therapy for refractory epilepsy and 

suggested that these metabolites may contribute to the anti – convulsant effect of the MCT diet 

(Haidukewych, Forsythe, and Sills 1982a). MCTs are hydrolyzed in the gastrointestinal (GI) 

tract and converted to medium chain fatty acids, which are subsequently absorbed by the 

intestine and transported to the liver. These fatty acids then enter the ß – oxidation pathway in 

the liver and KBs, formed as end products of this reaction, get released into the systemic 

circulation and are taken up as substrates for energy production by several organs including the 

brain (Augustin et al. 2018; Schonfeld and Wojtczak 2016). This pathway of absorption of 

MCTs in the GI tract to ultimately form KBs is evident by the increased plasma concentration 

of KBs under MCT treatment. Furthermore, studies have shown that fatty acids of MCTs can 

cross the BBB (Wlaź et al. 2012; Wlaź et al. 2015; Spector 1988). This observation provides a 

firm basis to investigate effects of MCTs in neurons to understand their potential mechanisms 

of action. 

Augustin et al described that MCTs, particularly – decanoic acid (C10), may have several 

potential mechanisms by which it may exert its therapeutic effects in patients with refractory 

epilepsy (Augustin et al. 2018). C10 treatment of hippocampal brain slices from Sprague-

Dawley rats was shown to inhibit epileptiform activity and excitatory postsynaptic currents 

(Chang et al. 2016). The AMPA (α-amino -3 – hydroxy - 5-methyl-4-isoxazolepropionic acid) 

receptors have been suggested to be important targets in treatment of epilepsy (Rogawski 

2013). Chang et al showed that seizure control could be achieved with C10 treatment by 

directly inhibiting the AMPA receptors (Chang et al. 2016). Inhibition of AMPA receptors with 

C10 has been suggested as a potential mechanism via which MCT treatment may be beneficial 

in patients with AD as well as cancer (Augustin et al. 2018).  
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C10 was shown to activate PPAR-γ and thereby upregulate the expression of PPAR-γ 

dependent genes (Malapaka et al. 2012). A study perfomed in SH-SY5Y neurons showed that 

stimulation of PPAR-γ caused enhanced mitochondrial biogenesis (Miglio et al. 2009). As 

depicted in Fig. 3, C10 binds to PPAR-γ and forms a complex with the retinoid X receptor, 

which is suggested to promote mitochondrial biogensis through increased gene expression, 

further leading to an improvement in energy metabolism and ATP synthesis (Augustin et al. 

2018). This suggests a possibly important role of C10 in modulating energy metabolism to 

exert its therapeutic effect.  

 

 

 

 

Figure 3: Schematic representation of 

decanoic acid binding to PPAR-γ, 

resulting in increased mitochondrial 

biogenesis and ATP production. 

ATP – adenosine triphosphate, PPAR-

γ – peroxisome proliferator-activated 

receptor gamma, RXR – retinoid X 

receptor, TCA – tricarboxylic acid 

cycle. 

Adapted from (Augustin et al. 2018). 
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3.3    Sirtuins 

3.3.1 Overview of sirtuin biology and function 

Sirtuins (SIRT) are a group of seven NAD+-dependent enzymes with diverse physiological 

functions (Feldman, Dittenhafer-Reed, and Denu 2012). SIRT 1 is predominantly found in the 

nucleus, SIRT 6 and 7 in the nucleolus, SIRT 3 – 5 are present in the mitochondria, whereas 

SIRT2 is predominantly cytosolic (Michishita et al. 2005; Feldman, Dittenhafer-Reed, and 

Denu 2012). The name ‘Sirtuin’ has been derived from ‘silent information regulator 2’ (Sir2) 

protein, which was described in Saccharomyces cerevisiae (yeast) as a regulator of the aging 

process (Kaeberlein, McVey, and Guarente 1999). 4 SIR (silent information regulator) genes 

were identified in yeast (Ivy, Klar, and Hicks 1986; Rine and Herskowitz 1987). Kaeberlein 

and colleagues demonstrated that the SIR2 gene promoted longevity in S. cerevisiae 

(Kaeberlein, McVey, and Guarente 1999). In the year 2000, Imai et al showed that the yeast 

Sir2 had a NAD-dependent histone deacetylase activity (Imai et al. 2000). In the last two 

decades, several articles describing the structure and function of sirtuins have been published 

and we know that the mammalian sirtuins (SIRT 1 – 7) are homologs of the yeast Sir2 and they 

play a crucial role in regulating several physiological processes (Haigis and Guarente 2006; 

Frye 2000). 
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Figure 4: Diagram outlining the sub-cellular localizations, enzymatic activity, and targets of 

SIRT 1 – 7. PPAR-γ, peroxisome proliferator-activated receptor- gamma; PCAF, p300/CBP-

associated factor; OTC, ornithine transcarbamylase; LCAD, long chain acyl-CoA 

dehydrogenase; GDH, glutamate dehydrogenase; SDH, succinate dehydrogenase; pol, 

polymerase; CtIP, CTBP-interacting protein; DNA-PK, DNA-dependent protein kinase. 

Adapted from (Feldman, Dittenhafer-Reed, and Denu 2012). 

 

NAD+ is an essential cofactor in catalyzing the enzyme activity of all sirtuins (Jackson and 

Denu 2002; Smith et al. 2000; Tanner et al. 2000). Sirtuins predominantly catalyze 

deacetylation and deacylation reactions of acetylated/acylated lysine residues on their targets 

using NAD+ as a cofactor and this reaction results into formation of a deacetylated substrate, 

nicotinamide (NAM) and O-acetyl-ADP ribose (OAADPr) (Jackson and Denu 2002; Feldman, 

Dittenhafer-Reed, and Denu 2012). It was shown that some forms of sirtuins have an ADP – 

ribosyl transferase activity and that this reaction was also NAD+ dependent (Frye 1999; Tanny 

et al. 1999).  
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As outlined in Fig. 4, sirtuins have diverse enzymatic activities – deacetylation, deacylation 

and ADP – ribosylation and a wide variety of substrates. Sirtuins have been implicated in 

regulation of a wide variety of physiological processes, including, but not limited to fatty acid 

oxidation (Hirschey et al. 2010; Laurent, German, et al. 2013), oxidative phosphorylation 

(Cimen et al. 2010; Potthast et al. 2017; Verdin et al. 2010; Wu et al. 2013), detoxification of 

reactive oxygen species (ROS) (Singh et al. 2018), mitochondrial biogenesis (Nemoto, 

Fergusson, and Finkel 2005; Tang 2016), caloric restriction (Guarente 2013; Qiu et al. 2010) 

and neuroprotection (Kincaid and Bossy-Wetzel 2013; Yin et al. 2015).  

In the current PhD project, the role of sirtuins has been studied in the context of the mechanism 

of action of KD. Further sections will deal with the specifics of SIRT 1 – 4 and the potential 

role that these sirtuins may play as mediators of the therapeutic effect of KD. Although sirtuins 

regulate a wide variety of physiological and disease processes, only processes relevant to 

potential mechanisms of action of the KD will be discussed in this thesis. 

 

3.3.2 Sirtuin 1 (SIRT1) 

SIRT1 is the most well studied member of the sirtuin family. Although predominantly present 

in the nucleus, SIRT1 has also been detected in the cytoplasm (Bai and Zhang 2016; Tanno et 

al. 2007) and the mitochondria (Aquilano et al. 2010). A wide variety of substrates – both 

histone and non-histone proteins and several transcriptional factors have been reported as 

SIRT1 substrates/targets (Haigis and Guarente 2006; Nogueiras et al. 2012; Feldman, 

Dittenhafer-Reed, and Denu 2012). SIRT1 was shown to preferentially deacetylate lysine 16 

on histone H4 and lysine 9 on histone H3 (Vaquero et al. 2004). The p53 transcriptional factor 

(functioning as a tumor suppressor), which plays a crucial part in the DNA damage and repair 

process was identified as one of the key targets of NAD dependent SIRT1 deacetylation (Vaziri 

et al. 2001). Another transcriptional factor, the peroxisome proliferator-activated receptor 

gamma coactivator-1 alpha (PGC-1α) is one of the most important and widely studied 

substrates of SIRT1 (Nemoto, Fergusson, and Finkel 2005). SIRT1 has been shown to 

deacetylate PGC-1α, resulting in an upregulation of genes promoting mitochondrial biogenesis  
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(Chuang et al. 2019; Nemoto, Fergusson, and Finkel 2005). Furthermore, activation of PGC-

1α, in concert with upregulation of the transcriptional factor FOXO3a (belonging to the 

forkhead box class O) via SIRT1, has been shown to improve the antioxidant mechanisms in 

the cell (Olmos et al. 2013; Wang et al. 2015). The FOXO transcriptional factors play an 

important role in maintaining the cellular redox homeostasis (Klotz et al. 2015). Genes 

encoding two key antioxidant enzymes – superoxide dismutase (SOD2) and catalase (CAT) 

have been shown to be upregulated in response SIRT1 activation, via the FOXO transcriptional 

factors (Brunet et al. 2004; Hasegawa et al. 2008). SIRT1 regulation of the FOXO and p53 

transcriptional factors under oxidative stress has been reported to play a key role in protecting 

the cell against oxidative damage (Hori et al. 2013). A detailed review of the involvement of 

SIRT1 (and other sirtuins) in redox homeostasis and antioxidant defense mechanisms has been 

given in the review article by (Singh et al. 2018). Chuang et al recently demonstrated that 

downregulation of SIRT1 in rat hippocampus following status epilepticus, resulted in 

decreased PGC-1α expression, mitochondrial respiratory chain activity, an impairment in 

mitochondrial biogenesis and higher oxidative stress (Chuang et al. 2019). It has been 

suggested that sirtuins may be explored as therapeutic targets in disorders related to aging and 

that activation of SIRT1 in neurodegenerative disorders such as AD, PD and HD may have a 

beneficial effect (Donmez and Outeiro 2013; Jesko et al. 2017). It is thus evident that normal 

SIRT1 function is crucial to fundamental cellular processes of mitochondrial function 

(including respiratory chain activity and mitochondrial biogenesis) and ROS detoxification – 

both of which are proposed potential mechanisms of action of ketogenic diet (Bough et al. 

2006; Milder and Patel 2012).  

 

3.3.3 Sirtuin 2 (SIRT2) 

SIRT2 was described as a cytoplasmic NAD+-dependent deacetylase that preferentially 

deacetylated lysine residue 40 of α-tubulin (North et al. 2003). Inoue et al showed that SIRT2 

played a crucial role in cell cycle regulation and that it could shuttle between the nucleus and 

the cytoplasm (Inoue et al. 2007). SIRT2 deacetylates several transcription factors that lead to 

an upregulation of antioxidant genes resulting in regulation of oxidative stress (Singh et al. 

2018). Wang et al demonstrated that SIRT2, in response to oxidative stress, deacetylated the 

FOXO3a transcription factor, which, in turn, upregulated the expression of manganese 

superoxide dismutase (MnSOD) – a ROS detoxifying enzyme (Wang et al. 2007). A recent 
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study performed in bovine oocytes showed that SIRT2 deacetylation activity was essential for 

normal meiosis in developing oocytes. It was demonstrated that inhibition of SIRT2 in oocytes 

led not only to increased ROS levels, but also to mitochondrial dysfunction with lower ATP 

levels (Xu et al. 2019). Inhibition of SIRT2 in mice using AK-7 (a specific SIRT2 inhibitor) 

followed by a simulated traumatic brain injury (using controlled cortical impact surgery) 

resulted in higher cerebral inflammation and disruption of the blood brain barrier, as compared 

to the control group, suggesting an important role of SIRT2 in regulating the inflammatory 

response (Yuan et al. 2016). The role of SIRT2 in neurodegenerative disorders has been 

controversial, however, it has been suggested that SIRT2 may be explored as therapeutic target 

in PD and HD (Donmez and Outeiro 2013). Outeiro and colleagues showed that inhibition of 

SIRT2 in a cellular model of PD reduced alpha – synuclein toxicity, thus showing that SIRT2 

inhibition could have potential beneficial effects in PD (Outeiro et al. 2007). In contrast to this, 

Singh et al showed that SIRT2 overexpression led to reduction in alpha – synuclein aggregates 

in SH-SY5Y neuronal cells exposed to diquat or rotenone (compounds inducing oxidative 

stress; rotenone shown to produce Parkinson’s like symptoms in a rat model) (Singh, Hanson, 

and Morris 2017). Taken together, we know that SIRT2 plays an important role in regulation 

of the redox homeostasis and it is interesting to explore whether SIRT2 may play a role in 

mediating the effects of KD. 

 

3.3.4 Sirtuin 3 (SIRT3) 

SIRT3 is an NAD+-dependent deacetylase located in the mitochondria (Frye 2000; Feldman, 

Dittenhafer-Reed, and Denu 2012). Lombard et al demonstrated that SIRT3 deficient mice 

showed hyperacetylation of mitochondrial proteins (Lombard et al. 2007). It has been shown 

that about 65% of the mitochondrial proteins are acetylated and can be deacetylated by SIRT3 

(Hebert et al. 2013). SIRT3 is known to deacetylate a wide range of targets in the mitochondria, 

including, but not limited to the respiratory chain complexes and enzymes involved in fatty 

acid oxidation, tricarboxylic acid (TCA) cycle and redox homeostasis (Finley and Haigis 2012; 

Hirschey et al. 2010; Kincaid and Bossy-Wetzel 2013; Singh et al. 2018; Verdin et al. 2010). 

Regulation of the mitochondrial respiratory chain/oxidative phosphorylation (OXPHOS) is one 

of the key functions performed by SIRT3. It has been shown that SIRT3 upregulates the  

 



22 
 

function of the OXPHOS enzymes – Complex I (Ahn et al. 2008), complex II (Cimen et al. 

2010; Finley et al. 2011), complex III (Kim, Lu, and Alano 2011), complex IV (Kendrick et al. 

2011; Potthast et al. 2017) as well as ATP – synthase (complex V) (Bao et al. 2010; Wu et al. 

2013). SIRT3 plays a key role in mediating the antioxidant responses in the cell via reduction 

of ROS levels (reviewed in detail in (Singh et al. 2018)). SIRT3 upregulates the several 

enzymes responsible for reducing ROS levels in the cell. It was shown that SIRT3 regulates 

the enzymatic activity of MnSOD leading to a reduction in ROS levels (Tao et al. 2014). 

Activation of isocitrate dehydrogenase (IDH2) and CAT by SIRT3, in a FOXO3a dependent 

manner, also leads to a reduction in cellular ROS levels, thereby playing an important role in 

redox homeostasis (Sundaresan et al. 2009). SIRT3 activates acetyl CoA synthetase 2 

(AceCS2) (Schwer et al. 2006), and thereby increases the availability of acetyl-CoA for the 

TCA cycle. Similarly, glutamate dehydrogenase (GDH) is also activated by SIRT3 (Schlicker 

et al. 2008) leading to an increased production of alpha-ketoglutarate, which acts as a TCA 

cycle intermediate. Succinate dehydrogenase (complex II of the respiratory chain) is another 

key enzyme of the TCA cycle and several subunits of this enzyme are directly deacetylated by 

SIRT3 (Cimen et al. 2010; Finley et al. 2011). Furthermore, SIRT3 has been shown to regulate 

fatty acid oxidation via deacetylation of the long chain acyl- coenzyme A dehydrogenase 

(LCAD) (Hirschey et al. 2010). Hasan-Olive et al recently showed that KD treatment of 

hippocampal neurons resulted in upregulation of the SIRT3, the mitochondrial uncoupling 

protein 2 (UCP2) and the transcriptional factor PGC-1α (Hasan-Olive et al. 2019). SIRT3 plays 

a vital role in regulation of biochemical pathways such as OXPHOS, TCA cycle and fatty acid 

oxidation (Finley and Haigis 2012; Kincaid and Bossy-Wetzel 2013; Verdin et al. 2010). These 

processes are of great importance in a KD setting and thus it is important to understand the 

effect of KD metabolites on SIRT3.  
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3.3.5 Sirtuin 4 (SIRT4) 

SIRT4 was identified as a mitochondrial sirtuin possessing an NAD+-dependent ADP – 

ribosyltransferase activity, which inhibited the glutamate dehydrogenase (GDH) enzyme in the 

pancreatic beta cells (Haigis et al. 2006). Subsequently, it was shown that SIRT4 negatively 

regulates insulin secretion in ß cells by interacting with the adenine nucleotide translocator 

(ANT) 2/3 subunits (Ahuja et al. 2007). Laurent et al demonstrated that SIRT4 deacetylated 

malonyl CoA decarboxylase (MCD) – an enzyme important in maintaining a balance between 

lipid synthetic processes and fatty acid oxidation. It was shown that SIRT4 inhibited MCD 

activity and consequently the malonyl CoA levels leading to regulation of lipid metabolism 

(Laurent, German, et al. 2013). SIRT4 was also shown to decrease the expression of target 

genes of the peroxisome proliferator activated receptor alpha (PPARα) regulating fatty acid 

oxidation in mouse liver (Laurent, de Boer, et al. 2013). In addition to its ADP – ribosylation 

and deacetylation enzymatic activities, SIRT4 was also shown to possess ‘deacylation’ activity. 

SIRT4 was shown to regulate leucine metabolism by removal of three types of acyl groups, 

namely – methylglutaryl, hydroxymethylglutaryl and 3-methylglutaconyl (Anderson et al. 

2017). Owing to its regulation of fatty acid oxidation and insulin secretion, SIRT4 may play a 

role in a ketogenic diet setting, however, such a potential role has not yet been described.  

 

3.3.6 Sirtuins and ketogenic diet 

Ketogenic diet (KD) is suggested to exert its therapeutic effect via a wide variety of molecular 

and biochemical pathways (for a detailed review, see (Rogawski, Loscher, and Rho 2016)). 

Sirtuins are central regulators of metabolism and as described in the previous sub – sections 

(on sirtuins 1 – 4), they have been shown to regulate function of the mitochondrial respiratory 

chain, fatty acid oxidation, mitochondrial biogenesis, and ROS detoxification. It has been 

suggested that KD may exert a neuroprotective effect by modulating energy metabolism (Yang 

et al. 2019), increasing mitochondrial biogenesis (Bough et al. 2006) and reducing the oxidative 

stress (Milder and Patel 2012). Fatty acid oxidation is also upregulated in a ketogenic diet 

setting due to a restricted carbohydrate, but a high fat supply (Hartman et al. 2007). Fig. 5 

depicts proposed mechanisms of action of KD (Gano, Patel, and Rho 2014). It was recently 

demonstrated that treatment of rat hippocampal neurons with ßHB, the predominant ketone  



24 
 

 

body, resulted in higher mitochondrial biogenesis and improved mitochondrial function. This 

effect of ßHB was proposed to be mediated by the PGC1α-SIRT3-UCP axis (Hasan-Olive et 

al. 2019). However, not much is known about the connection between metabolites of KD and 

sirtuins and which sirtuins may be altered by KD. Various post-translational modifications 

(PTMs) have been identified for sirtuins (Flick and Luscher 2012; Zhao and Zhou 2019). 

Lysine beta (ß) – hydroxybutyrylation is a novel histone modification identified in mouse liver 

associated with starvation and redox homeostasis, PPAR signaling and amino acid metabolism 

pathways (Xie et al. 2016). Zhang et al recently showed that SIRT3 possessed a de-ß-

hydroxybutyrylation activity (Zhang et al. 2019). Identification of this novel PTM by SIRT3 

provides a further base for investigating the effects of KD treatment on sirtuins. 
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Figure 5: Schematic representation of proposed mechanisms of action of KD. Solid black lines 

indicate links proven in the literature; dashed black lines represent possible, but unproven links. 

AMPK – adenosine monophosphate-activated protein kinase, CR – caloric restriction, HDACs 

– histone deacetylases, LGIT – low glycemic index treatment, MAD – modified Atkins diet, 

MCT – medium chain triglyceride (diet), mTOR – mammalian target of rapamycin, PPARs – 

peroxisome proliferator activated receptors, ROS – reactive oxygen species and TCA – 

tricarboxylic acid cycle. Adapted from (Gano, Patel, and Rho 2014). 

 

3.4    Mitochondrial respiratory chain (MRC) 

The MRC is primarily responsible for energy generation (by ATP formation) through oxidative 

phosphorylation (OXPHOS) (Wilson 2017). Modulation of energy metabolism has been 

suggested to be an important mediator of the therapeutic effect of KD (Masino and Rho 2012a). 

Devivo et al showed that rats fed with a high fat diet had higher concentrations of ATP in the 

brain tissue, suggesting an involvement of cerebral energy metabolism in the mechanism of 

action of KD (Devivo et al. 1978). KD treatment in rats with traumatic brain injury was shown 

to improve the activity of the MRC in brain tissue of these animals (Greco et al. 2016). Bough 

et al proposed that mitochondrial biogenesis, along with an upregulation of several genes 

involved in energy metabolism was responsible for mediating the anticonvulsant mechanism 

of KD in rats (Bough et al. 2006). Fig. 6 outlines several pathways identified as potential 

mediators of the antiepileptic effect of KD. 
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Figure 6: Biochemical pathways proposed to be involved in the anticonvulsant and 

antiepileptic effects of KD. The numbered black circles denote the various proposed 

mechanisms of action, explained as follows: First ❶, either acetoacetate (ACA) or β-

hydroxybutyrate (BHB) can oxidize the NADH couple. Second ❷, ketone bodies (KB) can 

decrease mitochondrial reactive oxygen species (ROS) generation. Third ❸, KB can protect 

neurons against MRC I & II inhibitors. Also, the KD elevates seizure threshold in epileptic 

patients with impaired MRC function. Fourth ❹, either the KD or KB can enhance ATP 

production. Fifth ❺, fatty acids can activate mitochondrial uncoupling proteins (UCPs). 

Finally, ❻, KB can elevate the threshold for mitochondrial permeability transition (mPT) 

activation. Adapted from (Masino and Rho 2012a). 
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In addition to the effects of KBs, decanoic acid (C10) has also been shown to affect energy 

metabolism. Hughes et al showed that treatment of SH-SY5Y neuronal cells with C10 resulted 

in higher enzymatic activities of citrate synthase (CS) – the mitochondrial marker enzyme and 

complex I of the MRC (Hughes et al. 2014). Higher CS activity on C10 treatment was also 

observed in fibroblasts from patients with complex I deficiency (Kanabus et al. 2016). 

Improved energy metabolism with higher ATP production in the brain has been suggested as 

an indirect mechanism of action of the MCT diet (Augustin et al. 2018) (also refer to Fig. 3). 

 

3.5    Monocarboxylate transporters (MCTr) 

The MCTrs belong to the SLC16 solute carrier family of transporters, 14 members of which 

have been identified (Halestrap 2012). MCTr 1 – 4 are proton linked transporters and facilitate 

the transport of important molecules such as KBs (ß-hydroxybutyrate and acetoacetate), lactate 

and pyruvate across the plasma membrane (Halestrap and Price 1999; Halestrap and Wilson 

2012). MCTr 1 and MCTr2 are both highly expressed in the mouse brain, particularly in the 

cortex, hippocampus and cerebellum (Pellerin et al. 1998; Koehler-Stec et al. 1998). A study 

performed in mice fed with KD showed that expression of MCTrs in cortical slices from these 

animals was altered as compared to the control group (Forero-Quintero, Deitmer, and Becker 

2017). In the present study, we examined the gene expression of MCTr1 and MCTr2 in the 

control and KD treated hippocampal neurons to investigate whether in vitro KD treatment with 

ßHB and C10 influenced the expression of MCTrs. 
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3.6    Neuronal lipids 

A wide variety of lipids including, but not limited to, cholesterol, phospholipids, and 

sphingolipids are found in the mammalian brain and are responsible for a variety of functions 

such as forming and maintaining membrane structure, serving as energy substrates and cell 

signaling (Tracey et al. 2018). Phospholipids, sphingomyelin and cholesterol are vital 

components of the plasma membrane as well as membranes of several sub-cellular organelles 

(van Meer, Voelker, and Feigenson 2008b). The endoplasmic reticulum (ER) is the most 

important site for synthesis of cholesterol, phospholipids as well as sphingomyelin (Bell, 

Ballas, and Coleman 1981). However, the intracellular localizations of these lipids are diverse. 

While cholesterol and sphingolipids are mainly localized to the plasma membrane, 

phospholipids have diverse sub-cellular localizations – including at the ER, plasma membrane, 

Golgi apparatus, and the mitochondrial membranes (Tracey et al. 2018) (refer to Fig. 7). The 

brain is a cholesterol rich organ and the central nervous system (CNS) has the highest 

concentration of cholesterol in the body – about 15% of the total body pool in mice and about 

23% in humans (Dietschy 2009). Biosynthesis and metabolism of cholesterol in the brain is 

independent of the systemic and circulating cholesterol due to presence of the BBB (Zhang and 

Liu 2015). Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are the two most 

abundantly found phospholipids in the plasma membrane (van der Veen et al. 2017; van Meer, 

Voelker, and Feigenson 2008b). PC and PE, along with cholesterol, play an important role in 

formation of lipoproteins and lipid droplets (van der Veen et al. 2017). PE and cardiolipin (CL) 

are two non-bilayer-forming phospholipids present in the mitochondrial membranes and these 

have been shown to be important in maintaining the proper functioning of the mitochondrial 

respiratory chain as well as the mitochondrial membrane potential (Bottinger et al. 2012). 

Phosphatidylserine (PS) constitutes about 2 – 10% of the total membrane phospholipids (Vance 

2008). Besides contributing to the structure of the lipid bilayer membrane, PS serves as an 

important precursor for PE formation and also plays an important role in certain cellular 

signaling processes (Vance and Steenbergen 2005; Vance and Tasseva 2013).  
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Figure 7: Structure and intracellular localization of lipids. Cholesterol and sphingomyelin are 

predominantly localized to the plasma membrane. Phosphatidylcholine and 

phosphatidylinositol are largely localized to the ER, while phosphatidylserine, 

phosphatidylglycerol and phosphatidylethanolamine are mainly to localized to the 

mitochondria and its associated membranes. Adapted from (Tracey et al., 2018). 

KBs are taken up by the brain via monocarboxylate transporters (Halestrap and Wilson 2012) 

and they are converted into acetyl-CoA which then enters the mitochondrial energy metabolism 

pathways via the Krebs cycle (Hartman and Vining 2007). It is also known that C10 can enter 

the brain, however the underlying mechanisms are not well understood (Augustin et al. 2018; 

Wlaź et al. 2015). In the current project, we examined whether ßHB and C10 incubations may 

affect cellular cholesterol, phospholipids, and sphingomyelin. These lipids are essential for 

forming and maintaining membrane structures (van Meer, Voelker, and Feigenson 2008b) and 

they also serve as energy substrates and signaling molecules (Tracey et al. 2018). It has been  
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suggested that certain phospholipids and their derivatives may have a neuroprotective effect 

(reviewed in (Tayebati 2018)). The dynamic role of lipids in forming membrane structure, cell 

signaling, synaptic transmission and energy metabolism provides a basis for investigation of 

neuronal lipids under KD (ßHB and C10) incubations. 

 

3.7    Aim of the study 

Several mechanisms of action of the therapeutic effect of KD have been proposed (reviewed 

in detail in (Masino and Rho 2012a; Rogawski, Loscher, and Rho 2016; Augustin et al. 2018)). 

However, the exact underlying biochemical and molecular pathways have not been fully 

understood. Sirtuins are a group of NAD+-dependent enzymes with diverse functions 

(Feldman, Dittenhafer-Reed, and Denu 2012). Sirtuins (SIRT) regulate several physiological 

functions such as energy metabolism, fatty acid oxidation, mitochondrial biogenesis, ROS 

detoxification and neuroprotection, all processes which play an important role in the setting of 

a KD. Our project was aimed at investigating the effects of two key metabolites of the KD, 

namely – beta-hydroxybutyrate (ßHB - the predominant ketone body) and decanoic acid (C10 

- a component of the MCT diet) on SIRT 1 – 4, energy metabolism and cellular lipids in an in 

vitro HT22 hippocampal murine neuronal cell model. SIRT 1 – 4 were examined at two to 

three levels: enzyme activity (only SIRT 1 – 3), protein expression and gene expression in the 

untreated and KD treated cells. Maximal enzyme capacities of complexes I – V of the 

mitochondrial respiratory chain were measured along with the maximal capacity of citrate 

synthase (a marker of mitochondrial content and quality) were spectrophotometrically assayed 

in control (untreated) and treated groups. Neuronal cholesterol, phospholipids and 

sphingomyelin were also measured under ßHB- and C10- incubations and compared with 

measurement in untreated cells.  

Gene expression of monocarboxylate transporters 1 and 2 was measured to investigate whether 

expression of these transporters was altered under ßHB and C10 incubations. Through our 

study we aimed at understanding the biochemical and molecular changes that take place in 

hippocampal neurons under KD treatment, specifically, by investigating the mitochondrial 

function, lipid metabolism and determining whether sirtuins could play a role in mediating the 

actions of ketogenic diet.  
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4      Materials and Methods 

Methods not elaborated in the manuscripts (Chapters 5 and 6) have been described. 

4.1   Cell model 

HT22, an immortalized mouse hippocampal neuronal cell line, derived from the HT4 parent 

cell line (Davis and Maher 1994; Morimoto and Koshland 1990) was used in the present study 

to investigate the effects of KD metabolites on sirtuins, the mitochondrial respiratory chain and 

cellular lipids. The HT22 cell line was cultured under sterile conditions using Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S) at 37°C and 5% CO2. The standard glucose concentration in 

DMEM used to culture the HT22 cells is 4.5 g/L (22.5 mmol/L), however cultures were 

established using low glucose concentrations, to simulate a ketogenic (calorie restricted) 

environment. Cells were cultured using glucose concentrations of 4.5 g/L (standard), 1 g/L 

(low), 0.5 g/L and 0.25 g/L glucose in DMEM. Pilot experiments demonstrated that cell 

proliferation was poor when the cells were cultured using 0.5 g/L and 0.25 g/L glucose. Thus, 

1 g/L glucose in DMEM was used to culture the HT22 cells in further experiments. Details of 

cell culture including treatment with the two KD metabolites – beta-hydroxybutyrate (ßHB) 

and decanoic acid (C10) have been included in the two manuscripts (Chapters 5 and 6 of the 

PhD thesis). 

4.2   Sirtuin and monocarboxylate transporter analysis 

Sirtuins (SIRT) 1 – 4 were analyzed at three levels: enzyme activity (only SIRT1 – 3; no kits 

available for measuring enzyme activity of SIRT4), protein expression (using the semi-dry 

western blotting technique) and gene expression (using quantitative real time polymerase chain 

reaction (qRT-PCR). The SIRT activity was determined as Units/µg protein and protein and 

gene expressions of control and KD treated groups (5 mM ßHB and 250 µM C10) were 

calculated ‘relative’ to their controls, thus representing an ‘x fold change’ in the KD treated 

groups. Similarly, gene expression of monocarboxylate transporters (MCTr) 1 and 2 were also 

determined in the control and KD treated groups. Details of the methods have been provided 

in the ‘material and methods’ section of the manuscript (Chapter 5 of the PhD thesis). 
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4.3    Mitochondrial respiratory chain (MRC) and citrate synthase (CS) 

4.3.1 Overview 

Maximal enzymatic capacities of complexes I – V of the MRC and CS (a marker of 

mitochondrial content and quality) were determined by spectrophotometric measurements 

using a UV spectrophotometer (UV ChemStation 32 software) (Agilent technologies, USA). 

Enzyme capacities were determined using substrate saturation and specific inhibitors were used 

to inhibit specific MRC complexes. Measurements were performed using established methods 

for complex I+III (Fischer et al. 1986), complex II+III (Stumpf and Parks 1981), complex IV 

(Wharton and Tzagoloff 1967), ATP-synthase (complex V) (Das and Harris 1990; Rosing et 

al. 1975) and the mitochondrial marker enzyme – CS (Srere 1969). All measurements were 

performed at 37°C. 

 

4.3.2 Reagents required 

Unless otherwise mentioned, all reagents/chemicals have been purchased from Sigma Aldrich, 

Germany. Buffers used in the experiments such as Hepes buffer, modified buffer, and various 

measurements buffers (specific for each complex and CS) have been prepared in the laboratory. 

Hepes buffer was used to wash and subsequently incubate the Petri dishes, before sonication. 

Modified buffer was used in measurements of complex I+III and complex V. The reagents used 

in preparation of buffers and spectrophotometric measurement of the MRC complexes and CS 

have been enlisted in Table 1 and Table 2, respectively. 
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Reagent Preparation, Use 

NaCl Constituent of Hepes buffer, end concentration of 110 mM 

KCl Constituent of Hepes buffer, end concentration of 2.6 mM 

KH2PO4 Constituent of Hepes buffer, end concentration of 1.2 mM 

MgSO4 x 7 H2O Constituent of Hepes buffer, end concentration of 1.2 mM 

CaCl2 Constituent of Hepes buffer, end concentration of 1 mM 

Hepes (Carl Roth 

GmbH, Germany) 

Constituent of Hepes buffer, end concentration of 25 mM 

KCl Constituent of modified buffer, end concentration of 50 mM 

Saccharose Constituent of modified buffer, end concentration of 60 mM 

Triethanolamine-HCl Constituent of modified buffer, end concentration of 50 mM 

MgCl2 Constituent of modified buffer, end concentration of 2 mM 

EDTA Constituent of modified buffer, end concentration of 1 mM 

NADH Constituent of complex I+III measurement buffer, end 

concentration of 100 mM; complex I+III measurement buffer 

prepared using 5 ml modified buffer + 10 µl NADH 

KH2PO4 solution 

(containing 50 mM 

KH2PO4) 

Constituent of complex II+III measurement buffer; complex I+III 

measurement buffer prepared using 750 µl KH2PO4 solution + 10 

µl NaN3 (250 mM) 

KH2PO4 solution 

(containing 10 mM 

KH2PO4) 

Constituent of complex IV measurement buffer; complex IV 

measurement buffer prepared using 650 µl H2O + 100 µl KH2PO4 

solution 
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ATP, PEP, NADH, 

PK, LDH, EGTA and 

KCN 

Constituents of complex V measurement buffer; complex V 

measurement buffer prepared using 5 ml modified buffer + 150 µl 

ATP (200 mM), 150 µl PEP (50 mM), 15 µl NADH (100 mM), 3µl 

PK, 15 µl LDH, 200 µl EGTA (50 mM) and 20 µl KCN  

Tris-HCl Constituent of CS measurement buffer (Tris-buffer); contains 0.1 

M Tris-HCl 

 

Table 1: Reagents used in preparation of Hepes buffer, modified buffer, and measurement 

buffers of complexes I – V and CS. 

 

Following reagents were used as substrates/specific inhibitors during spectrophotometric 

measurement of the MRC complexes and CS. 

Reagent Preparation, Use 

Cytochrome C 100 mg cytochrome C dissolved in 1,650 µl double distilled water 

(ddH2O) and aliquots frozen at -20°C (stored on ice on the day of 

measurement); used in measurement of complex I+III and 

complex II+III 

Rotenone 10 mg rotenone dissolved in 100 ml ethanol (0.1 mg/ml) and stored 

at -80°C (stored on ice on the day of measurement); used in 

measurement of complex I+III and complex II+III 

Succinate 1.18 g succinate dissolved in 10 ml ddH2O (1M concentration), 

stored at 4°C (stored on ice on the day of measurement); used in 

measurement of complex II+III 

Antimycin 25 mg antimycin dissolved in 25 ml ethanol, stored at -20°C (stored 

on ice on the day of measurement); used in measurement of 

complex II+III 

D-Cytochrome C Cytochrome C was dialyzed using KH2PO4 buffer (pH adjusted to 

7 using KOH) and ascorbic acid was added to prepare ‘D-

Cytochrome C’ as a substrate for measuring complex IV  

Potassium 

ferricyanide (FCN) 

0.6584 g FCN was dissolved in 20 ml ddH2O and stored at 4°C (on 

ice on the day of measurement); used as an inhibitor in complex IV 

measurement 

Oligomycin 5 mg oligomycin was dissolved in 500 µl ethanol and was stored at 

-20°C (stored on ice on the day of measurement); used as a specific 

inhibitor in complex V measurement 
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Oxalate 13.2 mg oxalate was dissolved in 10 ml ddH2O and stored at -20°C 

(stored on ice on the day of measurement); used in the measurement 

of CS 

Acetyl-CoA 5 mg acetyl-CoA was dissolved in 350 µl ddH2O and stored at -

20°C (stored on ice on the day of measurement); used in the 

measurement of CS 

 

Table 2: Reagents used as specific substrates or inhibitors of MRC complexes and CS. 

 

4.3.3 Preparation of Petri dishes for measurement 

Hepes buffer was prepared as described in Table 1 and stored at 4°C. Aliquots of glucose 

solution (end concentration of 7.5 mM) were prepared by dissolving 13.5 g glucose in 100 ml 

ddH2O and stored at -20°C. Both, Hepes buffer and the glucose solution were stored at room 

temperature on the day of measurement. 

Petri dish preparation: 

1. Medium was removed from the Petri dishes and they were subsequently washed twice 

with 1000 µl Hepes buffer. 

2. 1000 µl Hepes buffer and 10 µl glucose were added thereafter and the Petri dishes 

incubated at room temperature for 15 minutes. 

3. Cells were disrupted by sonication: twice for 10 seconds each using the Bandelin 

Sonopuls HD70 sonicator. 

4. 125 µl of the cell lysate was transferred to an Eppendorf tube; to be used later for 

measurement of protein concentration. 
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4.3.4 Trichloroacetic acid (TCA) precipitation 

TCA precipitation was performed to precipitate proteins from cell lysate for quantification 

according to the method described by Bensadoun and Weinstein (Bensadoun and Weinstein 

1976). Following reagents were used for the precipitation: 

• 1% deoxycholic acid (DOC) was prepared by dissolving 1 g DOC in 100 ml 0.1 M 

NaOH. 

• 0.2% DOC was prepared by dissolving 0.2 g DOC in 100 ml 0.1 M NaOH. 

• 50% TCA was prepared by dissolving 50 g TCA in 100 ml ddH2O. 

 

TCA precipitation of probes for protein estimation: 

1. 375 µl ddH2O and 75 µl 1% DOC were added to 125 µl cell suspension. 

2. The samples were mixed and incubated at room temperature for 5 minutes. 

3. 100 µl TCA 50% was added for precipitation. 

4. The samples were stored on ice for 15 minutes and centrifuged thereafter for 3 minutes 

at 13,000 rpm. 

5. The supernatant was discarded, and the pellet resuspended with 500 µl DOC 0.2%. 

6. The Eppendorf tubes were then stored overnight at 4°C for the pellet to dissolve. 

 

Protein was quantified using the bicinchoninic acid (BCA) assay using an albumin standard 

and the Pierce™ (Thermo Fischer Scientific, USA) BCA assay kit. Albumin standards and 

probes were pipetted in duplicate into a full area 96 well plate. BCA Reagent A™ and Reagent 

B™ were added to all the wells and the plate was incubated for one hour at 60°C. The 

colorimetric reaction was measured at 562 nm using the Infinite ® 200 Pro 96-well plate reader 

(Tecan Group Ltd., Switzerland). 
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4.3.5 Measurement of Complex I (NADH-oxidase) 

Reagents and buffers were prepared as described in tables 1 and 2. The spectrophotometric 

measurement was performed at 340 nm wavelength as follows. 

Measurement: 

1. Plastic cuvettes were prepared for measurements of ‘blank’ and probes. 

2. ‘Blank’ was measured using a cuvette with 850 µl modified buffer (without NADH). 

3. Probes were measured by pipetting 850 µl measurement buffer and 5 µl Cytochrome C 

solution into a cuvette. 

4. Measurement was started by the UV – spectrophotometer using the UV – chem station 

program. 

5. 150 µl cell suspension was added after 30 seconds and the solution mixed using a plastic 

stirring rod. 

6. 10 µl Rotenone was added after 200 seconds and the solution mixed using a plastic 

stirring rod. 

7. Spectrophotometric measurement was performed for a total of 600 seconds. 

 

The following formula was used for calculation of the enzyme capacity of complex I+III: 

1000 x [Value of slope 1 (respiration) – Value of slope 2 (inhibition)] x 0.6 

---------------------------------------------------------------------------------------------------------------- 

6.22(Factor for NADH) x Protein concentration(mg/ml) x volume of cell suspension (ml) 
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4.3.6 Complex II+III (Antimycin-sensitive succinate Cytochrome C reductase) 

Reagents and buffers were prepared as described in tables 1 and 2. The spectrophotometric 

measurement was performed at 550 nm wavelength as follows. 

Measurement: 

1. ‘Blank’ measurement was performed using the cuvette prepared the complex II+III 

measurement buffer. 

2. 20 µl Cytochrome C (cyt c) was added and the solution mixed with plastic stirring rods. 

3. Thereafter, 5 µl Rotenone was added and the solution was mixed. 

4. 200 µl cell suspension was added to the cuvette and mixed. 

5. The cuvette was incubated in the chamber for a total of 15 minutes and the measurement 

started after 13 minutes incubation. 

6. After completion of the 15 minutes, 20 µl succinate was added to the cuvette and mixed. 

7. After 6 minutes of measurement, 10 µl antimycin was added to the cuvette and mixed. 

8. The spectrophotometric measurement was performed for another 6 minutes after 

addition of antimycin and then ‘aborted’. 

 

The following formula was used for calculation of the enzyme capacity of complex II+III: 

 

1000 x (Value of slope 1 (respiration) – Value of slope 2 (inhibition)) x 0,6 

---------------------------------------------------------------------------------------------------------------- 

18.5 (Factor for Cyt C) x Protein concentration (mg/ml) x volume of cell suspension (ml) 
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4.3.7 Complex IV (Cytochrome C oxidase) 

Reagents and buffers were prepared as described in tables 1 and 2. The spectrophotometric 

measurement was performed at 550 nm wavelength as follows. 

Measurement: 

1. ‘Blank’ measurement was performed using the complex IV measurement buffer in a 

plastic cuvette. 

2. 50 µl D-Cytochrome C solution was added to the cuvette and mixed with a plastic 

stirring rod, and the measurement started. 

3. 200 µl cell suspension was added after 100 seconds. 

4. Half-life was estimated (roughly about 15 – 20 minutes for the current experiments) 

during the measurement. 

5. 10 µl potassium ferricyanide was added to the cuvette and the solution stirred. 

6. The measurement was continued until a straight horizontal spectrum was seen (after 

about 2 – 3 minutes). 

7. Thereafter the measurement was ‘aborted’. 

Calculation was done as follows (in the photometer offline mode): 

• The first point of respiration on the spectrum was marked and the absorbance value (R) 

noted down. 

• Similarly, the first point of inhibition on the spectrum was marked and the absorbance 

value (I) noted down. 

• Calculation of the factor ‘K’ (factor for complex IV calculation): 

o X (sum of absorbance values) = R + I 

o Y (mean of absorbance values) = X ÷ 2 
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o The time point ‘Z’ (in seconds) was determined as the point where ‘Y’ 

absorbance value was observed in the spectrum 

o ‘Z’ (in minutes) = ‘Z’ (in seconds) ÷ 60 

o ‘K’ factor = 0.69 (constant value) ÷ ‘Z’ (in minutes) 

• Enzyme activity of Complex IV = [‘K’ x 38.36] ÷ [0.2 (ml) x protein conc. (mg/ml)] 

 

4.3.8 Complex V (ATPase assay) 

Reagents and buffers were prepared as described in tables 1 and 2. The spectrophotometric 

measurement was performed at 340 nm wavelength as follows. 

Measurement: 

1. ‘Blank’ measurement was performed using a plastic cuvette with 850 µl modified 

buffer (without NADH). 

2. 850 µl complex V measurement buffer was pipetted into a second plastic cuvette and 

the cuvette placed in the measurement slot and the measurement was started. 

3. 150 µl cell suspension was added to the cuvette after 30 seconds and mixed using a 

plastic stirring rod. 

4. 9 µl oligomycin was added after 200 seconds and mixed using a plastic stirring rod. 

5. Spectrophotometric measurement was performed for a total of 600 seconds. 

 

The following formula was used for calculation of the enzyme capacity of complex V: 

 

1000 x (Value of slope 1 (respiration) – Value of slope 2 (inhibition)) x 0.6 

---------------------------------------------------------------------------------------------------------------- 

6.22(Factor for NADH) x Protein concentration(mg/ml) x volume of cell suspension (ml) 
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4.3.9 Citrate Synthase 

Citrate synthase is a marker for mitochondrial amount and quality. 

Reagents and buffers were prepared as described in tables 1 and 2. The spectrophotometric 

measurement was performed at 232 nm wavelength as follows. 

Measurement: 

1. 925 µl tris (CS) buffer was pipetted into a quartz cuvette and ‘Blank’ was measured. 

2. 20 µl oxalate was added to the cuvette and mixed using a plastic stirring rod. 

3. 5 µl acetyl-CoA was added to the cuvette and mixed using a plastic stirring rod. 

4. The cuvette was incubated at 37°C for 8 minutes and measurement was started 

thereafter. 

5. After 2 minutes (a total of 10 minutes incubation), 100 µl cell suspension was added to 

the cuvette and mixed. 

6. The measurement was performed for 5 minutes and then ‘aborted’. 

 

The following formula was used for calculation of the enzyme capacity of complex V: 

 

1000 x (Value of slope) x 0.6 

---------------------------------------------------------------------------------------------------------------- 

5.4 (Factor for CS) x Protein concentration(mg/ml) x volume of cell suspension (ml) 
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4.4    Lipid isolation and analysis 

 

4.4.1 Lipid isolation 

HT22 cells were harvested using Trypsin-EDTA solution and collected in 1.5 ml Eppendorf 

tubes using HPLC grade water. Cells were syringed 20 times using a 21G needle syringe. All 

samples were stored on ice unless otherwise mentioned. Lipid isolation was performed using a 

chloroform, methanol, and water-based established method (Bligh and Dyer 1959; Brogden et 

al. 2014). The cell samples were transferred to glass tubes (covered with red lids) and shaken 

for 1 minute. 2 ml methanol was added to the tubes followed by 1 ml chloroform (after 2 

minutes) and the tubes were shaken for 1 minute. Thereafter, all tubes were rotated for 30 

minutes, followed by centrifugation at 3,000 rpm for 10 minutes at 7°C. The resulting 

supernatant was carefully poured into a fresh red-lid glass tube and the protein pellet stored 

(for further analysis, if necessary). 1 ml distilled water was added to the new tube followed by 

1 ml chloroform (after 1 minute) and the tubes were inverted few times to mix. The tubes were 

then centrifuged at 3,000 rpm for 30 minutes at 7°C. The upper layer in the tube was removed 

and the tubes were dried in the vacuum centrifuge and stored at -20°C. 

 

4.4.2 High performance thin layer chromatography (HPTLC) 

Post isolation steps, the samples were dissolved in 250 µl chloroform and methanol (1:1) 

solution. HPTLC was performed by previously established methods (Brogden et al. 2014; 

Brogden et al. 2017). Silica gel 60 plates (Sigma Aldrich, USA) were used for the HPTLC 

analysis. Samples (10 µl each) were spotted onto the plates in triplicates. Three running 

solutions were used for running the samples:  

• Solution 1 contained acetic acid, 1-propanol, chloroform, methanol, and potassium 

chloride. 

• Solution 2 contained n-hexane, diethyl ether and acetic acid. 

• Solution 3 contained 100% n-hexane. 
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After running the samples through the three different running solutions, the plates were 

developed in a copper sulphate solution (with 7.5% phosphoric acid). The plates followed by 

charring at 170°C for 7 minutes. After cooling, the plates were scanned using an HP Scanjet 

G3010 scanner and analyzed thereafter using the CP ATLAS software (Lazarsoftware). 

Following lipids were analyzed using HPTLC: phosphoethanolamine (PE), phosphatidylserine 

(PS), phosphatidylcholine (PC), cardiolipin (CL) and sphingomyelin (SM). 

 

4.4.3 High performance liquid chromatography (HPLC) 

After isolating the lipid pellet, cholesterol was measured using HPLC. A Hitachi Chromaster 

HPLC system fitted with a Chromolith® HighResolution RP-18 endcapped 100-4.6 mm 

column coupled to a 5-4.6 mm guard cartridge was used for the HPLC measurement. Methanol 

was used as a mobile phase with a flow rate of 1 ml/min at 22 bar. UV detector measured at 

202 nm and samples were quantified against an external standard.  
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Chapter 5 

Mechanism of Ketogenic Diet Treatment: Impact of Decanoic 

Acid and Beta-Hydroxybutyrate on Sirtuins and Energy 

Metabolism in Hippocampal Murine Neurons 
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5    Mechanism of Ketogenic Diet Treatment: Impact of Decanoic Acid and Beta-

Hydroxybutyrate on Sirtuins and Energy Metabolism in Hippocampal Murine Neurons 

Dabke P1, Das AM1 

1Clinic for Pediatric Kidney, Liver and Metabolic Diseases, Hannover Medical School, Carl – 

Neuberg Str. 1, Germany, 30625. 

Abstract: The ketogenic diet (KD), a high-lipid and low-carbohydrate diet, has been used in 

the treatment of epilepsy, neurodegenerative disorders, inborn errors of metabolism and cancer; 

however, the exact mechanism/s of its therapeutic effect is not completely known. We 

hypothesized that sirtuins (SIRT)—a group of seven NAD-dependent enzymes and important 

regulators of energy metabolism may be altered under KD treatment. HT22 hippocampal 

murine neurons were incubated with two important KD metabolites–beta-hydroxybutyrate 

(BHB) (the predominant ketone body) and decanoic acid (C10), both accumulating under KD. 

Enzyme activity, protein, and gene expressions of SIRT 1-4, enzyme capacities of the 

mitochondrial respiratory chain complexes (MRC), citrate synthase (CS) and gene expression 

of monocarboxylate transporters were measured in control (untreated) and KD-treated cells. 

Incubation with both–BHB and C10 resulted in significant elevation of SIRT1 enzyme activity 

and an overall upregulation of the MRC. C10 incubation showed prominent increases in 

maximal activities of complexes I + III and complex IV of the MRC and ratios of their activities 

to that of CS, pointing towards a more efficient functioning of the mitochondria in C10-treated 

cells. 
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6.1    Introduction 

Lipids in the central nervous system (CNS): The brain is one of the most lipid-rich organs and 

lipids constitute about 50% of its dry weight (Hamilton et al. 2007). Lipids of different classes 

have diverse sub – cellular localizations, mainly determined by their functions: cholesterol and 

sphingomyelin are mainly localized to the plasma membrane whereas phospholipids are 

present in high amounts in the endoplasmic reticulum (ER) and the mitochondria (Tracey et al. 

2018). 

One of the most important functions of CNS lipids is forming the structure of not only the 

plasma membrane of the cell, but also membranes of several cellular organelles (van Meer, 

Voelker, and Feigenson 2008a). Phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS) and cardiolipin (CL) play an important role in forming and 

maintaining structures of the membranes of the cell and various cellular organelles (Tracey et 

al. 2018). PC, apart from being a major component of the plasma membrane, also provides 

choline to neurons to synthesize acetylcholine for neurotransmission (Blusztajn et al. 1987). 

PE and PS are both predominantly present on the inner part of the plasma membrane (Fadeel 

and Xue 2009). Additionally, PE is also found to be an important component of the inner 

mitochondrial membrane (Vance 2008). CL, a major constituent of the inner mitochondrial 

membrane plays an important role in maintenance of the mitochondrial membrane potential 

and oxidative phosphorylation (OXPHOS) by regulating several mitochondrial proteins and 

proton leak during respiration (Hoch 1992; Jiang et al. 2000). Besides playing a crucial role in 

formation of membranes, phospholipids, sphingolipids, and cholesterol are instrumental in 

formation of lipid rafts (Simons and Sampaio 2011) which are important components in cellular 

signaling (Allen, Halverson-Tamboli, and Rasenick 2007). Ebert et al showed that octanoate, 

a medium chain triglyceride (MCT) contributed to about 20% of the energy production in rat 

brain, mostly in astrocytes (Ebert, Haller, and Walton 2003). Ketone bodies (KBs) formed by 

fatty acid oxidation in the liver are important energy substrates for the brain, especially during 

fasting conditions or under ketogenic diet (KD) treatment (Hartman et al. 2007). For a detailed 

review of lipids as energy substrates, see (Tracey et al. 2018). 

Cholesterol in the brain accounts for about 25% of the overall amount in humans (Bjorkhem 

and Meaney 2004) and about 15% in mice (Dietschy 2009). Considering the weight of the brain 

in both humans and mice, these concentrations of cholesterol are significant. Cholesterol is a 
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key component of myelin and thus extremely high concentrations of cholesterol can be found 

in the CNS of mammals – owing to the presence of many myelinated nerve fibers for signal 

transmission (Dietschy and Turley 2004). Cholesterol in the brain is mostly endogenously 

produced and its concentration in the brain does not depend on variations in the circulated 

cholesterol (Björkhem et al. 1998; Turley et al. 1996). For a detailed review on cholesterol 

metabolism and regulation in the CNS, see (Bjorkhem and Meaney 2004; Dietschy 2009; 

Hussain et al. 2019; Zhang and Liu 2015). 

Serum lipids: A wide variety of lipids – including, but not limited to cholesterol, free fatty 

acids, triglycerides, and phospholipids have been detected in the serum of healthy humans 

(Psychogios et al. 2011). For detailed information of the different classes of lipids and their 

concentrations in human serum, please refer to (Psychogios et al. 2011). High cholesterol level, 

particularly an imbalance between low density lipoprotein (LDL) cholesterol and high density 

lipoprotein (HDL) cholesterol is an important risk factor in development of cardiovascular 

disease (CVD) (Karr 2017; Writing Group et al. 2016). Elevated triglycerides have also been 

shown to associated with an increased risk of CVD (Miller et al. 2011; Pitha, Kovar, and 

Blahova 2015; Tada, Nohara, and Kawashiri 2018). A systematic review and meta-analysis by 

Berger et al concluded that higher dietary cholesterol intake was associated with a statistically 

significant increase in total and LDL cholesterol levels. The authors concluded, however, that 

a clear correlation between intake of dietary cholesterol and development of CVD could not be 

established (Berger et al. 2015).  

Ketogenic Diet: The ketogenic diet (KD) is a high-fat and low-carbohydrate diet used primarily 

in treatment of therapy refractory epilepsy (Gano, Patel, and Rho 2014). Apart from epilepsy, 

the KD has been used in treatment of neurodegenerative disorders (Paoli et al. 2014), inborn 

errors of metabolism (IEM) (Scholl-Burgi et al. 2015; Mayorandan et al. 2014; Klepper 2008) 

and cancer (Klement 2017). The classical KD was developed in the early 20th century (refer to 

(Wheless 2008) for a detailed history of KD development). Huttenlocher and colleagues, in 

1971, described a special form of KD – the medium chain triglyceride (MCT) diet, consisting 

of medium chain fatty acids – predominantly decanoic acid (C10) and octanoic acid (C8) 

(Huttenlocher, Wilbourn, and Signore 1971). The MCT diet was shown to be as effective as 

the classical KD in controlling seizures in children with therapy refractory epilepsy 

(Huttenlocher 1976b; Sills et al. 1986). The classical KD contains an extremely high proportion 

of lipids and a strict adherence to carbohydrate restriction is necessary, thus reducing 

compliance amongst patients (Gano, Patel, and Rho 2014; Hartman and Vining 2007). In a bid 
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to ease the restriction on intake of carbohydrates and make the process of diet initiation easier, 

the modified Atkins diet (MAD) was developed (Kossoff et al. 2006). MAD was shown to be 

very effective in reduction of seizures in both children, as well as adults (Kossoff and Dorward 

2008; Kossoff et al. 2006; Kossoff et al. 2008; Kossoff et al. 2007). Another form of KD was 

described by Pfeifer and Thiele in 2005 – known as the low glycemic index treatment (LGIT) 

diet (Pfeifer and Thiele 2005b) which allowed an even more liberal carbohydrate and protein 

intake as compared to the other KDs. The LGIT was effective in treatment of epilepsy (Pfeifer, 

Lyczkowski, and Thiele 2008; Pfeifer and Thiele 2005b), however, this form of KD is used 

less commonly in comparison to the classical KD and MAD. The international ketogenic diet 

study group, in its updated recommendations in 2018, stated that hyperlipidemia was a 

documented adverse effect of various forms of KD treatment (Kossoff et al. 2018). Particularly, 

the classic KD has been shown to elevate serum lipid levels (Zamani et al. 2016). Huttenlocher 

reported that unlike in patients receiving a classical (3:1) KD, the plasma cholesterol levels in 

patients receiving MCT diet were not significantly elevated. However, a slight increase in 

plasma triglycerides was observed even in patients receiving the MCT diet (Huttenlocher 

1976b). Liu et al reported that the ratio of total to HDL cholesterol in patients receiving MCT 

diet was better than in those receiving classical KD (Liu et al. 2003). Nevertheless, it has been 

shown that KD can be used as a therapeutic option in patients with hyperlipidemia/dyslipidemia 

(Liu et al. 2013; Nizamuddin et al. 2008).  

 

6.2    Aim of the study 

Investigating the effects of beta-hydroxybutyrate and decanoic acid incubations on cellular 

cholesterol, phospholipids, and sphingomyelin in HT22 hippocampal murine neurons. We also 

aimed at retrospectively analyzing serum cholesterol levels in patients undergoing KD 

treatment at our institution. 
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6.3    Materials and Methods 

 

Cell culture: The HT22 murine hippocampal neuronal cell line was used as a cell model for 

this study. Cells were cultured in sterile T75 culture flasks (Sarstedt AG, Germany) using 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Scientific, USA) with 10% (v/v) 

fetal bovine serum (Biowest SAS, France) and 1% (v/v) Penicillin/Streptomycin (Sigma-

Aldrich, Germany). The cells were cultured at 37° C and 5% CO2. The standard glucose 

concentration in DMEM used to culture HT22 cells is 4.5 g/l (22.5 mmol/l). In order to simulate 

a ‘ketogenic’ environment in vitro, we established HT22 cell cultures in low glucose, i.e. 1 g/l 

(5.5 mmol/l) glucose concentration in DMEM. The cells were divided into either control 

(untreated) or KD treated groups. HT22 cells were incubated (in separate groups) with two 

metabolites of KD – 5 mM beta-hydroxybutyrate (ßHB) (the predominant ketone body) and 

250 µM decanoic acid (C10) (a component of the MCT diet). While 5 mM is the approximate 

mean concentration (in serum) of ßHB found in patients undergoing KD treatment, the C10 

concentration (250 µM) was adapted from patient (serum) C10 concentrations (Haidukewych, 

Forsythe, and Sills 1982b) and previous work with C10 and neuronal cells (Hughes et al. 2014). 

Lipid isolation and quantification: Lipids were isolated using a methanol, chloroform and 

water-based method as described previously (Bligh and Dyer 1959; Brogden et al. 2014). After 

isolation, samples were dissolved in 250 µL of chloroform and methanol solution (1:1). 

Cholesterol and phospholipid analysis was performed by HPLC and HPTLC respectively. 

Cholesterol was quantified as described previously (Brogden et al. 2017). Briefly, a Hitachi 

Chromaster HPLC system fitted with a Chromolith® HighResolution RP-18 end capped 100-

4.6 mm column coupled to a 5-4.6 mm guard cartridge was used. Methanol was used as a 

mobile phase with a flow rate of 1 ml/min at 22 bar. UV detector measured at 202 nm and 

samples were quantified against an external standard. Phospholipids were quantified by 

HPTLC as previously described (Brogden et al. 2017). Samples were spotted onto a Silica gel 

60 plates (Sigma Aldrich, Missouri USA) and separated using three running solvents. After 

drying, lipids were stained using 7.5% phosphoric acid followed by charring at 170°C for 10 

min. The plates were then scanned and analyzed by CP ATLAS software (Lazarsoftware). 

Samples were identified against a standard run on the same plate. 
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Clinical data: Data (diagnosis, serum lipid levels) from patients undergoing KD treatment at 

the Clinic for Pediatric Kidney, Liver and Metabolic Diseases, Hannover Medical School was 

extracted from the digital patient records. Serum cholesterol and triglyceride levels were 

retrospectively analyzed. Patients who could not tolerate the diet or whose clinical condition 

(seizure/myopathy features) showed no improvement were excluded from the analysis. 

Statistical analysis: The statistical analysis was performed using the GraphPad Prism 8 

software (GraphPad Prism, USA). The unpaired t-test was used to calculate the differences 

between the low versus high glucose concentration groups and control versus KD treated 

groups. A p-value of <0.05 was considered as significant. All data are represented as mean + 

SD and a minimum of 3 independent samples were used in each experiment. 

 

 

6.4    Results 

6.4.1 Effect of caloric restriction 

Cholesterol and phospholipids were measured in the HT22 neuronal cells grown under two 

different glucose concentrations – standard (4.5 g/l) and low (1 g/l). A significant increase in 

cellular cholesterol in the low glucose group was observed. Amongst the phospholipids, only 

sphingomyelin levels were significantly decreased in the low glucose group. Cellular quantities 

of other phospholipids were not significantly different between the two groups. 
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Figure 8: Cellular cholesterol (µg/million cells) and phospholipid (ng/million cells) quantities 

in HT22 neurons. *p < 0.05 (n = 3 – 6); data expressed as mean + SD. 

 

6.4.2 Treatment with beta – hydroxybutyrate (ßHB) 

HT22 neuronal cells were incubated for 1 week in DMEM with low (1g/l) glucose 

concentration in two groups – control (untreated) and 5 mM ßHB treated groups. Cellular 

(A) (B) (C) 

(D) (E) (F) 
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cholesterol was statistically significantly reduced in the ßHB treated cells (Fig. 9A). Amongst 

the phospholipids, only phosphatidylserine (PS) levels (Fig. 9F) were significantly decreased 

in the cells treated with ßHB. It was not clear as to why levels of other phospholipids remained 

unchanged in the ßHB treated cells.  
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Figure 9: Cellular lipid quantities in HT22 neurons (control and ßHB treated). Graph ‘A’ 

represents cholesterol quantity (in µg per one million cells) measured using HPLC and graphs 

B – F represent cellular phospholipid quantities (in ng per one million cells), measured using 

HPTLC. Data is represented as mean + SD (n = 4 – 6); *p < 0.05, **p < 0.01 (unpaired t-test). 

 

Ratios of individual phospholipids to cholesterol in both, control (untreated) and ßHB treated 

groups were calculated. The individual phospholipid to cholesterol ratios (except that of PS to 

cholesterol) were 2 to 3 folds higher in the ßHB treated group, compared to the untreated group. 

Cholesterol and phospholipids are largely localized to the plasma membrane as well as 

membranes of cellular organelles (van Meer, Voelker, and Feigenson 2008a). An alteration in 

ratios of phospholipids to cholesterol may point towards a change in the composition of the 

various organelle and/or plasma membranes.  
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Figure 10: Ratios of individual phospholipids to cholesterol in control and beta-

hydroxybutyrate treated groups are depicted. Data is represented as mean + SD (n = 4 – 6); 

***p < 0.001, ****p < 0.0001 (unpaired t-test). Chol – cholesterol, CL – cardiolipin, PC – 

phosphatidylcholine, PE – phosphatidylethanolamine, PS – phosphatidylserine and SM – 

sphingomyelin. 

 

6.4.3 Treatment with decanoic acid (C10) 

HT22 cells were incubated with a component of the MCT diet – decanoic acid (C10) for one 

week wherein both, the control (untreated) and 250 µM C10 treated cells were cultured in 

medium with low glucose (1 g/l) concentration. A slight decrease in the cholesterol amount 

was observed, however, this effect was not significant (Fig. 11A). The phospholipids and 

sphingomyelin quantities, on the other hand, were significantly elevated (Figs. 11B – F). 
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Figure 11: Cellular lipid quantities in HT22 neurons (control and C10 treated). Graph ‘A’ 

represents cholesterol quantity (in µg per one million cells) measured using HPLC and graphs 

B – F represent cellular phospholipid quantities (in ng per one million cells), measured using 

HPTLC. Data is represented as mean + SD (n = 4 – 6); *p < 0.05, **p < 0.01 (unpaired t-test). 
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Apart from a decrease in cholesterol amount, the results of C10 incubation were opposite to 

that of incubation with ßHB. Although both are metabolites of KD, chemically they are 

different – a ketone body versus a 10-carbon fatty acid. This could be one of the possible 

explanations to the dramatic difference in phospholipid and sphingomyelin levels in two 

different KD treatment groups, however, we cannot be sure. The ratios of individual 

phospholipids and sphingomyelin to cholesterol, however, showed a similar trend as in C10 

incubated cells as in the ßHB incubated cells. 
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Figure 12: Ratios of individual phospholipids to cholesterol in control and decanoic acid 

treated groups are depicted. Data is represented as mean + SD (n = 4 – 6); **p < 0.01, ***p < 

0.001, ****p < 0.0001 (unpaired t-test). Chol – cholesterol, CL – cardiolipin, PC – 

phosphatidylcholine, PE – phosphatidylethanolamine, PS – phosphatidylserine and SM – 

sphingomyelin. 

 

6.4.4 Serum cholesterol and triglycerides 

A marked alteration in cellular lipids in control versus KD treated groups was observed in our 

study. The international study group on ketogenic diet has described hyperlipidemia as a side 

effect of KD based on analysis of several reports and studies. (Kossoff et al. 2009; Kossoff et 

al. 2018). To determine whether serum lipid levels were altered in patients receiving KD 

treatment, we retrospectively analyzed digital records of patients receiving KD treatment in the 

neuropediatric and metabolic clinic. Due to abrupt discontinuations in dietary treatment or no 

response to KD treatment, some patients were excluded. Six of the total eleven patients had 

therapy refractory epilepsy, two were diagnosed with glycogen storage disorder type III (GSD 

III) and one patient of GSD IV, pyruvate dehydrogenase (PDH) deficiency and glucose 

transporter 1 (GLUT1) deficiency. Seven patients received modified Atkins diet (MAD), while 

four received the classical KD. Levels of total serum cholesterol in all the patients seemed to 

be stable and varying with a small range. No significant changes could be observed in serum 

cholesterol and serum triglyceride levels before and during KD treatment. Taken together, the 

clinical data indicated that neither serum cholesterol nor triglyceride levels were significantly 

altered in patients undergoing KD treatment. 
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6.5    Discussion 

Ketogenic diet (KD) treatment prominently alters the uptake of substrates by the brain. Ketone 

bodies (KBs) are taken up as fuel by the brain and converted to acetyl-CoA which, via the TCA 

cycle enter the mitochondria for energy production (Hartman et al. 2007). In case of the MCT 

diet, serum concentrations of fatty acids such as decanoic acid (C10) are also elevated 

(Haidukewych, Forsythe, and Sills 1982b) along with ßHB. Although the mechanism is not yet 

clear, it has been shown that C10 can cross the blood brain barrier (BBB) (Wlaź et al. 2015). 

Several mechanisms have been proposed via which the two KD metabolites, C10 and ßHB may 

exert their anti-epileptic and neuroprotective effect (Augustin et al. 2018; Rogawski, Loscher, 

and Rho 2016; Gano, Patel, and Rho 2014; Puchalska and Crawford 2017). Taha et al proposed 

that polyunsaturated fatty acids (PUFAs) may contribute to the anti-seizure action of KD (Taha, 

Ryan, and Cunnane 2005). This study showed that although ketosis was not sustained beyond 

one week in the animals fed with a high fat KD, there were marked changes in lipid metabolism. 

While levels of plasma PUFAs were reduced, a 15% increase in brain PUFAs was observed 

(Taha, Ryan, and Cunnane 2005).  

It was recently shown that levels of phospholipids and cholesterol in brain tissue of rats with 

post-traumatic epilepsy were altered (Srivastava et al. 2019). Acharya et al showed that 

picrotoxin induced convulsions in rats led to alterations in lipid levels in the brain tissue along 

with structural changes in the microsomal membranes. The study also showed that while total 

brain cholesterol levels were elevated, levels of some phospholipids such as phosphoinositol 

(PI), PE and PS were significantly reduced (Acharya and Katyare 2006). Our study showed 

that both the metabolites of KD – ßHB and C10 decreased total cellular cholesterol. HT22 

neurons incubated with C10 showed significantly higher levels of PE and PS. However, 

incubation with ßHB resulted in a decrease of PS levels, while levels of other phospholipids 

remained almost unchanged. It is possible that ßHB and C10 may act via different mechanisms 

to mediate the anti-epileptic and neuroprotective effect of KD.  

Another study in rats with picrotoxin induced seizures demonstrated that the fluidity of the 

mitochondrial membrane in brain tissue was increased along with a significant decrease in 

cholesterol, PE and PS levels and an increase in levels of PC and SM (Acharya and Katyare 

2005). Higher ratios of cellular phospholipids to cholesterol were observed in the HT22 cells 

treated with C10 and well as ßHB in our study. Plasma membrane and membranes of various 
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sub-cellular organelles (including the mitochondria) contain cholesterol, phospholipids, and 

SM in varying proportions which contribute to the structure and function of these membranes 

(Dietschy and Turley 2004; van Meer, Voelker, and Feigenson 2008a). Significant alterations 

of lipids (including ratios of phospholipids and SM to cholesterol) under KD treatment may 

play a role in the therapeutic effect of KD, however this needs to be investigated in vivo. We 

recently demonstrated that sirtuins (a group of NAD+-dependent enzymes) and the 

mitochondrial respiratory chain complexes were upregulated in HT22 neurons under C10 and 

ßHB incubation (Dabke and Das 2020, submitted). Lipids serve as energy substrates in the 

CNS (reviewed in (Tracey et al. 2018)) and phospholipids such as PE and CL are crucial for 

the efficient functioning of the respiratory chain and maintaining the mitochondrial membrane 

potential (Bottinger et al. 2012; Jiang et al. 2000). Thus, an alteration in levels of PE and CL 

along with higher PE: Cholesterol and CL: Cholesterol ratios in C10 and ßHB treated groups 

may contribute to improved mitochondrial function, possibly via altered membrane structure 

and function. Upregulated mitochondrial function has been proposed as an important 

mechanism of action of KD (Bough et al. 2006; Gano, Patel, and Rho 2014; Hughes et al. 2014; 

Kanabus et al. 2016). The role of neuronal phospholipids in mediating the therapeutic effect of 

KD needs to be further investigated. Our research is based on a neuronal cell model and further 

in vivo experimentation is necessary to evaluate the potential effects of metabolites of KD on 

neuronal lipids. 

 

6.6    Conclusion 

Significant alterations in cellular cholesterol, phospholipids, and sphingomyelin were observed 

in HT22 neurons under 250 µM C10 and 5 mM ßHB incubations. Data from patients showed 

that serum cholesterol and triglyceride levels were not significantly altered under KD 

treatment.  
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7      Discussion 

Ketogenic diet (KD) has been used in the treatment of epilepsy for almost a century (Wheless 

2008). In the last few years, the use of KD as a treatment approach has also been evaluated in 

neurodegenerative disorders (Paoli et al. 2014; Wlodarek 2019), inborn errors of metabolism 

(Scholl-Burgi et al. 2015; Mayorandan et al. 2014; Klepper 2008) and cancer (Klement 2017). 

Over the years, several mechanisms have been proposed to explain how the KD may exert its 

therapeutic (mainly anti-epileptic and neuroprotective) effects (reviewed in detail in (Augustin 

et al. 2018; Masino and Rho 2012a; Rogawski, Loscher, and Rho 2016).  

In the present study, we have investigated the effects of two key metabolites elevated under 

KD treatment, namely beta-hydroxybutyrate (ßHB), the predominant ketone body and 

decanoic acid (C10), an important component of the medium chain fatty acids accumulating 

under KD, on sirtuins, energy metabolism and cellular lipids in a hippocampal murine (HT22) 

cell model. Both, fatty acid oxidation and energy metabolism are altered under KD treatment 

(Hartman et al. 2007; Bough et al. 2006; Hasan-Olive et al. 2019; Panov et al. 2014) warranting 

investigation of sirtuin function under KD treatment.  

It is already well established that ßHB can be taken up by the brain as an alternative energy 

substrate (Hartman et al. 2007) and C10 has also been shown to cross the BBB (Wlaź et al. 

2015), although mechanisms underlying this are not known. Monocarboxylate transporters 

(MCTr) are known to transport molecules like KBs, lactate and pyruvate across the BBB and 

into the neurons (Halestrap and Wilson 2012). We analyzed the gene expressions of MCTr1 

and MCTr2 – two proton-linked monocarboxylate transporters widely expressed in the brain 

tissue (Halestrap and Price 1999; Koehler-Stec et al. 1998; Pellerin et al. 1998) in the control 

and KD treated HT22 cells. While ßHB treated HT22 cells showed a significantly higher 

expression of MCTr2, C10 treated cells showed a significantly higher gene expression of 

MCTr1. Non-significant increases in expressions of MCTr1 in ßHB treated cells (~1.5 fold) 

and MCTr2 in C10 treated cells (~1.3 fold) were observed. Higher expression of MCTr in 

HT22 cells treated with ßHB is not surprising considering the known ketone body-transporter 

function of these transporters. However, it was interesting to note that C10 treated cells also 

showed higher expressions of MCTrs as compared to the untreated controls. Whether MCTrs 

are involved in the transport of C10 into neurons needs to be further explored. 
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7.1    Ketogenic diet (KD) and Sirtuins    

Higher serum ßHB levels have previously  been shown to be positively correlated with seizure 

control (Gilbert, Pyzik, and Freeman 2000; van Delft et al. 2010). Although the underlying 

mechanisms are not completely known, ketone bodies (KBs) may have a neuroprotective action 

modulated by several pathways (reviewed in (Yang et al. 2019).  

We demonstrated that that treatment of HT22 neurons with 5mM ßHB resulted in an 

upregulation of sirtuins in vitro. The most prominent effect of ßHB treatment was observed on 

the enzyme activities of SIRT 1 – 3. The enzyme activities of SIRT1 and SIRT3 were higher 

in the ßHB treated cells as compared to the control (untreated) cells. It has been shown that 

ßHB treatment of rat neocortical neurons resulted in decreased ROS production (Maalouf et al. 

2007). SIRT1 upregulation has been shown to increase expression of antioxidant genes 

(Hasegawa et al. 2008; Hori et al. 2013; Olmos et al. 2013). SIRT3 is also responsible in 

regulating antioxidant responses, via deacetylation of two ROS detoxifying enzymes – 

manganese superoxide dismutase (MnSOD) (Qiu et al. 2010) and isocitrate dehydrogenase 

(IDH2) (Someya et al. 2010). Deacetylation of FOXO3a transcription factor by SIRT2 also 

leads to an upregulation of antioxidant enzymes (Wang et al. 2007). Another prominent effect 

of SIRT1 upregulation is increased mitochondrial biogenesis (Nemoto, Fergusson, and Finkel 

2005; Tang 2016). Chuang et al showed that mitochondrial biogenesis due to upregulated 

SIRT1 function had a neuroprotective effect in hippocampal tissue of rats, following seizure 

induced neuronal cell death (Chuang et al. 2019). Increased mitochondrial biogenesis has been 

proposed as an important mechanisms via which the KD may exert its therapeutic effect 

(Bough et al. 2006). Thus, higher enzyme activities of SIRT 1 and 3 under ßHB incubation 

may influence cellular function related to antioxidant defense mechanisms and mitochondrial 

biogenesis. Protein expression of SIRT1 was also significantly higher in the ßHB treated cells, 

however that of SIRT2 and SIRT3 remined almost unchanged. A non-significant elevation in 

SIRT4 protein expression was observed in the ßHB treated group, which may point towards 

alteration in fatty acid oxidation, a key biochemical pathway regulated by SIRT4 (Laurent, 

German, et al. 2013) which is essential for hepatic ketogenesis. SIRT3 has also been shown to 

regulate fatty acid oxidation by deacetylation of the long chain acyl coenzyme A 

dehydrogenase (LCAD) (Hirschey et al. 2010). This study also demonstrated that SIRT3 

deficient mice showed clinical features of fatty acid oxidation disorders and lower ATP levels 
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suggesting that SIRT3 plays a crucial role in regulating mitochondrial metabolism (Hirschey 

et al. 2010). 

 

Our results are in line with recent findings of Hasan-Olive at al who demonstrated that SIRT3, 

in concert with PGC1α and UCP2 mediated the effects of increased mitochondrial biogenesis 

and improved energy metabolism by the KD (Hasan-Olive et al. 2019).  

It can thus be said that as central regulators of energy metabolism, sirtuins may play a crucial 

role in mediating the effects of KD. ßHB serves as an energy substrate for the neurons and it is 

converted to acetyl-CoA, which is then shuttled into the mitochondrial energy metabolism 

pathways via the TCA cycle (Hartman et al. 2007), thus providing additional flux of acetyl-

CoA for energy production.  

Along with ketonemia, the serum profile of patients receiving KD also show high 

concentrations of medium chain fatty acids, predominantly decanoic acid (C10) and octanoic 

acid (C8) (Haidukewych, Forsythe, and Sills 1982a). It was hypothesized that, in addition to 

KBs, medium chain fatty acids may also mediate the therapeutic effect of the KD (Sills, 

Forsythe, and Haidukewych 1986). Several potential mechanisms of action of medium chain 

fatty acids, particularly C10, have been described (reviewed in (Augustin et al. 2018).  

Our results showed that incubation of HT22 hippocampal neurons with 250 µM C10 for 1 week 

led to an overall upregulation of SIRT 1 – 4, while statistically significant increases were 

observed in SIRT1 enzyme activity, SIRT3 protein and gene expressions in the C10 treated 

cells. SIRT4 protein expression was about 1.5-fold higher in the C10 treated group as compared 

to the untreated group. This can again point towards involvement of sirtuins in regulation of 

fatty acid oxidation and energy metabolism. SIRT1 enzyme activity was significantly elevated, 

but without a significant increase in protein expression. Unlike in the case of ßHB incubated 

cells, the enzyme activity of SIRT3 was not statistically significantly altered in C10 treated 

cells, however it was higher as compared to the control cells. 
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While it was consistently observed that sirtuins are altered in HT22 cells incubated with ßHB 

and C10, the mechanism behind this effect is not understood. The most prominent alteration 

was seen in the enzyme activities of SIRT 1 – 3, followed by only higher SIRT1 protein 

expression in ßHB treated cells and almost unchanged gene expressions of SIRT 1 – 4. We 

thus hypothesized that a post translational modification may play a role in mediating the effect 

of KD metabolites on sirtuin function. Several post translational modifications (PTMs) are 

known for sirtuins (Zhao and Zhou 2019; Flick and Luscher 2012), however, specific 

regulation of sirtuins by KD metabolites is not known. Xie et al reported a new form of histone 

modification – lysine beta-hydroxybutyrylation (Kbhb) and they reported that this modification 

was reported on 44 histone sites in mouse and human cells. Kbhb was found to be increased 

under starvation and ketoacidosis conditions (Xie et al. 2016). Although not specifically 

reported for sirtuins, we speculate that such a PTM may be responsible in alteration of sirtuin 

function by KD metabolites. Brain NAD+ levels were elevated in rats fed with KD as compared 

to the control group (Elamin et al. 2018). Sirtuins are NAD+ dependent enzymes (Feldman, 

Dittenhafer-Reed, and Denu 2012) and an alteration in NAD+ levels under KD treatment may, 

in turn, alter sirtuin function. Sirtuins, particularly SIRT3 are sensitive to nutrient changes such 

as fasting (Hirschey et al. 2010). This may be one of the possible mechanisms underlying the 

alteration of sirtuins under incubation with KD metabolites. Sirtuins also function as redox 

sensors and modulate a variety of antioxidant responses (reviewed in (Singh et al. 2018)). The 

KD has been shown to reduce mitochondrial ROS and thereby improve mitochondrial function 

(Kim et al. 2007; Maalouf et al. 2007). Qiu et al showed that caloric restriction in mice resulted 

in reduction of oxidative stress via SIRT3 mediated activation of a SOD2, an important 

antioxidant enzyme (Qiu et al. 2010). This indicates that reduction of ROS may be an important 

link between KD treatment and sirtuin activation.  

 

7.2    Effect of ßHB and C10 incubations on the mitochondrial respiratory chain (MRC) 

Mitochondrial metabolism has been suggested to play a crucial role in mediating the anti-

epileptic effects of KD via several processes including, but not limited to higher expression of 

UCP2 (Sullivan et al. 2003; Sullivan et al. 2004), modulation of ROS in the mitochondria (Kim 

et al. 2007; Maalouf et al. 2007; Milder and Patel 2012) and increased mitochondrial biogenesis 

(Bough et al. 2006). We demonstrated an overall upregulation of complexes I – IV and complex 

V (ATP-synthase) of the MRC in HT22 cells incubated with 5 mM ßHB and 250 µM C10. 
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HT22 cells incubated with 5 mM ßHB for one week showed statistically significant elevation 

in the maximal enzymatic capacity of complex I+III. The role of KBs in mediating the anti-

epileptic effect of KD has been widely discussed with modulation of mitochondrial energy 

metabolism as a key mechanism (Simeone, Simeone, and Rho 2017; Simeone et al. 2018). In 

vitro and animal model studies have shown that ketones mediate effects of KD via protection 

against oxidative stress (Kim et al. 2007; Maalouf et al. 2007), raising the mitochondrial 

permeability transition thresholds (Kim et al. 2015) and by prevention of synaptic dysfunction 

(induced by MRC complex inhibitors) (Kim, Vallejo, and Rho 2010). Our results showed that 

apart from higher complex I+III enzyme capacity, ßHB treatment also resulted in near-

significant increases in the maximal enzyme capacities of complex II+III (p = 0.0558) and 

ATP-synthase (p = 0.0667). This could point towards an increased activity of the MRC and a 

higher ATP production in the ßHB incubated cells as compared to the untreated (control) cells. 

Furthermore, ßHB treatment of HT22 cells also resulted in significantly higher enzyme 

capacity of citrate synthase (CS). CS has been described as a marker for mitochondrial quality 

and content (Itkonen, Suomalainen, and Turpeinen 2013; Selak et al. 2000; Bernier et al. 2002). 

Higher CS activity in ßHB treated cells indicates increased mitochondrial biogenesis, an 

important mechanism of action of KD (Bough et al. 2006). In line with our findings, it has been 

previously shown that incubation with C10 of SH-SY5Y neuronal cells resulted in higher CS 

activity (Hughes et al. 2014). ßHB has been shown to provide a neuroprotective effect in 

models of AD and PD (Kashiwaya et al. 2000; Tieu et al. 2003).  

Taken together, ßHB incubation resulted in upregulated energy production by the MRC 

accompanied by higher CS activity indicating increased mitochondrial biogenesis. These 

findings support the theory of improved energy metabolism as a potential mechanism of action 

of the ketogenic diet. 

 

Incubation of HT22 cells with 250 µM C10 had a more pronounced effect on the MRC as 

compared to incubation with 5 mM ßHB. As in ßHB treated cells, an overall upregulation of 

the respiratory chain enzymes with was observed and maximal enzyme capacities of complex 

I+III and complex IV were significantly increased. Interestingly, the ratios of maximal 

capacities of complex I+III and complex IV to that of CS were significantly higher in the C10 

treated group as compared to the control cells. This indicates an up-regulation of the respiratory 

chain complexes I+III and IV. Commensurate with our results, earlier studies have shown up-
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regulation of the MRC  under C10 incubation in neuronal cells (Hughes et al. 2014) as well as 

fibroblasts from patients with complex I deficiency (Kanabus et al. 2016). C10 treatment of 

HT22 hippocampal neurons in our study showed similar results with regards to the MRC 

complexes. However, unlike in the above-mentioned studies, incubation of HT22 neurons in 

our study did not result in higher CS enzymatic capacity. We can thus state that 250 µM C10 

incubation of HT22 hippocampal neurons for one week results in higher MRC activity along 

with a more efficient functioning of the MRC complexes. It has been suggested that C10 may 

exert its therapeutic effect via higher MRC function and ATP production (see Fig. 3) (Augustin 

et al. 2018).  

Our study showed significantly higher SIRT3 enzyme activity under ßHB-incubation and C10- 

incubation resulted in higher SIRT3 protein expression and gene expression as well as SIRT3 

enzyme activity (not significantly). As earlier described (see section 3.3.4), SIRT3 is an 

important regulator of the MRC complexes. Thus, higher SIRT3 activity and expression along 

with higher MRC complexes activities assumes significance and points towards the crucial role 

of upregulated mitochondrial metabolism in under KD treatment. A correlation between SIRT3 

and improved energy metabolism under KD treatment has been recently demonstrated (Hasan-

Olive et al. 2019). SIRT1 has been implicated in mediating the process of mitochondrial 

biogenesis (Chuang et al. 2019; Nemoto, Fergusson, and Finkel 2005). Higher CS activity (an 

indicator of increased mitochondrial content) along with elevated SIRT1 enzyme activity and 

protein expression, observed in HT22 cells treated with 5 mM ßHB supports increased 

mitochondrial biogenesis and a possible involvement of SIRT1 in this process. 

ßHB, after entering the brain is converted to acetyl-CoA and serves as an energy substrate for 

ATP production (Hartman et al. 2007). Our study demonstrated that the enzyme capacities of 

the MRC were higher in KD incubated cells. This effect may be related to the exogenously 

administered ßHB serving as an added energy substrate contributing to higher energy 

production. Furthermore, it has been suggested that C10 treatment may result in higher MRC 

activity and ATP synthesis by binding to PPAR-γ and enhancing transcription of genes 

involved in mitochondrial metabolism and biogenesis (Augustin et al. 2018). Upregulation of 

SIRT3 under incubation with KD metabolites may also contribute to higher mitochondrial 

respiratory chain activity. 
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7.3    Cellular lipids and ketogenic diet (KD) 

Several different classes of lipids are found in neurons, including cholesterol, phospholipids, 

and sphingolipids and they are involved in diverse functions such as forming membrane 

structures, myelin formation, as signaling molecules and serve as energy substrates as well 

(Tracey et al. 2018). In the present study, we studied the effects of 5 mM ßHB and 250 µM 

C10 on cellular cholesterol, phospholipids, and sphingomyelin in HT22 cells. Both, ßHB and 

C10 incubations decreased the amount of cellular cholesterol, however a significant effect was 

only seen in the cells incubated with 5 mM ßHB. Endoplasmic reticulum (ER) is the main site 

of lipid synthesis, including that of cholesterol (Bell, Ballas, and Coleman 1981), however after 

synthesis, cholesterol is largely localized to the plasma membrane (van Meer, Voelker, and 

Feigenson 2008b). Cholesterol is responsible for maintaining the structure of the plasma 

membrane, alterations in cholesterol can point towards changes in membrane structure and 

flexibility (de Meyer and Smit 2009). Cholesterol is also a key component of lipid rafts, along 

with sphingomyelin (Simons and Sampaio 2011). While cellular sphingomyelin content did 

not change under ßHB incubation, HT22 neurons incubated with C10 showed significantly 

higher sphingomyelin levels. Sphingomyelin is found in varying concentrations in different 

sub-cellular organelles, with lowest concentration at the ER and highest at the plasma 

membrane (Tracey et al. 2018). This variation in sphingomyelin content allows for variable 

membrane fluidity which is essential for organelle-specific functions (van Meer, Voelker, and 

Feigenson 2008b). We detected an overall increase in neuronal sphingomyelin in the cells 

incubated with C10, however we cannot comment on the sub-cellular distribution at this stage.  

A wide variety of phospholipids are present in the cell and play a crucial role in forming and 

maintaining the structure of various membranes (van Meer, Voelker, and Feigenson 2008b). 

Incubation of HT22 neurons with ßHB and C10 showed different results in levels of several 

phospholipids. Only phosphatidylserine (PS) was significantly reduced in ßHB incubated cells 

while quantities of phosphatidylcholine (PC), phosphatidylethanolamine (PE) and cardiolipin 

(CL) remained unchanged. An opposite effect was seen in C10 incubated HT22 cells – levels 

of PC, PE, PS and CL were significantly higher in the C10 treated cells as compared to control 

(untreated) cells. It would seem that exogenously administered ßHB and C10 in neuronal cell 

cultures may enter different pathways inside the cell. However, this effect needs to be further 

studied in an in vivo setting as several other metabolites may also be elevated under KD 
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treatment and taken up by the brain. We calculated ratios of individual cellular phospholipids 

(and sphingomyelin) to cellular cholesterol. Interestingly, these ratios showed the same trend 

in both ßHB and C10 treated cells – higher phospholipid to cholesterol ratio in the treated cells 

as compared to the controls. Phospholipid/cholesterol ratios are very important as the affinity 

of cholesterol is different to different phospholipids (and sphingomyelin) and varying 

concentrations of cholesterol and phospholipids are found in different organelle membranes 

and the plasma membrane (Ohvo-Rekilä et al. 2002; Bennett, Shea, and Tieleman 2018; 

Subczynski et al. 2017). It has been shown that picrotoxin induced convulsions result in 

changes in microsomal and mitochondrial membrane structure and function (Acharya and 

Katyare 2006, 2005). Altered phospholipid to cholesterol ratios may be indicative of altered 

membrane structure and function, however whether this may play a role in mediating the 

therapeutic effect of KD needs to be examined. It has been suggested that phospholipids and 

their derivates may have a potential neuroprotective effect (Tayebati 2018). Higher 

phospholipid levels in C10 treated cells may provide a basis for investigation into the 

neuroprotective effects of C10 via alterations in lipid metabolism. PE and CL are constituents 

of the mitochondrial membrane and are important for the proper functioning of the MRC 

(Bottinger et al. 2012; Hoch 1992) and maintenance of the mitochondrial membrane potential 

(Jiang et al. 2000). We have shown that C10 incubation of HT22 neurons results in significantly 

higher and more efficient functioning of the MRC complexes (Dabke and Das, 2020, 

submitted). Higher quantities of PE and CL were found in HT22 cells treated with C10. 

Whether cellular PE and CL may be involved in mediating the biochemical effects of KD with 

regards to the MRC function is not known as needs to be investigated. 

The retrospective analysis of KD-treated patients’ records indicated that serum cholesterol 

remained almost unchanged in patients receiving both, classical KD and MAD treatment. Some 

isolated elevations were seen in the serum triglyceride levels; however, this effect was only 

transient, and no significant changes were observed. Hyperlipidemia has been described as an 

important adverse effect of KD and it has been recommended that the serum lipid levels should 

be regularly monitored in all patients receiving KD treatment (Kossoff et al. 2018).  
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7.4    Conclusion 

The two important metabolites of KD – beta-hydroxybutyrate (ßHB) and decanoic acid (C10) 

upregulated sirtuins and mitochondrial respiratory chain complexes in HT22 hippocampal 

murine neurons. Gene expression of monocarboxylate transporters 1 and 2 was upregulated in 

HT22 cells under ßHB and C10 incubations. While cellular cholesterol was reduced under both 

ßHB and C10 incubations, phospholipids remained unchanged (except PS) under ßHB 

incubations and were increased under C10 incubation in the HT22 hippocampal neurons. Our 

study suggests an overall upregulation of mitochondrial metabolism under ßHB and C10 

incubations in a hippocampal murine cell model. 

 

7.5    Future outlook 

The present study was performed in vitro in a mouse hippocampal (HT22) cell model with two 

specific KD metabolites – ßHB and C10. However, in patients under KD, several other 

metabolites are elevated. Thus, an in vivo animal model study will be the next step in 

understanding as to how the KD affects sirtuins in not only neurons, but also in serum of 

animals under KD. A clinical study is underway in our department to analyze various 

metabolites accumulating in patients’ serum under KD treatment and another study is planned 

to measure sirtuins in patients of epilepsy as well as other chronic disorders affecting 

metabolism. Sirtuins, as central regulators of metabolism, may play a crucial role in metabolic 

and neurological disorders. 
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