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ABSTRACT 

 

INVESTIGATION OF THE EFFECTS OF KETOGENIC DIET 

THERAPY IN A MOUSE MODEL OF GM2 GANGLIOSIDOSIS 

 

 GM2 gangliosidosis is an autosomal recessive lysosomal storage disorder in 

which GM2 ganglioside is accumulated, especially in the brain. GM2 gangliosidosis is 

divided into three different variants: Tay Sachs (B-variant or type I), Sandhoff (O-variant 

or type 2), and GM2AP deficiency (AB-variant). Accumulation of the GM2 ganglioside 

in brain causes disease pathology as neurodegeneration and neuroinflammation. Our lab 

first displayed the novel GM2 gangliosidosis type-I mouse model (Hexa-/-Neu3-/-). 

Compared to control, this model could survive a maximum of five-months due to severe 

pathologies, neurodegeneration, and neuroinflammation. The ketogenic diet is high-fat 

and low-carbohydrate/protein diet that triggers burning fat instead of carbohydrates. The 

ketogenic diet is used comprehensively in neurodegenerative disorders such as Sandhoff, 

Alzheimer’s, and Parkinson’s to regulate inflammation, neurodegeneration, and 

autophagy. In addition, elevation of CCL2 expression in Hexa-/-Neu3-/- mice resulted in 

increased amounts of active microglia and astrocytes. Therefore, the CCL2/CCR2 

signaling inhibitor of propagermanium was used in addition to ketogenic diet. Thus, 

reducing neuroinflammation is aimed to be more effective as a combined therapy. In my 

Ph.D. thesis, expression and protein levels of autophagy and inflammation-associated 

genes were analyzed in the mouse brain to exhibit whether beneficial effects on 

autophagic flux and neuroinflammation are found after the ketogenic diet and 

propagermanium treatment. The pathology of the GM2 gangliosidosis mouse type-I brain 

was illustrated by thin-layer chromatography and immunofluorescence staining to display 

whether the ketogenic diet affects the ganglioside metabolism. Briefly, ketogenic diet 

therapy and its anti-inflammatory and neuroprotective effects were explored in the GM2 

gangliosidosis mouse model.  
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ÖZET 

 

GM2 GANGLİOSİDOZ FARE MODELİNDE KETOJENİK DİYET 

TEDAVİSİNİN ETKİLERİNİN ARAŞTIRILMASI 

 

GM2 gangliosidoz, GM2 gangliositinin özellikle beyinde biriktiği bir tür 

otozomal resesif lizozomal depo bozukluğudur. GM2 gangliosidoz, Tay Sachs (B varyantı 

veya tip I), Sandhoff (O varyantı veya tip 2) ve GM2AP eksikliği (AB varyantı) olmak 

üzere üç farklı varyanta bölünür. GM2 gangliositinin beyinde birikmesi, 

nörodejenerasyon ve nöroenflamasyon gibi hastalık patolojilerine neden olur. Özgün 

GM2 gangliosidosis tip I fare modeli (Hexa-/-Neu3-/-) ilk olarak laboratuvarımız 

tarafından sergilendi. Bu model, kontrole göre nörodejenerasyon ve nöroenflamasyon 

gibi ciddi patolojiler nedeniyle maksimum beş ay yaşayabilmiştir. Ketojenik diyet, 

karbonhidrat yerine yağ yakımını tetikleyen yüksek yağ ve düşük karbonhidrat/protein 

diyetidir. Ketojenik diyet, iltihabı, nörodejenerasyonu ve otofajiyi düzenlemek için 

Sandhoff, Alzheimer, Parkinson hastalıkları gibi nörodejeneratif rahatsızlıklarda 

kapsamlı bir şekilde kullanılmaktadır. Ayrıca, Hexa-/-Neu3-/- farelerinde artan CCL2 

ekspresyonu, farelerde aktif mikroglia ve astrosit miktarlarında artışa sebebiyet vermiştir. 

Bu yüzden, ketojenik diyete ek olarak CCL2/CCR2 yolağını bozan bir inhibitör olan 

propagermanyum kullanılmıştır. Böylelikle, kombine terapi olarak nöroenflamasyondaki 

azalmanın daha etkili olması amaçlanmıştır. Doktora tezimde, ketojenik diyet ve 

propagermanium tedavilerinden sonra otofajik yolak ve nöroenflamasyon üzerinde 

faydalı etkilerin bulunup bulunmadığını göstermek için otofaji ve inflamasyonla ilişkili 

genlerin ekspresyon ve protein seviyeleri fare beyninde analiz edilmiştir. Ketojenik 

diyetin gangliosit metabolizması üzerinde herhangi bir etkisi olup olmadığını göstermek 

içinse, GM2 gangliosidoz tip I fare beyninin patolojisi, ince tabaka kromatografisi ve 

immünohistokimyasal boyamalarla gösterilmiştir. Kısaca, ketojenik diyet tedavisinin 

anti-enflamatuvar ve nöroprotektif etkileri, GM2 gangliosidoz fare modelinde 

araştırılmıştır. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1  Ganglioside Metabolism 

 

Gangliosides are the one type of glycosphingolipids that contains sialic-acid residues 

(terminal sugar). They are expressed cell-specific and widely abundant in neuronal 

plasma membranes (Sandhoff and Sandhoff 2018). De novo synthesis of the gangliosides 

begins first at the cytoplasmic leaflet of the endoplasmic reticulum by synthesizing 3-keto 

sphinganine/3-keto dihydrosphingosine (KdS) (Mandon et al. 1992). KdS is converted to 

the ceramide, which is the last product at ER, step by step. Ceramide is transported either 

by vesicular transport or transporter proteins, which is the ceramide transport protein 

(CERT) to the Golgi apparatus to generate glycosphingolipids via the stepwise addition 

of monosaccharides to the ceramides (Kolter and Sandhoff 1999). Ceramide is converted 

to glycosylceramide (GlcCer), followed by GlcCer is glycosylated to the 

lactosylceramide (LacCer) by B4Galt5 and B4Galt6 in the Golgi lumen (Nishie et al. 

2010)(Tokuda et al. 2013). The first ganglioside of GM3 is produced by sialic-acid 

addition to the galactose moiety of the LacCer via ST3Gal5 (GM3-Synthase) (Ishii et al. 

1999). Higher ganglioside production occurs by stepwise addition of sialic acids at the 

Golgi lumen or trans-Golgi network. As a classification, gangliosides are categorized 

using Svennerholm's terminology. The 0 a-, b-, and c-series, respectively, include 

gangliosides with 0, 1, 2, and 3 sialic acid residues attached to the innermost galactose 

(Svennerholm 1994).  Four major gangliosides (GD1a, GM1, GD1b, and GT1b), which 

are the most common ones, constitute >90% of brain gangliosides in mammal brains 

(Tettamanti et al. 1973). Gangliosides play an essential role in stabilizing neuronal 

membranes with sphingomyelin as well as cell adhesion and development processes 

(Jennemann et al. 2005)(Fukushi, Hakomori, and Shepard 1984)(Kolter, Magin, and 

Sandhoff 2000). Since gangliosides play a critical role in maintaining CNS homeostasis, 

both a deficiency of gangliosides and an overabundance lead to severe neurological and 

lysosomal storage disorders such as Sandhoff and Tay-Sachs disorders (Platt et al. 2018). 
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Figure 1.1 Visualization of the ganglioside biosynthetic pathway. Names of gangliosides 

are classified according to Svennerholm’s nomenclature (Source: Sandhoff 

and Sandhoff 2018). 

 

1.2  Lysosomal Storage Disorders 

 

Lysosomal storage disorders are a group of rare metabolic diseases caused by the 

defective function of lysosomal enzymes. Dysfunction of the lysosomal enzymes and 

proteins leads to the accumulation of undegraded metabolites such as sphingolipids 

gangliosides (Abed Rabbo et al. 2021).  Progressively accumulating the undegraded 

metabolites induces devastating neurodegeneration and neuroinflammation at early onset. 

Moreover, the severity of the diseases is associated with the percentage of enzyme 

activity, and lower enzyme activity displays a more severe disease phenotype. Lysosomal 
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storage disorders are divided into five groups according to accumulated substrates in the 

body: mucopolysaccharidoses, mucolipidoses, glycoproteinoses, glycogen storage 

disease, and sphingolipidoses. Mucopolysaccharidoses (MPS) are one of the groups of 

lysosomal storage disorders due to failure of glycosaminoglycan degradation, such as 

dermatan sulfate keratan sulfate. Organomegaly, severe neurological deterioration, and 

cartilage abnormalities were observed in MPS types (Ballabio and Gieselmann 2009). 

Mucolipidoses (ML) are also other groups of lysosomal storage disorders that occur due 

to N-acetylglucosamine 1- phosphotransferase mutation, which plays roles in the multiple 

lysosomal enzymes (Aronson 2008). Mucolipidoses generally cause an accumulation of 

the sialyl oligosaccharides and glycolipids in the lysosomes. Since accumulating the 

undegraded metabolites, ML patients display severe neurological signs and organomegaly 

like MPS. Glycoproteinoses show a deficiency of the glycan-degrading enzymes which 

regulate glycoproteins. Disorders in glycoproteinoses are named according to undegraded 

sugar, such as fucosidosis and aspartylglucosaminuria. As for lysosomal accumulation of 

glycoproteinoses, only oligosaccharide accumulation is shown, except for extra 

glycoprotein accumulation in the patient with fucosidosis. Accumulated metabolites not 

only cause impairment of the lysosomal activity but also affect cellular actions such as 

endocytosis, exocytosis, and autophagy (Schultz et al. 2011). The glycogen storage 

disorders are a group of rare genetic diseases caused by abnormality of the glycogen 

metabolism. Clinical symptoms predominantly take place in the muscle and liver. For 

example, Pompe disease is a type of glycogen storage disorder caused by a deficiency of 

α-glycosidase in which glycogen accumulation was observed in all cell types, especially 

muscle and liver (Engel et al. 1973). The last group of lysosomal storage disorders are 

sphingolipidoses caused by failure of the sphingolipid degradation pathway (Puri et al. 

1999). Sphingolipidosis is composed of multiple disorders such as GM1 gangliosidosis, 

GM2 gangliosidosis (Tay-Sachs, Sandhoff disease), Niemann Pick disease, etc., 

according to the type of accumulated sphingolipids, and enzyme deficiency. 

Sphingolipidoses, which contain gangliosidosis, display various clinical manifestations 

in the body, such as neurological and cardiovascular abnormalities (Gilbert-Barness 

2004). The primary response of the accumulated substrates in sphingolipidosis exhibits 

higher lysosome productions in the cell because accumulation prevents the functionality 

of the lysosome. Besides, the new lysosomes are also abnormal, and the lysosomal system 

eventually halts in this way, which triggers an inflammatory response, ending cellular 

death (Hoops, Kolter, and Sandhoff 2009). Most of the genes encoding the 
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sphingolipidosis-related enzymes are targeted to cell lines and animal models to 

understand disease pathology and compare patients (Kunihiko Suzuki, Vanier, and Suzuki 

1998).  

 

1.2.1 Tay-Sachs Disease 

 

Tay-Sachs disease or GM2 gangliosidosis type I is a rare neurodegenerative 

metabolic disorder caused by the accumulation of the GM2 ganglioside in neuronal cells 

due to deficiency of the lysosomal β-hexosaminidase A (HexA) enzyme. The enzyme is 

composed of dimerization of the enzyme subunits, which are α and β subunits, and α-

subunit mutations prevent the activity of both the HexA (α-β) and HexS (α-α) enzymes. 

According to The Human Gene Mutation Database, 181 different mutations were reported 

for Tay-Sachs disease containing splicing, indels, missense, and nonsense mutations 

(Stenson et al. 2017). The highest prevalence of Tay-Sachs disease is observed among 

Ashkenazi Jews. As a function, Hexa enzyme catabolizes GM2 ganglioside to GM3 

ganglioside conversion through the cleavage of N-acetylgalactosamine residue in normal 

conditions (Cachon-Gonzalez, Zaccariotto, and Cox 2018). Impairment of the enzyme 

causes GM2 ganglioside and related glycolipid accumulations, triggering progressive 

neuronal deterioration such as motor deficits, macrocephaly, and hyperacusis in the first 

year (Masingue et al. 2020). Moreover, a cherry-red spot of the macula in the eye is also 

one of the pathological signs of Tay-Sachs disease. Tay-Sachs disease is divided into four 

subtypes: early-onset (infantile), juvenile, late (adult), and chronic form according to 

residual enzyme activity. In early-onset, progressive accumulation of the GM2 

ganglioside, especially in the neuronal cells, leads to a secondary cascade of cell death 

and eventually death between 2-4 years of age (Fernandes Filho and Shapiro 2004). In 

contrast to the early-onset form, disease progression displays milder symptoms in the 

juvenile and adult forms (Leinekugel et al. 1992). In juvenile-onset, impaired motor 

activity, seizures, and intellectual disability were observed (Maegawa et al. 2006). The 

most common form is the adult onset, where quadriceps weakness and iliopsoas are 

observed (Leinekugel et al. 1992). In chronic form, the patient suffers from various 

clinical phenotypes: spinocerebellar impairment, dystonia, and spinal muscular atrophies 

(Masingue et al. 2020). Tay-Sachs disease still lacks an identified primary treatment. 

There are lots of treatment strategies have been tried up to now to cure Tay-Sachs disease, 
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such as stem cell therapy (Stepien et al. 2018)(Jacobs et al. 2005), substrate 

reduction/enzyme replacement therapies (Bembi et al. 2006)(Espejo-Mojica et al. 2020) 

and gene therapies (Martino et al. 2005)(Akli et al. 1996) (Leal et al. 2022). Multiple 

animal models have been used until now to develop therapeutic strategies to ameliorate 

Tay-Sachs disease.  

 

1.2.2 Tay-Sachs Disease Mouse Model 

 

Tay-Sachs mouse model (Hexa-/-) was generated by disruption of the Hexa in 

embryonic stem cells via homologous recombination; however, disruption of the Hexa 

did not exhibit severe clinical pathology in mouse model like Tay-Sachs disease 

(Yamanaka et al. 1994). Accordingly, the Hexa-/- mouse model is not appropriate for 

studying human early-onset Tay-Sachs disease, but this mouse model also displayed 

milder symptoms like late-onset Tay-Sachs disease. Moreover, it has been shown that the 

asialylated form of GM2, GA2, also accumulates in Hexa-/- mice in contrast to human 

patients. The other type of GM2 ganglioside mouse model (Hexb-/-) displays disease 

pathology like Sandhoff disease. The role of sialidases has been explained by showing 

that they prevent the pathology of Tay-Sachs disease by degrading accumulated GM2 

gangliosides to GA2 gangliosides through a bypass mechanism (Yuziuk et al. 1998).  

Sialidases or neuraminidases are the specific type of exoglycosidase family that 

catalyze the cleavage of the non-reducing sialic acids from the glycoconjugates (Monti et 

al. 2010). Mammals contain four different sialidases, which are Neu1 (lysosomal 

sialidase), Neu2 (cytoplasmic sialidase), Neu3 (plasma-membrane sialidase), and Neu4 

(mitochondria/lysosome/ER sialidase) sialidases (Miyagi and Yamaguchi 2012). Except 

for Neu2 sialidase, all sialidase types cleave sialic acids from the gangliosides and have 

a role in glycoconjugate metabolism. To determine which kind of sialidase degrades GM2 

gangliosides, Hexa-/- mice were bred with Neu4-/- mice to create the Hexa-/-Neu4-/- 

mouse, a double knockout model (Seyrantepe et al. 2010). Although Hexa-/-Neu4-/- 

exhibited neurological deficits, Neu4 sialidase is not the only sialidase involved in the 

metabolic bypass mechanism for GM2 ganglioside degradation. Accordingly, Neu4 

sialidase was determined as a modifier gene in GM2 ganglioside catabolism. Next, the 

plasma membrane sialidase of the Neu3 deficient mouse was mated with the Hexa-/- 

mouse model to determine whether Neu3 sialidase plays the primary role in the metabolic 
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bypass mechanism of GM2 degradation. Hexa-/-Neu3-/- mouse model elicits severe 

phenotypes like the infantile form of Tay-Sachs disease (Seyrantepe et al. 2018). TLC 

analysis from brain samples displayed abnormal accumulation of the GM2 and slightly 

GA2 gangliosides against Hexa-/- mice. As a pathological feature, Hexa-Neu3-/- mice 

show lysosomal vacuolization, Purkinje cell deterioration, and neuronal cell death. At the 

last stage of life, tremors and hind limb spasticity were observed, like in the Tay-Sachs 

patient. Developmental abnormalities were also observed in Hexa-/-Neu3-/- mice because 

the body size of Hexa-/-Neu3-/- mice was lower, between 15% and 20% percent, than the 

control mice. Severe phenotypes, mainly CNS-related, like ataxia and tremors, have 

started to be observed (Seyrantepe et al. 2018). Furthermore, visceral organs also contain 

abnormal GM2 ganglioside accumulation, but the effects of accumulation in visceral 

organs can be elucidated by further investigations. Accumulation of GM2 ganglioside in 

the Hexa-/-Neu3-/- mouse model causes secondary effects in the CNS, like 

neuroinflammation. It has been demonstrated that the Hexa-/-Neu3-/- mouse model 

shows progressive chronic neuroinflammation due to microglia/astrocyte activation and 

macrophage infiltration triggering astrogliosis (Demir et al. 2020). 

 

 

Figure 1.2 The GM2 ganglioside bypass mechanism for degradation in Hexa-/-Neu3-/- 

mice. 

 

1.3 Ketogenic Diet 

 

The ketogenic diet is a high fat/low carbohydrate dietary regimen at a ratio of 3-4:1 

to trigger ketone body (KB) synthesis in the body. Diet was developed at the beginning 

of the 20th century to cure epileptic seizures depending upon the antiseizure effect 
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followed by multiple neurodegenerative disorders were studied in Alzheimer’s disease, 

Pelizaeus-Merzbacher disease, Sandhoff disease, etc. (Pietrzak et al. 2022) (Stumpf et al. 

2019) (Denny et al. 2010). Ketone body synthesis or ketogenesis mainly occurs in the 

liver and the astrocytes. Ketone bodies are classified into three types which are 

acetoacetate, β-hydroxybutyrate, and acetone (Longo et al. 2019). A ketogenic diet 

especially mimics fasting and prolonged exercises because they trigger ketone body 

production by β-oxidation of the fatty acids in the liver to generate a ketosis-like 

condition. Accordingly, glucose level reduction is inversely proportional to ketone body 

levels, and ketone bodies become the primary energy source in the brain under low-

carbohydrate availabilities. Since the ketone body is the primary energy source due to low 

glucose, neurological problems of GLUT1 mutation and pyruvate dehydrogenase 

deficiencies were partially ameliorated with ketogenic diet intervention (Kass et al. 2016). 

Except for neurologic disorders, a ketogenic diet was utilized to treat a wide range of 

dysfunctions like obesity, cancer, and weight loss (Brouns 2018). Moreover, ketogenic 

diet intervention has some disadvantages, such as acidosis, hypercholesterolemia, and 

mineral deficiencies, but supplements could reverse (Bergqvist et al. 2005). The 

ketogenic diet is divided into four different types according to macronutrient distribution: 

classical ketogenic diet, medium-chain triglyceride diet (MCT), modified Atkins diet, and 

low glycemic index treatments (Barzegar et al. 2021). The classic ketogenic diet was 

found by Woodyatt in 1921, and the ratio of fat/carbohydrate+protein is 4:1. The majority 

of the fat composition in the traditional ketogenic diet consists of long-chain fatty acids 

(Wheless 2008). Due to low carbohydrate and high-fat levels, 80%-90% of energy 

requirement is supplied by fat. MCT diet is thought to be a more ketone-producing diet 

but causes gastrointestinal adverse effects. MCT diet is composed of mainly C8 (caprylic) 

and C9 (pelargonic) fatty acids (Y. M. Liu and Wang 2013). The other diet is the Atkins 

diet, which is considered less restrictive and more palatable. Although it has been 

suggested that it may be less effective than the traditional ketogenic diet, it is often well-

accepted and is used as a therapeutic diet for epileptic children who find it difficult to 

follow the traditional KD (Kossoff 2023). Low glycemic index therapy is an alternative 

nutritional approach introduced in 2005 to ameliorate drug-resistant epilepsy (Pfeifer and 

Thiele 2005). In this diet, carbohydrate restriction is limited to low glycemic index 

carbohydrates with a glycemic index below 50 to keep stable blood glucose levels 

(Pfeifer, Lyczkowski, and Thiele 2008). 
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1.3.1 Ketone Body Metabolism 

 

Ketone bodies, acetoacetate, β-hydroxybutyrate, and acetone, are predominantly 

converted from free fatty acids in the liver and are used as a primary energy source in 

CNS and muscle. Low glucose levels display low insulin and high glucagon levels in the 

blood serum, followed by glucose levels that are kept balanced by glycogenolysis and 

gluconeogenesis in the liver (Rui 2014). Reduction of the insulin level triggers free acid 

circulations and their β-oxidation to generate ketone bodies in the liver mitochondria. 

Since fatty acids cannot cross the blood-brain barrier during ketogenesis, the central 

nervous system cannot use fatty acids as an energy source. However, while glucose is 

normally the only energy source for the human brain, after prolonged fasting or a low-

carbohydrate diet, the central nervous system requires an alternative energy source 

(Mitchell et al. 1995). The necessary alternative energy source is provided by the 

conversion of acetyl-CoA into ketone bodies during ketogenesis (Murakami and Tognini, 

2022). The ketone bodies produced cannot be used directly by the liver, so they are 

transported to extrahepatic tissues, predominantly the brain and retina, where they can be 

metabolized and produce energy (McPherson and McEneny 2012). As a biochemical 

mechanism, various regulating enzymes and co-factors transform free fatty acids into 

acetyl-CoA, which enter the TCA cycle or are metabolized into ketone bodies. 

Specifically, two acetyl-CoA molecules are combined to generate acetoacetyl-CoA by 

acetoacetyl-CoA thiolase followed by additional acetyl-CoA is merged to acetoacetyl-

CoA to generate intermediate product of beta-hydroxy-methylglutarylCoA (HMG-CoA) 

by HMG-CoA-synthase 2 (HMGCS2). The intermediate product is partitioned off to the 

first ketone body of acetoacetate and acetyl-CoA by HMG-CoA lyase. Acetoacetate 

follows two different pathways: In the first pathway, acetoacetate is converted to β-

hydroxybutyrate by the enzyme β-hydroxybutyrate dehydrogenase with NADH 

oxidation, while in the second pathway, it can be converted to acetone by decarboxylation 

(Puchalska and Crawford 2017). Ketone bodies are passed into the extrahepatic tissues 

by monocarboxylate transporters (MCT) via concentration gradient and then are 

metabolized to produce energy in mitochondria by ketolysis. In CNS, ketone bodies can 

be passed through the blood-brain barrier (BBB) by MCT1 and MCT-2 into astrocytes 

and neurons, respectively. In ketolysis, ketone bodies are reconverted to the acetyl-CoA, 

which the Krebs cycle utilizes to produce GTP and ATP and additional NAD+ reduction. 
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The ketolysis involves three steps; the first step is the conversion of the β-

hydroxybutyrate to the acetoacetate by beta-hydroxybutyrate dehydrogenase 1 (BDH1) 

enzyme, and then acetoacetate is degraded to the acetoacetyl-CoA by succinyl-CoA:3-

ketoacid CoA transferase (SCOT) and followed by conversion of the acetoacetyl-CoA to 

the acetyl-CoA by 2-methylacetoacetyl-coenzyme A thiolase (MAT) (Fukao et al. 1997). 

Converted two molecules of acetyl-CoA enter the citric acid or Krebs cycle to produce 

energy.  

 

1.3.2 Ketogenic Diet in LSDs 

 

The ketogenic diet utilized various lysosomal storage disorders to reduce the adverse 

effects of the disease pathologies. Firstly, a ketogenic diet combined with miglustat was 

used in infantile GM1 and GM2 gangliosidosis patients, and this combined treatment 

mediated palliative care by decreasing gastrointestinal side effects of miglustat and 

prolonged survival in both GM1 and GM2 gangliosidosis patients (Jarnes Utz et al. 2017). 

The other example of the beneficial effects of the ketogenic diet in LSD is the 

improvement of the myoclonus and gait stability and mitigation of the seizure frequency 

in GM1 gangliosidosis patients. (Myers et al., 2018). The ketogenic diet has also been 

combined with miglustat in Sandhoff's disease, another lysosomal storage disease, to 

improve cardiac function and seizure control in these patients (Villamizar-Schiller et al. 

2015). Moreover, the ketogenic diet displayed neuroprotection and beneficial effects for 

the seizure frequency in Neimann-Pick type C patients (Höller et al. 2021). In the 

Sandhoff mouse model, a ketogenic diet was used to enhance the therapeutic effect of 

miglustat by facilitating its passage across the blood-brain barrier (Hexb-/-) (Denny et al. 

2010). 

 

1.4 Propagermanium (Bis(2-carboxyethylgermanium) Sesquioxide) 

 

Propagermanium (Poly-trans-[(2-carboxyethyl) germasesquioxane]) is a 

germanium-based compound that was synthesized first by Dr. Oikawa in 1967. Toxicity 

tests in animal models were examined while their safety was confirmed (Anger et al. 

1991). Propagermanium (PG) is also classified as a C-C chemokine receptor 2 (MCP-1R) 

inhibitor, which has a role in monocyte/macrophage migration and macrophage-based 
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inflammation. PG inhibits CCR2 because its effects need glycosylphosphatidylinositol 

(GPI)-anchored proteins. PG shows specific activity only for CCR-2 and inhibits the 

function of this receptor without causing any damage to the receptor and its ligands 

(Yokochi et al. 2001). PG treats many inflammatory diseases, such as chronic hepatitis 

type B and cerebral ischemia/reperfusion injury, based on its anti-inflammatory 

properties. (Rumi et al. 1993) (He et al. 2019) 

 As a mouse model utilization, PG was used to improve hepatic steatosis and insulin 

resistance to prevent obesity after a high fat/high sugar diet in the db/db mouse model 

(Tamura et al. 2008).  

 

1.5 Neuroinflammation 

 

Neuroinflammation is the response of the brain cells against cellular infections, 

accumulation of the undegraded metabolites and cellular death mechanisms, and 

infiltration of the adaptive and innate immune system components into the brain 

(Ransohoff et al. 2015). The perception of DAMPs and PAMPs by microglia and 

astrocytes initiates inflammatory events in the CNS, leading to the mobilization of 

peripheral leukocytes into the CNS. Furthermore, elevation of the neuroinflammation 

level causes impairment of the brain metabolism by secretion of the cytokines, 

chemokines, and activation of the neuroglia cells (Yong et al. 2019). The secretion of 

mediators is provided by resident CNS neuroglia cells, particularly microglia, and 

astrocytes, where various consequences, such as immune, biological, and physiological 

responses, occur. The severity of neuroinflammation varies according to the context, 

duration, and progression of the primary stimulus or insult. Astrocytes are the subtype of 

the glial cells that play an essential role in regulating the innate and adaptive immune 

response to CNS injuries (Cordiglieri and Farina 2010). In addition, astrocytes are one of 

the main types of cells in the maintenance of blood-brain-barrier integrity. Activation of 

astrocytes causes secretion of pro-inflammatory cytokines/chemokines such as CCL2, 

CCL3, CCL5, and CXCL10, and their activation was detected by GFAP expression 

(Verkhratsky, Nedergaard, and Hertz 2015). Microglia are the primary resident immune 

cells in the CNS that have a dominant role in maintaining brain metabolism, as these cells 

show a marked sensitivity to mitigate any disturbances in the brain. Microglia is divided 

into two forms, which are ramified or inactive and reactive forms. Ramified microglia 
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release fewer immune molecules such as IL-1β, IL-6, and Tnf-α and do not phagocytize 

cells like activated or ameboid microglia (Thameem Dheen, Kaur, and Ling 2007). In 

addition to the negative aspects of neuroinflammation, there are also positive effects. For 

example, the neuroinflammation markers IL-4 and IL-1 also have an essential promoting 

role in learning and memory, and IL-4-mediated macrophage repolarization ameliorates 

axonal growth in traumatic brain injury (Derecki et al. 2010).  

 

1.5.1 Neuroinflammation in LSDs 

 

Lysosomal storage disorders (LSDs) are a rare genetic disorder group caused by 

enzymatic deficiencies that result from the accumulation of toxic undegraded metabolites 

in the lysosomes. The accumulation of these metabolites triggers cellular immune 

response, especially in the CNS, leading to disease progression. Accumulated substrates 

due to enzymatic defects include GM1, GM2, globotriaosylceramide (Gb3), sphingosine, 

cholesterol, etc. Abnormal accumulation of these molecules in lysosomal storage 

disorders such as Gaucher disease, GM1/GM2 gangliosidosis, etc., impair various cell 

types such as microglia, astrocytes, oligodendrocytes, monocytes, and macrophages. 

Disruption of these cells triggers neuroinflammatory responses and the secretion of pro-

inflammatory cytokines/chemokines associated with cellular damage and devastating 

consequences, particularly in the CNS and PNS (Manoj Kumar Pandey 2023). These cells 

secrete specific molecules against substrate accumulation, including IL1-β, TNF-α 

(tumor necrosis factor-alpha), IL-6, and various C-C and C-X-C motif ligands (CCL2, 

CCL3, CXCL10) (Vitner 2020). The abundance of these molecules is also vital for 

regulating CNS and PNS homeostasis since they damage the blood-brain barrier (BBB) 

and blood-nerve barrier (BNB) integrity (J. Yang et al. 2022). The blood-brain barrier is 

a specialized semipermeable barrier that provides separation of the blood from the 

cerebrospinal fluid. The barrier protects and nourishes the brain by regulating the entry 

of nutrients or harmful substances (Blanchette and Daneman 2015). The blood-nerve 

barrier is another special barrier that divides peripheral nerve tissue from blood. Like the 

BBB, BNB controls the passage of nutrients and waste products inside the peripheral 

tissue. Damage to the BNB causes infiltration of the toxic substances and pro-

inflammatory mediators, which can lead to nervous tissue dysfunctions (Ubogu 2020).  
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The diversity of substances accumulated in lysosomal storage disorders can lead 

to different immune responses by the nervous system during disease progression. In 

Gaucher disease, glucosylceramide (GC) and glycosphingosine (GS) accumulate in the 

macrophages and microglia due to acid β-glucosidase enzyme deficiency (GCase) (Manoj 

K Pandey et al. 2017). Accumulated substances induce especially neurological 

symptoms: ataxia, epilepsy, and seizure. Apart from neurological symptoms, GC and GS 

trigger elevation of the pro-inflammatory cytokines/chemokines such as Ifn-γ, IL6, and 

Tnf-α both in patient and mouse models (Manoj Kumar Pandey and Grabowski 2013; 

Manoj Kumar Pandey et al. 2012). In addition, the GBA mouse model displays increasing 

CCL2, CCL3, CCL5, and CXCL10 secretion in the brain (Manoj K Pandey et al. 2017). 

In GM1 gangliosidosis, the Glb1 gene encoding β-Galactosidase (β-Gal) is mutated and 

excessive amounts of GM1 accumulate in the CNS, as well as keratan sulfate and 

oligosaccharides. Accumulated GM1 and other molecules cause extreme neurological 

symptoms, especially in the central nervous system, and systemic deterioration 

throughout the body (Brunetti-Pierri and Scaglia 2008). The mouse model of GM1 

gangliosidosis (Glb-/-) displays similar pathology to the patients due to GM1 

accumulation, especially in macrophages and microglial cells, which trigger 

overproduction of pro-inflammatory mediators such as Tnf-α, IL-1β and IL-6 (Jeyakumar 

et al. 2003). GM2 gangliosidosis is divided into three different types, which are Tay-Sachs 

(B-variant), Sandhoff (0-variant), and GM2AP deficiency (AB-variant). Tay-Sachs 

disease, Sandhoff disease, and GM2-gangliosidosis AB-variant are caused by mutation of 

the HEXA, HEXB, and GM2AP genes, respectively. Mutation of these genes mainly 

results in excessive accumulation of the GM2 ganglioside. In addition to GM2 

ganglioside, GA2 ganglioside also accumulates in Sandhoff disease patient and mouse 

models (Toro, Zainab, and Tifft 2021). Tay-Sachs and Sandhoff patients have CNS 

pathologies such as tremors, ataxia, and paralysis, while Sandhoff patients have not only 

CNS abnormalities but also visceral abnormalities such as hepatosplenomegaly and 

respiratory problems, etc. (Myerowitz et al. 2002). Enhanced GM2 and GA2 ganglioside 

accumulation in the brain and spinal cord induces the secretion of pro-inflammatory 

cytokines, microgliosis, and astrogliosis in the Sandhoff mouse model (Hexb-/-). The 

activation of astrocytes and microglial cells leads to neuronal cell death due to excessive 

inflammatory responses (Wada, Tifft, and Proia 2000). Unlike the Sandhoff mouse model 

(Hexb-/-), which has a short life span of ~4 months, showing a severe phenotype due to 

excessive GM2 and GA2 gangliosides accumulation, no severe phenotype was observed 
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in the Tay-Sachs mouse model (Hexa-/-) due to accumulation of the GM2 ganglioside 

only in limited regions. The explanation for this is that alternative ganglioside degradation 

pathways are not present in humans in the absence of the Hexa enzyme found in mice and 

that this bypass mechanism found by Seyrantepe et al. converts GM2 to GA2 with Neu3 

sialidase in mice, thus bypassing the requirement for Hexa enzyme-dependent activity 

(Seyrantepe et al. 2018). The generation of Hexa-/-Neu3-/- mice, which mimic the 

neuropathological and clinical abnormalities of classic early-onset TSD patients, has been 

an ideal TSD mouse model that could provide a precious tool for treatment development 

(Leal et al. 2020). Progressive accumulation of the GM2 ganglioside results in premature 

death for the Hexa-/-Neu3-/- mice (Seyrantepe et al. 2018). Similar to Hexb-/- mice, the 

Hexa-/-Neu3-/- mouse model exhibits chronic neuroinflammation by secretion of pro-

inflammatory cytokine/chemokines in the brain (Demir et al. 2020). Furthermore, Demir 

et al. showed that neuroinflammation in Hexa-/-Neu3-/- mice precedes neurodegeneration 

by activating microglia and astrocytes. Understanding the mechanisms of innate and 

adaptive immune-mediated neuroinflammation in GM2 gangliosidoses may provide new 

insights into the pathogenesis of such disorders and may identify potential targets for 

therapeutic intervention. 

 

Figure 1.3 Adaptive (AIR) and innate (IIR) immune responses for GM2 accumulation in 

GM2 gangliosidosis physiopathology. (Source: (Leal et al. 2020)) 
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1.5.2 Ketogenic Diet and Neuroinflammation 

 

The ketogenic diet is a combination of the high fat, low carbohydrate/protein diet 

in which fat becomes the primary energy source instead of carbohydrates. While this diet 

was initially used only in the treatment of epilepsy, recent studies have shown that the 

ketogenic diet can also have a positive effect on neurodegenerative diseases. Furthermore, 

the ketogenic diet has been shown to have a protective and anti-inflammatory effect on 

neuroinflammation mechanisms (Koh, Dupuis, and Auvin 2020). As a neuroprotective 

effect, the ketogenic diet has an active role in various cellular pathways: energy supply, 

regulation of the amino acid metabolism, improvement of mitochondrial activity, 

reduction of oxidative stress, and neurotrophic factors. Firstly, ketone bodies triggered by 

the ketogenic diet exert neuroprotective effects by increasing mitochondrial respiration 

and activating ATP (adenosine triphosphate) production. Considering this, it has been 

shown that β-hydroxybutyrate, one of the ketone bodies, may provide more energy in the 

brain than glucose (Masino and Rho 2012). Moreover, consumption of the KD from 

murine triggers increased expression levels of the insulin-like growth factor 1 (IGF1) and 

specific glucose transporters expression levels (GLUT1 and GLUT3) (Cheng et al. 2003). 

Secondly, the transition from glucose to ketone bodies as a primary energy source affects 

amino acid metabolism by reducing the conversion of glutamate to aspartate and inducing 

decarboxylation of glutamate to form GABA (Yudkoff et al. 2001; Daikhin and Yudkoff 

1998). Third, ketone bodies, βHB and AcAc, have an essential role in attenuating 

oxidative stress and ROS production by augmenting NADH oxidation and also protecting 

from mitochondrial membrane permeabilization (Masino and Rho 2012; Pinto et al. 

2018). Lastly, KD intervention regulates neurotrophic factors. In a study, βHB has been 

found to increase BDNF expression against excitotoxicity and oxidative stress as a 

neuroprotective mechanism in the cerebral cortex (Marosi et al. 2016). Another study 

shows that KD intervention for seven days results in the elevation of the insulin-like 

growth factor (IGF1R) and glutamate receptor 1 (GLUT1) gene expressions to provide 

neuroprotection in rats (Cheng et al. 2003). One of the beneficial effects of KD is its anti-

inflammatory effect, and this has been demonstrated by some molecular and biochemical 

mechanisms as follows. The KD treatment shows an anti-inflammatory effect by 

inhibiting nuclear factor kappa-B (NfκB) activation and NLRP3 inflammasome 

activation, irrespective of polyunsaturated fatty acids (Dupuis et al. 2015; Pinto et al. 
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2018). Another study is that while the MCAO mouse model was intervened with KD, 

βHB activates the HCA2 in macrophages. The activation of the HCA2 induces 

prostaglandin D2 (PDG2) secretion, which inhibits NfκB activation and pro-

inflammatory cytokine secretion by activating the COX1 and HPGDS enzymes (Rahman 

et al. 2014). Furthermore, in a KD-fed glaucoma mouse model, HCA1, the target of BHB, 

along with increased expression of ARRB2, has been shown to inhibit NLRP3 

inflammasome function, leading to decreased NLRP3 and IL-1β levels (Harun-Or-Rashid 

and Inman 2018). Apart from these, high concentrations of the βHB and long-term KD 

intervention trigger activation of the pro-inflammatory mediators of IL-1β, TNF-α, and 

IL-6 (Shi et al. 2014; Goldberg et al. 2020). 

 

1.5.3 CCL2/CCR2 Axis in Neuroinflammation 

 

The chemokine C-C motif 2 (CCL2) or monocyte chemotactic protein 1 (MCP-1) is 

a chemoattractant protein that signals through binding its specific receptor of chemokine 

receptor type 2 (CCR2) (Bose and Cho 2013). CCL2 plays a vital role in mediating the 

migration and infiltration of monocytes/macrophages and does so through its complex 

with the CCR2 receptor (Rollins 1996; Lu et al. 1998). Different cell types in the brain, 

such as astrocytes, microglia, and endothelial cells, produce CCL2 constitutively or in 

response to a range of agents or metabolic states, including growth factors, cytokines, and 

oxidative stress (Semple, Kossmann, and Morganti-Kossmann 2010). Similar to CCL2, 

CCR2 is secreted by astrocytes, microglia, and endothelial cells (Dorf et al. 2000; 

Boddeke et al. 1999; Banisadr et al. 2005). 

The interaction of chemokine CCL2 and its receptor CCR2 (CCL2/CCR2 axis) has 

been associated with neuroinflammation-related pathology in various neurodegenerative 

and lysosomal storage disorders (Conductier et al. 2010; Vitner 2020). In Alzheimer's 

disease, CCL2 levels significantly increase in the patient's CSF, which was associated 

with the severity of the disease (Galimberti et al. 2006). In addition, overexpression of 

the CCL2 expression in the APP mouse model triggers microgliosis and amyloid β-plaque 

formation (Kiyota et al. 2009). In multiple sclerosis (MS), acute and chronic term-derived 

MS plaques from patients exhibited elevation levels of the CCL2, secreted from microglia 

and astrocytes (Conductier et al. 2010). The lack of the CCL2 gene in the EAE mouse 

model displays delayed and reduced disease symptoms (D. R. Huang et al. 2001). 
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However, the inactivity of CCL2 observed in the EAE mouse model of MS lacking the 

CCR2 gene is explained by the absence of encephalopathic pathology (D. Huang et al. 

2005). Moreover, the elimination of the CCL2/CCR2 axis also mitigates 

neuroinflammation and subsequent neuronal cell death by STAT3 activation and 

inhibiting IL-1β secretion in the kainic-acid-induced status epilepticus mouse model 

(Tian et al. 2017). Gaucher disease, a type of lysosomal storage disorder, exhibits 

overproduction of the pro-inflammatory mediators, particularly CCL2, and is 

characterized by macrophage activation and immune activity in the brain (Manoj Kumar 

Pandey and Grabowski 2013). In addition, the Farber disease mouse model 

(Asah1P361R/P361R) is damaged by excessive ceramide and ganglioside accumulation 

in Schwann cells, which in turn damages the CNS and PNS, primarily by inducing CCL2 

and various pro-inflammatory chemokines/cytokines (Dworski et al. 2017). Last, the 

GM2 gangliosidosis mouse model (Hexa-/-Neu3-/-) exhibits elevation of the CCL2 gene 

expressions in cortex and cerebellum tissue compared to controls. Elevation of the CCL2 

gene expressions might cause activation of the astrocyte and microglia with the assist of 

the CCR2 receptor that, led to astrogliosis (Demir et al. 2020). 

The intracellular signaling of the CCL2/CCR2  axis in the CNS takes place by 

binding the CCL2 ligand to the G-protein coupled receptor of the CCR2. The interaction 

of the CCL2 and CCR2 is mainly responsible for the monocyte recruitment first. 

CCL2/CCR2 axis is also related to the intracellular mechanisms of phosphatidylinositol-

3 kinase, mitogen-activated protein kinase, and protein kinase C pathways (Stamatovic et 

al. 2005; Wain, Kirby, and Ali 2002). 

 

1.6 Autophagy 

 
Autophagy is a conserved cellular process that eliminates unnecessary/dysfunctional 

components and damaged organelles to stabilize intracellular homeostasis. In general, 

autophagy plays a protective role for the cell, but disruption of autophagy mechanisms or 

excessive autophagic flux often leads to cell death as it disrupts cell homeostasis. 

Autophagy also takes place in response to any signal or stress like starvation, infection, 

or growth factor depletion (Dikic and Elazar 2018).  

There are three different types of autophagic mechanisms: macroautophagy, 

microautophagy, and chaperone-mediated autophagy, which are distinguished by the way 

in which the degraded substances are transported to the lysosome. Microautophagy is the 
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process by which small particles to be degraded are taken into the lysosome and degraded 

through indentations in the membrane (Levine and Kroemer 2019). Chaperone-mediated 

autophagy is the transport of cytosolic proteins with specific peptide sequences to 

lysosomes after binding to chaperone proteins and recognition by the carrier Hsp73 

protein. This autophagy pathway does not require vesicular trafficking (Y. Liu, Tan, and 

Tan 2023). The last and the most common autophagic pathway is macroautophagy, in 

which large particles and organelles are taken in through autophagosomes, transported to 

the lysosome, and fused with lysosomes (Mehrpour et al. 2010).  

The regulation of the autophagic flux is provided by highly conserved ATG genes, 

which are responsible for the autophagic process of nucleation, elongation, and fusion 

(Levine and Kroemer 2019). Initiation of autophagy occurs by the formation of the 

phagophore structure from the organelles such as mitochondria, Golgi apparatus, and 

endoplasmic reticulum (ER). The ULK1 complex regulates this structure, and mTORC1 

and AMP-kinase control the ULK1 complex through inhibition and activation, 

respectively (Holczer et al. 2019). The nucleation step occurs with the class III 

phosphatidylinositol 3-kinase (PtdIns3K) complex, composed of PI3K, Vps34, Atg14, 

and the main protein Beclin-1. Beclin-1 regulates autophagic initiation and other cellular 

death mechanisms (Kang et al. 2011). After that, the expanded phagophore structure 

conjugates with the Ubl protein complexes, which are ATG12-ATG5 and MAP1LC3-

I/LC3-II complexes. LC3-I is the most abundant form of LC3 protein, which is converted 

to LC3-II upon induction of the autophagy, but LC3-II plays a pivotal role in the 

formation of autophagosomes and the degradation of autophagic cargo through 

interaction with the p62/SQSTM1 protein in response to autophagic signaling (Young et 

al. 2006). In the last step, the autophagosome fuses with the lysosome to form an 

autolysosome with the assistance of the N-ethylmaleimide–sensitive factor attachment 

protein receptor (SNARE) complex, which binds to ATG14 for completion of the fusion 

process. In the end, LC3-II and cargo proteins are finally degraded by lysosomal enzymes 

(Nakamura and Yoshimori 2017; Mizushima and Yoshimori 2007). 

 

1.6.1 Autophagy in LSDs 

 

Lysosomes are intracellular organelles with an acidic intrinsic pH that perform 

crucial roles in cellular clearance. Lysosomal hydrolytic enzyme deficiencies in 
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lysosomal storage disorders (LSD) display progressive accumulation of the cellular 

macromolecules, which causes disease pathologies. In spite of different accumulations of 

the undegraded macromolecules in the cell, LSDs show pathologic similarities such as 

neurodegeneration (Settembre et al. 2008).  

Lysosomes play a core role in the autophagic pathway by fusing with 

autophagosomes and digesting cargo products. The discovery of transcription factor EB 

(TFEB), a master gene that regulates the synthesis and activity of both lysosomes and 

autophagosomes, as well as an overarching regulatory gene network (CLEAR), provides 

new evidence for the cooperative and integrated roles of lysosomes and autophagosomes 

(Settembre et al. 2011; Sardiello and Ballabio 2009). By looking at lysosomal effects in 

the autophagic pathway, it seems that LSDs are at the core of autophagic studies. 

Autophagic vacuoles accumulate and expand in the Pompe disease mouse muscle due to 

autophagic impairment. Furthermore, electron microscopy revealed the accumulation of 

the lysosomal membrane marker LAMP1 and LC-3 positive cargoes in the muscle tissues 

of Pompe disease mice (S. Xu et al. 2010). In the MPS mouse model, LC-3, which 

indicates the presence of autophagosomes, accumulates in the brain without colocalizing 

with LAMP1. This may be due to disruption of autophagosome-lysosome fusion 

(Settembre et al. 2008). The autophagic impairment results in accumulation of the 

secondary autophagic substrates, such as damaged mitochondria and ubiquitinated 

proteins. Autophagic impairment was also shown in GM2 gangliosidosis mouse models: 

the Sandhoff mouse model (Hexb-/-) and the Tay-Sachs mouse model (Hexa-/-Neu3-/-). 

Sandhoff mouse model displays the accumulation of the LC3-II protein during autophagic 

flux, indicating an autophagic abnormality in the autophagosome-lysosome fusion step 

or the inability of the lysosomal degradation. Moreover, the autophagic cargo protein of 

the p62/SQSTM1 also accumulates in the Hexb-/- mouse brain due to dysfunctional 

autophagosomal-lysosomal turnover (Keilani et al. 2012). The Tay-Sachs mouse model 

(Hexa-/-Neu3-/-) shows that autophagic flux is disrupted by the accumulation of LC3-II 

and p62/SQSTM1 in addition to GM2 ganglioside through the failure of the termination 

step of autophagy (Sengul et al. 2023). 

1.6.2 Ketogenic Diet and Autophagy 

 

 The ketogenic diet-induced ketone body production plays a regulatory role in 

autophagic flux to maintain cell survival and homeostasis. This autophagic triggering is 
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mediated through multiple signaling mechanisms. The main ketone body of the BHB 

elevates the NAD+, activating sirtuin 1/2 (SIRT1/2) through the SIRT1-AMPK pathway. 

AMPK stimulates autophagy by inhibition of mTORC1 and activation of ULK1 via 

phosphorylation because, under normal conditions, mTORC1 inhibits ULK1 activity, 

which is responsible for the autophagosome formation (Egan et al. 2011). SIRT2 triggers 

autophagy by activating FOXO1/3a, different from the SIRT1/AMPK pathway (McCarty, 

DiNicolantonio, and O’Keefe 2015). Moreover, ketone bodies also induce transcription 

factor EB (TFEB), Peroxisome proliferator-activated receptor alpha (PPARα), 

Peroxisome proliferator-activated receptor (PPAR) gamma coactivator 1 alpha (PGC1) 

expressions to mediate lysosome production. Elevation of these genes by ketone body 

induction disrupts lysosome-associated membrane protein 2 (LAMP2) and autophagic 

contents in NMDA-injected and MCAO-induced brain-injured rodent brains (Montiel et 

al. 2020; 2023). In addition to other mechanisms of autophagic induction via ketone 

bodies, there is also inhibition of mTORC1, although the α-subunit of eukaryotic 

initiation factor 2 (eIF2), protein kinase C (PKC) and c-Jun N-terminal Kinase (JNK) 

pathways are activated due to increased fatty acid levels (K. H. Kim and Lee 2014). BHB 

also interacts with and inhibits histone deacetylases (HDACs), which are included in 

histone modifications and triggering FOXO3a activities which induce autophagic flux by 

regulation of the ATG proteins, Beclin-1, etc. (Shimazu et al. 2013). Furthermore, since 

BHB inhibits mTOR, it also indirectly inhibits the Akt mechanism, which leads to the 

triggering of autophagy flux (Yamada et al. 2010). In summary, by regulating autophagy 

flux, ketone bodies may contribute to autophagy induction, allowing cell survival when 

energy availability is limited. 
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Figure 1.4 Regulation of neuroinflammation and autophagy signaling through ketogenic 

diet intervention (Source: (Jang et al. 2023)). 

 

1.7 The Aim of the Thesis 

 

The neuroinflammatory response and impairment of the autophagic flux have 

been shown in the Hexa-/-Neu3-/- mouse model. The purpose of the thesis is the 

elucidation of the efficacy of combined ketogenic diet and anti-inflammatory drug 

(propagermanium) therapy on the neuroinflammation and autophagy in the GM2 

gangliosidosis mouse model. The purpose was also whether which strategy (short- 

term or long-term ketogenic diet therapy) is more effective when combined with the 

anti-inflammatory drug treatment to ameliorate neuroinflammation and autophagy 

due to abnormal GM2 accumulation. 
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CHAPTER 2 

 

 MATERIALS AND METHODS 

 

2.1  Mouse Genotyping 

 

The Turkish Council on Animal Care (TCAC), a recognized animal facility of the 

Izmir Institute of Technology, provided the breeding and maintenance of the mice. 

Animals were kept at a steady temperature and exposed to 12-hour cycles of light and 

darkness. Ad libitum access to food and drink was provided. According to the Turkish 

Institute of Animal Health's manual for handling and using laboratory animals, all animal 

experiments were conducted on animals. 

 The Hexa-/- mouse model was crossed with the Neu3-/- mouse model to create 

the GM2 gangliosidosis mouse model (Hexa-/-Neu3-/-). In F1, heterozygous (Hexa+/-

Neu3+/-) male and female mice were generated. Afterward, heterozygous female and 

male mice were bred to create the Hexa-/-Neu3-/- mouse model (Table 2.1). 

 

Table 2.1 Generation of Hexa-/-Neu3-/- mouse model 

 Breeding Genotypes 

F1 Generation Hexa-/- ♀ X Neu3-/- ♂ 

or  

Hexa-/- ♂ X Neu3-/- ♀ 

 

Hexa+/-Neu3+/- 

F2 Generation Hexa+/-Neu3+/- ♀ 

X 

Hexa+/-Neu3+/- ♂ 

Hexa+/+Neu3+/+ (1/16) 

Hexa-/-Neu3+/+ (1/16) 

Hexa-/-Neu3-/- (1/16) 

  

 Genotypes of mice were determined after each breeding with genomic DNA 

isolation from the mice’s tail and polymerase chain reactions (PCR). First, a small tail cut 

was put in the 1.5 mL Eppendorf tube. 250 mL lysis buffer (10% 1M Tris pH 7.6, 20% 

SDS, 2.5% 0.2M EDTA, and 4% 5M NaCl) and 6 µL Proteinase K (25 ug/ul stock 

solution) were added to this tube. Eppendorf tubes were put into the shaker incubator at 
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55℃ overnight. After overnight incubation, samples were centrifuged at 14000 rpm for 

10 minutes. The supernatant was taken and transferred to the fresh tube to continue further 

DNA isolation steps. The same supernatant volume of 100% isopropanol was added to 

the samples, and the solution was gently mixed. Precipitated DNA was transferred to the 

new tube, which included 70% ethanol. Samples were then centrifuged at 15000 rpm for 

1 min. After centrifugation, the supernatant was discarded, and the samples were air-dried 

at room temperature for 10 min. In the last step, samples were dissolved with the 100 µl 

distilled water and then incubated at 55℃ for 1 hour. DNA samples were stored at -20℃ 

for PCR reactions. 

 Two PCR reactions for Hexa and Neu3 genes were performed for each mouse to 

detect whether the mouse was a double knockout. To amplify the Hexa and Neu3 genes 

by PCR reaction, the designed primers illustrated in Table 2 were used. The PCR reaction 

for Hexa was prepared with 100 ng genomic DNA and 25 µl of the PCR reaction mix, 

including 1X PCR buffer (GeneDireX Inc, Taiwan), 50 pmol of each primer, 10 mM 

dNTPs, 1.5 mM MgCl2, 2.5 units of Taq polymerase (GeneDireX Inc, Taiwan). 

Conditions of HexA PCR: 1 cycle 30 seconds at 95˚C, 30 cycles 30 seconds at 95˚C, 45 

seconds at 60˚C, 45 seconds at 72˚C, and 1 cycle 5 minutes at 72˚C. 

The PCR reaction of Neu3 was carried out with 100 ng genomic DNA and 50 µl PCR 

reaction mix containing the same components except primers like Hexa PCR. Neu3 PCR 

conditions: 1 cycle of 3 minutes at 94℃, 35 cycles of 50 seconds at 94℃, 45 seconds at 

58℃, 2 minutes at 72℃, and 1 cycle of 10 minutes at 72 ̊C. 

 

Table 2.2 Primer sequences for mouse genotyping. 

Genes Primer Sequences Product Size 

Hexa-F 5’-GGCCAGATACAATCATACAG-3’ WT: 420 bp 

KO: 210 bp 

 

PGK-R 5’-CACCAAAGAAGGGAGCCGGT-3’ 

Hexa-R 5’-CTGTCCACATACTCTCCCCACAT-3’ 

Neu3-F 5’-AAGCAGAGAACATTCTTGAGAGAGCACAGC-3’ WT: 1100 bp 

KO: 600 bp Neu3-

552R 

5’TCGTGCTTTACGGTATGCCCGCTCCCGATT-3’ 

Neu3-

553R 

5’GTGAGTTCAAGAGCCATGTTGCTGATGGTG-3’ 
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2.2  Ketogenic Diet Intervention 

 

 WT, Hexa-/- and Hexa-/-Neu3-/- mice were divided into two main groups 

according to the time range of diet interventions: long-term ketogenic diet (LTKD) and 

short-term ketogenic diet (STKD).  These two main groups were subdivided into four 

groups, illustrated in Table 2.3 and Table 2.4. (Standard Diet (SD), Ketogenic Diet (KD), 

Propagermanium (Propa or PG), and combined Ketogenic diet and Propagermanium 

(KD+PG). Mice were divided into distinct groups to evaluate diet consumption and body 

weight effectively. STKD group of mice was fed a standard diet (C1000, (Altromin, 

Germany) until the ketogenic diet intervention.  The control diet is composed of 13% fat, 

20% protein, and 67% carbohydrate. The control diet was restricted due to the weight loss 

requirement of approximately 15%-18% for 10 days before the ketogenic diet 

intervention. All the mice were starved in the last 16 hours before starting a ketogenic 

diet. The short-term ketogenic diet group was intervened by ketogenic diet ad-libitum for 

10 days. The ketogenic diet is composed of 84% fat, 11% protein, and 5% carbohydrate.  

LTKD group of mice was fed a standard diet only 10 days after weaning to adapt 

to the ketogenic diet. When calorie reduction was ended after 10 days, the ketogenic diet 

intervention was maintained ad-libitum until the sacrification of the mice. 

 

Table 2.3 STKD treatment strategies for each genotype. 

Treatment Strategies WT Hexa-/- Hexa-/-Neu3-/- 

Standard Diet + + + 

Ketogenic Diet + + + 

Propagermanium - + + 

Ketogenic Diet + Propagermanium - + + 

 

Table 2.4 LTKD treatment strategies for each genotype. 

Treatment Strategies WT Hexa-/- Hexa-/-Neu3-/- 

Standard Diet + + + 

Ketogenic Diet + + + 

Propagermanium - + + 

Ketogenic Diet + Propagermanium - + + 
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2.3  Drug Administration 

 

When the mice were 119-day-old, propagermanium (PG) was mixed with 

drinking water (8 mg/kg/day) and administered for 21 days until sacrification. 

Furthermore, the combination of the ketogenic diet and propagermanium started ten 

days before sacrification for the STKD group, while this procedure lasted 21 days for 

the LTKD group until sacrification.  

 

 

Figure 2.1 Illustration of the short-term ketogenic diet and propagermanium treatment 

strategies for WT, Hexa-/- and Hexa-/-Neu3-/- mouse model. 
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Figure 2.2 Illustration of the long-term ketogenic diet and propagermanium treatment 

strategies for WT, Hexa-/- and Hexa-/-Neu3-/- mouse model. 

 

2.4  Body Weight Measurement 

 

Body weights of each genotype WT, Hexa-/- and Hexa-/-Neu3-/- mice were 

measured every three days, which started after one month of age for each mouse until 

sacrification. Ketogenic diet consumption was also recorded simultaneously as body 

weight measurement. 

 

2.5  Ketone Body Measurement 

 

Ketone body level was measured as mmol/L before and after each treatment to 

determine whether the ketogenic diet and propagermanium affect ketone body 

metabolism. A small tail piece was cut to measure the ketone body, and blood was put on 

the ketone test strips (Abbott Diabetes Care, Inc., cat no. #7074565). The ketone strip was 

placed in the Precision Xtra meter device (Abbott Diabetes Care, Inc., cat no. #9881465). 
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2.6  Brain Tissue Handling 

 

 Brain tissues were collected from 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- 

after each treatment strategy. Either collected fixed or dissected brain tissues were stored 

at -80℃ until usage.  

 

2.6.1 Brain Tissue Dissection 

 

 Aged-matched short-term and long-term ketogenic diet/propagermanium treated 

or untreated 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice were sacrificed via 

cervical dislocation. After that, brain tissues were dissected by a dissector blade as two 

halves of cortex and cerebellum, which were focused on the experiments of the thesis. All 

brain tissue was frozen with dry ice and stored at -80℃. 

 

2.6.2 Brain Fixation 

 

 The brain was fixed by transcardiac perfusion for immunofluorescence and 

histological staining. First, mice were anesthetized with ketamine and xylazine (200/10 

mg/kg) by intraperitoneal injection. Each mouse was first perfused with a 0.9% NaCl 

solution and then fixed with 4% paraformaldehyde (PFA). Three animals were fixed from 

each genotype for each treatment strategy. Anesthetized animals were immobilized by 

tape on the stage while they were laid down. Mouse skin was griped, and an incision 

revealed a xiphoid. The xiphoid was griped, with two side lateral incisions under the 

ribcage to expose visceral organs. The needle was inserted from the heart's left ventricle 

and parallel to the heart. Before the perfusion was started, an incision was made from the 

right atrium. 15 mL of 0.9% NaCl solution was passed, and the liver turned pale. The 

solution was switched from 0.9% NaCl to 4% PFA in 1xPBS for fixation. Mice became 

very stiff due to perfusion with approximately 20 mL of 4% PFA. The mice were 

decapitated, and their brains were dissected by micro spatula. Dissected brains were put 

into the 4% PFA overnight at 4℃. After overnight incubation in 4% PFA, a sucrose 

gradient was performed to discard excessive water inside the brain.  First, brains were put 

into the 10% sucrose in 1xPBS (pH=7.4) for 2 hours at 4℃, and then brains were 

transferred to the 20% sucrose solution for 2 hours. Finally, brains were incubated 
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overnight in the 30% sucrose solution at 4℃. On the last day, brains were embedded 

inside the embedding molds containing OCT (Optimal Cutting Temperature). Embedding 

molds were placed into the dry ice to mediate the slow freezing of the embedded mouse 

brain inside the OCT. Fixed brains were stored at -80℃ until cryosectioning. 

 

2.6.3 Cryosectioning 

 

 Fixed brain tissues were first placed into the cryostat (CM1850-UV, Leica, 

Wetzlar, Germany) to reach optimal cutting temperature (-22/-23 ℃). The mouse brain 

was cut 10 µm of coronal sections, collected on the poly-lysine coated HistoBond 

(Marienfeld, Germany) slides. The slides were stored at -80℃ until immunofluorescence 

and histological staining. 

 

2.7  Thin Layer Chromatography (TLC) 

 

2.7.1 Ganglioside Isolation 

 

 Thin layer chromatography illustrated the acidic and neutral gangliosides from 

each treatment group of 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice cortex and 

cerebellum. Brain samples (Short-Term group: 10 samples cortex, 10 samples 

cerebellum; Long-Term group: 10 samples cortex, 10 samples cerebellum) stored at -

80℃ were measured as 50 mg for ganglioside isolation. Brain samples were put into the 

borosilicate tube, and 2 mL dH2O was added. The samples were homogenized by Ultra 

Turax homogenizer (IKA T10, Sigma, Darmstadt, Germany) at 6000 rpm for 45 seconds. 

Borosilicate tubes were put into the ice-cold water, and a sonicator (Bandelin, Berlin, 

Germany) performed sonication for four cycles of 1.5 minutes to mediate cell lysis. After 

that, borosilicate tubes were put into the heated water with a Reacti-Therm Heating 

module (Thermo, Massachusetts, USA) at 37℃. Heated water and N2 flow accelerated 

the evaporation of the water. Extraction of the ganglioside process began after this step. 

Dried pellets were dissolved in 3 mL 100% acetone by vortex and incubated for 2 minutes 

at RT. After incubation, samples were centrifuged at 2000 rpm for 5 minutes, and 

supernatants were removed. This process is repeated two times. Next, pellets were 

extracted twice by adding 1.5 mL chloroform/methanol/dH2O (10/10/1) solution. After 
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each addition, samples were centrifuged at 2000 rpm for 5 minutes, and then supernatants 

were collected by Pasteur pipettes in the fresh neutral tubes. Methanol/chloroform/water 

(60/30/8) solution was added twice to the samples and centrifuged at 200 rpm for 5 

minutes. Supernatants were put over the same neutral tubes. A total mixture of acidic and 

neutral gangliosides was obtained after these steps. DEAE Sephadex A-25 ion exchange 

columns were prepared to get neutral gangliosides from the collected ganglioside mixture.  

 The ion exchange columns were prepared by incubating 2 gr Sephadex A-25 resin 

with 20 ml of chloroform/methanol/0.8M sodium acetate (30:60:8) solution for 5 minutes. 

The mixture was centrifuged at 2000 rpm for 2 minutes, and the supernatant was removed. 

After repetition of this step, the resin was incubated overnight with the same solution. 

The next day, the solution was removed, and the resin was washed with 20 ml of 

chloroform/methanol/water (60/30/8) three times. After this step, the resin was ready to 

use for the ion exchange procedure. The column was prepared with glass Pasteur pipettes, 

glass woolen, and resin. First, the glass woolen was placed into the Pasteur pipettes, and 

resin was added 2 cm over the glass woolen to prepare the separation column. Each 

column was washed with 1 mL of chloroform/methanol/water (10:10:1) solution and 1 

mL of chloroform/methanol/water (30:60:8) solution, respectively. New neutral tubes 

were loaded under the columns, and then collected ganglioside mixtures were added into 

the column. Next, neutral gangliosides were obtained when 4 mL of 100% methanol was 

added to each column. Later, new neutral tubes were placed under the column, and 4 mL 

of 500 mM potassium acetate in methanol was added into each column to elute acidic 

glycosphingolipids. Acidic glycosphingolipids were eluted to acidic gangliosides using 

the SupelCleanTM LC-18 SPE column (Sigma-Aldrich, USA). SPE columns were placed 

on the ChromaBond Vacuum manifold, and the vacuum was arranged to 3-4 Hg. Firstly, 

columns were washed with 2 mL methanol and then 2 mL of 500 mM potassium acetate 

in methanol. After the washing steps, the acidic glycosphingolipid mixtures were added 

to the columns. Next, 10 mL of water was added to each column and flowed through. 

New neutral tubes were placed into the vacuum manifold, and then 4 mL of methanol and 

4 mL of chloroform/methanol (1/1) were added to each column, respectively. After the 

addition of these solutions, the acidic gangliosides flowed through the columns were the 

acidic gangliosides. Neutral and acidic gangliosides collected at the end of neutral tubes 

were placed in a Reacti-Therm Heating module (Thermo, Massachusetts, USA), which 

heats the water to 37 ℃. These tubes evaporated with N2 and heated water. 
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2.7.2 Chromatographic Analysis 

 

 Neutral and acidic gangliosides were loaded onto the 20x20 cm silica gel plates 

(Merck, USA) to visualize ganglioside patterns. In the first step, TLC running solution 

was prepared into the tank, which included half a volume of methanol/chloroform/0.2% 

CaCl2 (35:60:8). Tank was incubated with running solution for at least 2 hours 15 minutes. 

Before loading neutral or acidic gangliosides onto the silica plate, the silica plate was 

heated at 100℃ for 30 minutes. Dried samples for neutral or acidic gangliosides were 

loaded onto the silica plates by the Linomat 5 device (Camag, Muttenz, Switzerland). 

Dried neutral or acidic ganglioside samples were dissolved with 100 ul of 

chloroform/methanol/water (10:10:1) solution. Then, 20 ul neutral and 45 ul acidic 

ganglioside samples were taken with a 100 ul Hamilton syringe and loaded automatically 

onto the 20x20 silica plates, respectively. After loading the samples, plates were run 10 

cm into the TLC tank. 

 

2.7.3 Visualization of the Silica Plates 

 

 Visualization of the silica plates was performed by orcinol staining. 0.6 gr of 

orcinol (Sigma-Aldrich, USA) was dissolved with 15 mL 25% sulfuric acid solution into 

the 50 mL glass TLC sprayer (Sigma-Aldrich, USA). The spray solution is incubated at 

room temperature to cool because a hot solution could cause a black spot after spraying. 

After incubation, orcinol solution was sprayed to the silica plates, and then plates were 

placed onto the TLC heater (CAMAG, Switzerland) at 120-125 ℃ until ganglioside 

bands were observed. In the end, plates were scanned by HP Scanner, and ganglioside 

band intensities were measured by NIH ImageJ software (Fiji). 

 

2.8  qRT-PCR Analysis 

 

Ganglioside metabolism, neuroinflammation and autophagy-related genes were 

performed relative mRNA expression of 140-day-old mice brain cortex and cerebellum. 

RNA primer sequences are shown in Table 2.5. Ganglioside metabolism was analyzed by 

B4Galnt1, B3Galnt4, GM3S, GD3S and HexB gene expressions. For neuroinflammation, 
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CCL2, CCL3, CCL5, CXCL10, and GFAP expressions were analyzed while for 

autophagy, Beclin-1, Atg7, Atg9, p62/SQSTM1 and Lamp-2 gene expressions were 

analyzed. Gapdh was used as a housekeeping gene to normalize gene expressions. 

 

2.8.1 RNA Isolation 

 

 The mouse brain cortex and cerebellum were weighed at 50 mg and put into the 2 

mL Eppendorf tubes. 500 µL Genezol (Geneaid, Taiwan) and one magnetic bead were 

added to each Eppendorf tube. Magnetic beads included samples were homogenized by 

homogenizer (Retsch MM100) for 30 seconds at 1-25 frequency. This step could be 

performed twice if the tissue is not totally homogenized. After homogenization, samples 

were incubated at RT for 5 minutes and transferred to fresh 1.5 mL Eppendorf tubes. 100 

µL chloroform for 500 µl Genezol was added to each sample. The samples were gently 

inverted after chloroform addition for 15 seconds. Next, the samples were centrifuged at 

15.000g for 15 minutes at 4℃ to separate the RNA phase from the DNA and proteins. 

Supernatants were transferred to the new 1.5 mL Eppendorf tubes to precipitate the RNA 

by 1 volume addition of 100% isopropanol. After that, samples were incubated for 10 

minutes at RT before performing centrifugation of samples at 15.000g for 10 minutes at 

4℃. Supernatants were removed, and 1 mL of 70% ethanol was added to each sample for 

washing. Centrifugation was performed the last time for each sample at 7.500g for 5 min 

at 4℃. Samples were incubated at RT for 5 min to dry after removal of supernatants. After 

5 minutes, 30-50 µL RNA-free water was added to dissolve the RNA pellet, which was 

incubated in a water bath at 55℃ for 15 minutes.  

 

2.8.2 cDNA Synthesis 

 

 cDNA isolation was performed after RNA isolation from the cortex and 

cerebellum. According to the manufacturer's instructions, RNAs from the cortex and 

cerebellum were converted to 50 ng/µL of cDNA by a cDNA conversion kit (BioRad, 

USA). RNA concentrations of each sample were measured by nanodrop before 

preparation of the reaction mixture, which includes 1x RT buffer, 4 mM dNTP mix, 

OligodT Primers, and 50 Units Reverse Transcriptase enzyme except calculated volume 

of water and RNA mixture depending upon RNA concentrations. PCR conditions for 20 
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µL mixture: 1 cycle of 15 minutes at 42°C, 1 cycle of 5 minutes at 85°C, and 1 cycle of 

15 minutes at 65°C. To demonstrate whether cDNA was converted from an RNA mixture, 

Gapdh PCR was performed. Gapdh PCR comprised 1x reaction buffer, 0.8 mM Gapdh 

primers, 10 mM dNTPs, and 1.75 units Taq polymerase (GeneDirex, Taiwan) for 50 ng 

of cDNA. The reaction occurred by these conditions: 1 cycle of 2 minutes at 95˚C, 30 

cycles of 20 seconds at 95˚C, 15 seconds at 65˚C, 22 seconds at 72˚C, and 1 cycle of 3 

minutes at 72˚C. PCR bands were illustrated by agarose gel electrophoresis (1% agarose 

gel) at 100 V for 30 minutes. 

 

2.8.3 qRT-PCR Reaction 

 

 Relative mRNA expression of neuroinflammation and autophagy-related primer, 

which were shown in Table x., were carried out by Roche LightCycler 480 SYBR Green 

I Master Mix using Roche LightCycler® 96 System. The real-time PCR reaction 

comprised 0.4 µM forward and reverse primers, SYBR Green I Master Mix, and 50 ng 

cDNA. These conditions performed the reaction: 1 cycle of 10 minutes at 95 ̊C, 45 cycles 

of 20 seconds at 95 ̊C, 15 seconds at 60 ̊C, and 22 seconds at 72 ̊C. Samples were loaded 

three times, and three results were averaged to be accurate. In addition, each gene 

expression result was normalized to the Gapdh expression. Statistical analysis was 

completed by using one-way ANOVA on GraphPad Prism. 

 

Table 2.5 Primer sequences for the relative gene expression analysis of 

neuroinflammation and autophagy-related markers 

 Gene Primer Sequences Size 

G
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e 
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a
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s 

B4Galnt1 F:5’ -GGGCGGTTGACCTCACTAAA- 3’ 

R:5’ -GGAGAACCGGACTGTGTCTG- 3’ 

431 bp 

B3Galnt4 F:5’ -GGCAGTGCCCCTTCTGTATT- 3’ 

R:5’ -GTGCAGTCCTCTCCCCATTC- 3’ 

407 bp 

GM3S F:5’ -GCTGCCCGAACATGACTTTC- 3’ 

R:5’ -TGAAGTGCTTTGGCTGGAGT- 3’ 

389 bp 

GD3S F:5’ -AGGAGATTGTGCAAGGGGTG- 3’ 

R:5’ -TGGCGAATTATGCTGGGGTT- 3’ 

418 bp 

HexB F: 5’ -AGTGCGAGTCCTTCCCTAGT- 3’ 412 bp 
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R:5’ -ATCCGGACATCGTTTGGTGT- 3’ 

N
eu

ro
in

fl
a
m

m
a
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n

 M
a
rk

er
s 

CCL2 F:5’-ATGCAGTTAATGCCCCACTC-3’ 

R:5’-TTCCTTATTGGGGTCAGCAC-3’ 

167 bp 

CCL3 F:5’-TCTGTACCATGACACTCTGC-3’ 

R:5’-AATTGGCGTGGAACTTTCCG-3’ 

103 bp 

CCL5 F:5’-AGTGCTCCAATCTTGCAGTC-3’ 

R:5’-AGCTCATCTCCAAATAGTTG-3’ 

108 bp 

CXCL10 F:5’-ACCATGAACCCAAGTGCTGCCGT-3’ 

R:5’-AGGAGCCCTTTTAGACCTTTTTTG-3’ 

297 bp 

GFAP F:5’-AGTAACATGCAAGAGACAGAG-3’ 

R:5’-TAGTCGTTAGCTTCGTGCTTG-3’ 

113 bp 

A
u
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p

h
a
g
y
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Beclin-1 F:5’-GAGGAGCAGTGGACAAAAGC-3’ 

R:5’-CAAACATCCCCTAAGGAGCA-3’ 

112 bp 

Atg7 F:5’-CCTGTGAGCTTGGATCAAAGGC-3’ 

R:5’-GAGCAAGGAGACCAGAACAGTG-3’ 

147 bp 

Atg9 F: 5’-GTTAGCTGTGGAACACGTCCTC-3’ 

R: 5’-GCAAGAATCACTCGGAGCAGCT-3’ 

126 bp 

p62/SQSTM1 F:5’- TGTGGAACATGGAGGGAAGAG -3’ 

R:5’- TGTGCCTGTGCTGGAACTTTC -3’ 

67 bp 

Lamp-2 F:5’- TAACATCAACCCTGCCACAA-3’ 

R:5’- AAGCTGAGCCATTAGCCAAA-3’ 

176 bp 

 Gapdh F:5’-CCCCTTCATTGACCTCAACTAC-3’  

R:5’- ATGCATTGCTGACAATCTTGAG-3’ 

347 bp 

 

2.9 Western Blotting 

 

 The cortex and cerebellum tissues from each treatment group of 140-day-old WT, 

Hexa-/- and Hexa-/-Neu3-/- mice. Isolated proteins were illustrated with NfκB and IkB 

antibodies for neuroinflammation and p62/SQSTM1 and LC3 antibodies for autophagic 

flux. 
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2.9.1 Protein Isolation 

 

 The cortex and cerebellum tissues were homogenized with a mini homogenizer 

after the addition of 500 µL of tissue lysis buffer, which was composed of 1% Triton X-

100, 10% Glycerol, 50mM Tris-Base, 50mM HEPES, 150mM NaCl, 1% PMSF, and 1% 

protease inhibitor. Protein samples were put on ice for 1 hour when homogenization was 

completed. Next, each sample was centrifuged at 15.000g for 15 minutes at 4℃. The 

supernatant (isolated total protein) was transferred to the fresh Eppendorf tubes and stored 

at -20℃.  

 

2.9.2 Bradford Assay 

 

 Isolated proteins were diluted at a 1/10 ratio (2 µL protein + 18 µL dH2O) to carry 

out the Bradford assay at 595 nm. A BSA standard curve was drawn with the different 

concentrations (100,80,40,20,10 µg/mL) of BSA solutions to prepare equal protein stocks 

for each sample. Diluted samples and each BSA solution were loaded twice into the 96-

well plates. After that, 200 µL of Bradford solutions were added to each well, and 96-well 

plates were incubated in the dark for 5 minutes. After incubation in the dark, protein 

absorbance values were measured at 595 nm by iMark™ Microplate Absorbance Reader 

(BioRad, USA). A standard curve was plotted by different concentrations of BSA solution 

absorbances. Equation from the standard curve was used to prepare the same quantity of 

the protein stock volume (20 µg) from each sample. Later, prepared protein samples were 

mixed with the 4:1 ratio of loading dye solution (40% Glycerol, 240mM Tris-HCl pH: 

6.8, 8% SDS, 0.04% Bromophenol Blue, and 5% β-mercaptoethanol). Protein mixtures 

were boiled at 95℃ for 10 minutes and then stored at 4℃.  

 

2.9.3 SDS-PAGE 

 

 SDS-PAGE was performed by preparation of two different gels, which were 

resolving and stacking gels. Gel concentrations and components are illustrated in Table 

2.6. First, resolving or lower gel was prepared and poured between western blot glass 

plates held stable with the clamp. After polymerization of the resolving gel, stacking gel 

or upper gel was prepared and poured. Once the stacking gel was poured onto the 



 34 

resolving gel, the comb was placed into the stacking gel solution. The prepared gel was 

put into the running tank filled with running buffer (0.25M Tris-Base, 1.92M Glycine, 

1%SDS) while the stacking gel was solidified. The comb was carefully removed from the 

stacking gel, and protein samples were loaded each well. Proteins into each well were 

separated at 80V for 2 hours through SDS-PAGE, which were then transferred to the 

nitrocellulose membrane (BioRad, USA) by transfer sandwich. The transfer sandwich 

was placed into the transfer tank filled with transfer buffer (48 mM Tris-Base, 39 mM 

Glycine, 20% Methanol, pH: 9.2). Protein transfer to the membrane was performed at 250 

mA for 1 hour and 15 minutes. After the transfer step, the blot was blocked by 5% milk 

in 1xPBS-T (0.005% Tween-20) at RT for 1 hour. The blot was rinsed three times with 

1xPBS-T for 5 minutes, and primary antibodies, which were diluted in red solution (5% 

BSA, 0.02% Na Azide, Phenol Red, in PBS-T pH: 7.5), incubated with blot overnight at 

4℃. For neuroinflammation analysis, anti-Nf-κB (1:1000, Cell Signaling, 8242) and anti-

IκB-α (1:1000, Cell Signaling, 9242) primary antibodies were used while for autophagy, 

anti-p62/SQSTM1 (1:1000, Cell Signaling, 16177) and anti-LC-3 (1:1000, Cell 

Signaling, 2775S), primary antibodies were used. The blot was rinsed three times after 

overnight incubation, and it was incubated with HRP-conjugated secondary antibody 

(Jackson ImmunoResearch Lab, UK) at RT for 1 hour. The blot was rinsed again three 

times with 1xPBS-T before visualization of the protein bands using LuminataTM Forte 

Western HRP Substrate (Millipore) via western blot imaging system (Fusion SL, Vilber). 

Protein band concentrations for each antibody were measured using ImageJ (Fiji), and 

protein levels were normalized to β-actin level. One-way ANOVA illustrated their 

statistical analyses on GraphPad Prism.  

 

Table 2.6 Requirements of components for preparation of the resolving (10%) and 

stacking (5%) gel  

10% Resolving Gel 5% Stacking Gel 

4 mL dH2O 2.7 mL dH2O 

3.3 mL 30% Acrylamide 0.67 mL 30% Acrylamide 

2.5 mL Lower Buffer 

(1.5M Tris-HCl pH:8.8)  

0.5 mL Upper Buffer  

(1M Tris-HCl pH:6.8) 

0.1 mL 10% SDS 0.04 mL 10% SDS 

0.1 mL 10% APS 0.04 mL 10% APS 

0.01 mL TEMED 0.004 mL TEMED 
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2.10 Immunofluorescence Staining 

 

 The poly-lysine coated slides from each treatment group were selected for 

immunofluorescence stainings which are anti-NeuN (Cell Signaling, USA), anti-CNPase 

(Cell Signaling, USA), anti-GFAP (Cell Signaling, USA), anti-MOMA-2 (Abcam, UK) 

for neuroinflammation and anti-p62/SQSTM1 and anti-LC3 colocalized with anti-

LAMP1 for autophagy. Firstly, chosen fixed slides were incubated on ice for 15 minutes 

and then put into the humidified chamber to incubate at 55℃ for 15 minutes. For NeuN, 

GFAP, and MOMA-2 stainings, slides were put into the 1xPBS twice for 5 minutes. Next, 

slides were incubated in the ice-cold 100% acetone for 15 minutes to permeabilize the 

cellular membrane. In CNPase staining, slides were incubated in the ice-cold 100% 

methanol for 15 minutes for permeabilization. Slides were rewashed with 1xPBS twice 

for 5 minutes to remove acetone from the sections. After that, each section on the slides 

was enclosed with a blocker PAP pen (Sigma-Aldrich, USA) and blocking solution (0.3M 

Glycine, 4% BSA in mg, and 10% normal goat serum and 0.3% Triton X-100 dissolved 

in 1xPBS) were put on each section which was incubated in a humidified chamber at RT 

for 1 hour. Primary antibodies were diluted as: anti-CNPase (1:200), anti-NeuN (1:50), 

anti-GFAP (1:200), anti-MOMA-2 (1:50) for neuroinflammation; anti-SQSTM-1/p62 

(1:200), anti-LC3 (1:200) and anti-LAMP1 (1:500) for autophagy. Slides were incubated 

with primary antibodies in the humidified chamber and placed overnight into the 

refrigerator at 4℃. After incubation with primary antibodies, slides were washed by 

1xPBS three times for 5 minutes, followed by Alexa Fluor 568 secondary antibody (red; 

Abcam, UK) incubation in the dark for at RT for 1 hour except for autophagic flux. Anti-

CNPase, anti-p62, and anti-LC3 were incubated with Alexa Fluor 488 (green; Abcam, 

UK). Slides were rewashed by 1xPBS three times to remove excess antibody artifacts. 

Later, slides were mounted using Fluoroshield mounting medium DAPI (blue; Abcam, 

UK) to stain nuclei. The immunofluorescence staining was visualized by fluorescent 

Microscopy (BX53, Olympus, Tokyo, Japan) with different wavelength filters. Statistical 

analysis of the intensities from each staining was analyzed by ImageJ (Fiji) and followed 

by one-way ANOVA on GraphPad Prism.  
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2.11 Histological Stainings 

 

 The coronal sections of the fixed brains were stained by two different 

histopathological staining: Hematoxylin&Eosin staining and Periodic Acid-Schiff 

staining. 

 

2.11.1 Hematoxylin&Eosin Staining 

 
The slides from each treatment group of mice were put over ice for 15 minutes 

and then incubated in a humidified chamber at 55℃ for 15 minutes. Slides were washed 

with dH2O for 2 minutes and dried with Kimwipes. Each slide was stained by hematoxylin 

(Merck, Germany) at RT for 3 minutes, and they were washed by running tap water for 5 

minutes, followed by dH2O for 2 minutes. Slides were incubated in 1% HCl in 70% 

ethanol and then were washed by running tap water for 5 minutes, followed by washing 

with dH2O for 2 minutes. Counterstain of eosin (Merck, Germany) was used for 30 

seconds to stain the cytoplasm of each section, followed by dehydration of the slides were 

performed as 70% ethanol, 95% ethanol, and 100% ethanol, respectively. Slides were 

mounted by Cytoseal XYL (ThermoFisher, UK) while 100% ethanol was evaporated on 

the slides. Slides were stored at 4℃ until brain sections were visualized by light 

microscopy (BX53, Olympus, Japan). 

 

2.11.2 Periodic Acid-Schiff Reagent Staining 

 

 The cryosectioned fixed brains on poly-lysine-coated slides were selected and 

placed on the ice for 15 minutes. After that, the slides were put in a humidified chamber 

and incubated at 55℃ for 15 minutes. Then, slides were incubated in Carnoy’s solution 

containing ethanol, chloroform, and acetic acid (6:3:1) at RT for 15 minutes. Slides were 

rinsed by dH2O two times for 5 minutes, and then 30 µl of 0.5% Periodic acid solution 

(Merck, Germany) was dripped on each brain section following incubation at RT for 5 

minutes.  Slides were washed by running tap water and dH2O for 3 minutes. After the 

washing steps, Schiff's reagent was added to each brain section and incubated at RT for 

15 minutes. After removing the Schiff reagent, the slides were washed with running tap 

water and dH2O for 3 minutes. Next, slides were counterstained with hematoxylin for 2 
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minutes and then washed by running tap water for 6 minutes. Tissue dehydration was 

performed by dipping each slide in 70% ethanol, 95% ethanol, and 100% ethanol, 

respectively. 

 

2.12 Behavioral Analysis 

 

Observation of the anxiety-related behavior and locomotor activity of the 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice after STKD and LTKD treatments were 

performed by open field test and rotarod analysis, respectively. 

 

2.12.1  Open Field Analysis 

 

 The open-field analysis measured the mice's anxiety-related behavior and 

locomotor activity. In this test, WT, Hexa-/-, and Hexa-/-Neu3-/- mouse models from each 

treatment strategy were selected and placed into the 40x40 cm box and transparent walls 

before the sacrification of each mouse. Movement was recorded by a digital camera, 

which was above the box. Mice were put in the same corner of the box, and then the 

record was continued for 5 minutes. Record analysis also was processed in the PanLab 

SMART Video Tracking System v0.3 (Harvard Apparatus, USA). Statistical analysis was 

completed by one-way ANOVA using GraphPad Prism. 

 

2.12.2  Rotarod Analysis 

 

 The rotarod analysis was applied to test the mice's motor coordination and balance 

capabilities. Mice were accustomed to the rotarod unit at a speed of 4 rpm. WT, Hexa-/-, 

and Hexa-/-Neu3-/- mice from each treatment strategy were selected, and rotarod analysis 

was performed before the sacrification of each mouse. After training, mice were tested on 

the accelerated rod unit from 4 to 40 rpm for 5 minutes. The test was performed three 

times to obtain accurate results. Mice were rested before repetition of the test for 15 

minutes. Latency to fall was recorded for each mouse to constitute statistical analysis by 

one-way ANOVA in GraphPad Prism. 
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CHAPTER 3  

 

RESULTS 

 

3.1 Mouse Genotyping 

 

 Determining mouse genotype by controlling for the wild-type and mutant alleles 

from the Hexa and Neu3 genes was performed by separating the DNA isolated from each 

mouse by agarose gel electrophoresis. Each allele was labeled on the gel as +/+, +/-, and 

-/- for Hexa  (Figure 3.1 A) and Neu3 (Figure 3.1 B) genes. 

 

 

Figure 3.1 Agarose gel electrophoresis image for Hexa and Neu3 PCR for mouse 

genotyping. While Hexa wild-type allele is 500 bp, the mutated allele is 210 

bp fragments (A). In the Neu3, the wild-type allele is 2 kb while the mutant 

allele is 1.6 kb fragments. (B).  
 

3.2 Measurements 

 

The body weight, ketogenic diet consumption, and ketone body concentrations 

were measured in WT, Hexa-/-, and Hexa-/-Neu3-/- mice treated with short- and long-

term ketogenic diet, propagermanium and their combined. 
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3.2.1 Body Weight  

 

 Biweekly body weight measurements were taken for treated or untreated WT, 

Hexa-/- and Hexa-/-Neu3-/- male-only mice with two strategies ranging from 2 weeks to 

18 weeks after weaning.  

 

 

Figure 3.2 Body weight measurements of the short-term ketogenic diet (10 days), 

propagermanium (21 days), and combined therapy groups of WT, Hexa-/- and 

Hexa-/-Neu3-/- mice from 6 weeks to 18 weeks. Data show mean ± SEM of 

measurements. Significant levels of data were determined using the two-way 

ANOVA. (n=9, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 

 

 

Figure 3.3 Body weight measurements of the long-term ketogenic diet (119 days), 

propagermanium (21 days), and combined therapy groups of WT, Hexa-/- and 

Hexa-/-Neu3-/- mice from 6 weeks to 18 weeks. Data show mean ± SEM of 

measurements. Significant levels of data were determined using the two-way 

ANOVA. (n=9, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
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According to the results, short-term ketogenic diet, propagermanium, and combined 

therapies did not change the body weight in WT and Hexa-/- mice compared to untreated 

one; however, ketogenic diet and combined ketogenic diet and propagermanium therapies 

prevented the excessive loss of body weight in Hexa-/-Neu3-/- mice compared to 

untreated ones (Figure 3.2 A-B). After long-term ketogenic diet treatment, WT and Hexa-

/- mice gained weight compared to untreated mice, whereas Hexa-/-Neu3-/- mice 

prevented excessive weight loss, with a similar outcome to short-term ketogenic diet 

treatment (Figure 3.3 A-B). 

 

3.2.2 Ketone Body Concentration 

 

 Ketone body concentration and the amount of ketogenic diet consumed by each 

mouse were measured to show whether the amount of ketone bodies increases with 

ketogenic diet consumption in a genotype- and consumption-dependent manner.  

 

 

Figure 3.4 Illustration of the daily ketogenic diet consumption for short-term ketogenic 

diet group for age-matched WT, Hexa-/- and Hexa-/-Neu3-/- (A). 

Measurements of blood ketone levels (mmol/L) for untreated and treated WT, 

Hexa-/- and Hexa-/-Neu3-/- mice (B). Illustration of the ratio of mice body 

weight per ketone body concentration from each genotype and treatment 

conditions (C). Data show mean ± SEM of measurements. Significant levels 
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of data were determined using the one-way ANOVA. (n=9, *p<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001) 

 

 
Figure 3.5 Illustration of the daily ketogenic diet consumption for long-term ketogenic 

diet group for age-matched WT, Hexa-/- and Hexa-/-Neu3-/- (A). 

Measurements of blood ketone levels (mmol/L) for untreated and treated WT, 

Hexa-/- and Hexa-/-Neu3-/- mice (B). Illustration of the ratio of mice body 

weight per ketone body concentration from each genotype and treatment 

conditions (C). Data show mean ± SEM of measurements. Significant levels 

of data were determined using the one-way ANOVA. (n=9, *p<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001) 

 

Ketogenic diet consumption slightly increased in the Hexa-/-Neu3-/- mice compared to 

WT and Hexa-/- mice in the short-term ketogenic diet treatment; however, the result was 

not statistically significant (Figure 3.4 A). After 10 days of ketogenic diet intervention, 

ketone body concentrations were elevated in each genotype compared to aged-match 

untreated mice. The propagermanium treatment did not change the ketone body 

concentration in the Hexa-/- and Hexa-/-Neu3-/- mice compared to untreated ones (Figure 

3.4 B). The weight/ketone body concentration ratio exhibited a meaningful pattern with 

the ketone body concentration results in the short-term treatment strategy. (Figure 3.4 C).  

The ketogenic diet consumption significantly increased for Hexa-/-Neu3-/- mice 

compared to aged-match WT and Hexa-/- mice in the long-term ketogenic diet strategy 

(Figure 3.5 A). Long-term ketogenic diet therapy displayed a similar pattern with the 
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short-term strategy for ketone body concentration and the weight/ketone body 

concentration ratio (Figure 3.5 B, C). 

3.3 TLC Analysis for Neutral and Acidic Gangliosides 

 
 TLC analysis was performed to analyze acidic and neutral gangliosides in the 

cortex and cerebellum tissues of 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- mouse 

models utilizing two treatment strategies (short-term and long-term treatments). The 

intensities of the GM2 ganglioside bands were normalized by GD1a ganglioside 

intensities. 

 

 
Figure 3.6 Thin layer chromatography showing orcinol stained acidic ganglioside profile 

extracted from cortex for short-term ketogenic diet strategy of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice (A). The histogram shows the intensity 

ratio of GM2/GD1a (B). Intensities were measured via ImageJ program. Data 

show mean ± SEM of measurements. Significant levels of data were 

determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
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Figure 3.7 Thin layer chromatography showing orcinol stained neutral ganglioside profile 

extracted from cortex for short-term ketogenic diet strategy of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice (A). The histogram shows the intensity 

ratio of GM2/GD1a (B). Intensities were measured via ImageJ program. Data 

show mean ± SEM of measurements. Significant levels of data were 

determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 

 

 
Figure 3.8 Thin layer chromatography showing orcinol stained acidic ganglioside profile 

extracted from cortex for short-term ketogenic diet strategy of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice (A). The histogram shows the intensity 

ratio of GM2/GD1a (B). Intensities were measured via ImageJ program. Data 

show mean ± SEM of measurements. Significant levels of data were 

determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
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Figure 3.9 Thin layer chromatography showing orcinol stained acidic ganglioside profile 

extracted from cortex for short-term ketogenic diet strategy of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice (A). The histogram shows the intensity 

ratio of GM2/GD1a (B). Intensities were measured via ImageJ program. Data 

show mean ± SEM of measurements. Significant levels of data were 

determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

 The abnormal GM2 ganglioside accumulation was demonstrated in 140-day-old 

Hexa-/-Neu3-/- mouse model compared to age-matched WT and Hexa-/- mice as 

previously published (Seyrantepe et al. 2018). Furthermore, more GM2 ganglioside 

accumulation was observed in Hexa-/- mice than in WT. The short-term ketogenic diet 

and propagermanium treatment did not mitigate abnormal GM2 accumulation in 140-

day-old Hexa-/-Neu3-/- mice compared to age-matched WT and Hexa-/- for cortex and 

cerebellum (Figure 3.6 and Figure 3.8) however, interestingly, the level of GA2, one of 

the neutral gangliosides, was significantly reduced after short-term ketogenic diet 

treatment in the Hexa-/-Neu3-/- mouse cortex (Figure 3.7) but not in the cerebellum 

(Figure 3.9). 
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Figure 3.10 Thin layer chromatography showing orcinol stained acidic ganglioside profile 

extracted from cortex for long-term ketogenic diet strategy of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice (A). The histogram shows the intensity 

ratio of GM2/GD1a (B). Intensities were measured via ImageJ program. Data 

show mean ± SEM of measurements. Significant levels of data were 

determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

  
Figure 3.11 Thin layer chromatography showing orcinol stained acidic ganglioside profile 

extracted from cortex for long-term ketogenic diet strategy of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice (A). The histogram shows the intensity 

ratio of GM2/GD1a (B). Intensities were measured via ImageJ program. Data 

show mean ± SEM of measurements. Significant levels of data were 

determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
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Figure 3.12 Thin layer chromatography showing orcinol stained acidic ganglioside profile 

extracted from cortex for long-term ketogenic diet strategy of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice (A). The histogram shows the intensity 

ratio of GM2/GD1a (B). Intensities were measured via ImageJ program. Data 

show mean ± SEM of measurements. Significant levels of data were 

determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

 
Figure 3.13 Thin layer chromatography showing orcinol stained acidic ganglioside profile 

extracted from cortex for long-term ketogenic diet strategy of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice (A). The histogram shows the intensity 

ratio of GM2/GD1a (B). Intensities were measured via ImageJ program. Data 

show mean ± SEM of measurements. Significant levels of data were 

determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
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 The long-term ketogenic diet did not affect both acidic and neutral ganglioside 

levels. In the cortex and cerebellum, the long-term ketogenic diet strategy did not alter 

the abnormal accumulated GM2 ganglioside level that was normalized by GD1a in the 

140-day-old Hexa-/-Neu3-/- mouse model (Figure 3.10 and Figure 3.11). Moreover, 

neutral ganglioside of GA2 also did not change in Hexa-/-Neu3-/- mice after the long-

term ketogenic diet strategy compared to untreated ones in the cortex and cerebellum 

(Figure 3.12 and Figure 3.13). 

 

3.4 Neuroinflammation Analyses  

 

 Neuroinflammation-related genes and proteins were analyzed by q-PCR, 

immunofluorescence staining, and western blotting in the cortex and cerebellum after a 

short-term and long-term ketogenic diet, and propagermanium treatments for 140-day-

old WT, Hexa-/- and Hexa-/-Neu3-/- mouse models. 

 

3.4.1 q-RT PCR Analysis 

 

 
Figure 3.14 Relative expression levels of B4Galnt1 (A), B3Galnt4 (B), GM3S (C), GD3S 

(D), and HexB (E) genes in the short-term ketogenic diet strategy for 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice cortex. Data show mean ± 

SEM of measurements. Significant levels of data were determined using the 

one-way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
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Figure 3.15 Relative expression levels of B4Galnt1 (A), B3Galnt4 (B), GM3S (C), GD3S 

(D), and HexB (E) genes in the short-term ketogenic diet strategy for 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice cerebellum. Data show mean 

± SEM of measurements. Significant levels of data were determined using the 

one-way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
 

 Ganglioside metabolizing enzyme gene expressions were measured to check 

whether short-term or long-term ketogenic diet and propagermanium treatments 

transcriptionally alter ganglioside patterns. In the cortex, B4Galnt1 gene expression 

significantly decreased in Hexa-/-Neu3-/- mice after a short-term ketogenic diet and 

combined treatments compared to untreated ones (Figure 3.14 A). In addition, GM3S and 

HexB gene expressions significantly reduced in Hexa-/-Neu3-/- cortex like B4Galnt1 after 

ketogenic diet and combined treatments (Figure 3.14 C, E). The GM3S, GD3S, and HexB 

gene expressions significantly reduced after propagermanium treatment compared to 

aged-matched untreated Hexa-/-Neu3-/- mice. The B3Galnt4 gene expression level did 

not change after each treatment in Hexa-/-Neu3-/- mice (Figure 3.14 B). In the 

cerebellum, only B4Galnt1 and HexB gene expressions were affected by the short-term 

treatment strategy in which each treatment significantly mitigated gene expressions in 

Hexa-/-Neu3-/- mice compared to untreated ones (Figure 3.15 A, E). The other gene 

expression levels did not change significantly in the Hexa-/-Neu3-/- mice cerebellum 

(Figure 3.15 B, C, D).  
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Figure 3.16 Relative expression levels of B4Galnt1 (A), B3Galnt4 (B), GM3S (C), GD3S 

(D), and HexB (E) genes in the long-term ketogenic diet strategy for 140-day-

old WT, Hexa-/- and Hexa-/-Neu3-/- mice cortex. Data show mean ± SEM of 

measurements. Significant levels of data were determined using the one-way 

ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
 

 
Figure 3.17 Relative expression levels of B4Galnt1 (A), B3Galnt4 (B), GM3S (C), GD3S 

(D), and HexB (E) genes in the long-term ketogenic diet strategy for 140-day-

old WT, Hexa-/- and Hexa-/-Neu3-/- mice cerebellum. Data show mean ± 

SEM of measurements. Significant levels of data were determined using the 

one-way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 

 

 The effect of a long-term ketogenic diet and propagermanium treatment strategy 

on ganglioside metabolism was investigated, and a significant difference was observed 
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only for GD3S gene expression in Hexa-/-Neu3-/- cortex between mice treated with 

ketogenic diet alone and mice treated with propagermanium alone (Figure 3.16 D). The 

B4Galnt1, B3Galnt4, GM3S, and HexB gene expressions did not change after treatments 

in the Hexa-/-Neu3-/- mice cortex (Figure 3.16 A, B, C, E). Long-term ketogenic diet 

treatment interestingly reduced B4Galnt1 and GD3S gene expressions in the WT mice 

cortex compared to untreated ones Figure 3.16 A, D). B4Galnt1, B3Galnt4 and HexB 

gene expressions in the cerebellum were affected by a long-term treatment strategy in 

which B3Galnt4 gene expression was reduced with only propagermanium treatment 

compared to untreated ones (Figure 3.17 A, B, E). Interestingly, long term ketogenic diet 

increased HexB gene expression level compared to untreated Hexa-/-Neu3-/- mice 

cerebellum, and only propagermanium treatment significantly reduced HexB gene 

expression level compared to long-term ketogenic diet treated Hexa-/-Neu3-/- mice. The 

GM3S and GD3S gene expression levels were not altered after the long-term treatment 

strategy (Figure 3.17 C, D). 

 

 
Figure 3.18 Relative expression levels of CCL2 (A), CCL3 (B), CCL5 (C), CXCL10 (D), 

and GFAP (E) genes in the short-term ketogenic diet strategy for 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice cortex. Data show mean ± SEM of 

measurements. Significant levels of data were determined using the one-way 

ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
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Figure 3.19 Relative expression levels of CCL2 (A), CCL3 (B), CCL5 (C), CXCL10 (D), 

and GFAP (E) genes in the short-term ketogenic diet strategy for 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice cerebellum. Data show mean ± SEM 

of measurements. Significant levels of data were determined using the one-

way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 

 

 Neuroinflammation-related-markers gene expression levels were measured after 

short-term and long-term ketogenic diet treatment strategies. The pro-inflammatory 

cytokines/chemokines gene expression levels significantly increased in 140-day-old 

Hexa-/-Neu3-/- mice compared to aged-matched WT and Hexa-/- mice as previously 

published. The short-term ketogenic diet, propagermanium, and combined ketogenic diet 

and propagermanium treatments significantly reduced pro-inflammatory 

cytokines/chemokines (CCL2, CCL3, CCL5, CXCL10, and GFAP) gene expression 

levels in 140-day-old Hexa-/-Neu3-/- mice cortex and cerebellum (Figure 3.18 and 3.19). 

Moreover, the ketogenic diet and propagermanium treatment did not alter the gene 

expression levels of the neuroinflammation-related pro-inflammatory 

cytokines/chemokines in WT and Hexa-/- mice cortex and cerebellum (Figure 3.18 and 

3.19). 
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Figure 3.20 Relative expression levels of CCL2 (A), CCL3 (B), CCL5 (C), CXCL10 (D), 

and GFAP (E) genes in the long-term ketogenic diet strategy for 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice cortex. Data show mean ± SEM of 

measurements. Significant levels of data were determined using the one-way 

ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
 

 
Figure 3.21 Relative expression levels of CCL2 (A), CCL3 (B), CCL5 (C), CXCL10 (D), 

and GFAP (E) genes in the long-term ketogenic diet strategy for 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice cerebellum. Data show mean ± SEM 

of measurements. Significant levels of data were determined using the one-

way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
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 Long-term ketogenic diet treatment did not reduce CCL2 (Figure 3.20 A) and 

CCL3 (Figure 3.20 B) gene expression levels in Hexa-/-Neu3-/- mice cortex, whereas 

propagermanium alone and combined ketogenic diet and propagermanium treatments 

reduced the expression levels of these genes. In addition, long-term ketogenic diet-

induced CCL2 and CCL3 gene expression in WT and Hexa-/- mice cortex compared to 

untreated ones. Interestingly, each treatment condition significantly reduced the CCL5, 

CXCL10, and GFAP gene expression levels in the Hexa-/-Neu3-/- mice cortex (Figure 

3.20 C, D, E). In contrast to the CCL2 and CCL3, the CCL5 gene expression level was 

significantly attenuated after a long-term ketogenic diet in WT and Hexa-/- mice (Figure 

3.20 C). The CXCL10 gene expression levels increased like the CCL2 and CCL3 gene 

expression levels in the WT and Hexa-/- mice cortex (Figure 3.20 D). In the cerebellum, 

CCL2, CXCL10, and GFAP gene expression levels did not reduce significantly after a 

long-term ketogenic diet alone in the 140-day-old Hexa-/-Neu3-/- mice compared to 

untreated mice. The CCL2 gene expression levels were only reduced in the cerebellum of 

Hexa-/-Neu3-/- mice after propagermanium treatment alone (Figure 3.21 A). The CCL3 

and CCL5 gene expression levels significantly decreased after each treatment condition 

(Figure 3.21 B, C). Like the CCL2 gene expression levels, CXCL10 and GFAP gene 

expression levels significantly reduced after propagermanium treatment alone (Figure 

3.21 D, E). The CCL3 gene expression level also increased in both WT and Hexa-/- mice 

cerebellum compared to untreated ones (Figure 3.21 B); however, the CCL5 gene 

expression level decreased in the WT after long-term ketogenic diet treatment alone 

(Figure 3.21 C). 

 

3.4.2 Western Blotting 

 

 It was shown by western blot method how Nfκb and IκB-α, which are among the 

major proteins regulating neuroinflammation, would be affected in the cortex and 

cerebellum regions of the brains of 140-days-old WT, Hexa-/- and Hexa-/-Neu3-/- mice 

after short-term and long-term ketogenic diet and propagermanium treatments. On the 

other hand, protein levels were normalized by using β-actin. 
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Figure 3.22 Western blotting analysis for NfκB and IκB-α in cortex region of 140-day-

old WT, Hexa-/- and Hexa-/-Neu3-/- mice for the short-term ketogenic diet 

strategy (A). The histogram shows the ratio of NfκB/β-actin (B) and IκB-α/ 

β-actin (C). Intensities were measured via ImageJ program. Data show mean 

± SEM of measurements. Significant levels of data were determined using the 

one-way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
 

 The NfκB protein level significantly decreased in the Hexa-/-Neu3-/- cortex 

compared to untreated ones after each treatment conditions (Figure 3.22 A, B). 

Interestingly, the NfκB protein level significantly increased in the WT cortex after short-

term ketogenic diet treatment. Looking at the protein level of IκB-α, this protein level did 

not change after each treatment condition in 140-day-old Hexa-/-Neu3-/- mice cortex 

compared to untreated ones. In addition, IκB-α level also did not alter in WT and Hexa-/- 

mice cortex (Figure 3.22 A, C).  
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Figure 3.23 Western blotting analysis for NfκB and IκB-α in cerebellum region of 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice for the short-term ketogenic 

diet strategy (A). The histogram shows the ratio of NfκB/β-actin (B) and IκB-

α/β-actin (C). Intensities were measured via ImageJ program. Data show 

mean ± SEM of measurements. Significant levels of data were determined 

using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001) 
 

 The short-term ketogenic diet, propagermanium and combined ketogenic diet and 

propagermanium treatments significantly reduced the NfκB protein level in the 140-day-

old Hexa-/-Neu3-/- mice cerebellum compared to untreated ones (Figure 3.23 A, B). The 

WT and Hexa-/- displayed a lower NfκB protein level than untreated aged-matched Hexa-

/-Neu3-/- mice cerebellum. The IκB-α protein level did not change between each 

genotype before each treatment condition. In addition, the short-term ketogenic diet and 

propagermanium treatment did not change the IκB-α protein level in the cerebellum 

(Figure 3.23 B, C).  
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Figure 3.24 Western blotting analysis for NfκB and IκB-α in cortex region of 140-day-

old WT, Hexa-/- and Hexa-/-Neu3-/- mice for the long-term ketogenic diet 

strategy (A). The histogram shows the ratio of NfκB/β-actin (B) and IκB-α/β-

actin (C). Intensities were measured via ImageJ program. Data show mean ± 

SEM of measurements. Significant levels of data were determined using the 

one-way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
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Figure 3.25 Western blotting analysis for NfκB and IκB-α in cerebellum region of 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice for the long-term ketogenic 

diet strategy (A). The histogram shows the ratio of NfκB/β-actin (B) and IκB-

α/β-actin (C). Intensities were measured via ImageJ program. Data show 

mean ± SEM of measurements. Significant levels of data were determined 

using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001) 

 

 The propagermanium and combined long-term ketogenic diet and 

propagermanium treatments significantly reduced the NfκB protein level in the 140-day-

old Hexa-/-Neu3-/- mice cortex compared to untreated ones (Figure 3.24 A, B). The NfκB 

protein level displayed significant elevation in the Hexa-/-Neu3-/- mice cortex compared 

to WT. The long-term ketogenic diet alone did not reduce the NfκB level significantly in 

Hexa-/-Neu3-/- mice compared to untreated ones. The IκB-α protein level did not increase 

after each treatment condition in 140-day-old Hexa-/-Neu3-/- mice cortex (Figure 3.24 A, 

C). The significant difference for IκB-α protein level was not found between each 

genotype and each treatment (Figure 3.24 A, C). In the cerebellum, the NfκB protein level 

increased in 140-day-old Hexa-/- mice compared to age-matched WT and Hexa-/-Neu3-

/- mice. The propagermanium alone treatment significantly reduced the NfκB protein 

level in the Hexa-/-Neu3-/- mice cerebellum compared to untreated ones (Figure 3.25 A, 
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B). The IκB-α level significantly increased only in the 140-day-old Hexa-/-Neu3-/- mice 

after propagermanium treatment compared to Hexa-/-Neu3-/- mice which were treated by 

long-term ketogenic diet in the cerebellum (Figure 3.25 A, C).  

 

3.4.3 Immunofluorescence Staining 

 
 The immunofluorescence staining was performed to determine localization and 

intensity of the NeuN, GFAP, MOMA-2, and CNPase by fixated brain samples of 

untreated and treated mice. 

 

3.4.3.1 NeuN Staining 

 
 NeuN staining was performed for cortex and cerebellum tissues of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice, untreated, and two treatment strategies (short-term 

and long-term) to determine neuronal intensity. 

 

 
Figure 3.26 Immunostaining of the NeuN in the cortex of 140-day-old WT, Hexa-/- and 

Hexa-/-Neu3-/- mice brain coronal sections for short-term ketogenic diet 

strategy (B). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the NeuN for the treated 

and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
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Figure 3.27 Immunostaining of the NeuN in the cerebellum of 140-day-old WT, Hexa-/- 

and Hexa-/-Neu3-/- mice brain coronal sections for short-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the NeuN for the treated 

and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 

 

 The NeuN intensity significantly decreased in the cortex region of 140-day-old 

Hexa-/-Neu3-/- and Hexa-/- mice compared to age-matched WT mice. The short-term 

ketogenic diet and propagermanium treatments did not alter the neuronal density in the 

cortex of Hexa-/-Neu3-/- mice compared to the untreated ones (Figure 3.26 A, B). In the 

cerebellum, neuronal density significantly decreased in the Hexa-/-Neu3-/- mice, similar 

to the cortex compared to WT and Hexa-/- mice. The short-term ketogenic diet treatment 

strategy did not improve neuronal density in the cerebellum of Hexa-/-Neu3-/- mice 

(Figure 3.27 A, B). 
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Figure 3.28 Immunostaining of the NeuN in the cortex of 140-day-old WT, Hexa-/- and 

Hexa-/-Neu3-/- mice brain coronal sections for long-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the NeuN for the treated 

and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 

 

 
Figure 3.29 Immunostaining of the NeuN in the cerebellum of 140-day-old WT, Hexa-/- 

and Hexa-/-Neu3-/- mice brain coronal sections for long-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the NeuN for the treated 
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and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 

 

 The long-term ketogenic diet treatment strategy did not ameliorate neuronal loss 

in the Hexa-/-Neu3-/- mice cortex (Figure 3.28 A, B). The results displayed neuronal loss 

in the Hexa-/-Neu3-/- cortex compared to age-matched WT and Hexa-/- mice cortex. In 

the cerebellum, similar to the cortex result, there is no improvement of the neuronal 

density in the Hexa-/-Neu3-/- mice compared to untreated ones (Figure 3.29 A, C). 

 

3.4.3.2 GFAP Staining 

 
 The cortex and cerebellum sections from 140-day-old WT, Hexa-/- and Hexa-/-

Neu3-/- mice were stained with the anti-GFAP to determine astrocyte activation in the 

two different treatment strategies (short-term and long-term).  

 

 
Figure 3.30 Immunostaining of the GFAP in the cortex of 140-day-old WT, Hexa-/- and 

Hexa-/-Neu3-/- mice brain coronal sections for short-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the GFAP for the treated 

and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 
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were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

 
Figure 3.31 Immunostaining of the GFAP in the cerebellum of 140-day-old WT, Hexa-/- 

and Hexa-/-Neu3-/- mice brain coronal sections for short-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the GFAP for the treated 

and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 

 

 The glial fibrillary associated protein (GFAP) intensity significantly increased in 

the 140-day-old Hexa-/-Neu3-/- mice cortex compared to age-matched WT and Hexa-/- 

mice. In addition, the short-term ketogenic diet and combined ketogenic diet and 

propagermanium treatments mitigated GFAP intensity which is associated with astrocyte 

activation (Figure 3.30 A, B). In the cerebellum, GFAP intensity is the highest in the 140-

day-old Hexa-/-Neu3-/- mice. There was a significant reduction in GFAP density in the 

cerebellum of Hexa-/-Neu3-/- mice treated with short-term ketogenic diet and combined 

ketogenic diet and propagermanium, but not with propagermanium alone (Figure 3.31 A, 

B). 
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Figure 3.32 Immunostaining of the GFAP in the cortex of 140-day-old WT, Hexa-/- and 

Hexa-/-Neu3-/- mice brain coronal sections for long-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the GFAP for the treated 

and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 

 

 
Figure 3.33 Immunostaining of the GFAP in the cerebellum of 140-day-old WT, Hexa-/- 

and Hexa-/-Neu3-/- mice brain coronal sections for long-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the GFAP for the treated 

and untreated of each genotype. Intensities were measured via ImageJ 
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program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 

 

 The long-term ketogenic diet strategy in the cortex significantly decreased GFAP 

intensity after the propagermanium alone and the combined ketogenic diet and 

propagermanium treatments however, long-term ketogenic diet treatment did not reduce 

the intensity statistically significant (Figure 3.32 A, B). Regarding cerebellum tissue, 

which showed similar results to the cortex, propagermanium alone and combined 

ketogenic diet and propagermanium treatments significantly reduced GFAP density in 

140-day-old Hexa-/-Neu3-/- mice compared to untreated mice. (Figure 3.33 A, B). 

 

3.4.3.3 MOMA-2 Staining 

 

 The MOMA-2 staining was performed to illustrate monocyte/macrophage 

activation in the cortex and cerebellum region of the 140-day-old WT, Hexa-/- and Hexa-

/-Neu3-/- mice after two different treatment strategies (short-term and long-term). 

 

 
Figure 3.34 Immunostaining of the MOMA-2 in the cortex of 140-day-old WT, Hexa-/- 

and Hexa-/-Neu3-/- mice brain coronal sections for short-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 
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light exposure. The histogram shows the intensity of the MOMA-2 for the 

treated and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 

 

 
Figure 3.35 Immunostaining of the MOMA-2 in the cerebellum of 140-day-old WT, 

Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for short-term 

ketogenic diet strategy (A). Images were taken at 20X magnification and 

under the same light exposure. The histogram shows the intensity of the 

MOMA-2 for the treated and untreated of each genotype. Intensities were 

measured via ImageJ program. Data show mean ± SEM of measurements. 

Significant levels of data were determined using the one-way ANOVA. (n=3, 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 

 

 The monocyte/macrophage marker of the MOMA-2 intensity significantly 

increased in the 140-day-old Hexa-/-Neu3-/- mice cortex compared to age-matched WT 

and Hexa-/- mice. After short-term ketogenic diet treatment, MOMA-2 intensity 

mitigated in the Hexa-/-Neu3-/- mice cortex but, propagermanium and combined 

ketogenic diet and propagermanium treatments did not reduce the MOMA-2 intensity 

significantly (Figure 3.34 A, B). The MOMA-2 intensity similar to cortex significantly 

increased in the Hexa-/-Neu3-/- cerebellum compared to age-matched WT and Hexa-/- 

mice. Unlike the cortex, there was a statistically significant decrease in MOMA-2 

intensity in the cerebellum of Hexa-/-Neu3-/- mice compared to untreated ones after each 

treatment condition (Figure 3.35 A, B). 
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Figure 3. 36 Immunostaining of the MOMA-2 in the cortex of 140-day-old WT, Hexa-/- 

and Hexa-/-Neu3-/- mice brain coronal sections for long-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the MOMA-2 for the 

treated and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
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Figure 3.37 Immunostaining of the MOMA-2 in the cerebellum of 140-day-old WT, 

Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for long-term 

ketogenic diet strategy (A). Images were taken at 20X magnification and 

under the same light exposure. The histogram shows the intensity of the 

MOMA-2 for the treated and untreated of each genotype. Intensities were 

measured via ImageJ program. Data show mean ± SEM of measurements. 

Significant levels of data were determined using the one-way ANOVA. (n=3, 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
 

 The long-term ketogenic diet treatment strategy did not alter the MOMA-2 

intensity in the Hexa-/-Neu3-/- mice cortex compared to untreated ones (Figure 3.36 A, 

B). Interestingly, the long-term ketogenic diet treatment increased the MOMA-2 intensity 

in the Hexa-/-Neu3-/- mice cerebellum compared to untreated ones (Figure 3.37 A, B) 

however, propagermanium alone and combined long-term ketogenic diet and 

propagermanium treatments did not improve the monocyte/macrophage activation in the 

Hexa-/-Neu3-/- mice cerebellum.  

 

3.4.3.4 CNPase Staining 

 

 The CNPase staining was performed to measure oligodendrocyte levels after 

short-term and long-term ketogenic diet strategies in the 140-day-old WT, Hexa-/- and 

Hexa-/-Neu3-/- mice cortex and cerebellum. 
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Figure 3.38 Immunostaining of the CNPase in the cortex of 140-day-old WT, Hexa-/- and 

Hexa-/-Neu3-/- mice brain coronal sections for short-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the CNPase for the 

treated and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

 
Figure 3.39 Immunostaining of the CNPase in the cerebellum of 140-day-old WT, Hexa-

/- and Hexa-/-Neu3-/- mice brain coronal sections for short-term ketogenic 

diet strategy (A). Images were taken at 10X magnification and under the same 

light exposure. The histogram shows the intensity of the CNPase for the 

treated and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

The CNPase intensity significantly decreased in the 140-day-old Hexa-/-Neu3-/- mice 

cortex compared to age-matched WT (Figure 3.38 A, B). The short-term ketogenic diet 

and propagermanium treatments did not increase the CNPase intensity which is 

associated with the myelin sheath formation in the Hexa-/-Neu3-/- mice cortex. In the 

cerebellum, CNPase intensity significantly decreased in the Hexa-/-Neu3-/- mice 

compared to WT and Hexa-/- mice (Figure 3.39 A, B). Short-term ketogenic diet and 
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propagermanium treatments did not alter CNPase intensity in the cerebellum of Hexa-/-

Neu3-/- mice compared to untreated ones.  

 

 
Figure 3.40 Immunostaining of the CNPase in the cortex of 140-day-old WT, Hexa-/- and 

Hexa-/-Neu3-/- mice brain coronal sections for long-term ketogenic diet 

strategy (A). Images were taken at 20X magnification and under the same 

light exposure. The histogram shows the intensity of the CNPase for the 

treated and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
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Figure 3.41 Immunostaining of the CNPase in the cerebellum of 140-day-old WT, Hexa-

/- and Hexa-/-Neu3-/- mice brain coronal sections for long-term ketogenic 

diet strategy (A). Images were taken at 10X magnification and under the same 

light exposure. The histogram shows the intensity of the CNPase for the 

treated and untreated of each genotype. Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

Long-term ketogenic diet strategy did not improve the CNPase intensity in the 

Hexa-/-Neu3-/- mice cortex however, only statistically significant difference was 

observed between the long-term ketogenic diet alone and propagermanium alone 

treatments (Figure 3.40 A, B). In the cerebellum, CNPase intensity significantly increased 

after propagermanium alone treatment in the Hexa-/-Neu3-/- mice compared to untreated 

ones. The long-term ketogenic diet and combined long-term ketogenic diet and 

propagermanium treatments did not increase the CNPase intensity in the cerebellum of 

Hexa-/-Neu3-/- mice (Figure 3.41 A, B). 

 

3.5 Autophagy Analysis 

 
 The short-term ketogenic diet and propagermanium treatment strategies effects on 

autophagic flux were investigated in cortex and cerebellum region for 140-day-old WT, 
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Hexa-/- and Hexa-/-Neu3-/- mice by q-PCR, western blotting and immunofluorescence 

staining by the support of TUBITAK-123Z087 project. 

 

3.5.1 qRT-PCR Analysis 

 

 
Figure 3.42 Relative expression levels of autophagy-related genes Beclin-1 (A), Atg7 (B), 

Atg9 (C), p62/SQSTM1 (D), and Lamp-2(E) genes in the short-term 

ketogenic diet strategy for 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice 

cortex. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 

 

 
Figure 3.43 Relative expression levels of autophagy-related genes Beclin-1 (A), Atg7 (B), 

Atg9 (C), p62/SQSTM1 (D), and Lamp-2(E) genes in the short-term 

ketogenic diet strategy for 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice 

cerebellum. Data show mean ± SEM of measurements. Significant levels of 
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data were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

The effects of short-term ketogenic diet and propagermanium treatment were 

analyzed in the cortex and cerebellum by q-PCR for autophagy markers including 

autophagic flux: Beclin-1, Atg7, Atg9, p62/SQSTM1 and Lamp2. The Beclin-1 gene 

expression level significantly increased in the 140-day-old Hexa-/-Neu3-/- mice cortex 

compared to age-matched WT and Hexa-/- mice. Each treatment condition was 

significantly decreased the Beclin-1 expression level in the Hexa-/-Neu3-/- mice cortex 

(Figure 3.42 A). The Atg7 gene expression did not change in Hexa-/-Neu3-/- mice cortex 

compared to WT and Hexa-/- mice. The significant difference was observed between 

short-term ketogenic diet alone and propagermanium alone treatments for Hexa-/-Neu3-

/- mice cortex (Figure 3.42 B). Atg9 expression level significantly lower in Hexa-/-Neu3-

/- mice cortex than WT. The short-term ketogenic diet treatment slightly increased the 

Atg9 gene expression level in the Hexa-/-Neu3-/- mice cortex but this is not statistically 

significant. In contrast to a short-term ketogenic diet, propagermanium treatment alone 

significantly reduced the Atg9 gene expression level in Hexa-/-Neu3-/- mouse cortex 

(Figure 3.42 C). p62/SQSTM1 expression level slightly increased in the Hexa-/-Neu3-/- 

mice compared to WT and Hexa-/- mice. Propagermanium alone and combined short-

term ketogenic diet and propagermanium treatments significantly decreased the 

p62/SQSTM1 expression level in the Hexa-/-Neu3-/- mice compared to untreated ones 

(Figure 3.42 D). In Hexa-/- mice cortex, p62/SQSTM1 expression level significantly 

decreased after each treatment condition. Lamp2 gene expression level is the highest in 

the Hexa-/-Neu3-/- mice cortex and each treatment condition significantly reduced this 

gene expression (Figure 3.42 E). In the cerebellum, Beclin-1 gene expression level 

significantly increased in the Hexa-/-Neu3-/- mice similar to the cortex. Each treatment 

condition significantly mitigated the Beclin-1 gene expression level compared to 

untreated ones (Figure 3.43 A). Atg7 gene expression level did not alter after each 

treatment condition in Hexa-/-Neu3-/- mice (Figure 3.43 B). Atg9 expression level 

significantly lower in Hexa-/-Neu3-/- mice compared to WT. The short-term ketogenic 

diet treatment slightly increased the Atg9 expression level, but it was not statistically 

significant (Figure 3.43 C). p62/SQSTM1 expression level significantly increased in the 

Hexa-/-Neu3-/- mice cerebellum compared to WT and Hexa-/- mice and each treatment 

reduced this gene expression level in Hexa-/-Neu3-/- mice (Figure 3.43 D). Lamp2 
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expression level significantly higher in the Hexa-/-Neu3-/- mice cerebellum than WT and 

Hexa-/- mice and ketogenic diet and propagermanium treatments did not significantly 

alter the Lamp2 expression level (Figure 3.43 E).  

 

3.5.2 Western Blotting 

 

 The autophagic flux associated proteins (p62/SQSTM1 and LC3) were measured 

to examine the effects of short-term ketogenic diet and propagermanium treatments in 

the region of cortex and cerebellum.  

 

 

Figure 3.44 Western blotting analysis for p62/SQSTM1 and LC3-I and LC3-II in cortex 

region of 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice for the short-

term ketogenic diet strategy (A). The histogram shows the ratio of 

p62/SQSTM1/β-actin (B) and LC3-II/ β-actin (C). Intensities were measured 

via ImageJ program. Data show mean ± SEM of measurements. Significant 

levels of data were determined using the one-way ANOVA. (n=3, *p<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001) 
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Figure 3.45 Western blotting analysis for p62/SQSTM1 and LC3-I and LC3-II in 

cerebellum region of 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice for 

the short-term ketogenic diet strategy (A). The histogram shows the ratio of 

p62/β-actin (B) and LC3-II/ β-actin (C). Intensities were measured via ImageJ 

program. Data show mean ± SEM of measurements. Significant levels of data 

were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

 The p62/SQSTM1 protein level is the highest in the 140-day-old Hexa-/-Neu3-/- 

mice cortex compared to age-matched WT and Hexa-/- mice. The short-term ketogenic 

diet and combined ketogenic diet and propagermanium treatments significantly reduced 

the p62/SQSTM1 in the Hexa-/-Neu3-/- mice cortex (Figure 3.44 A, B). When looking at 

the level of LC3-II protein, it was found that this protein accumulated more in the cortical 

region of Hexa-/-Neu3-/- mice compared to WT and Hexa-/- mice (Figure 3.44 A, C). In 

the cerebellum, p62/SQSTM1 protein level is higher in the 140-day-old Hexa-/-Neu3-/- 

mice than age-matched WT. Similar to what was detected in the cortex region, the 

p62/SQSTM1 protein level was significantly decreased in the cerebellum of Hexa-/-

Neu3-/- mice after both the ketogenic diet and combined ketogenic diet and 

propagermanium administration (Figure 3.45 A, B).  The LC3-II level is also higher in 

the Hexa-/-Neu3-/- mice cerebellum compared to WT and Hexa-/- mice. Each treatment 

condition was significantly reduced the LC3-II protein level compared to untreated ones 

(Figure 3.45 A, C). 
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3.5.3 Immunofluorescence Staining 

 

 The autophagic proteins of p62/SQSTM1 and LC3 were colocalized with the 

LAMP1 to visualize alteration of the autophagic flux after short-term ketogenic diet and 

propagermanium treatments in cortex and cerebellum regions of 140-day-old WT, Hexa-

/- and Hexa-/-Neu3-/- mice.  

 

 
Figure 3.46 Immunostaining of the p62/SQSTM1 and Lamp1 in the cortex of 140-day-

old WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for short-

term ketogenic diet strategy (A). Images were taken at 20X magnification and 

under the same light exposure. The histogram shows the intensity of the 

p62/SQSTM1 (B) and Lamp1 (C) for the treated and untreated of each 

genotype. Intensities were measured via ImageJ program. Data show mean ± 

SEM of measurements. Significant levels of data were determined using the 

one-way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
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Figure 3.47 Immunostaining of the p62/SQSTM1 and Lamp1 in the cerebellum of 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for 

short-term ketogenic diet strategy (A). Images were taken at 20X 

magnification and under the same light exposure. The histogram shows the 

intensity of the p62/SQSTM1 (B) and Lamp1 (C) for the treated and untreated 

of each genotype. Intensities were measured via ImageJ program. Data show 

mean ± SEM of measurements. Significant levels of data were determined 

using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001) 
 

 The autophagic cargo protein of the p62/SQSTM1 and lysosomal membrane 

marker of the Lamp1 protein intensities are the highest in the 140-day-old Hexa-/-Neu3-

/- mice cortex. The short-term ketogenic diet and propagermanium treatments and their 

combination significantly mitigated p62/SQSTM1 protein level in the Hexa-/-Neu3-/- 

mice compared to untreated ones (Figure 3.46 A, B). Moreover, the reduction of the 

Lamp1 protein level was only observed after short-term ketogenic diet alone treatment 

(Figure 3.46 A, C).  
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Figure 3.48 Immunostaining of the LC3 and Lamp1 in the cortex of 140-day-old WT, 

Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for short-term 

ketogenic diet strategy (A). Images were taken at 20X magnification and 

under the same light exposure. The histogram shows the intensity of the LC3 

(B) and Lamp1 (C) for the treated and untreated of each genotype. Intensities 

were measured via ImageJ program. Data show mean ± SEM of 

measurements. Significant levels of data were determined using the one-way 

ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 

 

 
Figure 3.49 Immunostaining of the LC3 and Lamp1 in the cerebellum of 140-day-old WT, 

Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for short-term 

ketogenic diet strategy (A). Images were taken at 20X magnification and 

under the same light exposure. The histogram shows the intensity of the LC3 
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(B) and Lamp1 (C) for the treated and untreated of each genotype. Intensities 

were measured via ImageJ program. Data show mean ± SEM of 

measurements. Significant levels of data were determined using the one-way 

ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
 

 LC3 protein level increased in the 140-day-old Hexa-/-Neu3-/- mice cortex 

compared to age-matched WT and Hexa-/- mice. In addition, this protein intensity is the 

higher in the Hexa-/- mice cortex than WT. Each treatment condition decreased the LC3 

protein accumulation in the Hexa-/-Neu3-/- mice cortex compared to untreated ones 

(Figure 3.49 A, B). The Lamp1 protein level also is the highest in the Hexa-/-Neu3-/- 

mice cerebellum and the short-term ketogenic diet, propagermanium and their combined 

treatments significantly reduced the Lamp1 protein level in Hexa-/-Neu3-/- mice 

compared to untreated ones (Figure 3.49 A, C). 

 

3.6 Histological Staining 

 

 The cortex and cerebellum tissue sections were stained by Hematoxylin&Eosin 

and Periodic Acid&Schiff for histopathological analysis in the 140-day-old WT, Hexa-/- 

and Hexa-/- Neu3-/- mice. 
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3.6.1 Hematoxylin&Eosin Staining 

 

 
Figure 3.50 Histological staining of the Hematoxylin&Eosin in the cortex of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for short-term 

ketogenic diet strategy (A). Images were taken at 10X magnification and 

under Olympus Light Microscope. (n=3) 
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Figure 3.51 Histological staining of the Hematoxylin&Eosin in the cerebellum of 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for 

short-term ketogenic diet strategy (A). Images were taken at 10X 

magnification and under Olympus Light Microscope. (n=3) 
 

 The hematoxylin&eosin staining displayed in the cortex and cerebellum that 140-

day-old mice includes vacuolization of the cell and nerve cell deteriorations. However, 

the short-term ketogenic diet and propagermanium treatments did not improve the 

pathology significantly in Hexa-/-Neu3-/- mice cortex (Figure 3.50).  Like the cortex, 

cerebellum tissue included vacuolization of the neuronal cell and Purkinje cell damage in 

the 140-day-old Hexa-/-Neu3-/- mice (Figure 3.51).  
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Figure 3.52 Histological staining of the Hematoxylin&Eosin in the cortex of 140-day-old 

WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for long-term 

ketogenic diet strategy (A). Images were taken at 10X magnification and 

under Olympus Light Microscope. (n=3) 
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Figure 3.53 Histological staining of the Hematoxylin&Eosin in the cerebellum of 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for long-

term ketogenic diet strategy (A). Images were taken at 10X magnification and 

under Olympus Light Microscope. (n=3) 
 

 The hematoxylin&eosin staining for the long-term ketogenic diet strategy 

displayed the similar patterns with the short-term ketogenic diet strategy. Each treatment 

did not ameliorate the cellular pathology for the Hexa-/-Neu3-/- mice in cortex and 

cerebellum (Figures 3.52, 3.53). 
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3.6.2 Periodic Acid & Schiff Staining 

 

 The Periodic acid & Schiff staining was performed to determine glycoconjugate 

and polysaccharide accumulation in the 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- 

mice after short-term and long-term ketogenic diet treatment strategies.  

 

 
Figure 3.54 Histological staining of the Periodic acid & Schiff (PAS) in the cortex of 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for 

short-term ketogenic diet strategy (A). Images were taken at 10X 

magnification and under Olympus Light Microscope. (n=3) 
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Figure 3.55 Histological staining of the Periodic acid & Schiff (PAS) in the cerebellum 

of 140-day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections 

for short-term ketogenic diet strategy (A). Images were taken at 10X 

magnification and under Olympus Light Microscope. (n=3) 

 

 The Periodic acid & Schiff (PAS) staining displayed that there are glycoconjugate 

accumulation which is pink color in the 140-day-old Hexa-/-Neu3-/- mice cortex 

compared to WT and Hexa-/- mice. The short-term ketogenic diet reduced the 

glycoconjugate accumulation in the Hexa-/-Neu3-/- mice cortex and cerebellum 

compared to untreated ones (Figures 3.54, 3.55).  



 85 

 
Figure 3.56 Histological staining of the Periodic acid & Schiff (PAS) in the cortex of 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for long-

term ketogenic diet strategy (A). Images were taken at 10X magnification and 

under Olympus Light Microscope. (n=3) 
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Figure 3.57 Histological staining of the Periodic acid & Schiff in the cerebellum of 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice brain coronal sections for long-

term ketogenic diet strategy (A). Images were taken at 10X magnification and 

under Olympus Light Microscope. (n=3) 
 

 The long-term ketogenic diet strategy significantly reduced the accumulated 

glycoconjugate in the Hexa-/-Neu3-/- cortex and cerebellum compared to untreated ones 

due to the low carbohydrate diet content (Figures 3.56, 3.57). 
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3.7 Behavioral Analysis 
 

 Behavioral analysis for anxiety-related behavior and locomotor activity were 

performed after two different ketogenic diet strategies (short and long term) in the 140-

day-old WT, Hexa-/- and Hexa-/-Neu3-/- mice by open-field and rotarod analysis, 

respectively. 

 

3.7.1 Open Field Test 

 

 
Figure 3.58 Open field analyses of the WT, Hexa-/- and Hexa-/-Neu3-/- mice after short-

term treatments of ketogenic diet and propagermanium. Time spent in 

periphery (A) and center (B), total distance in the box (C) for 5 minutes were 

indicated. Data show mean ± SEM of measurements. Significant levels of 

data were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

 The open field test showed that 140-day-old Hexa-/-Neu3-/- mice spent much time 

in the periphery compared to the age-matched WT and Hexa-/- mice, as previously 

reported. The short-term ketogenic diet and propagermanium treatments did not reduce 

the time in the periphery for the Hexa-/-Neu3-/- mice (Figure 3.58 A). Spending time in 

center slightly increased in the Hexa-/-Neu3-/- mice compared to untreated ones but not 
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statistically significant (Figure 3.58 B). Looking at the total 5-min distance, Hexa-/-Neu3-

/- mice traveled less distance than WT and Hexa-/- mice, and the short-term ketogenic 

diet and combined ketogenic diet and propagermanium treatments slightly increased the 

total distances of the Hexa-/-Neu3-/- mice, but it is not statistically significant (Figure 

3.58 C). 

 

 
Figure 3.59 Open field analyses of the WT, Hexa-/- and Hexa-/-Neu3-/- mice after long-

term treatments of ketogenic diet and propagermanium. Time spent in 

periphery (A) and center (B), total distance in the box (C) for 5 minutes were 

indicated. Data show mean ± SEM of measurements. Significant levels of 

data were determined using the one-way ANOVA. (n=3, *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
 

The long-term ketogenic diet strategy did not reduce the time in the periphery for the 

Hexa-/-Neu3-/- mice compared to untreated ones (Figure 3.59 A). Time in the center 

increased after propagermanium and combined ketogenic diet and propagermanium 

treatments in Hexa-/-Neu3-/- mice compared to untreated ones, but they were not 

statistically significant due to higher standard deviation (Figure 3.59 B). The long-term 

ketogenic diet also reduced the total distances in WT, Hexa-/- and Hexa-/-Neu3-/- mice 

compared to untreated ones due to the high-fat content of the diet (Figure 3.59 C). 
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3.7.2 Rotarod Test 

 

 

Figure 3.60 Rotarod analyses of WT, Hexa-/-, and Hexa-/-Neu3-/- mice on an accelerating 

bar (4 rpm to 40 rpm in 5 min) after short-term supplemental treatments of 

propagermanium and ketogenic diet. Data show mean ± SEM of 

measurements. Significant levels of data were determined using the one-way 

ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
 

The rotarod analysis was performed to measure locomotor activity and the balance on the 

accelerated rod for the WT, Hexa-/- and Hexa-/-Neu3-/- mice after short-term and long-

term treatment strategies. The time on rod significantly decreased in the Hexa-/-Neu3-/- 

mice compared to WT and Hexa-/- mice, as previously published. The short-term 

ketogenic diet slightly reduced the time on the rod in Hexa-/-Neu3-/- mice compared to 

untreated ones. Propagermanium and combined treatments also did not improve the time 

on the rod in Hexa-/-Neu3-/- mice (Figure 3.60). 
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Figure 3.61 Rotarod analyses of WT, Hexa-/-, and Hexa-/-Neu3-/- mice on an accelerating 

bar (4 rpm to 40 rpm in 5 min) after long-term supplemental treatments of 

propagermanium and ketogenic diet. Data show mean ± SEM of 

measurements. Significant levels of data were determined using the one-way 

ANOVA. (n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 
 

 In the long-term ketogenic diet strategy, time on the rod slightly increased after 

propagermanium alone treatment for the Hexa-/-Neu3-/- mice compared to untreated 

ones, but it is not statistically significant. The long-term ketogenic diet treatment 

significantly reduced the time on the rod for WT and Hexa-/- mice (Figure 3.61)  
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CHAPTER 4 

 

 DISCUSSION 

 

  GM2 gangliosidosis is a group of lysosomal storage disorders that exhibit GM2 

accumulation in the lysosomes due to mutations of the β-hexosaminidases or GM2 

activator protein (GM2AP). One of them is the Tay-Sachs disease, or GM2 gangliosidosis 

B variant, which caused abnormal GM2 accumulation specifically in the central nervous 

system (CNS) since the dysfunction of the β-hexosaminidase A (HEXA) enzyme, which 

cleaved N-acetylgalactosamine residue on the GM2 ganglioside. Although the newborn 

is normal after birth, the disease pathology is progressive due to Hexa enzyme deficiency 

and abnormal GM2 ganglioside accumulation (Leal et al. 2020). To mimic the pathology 

of Tay-Sachs disease in an animal model, the researchers created a Hexa-/- mouse model, 

but the mouse model exhibited normal pathology due to the Neu3 sialidase-involved 

ganglioside bypass mechanism. The creation of Hexa-/-Neu3-/- mice by eliminating the 

Neu3 gene in addition to Hexa exhibited severe pathology mimicking the pathology of 

Tay-Sachs disease (Seyrantepe et al. 2018).  

 The high-fat/low carbohydrate diet of the ketogenic diet is a special diet to trigger 

ketone body production due to low glucose levels. Normally, the brain consumes glucose 

as its primary energy source, but when glucose levels decrease, the primary energy source 

is replaced by ketone bodies, which are β-hydroxybutyrate, acetoacetate, and acetone. 

Ketone bodies play many roles in cellular mechanisms such as regulation of energy 

homeostasis, inflammation, and autophagic flux (Puchalska and Crawford 2021; Koh, 

Dupuis, and Auvin 2020; McCarty, DiNicolantonio, and O’Keefe 2015). The main focus 

of this thesis is to examine the effects of the ketogenic diet and anti-inflammatory 

treatments on these cellular mechanisms in the GM2 gangliosidosis mouse model. The 

ketogenic diet saves Hexa-/-Neu3-/- mice from extreme weight loss at the end of their 

lives, both short-term and long-term, thanks to the high-fat content of the diet. However, 

a long-term ketogenic diet interestingly increased the body weight of WT and Hexa-/- 

mice. One study showed that a long-term ketogenic diet induced obesity in C57BL/6J 

mice by damaging the structure of γδ T cells, which is important for glucose homeostasis 

in adipose tissues in addition to metabolic health (Goldberg et al. 2020). Furthermore, 
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Ellenbroek et al. found that a long-term ketogenic diet first decreased body weight in 

C57BL/6J mice due to glucose intolerance and α- and β-cell depletion and then increased 

body weight as the duration of use increased (Ellenbroek et al. 2014).  

 Acidic and neutral ganglioside accumulation of GM2 and GA2 was previously 

shown in Hexa-/-Neu3-/- mice (Seyrantepe et al. 2018). In addition, Sandhoff mice 

(Hexb-/-) have an abnormal accumulation of GM2 and GA2 gangliosides, and the effects 

on these gangliosides after ketogenic diet intervention with N-butyldeoxynojirimycin 

(NB-DNJ) were measured. While the ketogenic diet did not reduce the GM2 and GA2 

ganglioside levels, NB-DNJ significantly reduced the GM2 and GA2 ganglioside levels 

in the Hexb-/- mice cortex (Denny et al. 2010). Thin-layer chromatography (TLC) 

displayed no alteration in both acidic and neutral ganglioside levels in the cortex and 

cerebellum after short- or long-term ketogenic diet and propagermanium treatments 

except GA2 level in the Hexa-/-Neu3-/- cortex after short-term ketogenic diet 

intervention. Since there is very limited information in the literature about the effects of 

the ketogenic diet on ganglioside breakdown, further investigations are needed to 

determine the cause of the decreased amount of GA2 gangliosides after a short-term 

ketogenic diet. Although it has been shown that the ketogenic diet does not affect the 

amount of gangliosides, certain genes related to ganglioside metabolism are affected at 

the transcriptional level. The B4Galnt1 gene, which encodes the GM2/GA2 synthase 

enzyme, is the rate-limiting enzyme for synthesizing complex gangliosides, especially in 

the central nervous system. The short-term but not long-term ketogenic diet treatment 

interestingly reduced the B4Galnt1 gene expression in Hexa-/-Neu3-/- mice cortex and 

cerebellum. In addition, GM3S and GD3S expression levels were significantly decreased 

only in the cortex after short-term ketogenic diet treatment. It was shown that B4Galnt1, 

GM3S, and GD3S were up-regulated, and GM2AP was down-regulated in ganglioside 

expression levels after low-carbohydrate ketogenic diet treatment in the liver tissue of 

female B6.Cg-Lepob/J mice. There is no significant change in the ganglioside 

metabolism-associated genes except GM2AP, which significantly decreased in the 

cerebral cortex after the ketogenic diet (Okuda 2019; 2020). The HexB expression level 

significantly increased in the Hexa-/-Neu3-/- cortex and cerebellum, which was 

previously reported (Seyrantepe et al. 2018). The short-term ketogenic diet, 

propagermanium, and their combination treatments decreased the HexB gene expression 

level in the cortex and cerebellum tissues. Apart from the ganglioside degradation 

process, HexB is also used as a marker to distinguish microglia from macrophages (H. 
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Huang et al. 2023). On the basis of this result, the neuroprotective roles of the ketogenic 

diet and the anti-inflammatory propagermanium treatments may have reduced the HexB 

gene expression level in Hexa-/-Neu3-/- mice. 

 Neuroinflammation is the response of the brain immune system in the central 

nervous system and spinal cord by activating the glial cells, which are microglia, 

astrocytes, and macrophages. Activation of the glial cells secrete pro-inflammatory 

cytokine/chemokine, which can act either protective function or damage brain 

homeostasis. The neuroinflammatory response is a common pathology in various 

lysosomal storage disorders (Bosch and Kielian 2015). The main cause of 

neuroinflammation in lysosomal storage diseases is different biochemical accumulations 

in lysosomes, which often lead to cell death. Hexa-/-Neu3-/- mouse model displays 

abnormal GM2 accumulation in the cortex and cerebellum, which induces a 

neuroinflammatory response by secreting pro-inflammatory cytokine/chemokines such 

as CCL2, CCL3, CXCL10, etc., and reducing of the anti-inflammatory 

cytokine/chemokine from microglia and astrocytes (Demir et al. 2020). CCL2, or MCP-

1, is a pro-inflammatory chemokine ligand that can be secreted by neurons and glial cells 

and recruits monocytes and other immune helpers to the site of inflammation by 

interacting with its receptor CCR2. CCL2 is part of neuroinflammatory processes that 

occur in diseases associated with the central nervous system characterized by neuronal 

deterioration. For example, CCL2 expression is increased in glial cells in epilepsy, 

Alzheimer's disease, and some lysosomal storage diseases (Foresti et al. 2009; Hickman 

and El Khoury 2010; F. P. S. Yu, Dworski, and Medin 2018). The downregulation of the 

CCL2 expression by istradefylline administration to the Sandhoff mice reduced the 

microglial activation and secretion of the pro-inflammatory cytokine/chemokine 

secretion (Ogawa et al. 2018). Farber disease mice and patients also have elevated levels 

of CCL2, and elimination of the CCL2 in Farber mice attenuates leukocytosis and 

increases the lifespan (F. P. S. Yu, Dworski, and Medin 2018). In the light of these results, 

one aim of this thesis is to reduce the inflammatory response using ketogenic diet and 

propagermanium in the focus of CCL2/CCR2 axis. The short-term ketogenic diet, 

propagermanium, and combined ketogenic diet and propagermanium reduced the CCL2 

expression level in the Hexa-/-Neu3-/- mice cortex and cerebellum. In one study, a 

ketogenic diet treatment was shown to inhibit macrophage/monocyte infiltration by 

significantly reducing CCL2, CCR2, CCL3, and CXCL10 expression levels in the spleen 

and spinal cord tissues of an EAE mouse model (W. Sun et al. 2023). The anti-
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inflammatory propagermanium used alongside the ketogenic diet is an inhibitor of the 

CCL2/CCR2 axis and was used to reduce increased CCL2 expression levels in Hexa-/-

Neu3-/- mice. Propagermanium was administered in C57BL/6J mice on a high-fat diet 

and restored the ratio of pro-inflammatory and anti-inflammatory macrophages as well as 

reducing gene expression of inflammation markers such as CCL2 and CD11c in white 

adipose tissue (Mulder, Van Den Hoek, and Kleemann 2017). Furthermore, 

propagermanium improved the microglial responses by the secretion of pro-inflammatory 

molecules in the cerebral ischemia/ reperfusion injured mice (He et al. 2019). The CCL3 

or MIP1-α is the pro-inflammatory chemokine secreted by astrocytes, microglia, and 

neurons in the CNS, which interact with its receptors CCR1 and CCR5 (Zhu et al. 2012). 

CCL3 plays a role, especially in neutrophil and monocyte migration, and microglial 

activation leads to neurodegenerative conditions in Alzheimer’s disease and epilepsy 

(Chang Liu et al. 2014; Guzik-Kornacka et al. 2011). CCL3 gene expression was 

significantly increased in Hexa-/-Neu3-/- mice and contributed to the establishment of 

neuroinflammatory conditions in these mice. Apart from the Tay-Sachs mouse model, it 

has been reported that the amount of CCL3 protein also increases in the galactosialidosis 

mouse model (Horii et al. 2022). When the effect of a ketogenic diet on CCL3 was 

examined, it was shown that the amount of CCL3 in serum samples of super-refractory 

status epilepticus patients increased depending on the pathology of the disease and 

decreased significantly after ketogenic diet treatment (Dickens et al.,. Furthermore, the 

CCL3 gene expression level decreased after ketogenic diet treatment in the EAE mouse 

model of multiple sclerosis (W. Sun et al. 2023). Since we have limited knowledge about 

the effects of the propagermanium, a CCL2/CCR2 inhibitor, on CCL3, additional 

experiments will be needed to determine how propagermanium decreases CCL3 

expression. CCL5 or RANTES is found in the chemokine family and secreted by all glial 

cells (microglia, astrocyte, and oligodendrocyte) interacting with its receptors and 

regulating neuroinflammation, neuroprotection, and insulin signaling (Lanfranco et al. 

2017). The CCL5 gene expression increased in the Hexa-/-Neu3-/- mice and then reduced 

its expression after the ketogenic diet and propagermanium treatments. Moreover, the 

Gaucher disease mouse model (Gba-/-) displayed increased CCL2, CCL3, and CCL5 gene 

expressions in the brain (Vitner et al. 2012). Similar to the Gaucher mouse model, the 

mucolipidosis type IV mouse model (Mcoln1-/-) showed an increased expression level of 

CCL5 in serum and the microglia cells (Cougnoux et al. 2019). The effect of a ketogenic 

diet on CCL5 was illustrated in a mouse model of acute pancreatitis and colon tumor 
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allograft, where the CCL5 gene expression level showed a significant increase in contrast 

to the pattern in Hexa-/-Neu3-/- mice (Xia et al. 2023; W. Sun et al. 2022). The effect of 

propagermanium on CCL5 was studied in PBMC cells, where the CCL5 gene expression 

level did not change after propagermanium treatment (Yokochi et al. 2001). CXCL10 is 

a chemokine with important roles in controlling the entry of various leukocyte subsets 

into the brain and other tissues. It is expressed by neurons, glia, and stromal cells in a 

number of different CNS diseases, such as Alzheimer’s disease and multiple sclerosis, 

and may play a positive or negative role in facilitating the progression or resolution of the 

disease process by binding to its receptor CXCR3 (Michlmayr and McKimmie 2014). 

Apart from neurodegenerative diseases, increased expression of the chemokine CXCL10 

is also common in lysosomal storage diseases. Firstly, Hexa-/-Neu3-/- mice cortex and 

cerebellum displayed significantly increased CXCL10 expression level as previously 

published (Demir et al. 2020). In addition, the plasma and macrophage cells of the 

Gaucher disease type I (Gba1-/-), Farber disease (Asah1-/-) , Niemann Pick type C (Npc1-

/-) and Krabbe disease (Twi) mouse  models also showed increased CXCL10 expression 

levels and various cytokine/chemokine secretion in the several tissues (Manoj K Pandey 

et al. 2017; Dworski et al. 2017; Shin et al. 2019; Snook et al. 2014). It was reported that 

ketogenic diet treatment ameliorates intractable epilepsy in infantile Alexander disease 

patients, as well as reducing CXCL10 and CCL2 levels in serum and cerebrospinal fluid 

(Hamada et al. 2021). Furthermore, the ketogenic diet was shown to improve 

demyelination in a mouse model of cuprizone-induced demyelination while also reducing 

CXCL10, IL1-β and TNF-α gene expression (Zhang et al. 2020). A study in patients with 

intracerebral haemorrhage showed a common increase only in CCL2 and CXCL10 levels 

after 90 days in serum samples from patients. Based on this result, we suggest that 

propagermanium, a CCL2/CCR2 inhibitor, may decrease CCL2 expression while 

decreasing CXCL10 expression (Landreneau et al. 2018). Glial fibrillar acidic protein 

(GFAP) is the type III intermediate filament which is mainly secreted by astrocytes in the 

CNS and maintains blood-brain-barrier integrity and shape of the astrocytes. There are 

numerous disorders associated with defective GFAP regulation, and injuries can cause 

glial cells to respond in unfavourable ways. For example, astroglia cells react to brain 

injury and neuro-traumatic conditions with astrogliosis, a process in which astroglia cells 

undergo cellular hypertrophy  and proliferation by elevated GFAP expression (Z. Yang 

and Wang 2015). GFAP also interacts with neuroinflammation and, for example, 

increased GFAP expression in a Tay-Sachs disease mouse cortex and cerebellum led to 
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activation of astrocytes and triggered astrogliosis (Demir et al. 2020). In addition, the 

increase in GFAP immunoreactivity in the mucolipidosis IV (ML IV) mouse model was 

observed at the 2nd and 3rd months and coincided with the early stages of behavioural 

disturbances. As the disease progressed, GFAP reactivity continued to increase until the 

seventh month (Grishchuk et al. 2014). A study in a mouse model of Gaucher disease 

showed that increased GFAP and CD68 expression was reduced when neural progenitor 

cell lines from healthy mice were administered (Peng et al. 2019). The ketogenic diet is 

used to reduce astrogliosis in the various conditions. In traumatic brain-injured mice, 

ketogenic diet significantly reduced the GFAP level in the cortex and dentate gyrus (DG) 

region of hippocampus (Har-Even et al. 2021). In a study showing the effect of 

propagermanium on GFAP levels, it was concluded that the elevated CCL2 level in the 

central nervous system increased the GFAP density in the intracerebral haemorrhage 

mouse model and that the subsequent reduction of CCL2 levels by propagermanium 

indirectly decreased the GFAP level (Guo et al. 2020). The ketogenic diet, 

propagermanium and combined ketogenic diet and propagermanium treatments was able 

to attenuate gene expression levels of the pro-inflammatory cytokine/chemokines which 

was utilized in this thesis.  

 Protein levels of NfκB and IκB-α were measured after short/long term ketogenic 

diet and propagermanium treatments in the cortex and cerebellum tissues. NfκB is a 

transcription factor which is member of the Rel family and it is activated by canonical 

and non-canonical mechanisms. The primary mechanism for activation of NFκB is the 

inducible degradation of IκB-α triggered through its site-specific phosphorylation by the 

multi-subunit IκB-α kinase (IKK) complex (T. Liu et al. 2017). NfκB have in role to 

regulate in particular neuroprotection, neuroinflammation and cell survival (Li and Verma 

2002; Kaltschmidt, Widera, and Kaltschmidt 2005). It was identified that activation of 

NFκB in patients with chronic inflammation is critically linked to several 

autoimmune/inflammatory diseases such as Alzheimer's disease (AD), Parkinson's 

disease (PD), rheumatoid arthritis and diabetes (Vallabhapurapu and Karin 2009). NfκB 

was decreased in Hexa-/-Neu3-/- mouse cortex and cerebellum after short-term ketogenic 

diet and propagermanium treatments, but not after long-term ketogenic diet treatment. β-

hydroxybutyrate, the main ketone body formed as a result of ketogenic diet, is one of the 

ligands of the receptor called hydroxy-carboxylic acid receptor 2 (HCA2) and activates 

it. As a result of this activation, HCA2 has been shown to inhibit NfκB signaling and 

reduce neuroinflammation by triggering prostaglandin D2 (PGD2) production by 
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cyclooxygenase 1 (COX1) which activates the IKB kinase (IKK) in bone-marrow derived 

macrophages (Rahman et al. 2014). In another study, when NfκB levels were investigated 

in mice fed a high-fat/high-cholesterol diet for 8 and 16 weeks, it was observed that NfκB 

levels increased compared to control mice in cortex and hippocampus, but when this diet 

was replaced after this period and a ketogenic diet was given for 8 weeks, it was shown 

that NfκB levels decreased significantly (D.-T. Lin et al. 2022). Furthermore, it was 

shown that NfκB protein level was attenuated after ketogenic diet treatment in EAE mice 

model spinal cords by suppressing TLR4/MyD88/NfκB pathway and NLRP3-mediated 

inflammation mechanism (W. Sun et al. 2023). In one study, the elevated CCL2/CCR2 

activity through AMPK downregulation in RAW264.7 macrophages is partially reversed 

by NfκB inhibition. This further suggested that the mechanism of action of AMPK 

inhibition by CCL2/CCR2 axis is modulated by the NfκB pathway (Kumase et al. 2016). 

IκB-α is one of the leading proteins that inhibit NfκB activity. The phosphorylation of 

IκB-α by IKK activates NfκB by degrading it, thereby causing the secretion of pro-

inflammatory cytokines and chemokines (Gilmore 2006). However, despite the decrease 

in NfκB levels after ketogenic diet treatment, IκB-α levels did not change in Hexa-/-Neu3-

/- mice cortex and cerebellum. Recent studies have revealed that bound IkB persists much 

longer in unstimulated cells compared to free IκB-α. However, although free IκB-α is 

widely used in experiments to measure IKK activity, it is not a potent substrate for IKK 

(O’Dea et al. 2007). Therefore, while NfκB decreased after the ketogenic diet, IκB-α 

levels may have remained constant. Furthermore, the IκB-α protein level was 

significantly increased after propagermanium treatment, and this may be due to the role 

of NfκB in regulating CCL2 expression and secretion, which may have contributed to the 

increased IκB-α protein level in the cerebellum of Hexa-/-Neu3-/- mice after treatment 

with propagermanium, a CCL2/CCR2 inhibitor (Nakatsumi, Matsumoto, and Nakayama 

2017).  

 Neuronal cell death is one of the most prominent pathological findings in the GM2 

gangliosidosis mouse model as previously published. (Seyrantepe et al. 2018). NeuN 

staining revealed reduced neuron density in the cortex and cerebellum of Hexa-/-Neu3-/- 

mice compared to WT and Hexa-/- mice; however, neither short- or long-term ketogenic 

diet nor propagermanium treatments were able to ameliorate neuron loss. 

 Astrogliosis is described as the most prominent findings in brain pathology in 

early-onset neurological LSD. The astrogliosis marker of the GFAP was shown in the 

cortex and cerebellum after short/long term ketogenic diet and propagermanium 



 98 

treatments. GFAP protein intensity significantly increased in the Hexa-/-Neu3-/- mouse 

cortex and cerebellum as previously published (Seyrantepe et al. 2018). Furthermore, 

astrocytosis and microgliosis were reported to start to be observed as early as 4 months 

in the somatosensory cortex of MPS IIIC mouse model (Martins et al. 2015). In a neuron-

specific knockout mouse model of Gaucher disease, astrogliosis in layer 5 of the cerebral 

cortex and thalamus nucleus regions of 10-day-old mice was described to progressively 

increase until neuronal cell death starting at day 14 (Vitner et al. 2010). It has also been 

shown that astrogliosis formation precedes neuronal cell death in different regions of the 

brains of mouse models of Batten disease and neuronal ceroid lipofuscinosis (Pontikis et 

al. 2005; Thelen et al. 2012). One of the ketone bodies of β-hydroxybutyrate may also 

inhibit astrocyte/microglia activation while preventing NLRP3 inflammasome activity, 

which induces pro-inflammatory cytokine/chemokine secretion in Alzheimer's disease 

pathology.  (Aso et al. 2013). In addition, ketogenic diet therapy induces AQP4 activity 

to stabilize K+ concentration in astrocytes, and impaired AQP4 activity is implicated in 

neuroinflammation and astrogliosis underlying Alzheimer's disease and Parkinson's 

disease (Kawamura et al. 2014). In one study, the effects of the CCL2/CCR2 axis on 

astrogliosis were investigated in a mouse model of sciatic nerve injury, where it was 

shown that neuronal CCL2 first activates microglia and then activated microglia induce 

astrogliosis which further increases CCL2 release from astrocytes by IL18 and CXCR1 

activities (Gao and Ji 2010). Thus, inhibition of the CCL2 gene expression might be 

related with the reduction of the astrogliosis in Hexa-/-Neu3-/- mice brain.  

 MOMA-2 is the monocyte/macrophage marker which interact with the microglia 

and macrophage in the CNS. MOMA-2 intensity increased in the Hexa-/-Neu3-/- mice 

cortex and cerebellum (Demir et al. 2020). Furthermore, MOMA-2+ cells, marking 

microglia, are also gradually increased in the cortex of MPSI and MPSIIIB mouse models 

(Ohmi et al. 2003). The multiple sulfatase-deficient mouse model (Sumf1-/-) shows high 

macrophage presence and severe neuroinflammation in all tissues, especially in the 

Purkinje cell layer in the cerebellum (Settembre et al. 2007). The short-term ketogenic 

diet and propagermanium reduced the MOMA-2 intensity in Hexa-/-Neu3-/- mice cortex 

and cerebellum. Ketogenic diet treatment plays a neuroprotective role by decreasing nitric 

oxide synthase, a marker of M1 macrophages, and increasing arginase-1, a marker of M2 

macrophages in acute cervical spinal cord injured model of rat (J. Lin et al. 2020). 

Furthermore, EAE and cuprizone-induced MS mouse models exhibit decreased numbers 

of macrophages and microglia, as well as diminished pro-inflammatory responses after 



 99 

ketogenic diet treatment (D. Y. Kim et al. 2012; Chunhong Liu et al. 2020). One study 

showed that in a mouse model of kainic acid-induced epilepsy, knockout of the CCR2 

receptor and the use of anti-CCL2 antibody helped reduce the number of active microglia 

as well as macrophage infiltration (Tian et al. 2017). From this point of view, the positive 

effects of propagermanium on monocyte/macrophage activities in the brain may have 

been achieved in this way. 

 CNPase staining was performed to investigate the ketogenic diet and 

propagermanium treatment effects on the oligodendrocyte intensity in Hexa-/-Neu3-/- 

mice cortex and cerebellum tissues. The presence of the oligodendrocyte significantly 

decreased in the Hexa-/-Neu3-/- mice cortex and cerebellum. It has been reported that 

GM3 accumulation in the Niemann Pick disease type 1 (Npc1-/-) mouse model impairs 

oligodendrocyte development and persistence and that this accumulation causes 

demyelination due to the dysfunction of oligodendrocytes (Lee et al. 2014). In another 

study, psychosine accumulation was shown to have a toxic effect on oligodendrocytes in 

a mouse model of Krabbe disease, leading to demyelination (K Suzuki 1998). The 

propagermanium but not ketogenic diet treatment improved the CNPase intensity in the 

Hexa-/-Neu3-/- mice cerebellum. The miR-146a deficient cuprizone model of multiple 

sclerosis mice exhibited reduction level of CCL2 gene expression as well as 

oligodendrocyte progenitor cell differentiation to promote remyelination (Martin et al. 

2018). Therefore, inhibition of the CCL2 expression might improve the CNPase intensity 

by promoting OPC differentiation in Hexa-/-Neu3-/- mice cerebellum.  

 Autophagy is a conserved degradation pathway in which unnecessary or 

dysfunctional intracellular material is sent to the lysosome for degradation and recycling. 

A problem in this pathway is classified as an autophagic failure, which is also common 

in various lysosomal storage disorders. It has been previously reported that abnormal 

level of the GM2 ganglioside impairs the autophagic flux by the accumulated 

autophagosomes and autophagolysosomes in the Hexa-/-Neu3-/- mice brain (Sengul et al. 

2023). Furthermore, Pompe disease, Danon disease, Gaucher disease, Batten disease and 

cystinosis mouse models also have autophagic impairment in their cells due to substrate 

accumulation or lysosomal enzyme dysfunctions (Myerowitz, Puertollano, and Raben 

2021). Autophagic flux is composed of the mainly four steps: initiation, elongation, 

maturation and the fusion. Beclin-1 is the regulatory protein mainly in autophagy 

initiation step to start autophagosome formation but also plays key role in membrane 

trafficking (Tran, Fairlie, and Lee 2021). Beclin-1 gene expression level significantly 
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increased in Hexa-/-Neu3-/- mice cortex and cerebellum tissues. It has been reported in a 

study that increased Beclin-1 expression level in Npc1-/- mouse fibroblasts, as in the Tay-

Sachs mouse model, is due to impaired cholesterol and sphingolipid metabolism 

(Christopher D Pacheco and Lieberman 2007). Furthermore, it has been shown that 

Beclin-1 expression is upregulated in the GM1 gangliosidosis mouse model (Takamura 

et al. 2008). While this has shown that autophagy is induced in these diseases, the actual 

autophagic defects might be due to the accumulation of these produced autophagosomes. 

The short-term ketogenic diet and propagermanium treatments significantly reduced the 

Beclin-1 expression in Hexa-/-Neu3-/- mice cortex and cerebellum. Considering the 

impact of ketogenic diet on Beclin-1, it was shown that the protein level of Beclin-1 was 

higher in pentylenetetrazol-kindled rats fed a ketogenic diet compared to rats fed a control 

diet (Wang et al. 2018). In another study, it was reported that a ketogenic diet inhibited 

Beclin-1 levels, which increased in flurothyl-treated rats which induces epileptic seizure, 

and promoted autophagic regulation (Ni, Zhao, and Tian 2016). Pro-inflammatory 

cytokine secretion from microglia is closely related to autophagic flux, as autophagy-

defective microglia treated with LPS under in vitro conditions secrete excess pro-

inflammatory cytokines and cause neuronal apoptosis. In vivo, impaired microglial 

autophagy in the MPTP-induced Parkinson's and Alzheimer's mouse model causes 

excessive pro-inflammatory cytokine release as well as NLRP3 inflammasome activation 

(Qin et al. 2021; Cho et al. 2014). However, further investigations are necessary to 

elucidate the mechanism of the reduced Beclin-1 expression because of propagermanium 

treatment, an anti-inflammatory drug. Atg7 is the another autophagic protein which plays 

essential role in initiation of the autophagy and the autophagosome formation as well as 

LC3-I to LC3-II conversion (Lieberman et al. 2012). Atg7 expression level did not vary 

significantly between genotypes and after each treatment condition compared to untreated 

ones in cortex and cerebellum. However, Atg7 is abundant excessively in the one of the 

lysosomal storage disorder of Pompe disease mouse muscle in addition to Beclin-1 and 

LC3 due to autophagic failure (Raben et al. 2008). Atg9 is a type of lipid scramblase 

which play role in translocation of the phospholipids between outer membrane and inner 

membrane of the liposomes as well as function as transmembrane protein to assist 

formation of the autophagosome (Matoba et al. 2020). Atg9 expression level significantly 

decreased in cortex and cerebellum tissues of the Hexa-/-Neu3-/- mice compared to 

control mice. In addition, Atg9 dysregulation has been attributed to Parkinson disease 

mouse model due to α-syn overexpression which causes Atg9 mislocalization and 



 101 

decreases omegasome formation by suppressing Rab1a (Winslow et al. 2010). The 

ketogenic diet slightly increased the Atg9 expression in Hexa-/-Neu3-/- cortex but 

propagermanium decreased Atg9 expression only in the cortex. In a study, CCL2 together 

with IL-6 can induce autophagy in macrophages, triggering the phenotype of M2-type 

microglia with anti-inflammatory function (Lv et al. 2023). Therefore, treatment of the 

propagermanium inhibited CCL2 expression which might indirectly reduce Atg9 gene 

expression. p62/SQSTM1 is a cargo protein that functions to target other proteins by 

directing autophagic cargoes for selective autophagy. The p62/SQSTM1 also colocalizes 

with the ubiquitinated proteins which accumulate in the various neurodegenerative 

disorders if the autophagic flux is impaired (Bjørkøy et al. 2009). In addition to 

neurodegenerative disorders, p62/SQSTM1 accumulation is also a critical sign in the 

lysosomal storage disorders to display autophagic impairment. The p62/SQSTM1 and 

ubiquitinated proteins accumulates in the Niemann pick type C (Npc1-/-) mouse model 

brain lysates as well as Gaucher disease (Gba1-/-) mouse brain displays accumulation of 

p62/SQSTM1 in astrocytes and neurons (Chris D Pacheco, Elrick, and Lieberman 2009; 

Y. Sun et al. 2010). The short-term ketogenic diet and propagermanium treatments 

significantly reduced the p62/SQSTM1 gene expression level in Hexa-/-Neu3-/- mice 

cortex and cerebellum. It has been reported that β-hydroxybutyrate, one of the ketone 

bodies, decreases the LC-II/LC-I ratio and decreases p62/SQSTM1 levels by triggering 

autophagy in the myocardium of the ischemic/reperfusion injured mouse model (Y. Yu et 

al. 2018). It was also shown that rats with PTZ-kindled seizures showed decreased levels 

of p62/SQSTM1 and increased levels of Atg5 and Beclin-1 after ketogenic diet treatment 

(Wang et al. 2018). A study revealed that CCL2 maintains drug resistance by activating 

the PI3K-Akt-mTOR signaling pathway to suppress autophagy, leading to increased 

p62/SQSTM1 expression in BGC823 and SGC7901 gastric cancer cell lines (W. Xu et al. 

2018). On the basis of this mechanism, it can be concluded that propagermanium, which 

inhibits CCL2 expression, might reduce p62/SQSTM1 expression. Lysosome-associated 

membrane protein 2 (Lamp-2) is a type of the lysosomal glycoproteins which function to 

regulate lysosomal homeostasis such as pH and integrity (Eskelinen et al. 2002). In 

addition, Lamp-2 also serve as a receptor to selective lysosomal import to degrade 

cytosolic proteins in lysosomes (Cuervo and Dice 1996). Deficiency of the Lamp-2 

protein causes Danon's disease, a type of lysosomal storage disorder in which excess 

glycogen and autophagic vacuoles accumulate due to impaired autophagic flux. (Nishino 

et al. 2000). Lamp-2 gene expression level significantly increased in Hexa-/-Neu3-/- mice 
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cortex and cerebellum compared to WT and Hexa-/- mice. Furthermore, it has been 

reported that Lamp2A which is the variant of the Lamp-2 protein, decreased in the 

mucolipidosis type IV (MLIV) fibroblasts as well as defective chaperone-mediated 

autophagy (CMA). Neuronopathic Gaucher disease mouse model (Gba1-/-) also 

displayed accumulation of the Lamp-2 and p62/SQSTM1 proteins due to accumulated 

glucosylceramide and glucosylsphingosine which impairs autophagic flux (Y. Sun et al. 

2010). Lamp-2 expression was only reduced in Hexa-/-Neu3-/- mice cortex compared to 

untreated ones after short-term ketogenic diet and propagermanium treatments. The 

reduction in Lamp-2 gene expression observed in Hexa-/-Neu3-/- mouse brain may have 

restored the expression level to normal conditions after the ketogenic diet. It has been 

reported that ketogenic diet treatment increases gene and protein expressions of the 

Lamp-2 in cortex and cerebellum regions of the CD-1 mice (Gómora-García et al. 2023). 

Another study showed that D-βHB treatment prevented Lamp-2 cleavage in the striatum 

and cortex, leading to the restoration of lysosomal function and amelioration of the 

protein clearance impairment (Montiel et al. 2020). Although there is limited information 

about the relationship between CCL2 and Lamp-2 protein in the literature, it has been 

shown that the amount of CCL2 decreased while the amount of Lamp-2 protein increased 

in a mouse model of acute lung injury treated with rapamycin, which induces (Zhao et al. 

2019).  

 Protein levels of p62/SQSTM1 and LC3-I/LC3-II was illustrated by western 

blotting and immunofluorescence staining after short-term ketogenic diet and 

propagermanium treatments. p62/SQSTM1 level significantly increased in the Hexa-/-

Neu3-/- mice compared to controls. It has reported that mucolipidosis type IV (MLIV) 

fibroblasts included accumulation of the p62/SQSTM1 and impaired mitochondria 

(Vergarajauregui et al. 2008). Furthermore, mucopolysaccharidoses type II and III (MPS 

II/III) fibroblasts also accumulated p62/SQSTM1 as well as ubiquitin and damaged 

mitochondria (Otomo et al. 2009). In vivo, the MPS II mouse model (Ids-/-) has been 

shown to involve p62/SQSTM1 accumulation in neurons due to reduced degradation of 

autophagic cargo from lysosomes (Maeda et al. 2019). The short-term ketogenic diet and 

combined ketogenic diet and propagermanium treatments significantly reduced the 

p62/SQSTM1 protein level in Hexa-/-Neu3-/- mice cortex and cerebellum. It has been 

reported that p62/SQSTM1 protein level is inhibited by ketogenic diet to induce 

autophagy in the regulation of the kidney injured rat model (Kundu et al. 2022). 

Furthermore, plant and animal-based ketogenic diet induced the hepatic autophagy in the 
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C57BL/6J mouse model to reduce p62/SQSTM1 protein level (Liśkiewicz et al. 2021). 

In addition, PTZ-kindled mouse model displayed reduction of the p62/SQSTM1 protein 

level after ketogenic diet treatment (Wang et al. 2018). According to these studies, it may 

be speculated that ketogenic diet treatment promotes the degradation of the accumulated 

p62/SQSTM1 by inducing autophagy. Microtubule-associated protein 1A/1B-light chain 

3 (LC3) is a autophagic protein which serve as autophagosome formation. LC3-I creates 

a complex with phosphotidylethanolamine (PE) to produce LC3-II through ubiquitylation 

like reactions. The produced LC3-II is degraded after fusion with lysosomes by the assist 

of lysosomal proteases (Tanida, Ueno, and Kominami 2004). It has been reported that the 

Tay-Sachs mouse model shows the accumulation of autophagosomes and LC3 proteins 

due to autophagic defect, and in addition, the CLN3, CLN6, and CLN7 mouse models 

also have accumulated LC3 proteins (Sengul et al. 2023; Cao et al. 2006; Thelen et al. 

2012; Brandenstein et al. 2016). The ketogenic diet and propagermanium treatments 

significantly reduced accumulated LC3-II protein level in the Hexa-/-Neu3-/- mice cortex 

and cerebellum tissues. Intraperitoneal and epidural delivery of D-βHB significantly 

reduced LC3 proteins accumulated in N-methyl-D-aspartate (NMDA)-treated rat striatum 

(Montiel et al. 2020). Furthermore, CCL2 has been implicated in the inhibition of 

autophagy via PI3K/Akt mechanism in rats with spinal cord injury. Therefore, it is 

considered that a combined ketogenic diet and propagermanium treatment might reduce 

the level of accumulated LC3 protein by modulating impaired autophagy. Consequently, 

the ketogenic diet and propagermanium treatments had a beneficial effect on the 

degradation of accumulated autophagic proteins by modifying the impaired autophagic 

pathway in Hexa-/-Neu3-/- mouse brain. 

 Neuropathological staining of the hematoxylin&eosin (H&E) and periodic-

acid&Schiff (PAS) were performed for cortex and cerebellum regions of the Hexa-/-

Neu3-/- mice to display neuronal morphology and glycoconjugate accumulation 

respectively. H&E staining illustrated vacuolization of the cortical neurons and Purkinje 

cells due to abnormal GM2 ganglioside accumulation as previously published 

(Seyrantepe et al. 2018). The ketogenic diet and propagermanium treatments did not alter 

the neuronal morphology in the Hexa-/-Neu3-/- mouse brain. PAS staining displayed the 

accumulation of the glycoconjugates in the Hexa-/-Neu3-/- mouse brain compared to 

controls. The short/long ketogenic diet significantly reduced the accumulated 

glycoconjugates due to the low carbohydrate content of the ketogenic diet. It has been 

shown in a study conducted in the liver tissue of a respiratory chain complex III deficiency 
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mouse model that the number of PAS+ cells decreased when a ketogenic diet was used 

(Purhonen et al. 2017). 

 The open field analysis and rotarod tests were performed to measure the anxiety-

related behaviour and motor coordination as well as balance in Hexa-/-Neu3-/- mice. 

Hexa-/-Neu3-/- mice showed a reduction in time spent in the center of the box, which is 

associated with increased anxiety-related behaviour. Furthermore, total distance travelled 

significantly reduced in Hexa-/-Neu3-/- mice compared to controls. Apart from the Tay-

Sachs mouse model, it has been reported that the MPS type IIIA (MPSIIIA) mouse model 

has decreased total activity in the open field test (Lau et al. 2008). The ketogenic diet and 

propagermanium treatments did not significantly improve the total activity in the Hexa-

/-Neu3-/- mice compared to untreated ones. The rotarod test is the motor coordination and 

balance test on the accelerated rod in which Hexa-/-Neu3-/- mice elicited reduction time 

on rod compared to controls. It has been reported that acid sphingomyelinase deficient 

mouse model (Asm-/-) has the lower time on the rod than controls which indicates motor 

impairment (Gabandé-Rodríguez et al. 2019). The ketogenic diet and propagermanium 

treatments did not significantly improve the motor coordination deficit in the Hexa-/-

Neu3-/- mice. Therefore, it might be suggested that ketogenic diet and propagermanium 

treatments are not being suitable to improve motor coordination and balance.  
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CHAPTER 5 

 

CONCLUSION 

 

The ketogenic diet has anti-inflammatory and autophagy-regulating effects, especially in 

the clinical findings of neurodegenerative diseases, and it was considered whether its 

positive effects could be observed in the Tay-Sachs mouse model in which progressively 

increased neuroinflammation and autophagic disorder findings were published. It was 

considered that more efficacious results could be achieved in neuronal pathology by using 

propagermanium, a CCL2/CCR2 axis inhibitor, in addition to a ketogenic diet by 

targeting CCL2 chemokine, which increases in neuroinflammation in Hexa-/-Neu3-/- 

mouse brains. Therefore, combined ketogenic diet and anti-inflammatory drug treatment 

on the reduction of the neuroinflammation and induction of the autophagic flux in Hexa-

/-Neu3-/- mouse brain was aimed in this thesis. For this purpose, two-stage ketogenic diet 

treatments (short and long-term) with combined propagermanium was performed. The 

results revealed that short-term ketogenic diet treatment decreased CCL2 expression in 

both cortex and cerebellum regions and even decreased the expression of other 

neuroinflammation-related genes, such as propagermanium, which directly targets CCL2, 

in contrast to the long-term. Western blot results indicated that short-term ketogenic diet 

and propagermanium treatments attenuated neuroinflammation by reducing the elevated 

amount of NfκB in the cortex and cerebellum, independent of IκB-α level, due to the role 

of NfκB in CCL2 regulation. Immunofluorescence staining revealed that short-term 

ketogenic diet and propagermanium treatments are more effective to reduce astrocyte and 

macrophage activations than long-term treatment. After the impact on 

neuroinflammation, the effects of short-term ketogenic diet and propagermanium on 

autophagic flux were investigated. Following short-term ketogenic diet treatment, 

western blot and immunofluorescence staining results revealed that the accumulation of 

autophagosomes and autophagolysosomes detected in the neuronal pathology of Hexa-/-

Neu3-/- mice was effectively diminished.  

In conclusion, short-term ketogenic diet and propagermanium treatment provided 

more effective results compared to long-term treatment, while the anti-inflammatory and 

autophagic regulation effects on cortex and cerebellum regions of Hexa-/-Neu3-/- mice 
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were independent of the amount of GM2 ganglioside accumulated in these regions. 

Therefore, besides their palliative effects, short-term ketogenic diet and propagermanium 

treatments, in combination with gene therapy methods, can significantly contribute to the 

treatment of Tay-Sachs disease. 
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