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1. INTRODUCTION 

 

1.1. The basic structure of the cell membrane 

 

Surrounding every living cell is a few nanometers thick, highly organized 

amphiphilic membrane. Membrane functions are diverse and can be categorized into 

several parts: setting boundaries of the cell and its organelles, serving as a hub for 

communication with the outside world, containing cytoplasm, and enabling localized 

biochemical reactions (1). Building blocks of a cell membrane can vary depending on the 

type of organism and tissue, or localization within a cell. Lipids are the main constituents 

of membranes, and several hundred different lipids have been found to make the 

membranes. Before eukaryotic multicellular organisms evolved, simpler life was vastly 

present on the Earth. This simpler, early life created a template for all other biological 

membranes that evolved. Archaea, which are among the oldest living organisms and 

occupy some of the harshest environments, have a membrane made mainly of cross-

connected isoprenoid chains (2). This arrangement was necessary due to their evolution 

in hydrothermal vents deep under the ocean and hot muddy shales of Precambrian era 

Earth. Arranging the membrane in this fashion makes it very stable at high temperatures. 

It is organized as a structural monolayer, otherwise, the membrane would disperse under 

high heat and pressure (3). As the Earth cooled down, new ecological niches emerged. 

Occupying less harsh and more manageable biomes allowed the next evolutionary step to 

occur, and the first true lipid bilayer was observed in bacteria. 

Bacterial lipids are primarily characterized by glycerol, which serves as a scaffold 

for three phosphates linked to fatty acids. Forming a true bilayer allowed diversity and 

quick adaptation to environmental changes by enabling rapid modification of a cell 

membrane according to the environmental change (4,5). Further down the evolution lane, 

significant differences in basic building blocks between eukaryotic and bacterial 

membranes are observable. If not all eukaryotes, the majority have cholesterol or its 

derivatives integrated into a cell membrane, but only a handful of bacterial clades contain 

it (6). Other exceptions regarding membrane lipid composition are endosymbiotic 

organelles. Even though mitochondria and plastids originated from bacteria, specific 

changes had to happen to accommodate the symbiotic relationship. In their membranes, 

specific C-type lipids, cardiolipins, and galactolipids can be found. All those exceptions 
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and membrane modifications serve to stabilize the membrane, make electron transport 

chains possible, and enable more complex integration with the rest of the cell (7).  

 The eukaryotic plasma membrane is the cell's outer-most border and serves as a 

communication, kinaesthetic, and metabolic interface. The fact that humans and all 

mammalian experimental models are eukaryotes somewhat simplifies basic research in 

field of membrane dynamics and oragniasation. Membrane models are extensively used 

in studies due to their experimental flexibility and a wide range of suitable modifications. 

One of the first models was the red blood cell (RBC) membrane. Mammalian RBC does 

not have nuclei or intracellular membranes, making RBCs good candidates for purifying 

clean outer membranes. Those experiments showed that phospholipid forms a bilayer (8). 

This early research also had a mission to find which building blocks are included in 

membrane formation. It was known that membranes behaved partly like lipids and could 

form micelles, like those previously observed with soaps and detergents, and had to have 

a polar part. Besides fatty acid chains and glycerol; choline, serine, or ethanolamine is 

found attached to the glycerol moiety forming a polar part of molecules called 

phospholipids. Sphingomyelin can be found alongside phospholipids, and those four 

molecules together form the majority of mammalian biological membranes. Interestingly, 

the outer part of the membrane is mainly assembled out of phosphatidyl-choline and 

sphingomyelin. The inner part of the membrane is made of phosphatidyl-ethanolamine 

and phosphatidyl-serine. Phosphatidyl-inositol takes the smallest portion of all 

phospholipids in membrane structure, but it has an important role as an endocytosis 

mediator, cell-to-cell interactions, and cell signaling (7,9).  

Besides phospholipids, the membrane integrates glycolipids and cholesterol. 

Glycolipids are mainly localized on the outer part of the cell membrane and comprise 

around 2% of total membrane lipids (10). Their role and importance will be discussed in 

detail when describing gangliosides. Cholesterol serves as a membrane dynamics 

modifier and stabilizes the membrane. The rigid cyclic structure of cholesterol is the basis 

for this modifying behavior. Cholesterol cannot create membranes because it lacks a 

prominent polar group and has one hydroxyl group in its sterol core. This hydroxyl group 

is just polar enough to enable cholesterol to orientate toward polar phospholipid heads 

(11). Immediate modification in membrane fluidity by cholesterol is best observed in 

animals living at extreme temperatures. If the membrane is exposed to temperatures 

above physiological, cholesterol will position itself between unsaturated fatty acids, 
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reducing membrane flexibility and preventing membrane dispersion (11–13). Making 

membrane rigid is important when body temperature physiologically rises due to exercise 

or it rises to stave off infection. This property can preserve the membrane up to a point. 

Still, the ultimate survivability of cells at temperatures significantly above physiological 

is linked to how much energy cell proteins can take before denaturing (14). This is well 

documented in animals living near hydrothermal vents and in dry equatorial deserts (15). 

The opposite effect is observed when the membrane is exposed to under-physiologically 

normal temperatures. In this scenario, cholesterol is interlaced between saturated fatty 

acids. This is in contrast to its behavior under high temperatures. This cholesterol 

intervention prevents the crystallization of phospholipids that contain saturated fatty acids 

(16,17). That said, the cell utilizes cholesterol primarily as a regulator of membrane 

fluidity. Proper membrane functionality relies on two phospholipid characteristics, as 

well. The first one is separating water-filled compartments, and the second one exists in 

semiliquid rather than solid-state. Primary characteristic arises from the fact that fatty 

acids orient towards each other when forming bilayers. This way, a hydrophobic middle 

region is created, limiting the diffusion of polar molecules, primarily water and water-

soluble molecules. At the same time, polar heads interact with the water creating a water 

sheet around the membrane (18). This interaction between water and the membrane is 

essential. If water could not reach the membrane surface and create hydrogen bonds with 

it, it would prevent water-soluble molecules from getting close enough for interaction 

with channel proteins. The second property is a result of the order emerging from chaos. 

In other words, fatty acids of the phospholipids are not all equal, and at least one of the 

acyl chains has one or more double bonds. Those double bonds prevent the perfect 

alignment of similar molecules resulting in the prevention of membrane solidification at 

physiological temperatures (19). The stability of the cell membrane is highly dependent 

on the ratios of described components, and those ratios are continuously adjusted to suit 

physiological needs. They can change as a result of the metabolic shift. We can say that 

phospholipids and cholesterol are constitutive parts of a cell membrane and to keep the 

membrane and the entire cell balanced, regulative elements should be embedded in a 

membrane. Groups of molecules that fulfill this function are glycolipids and proteins. 

Cell-to-cell interaction, the direction of differentiation and cell migration, signaling 

between different cells – all those functions are mediated through either one or both 

molecule groups.  
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Figure 1.1. Scheme of the mammalian cell membrane representing the spatial 

organization of specific molecules building the membrane. The figure was made by the 

author based on references (1-36).  

1.2. Plasma membrane glycolipids 

 

1.2.1. Structure, differentiation, and synthesis of glycolipids 

 

Large and diverse. To some scary beyond comprehension to others source of joy 

and never-ending research inspiration. First discovered and described by Ernst Klenk in 

brain tissue in 1942 (20). This group of biomolecules is made of two large and diverse 

compound families – carbohydrates and lipids. They can be described as glycosyl 

derivatives of lipids with the possibility to modify each component in the molecule either 

by addition or subtraction of sugars, hydroxyl groups, or double bonds. These 

modifications will change molecule position within the cell membrane thus altering 

molecule functionality (10). This diversity is a foundation of glycolipids' importance and 

emphasizes the need for stable and highly controlled glycolipid metabolism. Internal 

membranes contain two-thirds of the total glycolipids, rest is found in the cell membrane 

or the cytosol. Synthesis of glycosphingolipids is carried out by adding sugars one by one 

to anchor molecule, mainly onto a ceramide or, in some cases, to acetylated or non-

acetylated glycerol containing one or more fatty acids (21,22). Ceramide is an amide 

derivative of sphingosine and one of the long-chain fatty acids. It is synthesized from 

palmitic acid in the endoplasmatic reticulum (ER) (23). Ceramide derivatives are formed 

by attaching different molecules onto the first C-atom hydroxyl group in the ceramide 

structure.  
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The first step of glycolipid synthesis takes place on the cis side of the Golgi 

apparatus, where the first sugar is transferred primarily to a ceramide. After the first sugar 

is bound to ceramide, the flippase enzyme rotates the synthesized molecule to the Golgi 

cisternae lumen. Then, further steps of sugar addition are carried in a lumen of the trans 

part of the Golgi network, where complex branching and addition of functional groups 

and charged sugars shape the final structure of glycolipid. Once synthesized, glycolipids 

are transported throughout the cell in small vesicles with bilayer membrane to maintain 

proper orientation during vesicle fusion with designated cell membranes.  

Glycolipids are classified into two major categories: glycoglycerolipids and 

glycosphingolipids (24). Glycoglicerolipids have one or more sugars attached to a 

hydroxyl group of glycerol with one or more fatty acids anchoring the structure to the 

membrane. This group of molecules are quite common in plants, algae, and some bacterial 

species but can rarely be found in significant abundance in animals. The only exception 

to this is found in mammalian testes, where seminolipids comprise more than 90% of total 

lipids (25). Glycosphingolipids are the main glycolipids found in animal tissues, primarily 

localized in the nervous system. The central anchoring molecule of glycosphingolipids is 

the ceramide, on top of which are orderly assembled sugars (26). Glycosphingolipids are 

lipids containing at least one monosaccharide attached to the ceramide moiety. Depending 

on which sugars and functional groups are attached to ceramide, glycosphingolipids can 

be further divided into neutral glycosphingolipids and acidic glycosphingolipids. Neutral 

glycosphingolipids are usually made out of one sugar attached to ceramide. 

The most abundant neutral glycosphingolipids are cerebrosides. Two major 

cerebrosides can be found in mammals: galactosylceramides and glucosylceramides 

(GalCer and GlcCer, respectively). In the central nervous system (CNS), the most 

abundant is GalCer, located in a myelin sheath surrounding white matter axons. It also 

serves as a precursor to more complex structures such as sulfatides and GM4 ganglioside. 

On the other hand, GlcCer is used mainly as a precursor in the synthesis of gangliosides 

and globosides. GalCer and GlcCer and their derivatives regulate cell growth, protein 

trafficking and sorting, cell morphogenesis, and cell adhesion (21,27,28). GlcCer is 

synthesized by the enzyme glucosylceramide synthase (GCS; GLCT - 1 EC 2.4.1.80) 

from UDP glucose and ceramide on the cytoplasmatic cis side of the Golgi network. 

Enzyme activity is dependent on concentrations of free ceramide that can be either 

released by degradation of complex glycolipids or de novo synthesized.  
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Acidic glycosphingolipids use cerebroside structure as the backbone for their 

synthesis. They have more than one sugar in structure and must have acidic residue in 

sulfate ester or sialic acid. Sulphoglycosphingolipids, also known as sulfatides, are 

derived from GalCer and have a distinct sulfatide group attached to the 3’ hydroxyl group 

of galactose with an ester bond. Sulfatides are abundant in brain tissue. They are an 

essential component of the myelin sheath, serve as modulators in protein trafficking, 

signal transduction, and differentiate neurons or neuron-like cells. The role of sulfatides 

has been implied in Alzheimer's disease (AD), where a substantial loss was found in 

patients' brains (29,30). However, the question remains whether the loss of sulfatides 

results from disease or is it one of its causes.  

 

1.2.2. Gangliosides 

 

Gangliosides are acidic glycosphingolipids made from an oligosaccharide chain 

linked by the glycosidic bond to a ceramide anchor. Gangliosides have sialic acid in their 

motif, which gives them a specific spatial charge depending on the position and number 

of sialic acids on the oligosaccharide chain. In mammalian tissues, many variances of 

sialoglycans are found with different lipid components in ceramide moiety. This 

generates hundreds of different structures with various functions in the range of directing 

cell migration and cell recognition to regulation of receptor tyrosine kinases’ activity 

(26,31). In the mammalian brain, predominant gangliosides have four sialoglycan 

sequences. The ceramide structure is quantitatively dominated with stearic acid (C18:0) 

attached to one of two sphingosines, namely 2-amino-4-octadecene-1,3-diol (d18:1) and 

2-amino-4-dodecane-1,3-diol (d20:1) (32). The human brain has almost exclusively N-

acetylneuraminic acid (Neu5Ac) with none of the glycosylated forms. Brains of other 

mammals and non-mammalian brains also have a second variant of sialic acid N-

glycolylneuraminic acid (Neu5Gc) in similar proportions as Neu5Ac (33,34). Brain 

gangliosides in the mammalian brain are synthesized stepwise by a series of enzymes – 

glycosyltransferases. Galactose is firstly added to GluCer and is typically sialylated at its 

3-hydroxyl residue with one Neu5Ac (Figure 1). The addition of Neu5Ac can be furthered 

by one or two additional Neu5Ac on top of an existing one, connected by an α2–8 link, 

and this way, GM3, GD3, and GT3 are synthesized. This is a key point in ganglioside 

biosynthesis. Once N-Acetyl galactosamine (GalNAc) is added to the 4-hydroxyl group 

of galactose, no further sialic acid additions can occur at the galactose 3-hydroxyl 
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position. The addition of GalNAc to the existing structure of GM3, GD3, and GT3 will 

result in the formation of GM2, GD2, and GT2, respectively. Following GalNAc residue, 

major brain gangliosides have β3-linked galactose added, which can be sialinized with 

one or two sialic acids on the 3-hydroxyl residue. 

Gangliosides from a-series, namely GM1, GD1a, and b-series, GD1b, GT1b, are 

most abundant in the adult mammalian brain. Gangliosides with no sialic acids at first 

galactose are named 0-series, those with one sialic acid are a-series, two sialic acids are 

b-series, and three sialic acids are c-series. The first, 0-series gangliosides, are rare in an 

adult mammalian brain (Figure 1.2.). The same is true for the c-series or higher, although 

c-series are abundant in fish and amphibians, most likely because their brains can 

regenerate in adult life (35–37). For the functionality of gangliosides, orientation in the 

cell membrane is the key (38). According to detailed conformational studies, ceramide 

moiety is embedded in the outer layer of the cell membrane. However, a few of them have 

revealed that the glycan part of both GM1 and GM3 is oriented perpendicular to the 

membrane due to the glucose-ceramide bond orientation (38–40). The glycan part 

positioning is essential, and gangliosides are sufficiently large in order to engage with 

proteins on the lateral cell membrane surface as well as extend outwards from the 

membrane to interact with adjacent cell membrane proteins.  
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Figure 1.2. Scheme of ganglioside biosynthesis pathway. The author made the figure 

based on references (20–56); Glc = Glucose, Gal = Galactose, GalNac = N-Acetyl 

Galactosamine, NeuAc = Sialic acid.  

Biological membranes are formed as lipid bilayers that under physiological 

conditions behave and self-organize into two-dimensional fluids dominated primarily by 

glycerophospholipids (41,42). The plasma membrane outer leaflet is mainly dominated 
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by phosphatidylcholine, which accounts for more than half of the total 

glycerophospholipids. On the other hand, gangliosides represent the most significant 

minority in the total population of molecules in the outer membrane leaflet (43). 

Gangliosides, and the rest of the sphingolipids, organize differently within the membrane 

having large glycan groups and ceramide anchors that drive the lateral association within 

the bilayer (44). This occurs spontaneously, and together with cholesterol and specific 

proteins, assembles special membrane microdomains – lipid rafts (45,46). Because of this 

intrinsic property, gangliosides have been proposed as a molecular marker for lipid rafts. 

This kinetically driven dynamic self-organization is supported by current findings that 

nanometer-sized lipid rafts form in eukaryotic cell membranes (47–49). Gangliosides 

bind to the lipid rafts with high avidity, because of that, created structures rarely dissipate 

in a living cell. The remaining gangliosides are dispersed across the membrane. This 

spatial organization gives a small number of gangliosides a wide range of functions –  

from axon growth regulation to modulation of membrane receptor activity. Axon 

outgrowth is regulated by gangliosides that serve as control points for nerve cell 

mechanisms. This regulation is best observed at the axon growth cone, where the 

interaction of gangliosides with compatible molecules on adjacent cells inhibits the 

growth. Gangliosides that can negatively affect axonal growth are GD1a and GT1b, after 

interaction with myelin-associated glycoprotein (MAG). The membrane-associated 

sialidase Neu3 cleaves sialic acids from complex gangliosides resulting in GM1. This 

prevents interaction with other molecules and inhibits axon outgrowth (50–52). A similar 

increase in Neu3 activity is observed when the axon is damaged. This is one of the primary 

mechanisms involved in peripheral axon reparation, but it is not observed in the CNS 

axons (51). Besides regulating axon growth, gangliosides' essential function within the 

membrane is regulating receptors’ activity, notably receptor tyrosine kinases. It has been 

observed that lateral association of GM3 with insulin receptor (IR) suppresses 

downstream signaling cascade in vitro. This happens due to IR sequestering upon 

association with GM3, impairing lateral association with the caveolin required for proper 

insulin-mediated signaling cascade (53). In addition to GM3’s regulation of IR activity 

and signaling cascade, other gangliosides are involved in the regulation of membrane 

receptors, as well. GM1 is involved in the activation of Tropomyosin receptor kinase A 

(TrkA) that prevents apoptosis and stimulates neurite growth (54). It is also important for 

the proper functioning and stability of the GluR2 subunit of the α-amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid (AMPA) receptor within the membrane (55). 
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Dysregulation of the GluR2 receptor usually leads to intellectual deficits (56). As major 

cell surface molecules of the vertebrate CNS, gangliosides have multiple roles in 

maintaining the CNS's proper physiology. With the emergence of new technologies, the 

relationship between gangliosides and other molecules is being discovered. 

Gangliosides are one of the most important cell surface molecules of neurons in 

the vertebrate nervous system, where they provide molecular signatures for intrinsic (cis) 

and extrinsic (trans) molecular interactions. As the knowledge of the multiple roles of 

gangliosides in physiological and pathological conditions continues to emerge, and the 

tools for exploring the structure-function relationships and mechanisms of ganglioside-

mediated cellular regulation continue to evolve, a better understanding of areas such as 

axon stability and regeneration, synaptic plasticity, and cellular differentiation in health 

and disease are to be discovered. 

 

1.3. Insulin, insulin receptor and its metabolic pathway 

 

Insulin is a peptide hormone secreted by pancreatic beta cells in response to 

increased glucose or amino-acid levels in the blood. It has a relatively simple peptide 

structure with a total of 51 amino acids. It is made of A and B peptide chains, cross-

connected with disulfide bonds to form an active hormone (57). Its primary role is 

regulating blood glucose levels, but it has a more important secondary role in regulating 

cell metabolism. Insulin cannot induce any response in targeted cells by itself since it is 

a peptide and, as such, cannot readily pass across the cell membrane (58). Due to this 

feature, a localization of a specific cell membrane receptor is required to pass the insulin 

signal into the cell. As mentioned above, IR belongs to a group of receptor tyrosine 

kinases. Structurally, the receptor dimer is build up from monomers of A or B isoforms, 

creating different combinations of homo- and heterodimers (59). Therefore, it is crucial 

to distinguish receptor A and B monomers from the ones building up the insulin hormone. 

In both cases, only the nomenclature is the same. Each monomer, regardless of isoform, 

is made from alpha and beta subunits connected with disulfide bonds. 

Additionally, the receptor is assembled by cross-connecting two alpha subunits 

together with disulfide bonds. The alpha subunits are entirely located outside the cell and 

serve as docking sites for four insulin molecules. During the activation, insulin ligands 

first bind to the alpha subunits' leucine-rich domains and then to the fibronectin domains 
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type I and II. This two-point interaction facilitates the cooperative binding of insulin and 

reduces the energy necessary for the activation of the receptor (60). The beta subunit is a 

transmembrane protein, and the majority of its polypeptide chain is located inside the cell. 

It has a specific autocatalytic domain called the tyrosine kinase domain. The binding of 

four insulin molecules to the receptor forces monomers to get closer to each other. This 

movement results in the transphosphorylation of tyrosine residues of the beta subunits 

and the downstream signaling cascade activation.  

The insulin signaling cascade does not encompass just one downstream signaling 

pathway but several different pathways, simultaneously forming a signaling network that 

impacts every aspect of the cell (59). The essential part of every metabolic pathway is its 

auto- or xenoregulation that prevents the signal from spiral out of control. Thus, every 

step of the vast insulin cascade includes multiple regulatory molecules. The first 

regulatory mechanism in controlling the insulin signaling network revolves around the 

receptor. Like other receptor tyrosine kinases, the IR itself can function as a negative 

regulator by undergoing ligand-induced internalization and subsequent recycling back to 

the membrane, or degradation in the lysosomes. The recycling process is regulated by 12 

amino-acid motifs located at the IR beta subunits juxtamembrane region. Once insulin 

binds to its receptor and causes conformational changes, this motif is exposed and induces 

the formation of clathrin-coated pits. Entering IR into the clathrin-coated pits causes its 

internalization by forming a vesicle (61). The fusion of the primary lysosome with the 

vesicle changes its pH, which facilitates the release of IR. Once free, the receptor is 

recycled back to the membrane. Suppose insulin concentration is higher than average and 

stays high long enough, the abnormality of this recycling process will result in the 

development of insulin resistance by keeping the majority of receptors internalized (62). 

This normally happens after a large and sugar-heavy meal, but it is resolved relatively 

quickly if the organism is healthy. Going downstream from the receptor, signal 

transduction is handled by kinase and phosphatase enzymes. For each kinase that insulin 

signal activates, there are often two or more signal quenching phosphatases.  

The first step in cytoplasmic signal transduction is phosphorylation and 

subsequent insulin receptor substrate (IRS) protein activation. To date, four closely 

related isoforms of IRS have been discovered, which are differentially expressed in 

different organisms in a tissue-dependent manner. IRS-1 is expressed in most of the cells 

and regulates body growth. IRS-1 plays a dominant role in skeletal muscle cells by 
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regulating their insulin response. It is interesting to note that Araki et al. did not found 

significant deleterious effects on glucose tolerance in IRS-1 knockout mice (63). On the 

other hand, IRS-2 expression is restricted to specific tissues such as neurons, the 

pancreatic islet cells, preadipocytes, and hepatocytes. In the cells mentioned above, it 

regulates either growth or maintains a proper cell function. IRS-3 and -4 expressions have 

a more restricted tissue and species distribution. In rodents, the majority of IRS-3 protein 

can be found in adipocytes, lung, and liver cells. The human genome doesn’t contain a 

functional IRS-3 gene, and consequently, no protein is synthesized. In rodents, IRS-4 

protein is found in the kidney, liver, heart, skeletal muscle, and brain cells, where it 

controls their glucose response (64). In humans, this protein is found only in certain breast 

tumors acting as an oncogenic driver for mammary glands epithelial cells. That said, only 

IRS-1 and -2 are relevant when talking about insulin signalization in the majority of 

human cells, and it is most likely that one of those two is affected in all types of insulin 

resistance. Regulation of IRS activity relies mainly on its phosphorylation. All IRS 

isoforms, regardless of animal species, contain the Tyrosine-Any amino acid-Any amino 

acid-Methionine (YXXM) motif in several places in its amino acid sequence, which is 

phosphorylated depending on where the signal is coming from and results in the 

activation of  IRS (65). Other amino acid residues regulate IRS. For example, Serine 636  

phosphorylation causes the cessation of the above-mentioned part of the insulin signaling 

cascade. Once the YXXM motif of IRS is phosphorylated, it can lead to two distinct 

metabolic cascades, one activating mitogen-activated protein kinase (MAPK) pathway 

and another protein kinase B (Akt) pathway. 

The phosphorylated IRS forms a complex with PI3K p85 subunit and Grb2, which 

recruits guanine nucleotide-exchange factor (GEF), the activator of the Ras small GTPase 

protein. Ras in a GTP-bound form activates a MAPK cascade. Ras-GTP complex 

interacts with the Raf protein, phosphorylating and activating the MAPK/extracellular 

signal-regulated kinase (MEK). MEK, in turn, phosphorylates ERK1/2. ERK1/2 has 

several targets, including the ribosomal serine kinase and E-26-like transcription factor 1 

(Elk-1). It can also phosphorylate and activate the MAPK-interacting kinase (Mnk) 1 and 

2, leading to phosphorylation of eukaryotic initiation factor-4e resulting in increased 

protein synthesis (66). 

The other branch of insulin signaling is activated when the SH-2) domain 

containing regulatory subunit of phosphoinositide 3-kinase (PI3K) - p85 binds to the IRS1 
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protein. p85 binds to the catalytic subunit of PI3K - p110. For the activation of this 

signaling cascade in human cells, IRS-1 must be phosphorylated at Tyr612 and Tyr632 

residues. This interaction results in the conformational change and subsequent activation 

of the PI3K (65,67). In this activated state, the catalytic subunit phosphorylates 

phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) by cleaving one adenosine triphosphate (ATP). PIP3 as a second 

messenger serves as an activator of phosphoinositide-dependent kinase-1 (PDK1). This 

kinase has three ligand binding sites; the first one is for ATP, the second one is for PIP3, 

and the third one is a docking site for interaction with other downstream molecules. In 

the activated form PDK1 can interact and phosphorylate two protein kinase C (PKC) 

isoforms λ/ι and ζ to facilitate glucose uptake via insulin-regulated glucose transporter 4 

(GLUT4) (68).  

The most important substrate for PDK1 is Akt. It behaves as a signaling hub for 

many major metabolic pathways in the cell, and it is activated by phosphorylation at 

Ser308, forming pAkt. It can activate the target of rapamycin complex-2 (TORC-2) which 

in turn phosphorylates Ser473 residue on pAktSer308 and additionally activates it. Fully 

activated pAktSer308/473 can now activate the downstream signaling cascade. First in line 

is tuberous sclerosis protein-1/2 (TSC 1/2), whose phosphorylation inhibits its GTPase 

activity and enables Ras homolog enriched in brain (Rheb) to remain stable for the 

activation of TORC1 (69,70). This complex phosphorylates and activates eukaryotic 

translation initiation factors through MAPK-interacting kinase (Mnk), contributing to 

protein synthesis. TORC1 complex also activates p70 S6-ribosomal kinase (p70S6K), 

leading to increased elongation of proteins during translation. In addition, TORC1 

phosphorylates Unc-51-like kinases 1/2 (Ulk 1/2) as well, resulting in the inhibition of 

autophagy. pAktSer308/473 directly phosphorylates Bcl antagonist of the cell death (BAD) 

and X-linked inhibitor of apoptosis (XIAP), effectively inhibiting apoptosis (71). This 

outlines the antiapoptotic effect of Akt and insulin as a hormone.  

Having activated metabolic pathways for gene transcription, protein translation, 

and apoptosis inhibition, one can assume that cell growth and division are affected, which 

is true. This is accomplished by phosphorylation of several different target molecules. 

The first one is glycogen synthase kinase-3 (GSK-3), and once inactivated by Akt 

phosphorylation, it allows glycogen synthase to start glycogen deposition in cells. 

pAktSer308/473 can also phosphorylate and inactivate phosphodiesterase-3b (PDE3b) 
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enzyme increasing cyclic adenosine monophosphate (cAMP) levels. cAMP molecules as 

second messengers activate protein kinase A (PKA), which phosphorylates several 

proteins, including the cAMP response element-binding protein (CREB) (72,73). GSK-3 

phosphorylates CREB protein, causing the transcriptional activation of specific genes by 

binding to the cAMP response element (CRE) found in the promoter region of these 

genes. The last and most important for pushing cells into division or keeping cells in the 

cell cycle is p21 cyclin-dependent kinase inhibitor 1 (p21) and p27 cyclin-dependent 

kinase inhibitor (p27). Both regulate the cell cycle by inhibiting cyclin D/cyclin 

dependent kinase 4/6 and cyclin E/cyclin-dependent kinase 2/complexes, consequently 

trapping cells in the G1 phase of the cell cycle. Once phosphorylated by pAktSer308/473, 

both p21 and p27 proteins inactivate, translocate to the cytoplasm, and get tagged for 

degradation by ubiquitination. This enables the phosphorylation of retinoblastoma protein 

by cyclin-dependent kinases leading to the transition of cells from the G1 into the S phase 

of the cell cycle.  

The above-described cascade is a one-way, linear pathway (74,75). Inactivation 

of GSK3β by Akt enables its second catalytic activity, therefore it phosphorylates Ser332 

of IRS1, changing its conformation and kinase activity, and effectively attenuating 

signaling cascade (76). Heading further up the insulin network, we get to active ERK1/2, 

which will eventually lead to the inactivation of IRS1 by phosphorylation of Ser312 and 

Ser616 residues leading to a decoupling of IRS1 from PI3K and shutting down the insulin 

signal (77,78). 

An essential part of the regulation of this signaling network is sensing fatty acid 

levels. Primarily, the synthesis of fatty acids is a clear sign of energy overload within the 

cell. Therefore, additional energy income via glucose should be stopped, and the 

regulation of the cytoproliferative effect should be tightly controlled. Protein kinase C 

theta (PKC θ) is involved in this regulatory step. It gets activated by free fatty acids, and 

upon activation, phosphorylates Ser1101 of IRS1, subsequently attenuating its signal 

(79,80). This regulatory point could also be responsible for developing insulin resistance 

and type 2 diabetes or AD. Many other regulatory points of the insulin signaling pathway 

exist, but those are not investigated or fall beyond this research scope.  
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Figure 1.3. Generalized insulin signaling pathway. The figure was made by the author 

based on references (65-84). 
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1.4. Neuroplastin  

Neuroplastin (NP) belongs to the group of neuronal and synapse enriched 

immunoglobulins, and it is a part of the cell adhesion molecule superfamily. The proposed 

roles of NP include various aspects of neuroplasticity, brain development, learning, and 

memory. The NP precursor gene NPTN encodes NP. Alternative splicing of the primary 

transcript produces two isoforms of NPs termed NP55 and NP65, the latter being specific 

to neurons. NP65 is expressed in the cortex, hippocampus, and putamen of the human 

brain. It also appears in high concentrations in the human hypothalamus and cerebellum. 

Glial cells in the human brain do not express NP65, unlike glial cells found in rodents 

(81–83). During fetal human brain development, its expression is minimal. The 

importance of NP becomes obvious during embryonic development, when neuronal 

network growth and neuronal pruning occur. Lack of functional NP65 usually leads to 

mental impairments (84). In mice, the absence of NP65 prevents normal synaptogenesis 

of inner hair cells, this way, normal development of hearing is impaired (85). NP65 

regulates neurite outgrowth and dendrite spine formation through ERK 1/2 and p38 

MAPK. These two metabolic pathways are the point of crosstalk between the insulin and 

the NP65 signaling networks. Homophilic interactions of NP65 and activity regulation of 

these two pathways are essential in long term potentiation and stabilization of AMPA 

receptors in the membrane (86,87). If NP65 homeostasis within the membrane is 

disturbed, AMPA receptor subunits internalize, leading to the dissociation of synapses at 

the dendrite spine, and subsequent memory loss (87). 

Cognitive disorders such as dementia are characterized by impairment in memory 

formation, learning, and short attention span linked to NP65 dysfunctionality. Population 

genetic studies identified a single nucleotide polymorphism in the NPTN gene linked to 

adolescents' cortical thickness and subsequent decrease in intelligence. It has also been 

observed that levels of NPTN gene expression vary throughout the brain, and it can be 

higher in one hemisphere or in some regions of the brain where metabolic pressure is 

higher such as in the hippocampus (84,88,89). Involvement of NP65 dysfunction in the 

onset or propagation of AD is gaining more evidence. Application of mimetic peptide of 

NP65 homophilic binding, enplastin, induces activation of p38 MAPK, giving an insight 

into what physiological conditions look like. The exact process happens when amyloid 

protein forms plaques, which lead to the phosphorylation of p38 MAPK. Once activated, 

it hyperphosphorylates tau protein, preventing neuroplasticity and causing subsequent 
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cell death (90). It has been observed that in the early stages of AD, the expression of NP65 

compared to control samples is significantly higher (89). Stabile expression and 

appropriate regulation of NP65 in the neurons are essential for their proper functioning 

and represent a target point for treating patients in the early stages of AD.  

 

1.5. Lipid rafts 

 

Following basic research of the cell membrane structure, it has been observed that 

it is not homogeneous but rather divided into smaller functional subunits. Building blocks 

of membrane subunits are usually made from mutually similar molecules with a tendency 

to self-organize and create larger structures. The types of those structures are lipid rafts, 

which can be described as cholesterol-rich microdomains with integrated proteins and 

glycosphingolipids. Self-organization in lipid rafts arises from the fact that cholesterol 

and glycolipids have a higher melting point than the rest of membrane lipids forcing them 

to stick together. However, the function of lipid rafts is still debated. Simmons and Ikonen 

have published the first description of lipid rafts as detergent-resistant microdomains 

(DRM) due to their insolubility in cold 1% Triton™ X-100. Later, similar results have 

been obtained using other detergents, leaving insoluble DRM in the pellet after 

ultracentrifugation (42,91,92). 

Until the last two decades, the prevailing thought was that lipid rafts are only 

artifacts created during cell membrane laboratory preparative processes such as detergent 

mediated isolation or immunocytochemistry, which cannot be considered relevant. This 

problem was finally solved by Baumgart et al. by the addition of special fluorescently 

tagged geranyl-geranyl and cholesterol derivatives to the growth medium of living cells.  

They have used confocal and two-photon microscopy to observe the internalization and 

distribution of the given compounds across the membrane (93). It was the first accurate 

observation of lipid raft's existence. Formation of lipid raft follows paradigm in biology: 

making order from chaos, and whenever possible, breaking the larger functional units into 

numerous smaller ones. The result of this decomposition is the acquirement of more 

functions. Neofunctionalization is usually the result of different biochemical properties 

of building blocks in that structure. For instance, lipid rafts are made from nonpolar 

cholesterol and its conjugates, which contrasts with amphiphilic phospholipids in the 

membrane. The nonpolar nature of cholesterol allows for different local chemical 

properties and the incorporation of proteins and glycolipids with a nonpolar 
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transmembrane domain. These properties make lipid rafts a good hub for modulation of 

cell-to-cell interactions and external regulation of metabolism by setting cytokine 

receptors within the rafts. Several other compounds inside the rafts can modulate cytokine 

receptor activity, such as leptin and IR.  

Besides cholesterol and its derivatives, glycolipids are an essential group of 

molecules that form functional lipid rafts (94). Glycolipids associate with each other 

laterally through weak interactions of glycan heads. An association of glycolipids with 

cholesterol within the membrane happens through hydrophobic interactions with the 

ceramide saturated fatty acid chains. This spatial arrangement forms tight cholesterol-

glycolipid rafts, and it gives a driving force that segregates them from the rest of the 

membrane phospholipids (95). Within the lipid rafts, all major brain gangliosides can be 

found, with a predominance of GM1. 

The importance of GM1 in the production and propagation of toxic amyloid-beta 

(Aβ) oligomers is well described. Once GM1 binds to an Aβ, it will induce 

conformational change and create toxic oligomers (96). Aggregation, production, and 

neuronal binding of Aβ oligomers are localized within lipid rafts. Sequential cleavage of 

amyloid precursor protein (APP) occurs by β-Site APP cleaving enzyme 1 (BACE1), the 

γ-secretase complex. The presence of GM1 and other glycolipids promotes aggregation 

and the production of soluble oligomers. Once produced, Aβ oligomers bind to cellular 

prion protein (PrPC) and N-methyl-D-aspartate (NMDA) receptors (97). Glutamate 

receptors affect the functionality of synapses and long-term memory formation (98). 

Therefore, the stability of the glycolipid content of lipid rafts is crucial for maintaining 

the formed synapses and preserving the functionality of neurons.  

 

1.6. Neurodegenerative diseases  

 

1.6.1. Alzheimer's disease 

 

Better living conditions and prolonged lifespan lead to the rise in 

neurodegenerative diseases in humans. Most neuron division occurs up to the age of 25, 

and it is significantly tapered off later in life. The majority of brain stem cells can be 

localized around ventricles and in the hippocampus (99). Regeneration of nervous tissue 

from these areas is at best limited and cannot serve as a neuronal reservoir to replenish 

neurodegenerative diseases driven by neuronal death (99–101).  
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AD is an irreversible and progressive neurodegenerative disease first described 

by the Bavarian psychiatrist and neuropathologist Alois Alzheimer, who described a 

neuropathological history of two patients (102). The disease is clinically manifested by 

memory loss, cognitive decline, as well as changing personality. Neurodegenerative 

changes in AD include specific areas of the brain and progress over time. 

Neurodegeneration spreads from the entorhinal cortex, hippocampus, anterior cortex and 

eventually affects the entire brain (103). The onset of the disease correlates with aging 

and gender. AD is known to occur in people over 65 years of age, and the majority of 

patients are women. The disease's molecular mechanisms are not entirely known, but 

neuronal death and the weakening of synapses have been found in the aforementioned 

areas of the brain (104). AD is caused by several factors and has familial (less than 1% 

of cases) and sporadic forms (105). Mutations are associated with the early appearance 

of senile plaques or β-amyloid deposition, microtubule instability caused by 

hyperphosphorylation of tau protein, and improper cholesterol metabolism in the case of 

the ε4 allele of the ApoE protein (106).  

Protein aggregation and misfolding is the primary pathophysiological cause of 

age-related human neurodegenerative diseases (107). It is believed that the primary driver 

of AD is the formation of extracellular Aβ fibrils, which are the first and most apparent 

signs of AD. They can further assemble into senile plaques composed of β-amyloid 

accumulations. β-amyloid is a protein produced by improper processing of the APP. APP 

is an integral membrane protein expressed in different tissues, mainly in the area of the 

synapses. It is considered that APP under normal physiological conditions participates in 

the repair of blood vessels after injury. Also, it is utilized in iron transfer, directing 

neurons during brain development, and the modulation of synaptic density (108).  

APP processing takes place at the cell membranes in two ways. The first is non-

pathological, where APP is cleaved by α-secretase and then γ-secretase to form soluble 

β-amyloids. The second is pathological. It involves cleaving APP with beta-site amyloid 

precursor protein cleaving enzyme 1 (BACE1) and then with γ-secretase to form insoluble 

precipitates of β-amyloid – senile plaques (109). Unfortunately, β-amyloids can also 

create toxic soluble oligomers causing synapses to fail (110,111). Besides the synaptic 

failure, Aβ oligomers cause insulin resistance, inhibition of axonal transport, oxidative 

stress, an aberration in tau protein structure, all of which cause neuronal dysfunction and 

cellular death (112).  
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Another sign of AD is the formation of neurofibrillary tangles in the brain caused 

by improper processing of tau protein and its mutations. Tau proteins are cytoplasmic 

proteins, but they can also act in the cell membrane. Their primary role is to stabilize the 

microtubules of neuron axons, so they are most pronounced in axons of neurons in the 

CNS (113). Tau proteins belong to the microtubule-associated proteins stimulating the 

assembly and stability of microtubules (114). In AD, tau proteins are excessively 

phosphorylated due to mutations in the encoding MAPT gene, resulting in various 

nonfunctional protein isoforms. As such, altered tau proteins form neurofibrillary tangles, 

prevent stabilization of axon microtubules and cause neuronal death (113).  

The third protein involved in AD is apolipoprotein E (ApoE). ApoE is involved 

in body fat metabolism and the transfer of lipids, including fat-soluble vitamins, 

lipoproteins, and cholesterol, through the lymphatic and vascular systems. Although it is 

synthesized primarily in the liver, its presence has also been found in other tissues – 

including the brain, kidneys, and spleen. In the CNS, astroglia and microglia are the 

primary sources of ApoE, while neurons express ApoE receptors. Cholesterol most 

important role is its involvement in the formation and stability of synapses during brain 

developments and injuries (115). Impairment in cholesterol levels and overproduction of 

ApoE leads to the formation of amyloid plaques and tangles. This process is mediated by 

lipidated ApoE that binds soluble Aβ oligomers, which can now interact with low-density 

lipoprotein receptor and heparan sulfate proteoglycan inducing its internalization and 

through lysosome degradation producing insoluble Aβ (116).  

 

1.6.2. Parkinson’s disease 

 

Parkinson's disease (PD) is a chronic, progressive, neurodegenerative disorder 

predominantly characterized by motor symptoms such as slowness of movement, tremor 

at rest, stiffness, and loss of mechanisms controlling the upright posture (117). The 

disease is accompanied by other non-motor and motor symptoms that occur in the late 

stages, such as falling while changing body position, motoric blocks, speech, and 

ingestion disorders. Some non-motor symptoms (sleep disorder, depression, paraesthesia, 

personality disorders, and dementia) may present earlier and be more dominant than 

motor disturbances. Dementia is a late complication that most commonly affects elderly 

patients with a chronic course of the disease. PD is a multi-aetiological disorder, the result 

of the interaction of genetic predisposition and environmental factors (118). So far, 18 
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genes have been identified that have a role in the etiology of the disease. The most 

common environmental factors associated with this disease considered in numerous 

epidemiological studies are gender, age, eating habits, infections, toxins, and trauma 

(118,119).  

Pathophysiological processes in PD include an accumulation of intracellular α-

synuclein (α-Sin) fibrils primarily in the substantia nigra of the brain. This protein is 

encoded by the SNCA gene abundantly expressed in presynaptic terminals throughout the 

CNS. The full scope of functions of α-Sin is not yet apparent, but its importance in 

synaptic plasticity and neurotransmitter release is known. Studies have shown that 

elevated neuronal activity increases the release of α-Sin. However, an increase in the 

release itself does not necessarily lead to the development of PD symptoms. Point 

mutations, polymorphic variants, and the duplication or triplication of the SNCA gene, 

which encodes α-Sin, represent significant risk factors for developing PD (117).  

 

1.6.3.  Role of gangliosides in neurodegenerative diseases 

 

Gangliosides have a different regulatory function in the folding of Aβ and α-Sin 

proteins. The first ganglioside which has been isolated from Aβ fibrils was GM1. Later 

on, other major brain gangliosides were discovered to be incorporated in the Aβ structure. 

Usually, gangliosides are present in submicromolar concentrations, and they appear to 

facilitate fibrillar aggregation (120–123). Experiments on mice have demonstrated that 

Aβ strongly binds to GM1 ganglioside. Western blot analysis showed that the detected 

Aβ protein had a slightly larger mass than expected due to its binding toGM1. Bonds 

between were so strong that even the denaturation procedure could not dissociate them.  

The function of gangliosides in PD is different from their function in AD. 

Knocking out the B4galnt1 gene, encoding for the enzyme responsible for the synthesis 

of complex gangliosides, in mice has shown fewer tyrosine-kinase positive cells and 

significantly more α-synuclein cells in substantia nigra (124,125). This result indicates a 

physiological role of complex gangliosides in the control of α-synuclein deposition. A 

similar pattern was observed in human substantia nigra samples from PD patients. GM1 

ganglioside levels were significantly lower compared to healthy brain samples (126).  
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1.7. SH-SY5Y cell line as a research model of neurodegenerative diseases  

 

SH-SY5Y cell line is a subclone of the SK-N-SH cell line originating from a bone 

marrow biopsy of a 4-year old female. The origin of the tumor presumes to be neural crest 

cells. The cell line can produce S-type cells with the glial phenotype and N-type cells 

with the neuronal phenotype and can undergo transdifferentiation from one type to 

another. However, most cells are N-type, with a small percentage of S-type (127). Even 

though several differentiation protocols have been developed to optimize metabolic 

properties and profile of SH-SY5Y cells, most of the differentiation protocols utilize all-

trans-retinoic acid (ATRA) and can be further advanced with brain-derived neurotrophic 

factor (BDNF) or with phorbol esters (128).   

The initial cell line phenotyping showed moderate activity of dopamine-β-

hydroxylase and negligible levels of choline acetyl-transferase, acetylcholinesterase, and 

butyryl-cholinesterase, basal noradrenaline (NA) release, and tyrosine hydroxylase 

activity. Tyrosine hydroxylase is a restricting enzyme in the catecholamine synthesis 

pathway that converts tyrosine to L-dopa, the precursor of dopamine (DA) (128–130). 

Expression of neuronal nuclear antigen NeuN marks a shift toward mature neuronal 

phenotype (131). The composition of glycolipids changes and the synthesis of complex 

gangliosides is several folds upregulated during differentiation (132). Undifferentiated 

cells have a low metabolic rate. ATRA has known effects on energy metabolism and 

mitochondrial functionality, primarily upregulating produced energy levels.  

Having nearly all genes involved in PD development, the progression preserved 

SH-SY5Y cell line makes a good model for studying PD (133). Investigating AD in this 

cell line is oriented to insulin-mediated metabolic abnormalities, tau protein 

pathophysiology, and APP levels regulation. The cell line is primarily not cholinergic but 

rather dopaminergic, with some parts of the cholinergic signaling system left intact. 

(134,135). This makes the cell line less suitable for the investigation of AD, but it is an 

appropriate model for experiments detecting changes in APP levels, investigating effects 

of compounds on insulin signaling networks, or assessing cytotoxicity in vitro (136). The 

expression of ganglioside synthases and four major gangliosides, alongside βAPP and 

αSyn, makes this cell line suitable for the initial evaluation of gangliosides and glycolipids 

role in maintaining stable metabolic networks and gives us the information necessary for 

the improvement of predictions for in vivo experiments. 
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1.8. Modulation of glycosphingolipid metabolism  

 

The possibility to tweak and adjust glycolipids levels is essential due to 

gangliosides' involvement in development, progression, or protection against 

neurodegenerative diseases.  Prevailing outcomes depend on ganglioside levels and the 

ratio thereof within the cell membrane. Several compounds have been used to investigate 

the effects of inhibition of glycolipid synthesis on neurodegenerative diseases and to 

investigate the cellular response to shifting glycolipid balance. A group of three ceramide 

analog molecules is generally used as an inhibitor of the enzyme that synthesizes 

ganglioside precursor, GlcCer synthase (E.C. 2.4.1.80): D,L-threo-1-phenyl-2-

hexadecanoylamino-3-morpholino-1-propanol (PPMP), D,L-threo-1-phenyl-2-

decanoylamino-3-morpholino-1-propanol (PDMP) and D,L-threo-phenyl-2-

hexadecanoylamino-3-pyrrolidino-1-propanol (PPPP), also known as P4 (137–139). 

Inhibition of ganglioside synthesis has demonstrated that lack of gangliosides is not the 

primary cause of cell death but an accumulation of synthesis precursor ceramide. 

Ceramide induces apoptosis if accumulated within the cells, which could be avoided if 

inhibitor compounds are adequately dosed (140,141). One of the currently used inhibitor 

compounds of GlcCer synthase is N-alkylated imino sugar that behaves as a glucose 

analog, named miglustat (MIG), trademarked as Zavesca. This drug is used to treat type 

1 Gaucher disease patients that can not be treated with enzyme therapy, and it has been 

the only approved drug to treat Neumann-Pick disease (142,143). The drug has many 

potentials to treat neurodegenerative diseases since it can readily pass the blood-brain 

barrier (144). 

On the other hand, an overload of gangliosides can be equally informative and 

give insight into the extent to which energy metabolism is shifted. Conduritol b epoxide 

(CBE) is used to block the beta-glucosidase enzyme (EC 3.2.1.21) involved in 

ganglioside degradation. The gene for the enzyme is mutated in patients with Gaucher 

disease, this way, the disease can be studied on the cell line or animal models. The enzyme 

can be partially or fully dysfunctional depending on where the mutation occurred, giving 

a spectrum to the disease (145). The possibility to in vitro assesses what different levels 

of enzyme inhibition can do to the metabolism provide us with insight into the extent to 

which metabolism has changed to adapt.  
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1.9. Why investigate glycosphingolipid metabolism? 

 

With an ageing population, neurodegenerative diseases are becoming more 

prevalent and there is a greater need than ever for appropriate treatment. Disruption of 

ganglioside synthesis can be a good candidate if taken into consideration the amounts of 

gangliosides in the brain and their involvement in the development and progression of 

neurodegenerative diseases. Before testing in living organisms, the effects of 

glycosphingolipid metabolism modulators must be investigated in vitro on models that 

effectively mimic neurons and have an active majority of intact cytokine signalization. 

The differentiated SH-SY5Y cell line is a good candidate for this purpose, as it has both 

neuronal and fibroblastic phenotype, thus fulfilling both prerequisites. The full impact of 

advanced technologies such as Matrix-Assisted Laser Desorption Ionization Time Of 

Flight Mass Spectrometry (MALDI-TOF-MS) on metabolic networks can be verified. 

Knowledge of the metabolic effect in the presence of disruption of ganglioside 

biosynthesis will provide the opportunity for further in vivo and clinical studies.  
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2. HYPOTHESIS 

 

Inhibition of ganglioside biosynthesis in vitro alters the lipid environment of the cell 

membrane, thereby altering the intracellular signaling cascade of membrane proteins 

involved in neuroplasticity and neurodegeneration. 
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3. OBJECTIVES 

 

To determine the influence of changes in glycosphingolipid composition in lipid rafts of 

differentiated human neuroblastoma cells on membrane placement and intracellular 

signaling cascade of transmembrane proteins relevant to neuroplasticity and 

neurodegeneration process: IR, IGF-1R, APP, Np 65. 

 

Specific objectives:  

1. immunohistochemically determine the colocalization of lipid raft markers (flotillin) 

and non-raft markers (transferrin receptor and Na+/K+ ATPase) with gangliosides (GM1, 

GD1a, GD1b, and GT1b) and transmembrane proteins (IR, IGF-1R, APP, Np 65)  

 

2. immunohistochemically determine the colocalization of lipid raft markers (flotillin) 

and non-raft markers (transferrin receptor and Na+/K+ ATPase) with gangliosides (GM1, 

GD1a, GD1b, and GT1b) and transmembrane proteins (IR, IGF-1R, APP, Np 65) in 

differentiated human SH-SY5Y neuroblastoma cells after inhibition of synthesis of 

glycosphingolipids by P4 inhibitors (inhibits GLCT-1 synthase, EC: 2.4.1.80), MIG 

(inhibits GLCT-1 synthase, EC: 2.4.1.80) and CBE (inhibits beta-galactosidase EC: 

3.2.1.23). 

 

3. to determine morphological changes in cell membrane structure caused by the addition 

of P4, MIG, and CBE by staining the cell membrane using fluorescein isothiocyanate.  

 

4. to MALDI-TOF-MS analyze cellular lipids and test the activation of insulin 

downstream signaling pathway (GSK3β and pAkt) after modification of 

glycosphingolipid synthesis using Western blotting method from differentiated human 

neuroblastoma cells treated with an optimal concentration of P4, MIG, and CBE. 
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4. MATERIALS AND METHODS 

 

4.1. Study design 

 

The study was structured as a randomized controlled trial. 

 

4.2. Materials 

 

Human neuroblastoma cell line SH-SY5Y, ATCC CRL-2266 (Manassas, Virginia USA) 

below the 20th passage was used in all experimental procedures. All chemicals used in the 

procedures were at least analytical grade. Additional chemical properties and 

manufacturer’s details are written in brackets after the first mention.  

 

4.3. Methods 

 

4.3.1. Cultivation of the cells 

 

SH-SY5Y cell line was purchased from Sigma (Sigma-Aldrich, Saint Louis, MO, 

SAD). DMEM/F12 medium for cell cultivation with added 15 mM HEPES, 4.5 g/L 

glucose, sodium bicarbonate was bought from Sigma (Sigma-Aldrich, Saint Louis, MO, 

SAD). The medium was supplemented with 1% of 100x non-essential amino acids, 3 mM 

of L-glutamine, 1% of 100x penicillin/streptomycin, and 10% fetal bovine serum (FBS). 

The FBS and penicillin/streptomycin were omitted in experimental growth mediums. 

The culturing protocol was following: 

1. 9 ml of growth medium was transferred to a 15 mL Falcon tube. 

2. The tube with frozen cells was thawed by partially immersing it for 2 minutes in 

the water bath heated up to 37 °C. 

3. The thawed cell suspension was transferred by sterile Pasteur pipette into a growth 

medium in the Falcon tube. 

4. The cell suspension was centrifuged at room temperature at 130g for 5 minutes. 

5. The supernatant was discarded, and cells are resuspended in 5 mL of fresh 

complete growth medium. 

6. Cells were counted in the Neubauer chamber. 
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7. The final concentration of 100 000 cells/mL was prepared, and 7 mL of cell 

suspension was transferred to each 25 cm2 flask. 

8. The next day, the growth medium was replaced with the same volume of a fresh 

one. 

9. Cells were grown to 85% confluency. 

10. After reaching the sufficiently confluent state, the medium was removed, and cells 

were trypsinized with 2.5 mL of preheated trypsin solution for 3 minutes and 

lightly shaken until cells were visibly detached from the bottom of the flask. 

11. A fresh growth medium (2.5 mL) was added to trypsin/cell suspension to stop the 

enzymatic reaction. The solution was transferred to a 15 mL Falcon tube and 

centrifuged at room temperature at 130 g for 5 minutes. 

12. The supernatant was discarded, and cells were resuspended in 10 mL of fresh 

complete growth medium.  

13. Cells were counted in the Neubauer chamber. 

14. The final concentration of 250 000 cells/mL was prepared, and 12 mL of cell 

suspension was transferred to each 100 mm Petry dish. 

15. Cells were grown to 85 % confluency and then harvested for further experiments. 

 

Since the neuroblastoma cells are adherent type, seeding concentration for experiments 

is calculated by growth surface area; I found that the optimal concentration is 50 000 cells 

per square centimeter. Areas per well are 0.32 cm2 per well of 96-well plates, 9.6 cm2 per 

well of 6-well plates, 75 cm2 per 100 mm Petry dish. Therefore, growth medium volumes 

per well are 100 µL for each well of 96-well plates, 2000 µL for each well of 6-well 

plates, 12 mL per 100 mm Petry dish.  

 

4.3.2. Preparation of coverslips 

 

In the production of glass, oils are used to ease glass cutting and handling. Even 

though most coverslip glass comes prewashed, it is not suitable for cell growth because 

even a minute amount of oil residue can hinder cell adhesion or change cell metabolism. 

Therefore, all organic matter must be removed before seeding cells. This was achieved 

by total oxidation in sulfuric acid fortified with hydrogen peroxide. This also made glass 

hydrophilic and thus acceptable for later treatments and cell adhesion. The washing 
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protocol was following: 1 part of 30 % hydrogen peroxide (Kemika, Zagreb, Croatia) was 

mixed with 9 parts of concentrated (96 %) sulfuric acid (Kemika, Zagreb, Croatia ). 

1. In 300 mL wide throat Erlenmeyer flask, 100 coverslips were placed (20×20mm 

square), and a mixture of sulfuric acid and hydrogen peroxide was poured on glass 

slides.   

2. Gentle swirl motion was used to cover all coverslips with the solution, which was 

repeated at least 3 times during the following 30 minutes. 

3. After 30 minutes, under the fume hood, acid was poured from the flask into a 5L-

bucket of distilled water to safely dilute it. 200 mL of fresh distilled water was 

added to the flask with coverslips to dilute leftover acid.  

4. Coverslips were rinsed with water, which was then safely discarded into chemical 

waste, or by dilution with large amounts of tap water.  

5. 200 mL of distilled water was poured into a flask and placed on an orbital shaker 

(100 rpm) for 1 hour.  

6. After 1 hour, water was discarded from the flask, and fresh 200 mL of distilled 

water was added. The washing cycle was repeated another 5 times (in total, 6 

hours of washing).  

7. After the last wash, distilled water was discarded, and the coverslips were dried 

by adding 100 mL of ACS or HPLC grade methanol, the flask was swirled for 5 

minutes. Methanol was then discarded into chemical waste.  

8. Aluminum foil was placed over the flask opening, and coverslips were dry 

sterilized at 270°C for 5 hours.  

4.3.3. Collagen type 1 growth surface coating 

 

Human neuroblastoma is grown on an adhesive surface. For that purpose, collagen 

is applied in final concentrations of 5.5 µg/cm2. In addition, different volumes of diluted 

collagen were used for other multiwell plates to speed up the drying: 30 µL for each well 

of 96-well plates; 750 µL for each well of 6-well plates, 1000 µL for each 100 mm Petry 

dish. The coating was done as follows:  

1. The necessary volume of collagen stock solution was calculated by dividing the 

total mass of collagen (in micrograms) by the concentration of collagen stock 

solution (in micrograms per milliliter) - the given result is expressed in milliliters.  
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𝑉(𝑠𝑡𝑜𝑐𝑘 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) =
5.5 × ∑  𝑤𝑒𝑙𝑙 𝑏𝑜𝑡𝑡𝑜𝑚 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑠𝑡𝑜𝑐𝑘 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 

2. The total volume of collagen working solution used for coating was calculated by 

multiplying the number of wells with the corresponding volume per well (as stated 

above). 

𝑉(𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) = 𝑛(𝑤𝑒𝑙𝑙) × 𝑉(𝑠𝑝𝑒𝑐𝑖𝑓𝑓𝑖𝑐 𝑓𝑜𝑟 𝑤𝑒𝑙𝑙 𝑠𝑖𝑧𝑒) 

3. The volume of collagen stock solution was subtracted from the total volume of 

collagen working solution (given number is the volume of 30%-ethanol) 

𝑉(30 % 𝑒𝑡ℎ𝑎𝑛𝑜𝑙) = 𝑉(𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) − 𝑉(𝑠𝑡𝑜𝑐𝑘 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) 

4. The 30%-ethanol solution was prepared by mixing 3 parts of 100%-ethanol ASC 

or HPLC grade (GramMol, Zagreb, Croatia) with 7 parts of distilled water, and 

the calculated volume of collagen stock solution (Sigma-Aldrich, Saint Louis, 

MO, SAD) was pipetted.  

5. Collagen and ethanol were mixed on a vortex mixer.  

6. Inside the laminar flow cabinet, a previously defined volume of diluted collagen 

solution was pipetted into each well.  

7. Once collagen was pipetted, the lids were taken off, the laminar flow turned off, 

and the cabinet was closed. The UV-C lamp was turned on for 1 hour, after which 

the lamp was turned off.  

8. Everything was left in a laminar flow cabinet to completely dry overnight.  

9. The next day, the UV-C lamp was turned on in the laminar flow cabinet for 2 

hours to sterilize dried collagen and wells completely. 

10. After the proper aseptic procedure, the lids were put back on, and the cell 

suspension was added. 

The protocol for coating coverslips for immunocytochemistry was the same.  

Before pipetting collagen solution, one coverslip was placed into each well with sterile 

tweezers. The surface area remained unchanged since properly cleaned coverslips firmly 

adhered to the bottom of the well. 

 

4.3.4. Cell differentiation and general experimental plan 

 

Cell differentiation protocol was as follows: 

Day 0 – cells were seeded in collagenated wells and placed in an incubator (Thermo 

Fisher scientific Hera Cell 150 Waltham, Massachusetts, United States).  
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Day 1 – growth medium was replaced with fresh one containing 10 µM of ATRA (Merck, 

Kenilworth, New Jersey, United States).  

Day 3 – growth medium was replaced with a fresh one containing 10 µM of ATRA. 

Day 7 – growth medium was replaced with a fresh one containing 10 µM of ATRA. 

Day 9 – growth medium was replaced with a fresh one containing ATRA, without FBS. 

Notes: Omission of FBS was necessary to avoid the effect of cytokines. During 

differentiation, cells change their morphology. The presence of significant neurite growth 

was usually an indication of proper successful differentiation. 

Day 10 – growth medium was replaced with a fresh one without FBS, with added 

inhibitors in three different concentrations and biological triplicates.  

Day 12 – further experimental procedures were executed (immunocytochemistry, 

biochemical analysis, or lipidomic). 

 

4.3.5. Preparation of glycolipid metabolism modulators  

 

Two isomers of P4 were prepared: (R, R) D, L-threo-phenyl-2-

hexadecanoylamino-3-pyrrolidino-1-propanol (P4-RR) and (S, S) D, L-threo-phenyl-2-

hexadecanoylamino-3-pyrrolidino-1-propanol (P4-SS), (compounds were a donation 

from prof. Schnaar, Johns Hopkins University, Baltimore, USA).  Both isomers were 

dissolved in dimethyl sulfoxide (Thermofisher Waltham, Massachusetts, United States) 

and stored at -20 °C until used.  

CBE (Santa Cruz Biotechnology, Dallas, Texas, United States) was measured and 

dissolved in dimethyl sulfoxide (Thermofisher Waltham, Massachusetts, United States) 

and stored at -20 °C until used. 

MIG was extracted from the Zavesca capsule (Actelion Pharmaceuticals, Basel, 

Switzerland). Since the active compound is as equally soluble in water as the filler 

compounds, it could not be dissolved in the water. Instead, acetone was used because 

MIG dissolves only in it (142,146–152).  The isolation protocol was following: 

1. The content of the capsule was transferred to a beaker.  
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2. 100 mL of precooled analytical grade acetone (Thermo Fisher, Waltham, 

Massachusetts, United States) was poured over, mixed with swirl motion, and left 

at 4°C overnight to extract the compound.  

3. The following day, acetone extract was transferred to a clean glass centrifuge test 

tube and centrifuged at 1000 g for 20 minutes at 4°C.   

4. Clean glass-made test tubes were weighed on an analytical scale. 

5. The supernatant was transferred to clean glass-made test tubes, and acetone was 

evaporated in the stream of nitrogen.  

6. Test tubes with MIG were weighed on an analytical scale, and compound mass 

was calculated 

7. MIG was dissolved in 1x phosphate-buffered saline solution (PBS) containing 

0.1% of bovine serum albumin (Thermofisher Waltham, Massachusetts, United 

States) and frozen at -20°C until further use.  

All compounds were prepared in 20 mM concentration. For experimental procedures, 

each compound was diluted in serum-free and antibiotic-free cell growth medium in three 

concentrations: 40µM, 10µM, and 2.5µM.  

 

4.3.6. MTT assay 

 

MTT assay is extensively used in testing cytotoxicity, cell viability, and cell 

proliferation. It relies on functional NAD(P)H-dependent oxidoreductase enzymes found 

in mitochondria of all living cells. These enzymes reduce yellow water-soluble 

tetrazolium bromide into purple water-insoluble formazan crystals. The amount of 

produced crystals is usually correlated with the number of live cells.  

MTT stock solution was prepared as follows:  

1. 100 mg of tetrazolium bromide powder (Cruz chemicals, Dallas, Texas, USA) 

was weighed. 

2. The powder was dissolved in 20 mL of 1× PBS.  

(Note: to speed up the process, an ultrasonic homogenizer Bandelin Sonopuls 

2070 (BANDELIN electronic GmbH & Co. KG, Berlin, Germany) set to 70W 

power was used for 15 seconds duration of the continuous pulse. Falcon tube was 

placed in the ice bath to keep the solution cold.) 
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3. The solution was sterilized by filtering it through a 0.2 µm syringe PES filter 

(Nalgene ™ Thermo Fisher Scientific Waltham, Massachusetts, United States).  

4. 1.5 mL aliquots were frozen at -20 °C.  

MTT test procedure was following: 

1. Cells were sown in a collagenated 96-well plate using previously given 

instructions and differentiated in at least 6 biological replicas for each experiment. 

2. The growth medium was replaced with mediums containing inhibitors in different 

concentrations, solvent or without any supplements, and incubated for 24 and 48 

hours.  

- concentrations of DMSO solvent were 1.12 mM, 0.28 mM, and 0.07 mM 

3. The insulin was pipetted into one half of the plate to a final concentration of 2 

µg/ml and incubated for 1 hour.  

4. After 24 hours, 10 µL of MTT stock solution was pipetted into each well, resulting 

in 0.5 mg/mL of tetrazolium bromide concentration. 

5. The half wells of 96-well plates had 1-hour treatment with insulin in 2 µg/mL 

concentration. 

6. Plates were placed in an incubator for 2 hours to produce formazan crystals. 

7. After incubation, 100 µL of MTT solvent was added into each well with MTT 

stock solution, and formazan crystals were dissolved by repeated pipetting 10 

times. 

8. 96-well plates were read on the iMark microplate reader (Bio-rad, Hercules, 

California, United States) at 595 nm. 

9. The final result was calculated as OD percentage value against the untreated 

group. 

 

4.3.7. Annexin V staining  

 

Annexin V staining is used in the detection of apoptotic cells. Together with 

propidium iodide staining it is suitable to distinguish between viable, necrotic, or 

apoptotic cells. Phosphatidyl-serine is a membrane phospholipid located in the inner 

leaflet of the cell membrane. When cells undergo apoptosis phosphatidyl-serine 

molecules flip outside and positions themselves in the outer leaflet of the cell membrane. 

Annexin V binds to phosphatidyl-serine, thus marking the cells that undergo apoptosis. 
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For Annexin V to bind, calcium and magnesium ions are needed, therefore all buffers 

must contain one or both of the ions (153,154). The procedure was following: 

1. Cells were sown in collagenated 12 well plate using previously given instructions 

and differentiated, at least 6 biological replicas for each concentration, solvent, 

and untreated control were used. 

2. The growth medium was replaced with mediums containing inhibitors in different 

concentrations, solvent or without any supplements, and incubated for 24 and 48 

hours. 

3. Annexin V stain working solution was prepared in advance using manufacturer 

directions, in dilution of 1:100 in Annexin V buffer.  

4. The growth medium was removed, and cells were trypsinized with 500 µl of 

0.25% trypsin (Sigma-Aldrich, Saint Louis, MO, SAD) for 4 minutes. 

5. After 4 minutes, the enzymatic reaction was stopped by pipetting an equal amount 

of growth medium.  

6. Cells were pelleted at 130 g for 5 minutes. 

7. The supernatant was removed, and 500 μl of Annexin V stain working solution 

was pipetted in each tube and incubated for 10 minutes.  

8. After incubation, cells were counted on Facs 2 Canto flow cytometer (BD 

Sciences, Franklin Lakes, New Jersey, USA) with active 488 nm and 633 nm 

lasers.  

Flow cytometry data analysis was performed in FlowLogic software (Miltenyi Biotec, 

Bergisch Gladbach, Germany). The protocol was following:  

1. Fsc files were uploaded into software and grouped by selecting all files and right-

clicking. From the drop-down menu “Group/Add to New” option was selected. 

2. Forward and side scatter plot was drawn in the first file, and all values below 10 

of side and forward scatter were gated off from further analysis (Figure 4.1.). 

3. The second graph was plotted by double-clicking the selected area and plotting 

the graph by choosing FITC and PerCP Cy5. Gates for alive cells, early apoptosis, 

late apoptosis, and dead cells were selected on the graph. By selecting gates in the 

first graph, they were selected automatically in all other grouped graphs.  

4. Data was copied to an Excel spreadsheet and prepared for statistical analysis.  
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Figure 4.1. The analysis of flow cytometry data in FlowLogic software presenting gate 

selection for differentiation of alive cells, cells in early and late apoptosis, and dead cells. 

The figure was made by the author. 

4.3.8. Immunocytochemistry and histochemical staining 

 

Immunocytochemistry is a method for the in situ visualization of epitopes of 

interest.  Highly specific primary antibodies were used to label epitope positions at or in 

the cells. A secondary antibody was used to mark and visualize the place of primary 

antibody binding. The list of solutions used in this set of experiments is listed in Table 

4.1. The list of primary and secondary antibodies is listed in Table 4.2. and 4.3. 

respectively. For all experiments, three biological replicas were used. The protocol was 

following: 

1. Cells were grown and differentiated on previously prepared and collagen type 1 

pre-treated glass slides (incubator: Thermo Fisher scientific Hera Cell 150 

Waltham, Massachusetts, United States).  

2. After differentiation, cells were treated with inhibitors of ganglioside synthesis 

for 48-hours.  

3. After 48 hours, one-half of the cells were treated with insulin in the final 

concentration of 2 μg/mL and placed in an incubator for 1 hour. 

- The insulin stock solution was prepared in a cell growth medium at a 

concentration of 12 μg/ml, and 500μl was pipetted into each well of a 6-well 

plate.  
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4. After the insulin treatment, the cell growth medium from all plates was removed, 

and 2 mL of 2% paraformaldehyde (PFA) was pipetted into each well of a 6-well 

plate. 

5. Glass slides were incubated in PFA for 30 minutes at 4°C. 

6. After incubation, PFA was removed, and 3 mL of 1x PBS was pipetted in each 

well. 

7. Fixed cells were stored at 4 °C until further use.  

8. Before incubation, glass slides were cut to fit the wells of 12-well plates. 

9. Cut glass slides were placed in each well of 12-plates in biological triplicates. 

10. 500 μL of blocking solution was pipetted in each well and incubated for 4 hours.  

11. After incubation, a blocking solution was removed and the solution of two 

primary antibodies dissolved in the blocking solution was pipetted. 

12. Slides were placed at 4°C for 48 hours.  

13. After incubation of the primary antibodies, slides were washed three times for 10 

minutes with precooled 1x PBS. 

14. After washing, appropriate secondary antibodies were prepared in blocking 

solution in 1:1000 dilution and pipetted in 12-well plates, 500 μL in each well, 

and incubated for 4 hours at 4 °C.  

15. After incubation of the secondary antibodies, slides were washed four times for 

10 minutes in precooled 1x PBS. The last wash was with 1x PBS containing 

0.05% PFA to fix antibodies and prevent bacterial growth.  

16. If secondary antibodies were biotinylated (antibodies raised against goat primary 

antibody), cells were incubated for 1 hour in a 1:1000 diluted fluorophore-labeled 

streptavidin. 

17. After incubation of streptavidin, slides were washed four times for 10 minutes in 

precooled 1x PBS. The last wash with 1x PBS contained 0.05% PFA to fix 

antibodies together and prevent bacterial growth. 

18. Slides were mounted in the Fluorescent mounting medium with DAPI (Abcam, 

Cambridge, United Kingdom) and imaged on the Axioskop 2 MOT microscope 

with mounted Olympus D70 camera controlled through computer program DP 

Manager 1.2.1.107 and DP Controller 1.2.1.108 

Cells used for morphology analysis were grown following the same protocol as for 

immunocytochemistry. After fixed, cells were stained with FITC dye (Sigma-Aldrich, 
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Saint Louis, MO, SAD) that covalently binds to the membrane proteins (155). The 

protocol was following: 

1. After fixation, a buffer was removed from the cells, and the FITC solution was 

pipetted on the cells and incubated for 1 hour at room temperature. 

2. Cells were washed 3 times for 10 minutes with 1x PBS to remove the excess dye. 

3. Cells were mounted in the Fluorescent mounting medium with DAPI (Abcam, 

Cambridge, United Kingdom) and imaged on the Axioskop 2 MOT microscope 

with mounted Olympus D70 camera controlled through computer program DP 

Manager 1.2.1.107 and DP Controller 1.2.1.108 

Table 4.1. Solutions used in immunocytochemistry and morphology analysis 

Solution name Abbreviation Composition of the solution 

Insulin stock solution Ins.Sol. 2 mg/mL of insulin isolated from bovine pancreas (Thermo 

Fisher Scientific, Waltham, Massachusetts, United States) 

dissolved in 0.1M hydrochloric acid and stabilized with 

0.1% bovine serum albumin; the solution is sterile filtered 

through 0.2 μm PES filter (Nalgene ™ Thermo Fisher 

Scientific Waltham, Massachusetts, United States) and 

stored at -20°C 

Phosphate buffered 

saline 

PBS 1x solution contains: 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4 with pH adjusted to 7.40; the 

solution is filtered through a 0.2 μm PES filter (Nalgene ™ 

Thermo Fisher Scientific Waltham, Massachusetts, United 

States) 

Paraformaldehyde 

2% 

PFA 2% PFA (m/v) (Acros organics, Fair Lawn, New Jersey, 

USA) dissolved in 1x PBS, pH adjusted at 7.40; the solution 

is filtered through a 0.2 μm PES filter (Nalgene ™ Thermo 

Fisher Scientific Waltham, Massachusetts, United States).  

Paraformaldehyde 

0.05% 

PFA 2% PFA solution diluted in 1x PBS to a final concentration 

of 0.05% 

Blocking solution / 1% bovine serum albumin (m/v) (Sigma-Aldrich, St. Louis, 

MO, SAD) with 2.5% (v/v) of goat serum (Sigma-Aldrich, 

St. Louis, MO, SAD) and 2.5% (v/v) of horse serum 

(Sigma-Aldrich, St. Louis, MO, SAD) dissolved and diluted 

in 1x PBS; the solution is sterile filtered through 0.2 μm 

PES filter (Nalgene ™ Thermo Fisher Scientific Waltham, 

Massachusetts, United States) 

Fluorescein 

isothiocyanate 

solution 

FITC FITC (Sigma-Aldrich, Saint Louis, MO, SAD) was diluted in 

1x PBS at the final concentration of 60 µg/mL 
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Table 4.2. List of primary antibodies used in immunocytochemistry. 

Antibody 

label 

Full name of 

the antibody  

Antibody 

classification  

Host species  Manufacturer and 

catalog number  

Dilution 

IRα Anti-Insulin 

receptor alpha 

subunit 

IgG, polyclonal Rabbit Abcam, 

Cambridge, 

UK  

Cat.No. ab5500 

1:1000 

IGF1Rb Anti-Insulin-

like growth 

factor receptor 

– beta subunit 

IgG, polyclonal Rabbit Santa Cruz, 

CA, SAD  

Cat.No. sc-713 

1:500 

βAPP Anti-Beta-

amyloid 

precursor 

protein 

IgG, polyclonal Rabbit Abcam, 

Cambridge, 

UK  

Cat.No. ab2539 

1:500 

Np65 Anti- 

Neuroplastin 

65 

IgG, polyclonal Goat R&D 

Systems, 

Minneapolis, MN, 

SAD, 

Cat.No. AF5360 

1:500 

GM1 Anti-GM1 

ganglioside 

IgG, 

monoclonal 

Mouse  Johns 

Hopkins, 

Donation from prof 

Schnaar 

1:1000 

GD1a Anti-GD1a 

ganglioside 

IgG, 

monoclonal 

Mouse Seikagaku, 

Tokio, 

Japan, 

Cat.No. 370705 

1:3000 

GD1b Anti-GD1b 

ganglioside 

IgG, 

monoclonal 

Mouse Seikagaku, 

Tokio, 

Japan 

1:3000 

GT1b Anti-GT1b 

ganglioside 

IgG, 

monoclonal 

Mouse Seikagaku, 

Tokyo, 

Japan 

1:3000 

TFR 1 Anti- 

Transferrin 

receptor 1 

 Mouse Merck, Darmstadt, 

Germany 

Cat.No. MAB 

Cat.No. S1982 

1:1000 

Flot1 Anti-flotillin 1  IgG, 

monoclonal 

Mouse BD Sciences, 

Franklin Lakes, 

New Jersey, U.S. 

Cat.No. Bd 610821 

1:1000 

Flot2 Anti-flotillin 2 IgG, polyclonal Rabbit Santa Cruz, 

CA, SAD  

Cat.No. sc25507 

1:1000 

Na+/K+ 

ATP-ase 

Sodium/Potass

ium ATPase 

Polyclonal IgG Goat Santa Cruz, 

CA, SAD  

Cat.No. sc16052 

1:1000 
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Table 4.3. List of secondary antibodies and tertiary complex used in 

immunocytochemistry. 

Antibody 

label 

Full name of 

the antibody  

Antibody 

classification  

Host species  Manufacturer and 

catalog number  

Dilution  

αRB-biotin anti-rabbit 

antibody 

labeled with 

biotin 

IgG Goat Jackson 

immunoresearch West 

Grove, Pennsylvania, 

USA 

Cat.No. 111-065-144 

1:1000 

αGO-

biotin 

anti-goat 

antibody 

labeled with 

biotin 

IgG Donkey Abcam 

Cat.No. ab6884 

1:1000 

αMO-

FITC 

anti-mouse 

antibody 

labeled with 

FITC 

IgG Goat Jackson 

immunoresearch West 

Grove, Pennsylvania, 

USA 

Cat.No. 111-095-144 

1:600 

PE-Cy ™ 

5  

Streptavidin 

labeled with 

PE-Cy ™ 5 

- - DB Pharmingen 

Cat.No. 554062 

1:1000 

 

Immunocytochemistry data were analyzed a Fiji computer program (156) as follows:  

1. After starting the Fiji program, images in TIFF (Tagged Image File Format) were 

uploaded into the program and sorted into a stack through commands 

Image/Stacks/Images to stack. 

2. The images in TIFF format were translated into an 8-bit format which assigns a 

value to each pixel from 0-255 using the Menu Toolbar/Image/Type/8-bit 

commands. 

3. Images were thresholded through commands: Image/Adjust/Threshold to 

automatic settings for each image and Black background selected. 

4. Aglomerated cell nuclei were separated into individual ones through protocol 

Process/Binary/Watershed. 

5. Cell nuclei were counted by protocol: Analyze/Analyze particles with settings 

adjusted as follows: Size:250-Infinity; Circularity: 0.30-1.00. 

6. Following analysis, the Results window appears, and it was copied to Excel for 

further analysis.  

Following the counting of the cell nuclei, individual staining intensity had to be measured 

and analyzed for each channel using a Fiji computer program (156) as follows:  
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1. After starting the Fiji program, images in TIFF were entered into the program and 

sorted into a stack through commands Image/Stacks/Images to stack. 

2. The images in TIFF format were translated into an 8-bit format which assigns a 

value to each pixel from 0-255 using the Menu Toolbar/Image/Type/8-bit 

commands. 

3. Values of all the stack images were measured through the commands 

Image/Stack/Measure stack. 

4. Integrated density values (IDV) were divided by the number of nuclei per image. 

Calculated numbers were averaged for each biological replica and used in 

statistical analysis. 

5. Calculated data of IDV per cell is used in further statistical analysis. 

Image analysis for colocalization was performed in Python programming language using 

Spider IDE interface (157). The programming code used for this analysis is listed in 

Supplement. A short description of the protocol is following: 

1. All images were renamed to contain G, R, or B (presenting the green, blue, and 

red channel, respectively) and a number at the end.  

2. First, it was necessary to determine values for negative controls, so the code was 

run through all channels of negative controls.  

3. After values for individual negative control channels were determined, the rest of 

the images were analyzed. 

4. Code had to be adjusted for negative control threshold in Run/Configuration per 

file  

“ext tif -th1 60 -th2 60 -th3 60” 

5. Data was written in an Excel spreadsheet and presented as a percentage of red 

channel colocalizing with the green channel; the percentage was used in further 

statistical analysis.  

Morphology of the treated and stained cells was determined using ImageJ-Fiji software 

with NeurphologyJHT plugin following the plugin online protocol (156,158) as follows: 

1. Images were transformed into 8-bit through commands Images/Type/8-bit. 

2. The NeuronJ plugin was used to trace neurites.  

3. The plugin was started by selecting Plugins/NeuronJ, followed by selecting an 

image for analysis through the toolbar button Load an image. 
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4. Between 35 and 50 neurites were measured in each image by pressing the 

toolbar button Add tracings and selecting the beginning and end of the neurite. 

5. Measurement values were obtained by pressing the toolbar button Measure 

tracings and exporting the data into an Excel spreadsheet for further analysis. 

 

4.3.9. MALDI-TOF-MS lipid determination  

 

Matrix-Assisted Laser Desorption/Ionisation Time-Of-Flight Mass Spectrometry 

(MALDI-TOF-MS) is the method that utilizes biological matrices to ionize the sample 

loaded onto an electroconductive carrier that can be either glass coated with indium-tin-

oxide or a polished steel plate. Only the charged molecules can be easily imaged. Imaging 

can be performed in either positive or negative mode. In positive mode, the matrix takes 

an electron from the sample molecules and positively charges them. In negative mode 

matrix gives an electron to the sample molecule, negatively charging it. The most 

commonly used matrices are dihydroxybenzoic acid (DHB), for positive mode, and 9-

aminoacridine (9-AA) for the negative imaging mode. As a result, neutral or hard-to-

ionize molecules will be detected as noise or in low quantities.  

For isolation of total lipids, cells were prepared in the same way as for Western 

blot analysis with the difference in cell washing steps where acetate buffer was used. Cell 

homogenate was prepared in 0.32 M sucrose in 150 mM ammonium acetate buffer, pH 

8.2 with all inhibitors used in the protocol for Western blot analysis. Everything was 

performed in six biological replicates. Homogenization was performed following the 

Bligh and Dyer protocol for isolation of total lipids as follows (159):  

1. Protein homogenate was diluted to 2.5 µg/µL. 

2. 160 µL of homogenate was pipetted into a 1.5 mL Eppendorf tube. 

3. 400 µL of HPLC purity methanol (J.T.Baker, Phillipsburg, New Jersey, United 

States) was added and vortexed. 

4. 200 µL of analytical purity chloroform (Carlo Erba, Milan, Italy) was added and 

vortexed; this amounts to a ratio of 0.8:2:1 (sample: methanol: chloroform). 

5. The mixture was left on ice for 10 minutes to complete lipid extraction. 

6. After 10 minutes, 200 µL of chloroform and 200 µL of HPLC clean water (Carlo 

Erba, Milan, Italy) were pipetted. 

7. Everything was vortexed for 10 seconds and centrifuged at 20 000 g for 5 minutes 

at 4 °C.  
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8. After centrifugation, three phases were visible: upper water, middle protein, and 

bottom chloroform/methanol phase. 

9. The bottom phase was collected and transferred with pipette tips into a dark glass 

HPLC collection vial, capped, and stored at -20 °C until further use. 

10. The remaining phases were discarded into chemical waste. 

Both matrices were prepared in a concentration of 10 mg/mL. DHB was dissolved 

in HPLC purity methanol (J.T.Baker, Phillipsburg, New Jersey, United States) and stored 

at 4°C. The 9-AA matrix was dissolved in a mixture of acetonitrile (J.T.Baker, 

Phillipsburg, New Jersey, United States) and isopropanol (Merck, Darmstadt, Germany) 

in the ratio of 40:60. Both solvents were HPLC grade. The dissolved matrix was stored 

at 4°C. Matrix was applied as follows: 

1. Matrix and sample were mixed in 1:1 ratio total equalling 6 µL for each sample. 

2 µL of matrix/sample ratio was applied on a polished steel plate sample carrier 

and quickly dried with forced air current at room temperature. 

2. At one spot, red phosphorus was applied to be used for negative mode calibration. 

In the case of positive mode, peptide mix (Bruker, Billerica, Massachusetts, 

United States) was applied. 

3. Samples were imaged in the positive and negative mode in the range 500 Da - 

2500 Da. 

Machine settings for imaging at Bruker UltrafleXtreme MALDI-TOF/TOF MS 

(Bruker, Billerica, Massachusetts, United States) were identical for positive and negative 

modes. The sample rate and digitizer were set at 5.00 GS/s, Smartbeam (laser) set to 

medium, laser frequency 2000 Hz, laser power 90%, 200 shots/pixel, and every 

measurement was a sum of 15000 shots.  

Calibration in positive mode was done with Leucine-Enkephalin (Sigma-Aldrich, 

Saint Louis, MO, SAD) and Bruker Peptide calibration mix (Bruker, Billerica, 

Massachusetts, United States). Calibration in negative mode was done with red 

phosphorus clusters (Sigma-Aldrich, Saint Louis, MO, SAD). 

Result of analysis and data extraction were performed in Bruker Flex Analysis 

software (Bruker, Billerica, Massachusetts, United States) with the following 

adjustments: Peak detection algorithm was Snap; s/n threshold was 6, Smoothing 
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Algorithm was SavitzkyGolay (width 0.2 m/z, cycles 1), Baseline subtraction was done 

with TopHat. 

Statistical analysis of the spectrum data was performed in R statistical software 

(Vienna, Austria) with the following libraries: matrixTests, roperators, FELLA, 

KEGGREST, igraph, magrittr, resample (160). 

 

4.3.10. Protein analysis and Western blot method 

 

Electrophoresis was used to separate proteins in a sample based on their mass. 

Proteins were denatured with sodium dodecyl sulfate (SDS) and additionally unfolded 

with dithiothreitol or β-mercaptoethanol. Separation was carried through acrylamide gel 

that served as a sieve.  The gel was made from two separate gels: the top one containing 

5% acrylamide/bis-acrylamide (AA/Bis) and the bottom one 12% of AA/Bis 

concentration. The list of solutions used in the Western blot protocol is listed in table 4.4. 

 

Table 4.4. Prepared solutions used in the Western blot method.  

Solution name  Abbreviation  Composition 

Phosphate buffered 

saline 1x 

1x PBS 137 mM of NaCl, 2.7 mM of KCl, 10 mM of Na2HPO4, 

1.8 mM oh KH2PO4 (All chemicals from GramMol, 

Zagreb, Croatia) 

Homogenization buffer HB 1x PBS, 0,32 m sucrose, 1 mM PMSF, 5mM NaF, 1 mM 

Na3VO4, 1 mM EDTA (All chemicals from Sigma-

Aldrich, Saint Louis, MO, SAD), 1 tablet of complete 

mini protease inhibitor per 10 mL of buffer (Roche, Basel 

Switzerland) 

10% SDS / 10 g of SDS Acrylamide (Sigma-Aldrich, Saint Louis, 

MO, SAD)/100 mL distilled water  

Western blot sample 

buffer 

/ 0.35 M Tris-HCl, pH 6.8, 10% SDS, 30% glycerol, 9.3% 

DTT 

3M Tris-HCl / 36.342 g of Tris base, up to 100 mL of dH2O, pH 8.8 

1M Tris-HCl / 12.114 g of Tris base, up to 100 mL of dH2O, pH 6.8 

30% Acrylamide/Bis-

acrylamide 

AA/Bis 30% Acrylamide(Sigma-Aldrich, Saint Louis, MO, 

SAD), 2.7% Bis- Acylamide 

1.5% Ammonium 

persulphate 

APS  1.5 g Ammonium persulphate (Sigma-Aldrich, Saint 

Louis, MO, SAD) in 100 mL of distilled water  

Electrophoresis buffer / 25 mM Tris-Base (Fisher Scientific, Waltham, 

Massachusetts, USA), 192 mM glycine (Fisher Scientific, 

Waltham, Massachusetts, USA), 0.1% SDS in distilled 

water 

Towbin blotting buffer  / 25 mM Tris-Base, 192 mM glycine, 20% methanol in 

distilled water 

Blocking solution  / 3% BSA (Sigma-Aldrich, Saint Louis, MO, SAD) in 1x 

PBST 
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Cells were grown, differentiated, and treated with compounds in 6-well plates to 

attain 6 biological replicas – two plates were prepared for each concentration of each 

compound, solvent control, and untreated control – a total of 32 individual 6-well plates. 

Cells were incubated for 48 hours after treatment application (incubator: Hera Cell 150, 

Thermo Fisher Scientific Waltham, Massachusetts, United States). In one-half of the 6 

well plates, insulin was added in a final concentration of 2 µg/ml, and cells were incubated 

for 1 hour. This was performed by diluting insulin stock solution in cell growth medium 

to a concentration of 12 μg/mL, and 500 μL was pipetted in each well of 6-well plate. 

After this step, everything was done on ice and with precooled solutions. After incubation 

with insulin, all cells were washed 3 times with 1x PBS. Next, 500 μL of 1x PBS was 

pipetted in each well, and cells were scraped with a cell scraper. Scraped cells were 

transferred in a 1.5 mL Eppendorf tube and pelleted in a centrifuge at 130 g for 5 minutes 

at 4°C (centrifuge: Sigma 1-15 PK, St. Louis, Missouri, United States). The supernatant 

was removed, and 600 µL of homogenization buffer was added. Cells were homogenized 

on ice with an ultrasonic homogenizer Bandelin Sonopuls 2070 (BANDELIN electronic 

GmbH & Co. KG, Berlin, Germany) for 15 seconds, cycle set at 9 and 100% power. 

Homogenate was centrifuged for 15 minutes at 1000 g at 4°C (centrifuge: Sigma 1-15 

PK, St. Louis, Missouri, United States ) to remove extracellular matrix and insoluble 

debris. The supernatant was pipetted in a clean 0.5 mL Eppendorf tube and stored at -

80°C until further use. 

Before the final preparation of samples for loading on the gel, protein content was 

measured using Bradford protein assay. Protein measurement with Bradford reagent is 

based on the reaction of Coomassie blue G 250 in an acidic solution with aromatic groups 

of amino acids. The dye binding to amino acids shifts the dye absorption maximum from 

465 nm to 595 nm (161). The reagent is prepared by dissolving 50 mg of Coomassie blue 

G 250 powder (Carl Roth Karlsruhe, Germany) in 50 mL of methanol (Carlo Erba, Milan, 

Italy). After the dye was dissolved, 100 mL of 85% phosphoric acid (Sigma, St. Louis, 

Missouri, United States) was added and topped with distilled water up to 1 liter. The 

reagent was filtered through a 0.2 µm PES filter (Nalgene ™ Thermo Fisher Scientific 

Waltham, Massachusetts, United States) to remove any traces of undissolved dye powder 

and stored at 4°C.  

A calibration curve is prepared and calculated using bovine serum albumin as a standard 

with known concentrations:  
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Standard 1 – 10 mg/mL 

Standard 2 – 5 mg/mL 

Standard 3 – 2.5 mg/mL 

Standard 4 – 1.25 mg/mL 

Standard 5 – 0.625 mg/mL 

Standard 6 – 0.312 mg/mL 

Standard 7 – only sample buffer 

Samples were pipetted in technical triplicate in a flat-bottom 96-well plate 

(Thermo Fisher Scientific Waltham, Massachusetts, United States). In each well, 1 µL of 

the standard sample was pipetted, followed by 250 µL of Bradford reagent. Everything 

was incubated at room temperature for 15 minutes and analyzed at the iMark microplate 

reader (Bio-rad, Hercules, California, United States) at 595 nm. The given value of 

absorption measured in Standard 7 was subtracted from the measured values of the rest 

of the Standards. A calibration curve was plotted, and a linear equation was calculated.  

The concentration of proteins in samples was determined by pipetting 1 µL of the 

cell homogenate sample in a technical triplicate followed by 250 µL of Bradford reagent. 

After 15 minutes of incubation at room temperature, absorption was measured on the 

iMark microplate reader (Bio-rad, Hercules, California, United States) at 595 nm. First, 

the absorption value measured in Standard 7 was subtracted from the measured values of 

samples. Then, triplicates were averaged to a single value. Finally, corrected and averaged 

absorption values were used in a linear equation from which protein concentrations were 

calculated (Figure 4.5.).  

Sample aliquots were diluted to 2.5 mg/mL with 1x PBS buffer and mixed with 

Western blot sample buffer in a 1:5 buffer to sample ratio. Samples were heated up to 

100°C for 5 minutes in a heat block (Eppendorf Thermomixer Compact; Eppendorf, 

Hamburg, Germany). After heating, samples were cooled down and stored at 4°C until 

further use.  
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Figure 4.5. Calibration curve of Bradford assay used to calculate linear regression 

equation for determination of protein content in samples. Figure made by the author.  

Gels used in Western blot analysis were the discontinuous type with 5% of 

AA/Bis in stacking gel and 12% of AA/Bis in resolving gel, prepared in Tris-Glycine 

buffer with the addition of 1.15% of 2,2,2-Trichloroethanol (Merck, Darmstadt, 

Germany) for the stain-free method (162,163). Gels were loaded as follows: first well 

with 5µL of protein standard (SeeBlue 2 Plus, Thermo Fisher Scientific Waltham, 

Massachusetts, United States) and 10 µL of the sample in each following well of the gel. 

Thus, the total protein load was equal to 20 µg. Electrophoresis was carried in Hoeffer 

mighty small electrophoresis system (Hoeffer inc. San Francisco, California, United 

States) with a continuous current of 15 mA per gel for 3 hours in electrophoresis buffer. 

The cooling fluid was circulated through the central block to maintain a constant 

temperature around 4°C.  

After electrophoresis, gel cassettes were removed from the electrophoresis 

system, stacking gel was cut, and bottom stain-free gels were activated in the 

ChemiDoc™ Imaging system (BioRad Hercules, California, United States) for 45 

seconds using automated imaging protocol to visualize proteins within the gel. Detection 

of proteins is made possible by detecting the amino acid tryptophan to which the gel tri-

halo components are attached. Next, the transfer of the proteins from gel to 

polyvinylidene difluoride (PVDF) membrane of 0.45 µm pore size (Thermo Fisher 

Scientific Waltham, Massachusetts, United States) was carried out in TE22 Mighty small 

transfer tank (Hoeffer inc. San Francisco, California, United States) for 2 hours at 200 

mA continuous current in Towbin blotting buffer. During blotting, the system was 
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continuously cooled to 4°C. When the blotting was over, gels were discarded, and PVDF 

membrane containing proteins from a gel was placed in 1x PBS-T and imaged on 

ChemiDoc™ Imaging system (BioRad Hercules, California, United States) to visualise 

proteins on the membrane (Figure 4.6.). The digital images of transfered proteins were 

saved for later analysis.  

 

 

 

 

 

Figure 4.6. The stain-free gel representative image upon activation (A) and the membrane 

(B) after transferring proteins. Images captured in ChemiDoc™ Imaging system and 

visualised in the computer program Image Lab (BioRad Hercules, California, United 

States). 

Immunodetection followed transfer of proteins to the membrane. Nonspecific 

reactions were blocked by a solution of 3% bovine serum albumin in 1x PBS buffer with 

Tween detergent (PBST). Blocking solution was used for all antibodies and tertiary 

complex dilutions. After the stepped blocking, the membrane was incubated in the 

primary antibody solution (IRα, IGF1Rb, βAPP, Np65, paNa/KT, pAkt-Ser 473, GSK3 

α+β, pGSK3β, αSyn, pTAU) in the dilutions shown in Table 4.7 on a shaker overnight at 

4°C. Membranes were washed 3 times for 10 minutes in PBST buffer followed by 

incubation in the appropriate secondary antibody (Table 4.8.) conjugated with HRP for 1 

hour at room temperature. Membrane probed against Np65 was incubated in a 

biotinylated secondary antibody followed by washing and incubation in the tertiary 

streptavidin-HRP complex. Secondary antibodies and streptavidin-HRP complex were 

washed 3 times for 10 minutes in PBST buffer. According to the manufacturer's 

instructions, visualization was performed using a chemiluminescent detection solution 

(Immobilon ® Forte Western HRP Substrate, Millipore Burlington, Massachusetts, 

USA). According to the manufacturer's instructions, the signal is visualized using the 

ChemiDoc™ Imaging system (BioRad Hercules, California, United States). The resulting 

images were stored in digital form for later analysis. 

A B 



 

48 
 

Table 4.7. List of primary antibodies used in the Western blot method. 

Antibody 

label 

Full name of the 

antibody  

Antibody 

classification  

Host 

species  

Manufacturer and 

catalog number  

Dilution 

used for 

Western blot  

IRα Anti-insulin 

receptor alpha 

subunit 

IgG, polyclonal Rabbit Abcam, 

Cambridge, 

UK  

Cat.No. ab5500 

1:1000 

IGF1Rb Anti-insulin-like 

growth factor 

receptor – beta 

subunit 

IgG, polyclonal Rabbit Santa Cruz, 

CA, SAD  

Cat.No. sc-713 

1:500 

βAPP Anti-β-amyloid 

precursor protein 

IgG, polyclonal Rabbit Abcam, 

Cambridge, 

UK  

Cat.No. ab2539 

1:1000 

Np65 Anti-neuroplastin 

65 

IgG, polyclonal Goat R&D 

Systems, 

Minneapolis 

, MN, SAD, 

Cat.No. AF5360 

1:1000 

Akt Anti-protein 

kinase B 

IgG 

monoclonal 

Mouse  Cell signalling 

Danvers, 

Massachisets, USA 

Cat.No. 2920S 

1:1000 

pAkt – Ser 

473 

Anti-protein 

kinase B – 

phosphorylated at 

serine 473 

IgG 

monoclonal 

Rabbit Cell signaling 

Danvers, 

Massachisets, USA 

Cat.No. 9271S 

1:1000 

GSK3 α+β Anti-glycogen 

synthase kinase 3 

alpha + beta 

IgG  

monoclonal 

Rabbit Cell signaling 

Danvers, 

Massachisets, USA 

Cat.No. 5676S 

1:1000 

pGSK3β Anti-glycogen 

synthase kinase 3 

beta – 

phosphorylated as 

tyrosine 279 

IgG  

polyclonal 

Rabbit Abcam, 

Cambridge, 

UK  

Cat.No. ab75745 

1:1000 

αSyn Alpha-synuclein  IgG  

polyclonal 

Rabbit Cell signaling 

Danvers, 

Massachisets, USA 

Cat.No. 4179P 

1:1000 

pTAU Phospho-Tau 

(Ser202, Thr205) 

IgG monoclonal  Mouse  Thermo Fisher 

Waltham, 

Massachusetts, 

United States  

Cat.No. MN1020 

1:1000 
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Table 4.8. List of secondary antibodies and tertiary complex used in Western blot 

method. 

Antibody 

label 

Full name of the 

antibody  

Antibody 

classification  

Host 

species  

Manufacturer and 

catalog number  

Dilution used 

for Western 

blot  

αMO- HRP anti-mouse 

antibody labeled 

with HRP 

IgG Donkey Jackson 

immunoresearch 

West Grove, 

Pennsylvania, USA 

Cat.No. 715-035-151 

1:20000 

αRB- HRP anti-rabbit 

antibody labeled 

with HRP 

IgG Goat Jackson 

immunoresearch 

West Grove, 

Pennsylvania, USA 

Cat.No. 111-035-144 

1:20000 

αGO-biotin anti-goat antibody 

labeled with 

biotin 

IgG Donkey Abcam 

Cat.No. ab6884 

1:5000 

Strep-HRP Streptavidin 

peroxidase 

polymer 

supersensitive  

- - Sigma-Aldrich, St. 

Louis, MO, SAD 

 

1:5000 

 

To quantitatively analyze the expression of proteins of interest solution (IRα, IGF1Rb, 

βAPP, Np65, pan Akt, pAkt-Ser 473, GSK3 α+β, pGSK3β, αSyn, and pTAU), publicly available 

ImageLab 6.0 computer program compatible with Chemidoc system for visualization was used. 

In addition, images of total and individual proteins were used for quantitative analysis signals of 

the investigated proteins. The analysis was performed as follows: 

1. An image of total and individual proteins was uploaded into the computer program ImageLab 

to analyze proteins of interest. Images are uploaded into the program in .scn digital format. 

Command menu toolbar / File / Open / Select image was used. 

2. The images were prepared for processing by selecting the toolbar command menu / File / Create 

Multi-Channel Image. After opening a new window,  the RGB box was unchecked, and two 

images remained in the window – those of total proteins and individually analyzed protein. 

3.  Lane and Bands command in the left part of the toolbar was selected for each image, the widths 

and heights of the wells were analyzed automatically or manually by the commands Automatic or 

Manual. 

4. After marking the wells, the protein band signals were analyzed by selecting the command 

Bands. Automatic detection of protein bands was done with the Detect command, and manual 

detection was done using the Add tool (manually marks each protein analysis band).  
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5. The Analysis Table command, that prints the obtained data, was selected and data was exported 

as an Excel spreadsheet. 

6. The signal intensity values from the obtained table were used. Intensity value of individually 

analyzed protein bands were divided by the intensity of total protein tape, and the value obtained 

was used for further statistical processing. 

 

4.4. Statistical analysis 

 

The statistical program Statistica 12 (TIBCO, Palo Alto, CA USA) was used for statistical 

analyses. Normality of distribution was tested with the Shapiro-Wilk test. In the case of a normal 

distribution, a t-test was used to determine the significance of the difference between the two 

samples. If the distribution of the results was not normal, the conclusion about the differences 

between the two independent continuous random variables distributions was based on the Mann-

Whitney-Wilcoxon test. In the case of more than two samples, and depending on the nature of the 

results, parametric or nonparametric analysis of variance (ANOVA) was used. The Kruskal-

Wallis test was used as a nonparametric analysis for multiple independent samples, and the 

Friedman test was used for multiple dependent samples. In all analyses, the p-value was 

determined with p < 0.05, p < 0.005, and p < 0.001. A sample in minimal biological triplicate was 

used for each statistical analysis. 
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5. RESULTS 

 

5.1. MTT test of cell viability 

 

P4-RR inhibitor affected cell viability in all three concentrations independently 

on whether insulin was applied or not. The combined effect of treatment (inhibitors) and 

insulin is not present after 24 hours (Table 5.1.). After 24 hours, cell viability decreased 

compared to the control group. Insulin treatment had a prominent effect on cell viability 

and is best observed at the highest inhibitor concentration, where the viability was nearly 

doubled compared to the insulin untreated groups. Significant differences can be observed 

between the highest and lowest concentrations of inhibitor both in insulin treated and non-

treated samples (Table 5.6.). After 48 hours, increasing concentrations of the inhibitor 

resulted the decrease in cell viability. Addition of insulin to the inhibitor treated samples 

caused similar decline in cell viability (Table 5.1.). Significant reduction in cell viability 

was observed in samples treated with the highest concentrations of inhibitor regardless of 

insulin treatment. In addition, there is a significant difference in cell viability between 

samples treated with the highest inhibitor concentration and the two lower ones (Table 

5.7.)   

24 hours P4-SS treatment resulted statistically significant effects on cell viability 

independently from the absence or presence of insulin treatment (Table 5.2.). When 

compared to the control group, the difference was only observed in samples treated with 

the highest concentration of inhibitor; cell viability did not change in samples treated the 

other two inhibitor concentrations (Table 5.8.). 48 hours treatment resulted significant 

decrease in cell viability only in samples treated with the highest concentrations of the 

inhibitor both in insulin treated and non-treated samples (Table 5.2). Significant 

difference between the insulin treated and non-treated samples can be detected only in 

samples treated with 10 μM concentration (Table 5.9.)  

Different concentrations of MIG treatments alone or in combination with the 

insulin treatment, had no effect on cell viability after 24 hours. A statistically significant 

decrease in cell viability were observed after 48 hours in samples treated with MIG and 

insulin (Table 5.3.). The post-HOC analysis found no significant differences between the 

treated sample groups. 
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Different concentrations of CBE treatments had effects on cell viability only after 48 

hours (Table 5.4.). The post-hoc analysis found no significant difference between the 

treated sample groups.  

DMSO treatment alone (used as the solvent for all 4 inhibitors) had no effect on 

cell viability in all three concentrations, with or without insulin treatment (Table 5.5.). 
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Table 5.1. Percentage of cell viability 24 and 48 hours after treatment with P4-RR GlcCer synthesis inhibitor, and insulin of differentiated SH-

SY5Y human neuroblastoma cell line measured with MTT test calculated against the control group (Mean; SD).  

 

Duration of 

treatment 

w/o insulin w insulin Two-way ANOVA 

Control P4-RR 

2.5µM 

P4-RR 

10µM 

P4-RR 

40µM 

Control P4-RR 

2.5µM 

P4-RR 

10µM 

P4-RR 

40µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin RR Insulin × 

RR 

Insulin RR Insulin × 

RR 

24 h 

treatment 

100.00; 

4.71 

78.52; 

6.86 

72.71; 

3.32 

48.07; 

5.03 

100.00; 

3.75 

84.83; 

3.96 

89.35; 

7.35 

71.39; 

7.73 

8.59 

(1,40) 

17.41 

(3,40) 

1.71 

(3,40) 

0.0055 <0.0001 0.1740 

48 h 

treatment 

100.00; 

3.73 

93.61; 

7.26 

94.62; 

6.57 

48.82; 

2.99 

100.00; 

2.29 

86.20; 

2.83 

86.71; 

3.71 

64.37; 

3.57 

0.00 

(1,40) 

36.55 

(3,40) 

3.02 

(3,40) 

0.9855 <0.0001 0.0406 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol 

Table 5.2. Percentage of cell viability 24 and 48 hours after treatment with P4-SS GlcCer synthesis inhibitor and insulin of differentiated SH-SY5Y 

human neuroblastoma cell line measured with MTT test calculated against the control group (Mean; SD).  

 

Duration 

of 

treatment 

w/o insulin w insulin Two-way ANOVA 

Control P4-SS 

2.5µM 

P4-SS 

10µM 

P4-SS 

40µM 

Control P4-SS 

2.5µM 

P4-SS 

10µM 

P4-SS 

40µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin SS Insulin × 

SS 

Insulin SS Insulin × 

SS 

24 h 

treatment 

100.00; 

4.71 

94.79; 

7.69 

92.48; 

5.42 

26.02; 

3.48 

100.00; 

3.75 

106.85; 

9.34 

106.02; 

9.51 

28.34; 

3.67 

2.38 

(1,40) 

64.74 

(3,40) 

0.56 

(3,40) 

0.1308 <0.0001 0.6402 

48 h 

treatment 

100.00; 

3.73 

104.06; 

5.41 

103.37; 

6.70 

20.36; 

1.95 

100.00; 

2.29 

91.16; 

2.14 

79.57; 

2.27 

35.48; 

8.68 

2.55 

(1,40) 

103.93 

(3,40) 

6.18 

(3,40) 

0.1179 <0.0001 0.0014 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol 
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Table 5.3. Percentage of cell viability 24 and 48 hours after treatment with MIG GlcCer synthesis inhibitor and insulin of differentiated SH-SY5Y 

human neuroblastoma cell line measured with MTT test calculated against the control group (Mean; SD).  

 

Duration 

of 

treatment 

w/o insulin w insulin Two-way ANOVA 

Control MIG 

2.5µM 

MIG 

10µM 

MIG 

40µM 

Control MIG 

2.5µM 

MIG 

10µM 

MIG 

40µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin MIG Insulin × 

MIG 

Insulin MIG Insulin × 

MIG 

24 h 

treatment 

100.00; 

4.71 

86.82; 

4.94 

82.12; 

14.34 

92.74; 

11.93 

100.00; 

3.75 

94.32; 

3.45 

91.72; 

1.90 

99.54; 

5.19 

1.26 

(1,40) 

1.19 

(3,40) 

0.15 

(3,40) 

0.2672 0.3240 0.9270 

48 h 

treatment 

100.00; 

3.73 

105.48; 

5.60 

93.67; 

3.05 

96.50; 

10.55 

100.00; 

2.29 

92.94; 

3.19 

76.42; 

3.38 

74.33; 

2.16 

13.66 

(1,40) 

5.59 

(3,40) 

1.83 

(3,40) 

0.0006 0.0026 0.1569 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

Table 5.4. Percentage of cell viability 24 and 48 hours after treatment with CBE inhibitor of glycolipid metabolism and insulin of differentiated 

SH-SY5Y human neuroblastoma cell line measured with MTT test calculated against the control group (Mean; SD).  

 

Duration 

of 

treatment 

w/o insulin w insulin Two-way ANOVA 

Control CBE 

2.5µM 

CBE 

10µM 

CBE 

40µM 

Control CBE 

2.5µM 

CBE 

10µM 

CBE 

40µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin CBE Insulin × 

CBE 

Insulin CBE Insulin × 

CBE 

24 h 

treatment 

100.00; 

4.71 

98.74; 

7.56 

86.33; 

4.32 

88.84; 

9.65 

100.00; 

3.75 

106.88; 

3.28 

97.19; 

2.03 

95.23; 

3.19 

2.79 

(1,40) 

2.18 

(3,40) 

0.37 

(3,40) 

0.1021 0.1046 0.7753 

48 h 

treatment 

100.00; 

3.73 

94.36; 

4.26 

73.22; 

1.54 

71.52; 

3.27 

100.00; 

2.29 

101.65; 

9.35 

98.20; 

14.97 

82.11; 

16.89 

2.83 

(1,40) 

2.93 

(3,40) 

0.67 

(3,40) 

0.0997 0.0448 0.5695 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; CBE = Conduritol B epoxide 
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Table 5.5. Percentage of cell viability 24 and 48 hours after treatment with DMSO solvent and insulin of differentiated SH-SY5Y human 

neuroblastoma cell line measured with MTT test calculated against the control group (Mean; SD).  

 

Duration 

of 

treatment 

w/o insulin w insulin Two-way ANOVA 

Control DMSO 

0.07 mM 

DMSO 

0.28 mM 

DMSO 

1.12 mM 

Control DMSO 

0.07 mM 

DMSO 

0.28 mM 

DMSO 

1.12 mM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin DMSO Insulin × 

DMSO 

Insulin DMSO Insulin × 

DMSO 

24 h 

treatment 

100.00; 

4.71 

98.55; 

2.83 

97.55; 

2.78 

94.44; 

6.51 

100.00; 

3.75 

103.44; 

3.66 

100.18; 

4.03 

96.69; 

2.27 

0.73 

(1,40) 

0.69 

(3,40) 

0.12 

(3,40) 

0.3951 0.5634 0.9452 

48 h 

treatment 

100.00; 

3.73 

101.35; 

3.13 

96.23; 

4.92 

101.97; 

3.01 

100.00; 

2.29 

95.01; 

2.97 

96.58; 

2.03 

95.83; 

2.01 

1.85 

(1,40) 

0.46 

(3,40) 

0.69 

(3,40) 

0.1807 0.7111 0.5608 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; DMSO = dimethyl sulfoxi
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Table 5.6. Post hoc test of two-way ANOVA results for cell viability 24 hours after 

treatment with P4-RR GlcCer synthesis inhibitor and insulin of differentiated SH-SY5Y 

human neuroblastoma cell line presenting significant results  

Survivability rate measured with MTT test after 24 hours from treatment 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4-RR 

Insulin treatment The concentration 

of P4-RR 

w/o insulin Control w/o insulin P4-RR 40µM 0.0001 

w/o insulin Control w/o insulin P4-RR 10µM 0.0260 

w/o insulin Control w insulin P4-RR 40µM 0.0167 

w/o insulin P4-RR 40µM w/o insulin P4-RR 2.5µM 0.0088 

w/o insulin P4-RR 40µM w insulin Control 0.0001 

w/o insulin P4-RR 40µM w insulin P4-RR 10µM 0.0002 

w/o insulin P4-RR 40µM w insulin P4-RR 2.5µM 0.0009 

w/o insulin P4-RR 10µM w insulin Control 0.0260 

w insulin Control w insulin P4-RR 40µM 0.0167 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-RR 

= (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

Table 5.7. Post hoc test of two-way ANOVA results for cell viability 48 hours after 

treatment with P4-RR GlcCer synthesis inhibitor and insulin of differentiated SH-SY5Y 

human neuroblastoma cell line presenting significant results 

Survivability rate measured with MTT test after 48 hours from treatment 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4-RR 

Insulin treatment The concentration 

of P4-RR 

w/o insulin Control w/o insulin P4-RR 40µM 0.0001 

w/o insulin Control w insulin P4-RR 40µM 0.0001 

w/o insulin P4-RR 40µM w/o insulin P4-RR 10µM 0.0001 

w/o insulin P4-RR 40µM w/o insulin P4-RR 2.5µM 0.0001 

w/o insulin P4-RR 40µM w insulin Control 0.0001 

w/o insulin P4-RR 40µM w insulin P4-RR 10µM 0.0001 

w/o insulin P4-RR 40µM w insulin P4-RR 2.5µM 0.0001 

w insulin P4-RR 40µM w/o insulin P4-RR 10µM 0.0006 

w insulin P4-RR 40µM w/o insulin P4-RR 2.5µM 0.0009 

w insulin P4-RR 40µM w insulin Control 0.0001 

w insulin P4-RR 40µM w insulin P4-RR 10µM 0.0204 

w insulin P4-RR 40µM w insulin P4-RR 2.5µM 0.0253 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-RR 

= (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 
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Table 5.8. Post hoc test of two-way ANOVA results for cell viability 24 hours with P4-

SS GlcCer synthesis inhibitor and insulin of differentiated SH-SY5Y human 

neuroblastoma cell line presenting significant results  

Survivability rate measured with MTT test after 24 hours from treatment 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration of 

P4-SS 

Insulin treatment The concentration of 

P4-SS 

w/o insulin Control w/o insulin P4-SS 40µM 0.0001 

w/o insulin P4-SS 40µM w/o insulin P4-SS 10µM 0.0001 

w/o insulin P4-SS 40µM w/o insulin P4-SS 2.5µM 0.0001 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-SS = 

(S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 

Table 5.9. Post hoc test of two-way ANOVA results for cell viability 48 hours with P4-

SS a GlcCer synthesis inhibitor and insulin of differentiated SH-SY5Y human 

neuroblastoma cell line presenting significant results  

Survivability rate measured with MTT test after 48 hours from treatment 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4-SS 

Insulin treatment The concentration 

of P4-SS 

w/o insulin Control w/o insulin P4-SS 40µM 0.0001 

w/o insulin Control w insulin P4-SS 40µM 0.0001 

w/o insulin P4-SS 40µM w/o insulin P4-SS 10µM 0.0001 

w/o insulin P4-SS 40µM w/o insulin P4-SS 2.5µM 0.0001 

w/o insulin P4-SS 40µM w insulin Control 0.0001 

w/o insulin P4-SS 40µM w insulin P4-SS 10µM 0.0001 

w/o insulin P4-SS 40µM w insulin P4-SS 2.5µM 0.0001 

w/o insulin P4-SS 10µM w insulin P4-SS 40µM 0.0001 

w/o insulin P4-SS 10µM w insulin P4-SS 10µM 0.0217 

w/o insulin P4-SS 2.5µM w insulin P4-SS 40µM 0.0001 

w/o insulin P4-SS 2.5µM w insulin P4-SS 10µM 0.0166 

w insulin Control w insulin P4-SS 40µM 0.0001 

w insulin P4-SS 40µM w insulin P4-SS 10µM 0.0001 

w insulin P4-SS 40µM w insulin P4-SS 2.5µM 0.0001 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-SS 

= (S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

5.2. Annexin V cell viability stain 

 

Different concentrations of P4-RR inhibitor treatment had a significant effect on 

the number of cells will survive. Treatment resulted a dose-dependent decrease in the 

number of cells alive; lower concentrations of inhibitor resulted higher survival rate 

(Table 5.10.). The number of apoptotic or dead cells increased by the increasing inhibitor 

concentrations. This effect can be observed both at 24 or 48 hours after treatments. Insulin 

showed statistically significant effects in late apoptotic cells (Table 5.15.) 
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 P4-SS effect on cell viability was observable both after 24 and 48 hours. 

Treatments had no significant effects on early apoptosis, but it significantly affected the 

numbers of cells in late apoptosis and the dead ones. Insulin did not affect the survival of 

the cells, but it affected cells in late apoptosis 48 hours after treatment and dead cells 24 

and 48 hours after treatment. The mutual effect of insulin and inhibitor treatment was 

observed in the number of cells in late apoptosis 48 hours after treatment and in the 

number of dead cells 24 hours after treatment (Table 5.11.). Post hoc analysis showed a 

dose-dependent effect on late apoptosis, i.e. the higher the inhibitor concentration, the 

more cells undergo the process. The highest concentration of inhibitor significantly 

increased cell death after 24 hours, but not after 48 hours (Table 5.16., Table 5.11.). 

 MIG treatment affected the percentage of live cells, the percentage of cells in early 

apoptosis and the percentage of dead cells. Insulin treatment alone resulted the decrease 

of the percentage of early apoptosis cells 48 hours after treatment. The combined effect 

of insulin and inhibitor treatments was observed in the percentage of dead cells after 24 

hours, but not after 48 hours (Table 5.12.). Post hoc analysis showed that MIG treatment 

did not significantly reduce the number of live cells. A difference in the percentage of 

cells in early apoptosis was observed when comparing the highest and lowest 

concentrations. The percentage of dead cells increases with the MIG concentration, but 

this is also a significant effect of insulin, which, when applied after 24 hours, reduces the 

lethal effect of MIG. The most notable differences are between the highest concentrations 

of MIG and the other experimental groups (Table 5.17., Table 5.12.). 

 CBE treatment alone had effects on the percentage of live cells and cells in early 

apoptosis, as well as in combinations with insulin treatment, but no observable interaction 

was observed between the two treatments. The only effect of CBE was observed in the 

percentage of cells in late apoptosis, but no insulin effect. The percentages are reversed 

where insulin had an effect, but it is missing when treated with CBE alone (Table 5.13.). 

Post hoc analysis showed no statistically significant difference between the treated 

groups. 

DMSO had no effect on cell viability. The only effect was observed when cells were 

treated with insulin. No combined effects of insulin treatment and DMSO treatment was 

observable (Table 5.14.).  
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Table 5.10. Percentage of alive, apoptotic, and dead cells 24 and 48 hours after treatment with P4-RR GlcCer synthesis inhibitor measured with 

Annexin V staining of differentiated SH-SY5Y human neuroblastoma cell. Percentage calculated against the control group (Mean; SD). 

Cell 

status 

Expose 

time 

 

w/o insulin w insulin Two-way ANOVA 

Control P4-RR 

2.5 µM 

P4-RR 

10 µM 

P4-RR 

40 µM 

Control P4-RR 

2.5 µM 

P4-RR 

10 µM 

P4-RR 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin RR Insulin 

× RR 

Insulin RR Insulin 

× RR 

Alive 24 h 87.51; 

1.66 

90.25; 

2.60 

78.38; 

12.06 

64.58; 

7.73 

91.17; 

1.61 

93.85; 

2.99 

81.78; 

12.17 

63.73; 

14.92 

0.48 

(1,16) 

12.75 

(3,16) 

0.09 

(3,16) 

0.4972 0.0001 0.9602 

48 h 88.10; 

1.91 

91.94; 

2.88 

79.76; 

11.89 

65.58; 

7.45 

92.96; 

0.59 

94.43; 

2.94 

83.29; 

12.07 

64.00; 

14.79 

0.50 

(1,16) 

13.62 

(3,16) 

0.16 

(3,16) 

0.4862 0.0001 0.9206 

Early 

apoptosis 

24 h 9.44; 

1.13 

6.42; 

2.68 

12.19; 

4.42 

8.94; 

0.59 

6.98; 

1.11 

4.38; 

3.20 

10.86; 

4.80 

13.60; 

8.83 

0.02 

(1,16) 

2.85 

(3,16) 

0.94 

(3,16) 

0.8678 0.0702 0.4405 

48 h 7.85; 

0.86 

3.59; 

2.96 

9.94; 

4.89 

6.86; 

0.49 

4.16; 

1.60 

2.60; 

2.80 

8.30; 

5.09 

12.28; 

9.32 

0.01 

(1,16) 

2.80 

(3,16) 

1.19 

(3,16) 

0.9015 0.0722 0.3436 

Late 

apoptosis 

24 h 2.01; 

0.38 

1.89; 

0.33 

7.20; 

7.81 

21.81; 

5.83 

1.54; 

0.54 

1.35; 

0.11 

6.69; 

7.55 

21.25; 

5.72 

0.06 

(1,16) 

22.75 

(3,16) 

0.00 

(3,16) 

0.7957 <0.0001 0.9999 

48 h 2.37; 

0.49 

1.86; 

0.33 

1.86; 

0.33 

21.86; 

0.33 

1.86; 

1.30 

1.95; 

0.47 

7.23; 

7.67 

21.90; 

5.46 

20.83 

(1,16) 

11.64 

(3,16) 

12.22 

(3,16) 

0.0003 0.0002 0.0002 

Dead 24 h 1.04; 

0.23 

1.44; 

0.42 

2.23; 

0.81 

4.68; 

1.85 

0.31; 

0.07 

0.42; 

0.18 

0.67; 

0.26 

1.42; 

0.50 

27.77 

(1,16) 

11.66 

(3,16) 

3.30 

(3,16) 

<0.0001 0.0002 0.0472 

48 h 1.68; 

0.78 

1.98; 

0.50 

2.73; 

0.98 

5.20; 

2.03 

1.02; 

0.33 

1.08; 

0.20 

1.19; 

0.17 

1.82; 

0.51 

9.14 

(1,16) 

1.34 

(3,16) 

1.29 

(3,16) 

0.0080 0.2935 0.3090 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol 
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Table 5.11. Percentage of alive, apoptotic, and dead cells 24 and 48 hours after treatment with P4-SS GlcCer synthesis inhibitor measured with 

Annexin V staining of differentiated SH-SY5Y human neuroblastoma cell line. Percentage calculated against the control group (Mean; SD). 

Cell 

status 

Expose 

time 

 

w/o insulin w insulin Two-way ANOVA 

Control P4-SS 

2.5 µM 

P4-SS 

10 µM 

P4-SS 

40 µM 

Control P4-SS 

2.5 µM 

P4-SS 

10 µM 

P4-SS 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin SS Insulin 

× SS 

Insulin SS Insulin 

× SS 

Alive 24 h 87.51; 

1.66 

89.32; 

3.10 

88.62; 

3.87 

83.31; 

8.76 

86.99; 

8.89 

91.17; 

1.61 

92.47; 

3.81 

92.62; 

3.13 

2.99 

(1,16) 

1.61 

(3,16) 

0.00 

(3,16) 

0.1029 0.2262 0.9991 

48 h 88.10; 

1.91 

90.11; 

3.73 

89.50; 

3.45 

80.97; 

3.76 

84.56; 

4.51 

92.96; 

0.59 

92.70; 

3.64 

93.97; 

3.52 

7.83 

(1,16) 

9.45 

(3,16) 

0.13 

(3,16) 

0.0128 0.0007 0.9384 

Early 

apoptosis 

24 h 9.44; 

1.13 

7.35; 

2.64 

8.00; 

3.48 

5.25; 

0.74 

4.23; 

2.10 

6.98; 

1.11 

5.60; 

3.54 

5.88; 

2.71 

3.49 

(1,16) 

2.12 

(3,16) 

0.09 

(3,16) 

0.0797 0.1373 0.9593 

48 h 7.85; 

0.86 

5.71; 

3.34 

6.11; 

3.70 

3.43; 

0.44 

3.42; 

1.74 

4.16; 

1.60 

4.06; 

3.31 

3.69; 

3.20 

4.14 

(1,16) 

1.41 

(3,16) 

0.28 

(3,16) 

0.0587 0.2739 0.8335 

Late 

apoptosis 

24 h 2.01; 

0.38 

1.92; 

0.37 

1.94; 

0.58 

8.66; 

6.57 

7.99; 

6.62 

1.54; 

0.54 

1.50; 

0.40 

1.10; 

0.42 

0.19 

(1,16) 

6.02 

(3,16) 

0.00 

(3,16) 

0.6654 0.0060 0.9994 

48 h 2.37; 

0.49 

2.24; 

0.63 

2.39; 

0.24 

12.20; 

2.47 

10.96; 

2.74 

1.86; 

1.30 

2.17; 

0.36 

1.81; 

0.30 

1.15 

(1,16) 

71.28 

(3,16) 

0.18 

(3,16) 

0.2981 <0.0001 0.9031 

Dead 24 h 1.04; 

0.23 

1.41; 

0.33 

1.44; 

0.33 

2.77; 

1.53 

0.79; 

0.42 

0.31; 

0.07 

0.44; 

0.13 

0.41; 

0.09 

23.78 

(1,16) 

4.01 

(3,16) 

1.29 

(3,16) 

0.0001 0.0262 0.3099 

48 h 1.68; 

0.78 

1.94; 

0.40 

2.00; 

0.58 

3.07; 

1.35 

1.06; 

0.29 

1.02; 

0.33 

1.08; 

0.11 

0.53; 

0.09 

18.07 

(1,16) 

1.98 

(3,16) 

3.68 

(3,16) 

0.0006 0.1569 0.0342 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol 
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Table 5.12. Percentage of alive, apoptotic, and dead cells 24 and 48 hours after treatment with MIG GlcCer synthesis inhibitor measured with 

Annexin V staining of differentiated SH-SY5Y human neuroblastoma cell line. Percentage calculated against the control group (Mean; SD). 

Cell 

status 

Expose 

time 

 

w/o insulin w insulin Two-way ANOVA 

Control MIG 2.5 

µM 

MIG 10 

µM 

MIG 40 

µM 

Control MIG 2.5 

µM 

MIG 10 

µM 

MIG 40 

µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin MIG Insulin 

× MIG 

Insulin MIG Insulin 

× MIG 

Alive 24 h 87.51; 

1.66 

90.77; 

0.97 

87.87; 

1.20 

82.16; 

5.80 

91.17; 

1.61 

94.50; 

0.81 

91.24; 

1.28 

85.80; 

5.58 

8.31 

(1,16) 

8.30 

(3,16) 

0.00 

(3,16) 

0.0108 0.0014 0.9996 

48 h 88.10; 

1.91 

91.61; 

1.16 

88.91; 

1.85 

83.51; 

5.44 

92.96; 

0.59 

95.93; 

0.90 

92.08; 

0.69 

87.21; 

5.01 

11.56 

(1,16) 

8.67 

(3,16) 

0.10 

(3,16) 

0.0036 0.0012 0.9605 

Early 

apoptosis 

24 h 9.44; 

1.13 

6.12; 

0.24 

9.20; 

1.05 

13.81; 

5.63 

6.98; 

1.11 

3.81; 

0.36 

7.01; 

1.34 

11.71; 

4.89 

4.02 

(1,16) 

8.06 

(3,16) 

0.00 

(3,16) 

0.0620 0.0016 0.9995 

48 h 7.85; 

0.86 

4.17; 

0.91 

7.24; 

1.52 

11.72; 

4.89 

4.16; 

1.60 

1.56; 

0.92 

5.10; 

1.33 

9.41; 

4.40 

6.73 

(1,16) 

9.32 

(3,16) 

0.11 

(3,16) 

0.0195 0.0008 0.9509 

Late 

apoptosis 

24 h 2.01; 

0.38 

1.86; 

0.85 

1.88; 

0.23 

2.41; 

0.34 

1.54; 

0.54 

1.33; 

0.50 

1.45; 

0.40 

2.01; 

0.73 

4.34 

(1,16) 

1.61 

(3,16) 

0.01 

(3,16) 

0.0533 0.2241 0.9963 

48 h 2.37; 

0.49 

2.24; 

0.96 

2.25; 

0.32 

2.78; 

0.60 

1.86; 

1.30 

1.80; 

0.79 

2.09; 

0.50 

2.60; 

0.79 

1.37 

(1,16) 

1.19 

(3,16) 

0.10 

(3,16) 

0.2588 0.3438 0.9543 

Dead 24 h 1.04; 

0.23 

1.24; 

0.02 

1.05; 

0.12 

1.62; 

0.17 

0.31; 

0.07 

0.36; 

0.03 

0.30; 

0.05 

0.48; 

0.04 

340.89 

(1,16) 

13.77 

(3,16) 

3.92 

(3,16) 

<0.0001 0.0001 0.0281 

48 h 1.68; 

0.78 

1.98; 

0.10 

1.60; 

0.31 

2.00; 

0.15 

1.02; 

0.33 

0.70; 

0.29 

0.73; 

0.45 

0.78; 

0.20 

33.29 

(1,16) 

3.42 

(3,16) 

6.04 

(3,16) 

<0.0001 0.0428 0.0059 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 
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Table 5.13. Percentage of alive, apoptotic, and dead cells 24 and 48 hours after treatment with CBE inhibitor of glycolipid metabolism measured 

with Annexin V staining of differentiated SH-SY5Y human neuroblastoma cell line. Percentage calculated against the control group (Mean; SD). 

Cell 

status 

Expose 

time 

 

w/o insulin w insulin Two-way ANOVA 

Control CBE 2.5 

µM 

CBE 10 

µM 

CBE 40 

µM 

Control CBE 2.5 

µM 

CBE 10 

µM 

CBE 40 

µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin CBE Insulin 

× CBE 

Insulin CBE Insulin 

× CBE 

Alive 24 h 87.51; 

1.66 

83.68; 

2.52 

83.23; 

3.00 

81.78; 

4.61 

91.17; 

1.61 

87.06; 

2.42 

86.87; 

3.31 

84.93; 

4.77 

7.03 

(1,16) 

3.78 

(3,16) 

0.01 

(3,16) 

0.0174 0.0317 0.9989 

48 h 88.10; 

1.91 

84.53; 

1.89 

83.67; 

3.21 

82.85; 

4.85 

92.96; 

0.59 

88.17; 

2.22 

88.40; 

3.55 

86.51; 

5.43 

9.44 

(1,16) 

3.38 

(3,16) 

0.06 

(3,16) 

0.0073 0.0442 0.9808 

Early 

apoptosis 

24 h 9.44; 

1.13 

12.69; 

2.13 

13.37; 

2.46 

13.40; 

2.90 

6.98; 

1.11 

10.64; 

2.42 

11.27; 

3.44 

11.62; 

3.45 

4.13 

(1,16) 

3.79 

(3,16) 

0.01 

(3,16) 

0.0589 0.0313 0.9964 

48 h 7.85; 

0.86 

10.67; 

0.85 

12.04; 

2.46 

11.42; 

3.14 

4.16; 

1.60 

8.36; 

1.82  

8.84; 

3.91 

9.04; 

4.43 

7.03 

(1,16) 

3.58 

(3,16) 

0.09 

(3,16) 

0.0174 0.0372 0.9624 

Late 

apoptosis 

24 h 2.01; 

0.38 

2.25; 

0.25 

2.18; 

0.49 

3.41; 

1.36 

1.54; 

0.54 

1.92; 

0.07 

1.52; 

0.38 

3.05; 

1.31 

2.18 

(1,16) 

4.93 

(3,16) 

0.06 

(3,16) 

0.1585 0.0129 0.9787 

48 h 2.37; 

0.49 

2.82; 

0.55 

2.49; 

0.70 

3.78; 

1.84 

1.86; 

1.30 

2.53; 

0.16 

1.92; 

0.56 

3.70; 

1.15 

0.96 

(1,16) 

4.07 

(3,16) 

0.09 

(3,16) 

0.3412 0.0250 0.9635 

Dead 24 h 1.04; 

0.23 

1.38; 

0.22 

1.22; 

0.51 

1.42; 

0.51 

0.31; 

0.07 

0.37; 

0.02 

0.34; 

0.13 

0.40; 

0.16 

59.13 

(1,16) 

0.78 

(3,16) 

0.33 

(3,16) 

<0.0001 0.5198 0.8026 

48 h 1.68; 

0.78 

1.97; 

0.49 

1.79; 

0.62 

1.95; 

0.65 

1.02; 

0.33 

0.94; 

0.46 

0.84; 

0.13 

0.74; 

0.32 

14.73 

(1,16) 

1.12 

(3,16) 

2.62 

(3,16) 

0.0014 0.3691 0.0864 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; CBE = Conduritol B epoxide 
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Table 5.14. Percentage of alive, apoptotic, and dead cells 24 and 48 hours after treatment with DMSO solvent measured with Annexin V staining 

of differentiated SH-SY5Y human neuroblastoma cell line. Percentage calculated against the control group (Mean; SD).  

Cell 

status 

Expose 

time 

 

w/o insulin w insulin Two-way ANOVA 

Control DMSO 

0.07 

mM 

DMSO 

0.28 

mM 

DMSO 

1.2 

mM 

Control DMSO 

0.07 

mM 

DMSO 

0.28 

mM 

DMSO 

1.2 

mM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin DMSO Insulin × 

DMSO 

Insulin DMSO Insulin × 

DMSO 

Alive 24 h 87.51; 

1.66 

87.90; 

0.60 

86.48; 

0.43 

87.67; 

1.68 

91.17; 

1.61 

91.96; 

0.53 

90.74; 

0.31 

91.69; 

1.54 

66.90 

(1,16) 

1.40 

(3,16) 

0.10 

(3,16) 

<0.0001 0.2847 0.9768 

48 h 88.10; 

1.91 

87.57; 

0.27 

86.93; 

0.13 

88.52; 

1.87 

92.96; 

0.59 

94.00; 

0.26 

92.89; 

0.43 

93.43; 

1.25 

127.00 

(1,16) 

0.90 

(3,16) 

0.60 

(3,16) 

<0.0001 0.4692 0.6092 

Early 

apoptosis 

24 h 9.44; 

1.13 

10.22; 

0.31 

10.28; 

0.70 

9.31; 

0.14 

6.98; 

1.11 

8.83; 

0.43 

7.79; 

0.69 

6.85; 

0.41 

58.79 

(1,16) 

5.76 

(3,16) 

0.88 

(3,16) 

<0.0001 0.5198 0.4715 

48 h 7.85; 

0.86 

9.11; 

0.46 

8.91; 

0.51 

8.12; 

0.91 

4.16; 

1.60 

5.76; 

0.36 

5.33; 

0.47 

4.01; 

0.57 

147.39 

(1,16) 

5.78 

(3,16) 

0.27 

(3,16) 

<0.0001 0.3691 0.8417 

Late 

apoptosis 

24 h 2.01; 

0.38 

2.10; 

0.45 

1.93; 

0.49 

1.97; 

0.44 

1.54; 

0.54 

1.81; 

0.46 

1.47; 

0.17 

1.86; 

0.09 

4.02 

(1,16) 

0.51 

(3,16) 

0.24 

(3,16) 

0.0621 0.6761 0.8621 

48 h 2.37; 

0.49 

2.76; 

0.29 

2.56; 

0.83 

2.30; 

0.43 

1.86; 

1.30 

2.03; 

0.29 

2.06; 

0.67 

2.07; 

0.57 

4.06 

(1,16) 

0.29 

(3,16) 

0.19 

(3,16) 

0.0474 0.8289 0.8966 

Dead 24 h 1.04; 

0.23 

0.85; 

0.35 

1.40; 

0.50 

1.07; 

0.49 

0.31; 

0.07 

0.31; 

0.01 

0.30; 

0.03 

0.35; 

0.06 

43.26 

(1,16) 

0.87 

(3,16) 

0.95 

(3,16) 

<0.0001 0.4734 0.4389 

48 h 1.68; 

0.78 

1.75; 

0.49 

1.58; 

0.09 

1.62; 

0.43 

1.02; 

0.33 

1.18; 

0.45 

1.09; 

0.27 

1.24; 

0.38 

3.57 

(1,16) 

1.28 

(3,16) 

1.05 

(3,16) 

0.0769 0.3136 0.3939 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; DMSO = dimethyl sulfoxide 
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Table 5.15. Post hoc test of two-way ANOVA results for cell viability with Annexin V 

staining 24 and 48 hours after treatment with P4-RR GlcCer synthesis inhibitor and 

insulin of differentiated SH-SY5Y human neuroblastoma cell line presenting significant 

results 

Cell status Expose 

time  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey 

HSD 

p-value 

A vs B 

Insulin 

treatment 

The 

concentration of 

the P4-RR 

Insulin 

treatment 

The 

concentration of 

the P4-RR 

Alive 24 hours w/o insulin RR 40 µM w/o insulin RR 2.5 µM 0.0357 

48 hours w/o insulin RR 40 µM w/o insulin RR 2.5 µM 0.0281 

Late 

apoptosis 

24 hours w/o insulin Control w/o insulin RR 40 µM 0.0024 

w/o insulin RR 40 µM w/o insulin Control 0.0024 

w/o insulin RR 40 µM w/o insulin RR 10 µM 0.0310 

w/o insulin RR 40 µM w/o insulin RR 2.5 µM 0.0023 

48 hours  w/o insulin Control w/ insulin RR 40 µM 0.0002 

w/o insulin RR 40 µM w/ insulin RR 40 µM 0.0001 

w/o insulin RR 10 µM w/ insulin RR 40 µM 0.0001 

w/o insulin RR 2.5 µM w/ insulin RR 40 µM 0.0001 

w/ insulin Control w/ insulin RR 40 µM 0.0001 

w/ insulin RR 10 µM w/ insulin RR 40 µM 0.0013 

w/ insulin RR 2.5 µM w/ insulin RR 40 µM 0.0001 

Dead 24 hours w/o insulin Control w/o insulin RR 40 µM 0.0006 

w/o insulin RR 10 µM w/o insulin RR 40 µM 0.0205 

w/o insulin RR 2.5 µM w/o insulin RR 40 µM 0.0018 

w/ insulin Control w/o insulin RR 40 µM 0.0002 

w/ insulin RR 40 µM w/o insulin RR 40 µM 0.0017 

w/ insulin RR 10 µM w/o insulin RR 40 µM 0.0003 

w/ insulin RR 2.5 µM w/o insulin RR 40 µM 0.0002 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-RR 

= (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

Table 5.16. Post hoc test of two-way ANOVA results for cell viability with Annexin V 

staining 24 and 48 hours after treatment with P4-SS GlcCer synthesis inhibitor and insulin 

of differentiated SH-SY5Y human neuroblastoma cell line presenting significant results 

Cell status Expose 

time  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey 

HSD 

p-value 

A vs B 

Insulin 

treatment 

The 

concentration of 

the P4-SS 

Insulin 

treatment 

The 

concentration of 

the P4-SS 

Late 

apoptosis 

48 hours w/o insulin Control w/o insulin SS 40 µM 0.0001 

w/o insulin SS 40 µM w/o insulin SS 10 µM 0.0001 

w/o insulin SS 40 µM w/o insulin SS 2.5 µM 0.0001 

Dead 24 hours w/o insulin Control w/o insulin SS 40 µM 0.0401 

48 hours w/o insulin SS 40 µM w/ insulin SS 40 µM 0.0150 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) 

D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 
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Table 5.17. Post hoc test of two-way ANOVA results for cell viability with Annexin V 

staining 24 and 48 hours after treatment with MIG GlcCer synthesis inhibitor and insulin 

of differentiated SH-SY5Y human neuroblastoma cell line presenting significant results 

Cell 

status 

Expose 

time  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey 

HSD 

p-value 

A vs B 

Insulin 

treatment 

The 

concentration of 

the MIG 

Insulin 

treatment 

The 

concentration of 

the MIG 

Dead 24 hours w/o insulin Control w/o insulin MIG 40 µM 0.0004 

w/o insulin Control w/ insulin Control 0.0001 

w/o insulin Control w/ insulin MIG 40 µM 0.0005 

w/o insulin Control w/ insulin MIG 10 µM 0.0001 

w/o insulin Control w/ insulin MIG 2.5 µM 0.0002 

w/o insulin MIG 40 µM w/o insulin Control 0.0004 

w/o insulin MIG 40 µM w/o insulin MIG 10 µM 0.0005 

w/o insulin MIG 40 µM w/o insulin MIG 2.5 µM 0.0195 

w/o insulin MIG 40 µM w/ insulin Control 0.0001 

w/o insulin MIG 40 µM w/ insulin MIG 40 µM 0.0001 

w/o insulin MIG 40 µM w/ insulin MIG 10 µM 0.0001 

w/o insulin MIG 40 µM w/ insulin MIG 2.5 µM 0.0001 

w/o insulin MIG 40 µM w/o insulin MIG 40 µM 0.0005 

w/o insulin MIG 40 µM w/ insulin Control 0.0001 

w/o insulin MIG 40 µM w/ insulin MIG 40 µM 0.0005 

w/o insulin MIG 40 µM w/ insulin MIG 10 µM 0.0001 

w/o insulin MIG 40 µM w/ insulin MIG 2.5 µM 0.0002 

w/o insulin MIG 2.5 µM w/o insulin MIG 40 µM 0.0195 

w/o insulin MIG 2.5 µM w/ insulin Control 0.0001 

w/o insulin MIG 2.5 µM w/ insulin MIG 40 µM 0.0001 

w/o insulin MIG 2.5 µM w/ insulin MIG 10 µM 0.0001 

w/o insulin MIG 2.5 µM w/ insulin MIG 2.5 µM 0.0001 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

5.3. Immunocytochemistry  

 

5.3.1. Immunocytochemistry of P4-RR treated cells 

 

Treating cells with P4-RR inhibitor in situ caused changes in the expression levels 

of several epitopes. The expression levels of IRα and Np65 were decreased by the 

inhibitor treatment. In the combination of inhibitor treatment with insulin levels of Np65 

dropped, and levels of IR rised when treated with 10 and 40 μM. GM1 levels increased 

with the treatment but decreased after insulin application. The same pattern occurred for 

GD1a and GD1b (Table 5.18.).  

Colocalization analysis showed significant difference in percentages of 

colocalization of βAPP, GM1, GD1b and GT1b with lipid raft markers showing epitope 

reduction in raft area (Table 5.22.). At the same time analysis showed that IGF1-Rβ, GM1 

and GD1a are getting more accumulated in non raft area of the cells (Table 5.23.) 
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The post hoc analysis for IRα showed a significant difference only between the 

control group and the treatment with the lowest concentration of inhibitor (Table 5.19.).  

The post hoc analysis for Np 65 showed a significant decrease in the low and 

middle concentration treated groups. The addition of insulin significantly reduced Np 65 

levels in the low and high concentration treatment groups (Table 5.20.).  

GM1 levels increased with the addition of insulin and were significantly higher in 

all treated groups compared to the insulin control. Addition of insulin and treatment with 

the inhibitor caused a reduction in GM1 levels compared to the insulin treated control 

group (Table 5.21.).  

Post hoc analysis of colocalization showed that GT1b was significantly increased 

in lipid rafts when cells were treated with low concentration of inhibitor and significantly 

decreased in all inhibitor and insulin treated groups compared to the insulin treated control 

(Table 5.24.).  

The highest value of GD1a was found when cells were treated with low a 

concentration of inhibitor and was significantly higher than in all other groups (Table 

5.25.). 
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Table 5.18. The integrated density value of immunocytochemical staining of Differentiated SH-SY5Yhuman neuroblastoma cells treated 48 hours 

with P4-RR, a GlcCer synthesis inhibitor. Data are presented as integrated density values per cell. Statistical significance was tested with two-way 

ANOVA 

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control P4-RR 2.5 

µM 

P4-RR 10 

µM 

P4-RR 40 

µM 

Control P4-RR 2.5 

µM 

P4-RR 10 

µM 

P4-RR 40 

µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin RR Insulin 

× RR 

Insulin RR Insulin 

× RR 

βAPP 351769; 

113703 

50896; 

9207 

517391; 

188371 

315682; 

89182 

285842; 

44657 

186284; 

70335 

260653; 

86163 

399897; 

78705 

0.09 

(1, 43) 

1.86 

(3, 43) 

1.27 

(3, 43) 

0.7635 0.1491 0.2965 

IGF1-

Rβ 

987948; 

84329 

783112; 

286823 

915838; 

183158 

973933; 

204780 

1724030; 

748935 

1132583; 

314611 

209284; 

76201 

522149; 

159192 

0.00  

(1, 45) 

2.08  

(3, 45) 

1.83  

(3, 45) 

0.9851 0.1157 0.1541 

IRα 843864; 

47466 

43768; 

6924 

577281; 

205316 

613209; 

157512 

243148; 

77939 

124501; 

39789 

580708; 

210997 

655374; 

232417 

0.36  

(1, 42) 

3.88  

(3, 42) 

2.82  

(3, 42) 

0.5506 0.0154 0.0499 

NP65 229369; 

64570 

156577; 

44145 

202632; 

39699 

427767; 

47196 

540101; 

164500 

186141; 

23308 

269211; 

19226 

122847; 

22064 

0.32  

(1, 47) 

3.27  

(3, 47) 

6.01  

(3, 47) 

0.5703 0.0291 0.0014 

GM1 836326; 

105238 

679744; 

80622 

1253001; 

125970 

1378036; 

344532 

3236956; 

348564 

963919; 

125176 

720050; 

187903 

1247526; 

376222 

8.76  

(1, 40) 

9.94  

(3, 40) 

14.65  

(3, 40) 

0.0051 <0.0001 <0.0001 

GD1a 722619; 

128660 

810246; 

103621 

701811; 

50023 

1131906; 

135368 

1294780; 

375421 

1246978; 

255129 

542773; 

91124 

1109459; 

83719 

2.54  

(1, 40) 

2.89  

(3, 40) 

1.84  

(3, 40) 

0.1188 0.0471 0.1546 

GD1b 416644; 

46406 

780897; 

178084 

673692; 

73579 

638080; 

54958 

597870; 

62536 

1517894; 

490275 

1042644; 

224440 

1061293; 

64456 

7.72  

(1, 46) 

3.12  

(3, 46) 

0.60  

(3, 46) 

0.0078 0.0348 0.6158 

GT1b 406755; 

83516 

3162272; 

2191210  

665317; 

28951 

482732; 

55941 

786112; 

49734 

716065; 

131921 

1047343; 

63234 

735114; 

84322 

0.40  

(1, 47) 

1.30  

(3, 47) 

1.56  

(3, 47) 

0.5268 0.2851 0.2109 

SD = standard deviation w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol; βAPP = beta amyloid precursor protein; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; NP65 = 

neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 ganglioside; GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = 

GT1b ganglioside 
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Table 5.19. Post hoc analysis of immunocytochemical ANOVA data for IRα epitope in 

cells treated P4-RR GlcCer inhibitor. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin Control w insulin P4-RR 2.5µM 0.0289 

SD = standard deviation w/o insulin = without insulin; w insulin = with insulin; P4-RR = 

(R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.20. Post hoc analysis of immunocytochemical ANOVA data for NP65 epitope in 

cells treated P4-RR GlcCer inhibitor. 

Expression of NP65 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w insulin Control w/o insulin P4-RR 2.5µM 0.0072 

w insulin Control w/o insulin P4-RR 10µM 0.0266 

w insulin Control w insulin P4-RR 2.5µM 0.0169 

w insulin Control w insulin P4-RR 40µM 0.0026 

SD = standard deviation w/o insulin = without insulin; w insulin = with insulin; P4-RR = 

(R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.21. Post hoc analysis of immunocytochemical ANOVA data for GM1 epitope in 

cells treated P4-RR GlcCer inhibitor. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin Control w insulin Control 0.0001 

w insulin Control w/o insulin P4-RR 2.5µM 0.0001 

w insulin Control w/o insulin P4-RR 10µM 0.0001 

w insulin Control w/o insulin P4-RR 40µM 0.0001 

w insulin Control w insulin P4-RR 2.5µM 0.0001 

w insulin Control w insulin P4-RR 10µM 0.0001 

w insulin Control w insulin P4-RR 40µM 0.0001 

SD = standard deviation w/o insulin = without insulin; w insulin = with insulin; P4-RR 

= (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 
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Table 5.22. Colocalization percentage of selected epitopes with flotillin 1 or 2 (F1, F2) lipid raft markers in Differentiated SH-SY5Yhuman 

neuroblastoma cells treated 48 hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented as integrated density values per cell. Statistical 

significance was tested with two-way ANOVA 

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control P4-RR 

2.5 µM 

P4-RR 

10 µM 

P4-RR 

40 µM 

Control P4-RR 

2.5 µM 

P4-RR 

10 µM 

P4-RR 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin RR Insulin × 

RR 

Insulin RR Insulin × 

RR 

F1-bAPP 4.45; 

3.44 

0.35; 

0.25 

0.61; 

0.43 

1.46; 

0.32 

6.06; 

2.34 

0.35; 

0.21 

0.02; 

0.00 

5.07; 

1.97 

0.09 

(1, 16) 

4.30  

(3, 16) 

0.65  

(3, 16) 

0.3355 0.0208 0.5898 

F1-IGF1Rb 0.62; 

0.16 

0.09; 

0.09 

0.32; 

0.31 

0.11; 

0.10 

11.36; 

7.11 

0.38; 

0.16 

0.33; 

0.24 

0.17; 

0.15 

2.42  

(1, 16) 

2.61 

(3, 16) 

2.22 

(3, 16) 

0.1390 0.0871 0.1248 

F1-IRα 0.04; 

0.03 

0.01; 

0.01 

0.05; 

0.01 

0.00; 

0.00 

1.22; 

1.19 

0.00; 

0.00 

0.04; 

0.04 

0.02; 

0.02 

0.96 

(1, 16) 

1.03 

(3, 16) 

0.97 

(3, 16) 

0.3395 0.4030 0.4303 

F1-NP65 0.13; 

0.13 

0.02; 

0.01 

0.21; 

0.21 

0.02; 

0.02 

0.03; 

0.03 

0.02; 

0.02 

0.00; 

0.00 

0.00; 

0.00 

1.70 

(1, 16) 

0.57 

(3, 16) 

0.60 

(3, 16) 

0.2096 0.6371 0.6227 

F2-GM1 3.00; 

0.90 

0.28; 

0.14 

0.00; 

0.00 

0.01; 

0.01 

3.38; 

2.12 

0.00; 

0.00 

0.02; 

0.00 

0.01; 

0.00 

0.00 

(1, 16) 

7.43 

(3, 16) 

0.05 

(3, 16) 

0.9619 0.0024 0.9829 

F2-GD1a 0.02; 

0.01 

0.08; 

0.08 

0.25; 

0.16 

0.03; 

0.01 

1.68; 

1.68 

0.02; 

0.01 

0.01; 

0.01 

0.00; 

0.00 

0.63  

(1, 16) 

0.87 

(3, 16) 

1.11 

(3, 16) 

0.4388 0.4732 0.3705 

F2-GD1b 2.43; 

1.27 

2.80; 

1.25 

0.00; 

0.00 

0.07; 

0.04 

1.19; 

0.47 

0.32; 

0.19 

0.00; 

0.00 

0.02; 

0.01 

4.13 

(1, 16) 

4.35 

(3, 16) 

1.59 

(3, 16) 

0.0589 0.0200 0.2289 

F2-GT1b 2.78; 

0.71 

9.43; 

0.41 

0.05; 

0.05 

0.01; 

0.00 

3.16; 

1.41 

0.00; 

0.00 

0.01; 

0.00 

0.09; 

0.07 

30.40 

(1, 16) 

32.04 

(3, 16) 

34.37 

(3, 16) 

<0.0001 <0.0001 <0.0001 

SD = standard deviation w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol; βAPP = beta amyloid precursor protein; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; NP65 = 

neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 ganglioside; GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = 

GT1b ganglioside; F1 = flotillin 1, F2 = flotillin 2 
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Table 5.23. Colocalization percentage of selected epitopes with transferrin receptor (TfR) or sodium/potassium ATPase (Na/K ATPase) lipid non-

raft markers in Differentiated SH-SY5Yhuman neuroblastoma cells treated 48 hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented 

as integrated density values per cell. Statistical significance was tested with two-way ANOVA 

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control P4-RR 

2.5 µM 

P4-RR 

10 µM 

P4-RR 

40 µM 

Control P4-RR 

2.5 µM 

P4-RR 

10 µM 

P4-RR 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin RR Insulin × 

RR 

Insulin RR Insulin × 

RR 

TfR-bAPP 0.82; 

0.76 

1.15; 

0.35 

0.94; 

0.43 

1.19; 

0.60 

0.11; 

0.11 

0.04; 

0.03 

0.00; 

0.00 

0.26; 

0.24 

10.27  

(1, 16) 

0.18 

(3, 16) 

0.08 

(3, 16) 

0.0055 0.9061 0.9682 

TfR-IGF1Rb 0.86; 

0.41 

23.23; 

2.76 

4.83; 

3.12 

4.33; 

2.15 

0.34; 

0.27 

12.70; 

7.72 

3.25; 

1.74 

0.79; 

0.72 

3.05 

(1, 16) 

11.71 

(3, 16) 

0.94 

(3, 16) 

0.0994 0.0002 0.4399 

TfR-IRα 1.20; 

1.17 

1.31; 

0.05 

4.83; 

2.21 

2.44; 

2.33 

1.15; 

1.11 

1.31; 

0.40 

3.53; 

3.50 

9.28; 

6.56 

0.43 

(1, 16) 

1.22 

(3, 16) 

0.79 

(3, 16) 

0.5167 0.3333 0.5128 

Tfr-NP65 0.86; 

0.46 

0.33; 

0.04 

1.74; 

0.88 

0.15; 

0.15 

1.44; 

0.76 

0.02; 

0.02 

0.34; 

0.24 

0.00; 

0.00 

0.98 

(1, 16) 

3.07 

(3, 16) 

1.64 

(3, 16) 

0.3348 0.0575 0.2185 

Na/K-GM1 8.64; 

1.11 

14.96; 

4.16 

6.52; 

2.73 

12.52; 

1.31 

2.61; 

0.42 

11.37; 

3.31 

10.94; 

4.25 

19.99; 

0.19 

0.09 

(1, 16) 

6.22 

(3, 16) 

2.89 

(3, 16) 

0.7674 0.0052 0.0677 

Na/K-GD1a 3.46; 

1.87 

11.23; 

0.85 

2.20; 

0.79 

1.11; 

0.57 

1.06; 

0.94 

0.28; 

0.16 

2.66; 

1.35 

0.64; 

0.45 

22.13 

(1, 16) 

8.49 

(3, 16) 

13.46 

(3, 16) 

0.0002 0.0013 0.0001 

Na/K-GD1b 1.01; 

0.51 

0.01; 

0.00 

0.01; 

0.00 

0.02; 

0.01 

0.22; 

0.14 

1.46; 

0.93 

0.27; 

0.27 

0.01; 

0.00 

0.69 

(1, 16) 

1.62 

(3, 16) 

2.82 

(3, 16) 

0.4172 0.2232 0.0717 

Na/K-GT1b 1.59; 

1.58 

0.17; 

0.08 

0.02; 

0.01 

0.55; 

0.28 

1.24; 

0.86 

0.02; 

0.00 

0.36; 

0.31 

0.62; 

0.59 

0.00 

(1, 16) 

1.52 

(3, 16) 

0.09 

(3, 16) 

0.9636 0.2455 0.9640 

SD = standard deviation w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol; βAPP = beta amyloid precursor protein; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; NP65 = 

neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 ganglioside; GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = 

GT1b ganglioside; TfR=transferrin receptor, Na/K=sodium/potassium ATPase 
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Table 5.24. Post hoc analysis of immunocytochemical ANOVA data for colocalization 

analysis results of F2-GT1b epitopes in cells treated P4-RR GlcCer inhibitor 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin Control w/o insulin P4-RR 2.5µM 0.0001 

w/o insulin P4-RR 10µM w/o insulin P4-RR 2.5µM 0.0001 

w/o insulin P4-RR 40µM w/o insulin P4-RR 2.5µM 0.0001 

w insulin Control w/o insulin P4-RR 2.5µM 0.0001 

w insulin P4-RR 2.5µM w/o insulin P4-RR 2.5µM 0.0001 

w insulin P4-RR 10µM w/o insulin P4-RR 2.5µM 0.0001 

w insulin P4-RR 40µM w/o insulin P4-RR 2.5µM 0.0001 

w insulin Control w/o insulin P4-RR 10µM 0.0256 

w insulin Control w/o insulin P4-RR 40µM 0.0231 

w insulin Control w insulin P4-RR 2.5µM 0.0231 

w insulin Control w insulin P4-RR 10µM 0.0232 

w insulin Control w insulin P4-RR 40µM 0.0283 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-

phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

Table 5.25. Post hoc analysis of immunocytochemical ANOVA data for colocalization 

analysis results of Na/K-GD1a epitopes in cells treated P4-RR GlcCer inhibitor 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin Control w/o insulin P4-RR 2.5µM 0.0011 

w/o insulin P4-RR 10µM w/o insulin P4-RR 2.5µM 0.0003 

w/o insulin P4-RR 40µM w/o insulin P4-RR 2.5µM 0.0002 

w insulin Control w/o insulin P4-RR 2.5µM 0.0002 

w insulin P4-RR 2.5µM w/o insulin P4-RR 2.5µM 0.0001 

w insulin P4-RR 10µM w/o insulin P4-RR 2.5µM 0.0005 

w insulin P4-RR 40µM w/o insulin P4-RR 2.5µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-

phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 
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5.3.2. Immunocytochemistry of P4-SS treated cells 

 

Treatment of the cells with P4-SS caused significant changes in IGF1-Rβ, GM1 

GD1a and GT1b levels. The effect of insulin on the expression of epitope levels was 

observed for IRα, Np 65, GTM1, GD1a and GT1b, but the combined effects of insulin 

and inhibitor treatment was observed for GM1, GD1a and GT1b. Post hoc analysis 

showed significant differences only for GM1, GD1a and GT1b epitopes (Table 5.26.).  

Post hoc analysis of ICC data for GM1 showed that only treatment with insulin 

increased significantly theGM1 level. Treatment with inhibitor and insulin reduced GM1 

level in a dose dependent manner (Table 5.27.).  

The level of GD1a was significantly higher when cells were treated with the 

highest concentration of inhibitor compared to all other groups, both insulin-treated and 

untreated samples (Table 5.28.).  

Colocalization analysis showed a significant difference in the levels of GM1 and 

GT1b in lipid rafts, and this was reduced by the inhibitor treatment (Table 5.3.2.5.). In 

the non-raft area insulin treatment reduced the levels of βAPP and IR and increased levels 

of GM1 (table 5.31.)  

Post hoc analysis of GT1b showed that the highest concentration of inhibitor 

reduced epitope levels compared to the other groups, but not significantly more than the 

control. Insulin and inhibitor combination treatment significantly reduced epitope levels 

at low and middle concentrations but increased fourfold when treated with the highest 

inhibitor concentrations (Table 5.29.).   

 Post hoc analysis of colocalization showed that the low concentration of inhibitor 

had the greatest effect on the shifting APP into the non-raft area and this was significantly 

higher compared to the other treatments (Table 5.32.) 

Treatment of cells with medium inhibitor concentration and insulin had the most 

profound effect on the shift of GM1into the non-raft area and it was comparably higher 

than in the other treatment groups (Table 5.33.) 
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Table 5.26. The integrated density value of immunocytochemical staining of differentiated SH-SY5Y human neuroblastoma cells treated 48 hours 

with P4-SS, a GlcCer synthesis inhibitor. Data are presented as integrated density values per cell. Statistical significance was tested with two-way 

ANOVA 

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control P4-SS 2.5 

µM 

P4-SS  

10 µM 

P4-SS  

40 µM 

Control P4-SS 2.5 

µM 

P4-SS  

10 µM 

P4-SS  

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin SS Insulin 

× SS 

Insulin SS Insulin 

× SS 

βAPP 351769; 

113703 

421692; 

140819 

312284; 

60033 

555325; 

79563 

285842; 

44657 

200520; 

50818 

322977; 

118062 

371793; 

76126 

1.04  

(1, 43) 

1.80 

(3, 43) 

0.54  

(3, 43) 

0.3129 0.1609 0.6527 

IGF1-

Rβ 

987948; 

84329 

193330; 

70128 

297687; 

138147 

763247; 

248499 

1724030; 

748935 

233055; 

51417 

368643; 

110307 

692201; 

187328 

0.57  

(1, 39) 

4.54 

(3, 39) 

0.60 

(3, 39) 

0.4535 0.0079 0.6148 

IRα 843864; 

47466 

634005; 

100836 

421858; 

89446 

769600; 

253968 

243148; 

77939 

12104; 

503 

284553; 

127867 

48979; 

6561 

22.79 

(1, 34) 

1.35 

(3, 34) 

1.21 

(3, 34) 

<0.0001 0.2741 0.3179 

NP65 229369; 

64570 

162611; 

42935 

127055; 

20581 

365213; 

51493 

540101; 

164500 

164777; 

52569 

411150; 

58275 

348294; 

132123 

5.59 

(1, 45) 

2.74 

(3, 45) 

2.07 

(3, 45) 

0.0223 0.0538 0.1165 

GM1 836326; 

105238 

1328158; 

415228 

1254237; 

533719 

1010204; 

221466 

3236956; 

348564 

1035697; 

159234 

1103972; 

200723 

752827; 

176884 

3.34 

(1, 37) 

4.68 

(3, 37) 

8.75 

(3, 37) 

0.0754 0.0071 0.0001 

GD1a 722619; 

128660 

1161244; 

225029 

1691761; 

208099 

5147854; 

1907391 

1294780; 

375421 

705209; 

33899 

820265; 

76504 

1374974; 

252734 

5.17 

(1, 40) 

4.94 

(3, 40) 

3.50 

(3, 40) 

0.0283 0.0051 0.0239 

GD1b 416644; 

46406 

3176197; 

1687297  

890030; 

181554 

742223; 

147779 

597870; 

62536 

413920; 

29371 

406223; 

67342 

861919; 

102346 

2.85 

(1, 47) 

1.82 

(3, 47) 

2.54 

(3, 47) 

0.0978 0.1549 0.0673 

GT1b 406755; 

83516 

528712; 

95628 

559793; 

67581 

508334; 

70952 

786112; 

49734 

521412; 

35815 

608666; 

52098 

5151175; 

2362391 

4.48 

(1, 47) 

3.27 

(3, 47) 

3.44 

(3, 47) 

0.0394 0.0291 0.0241 

SD = standard deviation w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol; βAPP = beta amyloid precursor protein; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; NP65 = 

neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 ganglioside; GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = 

GT1b ganglioside  
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Table 5.27. Post hoc analysis of immunocytochemical ANOVA data for GM1 epitope in 

cells treated with P4-SS GlcCer inhibitor. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 - SS 

w insulin Control w/o insulin Control 0.0001 

w insulin Control w/o insulin P4-SS 2.5µM 0.0024 

w insulin Control w/o insulin P4-SS 10µM 0.0015 

W insulin Control w/o insulin P4-SS 40µM 0.0003 

w insulin Control w insulin P4-SS 2.5µM 0.0004 

w insulin Control w insulin P4-SS 10µM 0.0006 

w insulin Control w insulin P4-SS 40µM 0.0011 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-

phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

Table 5.28. Post hoc analysis of immunocytochemical ANOVA data for GD1a epitope in 

cells treated with P4-SS GlcCer inhibitor. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 - SS 

w/o insulin Control w/o insulin P4-SS 40µM 0.0017 

w/o insulin P4-SS 2.5µM w/o insulin P4-SS 40µM 0.0058 

w/o insulin P4-SS 10µM w/o insulin P4-SS 40µM 0.0250 

w insulin Control w/o insulin P4-SS 40µM 0.0085 

w insulin P4-SS 2.5µM w/o insulin P4-SS 40µM 0.0016 

w insulin P4-SS 10µM w/o insulin P4-SS 40µM 0.0022 

w insulin P4-SS 40µM w/o insulin P4-SS 40µM 0.0106 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-

phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

Table 5.29. Post hoc analysis of immunocytochemical ANOVA data for GD1b epitope in 

cells treated with P4-SS GlcCer inhibitor. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 - SS 

w/o insulin Control w insulin P4-SS 40µM 0.0057 

w/o insulin P4-SS 2.5µM w insulin P4-SS 40µM 0.0077 

w/o insulin P4-SS 10µM w insulin P4-SS 40µM 0.0082 

w/o insulin P4-SS 40µM w insulin P4-SS 40µM 0.0098 

w insulin Control w insulin P4-SS 40µM 0.0141 

w insulin P4-SS 2.5µM w insulin P4-SS 40µM 0.0075 

w insulin P4-SS 10µM w insulin P4-SS 40µM 0.0093 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-

phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 



 

 
 

7
5 

Table 5.30. Colocalization percentage of selected epitopes with flotillin 1 or 2 (F1, F2) lipid raft markers in differentiated SH-SY5Y human 

neuroblastoma cells treated 48 hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as integrated density values per cell. Statistical 

significance was tested with two-way ANOVA 

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control P4-SS 

2.5 µM 

P4-SS  

10 µM 

P4-SS  

40 µM 

Control P4-SS 

2.5 µM 

P4-SS  

10 µM 

P4-SS  

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin SS Insulin × 

SS 

Insulin SS Insulin × 

SS 

F1-βAPP 4.45; 

3.44 

3.95; 

0.66 

2.32; 

1.62 

0.76; 

0.20 

6.06; 

2.34 

0.17; 

0.07 

1.43; 

0.69 

5.23; 

2.87 

0.06 

(1, 16) 

1.32 

(3, 16) 

1.70 

(3, 16) 

0.7988 0.3014 0.2068 

F1-IGF1Rb 0.62; 

0.16 

0.21; 

0.21 

4.39; 

3.61 

0.51; 

0.37 

11.36; 

7.11 

0.01; 

0.01 

0.11; 

0.11 

0.04; 

0.04 

0.52 

(1, 16) 

1.87 

(3, 16) 

2.62 

(3, 16) 

0.4783 0.1746 0.0861 

F1-IRα 0.04; 

0.03 

0.02; 

0.00 

0.02; 

0.01 

0.00; 

0.00 

1.22; 

1.19 

0.00; 

0.00 

0.01; 

0.01 

0.00; 

0.00 

0.93 

(1, 16) 

1.07 

(3, 16) 

0.98 

(3, 16) 

0.3491 0.3866 0.4239 

F1-NP65 0.13; 

0.13 

0.01; 

0.01 

0.13; 

0.13 

0.00; 

0.00 

0.03; 

0.03 

0.49; 

0.49 

0.02; 

0.01 

0.00; 

0.00 

0.26 

(1, 16) 

0.64 

(3, 16) 

1.13 

(3, 16) 

0.6104 0.5981 0.3642 

F2-GM1 3.00; 

0.90 

0.13; 

0.08 

0.00; 

0.00 

0.09; 

0.09 

3.38; 

2.12 

0.00; 

0.00 

0.01; 

0.01 

0.10; 

0.08 

0.01 

(1, 16) 

7.41 

(3, 16) 

0.03 

(3, 16) 

0.9106 0.0024 0.9908 

F2-GD1a 0.02; 

0.01 

0.00; 

0.00 

0.00; 

0.00 

0.01; 

0.01 

1.68; 

1.68 

0.02; 

0.01 

0.01; 

0.01 

0.01; 

0.00 

1.00 

(1, 16) 

1.00 

(3, 16) 

0.97 

(3, 16) 

0.3308 0.4168 0.4268 

F2-GD1b 2.43; 

1.27 

0.09; 

0.09 

0.00; 

0.00 

1.45; 

1.34 

1.19; 

0.47 

0.67; 

0.64 

0.20; 

0.13 

0.00; 

0.00 

0.89 

(1, 16) 

2.21 

(3, 16) 

1.02 

(3, 16) 

0.3594 0.1260 0.4095 

F2-GT1b 2.78; 

0.71 

0.05; 

0.03 

0.00; 

0.00 

0.02; 

0.02 

3.16; 

1.41 

0.05; 

0.02 

0.00; 

0.00 

0.01; 

0.01 

0.05 

(1, 16) 

13.97 

(3, 16) 

0.05 

(3, 16) 

0.8161 <0.0001 0.9809 

SD=standard deviation w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol;; βAPP = beta amyloid precursor protein; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; ; NP65 = 

neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 ganglioside; GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = 

GT1b ganglioside; F1 = flotillin 1, F2 = flotillin 2 
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Table 5.31. Colocalization percentage of selected epitopes with transferrin receptor (TfR) or sodium/potassium ATPase (Na/K ATPase) lipid non-

raft markers in differentiated SH-SY5Y human neuroblastoma cells treated 48 hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented 

as integrated density values per cell. Statistical significance was tested with two-way ANOVA 

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control P4-SS 2.5 

µM 

P4-SS  

10 µM 

P4-SS  

40 µM 

Control P4-SS 2.5 

µM 

P4-SS  

10 µM 

P4-SS  

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin SS Insulin × 

SS 

Insulin SS Insulin × 

SS 

TfR-βAPP 0.82; 

0.76 

4.06; 

0.93 

1.16; 

1.14 

0.12; 

0.09 

0.11; 

0.11 

0.07; 

0.04 

0.11; 

0.06 

0.80; 

0.56 

8.38 

(1, 16) 

3.13 

(3, 16) 

5.01 

(3, 16) 

0.0105 0.0544 0.0122 

TfR-IGF1Rb 0.86; 

0.41 

3.15; 

1.75 

2.87; 

0.33 

0.70; 

0.62 

0.34; 

0.27 

0.37; 

0.01 

0.18; 

0.17 

4.04; 

1.69 

1.05 

(1, 16) 

1.28 

(3, 16) 

4.91 

(3, 16) 

0.3192 0.3139 0.0131 

TfR-IRα 1.20; 

1.17 

4.68; 

1.74 

0.51; 

0.30 

1.62; 

1.14 

1.15; 

1.11 

9.72; 

4.20 

2.79; 

0.25 

1.64; 

0.39 

2.13 

(1, 16) 

5.28 

(3, 16) 

0.92 

(3, 16) 

0.1635 0.0100 0.4509 

TfR-NP65 0.86; 

0.46 

0.15; 

0.13 

0.12; 

0.12 

0.15; 

0.06 

1.44; 

0.76 

0.70; 

0.45 

0.36; 

0.22 

0.11; 

0.08 

1.69 

(1, 16) 

3.13 

(3, 16) 

0.32 

(3, 16) 

0.2114 0.0545 0.8098 

Na/K-GM1 8.64; 

1.11 

12.71; 

2.20 

2.85; 

1.90 

11.59; 

5.00 

2.61; 

0.42 

9.67; 

3.02 

21.92; 

1.49 

2.02; 

0.13 

0.00 

(1, 16) 

3.74 

(3, 16) 

14.45 

(3, 16) 

0.9512 0.0326 <0.0001 

Na/K-GD1a 3.46; 

1.87 

0.62; 

0.30 

3.30; 

1.85 

0.57; 

0.16 

1.06; 

0.94 

3.08; 

1.70 

0.74; 

0.56 

0.34; 

0.24 

0.66 

(1, 16) 

0.94 

(3, 16) 

1.97 

(3, 16) 

0.4282  0.4419 0.1590 

Na/K-GD1b 1.01; 

0.51 

0.02; 

0.01 

1.75; 

1.74 

0.04; 

0.04 

0.22; 

0.14 

0.01; 

0.01 

0.00; 

0.00 

0.00; 

0.00 

1.99 

(1, 16) 

0.90 

(3, 16) 

0.81 

(3, 16) 

0.1767 0.4595 0.5063 

Na/K-GT1b 1.59; 

1.58 

0.00; 

0.00 

0.70; 

0.42 

0.08; 

0.07 

1.24; 

0.86 

1.15; 

1.15 

1.21; 

0.63 

0.35; 

0.34 

0.47 

(1, 16) 

0.80 

(3, 16) 

0.29 

(3, 16) 

0.5018 0.5107 0.8290 

SD=standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol; βAPP = beta amyloid precursor protein; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; NP65 = 

neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 ganglioside; GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = 

GT1b ganglioside ; TfR=transferrin receptor, Na/K=sodium/potassium ATPase 
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Table 5.32. Post hoc analysis of immunocytochemical ANOVA data for colocalization 

analysis results of TFR-βAPP epitopes in cells treated with P4-SS GlcCer inhibitor 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 - SS 

w/o insulin Control w/o insulin P4-SS 2.5µM 0.0320 

w/o insulin P4-SS 40µM w/o insulin P4-SS 2.5µM 0.0069 

w insulin Control w/o insulin P4-SS 2.5µM 0.0068 

w insulin P4-SS 2.5µM w/o insulin P4-SS 2.5µM 0.0061 

w insulin P4-SS 10µM w/o insulin P4-SS 2.5µM 0.0066 

w insulin P4-SS 40µM w/o insulin P4-SS 2.5µM 0.0306 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-

phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

Table 5.33. Post hoc analysis of immunocytochemical ANOVA data for colocalization 

analysis results of Na/K-GM1 epitopes in cells treated with P4-SS GlcCer inhibitor 

Expression of Na/K-GM1 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 - SS 

w/o insulin Control w insulin P4-SS 10µM 0.0215 

w/o insulin P4-SS 10µM w insulin P4-SS 10µM 0.0009 

w insulin Control w insulin P4-SS 10µM 0.0008 

w insulin P4-SS 2.5µM w insulin P4-SS 10µM 0.0383 

w insulin P4-SS 40µM w insulin P4-SS 10µM 0.0006 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-

phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 
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5.3.3. Immunocytochemistry of MIG treated cells 

 

Treatment of the cells with the MIG inhibitor caused changes in IGF1-Rβ, GD1a 

and GD1b levels. Insulin treatment caused significant changes in GD1a, GD1b and GT1b 

levels, while the combined effect of inhibitor treatment and insulin was only observed for 

Np 65, GD1b and GT1b (Table 5.34.). Post hoc analysis revealed significant differences 

for Np 65, GD1b and GT1b levels. 

Colocalization analysis showed no difference in the repositioning of the epitopes 

in or out of lipid rafts (Table 5.38.). Significant differences were found in the 

colocalization of βAPP, IFG1-Rβ and GM1 with non-raft markers (Table 5.39.).  

Post hoc analysis for Np 65 found a significant reduction in epitope levels when 

cells were treated with low and medium concentrations of inhibitor and insulin compared 

to the insulin treated control (Table 5.35.).  

GD1b levels increased with inhibitor concentration and were significantly higher 

in the insulin untreated groups. Treatment of the cells with insulin reduced epitope levels 

in the control, medium and high concentration treated cells compared to the medium 

concentration treated group (Table 5.36.). 

In the case of GT1b epitope, a significant increase was observed only in the 

insulin-treated samples. The same was observed for the highest concentration of inhibitor 

(Table 5.37.). 

 Post hoc analysis of βAPP colocalization showed that there was a significant 

increase with the highest concentration of inhibitor treatment and insulin, and it was 

significantly higher from all other groups regardless of inhibitor concentration or insulin 

treatment (Table 5.40.).  

 IGF1-Rβ showed the largest shift into non-raft areas when treated with low 

concentration of inhibitor and insulin and it was the highest compared to all other groups 

(Table 5.41.).  

The GM1 post hoc analysis showed that treatment decreased colocalizations with 

non-raft at high and medium concentrations compared to the control, but it increased at 

the lowest concentrations, which caused the highest number of shifts and it was 

statistically more than for the other groups (Table 5.42.).  
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Table 5.34. The integrated density value of immunocytochemical staining of differentiated SH-SY5Y human neuroblastoma cells treated 48 hours 

with MIG, a GlcCer synthesis inhibitor.  

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control MIG  

2.5 µM 

MIG 

10 µM 

MIG 

40 µM 

Control MIG  

2.5 µM 

MIG 

10 µM 

MIG 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin MIG Insulin 

× MIG 

Insulin MIG Insulin 

× MIG 

βAPP 351769; 

113703 

330688; 

87517 

369438; 

117604 

359733; 

166050 

285842; 

44657 

209268; 

74333 

242699; 

82922 

398289; 

135950 

3.10 

(1, 47) 

1.99 

(3, 47) 

0.26 

(3, 47) 

0.0844 0.1278 0.8521 

IGF1-

Rβ 

987948; 

84329 

462325; 

78860 

364404; 

90072 

535589; 

175718 

1724030; 

748935 

869180; 

121244 

317850; 

51700 

162351; 

52134 

1.02  

(1, 47) 

5.88 

(3, 47) 

1.25 

(3, 47) 

0.3164 0.0017 0.2991 

IRα 820119; 

48631 

600703; 

204053 

512451; 

149162 

395617; 

147923 

201280; 

77784 

247051; 

60135 

461001; 

62202 

122075; 

40171 

16.68 

(1, 39) 

1.96 

(3, 39) 

2.22 

(3, 39) 

0.0002 0.1353 0.1003 

NP65 229369; 

64570 

435150; 

94218 

212221; 

55045 

239130; 

58652 

540101; 

164500 

134913; 

37736 

131261; 

35784 

310708; 

125944 

0.01 

(1, 46) 

1.96 

(3, 46) 

4.31 

(3, 46) 

0.9065 0.1323 0.0091 

GM1 836326; 

105238 

2780216; 

1069374 

2070692; 

492117 

838467; 

237795 

3236956; 

348564 

1060034; 

175715 

485028; 

61593 

812112; 

54770 

2.18 

(1, 39) 

0.81 

(3, 39) 

4.02 

(3, 39) 

0.1473 0.4920 0.0137 

GD1a 722619; 

128660 

1135850; 

128181 

664957; 

85253 

847407; 

73647 

1294780; 

375421 

1873835; 

300853 

650467; 

108003 

1206221; 

368568 

6.44 

(1, 40) 

4.55 

(3, 40) 

0.99 

(3, 40) 

0.0151 0.0077 0.4053 

GD1b 416644; 

46406 

913446; 

184212 

1109670; 

159366 

656273; 

110089 

597870; 

62536 

694476; 

77688 

354133; 

41406 

333082; 

36891 

14.07 

(1, 47) 

4.29  

(3, 47) 

6.71 

(3, 47) 

0.0004 0.0093 0.0007 

GT1b 406755; 

83516 

423360; 

53849 

503791; 

52220 

340072; 

15683 

786112; 

49734 

442165; 

35651 

468206; 

16657 

732223; 

192302 

9.87 

(1, 47) 

1.44 

(3, 47) 

3.63 

(3, 47) 

0.0028 0.2412 0.0193 

SD=standard deviation; w/o insulin = without insulin; w insulin = with insulin; MIG=miglustat; βAPP = beta amyloid precursor protein; IGF1-Rβ 

= beta subunit of receptor for insulin like growth factor; NP65 = neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 ganglioside; 

GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = GT1b ganglioside  
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Table 5.35. Post hoc analysis of immunocytochemical ANOVA data for NP65 epitope in 

cells treated MIG, a GlcCer inhibitor. 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

Table 5.36. Post hoc analysis of immunocytochemical ANOVA data for GD1b epitope in 

cells treated MIG, a GlcCer inhibitor. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w/o insulin MIG 2.5µM 0.0323 

w/o insulin Control w/o insulin MIG 10µM 0.0007 

w/o insulin MIG 2.5µM w/ insulin MIG 10µM 0.0102 

w/o insulin MIG 2.5µM w/ insulin MIG 40µM 0.0068 

w/o insulin MIG 10µM w/ insulin Control 0.0247 

w/o insulin MIG 10µM w/ insulin MIG 10µM 0.0002 

w/o insulin MIG 10µM w/ insulin MIG 40µM 0.0002 

w/o insulin = without insulin; w insulin = with insulin; MIG=miglustat 

 

Table 5.37. Post hoc analysis of immunocytochemical ANOVA data for GT1b epitope in 

cells treated MIG, a GlcCer inhibitor. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/ insulin Control w/o insulin Control 0.0422 

w/ insulin Control w/o insulin MIG 40µM 0.0176 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/ insulin Control w/ insulin MIG 2.5µM 0.0419 

w/ insulin Control w/ insulin MIG 10µM 0.0389 
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Table 5.38. Colocalization percentage of selected epitopes with flotillin 1 or 2 (F1, F2) lipid raft markers in differentiated SH-SY5Y human 

neuroblastoma cells treated 48 hours with MIG, a GlcCer synthesis inhibitor. Data are presented as integrated density values per cell. Statistical 

significance was tested with two-way ANOVA 

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control MIG  

2.5 µM 

MIG 

10 µM 

MIG 

40 µM 

Control MIG  

2.5 µM 

MIG 

10 µM 

MIG 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin MIG Insulin × 

MIG 

Insulin MIG Insulin × 

MIG 

F1-βAPP 4.45; 

3.44 

0.17; 

0.07 

5.63; 

3.29 

7.87; 

3.49 

6.06; 

2.34 

0.39; 

0.31 

1.02; 

0.41 

1.24; 

0.56 

2.16 

(1, 16) 

1.89 

(3, 16) 

1.48 

(3, 16) 

0.1604 0.1718 0.2551 

F1-IGF1Rb 0.62; 

0.16 

3.39; 

2.20 

0.01; 

0.01 

0.29; 

0.10 

11.36; 

7.11 

1.51; 

1.26 

0.10; 

0.07 

0.69; 

0.67 

1.51 

(1, 16) 

2.03 

(3, 16) 

2.25 

(3, 16) 

0.2354 0.1497 0.1211 

F1-IRα 0.04; 

0.03 

1.79; 

1.79 

0.16; 

0.15 

0.01; 

0.00 

1.22; 

1.19 

0.39; 

0.36 

0.02; 

0.02 

0.08; 

0.08 

0.01 

(1, 16) 

0.81 

(3, 16) 

0.93 

(3, 16) 

0.8946 0.5043 0.4463 

F1-NP65 0.13; 

0.13 

0.00; 

0.00 

0.01; 

0.01 

0.02; 

0.02 

0.03; 

0.03 

0.08; 

0.08 

0.47; 

0.23 

0.00; 

0.00 

2.29 

(1, 16) 

2.12 

(3, 16) 

3.22 

(3, 16) 

0.1489 0.1373 0.0507 

F2-GM1 3.00; 

0.90 

2.31; 

2.09 

9.44; 

4.74 

3.39; 

3.32 

3.38; 

2.12 

6.10; 

3.07 

0.03; 

0.02 

0.45; 

0.23 

1.27 

(1, 16) 

0.46 

(3, 16) 

2.40 

(3, 16) 

0.2761 0.7096 0.1055 

F2-GD1a 0.02; 

0.01 

4.57; 

4.19 

4.97; 

4.92 

0.00; 

0.00 

1.68; 

1.68 

0.02; 

0.02 

1.17; 

1.16 

0.01; 

0.00 

0.97 

(1, 16) 

0.66 

(3, 16) 

0.77 

(3, 16) 

0.3387 0.5841 0.5239 

F2-GD1b 2.43; 

1.27 

4.15; 

1.46 

1.59; 

0.34 

1.19; 

0.53 

1.19; 

0.47 

1.15; 

0.52 

0.02; 

0.02 

2.68; 

1.39 

2.82 

(1, 16) 

1.39 

(3, 16) 

2.13 

(3, 16) 

0.1119 0.2793 0.1360 

F2-GT1b 2.78; 

0.71 

4.78; 

0.06 

2.81; 

1.16 

3.87; 

2.15 

3.16; 

1.41 

3.98; 

1.99 

0.04; 

0.03 

1.99; 

0.82 

1.97 

(1, 16) 

1.77 

(3, 16) 

0.56 

(3, 16) 

0.1791 0.1918 0.6436 

SD=standard deviation; w/o insulin = without insulin; w insulin = with insulin; MIG=miglustat; βAPP = beta amyloid precursor protein; IGF1-Rβ 

= beta subunit of receptor for insulin like growth factor; NP65 = neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 ganglioside; 

GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = GT1b ganglioside ; F1 = flotillin 1, F2 = flotillin 2 
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Table 5.39. Colocalization percentage of selected epitopes with transferrin receptor (TfR) or sodium/potassium ATPase (Na/K ATPase) lipid non-

raft marker in differentiated SH-SY5Y human neuroblastoma cells treated 48 hours with MIG, a GlcCer synthesis inhibitor. Data are presented as 

integrated density values per cell. Statistical significance was tested with two-way ANOVA 

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control MIG  

2.5 µM 

MIG 

10 µM 

MIG 

40 µM 

Control MIG  

2.5 µM 

MIG 

10 µM 

MIG 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin MIG Insulin × 

MIG 

Insulin MIG Insulin × 

MIG 

TfR-βAPP 0.82; 

0.76 

0.64; 

0.49 

0.02; 

0.01 

0.02; 

0.00 

0.11; 

0.11 

0.00; 

0.00 

1.70; 

1.04 

11.14; 

2.87 

12.92 

(1, 16) 

10.04 

(3, 16) 

12.41 

(3, 16) 

0.0024 0.0005 0.0001 

TfR-IGF1Rb 0.86; 

0.41 

0.42; 

0.16 

0.00; 

0.00 

0.99; 

0.37 

0.34; 

0.27 

5.63; 

1.80 

0.30; 

0.17 

0.04; 

0.04 

4.41 

(1, 16) 

7.49 

(3, 16) 

8.81 

(3, 16) 

0.0517 0.0023 0.0011 

TfR-IRα 1.20; 

1.17 

1.82; 

1.53 

4.19; 

3.63 

0.76; 

0.61 

1.15; 

1.11 

0.32; 

0.18 

0.06; 

0.03 

1.03; 

0.32 

1.57 

(1, 16) 

0.26 

(3, 16) 

0.86 

(3, 16) 

0.2280 0.8520 0.4808 

TfR-NP65 0.86; 

0.46 

1.86; 

1.84 

0.70; 

0.69 

0.31; 

0.27 

1.44; 

0.76 

0.37; 

0.36 

2.21; 

2.15 

0.02; 

0.01 

0.01 

(1, 16) 

0.52 

(3, 16) 

0.69 

(3, 16) 

0.9178 0.6699 0.5693 

Na/K-GM1 8.64; 

1.11 

10.70; 

1.41 

0.39; 

0.12 

0.98; 

0.39 

2.61; 

0.42 

1.42; 

0.38 

2.11; 

0.63 

4.34; 

1.68 

15.14 

(1, 16) 

12.49 

(3, 16) 

21.28 

(3, 16) 

0.0012 0.0001 <0.0001 

Na/K-GD1a 3.46; 

1.87 

1.06; 

1.06 

0.32; 

0.32 

6.91; 

2.01 

1.06; 

0.94 

1.67; 

0.52 

10.11; 

5.00 

3.80; 

2.00 

0.61 

(1, 16) 

1.70 

(3, 16) 

3.61 

(3, 16) 

0.4446 0.2055 0.0364 

Na/K-GD1b 1.01; 

0.51 

2.09; 

0.59 

0.28; 

0.14 

0.06; 

0.01 

0.22; 

0.14 

0.05; 

0.05 

0.76; 

0.55 

2.52; 

2.47 

0.00 

(1, 16) 

0.30 

(3, 16) 

2.08 

(3, 16) 

0.9648 0.8235 0.1419 

Na/K-GT1b 1.59; 

1.58 

0.15; 

0.09 

0.00; 

0.00 

0.02; 

0.01 

1.24; 

0.86 

1.22; 

0.61 

0.01; 

0.01 

0.46; 

0.38 

0.35 

(1, 16) 

1.65 

(3, 16) 

0.39 

(3, 16) 

0.5573 0.2229 0.7597 

SD=standard deviation; w/o insulin = without insulin; w insulin = with insulin; MIG=miglustat; βAPP = beta amyloid precursor protein; IGF1-Rβ 

= beta subunit of receptor for insulin like growth factor; NP65 = neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 ganglioside; 

GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = GT1b ganglioside; TfR=transferrin receptor, Na/K=sodium/potassium ATPase 
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Table 5.40. Post hoc analysis of immunocytochemical ANOVA data for colocalization 

analysis results of TFR-βAPP epitopes in cells treated MIG, a GlcCer inhibitor 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w insulin MIG 40µM 0.0003 

w/o insulin MIG 2.5µM w insulin MIG 40µM 0.0002 

w/o insulin MIG 10µM w insulin MIG 40µM 0.0002 

w/o insulin MIG 40µM w insulin MIG 40µM 0.0002 

w insulin Control w insulin MIG 40µM 0.0002 

w insulin MIG 2.5µM w insulin MIG 40µM 0.0002 

w insulin MIG 10µM w insulin MIG 40µM 0.0005 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

Table 5.41. Post hoc analysis of immunocytochemical ANOVA data for colocalization 

analysis results of TFR-IFG1-Rβ epitopes in cells treated MIG, a GlcCer inhibitor 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w insulin MIG 2.5µM 0.0028 

w/o insulin MIG 2.5µM w insulin MIG 2.5µM 0.0012 

w/o insulin MIG 10µM w insulin MIG 2.5µM 0.0006 

w/o insulin MIG 40µM w insulin MIG 2.5µM 0.0036 

w insulin Control w insulin MIG 2.5µM 0.0010 

w insulin MIG 10µM w insulin MIG 2.5µM 0.0010 

w insulin MIG 40µM w insulin MIG 2.5µM 0.0006 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

Table 5.42. Post hoc analysis of immunocytochemical ANOVA data for colocalization 

analysis results of GM1-IFG1-Rβ epitopes in cells treated MIG, a GlcCer inhibitor 

 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin MIG 10µM w/o insulin Control 0.0003 

w/o insulin MIG 40µM w/o insulin Control 0.0006 

w insulin Control w/o insulin Control 0.0057 

w insulin MIG 2.5µM w/o insulin Control 0.0011 

w insulin MIG 10µM w/o insulin Control 0.0028 

w/o insulin MIG 10µM w/o insulin MIG 2.5µM 0.0001 

w/o insulin MIG 40µM w/o insulin MIG 2.5µM 0.0001 

w insulin Control w/o insulin MIG 2.5µM 0.0004 

w insulin MIG 2.5µM w/o insulin MIG 2.5µM 0.0002 

w insulin MIG 10µM w/o insulin MIG 2.5µM 0.0003 

w insulin MIG 40µM w/o insulin MIG 2.5µM 0.0036 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 
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5.3.4. Immunocytochemistry of CBE treated cells 

 

Treatment of the cells with CBE caused significant changes in IGF1-Rβ, IRα and 

Np65 levels. The effect of insulin was observed only in IRα and GD1a epitopes and a 

combined effect was observed only in IRα and GM1 epitopes (Table 5.43.).  

CBE caused a significant shift from the raft only for the GT1b epitope, the other 

epitopes were not affected (Table 5.45.). The only significant shift to the non-raft area 

was for IGF1-Rβ, where the treatment caused an increased shift of epitope to the non-raft 

regions (Table 5.46.).  

Post hoc analysis showed that application of inhibitors and insulin caused a 

significant decrease in IRα levels in all groups compared to controls, regardless of insulin 

treatment (Table 5.44.).  

 Post hoc analysis of colocalization showed a significant influx of IGF1-Rβ into 

the non-raft area regardless of treatment concentration and compared to the control group 

(5.47.).  
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Table 5.43. The integrated density value of immunocytochemical staining of differentiated SH-SY5Y human neuroblastoma cells treated 48 hours 

with MIG, a glycolipid degradation inhibitor.  

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control CBE  

2.5 µM 

CBE 

10 µM 

CBE 

40 µM 

Control CBE  

2.5 µM 

CBE 

10 µM 

CBE 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin CBE Insulin 

× CBE 

Insulin CBE Insulin 

× CBE 

βAPP 351769; 

113703 

409947; 

107779 

362335; 

96827 

307874; 

105692 

285842; 

44657 

360680; 

100908 

378272; 

87815 

241769; 

87380 

0.19  

(1, 47) 

0.76  

(3, 47) 

0.07 

(3, 47) 

0.6608 0.5172 0.9749 

IGF1-Rβ 987948; 

84329 

164646; 

62592 

927252; 

140611 

1194669; 

394397 

1724030; 

748935 

617068; 

190794 

1218303; 

131899 

1057083; 

81242 

2.09 

(1, 45) 

3.41  

(3, 45) 

0.63 

(3, 45) 

0.1551 0.0251 0.5975 

IRα 843864; 

47466 

277406; 

41269 

263386; 

39791 

222177; 

83635 

243148; 

77939 

331654; 

79023 

192586; 

76148 

237185; 

77237 

9.88 

(1, 42) 

10.40 

(3, 42) 

10.89 

(3, 42) 

0.0030 <0.0001 <0.0001 

Np65 229369; 

64570 

177460; 

28109 

222159; 

71156 

356699; 

70534 

540101; 

164500 

96073; 

17294 

234811; 

89619 

215971; 

76107 

0.33 

(1, 46) 

3.07 

(3, 46) 

2.62 

(3, 46) 

0.5662 0.0367 0.0618 

GM1 836326; 

105238 

1984241; 

286233 

757467; 

121773 

1562704; 

675676 

3236956; 

348564 

1045580; 

389690 

1444220; 

372473 

1294026; 

40643 

3.61 

(1, 40) 

2.45 

(3, 40) 

8.59 

(3, 40) 

0.0645 0.0767 0.0001 

GD1a 722619; 

128660 

411201; 

87649 

501366; 

113844 

790358; 

72827 

1294780; 

375421 

1130095; 

274360 

1419579; 

475168 

1132667; 

206545 

12.35 

(1, 40) 

0.33 

(3, 40) 

0.44 

(3, 40) 

0.0011 0.7978 0.7205 

GD1b 416644; 

46406 

653776; 

175670 

691465; 

136264 

354303; 

57165 

597870; 

62536 

499680; 

121766 

494015; 

96104 

466388; 

125157 

0.06 

(1, 46) 

0.91 

(3, 46) 

1.32 

(3, 46) 

0.8025 0.4409 0.2789 

GT1b 406755; 

83516 

886269; 

258435 

457148; 

50210 

791745; 

162853 

786112; 

49734 

726882; 

130734 

563934; 

61474 

642679; 

73461 

0.18 

(1, 47) 

2.06 

(3, 47) 

1.97 

(3, 47) 

0.6669 0.1177 0.1303 

SD=standard deviation; w/o insulin = without insulin; w insulin = with insulin; Conduritol B epoxide; βAPP = beta amyloid precursor protein; 

IGF1-Rβ = beta subunit of receptor for insulin like growth factor; Np 65 = neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = GM1 

ganglioside; GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = GT1b ganglioside  
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Table 5.44. Post hoc analysis of immunocytochemical ANOVA data for IR α epitope in 

cells treated with CBE glycolipid degradation inhibitor. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin Control w/o insulin CBE 2.5µM 0.0001 

w/o insulin Control w/o insulin CBE 10µM 0.0001 

w/o insulin Control w/o insulin CBE 40µM 0.0001 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin CBE 2.5µM 0.0001 

w/o insulin Control w insulin CBE 10µM 0.0001 

w/o insulin Control w insulin CBE 40µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; CBE = conduritol B epoxide 
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Table 5.45. Colocalization percentage of selected epitopes with flotillin 1 or 2 (F1, F2) lipid raft markers in differentiated SH-SY5Y human 

neuroblastoma cells treated 48 hours with CBE, a glycolipid degradation inhibitor. 

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control CBE  

2.5 µM 

CBE 

10 µM 

CBE 

40 µM 

Control CBE  

2.5 µM 

CBE 

10 µM 

CBE 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin CBE Insulin × 

CBE 

Insulin CBE Insulin × 

CBE 

F1-βAPP 4.45; 

3.44 

2.22; 

0.25 

2.71; 

2.09 

0.27; 

0.15 

6.06; 

2.34 

1.82; 

1.04 

1.42; 

0.78 

3.19; 

1.36 

0.31 

(1, 16) 

1.75 

(3, 16) 

0.57 

(3, 16) 

0.5821 0.1968 0.6390 

F1-IGF1Rb 0.62; 

0.16 

1.23; 

0.61 

0.01; 

0.01 

0.09; 

0.09 

11.36; 

7.11 

5.16; 

4.74 

6.60; 

6.50 

0.35; 

0.19 

4.00 

(1, 16) 

0.76 

(3, 16) 

0.67 

(3, 16) 

0.0627 0.5286 0.5794 

F1-IRα 0.04; 

0.03 

0.04; 

0.04 

0.03; 

0.01 

0.01; 

0.01 

1.22; 

1.19 

0.35; 

0.21 

0.06; 

0.05 

0.23; 

0.13 

2.03 

(1, 16) 

0.73 

(3, 16) 

0.68 

(3, 16) 

0.1727 0.5465 0.5721 

F1-Np 65 0.13; 

0.13 

0.01; 

0.01 

0.30; 

0.16 

0.31; 

0.28 

0.03; 

0.03 

0.01; 

0.01 

9.31; 

9.21 

1.42; 

1.33 

1.15 

(1, 16) 

0.95 

(3, 16) 

0.88 

(3, 16) 

0.2979 0.4372 0.4715 

F2-GM1 3.00; 

0.90 

0.03; 

0.02 

0.04; 

0.02 

0.01; 

0.01 

3.38; 

2.12 

2.83; 

2.83 

0.27; 

0.15 

0.03; 

0.01 

0.88 

(1, 16) 

2.60 

(3, 16) 

0.50 

(3, 16) 

0.3605 0.0876 0.6814 

F2-GD1a 0.02; 

0.01 

1.12; 

0.82 

2.42; 

1.29 

1.49; 

0.94 

1.68; 

1.68 

1.31; 

0.05 

1.81; 

1.02 

3.22; 

1.89 

0.83 

(1, 16) 

0.78 

(3, 16) 

0.49 

(3, 16) 

0.3756 0.5221 0.6889 

F2-GD1b 2.43; 

1.27 

2.89; 

2.79 

0.37; 

0.36 

0.04; 

0.02 

1.19; 

0.47 

5.31; 

5.30 

1.70; 

1.63 

0.05; 

0.02 

0.15 

(1, 16) 

1.18 

(3, 16) 

0.24 

(3, 16) 

0.6969 0.3482 0.8608 

F2-GT1b 2.78; 

0.71 

0.05; 

0.05 

0.00; 

0.00 

0.31; 

0.31 

3.16; 

1.41 

0.73; 

0.71 

0.86; 

0.83 

0.00; 

0.00 

0.68 

(1, 16) 

7.47 

(3, 16) 

0.28 

(3, 16) 

0.4204 0.0023 0.8380 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; CBE=conduritol B epoxide; βAPP = beta amyloid precursor 

protein; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; NP65 = neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = 

GM1 ganglioside; GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = GT1b ganglioside; F1 = flotillin 1, F2 = flotillin 2 
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Table 5.46. Colocalization percentage of selected epitopes with transferrin receptor (TfR) or sodium/potassium ATPase (Na/K ATPase) lipid non-

raft markers in differentiated SH-SY5Y human neuroblastoma cells treated 48 hours with CBE, a glycolipid degradations inhibitor.  

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control CBE  

2.5 µM 

CBE 

10 µM 

CBE 

40 µM 

Control CBE  

2.5 µM 

CBE 

10 µM 

CBE 

40 µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin CBE Insulin × 

CBE 

Insulin CBE Insulin × 

CBE 

TfR-βAPP 0.82; 

0.76 

0.04; 

0.02 

0.15; 

0.08 

1.58; 

1.30 

0.11; 

0.11 

1.40; 

0.14 

2.44; 

1.31 

0.79; 

0.52 

1.08 

(1, 16) 

0.57 

(3, 16) 

2.18 

(3, 16) 

0.3132 0.6419 0.1295 

TfR-IGF1Rb 0.86; 

0.41 

9.69; 

1.37 

3.93; 

0.69 

13.43; 

2.76 

0.34; 

0.27 

9.16; 

1.28 

9.74; 

2.61 

3.35; 

1.84 

1.28 

(1, 16) 

11.33 

(3, 16) 

7.78 

(3, 16) 

0.2737 0.0003 0.0019 

TfR-IRα 1.20; 

1.17 

0.22; 

0.08 

0.53; 

0.46 

1.31; 

0.05 

1.15; 

1.11 

0.37; 

0.34 

0.48; 

0.37 

2.38; 

0.45 

0.37 

(1, 16) 

2.39 

(3, 16) 

0.34 

(3, 16) 

0.5485 0.1067 0.7901 

TfR-Np65 0.86; 

0.46 

3.13; 

1.33 

0.66; 

0.55 

0.21; 

0.12 

1.44; 

0.76 

1.27; 

0.99 

1.61; 

1.50 

1.03; 

0.46 

0.03 

(1, 16) 

1.11 

(3, 16) 

1.12 

(3, 16) 

0.8454 0.3703 0.3668 

Na/K-GM1 8.64; 

1.11 

0.97; 

0.13 

4.52; 

2.31 

1.06; 

0.94 

2.61; 

0.42 

3.38; 

1.22 

2.69; 

2.56 

1.67; 

1.04 

1.39 

(1, 16) 

3.33 

(3, 16) 

3.19 

(3, 16) 

0.2547 0.0462 0.0518 

Na/K-GD1a 3.46; 

1.87 

4.79; 

3.76 

1.25; 

0.88 

3.44; 

1.90 

1.06; 

0.94 

1.13; 

0.53 

4.13; 

3.96 

8.92; 

8.68 

0.04 

(1, 16) 

0.45 

(3, 16) 

0.65 

(3, 16) 

0.8320 0.7198 0.5910 

Na/K-GD1b 1.01; 

0.51 

0.08; 

0.07 

0.28; 

0.18 

0.06; 

0.03 

0.22; 

0.14 

2.02; 

1.74 

0.01; 

0.00 

0.19; 

0.07 

0.30 

(1, 16) 

0.93 

(3, 16) 

1.66 

(3, 16) 

0.5897 0.4480 0.2135 

Na/K-GT1b 1.59; 

1.58 

0.01; 

0.01 

0.00; 

0.00 

0.00; 

0.00 

1.24; 

0.86 

0.00; 

0.00 

0.17; 

0.16 

0.00; 

0.00 

0.01 

(1, 16) 

2.34 

(3, 16) 

0.05 

(3, 16) 

0.9185 0.1110 0.9810 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; CBE = conduritol B epoxide; βAPP = beta amyloid precursor 

protein; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; ; NP65 = neuroplastin 65; IRα = insulin receptor alpha subunit; GM1 = 

GM1 ganglioside; GD1a = GD1a ganglioside; GD1b = GD1b ganglioside; GT1b = GT1b ganglioside; TfR = transferrin receptor, Na/K = 

sodium/potassium ATPase 
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Table 5.47. Post hoc analysis of immunocytochemical ANOVA data for colocalization 

analysis results of TFR-IGF1-Rβ epitopes in cells treated CBE a glycolipid degradation 

inhibitor 

Expression of TfR-IGF1Rb 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin CBE 2.5µM w/o insulin Control 0.0285 

w/o insulin CBE 40µM w/o insulin Control 0.0014 

w insulin CBE 2.5µM w/o insulin Control 0.0440 

w insulin CBE 10µM w/o insulin Control 0.0273 

w/o insulin CBE 40µM w/o insulin CBE 2.5µM 0.0164 

w insulin Control w/o insulin CBE 40µM 0.0009 

w insulin CBE 40µM w/o insulin CBE 40µM 0.0102 

w insulin CBE 2.5µM w insulin Control 0.0289 

w insulin CBE 10µM w insulin Control 0.0178 

w/o insulin = without insulin; w insulin = with insulin; CBE = conduritol B epoxide 

 

5.4. Histochemical staining of the neurites 

 

All four inhibitors had a significant effect on the length of the neurites. Higher 

concentrations of both isoforms of P4 caused more prominent shortening and opposite 

was observed with MIG and CBE. Insulin treatment alone resulted a prominent decrease 

in the length of neurites in comparison to the non-treated control samples. Insulin 

treatment in combination with all inhibitors except MIG also affected the neurite length 

(Table 5.48.).  

Post hoc analysis of data from cells treated with P4-RR showed a significant 

reduction in length when treated with either the highest or the lowest inhibitor 

concentration compared to the control. Insulin treatment regardless of the inhibitor 

concentration resulted significant reduction in the length of neurites compared to both 

control groups (Table 5.49., Table 5.48. Figure 5.1).  

Post hoc analysis of the data from cells treated with the P4-SS inhibitor showed a 

shortening effect compared to the control group at all three concentrations. The 

application of insulin significantly increased the length of neurites when comparing the 

treated groups. An opposite effect was observed in the control groups, where the 

application of insulin shortened the neurites (Table 5.50., Table 5.48., Figure 5.2.).  

MIG treatment alone and in combination with insulin affected neurite length, but 

no interaction was observed between the two treatments (Table 5.48.). Post hoc analysis 
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showed significance only between insulin-treated and untreated control groups, where 

insulin treatment shortened the neurite length. The same effect was observed only in cell 

treated with the highest concentrations of inhibitor, where neurite length was significantly 

reduced following insulin treatment (Table 5.51., Table 5.48., Figure 5.3.).  

Post hoc analysis of data from CBE treated cells showed a significant effect of the 

two lower CBE concentrations on neurite shortening. However, no effect was observable 

at the highest concentrations.  Treatment with CBE and insulin, neurites were significantly 

longer compared to the non-insulin treated groups (Table 5.52., Table 5.48., Figure 5.4.).  

 

Figure 5.1. FITC dye histochemical staining of differentiated SH-SY5Y human 

neuroblastoma cell line treated with three concentrations of P4-RR GlcCer synthesis 

inhibitor and additionally with insulin. The author made the figure. Green = FITC stain, 

blue = cell nuclei, w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) 

D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol; scale 100 

micrometers. 
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Figure 5.2. FITC dye histochemical staining of differentiated SH-SY5Y human 

neuroblastoma cell line treated with three concentrations of P4-SS GlcCer synthesis 

inhibitor and additionally with insulin. The author made the figure. Green = FITC stain, 

blue = cell nuclei, w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) 

D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol; scale 100 

micrometers. 

 

 

Figure 5.3. FITC dye histochemical staining of differentiated SH-SY5Y human 

neuroblastoma cell line treated with three concentrations of miglustat GlcCer synthesis 

inhibitor and additionally with insulin. The author made the figure. Green = FITC stain, 

blue = cell nuclei, w/o insulin = without insulin; w insulin = with insulin; MIG = 

miglustat; scale 100 micrometers. 
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Figure 5.4. FITC dye histochemical staining of differentiated SH-SY5Y human 

neuroblastoma cell line treated with three concentrations of conduritol B epoxide, a 

glycosphingolipid degradation inhibitor, and additionally with insulin. The author made 

the figure. Green = FITC stain, blue = cell nuclei, w/o insulin = without insulin; w insulin 

= with insulin; CBE = conduritol B epoxide; scale 100 micrometers. 
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Table 5.48. Neurite length of differentiated SH-SY5Y human neuroblastoma cell line at 48 hours after treatment with P4-RR, P4-SS, MIG or CBE 

inhibitors in the absence or presence of insulin. Length is measured and presented in micrometers. Statistical significance was tested with two-way 

ANOVA.  

Treatment 

(Treat.) 

w/o insulin w insulin Two-way ANOVA 

Control 2.5µM 10µM 40µM Control 2.5µM 10µM 40µM F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin Treat. Insulin × 

Treat. 

Insulin Treat. Insulin × 

Treat. 

P4-RR 42.46; 

4.91 

23.71; 

3.33 

39.02; 

1.57 

27.06; 

1.88 

28.38; 

1.50 

18.83; 

3.24 

15.40; 

2.21 

9.73; 

2.16 

51.07 

(1,53) 

14.26 

(3,53) 

3.29 

(3,53) 

<0.0001 <0.0001 0.0273 

P4-SS 42.46; 

4.91 

22.62; 

2.15 

22.57; 

1.72 

18.46; 

0.97 

28.38; 

1.50 

25.99; 

1.60 

35.98; 

3.94 

33.07; 

3.32 

5.42 

(1,56) 

7.97 

(3,56) 

14.08 

(3,56) 

0.0234 0.0001 <0.0001 

MIG 42.46; 

4.91 

35.18; 

1.29 

40.18; 

2.19 

53.98; 

4.79 

28.38; 

1.50 

23.27; 

0.80 

24.76; 

0.89 

35.69; 

2.56 

37.90 

(1,47) 

7.02 

(3,47) 

0.27 

(3,47) 

<0.0001 0.0005 0.8438 

CBE 42.46; 

4.91 

25.76; 

0.84 

28.43; 

2.32 

41.12; 

1.55 

28.38; 

1.50 

47.23; 

0.81 

41.86; 

3.80 

65.60; 

3.28 

23.87 

(1,40) 

14.59 

(3,40) 

19.54 

(3,40) 

<0.0001 <0.0001 <0.0001 

SD = standard deviation; w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol; P4-SS = (S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol; MIG = miglustat; CBE = Conduritol B 

epoxide 
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Table 5.49. Post hoc test of two-way ANOVA results for neurite length 48 hours after 

treatment with P4-RR, a GlcCer synthesis inhibitor and additionally with insulin of 

differentiated SH-SY5Y human neuroblastoma cell line presenting significant results;  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4-RR 

Insulin treatment The concentration 

of P4-RR 

w/o insulin Control w/o insulin P4-RR 40µM 0.0028 

w/o insulin Control w/o insulin P4-RR 2.5µM 0.0003 

w/o insulin Control w insulin Control 0.0049 

w/o insulin Control w insulin P4-RR 40µM 0.0001 

w/o insulin Control w insulin P4-RR 10µM 0.0001 

w/o insulin Control w insulin P4-RR 2.5µM 0.0002 

w/o insulin P4-RR 40µM w/o insulin P4-RR 10µM 0.0203 

w/o insulin P4-RR 40µM w insulin P4-RR 40µM 0.0088 

w/o insulin P4-RR 10µM w/o insulin P4-RR 2.5µM 0.0017 

w/o insulin P4-RR 10µM w insulin Control 0.0368 

w/o insulin P4-RR 10µM w insulin P4-RR 40µM 0.0001 

w/o insulin P4-RR 10µM w insulin P4-RR 10µM 0.0001 

w/o insulin P4-RR 10µM w insulin P4-RR 2.5µM 0.0009 

w insulin Control w insulin P4-RR 40µM 0.0025 

w insulin Control w insulin P4-RR 10µM 0.0297 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol 

Table 5.50. Post hoc test of two-way ANOVA results for neurite length 48 hours after 

treatment with P4-SS, a GlcCer synthesis inhibitor and additionally with insulin of 

differentiated SH-SY5Y human neuroblastoma cell line presenting significant results  

Neurite length  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4-SS 

Insulin treatment The concentration 

of P4-SS 

w/o insulin Control w/o insulin P4-SS 40µM 0.0001 

w/o insulin Control w/o insulin P4-SS 10µM 0.0001 

w/o insulin Control w/o insulin P4-SS 2.5µM 0.0001 

w/o insulin Control w insulin Control 0.0023 

w/o insulin Control w insulin P4-SS 2.5µM 0.0007 

w/o insulin P4-SS 40µM w insulin P4-SS 40µM 0.0071 

w/o insulin P4-SS 40µM w insulin P4-SS 10µM 0.0014 

w/o insulin P4-SS 10µM w insulin P4-SS 10µM 0.0260 

w/o insulin P4-SS 2.5µM w insulin P4-SS 10µM 0.0480 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol 
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Table 5.51. Post hoc test of two-way ANOVA results for neurite length 48 hours after 

treatment with miglustat, a GlcCer synthesis inhibitor and additionally with insulin of 

differentiated SH-SY5Y human neuroblastoma cell line presenting significant results;  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w insulin Control 0.0148 

w/o insulin MIG 40µM w insulin MIG 40µM 0.0108 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

Table 5.52. Post hoc test of two-way ANOVA results for neurite length 48 hours after 

treatment with CBE glycosphingolipid degradation inhibitor and additionally with insulin 

of differentiated SH-SY5Y human neuroblastoma cell line presenting significant results  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin Control w/o insulin CBE-P4 10µM 0.0182 

w/o insulin Control w/o insulin CBE-P4 2.5µM 0.0172 

w/o insulin Control w insulin Control 0.0057 

w/o insulin Control w insulin CBE-P4 40µM 0.0002 

w/o insulin CBE-P4 40µM w insulin CBE-P4 40µM 0.0003 

w/o insulin CBE-P4 10µM w insulin CBE-P4 40µM 0.0001 

w/o insulin CBE-P4 10µM w insulin CBE-P4 2.5µM 0.0064 

w/o insulin CBE-P4 2.5µM w insulin CBE-P4 40µM 0.0001 

w/o insulin CBE-P4 2.5µM w insulin CBE-P4 2.5µM 0.0056 

w insulin Control w insulin CBE-P4 40µM 0.0001 

w insulin Control w insulin CBE-P4 2.5µM 0.0027 

w insulin CBE-P4 40µM w insulin CBE-P4 10µM 0.0008 

w insulin CBE-P4 40µM w insulin CBE-P4 2.5µM 0.0166 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

5.5. MALDI-TOF MS total lipidome analysis 

 

Analysis of total lipidome on inhibitor-treated cells revealed that all treatments 

had an effect but each to a different degree. Positive imaging mode was used, and data is 

presented in the form of a table with affected metabolic modules and individual 

compounds, all with statistical significance of the affected metabolic constituent. In 

individual compounds, p-value presents statistical difference calculated with t-test from 

data of control end experimental group comparing the number of hits in each group-

specific m/z. KEGG analysis p score represents the probability that metabolic module is 

affected comparing closeness of each molecule to one another and considering the total 

number of molecules in pathway/module. It is interpreted in the same way as the p-value 

of any other statistical test, where H0 means there is no change. Presented data is from 
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positive imaging mode. The negative imaging mode gave no statistically significant 

results and thus is not presented in further text.  

 

5.5.1. MALDI-TOF MS total lipidome analysis of the cells treated with insulin 

 

Treatment of the cells with insulin caused changes in biosynthetic pathways of 

ceramide and cholesterol biosynthesis, all downregulated compared to the control group 

(Table 5.53. and 5.54.).  

Table 5.53. Effects of insulin on metabolic compounds in differentiated SH-SY5Y human 

neuroblastoma cell line data was generated after KEGGREST analysis significant signals 

procured by MALDI-TOF MS imaging in positive mode.  

m/z = mass-to-charge ratio 

Table 5.54. Effects of insulin on differentiated SH-SY5Y human neuroblastoma cell line 

data was generated after KEGGREST analysis and FELLA enrichment of significant 

signals procured by MALDI-TOF MS imaging in positive mode presenting affected 

biochemical modules 

 

 

 

KEGG id m/z p-value t score adduct compound name 

C20972 530.30 0.0112 3.553631 M+NH4 Angiotensin 

C00319 599.55 <0.0001 -11.724 2M+H Sphingosine; 

C02934 599.55 <0.0001 -11.724 2M+H 3-Dehydrosphinganine; 

C16512 599.55 <0.0001 -11.724 2M+H Palmitoylethanolamide; 

C01069 659.20 0.0074 -4.351 2M+H Desulfoglucotropeolin 

C05113 659.20 0.0074 -4.351 2M+K Porphyrin 

C16692 659.20 0.0074 -4.351 2M+K Mannopine 

C21480 768.55 0.0001 -10.8144 M+H 1-Octadecanoyl-2-(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-sn-glycero-3-

phosphoethanolamine 

C05103 835.70 <0.0001 -12.9664 2M+K 4- alpha-Methylzymosterol 

C08813 835.70 <0.0001 -12.9664 2M+K Brassicasterol 

C15777 835.70 <0.0001 -12.9664 2M+K Episterol 

C15781 835.70 <0.0001 -12.9664 2M+K 24-Methylenecholesterol 

C22112 895.60 <0.0001 -12.9664 2M+K 4alpha-Carboxy-5alpha-cholesta-8,24-dien-

3beta-ol 

KEGG ID KEGG name p score 

M00094 Ceramide biosynthesis 0.0001 

M00099 Sphingosine biosynthesis 0.0001 

M00101 Cholesterol biosynthesis, squalene 2,3-epoxide 0.0001 

M00917 Phytosterol biosynthesis, squalene 2,3-epoxide 0.0010 
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5.5.2. MALDI-TOF MS total lipidome analysis of the cells treated with P4-RR 

 

Treatment of the cells with 2.5 µM P4-RR caused a decrease in the biosynthesis 

of ceramides and sphingosine and an increase in purine metabolism. The 10 µM P4-RR 

treatment caused even greater reduction in sphingolipid metabolism but introduced 

further changes in upregulation of cholesterol biosynthesis. The 40 µM P4-RR treatment 

caused further changes in metabolism. The upregulation of ceramide and sphingosine 

biosynthesis was followed by an increase in triglyceride levels, a levelling off of retinoic 

acid derivatives and a shift in bile acid metabolism (Table 5.55., 5.56.).  

Addition of insulin and treatment with 2.5 µM P4-RR caused a 13-to-14-fold 

significant decrease in the biosynthesis of metabolic precursors of sphingosine and 

ceramide. At the same time, cholesterol biosynthesis was upregulated along with the 

metabolic pathways for tetrahydrobiopterin. Treatment of cells with 10 µM P4-RR also 

resulted the accumulation of iodine compounds and a shift in folate biosynthesis. The 

combination of 40 µM P4-RR treatment and insulin upregulated cholesterol metabolism 

and significantly reduced the metabolism of sphingolipids, while tetrahydrobiopterin 

metabolism remained upregulated as at the previous concentration (Table 5.57., 5.58.).  

 

Table 5.55. Effects of P4-RR 48 hours post-treatment on metabolic compounds in 

differentiated SH-SY5Y human neuroblastoma cell line data was generated after 

KEGGREST of significant signals procured by MALDI-TOF MS imaging in positive 

mode 

Compound identifiers P4-RR 2.5μM P4-RR 10μM P4-RR 40μM 

Compound name KEGG 
ID 

m/z adduct p-value t score p-value t score p-value t score 

all-trans-13,14-

Dihydroretinol 

C15492 577.50 2M+H     0.0268 3.10 

Retinol C00473 595.45 2M+Na     <0.0001 17.50 

11-cis-Retinol C00899 595.45 2M+Na     <0.0001 17.50 

9-cis-Retinol C16682 595.45 2M+Na     <0.0001 17.50 

Sphingosine C00319 599.55 2M+H     <0.0001 17.50 

3-Dehydrosphinganin C02934 599.55 2M+H 0.0001 -10.14 <0.0001 -12.10 <0.0001 17.50 

Palmitoylethanolamide C16512 599.55 2M+H 0.0001 -10.14 <0.0001 -12.10 <0.0001 17.50 

Sphingosine C00319 599.60 2M+H     0.0002 10.24 

3-Dehydrosphinganine C02934 599.60 2M+H     0.0002 10.24 

Palmitoylethanolamide C16512 599.60 2M+H     0.0002 10.24 

CMP-N-

glycolylneuraminate 

C03691 631.15 M+H     0.0258 -3.13 

N-
Acetylaspartylglutamate 

C12270 631.15 2M+Na     0.0258 -3.13 
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Compound identifiers P4-RR 2.5μM P4-RR 10μM P4-RR 40μM 

Compound name KEGG 

ID 

m/z adduct p-value t score p-value t score p-value t score 

Porphyrin C05113 659.20 2M+K 0.0074 -4.35 0.0074 -4.35   

UDP-N-
acetylmuramoyl-L-

alanine 

C01212 733.15 M+H-
H2O 

0.0047 4.84   <0.0001 15.07 

1-(5'-Phosphoribosyl)-5-
formamido-4-

imidazolecarboxamide 

C04734 733.15 2M+H 0.0047 4.84   <0.0001 15.07 

1-Octadecanoyl-2-

(5Z,8Z,11Z,14Z-
eicosatetraenoyl)-sn-

glycero-3-

phosphoethanolamine 

C21480 768.55 M+H 0.0001 -10.81 0.0001 -10.81 0.0001 -10.81 

N-Oleoyl dopamine C12272 835.70 2M+H   0.0233 2.77   

4-alpha-
Methylzymosterol 

C05103 835.70 2M+K   0.0233 2.77   

P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol; m/z 

= mass-to-charge ratio 

 

Table 5.56. Effects of P4-RR 48 hours post-treatment on differentiated SH-SY5Y human 

neuroblastoma cell line data was generated after KEGGREST analysis and FELLA 

enrichment of significant signals procured by MALDI-TOF MS imaging in positive mode 

presenting affected biochemical modules 

Module identifiers P4-RR 

2.5μM 

P4-RR 

10μM 

P4-RR 

40μM 

KEGG ID KEGG name p score p score p score 

M00094 Ceramide biosynthesis <0.0001 <0.0001 <0.0001 

M00099 Sphingosine biosynthesis <0.0001 <0.0001 <0.0001 

M00101 Cholesterol biosynthesis, squalene 2,3-epoxide  <0.0001  

M00102 Ergocalciferol biosynthesis, squalene 2,3-epoxide  <0.0001  

M00106 Conjugated bile acid biosynthesis, cholate => taurocholate/glycocholate   0.0138 

M00089 Triacylglycerol biosynthesis   <0.0001 

M00048 Inosine monophosphate biosynthesis, PRPP + glutamine => IMP 0.0001  <0.0001 

P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 
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Table 5.57. Effects of P4-RR 48 hours post-treatment and insulin on metabolic 

compounds in differentiated SH-SY5Y human neuroblastoma cell line data was generated 

after KEGGREST of significant signals procured by MALDI-TOF MS imaging in 

positive mode 

Compound identifiers P4-RRI 2.5μM P4-RRI 10μM P4-RRI 40μM 

Compound name KEGG 
ID 

m/z adduct p-value t score p-value t score p-value t score 

1-Octadecanoyl-sn-

glycero-3-
phosphoethanolamine 

C21484 504.30 M+Na <0.0001 -14.08 <0.0001 -14.08 0.0001 -7.55 

Sphingosyl-

phosphocholine 

C03640 504.30 M+K <0.0001 -14.08 <0.0001 -14.08 0.0001 -7.55 

Cholesterol C18043 505.25 M+K 0.0003 5.74 0.0013 4.43 0.0037 3.77 

Tetrahydrobiopterin C00272 505.25 2M+Na 0.0003 5.74 0.0013 4.43 0.0037 3.77 

L-threo-

Tetrahydrobiopterin 

C20264 505.25 2M+Na 0.0003 5.74 0.0013 4.43 0.0037 3.77 

Iodine C01382 508.60 2M+H 0.0273 3.08 0.0251 3.15   

Sphingosine C00319 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.39 

3-Dehydrosphinganine C02934 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.39 

Palmitoylethanolamide C16512 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.39 

Sphingosine C00319 599.60 2M+H <0.0001 13.11 0.0001 10.31 0.0001 12.56 

3-Dehydrosphinganine C02934 599.60 2M+H <0.0001 13.11 0.0001 10.31 0.0001 12.56 

Palmitoylethanolamide C16512 599.60 2M+H <0.0001 13.11 0.0001 10.31 0.0001 12.56 

Porphyrin C05113 659.20 2M+K 0.0074 -4.35 0.0074 -4.351 0.0067 -4.14 

UDP-N-

acetylmuramoyl-L-
alanine 

C01212 733.15 M+H-

H2O 

<0.0001 22.44 0.0043 4.93 0.0002 10.13 

1-(5'-Phosphoribosyl)-5-

formamido-4-

imidazolecarboxamide 

C04734 733.15 2M+H <0.0001 22.44 0.0043 4.93 0.0002 10.13 

(R)-S-Lactoylglutathione C03451 759.20 2M+H 0.0267 3.10 <0.0001 32.27 0.0285 3.04 

1-Octadecanoyl-2-

(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-sn-
glycero-3-

phosphoethanolamine 

C21480 768.55 M+H 0.0001 -10.81 0.0001 -10.81 0.0001 -14.37 

N-Oleoyl dopamine C12272 835.70 2M+H <0.0001 -12.96     

4-alpha-

Methylzymosterol 

C05103 835.70 2M+K <0.0001 -12.96     

P4-RRI = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol + 

insulin; m/z = mass-to-charge ratio 
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Table 5.58. Effects of P4-RR 48 hours post-treatment and insulin on differentiated SH-

SY5Y human neuroblastoma cell line data was generated after KEGGREST analysis and 

FELLA enrichment of significant signals procured by MALDI-TOF MS imaging in 

positive mode 

Module identifiers P4-RRI 

2.5μM 

P4-RRI 

10μM 

P4-RRI 

40μM 

KEGG ID KEGG name p score p score p score 

M00842 Tetrahydrobiopterin biosynthesis, GTP => BH4 0.0370 0.0435 0.0135 

M00843 L-threo-Tetrahydrobiopterin biosynthesis, GTP => L-threo-BH4 <0.0001 <0.0001 <0.0001 

M00048 Inosine monophosphate biosynthesis, PRPP + glutamine => IMP <0.0001 0.0008 <0.0001 

M00094 Ceramide biosynthesis <0.0001 <0.0001 <0.0001 

M00099 Sphingosine biosynthesis <0.0001 <0.0001 <0.0001 

M00043 Thyroid hormone biosynthesis, tyrosine => triiodothyronine/thyroxine <0.0001 <0.0001  

M00101 Cholesterol biosynthesis, squalene 2,3-epoxide <0.0001   

M00102 Ergocalciferol biosynthesis, squalene 2,3-epoxide <0.0001   

M00840 Tetrahydrofolate biosynthesis  <0.0001  

P4-RRI = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol + insulin 

 

5.5.3. MALDI-TOF MS total lipidome analysis of the cells treated with P4-SS 

 

Treatment of the cells with 2.5 µM P4-SS caused a significant decrease in 

sphingolipid metabolism and an upregulation of cholesterol metabolism and biosynthesis. 

At this concentration, an increase in tetrahydrobiopterin synthesis was also observed. The 

10 µM P4-SS treatment caused an even greater decrease in ceramide and sphingosine 

biosynthesis, and the upregulation of the cholesterol and tetrahydrobiopterin biosynthesis 

was more pronounced. The highest concentration decreased the level of CMP-N-

glycolylneuraminate, but no effect on cholesterol biosynthesis was observed (Table 5.59., 

5.60.).  

The addition of insulin to the cells treated with 2.5 µM P4-SS resulted in a 13-14-

fold reduction in sphingolipid and ceramide metabolism, a downregulation in cholesterol 

biosynthesis, and an upregulation of vitamin K metabolism and iodine compounds 

accumulation compared to controls. Treatment with 10 µM P4-SS and insulin inhibited 

sphingolipid and ceramide metabolism and upregulation of cholesterol levels but 

decreased metabolites levels and increased tetrahydrobiopterin metabolism. In response 

to 40 µM P4-SS and insulin treatment, sphingosine and ceramide biosynthesis remained 

inhibited, as well as cholesterol metabolism, but no change in cholesterol levels was 

observed (Table 5.61., 5.62.).  
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Table 5.59. Effects of P4-SS 48 hours post-treatment on metabolic compounds in 

differentiated SH-SY5Y human neuroblastoma cell line data was generated after 

KEGGREST of significant signals procured by MALDI-TOF MS imaging in positive 

mode 

Compound identifiers P4-SS 2.5μM P4-SS 10μM P4-SS 40μM 

Compound name KEGG 
ID 

m/z adduct p-value t score p-value t score p-value t 
score 

1-Octadecanoyl-sn-

glycero-3-
phosphoethanolamine 

C21484 504.30 M+Na 0.0023 -4.48 0.0277 -2.58   

Sphingosyl-

phosphocholine 

C03640 504.30 M+K 0.0023 -4.48 0.0277 -2.58   

Cholesterol C18043 505.25 M+K 0.0124 3.50 0.0022 4.39 0.0420 2.34 

Tetrahydrobiopterin C00272 505.25 2M+Na 0.0124 3.50 0.0022 4.39 0.0420 2.34 

L-threo-

Tetrahydrobiopterin 

C20264 505.25 2M+Na 0.0124 3.50 0.0022 4.39 0.0420 2.34 

Sphingosine C00319 599.55 2M+H <0.0001 -13.39 0.0092 3.26 <0.0001 -7.75 

3-Dehydrosphinganine C02934 599.55 2M+H <0.0001 -13.39 <0.0001 -10.97 <0.0001 -7.75 

Palmitoylethanolamide C16512 599.55 2M+H <0.0001 -13.39 <0.0001 -10.97 <0.0001 -7.75 

Sphingosine C00319 599.60 2M+H 0.0003 8.72 <0.0001 -10.97   

3-Dehydrosphinganine C02934 599.60 2M+H 0.0003 8.72 0.0259 3.13   

Palmitoylethanolamide C16512 599.60 2M+H 0.0003 8.72 0.0259 3.13   

CMP-N-
glycoloylneuraminate 

C03691 631.15 M+H     0.0257 -3.13 

N-

Acetylaspartylglutamate 

C12270 631.15 2M+Na     0.0257 -3.13 

Dehypoxanthine C17010 631.15 2M+K     0.0257 -3.13 

Porphyrin C05113 659.20 2M+K 0.0074 -4.35 0.0114 -3.26   

UDP-N-

acetylmuramoyl-L-
alanine 

C01212 733.15 M+H-

H2O 

<0.0001 27.01 <0.0001 30.28   

1-(5'-Phosphoribosyl)-5-

formamido-4-
imidazolecarboxamide 

C04734 733.15 2M+H <0.0001 27.01 <0.0001 30.28   

1-Octadecanoyl-2-

(5Z,8Z,11Z,14Z-
eicosatetraenoyl)-sn-

glycero-3-

phosphoethanolamine 

C21480 768.55 M+H 0.0001 -10.81 0.0001 -10.81 <0.0001 -

14.37 

1-Octadecanoyl-2-
(7Z,10Z,13Z,16Z-

docosatetraenoyl)-sn-

glycero-3-
phosphoethanolamine 

C21481 796.60 M+H     0.0398 2.75 

N-Oleoyl dopamine C12272 835.70 2M+H 0.0222 -2.96 0.0364 -2.57   

4 alpha-

Methylzymosterol 

C05103 835.70 2M+K 0.0222 -2.96 0.0364 -2.57   

P4-SS = (S,S) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol; m/z = 

mass-to-charge ratio 
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Table 5.60. Effects of P4-SS 2.5 µM 48 hours post-treatment on differentiated SH-SY5Y 

human neuroblastoma cell line data was generated after KEGGREST analysis and 

FELLA enrichment of significant signals procured by MALDI-TOF MS imaging in 

positive mode 

Module identifiers P4-SS 

2.5μM 

P4-SS 

10μM 

P4-SS 

40μM 

KEGG ID KEGG name p score p score p score 

M00094 Ceramide biosynthesis <0.0001 <0.0001 <0.0001 

M00099 Sphingosine biosynthesis <0.0001 <0.0001 <0.0001 

M00842 Tetrahydrobiopterin biosynthesis, GTP => BH4 0.0216 0.0344 0.0062 

M00843 L-threo-Tetrahydrobiopterin biosynthesis, GTP => L-threo-BH4 <0.0001  <0.0001 

M00048 Inosine monophosphate biosynthesis, PRPP + glutamine => IMP 0.0001 0.0004  

M00101 Cholesterol biosynthesis, squalene 2,3-epoxide <0.0001 <0.0001  

M00102 Ergocalciferol biosynthesis, squalene 2,3-epoxide <0.0001 <0.0001  

P4-SS=(S,S) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

Table 5.61. Effects of P4-SS 48 hours post-treatment and insulin on metabolic compounds 

in differentiated SH-SY5Y human neuroblastoma cell line data was generated after 

KEGGREST of significant signals procured by MALDI-TOF MS imaging in positive 

mode 

Compound identifiers P4-SSI 2.5μM P4-SSI 10μM P4-SSI 40μM 

Compound name KEGG 

ID 

m/z adduct p-value t score p-value t score p-value t score 

1-Octadecanoyl-sn-

glycero-3-

phosphoethanolamine 

C21484 504.30 M+Na <0.0001 -14.08 <0.0001 -14.08 0.0118 -3.4 

Sphingosyl-
phosphocholine 

C03640 504.30 M+K <0.0001 -14.08 <0.0001 -14.08 0.0118 -3.48 

Cholesterol C18043 505.25 M+K   0.0397 2.36   

Tetrahydrobiopterin C00272 505.25 2M+Na   0.0397 2.36   

L-threo-
Tetrahydrobiopterin 

C20264 505.25 2M+Na   0.0397 2.36   

Vitamin K1 epoxide C05849 505.30 M+K 0.0287 3.04     

Iodine C01382 508.60 2M+H <0.0001 14.37     

Sphingosine C00319 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.10 

3-Dehydrosphinganine C02934 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.10 

Palmitoylethanolamide C16512 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.10 

Sphingosine C00319 599.60 2M+H <0.0001 13.70 0.0008 7.29 0.0084 4.20 

3-Dehydrosphinganine C02934 599.60 2M+H <0.0001 13.70 0.0008 7.29 0.0084 4.20 

Palmitoylethanolamide C16512 599.60 2M+H <0.0001 13.70 0.0008 7.29 0.0084 4.20 

Porphyrin C05113 659.20 2M+K 0.0074 -4.351 0.0074 -4.35 0.0236 -2.69 

UDP-N-
acetylmuramoyl-L-

alanine 

C01212 733.15 M+H-
H2O 

<0.0001 23.32 0.0011 6.78 0.0046 4.86 

1-(5'-Phosphoribosyl)-5-
formamido-4-

imidazolecarboxamide 

C04734 733.15 2M+H <0.0001 23.32 0.0011 6.78 0.0046 4.86 
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Compound identifiers P4-SSI 2.5μM P4-SSI 10μM P4-SSI 40μM 

Compound name KEGG 

ID 

m/z adduct p-value t score p-value t score p-value t score 

2,5-Diamino-6-(5-

phospho-D-

ribitylamino)pyrimidin-
4(3H)-one 

C18910 733.15 2M+Na <0.0001 23.32 0.0011 6.78 0.0046 4.86 

(R)-S-Lactoylglutathione C03451 759.20 2M+H 0.0269 3.09     

1-Octadecanoyl-2-

(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-sn-
glycero-3-

phosphoethanolamine 

C21480 768.55 M+H 0.0001 -10.81 0.0001 -10.81 <0.0001 -14.37 

N-Oleoyl dopamine  C12272 835.70 2M+H <0.0001 -12.96 <0.0001 -12.96 <0.0001 -16.77 

4-alpha-

Methylzymosterol 

C05103 835.70 2M+K <0.0001 -12.96 <0.0001 -12.96 <0.0001 -16.77 

P4-SS = (S,S) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol + 

insulin; m/z = mass-to-charge ratio 

 

Table 5.62. Effects of P4-SS 48 hours post-treatment and insulin on differentiated SH-

SY5Y human neuroblastoma cell line data was generated after KEGGREST analysis and 

FELLA enrichment of significant signals procured by MALDI-TOF MS imaging in 

positive mode 

Module identifiers P4-SSI 

2.5μM 

P4-SSI 

10μM 

P4-SSI 

40μM 

KEGG ID KEGG name p score p score p score 

M00048 Inosine monophosphate biosynthesis, PRPP + glutamine => IMP 0.0003 0.0001 <0.0001 

M00094 Ceramide biosynthesis <0.0001 <0.0001 <0.0001 

M00099 Sphingosine biosynthesis <0.0001 <0.0001 <0.0001 

M00101 Cholesterol biosynthesis, squalene 2,3-epoxide <0.0001 <0.0001 <0.0001 

M00102 Ergocalciferol biosynthesis, squalene 2,3-epoxide <0.0001 <0.0001 <0.0001 

M00842 Tetrahydrobiopterin biosynthesis, GTP => BH4  0.0243  

M00843 L-threo-Tetrahydrobiopterin biosynthesis, GTP => L-threo-BH4  <0.0001  

M00043 Thyroid hormone biosynthesis, tyrosine => triiodothyronine/thyroxine <0.0001   

P4-SS=(S,S) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol + 

insulin 

 

5.5.4. MALDI-TOF MS total lipidome analysis of the cells treated with MIG 

 

Treatment of cells with 2.5 µM MIG caused changes in sphingosine and ceramide 

biosynthesis as well as downregulated the cholesterol metabolism. Treatment caused the 

upregulation of tetrahydrofolate biosynthesis. Treatment of the cells with 10 µM MIG 

downregulated ceramide and sphingosine biosynthesis. Simultaneously, 

tetrahydrobiopterin metabolism was upregulated. The same effect was observed with the 
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highest inhibitor concentration, but no significant effect on cholesterol metabolism was 

observed (Table 5.63., 5.64.).  

The addition of insulin to the 2.5 µM MIG treatment caused significant changes 

in sphingosine and ceramide biosynthesis. An accumulation of iodine compounds was 

also observed, which affected its metabolic pathway. Cholesterol biosynthesis decreased 

at least 12-foldcompared to the control group. When 10 µM MIG and insulin were 

administered, there was a significant sixfold decrease in the sphingolipid pathway 

metabolite – sphingosyl phosphocholine. The decrease in cholesterol biosynthesis was 

similar to that observed at the previous concentration, in addition to affecting 

ergocalciferol biosynthesis. At 40 µM MIG treatment, sphingosyl phosphocholine level 

decreased 15-fold compared to the control group. The other ceramide and sphingosine 

biosynthetic pathways were also affected. There was a further decrease in cholesterol 

biosynthesis and upregulation of iodine compound accumulation were observed. No 

effect was observed for ergocalciferol at this concentration (Table 5.65., 5.66.).  

 

Table 5.62. Effects of MIG 48 hours post-treatment on metabolic compounds in 

differentiated SH-SY5Y human neuroblastoma cell line data was generated after 

KEGGREST of significant signals procured by MALDI-TOF MS imaging in positive 

mode 

Compound identifiers MIG 2.5μM MIG 10μM MIG 40μM 

Compound name KEGG 

ID 

m/z adduct p-value t score p-value t score p-value t score 

1-Octadecanoyl-sn-

glycero-3-

phosphoethanolamine 

C21484 504.30 M+Na 0.0190 -2.92   0.0452 -2.35 

Sphingosyl-
phosphocholine 

C03640 504.30 M+K 0.0190 -2.92   0.0452 -2.35 

Cholesterol C18043 505.25 M+K 0.0011 4.61 0.0316 2.80 0.0073 3.35 

Tetrahydrobiopterin C00272 505.25 2M+Na 0.0011 4.61 0.0316 2.80 0.0073 3.35 

L-threo-

Tetrahydrobiopterin 

C20264 505.25 2M+Na 0.0011 4.61 0.0316 2.80 0.0073 3.35 

Nicotinamide-beta-
riboside 

C03150 511.20 2M+H 0.0315 2.95     

7,8-Dihydroneopterin C04874 511.20 2M+H 0.0315 2.95     

7,8-Dihydromonapterin C21008 511.20 2M+H 0.0315 2.95     

Biotin C00120 511.20 2M+Na 0.0315 2.95     

Sphingosine C00319 599.55 2M+H <0.0001 -13.39 <0.0001 -9.91 0.0001 -6.79 

3-Dehydrosphinganine C02934 599.55 2M+H <0.0001 -13.39 <0.0001 -9.91 0.0001 -6.79 

Palmitoylethanolamide C16512 599.55 2M+H <0.0001 -13.39 <0.0001 -9.91 0.0001 -6.79 

Sphingosine C00319 599.60 2M+H 0.0004 8.34     

3-Dehydrosphinganine C02934 599.60 2M+H 0.0004 8.34     

Palmitoylethanolamide C16512 599.60 2M+H 0.0004 8.34     
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Compound identifiers MIG 2.5μM MIG 10μM MIG 40μM 

Compound name KEGG 

ID 

m/z adduct p-value t score p-value t score p-value t score 

3',5'-Cyclic AMP C00575 659.15 2M+H     0.0103 4.00 

2',3'-Cyclic AMP C02353 659.15 2M+H     0.0103 4.00 

Porphyrin C05113 659.20 2M+K 0.0074 -4.35   0.0074 -4.35 

Nicotinamide C00455 707.10 2M+K     0.0251 3.16 

UDP-N-

acetylmuramoyl-L-
alanine 

C01212 733.15 M+H-

H2O 

<0.0001 31.61 0.0070 4.40 0.0251 3.15 

1-(5'-Phosphoribosyl)-5-

formamido-4-

imidazolecarboxamide 

C04734 733.15 2M+H <0.0001 31.61 0.0070 4.40 0.0251 3.15 

2,5-Diamino-6-(5-

phospho-D-

ribitylamino)pyrimidin-
4(3H)-one 

C18910 733.15 2M+Na <0.0001 31.61 0.0070 4.40 0.0251 3.15 

1-Octadecanoyl-2-

(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-sn-
glycero-3-

phosphoethanolamine 

C21480 768.55 M+H 0.0273 3.08 0.0001 -10.81 0.0001 -10.81 

1-Octadecanoyl-2-
(7Z,10Z,13Z,16Z-

docosatetraenoyl)-sn-

glycero-3-
phosphoethanolamine 

C21481 796.60 M+H   0.0409 2.73 0.0264 3.11 

N-Oleoyl dopamine C12272 835.70 2M+H 0.0026 -4.55     

4alpha-

Methylzymosterol 

C05103 835.70 2M+K 0.0026 -4.55     

MIG = miglustat; m/z = mass-to-charge ratio 

 

Table 5.63. Effects of MIG 48 hours post-treatment on differentiated SH-SY5Y human 

neuroblastoma cell line data was generated after KEGGREST analysis and FELLA 

enrichment of significant signals procured by MALDI-TOF MS imaging in positive mode 

Module identifiers MIG 

2.5μM 

MIG 

10μM 

MIG 

40μM 

KEGG ID KEGG name p score p score p score 

M00094 Ceramide biosynthesis <0.0001 <0.0001 <0.0001 

M00099 Sphingosine biosynthesis <0.0001 <0.0001 <0.0001 

M00101 Cholesterol biosynthesis, squalene 2,3-epoxide <0.0001   

M00102 Ergocalciferol biosynthesis, squalene 2,3-epoxide <0.0001   

M00126 Tetrahydrofolate biosynthesis, GTP => THF 0.0006   

M00843 L-threo-Tetrahydrobiopterin biosynthesis, GTP => L-threo-BH4 <0.0001 <0.0001 <0.0001 

M00048 Inosine monophosphate biosynthesis, PRPP + glutamine => IMP  <0.0001 0.0001 

M00842 Tetrahydrobiopterin biosynthesis, GTP => BH4  0.0038 0.0241 

MIG = miglustat 
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Table 5.64. Effects of MIG 48 hours post-treatment and insulin on metabolic compounds 

on differentiated SH-SY5Y human neuroblastoma cell line data was generated after 

KEGGREST of significant signals procured by MALDI-TOF MS imaging in positive 

mode 

Compound identifiers MIGI 2.5μM MIGI 10μM MIGI 40μM 

Compound name KEGG 

ID 

m/z adduct p-value t score p-value t score p-value t score 

1-Octadecanoyl-sn-

glycero-3-

phosphoethanolamine 

C21484 504.30 M+Na <0.0001 -14.08 0.0002 -6.15 <0.0001 -15.84 

Sphingosyl-
phosphocholine 

C03640 504.30 M+K <0.0001 -14.08 0.0002 -6.15 <0.0001 -15.84 

Cholesterol C18043 505.25 M+K <0.0001 7.64 <0.0001 10.76   

Tetrahydrobiopterin C00272 505.25 2M+Na <0.0001 7.64 <0.0001 10.76   

L-threo-

Tetrahydrobiopterin 

C20264 505.25 2M+Na <0.0001 7.64 <0.0001 10.76   

Iodine C01382 508.60 2M+H 0.0310 2.97   <0.0001 27.68 

5-(3'-Carboxy-3'-

oxopropenyl)-4,6-
dihydroxypicolinate 

C05641 545.00 2M+K     0.0378 -2.68 

Sphingosine C00319 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.39 

3-Dehydrosphinganine C02934 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.39 

Palmitoylethanolamide C16512 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.39 

Sphingosine C00319 599.60 2M+H <0.0001 21.73 0.0001 10.91 <0.0001 23.91 

3-Dehydrosphinganine C02934 599.60 2M+H <0.0001 21.73 0.0001 10.91 <0.0001 23.91 

Palmitoylethanolamide C16512 599.60 2M+H <0.0001 21.73 0.0001 10.91 <0.0001 23.91 

Porphyrin C05113 659.20 2M+K 0.0074 -4.35 0.0133 -3.27 0.0061 -4.56 

4-(4-Deoxy-alpha-D-

gluc-4-enuronosyl)-D-

galacturonate 

C06118 705.10 2M+H 0.0047 4.84   0.0130 -3.12 

UDP-N-
acetylmuramoyl-L-

alanine 

C01212 733.15 M+H-
H2O 

0.0047 4.85 <0.0001 33.16 <0.0001 19.92 

1-(5'-Phosphoribosyl)-5-
formamido-4-

imidazolecarboxamide 

C04734 733.15 2M+H 0.0047 4.85 <0.0001 33.16 <0.0001 19.92 

(R)-S-Lactoylglutathione C03451 759.20 2M+H 0.0049 4.79     

1-Octadecanoyl-2-

(5Z,8Z,11Z,14Z-
eicosatetraenoyl)-sn-

glycero-3-

phosphoethanolamine 

C21480 768.55 M+H 0.0001 -10.81 0.0001 -10.81 <0.0001 -14.37 

N-Oleoyl dopamine C12272 835.70 2M+H <0.0001 -12.96 <0.0001 -12.96 <0.0001 -16.77 

4alpha-
Methylzymosterol 

C05103 835.70 2M+K <0.0001 -12.96 <0.0001 -12.96 <0.0001 -16.77 

MIGI = miglustat + insulin; m/z = mass-to-charge ratio 
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Table 5.65. Effects of MIG 48 hours post-treatment and insulin on differentiated SH-

SY5Y human neuroblastoma cell line data was generated after KEGGREST analysis and 

FELLA enrichment of significant signals procured by MALDI-TOF MS imaging in 

positive mode 

Module identifiers MIGI 
2.5μM 

MIGI 
10μM 

MIGI 
40μM 

KEGG ID KEGG name p score p score p score 

M00048 Inosine monophosphate biosynthesis, PRPP + glutamine => IMP 0.0023 0.0008 0.0003 

M00094 Ceramide biosynthesis <0.0001 <0.0001 <0.0001 

M00099 Sphingosine biosynthesis <0.0001 <0.0001 <0.0001 

M00101 Cholesterol biosynthesis, squalene 2,3-epoxide 0.0001 <0.0001 <0.0001 

M00102 Ergocalciferol biosynthesis, squalene 2,3-epoxide <0.0001 <0.0001 <0.0001 

M00843 L-threo-Tetrahydrobiopterin biosynthesis, GTP => L-threo-BH4 <0.0001 <0.0001  

M00043 Thyroid hormone biosynthesis, tyrosine => triiodothyronine/thyroxine <0.0001  <0.0001 

M00842 Tetrahydrobiopterin biosynthesis, GTP => BH4  0.0446  

MIGI = miglustat + insulin 

 

5.5.5. MALDI-TOF MS total lipidome analysis of the cells treated with CBE 

 

Treatment of the cells with 2.5 µM CBE caused a decrease in sphingolipid and 

ceramide biosynthesis for all the compounds listed and involved in this biosynthesis. A 

decrease in CMP-N-glycolylneuraminate level was observed. At 10 µM, further decrease 

in cholesterol biosynthesis, sphingolipid and ceramide biosynthesis were observed, but 

no changes in CMP-N-glycolylneuraminate level was detected. Treatment of the cells 

with 40 µM CBE affected ceramide and sphingosine biosynthesis and downregulated 

cholesterol biosynthesis, similar to previous concentrations (Table 5.66., 5.67.).  

Treatment of the cells with 2.5 µM CBE and insulin downregulated the synthesis 

of sphingosine, ceramide, and cholesterol. Folate biosynthesis and biopterin biosynthesis 

was upregulated as well as the nicotinamide metabolism (Table 5.68., 5.69.). .). The 

treatment with 10 µM CBE and insulin affected the same pathways as the treatment with 

the lower concentration. At the highest CBE concentration, a threefold increase in N-

Acetylneuraminate accumulation was observed compared to the control group, in 

addition to effects on cholesterol, sphingolipid and ceramide biosynthesis. Accumulation 

of iodine metabolites also occurred, which affected its metabolism (Table 5.68., 5.69.).  
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Table 5.66. Effects of CBE 48 hours post-treatment on metabolic compounds in 

differentiated SH-SY5Y human neuroblastoma cell line data was generated after 

KEGGREST of significant signals procured by MALDI-TOF MS imaging in positive 

mode 

Compound identifiers CBE 2.5μM CBE 10μM CBE 40μM 

Compound name KEGG 
ID 

m/z adduct p-value t score p-value t score p-value t score 

1-Octadecanoyl-sn-

glycero-3-
phosphoethanolamine 

C21484 504.30 M+Na 0.0461 -2.37 0.0061 -3.77   

Sphingosyl-

phosphocholine 

C03640 504.30 M+K 0.0461 -2.37 0.0061 -3.77   

Sphingosine C00319 599.55 2M+H <0.0001 -9.26 <0.0001 -12.35 <0.0001 -13.07 

3-Dehydrosphinganine C02934 599.55 2M+H <0.0001 -9.26 <0.0001 -12.35 <0.0001 -13.07 

Palmitoylethanolamide C16512 599.55 2M+H <0.0001 -9.26 <0.0001 -12.35 <0.0001 -13.07 

Sphingosine C00319 599.60 2M+H   0.0152 3.62 0.0068 4.43 

3-Dehydrosphinganine C02934 599.60 2M+H   0.0152 3.62 0.0068 4.43 

Palmitoylethanolamide C16512 599.60 2M+H   0.0152 3.62 0.0068 4.43 

CMP-N-
glycoloylneuraminate 

C03691 631.15 M+H 0.0437 -2.46     

N-

Acetylaspartylglutamate 

C12270 631.15 2M+Na 0.0437 -2.46     

Dehypoxanthine 
futalosine 

C17010 631.15 2M+K 0.0437 -2.46     

Desulfoglucotropeolin C01069 659.20 2M+H 0.0106 -3.35     

Porphyrin C05113 659.20 2M+K 0.0106 -3.35 0.0074 -4.35 0.0190 -2.82 

UDP-N-
acetylmuramoyl-L-

alanine 

C01212 733.15 M+H-
H2O 

    0.0052 4.73 

1-(5'-Phosphoribosyl)-5-
formamido-4-

imidazolecarboxamide 

C04734 733.15 2M+H     0.0052 4.73 

1-Octadecanoyl-2-
(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-sn-

glycero-3-
phosphoethanolamin 

C21480 768.55 M+H 0.0006 7.54 0.0001 -10.81 0.0001 -10.81 

N-Oleoyl dopamine C12272 835.70 2M+H   0.0001 -6.87 <0.0001 -12.96 

4alpha-

Methylzymosterol 

C05103 835.70 2M+K   0.0001 -6.87 <0.0001 -12.96 

CBE = conduritol B epoxide; m/z = mass-to-charge ratio 
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Table 5.67. Effects of CBE 2.5 µM 48 hours post-treatment on differentiated SH-SY5Y 

human neuroblastoma cell line data was generated after KEGGREST analysis and 

FELLA enrichment of significant signals procured by MALDI-TOF MS imaging in 

positive mode 

Module identifiers CBE 
2.5μM 

CBE 
10μM 

CBE 
40μM 

KEGG ID KEGG name p score p score p score 

M00094 Ceramide biosynthesis <0.0001 <0.0001 <0.0001 

M00099 Sphingosine biosynthesis <0.0001 <0.0001 <0.0001 

M00101 Cholesterol biosynthesis, squalene 2,3-epoxide  <0.0001 <0.0001 

M00102 Ergocalciferol biosynthesis, squalene 2,3-epoxide  <0.0001 <0.0001 

M00048 Inosine monophosphate biosynthesis, PRPP + glutamine => IMP   <0.0001 

CBE = conduritol B epoxide 

 

Table 5.68. Effects of CBE 48 hours post-treatment and insulin on metabolic compounds 

in differentiated SH-SY5Y human neuroblastoma cell line data was generated after 

KEGGREST of significant signals procured by MALDI-TOF MS imaging in positive 

mode 

Compound identifiers CBEI 2.5μM CBEI 10μM CBEI 40μM 

Compound name KEGG 

ID 

m/z adduct p-value t score p-value t score p-value t score 

1-Octadecanoyl-sn-

glycero-3-

phosphoethanolamine 

C21484 504.30 M+Na <0.0001 -7.78 0.03071 2.98 <0.0001 -14.08 

Sphingosyl-

phosphocholine 

C03640 504.30 M+K <0.0001 -7.78 0.03071 2.98 <0.0001 -14.08 

Cholesterol C18043 505.25 M+K 0.0017 4.56 0.00201 -5.37   

Tetrahydrobiopterin C00272 505.25 2M+Na 0.0017 4.56 0.00201 -5.37   

L-threo-
Tetrahydrobiopterin 

C20264 505.25 2M+Na 0.0017 4.56 0.00201 -5.37   

Iodine C01382 508.60 2M+H     0.0001 10.83 

5-(3'-Carboxy-3'-

oxopropenyl)-4,6-

dihydroxypicolinate 

C05641 545.00 2M+K     0.0256 -3.14 

5-(3'-Carboxy-3'-
oxopropenyl)-4,6-

dihydroxypicolinate 

C05641 545.05 2M+K     0.0104 3.99 

Nicotinamide-beta-
riboside 

C03150 511.25 2M+H 0.0276 3.07     

Sphingosine C00319 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.39 

3-Dehydrosphinganine C02934 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.39 

Palmitoylethanolamide C16512 599.55 2M+H <0.0001 -13.39 <0.0001 -13.39 <0.0001 -13.39 

Sphingosine C00319 599.60 2M+H 0.0005 7.83 0.0210 3.32 0.0001 10.81 

3-Dehydrosphinganine C02934 599.60 2M+H 0.0005 7.83 0.0210 3.32 0.0001 10.81 

Palmitoylethanolamide C16512 599.60 2M+H 0.0005 7.83 0.0210 3.32 0.0001 10.81 

N-Acetylneuraminate C00270 657.15 2M+K     0.0257 3.13 
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Compound identifiers CBEI 2.5μM CBEI 10μM CBEI 40μM 

Compound name KEGG 

ID 

m/z adduct p-value t score p-value t score p-value t score 

Porphyrin C05113 659.20 2M+K 0.0074 -4.35 0.0165 -3.04 0.0074 -4.35 

4-(4-Deoxy-alpha-D-
gluc-4-enuronosyl)-D-

galacturonate 

C06118 705.15 2M+H   0.0352 2.86 0.0054 4.68 

4-Methylthiobutyl-
desulfoglucosinolate 

C17248 705.15 2M+Na   0.0352 2.86 0.0054 4.68 

UDP-N-

acetylmuramoyl-L-

alanine 

C01212 733.15 M+H-

H2O 

0.0049 4.80 0.0056 4.63 0.0315 2.96 

1-(5'-Phosphoribosyl)-5-

formamido-4-

imidazolecarboxamide 

C04734 733.15 2M+H 0.0049 4.80 0.0056 4.63 0.0315 2.96 

(R)-S-Lactoylglutathione C03451 759.20 2M+H 0.0054 4.68   0.0044 4.92 

1-Octadecanoyl-2-
(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-sn-

glycero-3-

phosphoethanolamine 

C21480 768.55 M+H 0.0001 -10.81 0.0001 -10.81 0.0001 -10.81 

N-Oleoyl dopamine C12272 835.70 2M+H <0.0001 -12.96 <0.0001 -12.96 <0.0001 -12.96 

4-alpha-

Methylzymosterol 

C05103 835.70 2M+K <0.0001 -12.96 <0.0001 -12.96 <0.0001 -12.96 

CBEI = conduritol B epoxide + insulin; m/z = mass-to-charge ratio 

 

Table 5.69. Effects of CBE 48 hours post-treatment and insulin on differentiated SH-

SY5Y human neuroblastoma cell line data was generated after KEGGREST analysis and 

FELLA enrichment of significant signals procured by MALDI-TOF MS imaging in 

positive mode 

Module identifiers CBEI 
2.5μM 

CBEI 
10μM 

CBEI 
40μM 

KEGG ID KEGG name p score p score p score 

M00048 Inosine monophosphate biosynthesis, PRPP + glutamine => IMP 0.0009 <0.0001 0.0014 

M00094 Ceramide biosynthesis <0.0001 <0.0001 <0.0001 

M00099 Sphingosine biosynthesis <0.0001 <0.0001 <0.0001 

M00101 Cholesterol biosynthesis, squalene 2,3-epoxide <0.0001 <0.0001 <0.0001 

M00102 Ergocalciferol biosynthesis, squalene 2,3-epoxide <0.0001 <0.0001 <0.0001 

M00126 Tetrahydrofolate biosynthesis, GTP => THF 0.0004 0.0242  

M00840 Tetrahydrofolate biosynthesis, mediated by ribA and trpF, GTP => THF 0.0059   

M00842 Tetrahydrobiopterin biosynthesis, GTP => BH4 0.0468 <0.0001  

M00843 L-threo-Tetrahydrobiopterin biosynthesis, GTP => L-threo-BH4 <0.0001   

M00043 Thyroid hormone biosynthesis, tyrosine => triiodothyronine/thyroxine   <0.0001 

CBEI = conduritol B epoxide + insulin 

  



 

111 
 

5.6. Western blot protein analysis  

 

5.6.1. Western blot analysis for P4-RR inhibitor 

 

Treatment of the cells with P4-RR inhibitor caused changes in AKT, IGF1-Rβ, 

Np 65, βAPP, αSyn and pTAU protein levels. Insulin affected the levels of all epitopes 

tested, but the interaction of insulin treatment with inhibitor treatment was only observed 

for AKT, IRα, Np 65, GSK3β and αSyn (Table 5.70., Figure 5.5., Figure 5.6.).  

Post hoc analysis Akt data showed a significant decrease in Akt levels when cells 

were treated with insulin alone. The same effect was observed with the highest and the 

lowest inhibitor concentrations and insulin treatment compared to the untreated control 

(Table 5.70, Table 5.71.).  

pAkt levels increase with insulin treatment, but no significant difference was 

found between treatments (Table 5.70, Table 5.72.). 

Post hoc analysis of IRα expression showed that insulin administration increases 

the receptor levels, which was observed in the groups treated with medium inhibitor 

concentration. The same was noticed when cells were treated with medium and low 

concentrations of inhibitor and insulin compared to the insulin-treated control group 

(Table 5.70, Table 5.73.).  

Post hoc analysis of IGF1-Rβ showed a significant decrease in epitope levels 

when cells were treated with any concentration of inhibitor in addition to insulin, as well 

as in the control group. Significant increase in IGF1-Rβ level was noticed when cells were 

treated with the lowest concentration of inhibitor and no insulin compared to the control 

(Table 5.70., Table 5.74.).  

P4-RR had a range of effects on the Np 65 levels. Treatment of the cells with the 

middle and lowest concentrations of the inhibitor caused a significant increase in Np 65 

concentrations. The addition of insulin significantly reduced Np 65 levels in the control 

group, but treatment caused a dose-dependent increase in the same way as in the groups 

without insulin, with levels peaking at the lowest inhibitor concentration (Table 5.70., 

Table 5.75.).  

Post hoc test of GSK3β levels showed that insulin significantly reduced GSK3β 

levels in the control group and in the high and medium inhibitor concentrations compared 
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to the non-insulin treated control group. The same effect was observed in the groups 

treated with the highest inhibitor concentration, but the opposite effect was observed at 

the lowest inhibitor concentration (Table 5.70., Table 5.76.).  

Post hoc analysis of pGSK3β levels showed no specific significance between the 

groups. Post hoc analysis for βAPP showed that levels were significantly reduced by 

insulin treatment compared to the control group (Table 5.70., Table 5.77.).   

αSyn levels are significantly increased with the highest and lowest concentrations 

of inhibitor compared to the control. Combined treatment with insulin significantly 

increased the αSyn levels in the control and all treatments compared to the untreated 

control group. The same effect was observed in the medium and lowest concentration of 

inhibitor compared to the insulin treated group (Table 5.70., Table 5.78.).    

Insulin upregulated on the pTAU epitope in the control group and in all treated 

groups compared to the untreated control (Table 5.70., Table 5.79.). 
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Figure 5.5 Western blots of differentiated SH-SY5Y human neuroblastoma cells treated 

with P4-RR a GlcCer synthesis inhibitor for 48 hours;  w/o insulin = without insulin; w 

insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol; Akt = protein kinase B; pAkt = protein kinase b phosphorylated 

at tyrosine 473; IRα = insulin receptor alpha subunit; IGF1-Rβ = beta subunit of receptor 

for insulin like growth factor; NP65 = neuroplastin 65; GSK3β = glycogen synthase 

kinase beta; GSK3α = glycogen synthase kinase alpha; pGSK3β = glycogen synthase 

kinase beta phosphorylated at tyrosine 216; βAPP = beta amyloid precursor protein; αSyn 

= alpha synuclein; pTAU = tau protein phosphorylated at Ser202 and Thr 205. 
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Figure 5.6. Matrix plot made from Western blots of differentiated SH-SY5Y human 

neuroblastoma cells treated with P4-RR a GlcCer synthesis inhibitor for 48 hours; data 

are presented as percentage of intensity calculated against the control group; + I = with 

insulin; P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-

propanol; Akt = protein kinase B; pAkt = protein kinase b phosphorylated at tyrosine 473; 

IRα = insulin receptor alpha subunit; IGF1-Rβ = beta subunit of receptor for insulin like 

growth factor; NP65 = neuroplastin 65; GSK3β = glycogen synthase kinase beta; GSK3α 

= glycogen synthase kinase alpha; pGSK3β = glycogen synthase kinase beta 

phosphorylated at tyrosine 216; βAPP = beta amyloid precursor protein; αSyn = alpha 

synuclein; pTAU = tau protein phosphorylated at Ser202 and Thr 205.



 

 
 

1
1
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Table 5.70. Protein signal intensity calculated as a percentage against the control group from Western blot for differentiated SH-SY5Y human 

neuroblastoma cells treated 48 hours with P4-RR, a GlcCer synthesis inhibitor.  

 

Epitope 

w/o insulin w insulin Two-way ANOVA 

Control P4-RR 

2.5 µM 

P4-RR 

10 µM 

P4-RR 

40 µM 

Control P4-RR 

2.5 µM 

P4-RR 

10 µM 

P4-RR 40 

µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin RR Insulin × 

RR 

Insulin RR Insulin × 

RR 

AKT 100.00; 

7.25 

73.61; 

3.30 

78.60; 

3.44  

68.46; 

4.03 

66.18; 

10.91 

54.14; 

4.67 

90.78; 

10.89 

64.52; 

6.88 

5.09 

(1,24) 

4.74 

(3,24) 

3.94 

(3,24) 

0.0333 0.0097 0.0201 

pAKT 100.00; 

17.56 

201.27; 

40.76 

151.06; 

52.27 

185.42; 

47.15 

332.94; 

23.76 

371.80; 

15.92 

331.04; 

29.57 

437.76; 

43.18 

66.63 

(1,24) 

2.82 

(3,24) 

0.60 

(3,24) 

<0.0001 0.0599 0.6168 

IRα 100.00; 

7.52 

87.29; 

5.92 

71.28; 

15.13 

102.20; 

6.78 

71.54; 

5.16 

120.85; 

10.33 

124.68; 

11.05 

113.15; 

12.22 

6.21 

(1,24) 

1.89 

(3,24) 

6.43 

(3,24) 

0.0199 0.1575 0.0023 

IGF1-Rβ 100.00; 

2.32 

125.30; 

6.62 

105.3; 

6.13 

103.50; 

3.68 

58.67; 

4.49 

76.32; 

3.54 

66.08; 

2.43 

65.97; 

2.70 

188.95 

(1,24) 

7.86 

(3,24) 

0.71 

(3,24) 

<0.0001 0.0007 0.5518 

Np65 100.00; 

2.26 

192.70; 

1.79 

116.4; 

2.61 

109.90; 

1.96 

84.75; 

2.84 

130.30; 

3.76 

106.60; 

1.88 

97.67; 

3.29 

179.52 

(1,24) 

268.38 

(3,24) 

45.34 

(3,24) 

<0.0001 <0.0001 <0.0001 

GSK3β 100.00; 

0.98 

69.40; 

1.56 

80.04; 

1.74 

98.89; 

2.34 

62.60; 

5.22 

92.27; 

2.48 

72.60; 

3.52 

61.45; 

9.83 

22.876 

(1,24) 

0.53 

(3,24) 

21.58 

(3,24) 

0.0002 0.6643 <0.0001 

pGSK3β 100.00; 

14.97 

59.48; 

5.82 

85.69; 

14.19 

100.00; 

15.31 

122.90; 

8.87 

126.70; 

11.67 

94.82; 

20.46 

118.90; 

18.35 

8.39 

(1,24) 

1.14 

(3,24) 

1.60 

(3,24) 

0.0078 0.3493 0.2154 

βAPP 100.00; 

5.02 

84.34; 

7.38 

74.69; 

3.20 

71.75; 

0.83 

74.67; 

9.19 

60.40; 

7.05 

57.75; 

7.81 

57.52; 

6.11 

20.01 

(1,24) 

5.29 

(3,24) 

0.35 

(3,24) 

0.0031 0.0099 0.7846 

αSyn 100.00; 

7.83 

214.3; 

16.42 

154.10; 

17.27 

174.40; 

13.43 

254.30; 

22.53 

286.00; 

17.58 

226.00; 

9.00 

226.8; 

11.71 

66.51 

(1,24) 

8.84 

(3,24) 

4.48 

(3,24) 

<0.0001 0.0003 0.0123 

pTAU 100.00; 

14.01 

226.80; 

42.43 

214.30; 

59.98 

118.60; 

21.63 

338.60; 

62.26 

308.00; 

38.26 

301.80; 

70.05 

309.00; 

51.94 

28.05 

(1,24) 

0.91 

(3,24) 

1.89 

(3,24) 

<0.0001 0.4545 0.1706 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol; Akt = 

protein kinase B; pAkt = protein kinase b phosphorylated at tyrosine 473; IRα = insulin receptor alpha subunit; IGF1-Rβ = beta subunit of receptor 

for insulin like growth factor; NP65 = neuroplastin 65; GSK3β = glycogen synthase kinase beta; GSK3α = glycogen synthase kinase alpha; pGSK3β 

= glycogen synthase kinase beta phosphorliated at tyrosine 216; βAPP = beta amyloid precursor protein; αSyn = alpha synuclein; pTAU = tau 

protein phosphorylated at Ser202 and Thr 205. 
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Table 5.71. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against AKT epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group. Statistical significance was tested with two-way 

ANOVA. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin Control w insulin Control 0.0423 

w/o insulin Control w insulin P4-RR 40 µM 0.0293 

w/o insulin Control w insulin P4-RR 2.5 µM 0.0026 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.72. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against pAkt epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin Control w insulin Control 0.0028 

w/o insulin P4-RR 40 µM w insulin P4-RR 40 µM 0.0012 

w/o insulin P4-RR 10 µM w insulin P4-RR 10 µM 0.0320 

w/o insulin P4-RR 2.5 µM w insulin P4-RR 2.5 µM 0.0480 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

Table 5.73. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against IRα epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-RR a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group. Statistical significance was tested with two-way 

ANOVA. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin P4-RR 10 µM w insulin P4-RR 10 µM 0.0151 

w insulin Control w insulin P4-RR 10 µM 0.0158 

w insulin Control w insulin P4-RR 2.5 µM 0.0296 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 
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Table 5.74. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against IGF1-Rβ epitope on differentiated SH-SY5Y human neuroblastoma cells treated 

48 hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

Expression of IGF1-Rβ 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin Control w/o insulin P4-RR 2.5 µM 0.0328 

w/o insulin Control w insulin Control 0.0001 

w/o insulin P4-RR 40 µM w insulin P4-RR 40 µM 0.0002 

w/o insulin P4-RR 10 µM w insulin P4-RR 10 µM 0.0001 

w/o insulin P4-RR 2.5 µM w insulin P4-RR 2.5 µM 0.0001 

w/o insulin = without insulin; w insulin=with insulin; P4-RR = (R, R) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.75. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against NP65 epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group. Statistical significance was tested with two-way 

ANOVA. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin Control w/o insulin P4-RR 10 µM 0.0039 

w/o insulin Control w/o insulin P4-RR 2.5 µM 0.0001 

w/o insulin P4-RR 40 µM w/o insulin P4-RR 2.5 µM 0.0001 

w/o insulin P4-RR 10 µM w/o insulin P4-RR 2.5 µM 0.0001 

w/o insulin Control w insulin Control 0.0084 

w/o insulin Control w insulin P4-RR 2.5 µM 0.0001 

w/o insulin P4-RR 40 µM w insulin Control 0.0001 

w/o insulin P4-RR 40 µM w insulin P4-RR 2.5 µM 0.0004 

w/o insulin P4-RR 10 µM w insulin Control 0.0001 

w/o insulin P4-RR 10 µM w insulin P4-RR 40 µM 0.0009 

w/o insulin P4-RR 10 µM w insulin P4-RR 2.5 µM 0.0203 

w/o insulin P4-RR 2.5 µM w insulin Control 0.0001 

w/o insulin P4-RR 2.5 µM w insulin P4-RR 40 µM 0.0001 

w/o insulin P4-RR 2.5 µM w insulin P4-RR 10 µM 0.0001 

w/o insulin P4-RR 2.5 µM w insulin P4-RR 2.5 µM 0.0001 

w insulin Control w insulin P4-RR 40 µM 0.0355 

w insulin Control w insulin P4-RR 10 µM 0.0002 

w insulin Control w insulin P4-RR 2.5 µM 0.0001 

w insulin P4-RR 40 µM w insulin P4-RR 2.5 µM 0.0001 

w insulin P4-RR 10 µM w insulin P4-RR 2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol 
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Table 5.76. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against GSK3β epitope on differentiated SH-SY5Y human neuroblastoma cells treated 

48 hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 - RR 

w/o insulin Control w insulin Control 0.0005 

w/o insulin Control w insulin P4-RR 40 µM 0.0004 

w/o insulin Control w insulin P4-RR 10 µM 0.0080 

w/o insulin P4-RR 40 µM w insulin P4-RR 40 µM 0.0005 

w/o insulin P4-RR 2.5 µM w insulin P4-RR 2.5 µM 0.0329 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.77. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against βAPP epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.      

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 – RR 

w/o insulin Control w insulin P4-RR 40 µM 0.0044 

w/o insulin Control w insulin P4-RR 10 µM 0.0046 

w/o insulin Control w insulin P4-RR 2.5 µM 0.0082 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.78. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against αSyn epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 – RR 

Insulin treatment The concentration 

of P4 – RR 

w/o insulin Control w/o insulin P4-RR 40 µM 0.0356 

w/o insulin Control w/o insulin P4-RR 2.5 µM 0.0005 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin P4-RR 40 µM 0.0002 

w/o insulin Control w insulin P4-RR 10 µM 0.0002 

w/o insulin Control w insulin P4-RR 2.5 µM 0.0001 

w/o insulin P4-RR 40 µM w insulin Control 0.0201 

w/o insulin P4-RR 40 µM w insulin P4-RR 2.5 µM 0.0006 
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The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 – RR 

Insulin treatment The concentration 

of P4 – RR 

w/o insulin P4-RR 10 µM w insulin Control 0.0022 

w/o insulin P4-RR 10 µM w insulin P4-RR 40 µM 0.0428 

w/o insulin P4-RR 10 µM w insulin P4-RR 10 µM 0.0466 

w/o insulin P4-RR 10 µM w insulin P4-RR 2.5 µM 0.0001 

w/o insulin P4-RR 2.5 µM w insulin P4-RR 2.5 µM 0.0473 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-2-

hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.79. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against pTAU epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-RR, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.    

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - RR 

Insulin treatment The concentration 

of P4 – RR 

w/o insulin Control w insulin Control 0.0115 

w/o insulin Control w insulin P4-RR 40 µM 0.0316 

w/o insulin Control w insulin P4-RR 10 µM 0.0403 

w/o insulin Control w insulin P4-RR 2.5 µM 0.0327 

w/o insulin = without insulin; w insulin = with insulin; P4-RR = (R, R) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol 

 

5.6.2. Western blot analysis for P4-SS inhibitor  

 

Treatment of the cells with P4-SS inhibitor caused significant changes in levels 

of pAKT, IRα, IGF1-Rβ, Np 65, βAPP and αSyn. Insulin treatment affected levels of 

almost all molecules tested except AKT, IRα and βAPP. The interaction between the 

inhibitor treatments and insulin was observed for all molecules except pAkt (Table 5.80., 

Figure 5.7., Figure 5.8.). 

Post hoc analysis showed only one significant effect of insulin in cells treated with 

medium concentration of inhibitor, where application of insulin increased IRα levels 

(Table 5.80., Table 5.81.) 

pAKT levels were significantly increased in all three concentrations of inhibitor 

and insulin treated groups compared to untreated controls. Also when the control was 

treated with insulin, there was a significant threefold increase in pAKT level. Only one 

significant effect of inhibitor treatment was observed at the 10μM concentration, which 

increased pAkt levels compared to the control group (Table 5.80. Table 5.82.).  
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Post hoc analysis of pAkt levels showed no specific significance between the 

groups.  

Post hoc analysis of IRα levels showed a difference between the control group 

and the groups treated with the highest or lowest concentrations of inhibitor only in the 

insulin treated groups, where there was an increase in IRα levels (Table 5.80. Table 5.83.).   

Treatment of the cells with P4-SS reduced IGF1-Rβ levels, which was most 

pronounced at medium and low inhibitor concentrations compared to the control group. 

There was also a significant difference between the high and low concentration groups, 

with the latter group having less IGF1-Rβ. Although application of insulin significantly 

increased the receptor level in the inhibitor treated cells compared to the insulin-treated 

control group, it was still lower than in the untreated control group. The same pattern was 

observed in the high concentration inhibitor-treated group, where IGF1-Rβ levels were 

significantly higher than in the all insulin-treated groups (Table 5.80. Table 5.84.).    

Treatment with high and medium concentrations of P4-SS caused a significant 

increase in Np 65 levels, while low concentration caused a significant decrease compared 

to the control group. There was a noticeable difference between treatments, with the 

medium concentration causing a threefold increase in Np65 level compared to the low 

concentration. Inhibitor treatments at all concentrations in combinations with insulin 

increased Np65 levels in contrast to samples treated with insulin alone. The decrease in 

Np65 levels was significant in all insulin-treated groups and only for the medium 

concentration of inhibitor (Table 5.80. Table 5.85.).     

The use of insulin caused a significant reduction in GSK3β levels in the control 

groups. An opposite effect was observed between the insulin-treated and untreated 

groups, where application of insulin significantly increased GSK3β levels. The same 

observation was made when the insulin-treated control groups were compared with the 

groups treated with both insulin and inhibitor (Table 5.80. Table 5.86.).      

Post hoc analysis of the pGSK3β data showed a significant increase in pGSK3β 

levels only in cells treated with insulin and high or low concentrations of inhibitor (Table 

5.80. Table 5.87.).      

There was only one significant difference for βAPP, where the medium inhibitor 

concentration significantly reduced the epitope level (Table 5.80. Table 5.88.).     

Treatment with the P4-SS inhibitor caused a significant increase in αSyn levels 

compared to the control group and independent of concentration. The same was true for 
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insulin itself in the insulin-treated control group and in the combined inhibitor and 

insulin-treated groups, regardless of concentration compared to the untreated control 

group. At high an medium concentrations, αSyn levels were significantly lower than in 

the insulin-treated samples. Medium concentration of inhibitor and insulin treatment 

caused a significant increase in epitope levels compared to the insulin-treated control 

group or the low concentration inhibitor group (Table 5.80. Table 5.89.).       

 There was a significant threefold increase in pTAU levels when insulin was 

applied, but no other significant observations were found (Table 5.80. Table 5.90.).        

 

 

 

Figure 5.7. Western blots of differentiated SH-SY5Y human neuroblastoma cells treated 

with P4-SS a GlcCer synthesis inhibitor for 48 hours;  w/o insulin = without insulin; w 

insulin = with insulin; P4-SS=(S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-

pyrrolidino-1-propanol; Akt = protein kinase B; pAkt = protein kinase b phosphorylated 

at tyrosine 473; IRα = insulin receptor alpha subunit; IGF1-Rβ = beta subunit of receptor 

for insulin like growth factor; NP65 = neuroplastin 65; GSK3β = glycogen synthase 

kinase beta; GSK3α = glycogen synthase kinase alpha; pGSK3β = glycogen synthase 

kinase beta phosphorylated at tyrosine 216; βAPP = beta amyloid precursor protein; αSyn 

= alpha synuclein; pTAU = tau protein phosphorylated at Ser202 and Thr 205. 
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Figure 5.8. Matrix plot made from Western blots of differentiated SH-SY5Y human 

neuroblastoma cells treated with P4-SS a GlcCer synthesis inhibitor for 48 hours; data 

are presented as percentage of intensity calculated against the control group; + I = with 

insulin; P4-SS=(S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-

propanol; Akt = protein kinase B; pAkt = protein kinase b phosphorylated at tyrosine 473; 

IRα = insulin receptor alpha subunit; IGF1-Rβ = beta subunit of receptor for insulin like 

growth factor; NP65 = neuroplastin 65; GSK3β = glycogen synthase kinase beta; GSK3α 

= glycogen synthase kinase alpha; pGSK3β = glycogen synthase kinase beta 

phosphorylated at tyrosine 216; βAPP = beta amyloid precursor protein; αSyn = alpha 

synuclein; pTAU = tau protein phosphorylated at Ser202 and Thr 205.



 

 
 

1
2

3 

Table 5.80. Protein signal intensity calculated as a percentage against the control group from Western blot for differentiated SH-SY5Y human 

neuroblastoma cells treated 48 hours with P4-SS, a GlcCer synthesis inhibitor. 

 

Epitope 

w/o insulin w/ insulin Two-way ANOVA 

Control P4-SS 

2.5 µM 

P4-SS 10 

µM 

P4-SS 40 

µM 

Control P4-SS 

2.5 µM 

P4-SS 10 

µM 

P4-SS 40 

µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin SS Insulin × 

SS 

Insulin SS Insulin × 

SS 

AKT 100.00; 

7.25 

59.06; 

6.92 

48.42; 

5.38 

88.29; 

10.64 

66.18; 

10.91 

67.24; 

6.59 

104.17; 

8.66 

56.97; 

4.99 

0.00 

(1,24) 

2.18 

(3,24) 

13.99 

(3,24) 

0.9574 0.1155 <0.0001 

pAKT 100.00; 

17.56 

260.68; 

32.82 

327.15; 

34.58 

218.65; 

45.45 

332.94; 

23.76 

562.43; 

71.08 

416.99; 

30.30 

382.35; 

8.49 

55.20 

(1,24) 

10.46 

(3,24) 

2.944 

(3,24) 

<0.0001 0.0001 0.0533 

IRα 100.00; 

7.52 

87.02; 

6.32 

81.24; 

5.08 

105.19; 

7.31 

71.54; 

5.16 

105.00; 

5.47 

87.57; 

6.69 

111.43; 

9.05 

0.01 

(1,24) 

5.44 

(3,24) 

4.55 

(3,24) 

0.9221 0.0053 0.0116 

IGF1-Rβ 100.00; 

2.32 

63.29; 

6.65 

81.16; 

5.07 

96.93; 

0.47 

58.67; 

4.49 

76.07; 

3.75 

76.98; 

2.85 

67.48; 

2.68 

32.43 

(1,24) 

3.91 

(3,24) 

19.84 

(3,24) 

<0.0001 0.0209 <0.0001 

Np65 100.00; 

2.26 

84.00; 

1.96 

234.56; 

8.51 

126.79; 

3.68 

84.75; 

2.84 

117.20; 

1.48 

115.10; 

2.60 

109.19; 

1.22 

125.13 

(1,24) 

194.83 

(3,24) 

145.47 

(3,24) 

<0.0001 <0.0001 <0.0001 

GSK3β 100.00; 

0.98 

74.18; 

2.93 

73.06; 

2.29 

65.90; 

2.26 

62.60; 

5.22 

93.76; 

2.89 

97.48; 

1.85 

95.47; 

2.43 

20.20 

(1,24) 

1.16 

(3,24) 

60.20 

(3,24) 

0.0003 0.3533 <0.0001 

pGSK3β 100.00; 

14.97 

75.68; 

3.71 

88.93; 

12.16 

40.99; 

5.76 

122.92; 

8.87 

166.58; 

15.78 

135.68; 

8.35 

146.98; 

14.68 

68.86 

(1,24) 

2.00 

(3,24) 

5.74 

(3,24) 

<0.0001 0.1403 0.0041 

βAPP 100.00; 

5.02 

76.45; 

8.01 

55.44; 

3.32 

70.48; 

4.83 

74.67; 

9.19 

95.05; 

13.21 

83.94; 

9.48 

61.84; 

7.87 

0.32 

(1,24) 

3.53 

(3,24) 

4.56 

(3,24) 

0.5778 0.0390 0.0170 

αSyn 100.00; 

7.83 

299.78; 

22.41 

249.59; 

20.42 

216.75; 

15.76 

254.35; 

22.53 

249.37; 

4.03 

355.78; 

10.92 

303.91; 

27.56 

33.59 

(1,24) 

17.70 

(3,24) 

11.72 

(3,24) 

<0.0001 <0.0001 <0.0001 

pTAU 100.00; 

14.01 

248.44; 

25.63 

172.85; 

23.77 

201.47; 

32.50 

338.67; 

62.26 

221.79; 

26.25 

288.66; 

48.34 

178.20; 

24.60 

13.80 

(1,24) 

0.99 

(3,24) 

9.61 

(3,24) 

0.0018 0.4222 0.0007 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol; Akt = 

protein kinase B; pAkt = protein kinase b phosphorylated at tyrosine 473; IRα = insulin receptor alpha subunit; IGF1-Rβ = beta subunit of receptor 

for insulin like growth factor; NP65 = neuroplastin 65; GSK3β = glycogen synthase kinase beta; GSK3α = glycogen synthase kinase alpha; pGSK3β 

= glycogen synthase kinase beta phosphorylated at tyrosine 216; βAPP = beta amyloid precursor protein; αSyn = alpha synuclein; pTAU = tau 

protein phosphorylated at Ser202 and Thr 205.
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Table 5.81. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against Akt epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 - SS 

w/o insulin P4-SS 10 µM w insulin P4-SS 10 µM 0.0011 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.82. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against pAkt epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 - SS 

w/o insulin Control w/o insulin P4-SS 10 µM 0.0054 

w/o insulin Control w insulin Control 0.0041 

w/o insulin Control w insulin P4-SS 40 µM 0.0005 

w/o insulin Control w insulin P4-SS 10 µM 0.0002 

w/o insulin Control w insulin P4-SS 2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.83. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against IRα epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 – SS 

w/o insulin P4-SS 40 µM w insulin Control 0.0295 

w insulin Control w insulin P4-SS 40 µM 0.0064 

w insulin Control w insulin P4-SS 2.5 µM 0.0308 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 
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Table 5.84. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against IGF1-Rβ epitope on differentiated SH-SY5Y human neuroblastoma cells treated 

48 hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 - SS 

w/o insulin Control w/o insulin P4-SS 10 µM 0.0138 

w/o insulin Control w/o insulin P4-SS 2.5 µM 0.0001 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin P4-SS 40 µM 0.0001 

w/o insulin Control w insulin P4-SS 10 µM 0.0025 

w/o insulin Control w insulin P4-SS 2.5 µM 0.0017 

w/o insulin P4-SS 40 µM w/o insulin P4-SS 2.5 µM 0.0002 

w/o insulin P4-SS 40 µM w insulin Control 0.0001 

w/o insulin P4-SS 40 µM w insulin P4-SS 40 µM 0.0008 

w/o insulin P4-SS 40 µM w insulin P4-SS 10 µM 0.0366 

w/o insulin P4-SS 40 µM w insulin P4-SS 2.5 µM 0.0258 

w/o insulin P4-SS 10 µM w insulin Control 0.0134 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.85. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against NP65 epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 - SS 

w/o insulin Control w/o insulin P4-SS 40 µM 0.0009 

w/o insulin Control w/o insulin P4-SS 10 µM 0.0001 

w/o insulin Control w/o insulin P4-SS 2.5 µM 0.0001 

w/o insulin Control w insulin Control 0.0001 

w/o insulin P4-SS 10 µM w/o insulin P4-SS 2.5 µM 0.0001 

w/o insulin P4-SS 10 µM w insulin Control 0.0001 

w/o insulin P4-SS 10 µM w insulin P4-SS 40 µM 0.0001 

w/o insulin P4-SS 10 µM w insulin P4-SS 10 µM 0.0001 

w/o insulin P4-SS 10 µM w insulin P4-SS 2.5 µM 0.0001 

w/o insulin P4-SS 2.5 µM w insulin P4-SS 40 µM 0.0019 

w/o insulin P4-SS 2.5 µM w insulin P4-SS 10 µM 0.0002 

w/o insulin P4-SS 2.5 µM w insulin P4-SS 2.5 µM 0.0001 

w insulin Control w insulin P4-SS 40 µM 0.0026 

w insulin Control w insulin P4-SS 10 µM 0.0002 

w insulin Control w insulin P4-SS 2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 
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Table 5.86. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against GSK3β epitope on differentiated SH-SY5Y human neuroblastoma cells treated 

48 hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 – SS 

w/o insulin Control w insulin Control 0.0001 

w/o insulin P4-SS 40 µM w insulin P4-SS 40 µM 0.0001 

w/o insulin P4-SS 10 µM w insulin P4-SS 10 µM 0.0004 

w/o insulin P4-SS 10 µM w insulin P4-SS 2.5 µM 0.0020 

w/o insulin P4-SS 2.5 µM w insulin P4-SS 2.5 µM 0.0034 

w insulin Control w insulin P4-SS 40 µM 0.0001 

w insulin Control w insulin P4-SS 10 µM 0.0001 

w insulin Control w insulin P4-SS 2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.87. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against pGSK3β epitope on differentiated SH-SY5Y human neuroblastoma cells treated 

48 hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 – SS 

w/o insulin P4-SS 40 µM w insulin P4-SS 40 µM 0.0001 

w/o insulin P4-SS 2.5 µM w insulin P4-SS 2.5 µM 0.0003 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.88. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against βAPP epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 – SS 

w/o insulin Control w/o insulin P4-SS 10 µM 0.0237 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 
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Table 5.89. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against αSyn epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 – SS 

w/o insulin Control w/o insulin P4-SS 40 µM 0.0028 

w/o insulin Control w/o insulin P4-SS 10 µM 0.0002 

w/o insulin Control w/o insulin P4-SS 2.5 µM 0.0001 

w/o insulin Control w insulin Control 0.0002 

w/o insulin Control w insulin P4-SS 40 µM 0.0001 

w/o insulin Control w insulin P4-SS 10 µM 0.0001 

w/o insulin Control w insulin P4-SS 2.5 µM 0.0002 

w/o insulin P4-SS 40 µM w insulin P4-SS 40 µM 0.0415 

w/o insulin P4-SS 40 µM w insulin P4-SS 10 µM 0.0004 

w/o insulin P4-SS 10 µM w insulin P4-SS 10 µM 0.0075 

w insulin Control w insulin P4-SS 10 µM 0.0117 

w insulin P4-SS 10 µM w insulin P4-SS 2.5 µM 0.0074 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

Table 5.90. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against pTAU epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with P4-SS, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of P4 - SS 

Insulin treatment The concentration 

of P4 – SS 

w/o insulin Control w insulin Control 0.0006 

w/o insulin = without insulin; w insulin = with insulin; P4-SS = (S, S) D, L-threo-phenyl-

2-hexadecanoylamino-3-pyrrolidino-1-propanol. 

 

5.6.3. Western blot analysis for MIG inhibitor  

 

Treatment of the cells with MIG had a significant effect on the levels of all 

epitopes (AKT, pAKT, IRα, IGF1-Rβ, Np65, pGSK3β, βAPP, α Syn) except GSK3β and 

pTAU. Insulin treatment affected the levels of almost all epitopes except Akt, pAkt and 

pTAU. The combined effect of insulin and inhibitor treatment was observed for all 

epitopes except for three exceptions IRα, GSK3β and pTAU (Table 5.91., Figure 5.9., 

Figure 5.10.).  
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Post hoc analysis of AKT expression data showed an effect only on the reduction 

of epitope amount when comparing the control group and the high concentration 

treatment (Table 5.91., Table 5.92.).  

The pAkt level was significantly upregulated in the low concentration treatment 

group compared to the control group. The same effect was observed with insulin 

application – most pronounced in the insulin treated control group. Treatment with high 

and medium inhibitor concentrations caused a significant downregulation of pAkt 

compared to the insulin-treated control group (Table 5.91., Table 5.93.).  

IRα levels were significantly reduced by the treatment, even halved at low MIG 

concentrations. No other effects were observed (Table 5.91., Table 5.94.). 

IGF1-Rβ levels were primarily affected by the combination of inhibitor treatment 

and insulin, which caused a reduction of half compared to the non-insulin treated groups. 

Differences were observed between the insulin and inhibitor treated groups, with the 

highest concentration of inhibitor resulting in significantly higher IGF1-Rβ levels than 

the medium and low concentration treated groups (Table 5.91., Table 5.95.). 

The level of Np65 varied depending on the treatment. Application of high 

concentration of MIG caused a significant increase in Np65 levels, whereas the opposite 

effect was observed with low concentrations. In general, the combination of insulin and 

MIG significantly reduced Np65 levels compared to the non-insulin treated control group. 

The same effect was observed when the combined inhibitor and insulin treated, and 

untreated groups were compared. The highest significant effect on Np65 reduction among 

the insulin-treated groups was to the d high concentration of the inhibitor, which resulted 

in a nearly twofold reduction compared to the other groups (Table 5.91., Table 5.96.). 

Application of insulin significantly reduced pGSK3β levels, especially when 

combined with MIG treatment. This reduction was significant between the groups treated 

with insulin and all inhibitors and the untreated control. The same significant effect was 

observed when groups treated with both inhibitor and insulin were compared with groups 

treated with inhibitor alone. The combination of inhibitor and insulin significantly 

reduced epitope levels compared to insulin alone (Table 5.91., Table 5.97.). 

Application of insulin significantly reduced βAPP levels, with a fourfold effect in 

the control group. In the samples treated with MIG inhibitor alone, a significant increase 
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in βAPP levels was observed in medium concentration treated group and a significant 

decrease in epitope levels was observed in the low concentration compared to the 

untreated control and high concentration groups (Table 5.98.).  

α Syn levels were significantly decreased by insulin and even more so when 

combined with inhibitor treatment. This was observed when all insulin untreated groups 

were compared with all insulin treated groups. When only the insulin-treated groups were 

observed, the application of a high concentration of inhibitor caused a significant increase 

in α Syn levels compared to the other groups (Table 5.99.).  

 

 

Figure 5.9. Western blots of differentiated SH-SY5Y human neuroblastoma cells treated 

with MIG a GlcCer synthesis inhibitor for 48 hours;  w/o insulin = without insulin; w 

insulin = with insulin; MIG = miglustat; Akt = protein kinase B; pAkt = protein kinase b 

phosphorylated at tyrosine 473; IRα = insulin receptor alpha subunit; IGF1-Rβ = beta 

subunit of receptor for insulin like growth factor; NP65 = neuroplastin 65; GSK3β = 

glycogen synthase kinase beta; GSK3α = glycogen synthase kinase alpha; pGSK3β = 

glycogen synthase kinase beta phosphorylated at tyrosine 216; βAPP = beta amyloid 

precursor protein; αSyn = alpha synuclein; pTAU = tau protein phosphorylated at Ser202 

and Thr 205. 



 

130 
 

 

Figure 5.10. Matrix plot made from Western blots of differentiated SH-SY5Y human 

neuroblastoma cells treated with MIG a GlcCer synthesis inhibitor for 48 hours; data are 

presented as percentage of intensity calculated against the control group; + I = with 

insulin; MIG = miglustat; Akt = protein kinase B; pAkt = protein kinase b phosphorylated 

at tyrosine 473; IRα = insulin receptor alpha subunit; IGF1-Rβ = beta subunit of receptor 

for insulin like growth factor; NP65 = neuroplastin 65; GSK3β = glycogen synthase 

kinase beta; GSK3α = glycogen synthase kinase alpha; pGSK3β = glycogen synthase 

kinase beta phosphorylated at tyrosine 216; βAPP = beta-amyloid precursor protein; αSyn 

= alpha-synuclein; pTAU = tau protein phosphorylated at Ser202 and Thr 205.
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Table 5.91. Protein signal intensity calculated as a percentage against the control group from Western blot for differentiated SH-SY5Y human 

neuroblastoma cells treated 48 hours with MIG, a GlcCer synthesis inhibitor.  

 

Epitope 

w/o insulin w/ insulin Two-way ANOVA 

Control MIG 2.5 

µM 

MIG 10 

µM 

MIG 40 

µM 

Control MIG 2.5 

µM 

MIG 10 

µM 

MIG 40 

µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin MIG Insulin × 

MIG 

Insulin MIG Insulin × 

MIG 

Akt 100.00; 

16.24 

70.55; 

2.45 

76.50; 

2.79 

66.02; 

2.37 

74.27; 

1.92 

72.35; 

4.17 

65.27; 

3.74 

76.70; 

2.06 

1.85 

(1,24) 

3.14 

(3,24) 

3.12 

(3,24) 

0.1853 0.0438 0.0445 

pAkt 100.00; 

17.07 

259.6; 

42.12 

159.0; 

26.62 

162.3; 

25.39 

313.9; 

19.05 

215.61; 

12.95 

148.40; 

15.70 

139.90; 

20.88 

4.04 

(1,24) 

6.16 

(3,24) 

12.56 

(3,24) 

0.0557 0.0029 <0.0001 

IRα 100.00; 

11.75 

48.48; 

3.27 

56.96; 

3.46 

64.21; 

5.01 

75.62; 

4.77 

41.44; 

2.27 

53.67; 

4.24 

48.94; 

1.88 

10.61 

(1,24) 

23.29 

(3,24) 

1.49 

(3,24) 

0.0036 <0.0001 0.2419 

IGF1-Rβ 100.00; 

5.96 

98.65; 

0.17 

96.05; 

0.72 

92.61; 

2.33 

48.31; 

1.19 

35.70; 

5.40 

39.75; 

2.08 

60.17; 

1.25 

530.58 

(1,24) 

4.28 

(3,24) 

8.82 

(3,24) 

<0.0001 0.0148 0.0004 

Np65 100.00; 

1.12 

65.30; 

3.53 

107.58; 

3.34 

122.25; 

2.96 

64.99; 

1.90 

75.76; 

7.21 

51.70; 

5.17 

28.17; 

2.82 

245.92 

(1,24) 

3.53 

(3,24) 

61.32 

(3,24) 

<0.0001 0.0297 <0.0001 

GSK3β 100.00; 

11.67 

85.92; 

3.11 

92.88; 

2.23 

94.80; 

3.83 

74.28; 

2.31 

86.46; 

1.03 

79.39; 

0.45 

70.68; 

8.26 

16.39 

(1,24) 

0.24 

(3,24) 

2.43 

(3,24) 

0.0009 0.8619 0.1021 

pGSK3β 100.00; 

4.56 

69.71; 

5.91 

108.47; 

10.06 

99.71; 

4.34 

85.95; 

5.72 

44.90; 

14.60 

30.42; 

11.17 

28.40; 

3.01 

59.04 

(1,24) 

7.01 

(3,24) 

7.20 

(3,24) 

<0.0001 0.0009 0.0007 

βAPP 100.00; 

5.39 

65.17; 

5.76 

137.82; 

6.45 

116.41; 

4.92 

24.05; 

1.07 

51.11; 

1.51 

32.66; 

0.79 

35.83; 

0.93 

571.86 

(1,24) 

18.98 

(3,24) 

45.21 

(3,24) 

<0.0001 <0.0001 <0.0001 

αSyn 100.00; 

8.97 

67.99; 

2.73 

86.30; 

6.88 

89.94; 

8.69 

43.87; 

13.98 

30.93; 

7.86 

34.19; 

9.43 

48.92; 

14.73 

646.76 

(1,24) 

12.40 

(3,24) 

21.79 

(3,24) 

<0.0001 <0.0001 <0.0001 

pTAU 100.00; 

20.29 

155.50; 

37.60 

94.86; 

24.71 

91.74; 

20.20 

179.77; 

31.00 

93.52; 

27.16 

109.28; 

40.16 

137.69; 

41.31 

0.77 

(1,24) 

0.51 

(3,24) 

1.86 

(3,24) 

0.3867 0.6734 0.1625 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat; Akt = protein kinase B; pAkt = protein kinase b phosphorylated at tyrosine 

473; IRα = insulin receptor alpha subunit; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; NP65 = neuroplastin 65; GSK3β = 

glycogen synthase kinase beta; GSK3α = glycogen synthase kinase alpha; pGSK3β = glycogen synthase kinase beta phosphorylated at tyrosine 

216; βAPP = beta amyloid precursor protein; αSyn = alpha synuclein; pTAU = tau protein phosphorylated at Ser202 and Thr 205. 



 

132 
 

Table 5.92. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against Akt epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with MIG, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w/o insulin MIG-40 µM 0.0174 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat. 

 

Table 5.93. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against pAkt epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with MIG, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w/o insulin MIG-2.5 µM 0.0020 

w/o insulin Control w insulin Control 0.0001 

w insulin Control w insulin MIG-40 µM 0.0008 

w insulin Control w insulin MIG-10 µM 0.0014 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

Table 5.94. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against IRα epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with MIG, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w/o insulin MIG-40 µM 0.0022 

w/o insulin Control w/o insulin MIG-10 µM 0.0003 

w/o insulin Control w/o insulin MIG-2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 
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Table 5.95. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against IGF1-Rβ epitope on differentiated SH-SY5Y human neuroblastoma cells treated 

48 hours with MIG, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group. 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin MIG-40 µM 0.0001 

w/o insulin Control w insulin MIG-10 µM 0.0001 

w/o insulin Control w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-40 µM w insulin Control 0.0001 

w/o insulin MIG-40 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-10 µM w insulin Control 0.0001 

w/o insulin MIG-10 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-2.5 µM w insulin Control 0.0001 

w/o insulin MIG-2.5 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-2.5 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-2.5 µM w insulin MIG-2.5 µM 0.0001 

w insulin MIG-40 µM w insulin MIG-10 µM 0.0024 

w insulin MIG-40 µM w insulin MIG-2.5 µM 0.0003 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

Table 5.96. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against NP65 epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with MIG, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w/o insulin MIG-40 µM 0.0105 

w/o insulin Control w/o insulin MIG-2.5 µM 0.0001 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin MIG-40 µM 0.0001 

w/o insulin Control w insulin MIG-10 µM 0.0001 

w/o insulin Control w insulin MIG-2.5 µM 0.0045 

w/o insulin MIG-40 µM w/o insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-40 µM w insulin Control 0.0001 

w/o insulin MIG-40 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-10 µM w/o insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-10 µM w insulin Control 0.0001 

w/o insulin MIG-10 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-2.5 µM 0.0002 

w/o insulin MIG-2.5 µM w insulin MIG-40 µM 0.0001 

w insulin Control w insulin MIG-40 µM 0.0001 

w insulin MIG-40 µM w insulin MIG-10 µM 0.0061 
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The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w insulin MIG-40 µM w insulin MIG-2.5 µM 0.0001 

w insulin MIG-10 µM w insulin MIG-2.5 µM 0.0049 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat. 

 

Table 5.97. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against pGSK3β epitope on differentiated SH-SY5Y human neuroblastoma cells treated 

48 hours with MIG, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w insulin MIG-40 µM 0.0001 

w/o insulin Control w insulin MIG-10 µM 0.0001 

w/o insulin Control w insulin MIG-2.5 µM 0.0013 

w/o insulin MIG-40 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-2.5 µM 0.0008 

w/o insulin MIG-10 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-2.5 µM 0.0004 

w/o insulin MIG-2.5 µM w insulin MIG-40 µM 0.0298 

w/o insulin MIG-2.5 µM w insulin MIG-10 µM 0.0231 

w insulin Control w insulin MIG-40 µM 0.0005 

w insulin Control w insulin MIG-10 µM 0.0004 

w insulin Control w insulin MIG-2.5 µM 0.0099 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

Table 5.98. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against βAPP epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with MIG, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w/o insulin MIG-10 µM 0.0002 

w/o insulin Control w/o insulin MIG-2.5 µM 0.0004 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin MIG-40 µM 0.0001 

w/o insulin Control w insulin MIG-10 µM 0.0001 

w/o insulin Control w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-40 µM w/o insulin MIG-10 µM 0.0312 

w/o insulin MIG-40 µM w/o insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-40 µM w insulin Control 0.0001 

w/o insulin MIG-40 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-10 µM w/o insulin MIG-2.5 µM 0.0001 
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The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin MIG-10 µM w insulin Control 0.0001 

w/o insulin MIG-10 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-2.5 µM w insulin Control 0.0002 

w/o insulin MIG-2.5 µM w insulin MIG-40 µM 0.0022 

w/o insulin MIG-2.5 µM w insulin MIG-10 µM 0.0008 

w insulin Control w insulin MIG-2.5 µM 0.0047 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat 

 

Table 5.99. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against αSyn epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with MIG, a GlcCer synthesis inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of MIG 

Insulin treatment The concentration 

of MIG 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin MIG-40 µM 0.0001 

w/o insulin Control w insulin MIG-10 µM 0.0001 

w/o insulin Control w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-40 µM w insulin Control 0.0001 

w/o insulin MIG-40 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-40 µM w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-10 µM w insulin Control 0.0001 

w/o insulin MIG-10 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-10 µM w insulin MIG-2.5 µM 0.0001 

w/o insulin MIG-2.5 µM w insulin Control 0.0001 

w/o insulin MIG-2.5 µM w insulin MIG-40 µM 0.0001 

w/o insulin MIG-2.5 µM w insulin MIG-10 µM 0.0001 

w/o insulin MIG-2.5 µM w insulin MIG-2.5 µM 0.0001 

w insulin Control w insulin MIG-40 µM 0.0001 

w insulin MIG-40 µM w insulin MIG-10 µM 0.0001 

w insulin MIG-40 µM w insulin MIG-2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; MIG = miglustat. 

 

5.6.4. Western blot analysis for CBE inhibitor  

 

Treatment of the cells with CBE caused significant changes in the levels of pAkt, 

IRα, IGF1-Rβ, pGSK3β, βAPP and αSyn. Insulin treatment affected the levels of Akt,, 

pAkt,, IRα, IGF1-Rβ, βAPP and αSyn. The combined effect of insulin and inhibitor 

treatments was observed in almost all groups except pGSK3β (Table 5.100., Figure 5.11., 

Figure 5.12.).  
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Post hoc analysis of Akt levels showed only one significant result, where the 

application of insulin in the group treated with the medium concentration of inhibitor 

caused a significant increase in Akt  levels compared to the group without insulin (Table 

5.100., Table 5.101.). 

For pAKT, the application of high concentration of CBE caused a significant 

threefold increase in pAkt levels compared to the untreated control group and a twofold 

increase compared to the medium and low concentration treated groups. The same pattern 

was observed in all insulin-treated groups compared to the untreated control. Within the 

insulin-treated group, low concentration of the inhibitor caused a one and half fold 

increase in pAkt levels compared to the insulin-treated control and the high concentration 

of inhibitor (Table 5.100., Table 5.102.).  

IRα levels were significantly reduced by inhibitor application compared to the 

untreated control, regardless of concentration. This was also observed in the insulin and 

inhibitor treated groups compared to the untreated control. Application of insulin to the 

cells treated with the highest inhibitor concentration caused a significant decrease 

compared to the insulin-treated control, but there was no difference between the high 

concentration insulin treated and untreated groups (Table 5.100., Table 5.103.).  

 The application of CBE inhibitor caused a decrease in IGF1-Rβ levels, 

independent of concentration and insulin treatment, but no significant changes were 

observed within the groups (Table 5.100., Table 5.104.).  

 CBE and insulin treatment had a correlated effect on Np 65 levels, but not 

distinctive enough to be detected by post hoc tests. The same could be said for GSK3β 

(Table 5.100.).  

  Post hoc analysis of pGSK3β did not reveal any significant difference (Table 

5.100.).  

βAPP levels decreased with the treatment regardless of concentration of inhibitor. A 

fourfold decrease in epitope levels was only observed with application of insulin. Cells 

treated with inhibitors showed significantly lower βAPP levels than their counterparts 

treated with both insulin and inhibitor, regardless of concentration. When insulin-treated 

groups were observed, control groups had significantly lower βAPP than treated groups. 



 

137 
 

The medium concentration of inhibitor caused a significant decrease in epitope levels 

compared to the high and low concentrations (Table 5.100., Table 5.105.).  

 Treatment of the cells with high and low concentrations of CBE significantly 

reduced αSyn levels below those of the control group. The same effect occurred with the 

application of insulin in the control and inhibitor-treated groups, regardless of the 

inhibitor concentration. Treatment of the cells only with CBE resulted in an inverse dose-

dependent effect, with the highest concentration causing the smallest reduction and 

significantly less reduction than that observed in cells treated with medium and low 

inhibitor concentrations. When the treatment was combined with insulin, it caused an 

increase in epitope levels: a significant increase was observed at medium and low 

inhibitor concentrations compared to the control (Table 5.100., Table 5.106.).  

 

Figure 5.11. Western blots of differentiated SH-SY5Y human neuroblastoma cells treated 

with CBE a glycolipid metabolism inhibitor for 48 hours;  w/o insulin = without insulin; 

w insulin = with insulin; CBE = conduritol B epoxide; Akt = protein kinase B; pAkt = 

protein kinase b phosphorylated at tyrosine 473; IRα = insulin receptor alpha subunit; 

IGF1-Rβ = beta subunit of receptor for insulin like growth factor; NP65 = neuroplastin 

65; GSK3β = glycogen synthase kinase beta; GSK3α = glycogen synthase kinase alpha; 

pGSK3β = glycogen synthase kinase beta phosphorylated at tyrosine 216; βAPP = beta 

amyloid precursor protein; αSyn = alpha synuclein; pTAU = tau protein phosphorylated 

at Ser202 and Thr 205. 
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Figure 5.12. Matrix plot made from Western blots of differentiated SH-SY5Y human 

neuroblastoma cells treated with CBE a glycolipid metabolism inhibitor for 48 hours; data 

are presented as percentage of intensity calculated against the control group; + I = with 

insulin; CBE = conduritol B epoxide; Akt = protein kinase B; pAkt = protein kinase b 

phosphorylated at tyrosine 473; IRα = insulin receptor alpha subunit; IGF1-Rβ = beta 

subunit of receptor for insulin like growth factor; NP65 = neuroplastin 65; GSK3β = 

glycogen synthase kinase beta; GSK3α = glycogen synthase kinase alpha; pGSK3β = 

glycogen synthase kinase beta phosphorylated at tyrosine 216; βAPP = beta amyloid 

precursor protein; αSyn = alpha synuclein; pTAU = tau protein phosphorylated at Ser202 

and Thr 205.



 

 
 

1
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Table 5.100. Protein signal intensity calculated as a percentage against the control group from Western blot for differentiated SH-SY5Y human 

neuroblastoma cells treated 48 hours with CBE, a glycolipid metabolism inhibitor synthesis inhibitor.  

 

Epitope 

w/o insulin w/ insulin Two-way ANOVA 

Control CBE 2.5 

µM 

CBE 10 

µM 

CBE 40 

µM 

Control CBE 2.5 

µM 

CBE 10 

µM 

CBE 40 

µM 

F values; 

(degrees of freedom) 

p-values 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Mean; 

SD 

Insulin CBE Insulin × 

CBE 

Insulin CBE Insulin × 

CBE 

Akt 100.00; 

16.24 

64.80; 

6.92 

67.87; 

5.38 

72.81; 

10.64 

74.27; 

10.91 

87.04; 

6.59 

100.87; 

8.66 

92.62; 

4.99 

7.29 

(1,24) 

1.09 

(3,24) 

8.11 

(3,24) 

0.0125 0.3716 0.0006 

pAkt 100.00; 

17.07 

130.35; 

17.28 

174.91; 

21.86 

302.97; 

35.45 

313.93; 

19.05 

422.60; 

20.52 

318.36; 

22.04 

223.38; 

19.13 

82.05 

(1,24) 

3.67 

(3,24) 

25.87 

(3,24) 

<0.0001 0.0262 <0.0001 

IRα 100.00; 

11.75 

74.94; 

5.58 

59.01; 

3.04 

45.64; 

2.01 

75.62; 

4.77 

54.92; 

2.77 

58.21; 

3.07 

48.59; 

1.67 

7.92 

(1,24) 

20.85 

(3,24) 

3.30 

(3,24) 

0.0095 <0.0001 0.0373 

IGF1-Rβ 100.00; 

5.96 

62.94; 

4.00 

71.97; 

6.54 

70.19; 

3.54 

48.31; 

1.19 

52.51; 

2.93 

57.59; 

6.93 

62.17; 

4.44 

38.71 

(1,24) 

3.93 

(3,24) 

9.14 

(3,24) 

<0.0001 0.0204 0.0003 

Np65 100.00; 

1.12 

66.91; 

4.38 

84.69; 

5.08 

90.11; 

4.20 

64.99; 

1.90 

117.92; 

5.13 

97.92; 

8.58 

85.39; 

7.88 

2.61 

(1,24) 

1.39 

(3,24) 

22.52 

(3,24) 

0.1186 0.2695 <0.0001 

GSK3β 100.00; 

11.67 

77.63; 

1.79 

74.69; 

1.00 

90.71; 

1.71 

74.28; 

2.31 

100.43; 

4.55 

92.28; 

0.34 

94.29; 

0.89 

1.94 

(1,24) 

1.32 

(3,24) 

11.11 

(3,24) 

0.1817 0.2999 0.0003 

pGSK3β 100.00; 

4.56 

40.57; 

7.60 

54.75; 

4.51 

67.94; 

11.82 

85.95; 

5.72 

68.81; 

18.27 

62.89; 

27.83 

28.87; 

11.62 

0.23 

(1,24) 

6.03 

(3,24) 

2.18 

(3,24) 

0.6284 0.0022 0.1093 

βAPP 100.00; 

5.39 

30.15; 

1.66 

45.04; 

2.69 

42.98; 

4.52 

24.05; 

1.07 

96.68; 

6.13 

156.96; 

3.62 

105.25; 

3.08 

224.60 

(1,24) 

43.21 

(3,24) 

218.53 

(3,24) 

<0.0001 <0.0001 <0.0001 

αSyn 100.00; 

8.97 

26.58; 

6.09 

43.49; 

12.29 

69.38; 

2.74 

43.87; 

13.98 

88.87; 

8.25 

79.58; 

0.79 

77.65; 

15.37 

128.80 

(1,24) 

23.00 

(3,24) 

132.98 

(3,24) 

<0.0001 <0.0001 <0.0001 

pTAU 100.00; 

20.29 

183.48; 

45.15 

144.33; 

35.34 

193.48; 

50.61 

179.77; 

31.00 

73.45; 

3.82 

119.98; 

4.71 

65.76; 

8.78 

4.53 

(1,24) 

0.05 

(3,24) 

4.91 

(3,24) 

0.0437 0.9814 0.0083 

w/o insulin = without insulin; w insulin = with insulin; CBE = conduritol B epoxide; Akt = protein kinase B; pAkt = protein kinase b phosphorylated 

at tyrosine 473; IRα = insulin receptor alpha subunit; IGF1-Rβ = beta subunit of receptor for insulin like growth factor; NP65 = neuroplastin 65; 

GSK3β = glycogen synthase kinase beta; GSK3α = glycogen synthase kinase alpha; pGSK3β = glycogen synthase kinase beta phosphorylated at 

tyrosine 216; βAPP = beta amyloid precursor protein; αSyn = alpha synuclein; pTAU = tau protein phosphorylated at Ser202 and Thr 205.
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Table 5.101. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against Akt epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with CBE glycolipid metabolism inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin CBE-10 µM w insulin CBE-10 µM 0.0257 

w/o insulin = without insulin; w insulin = with insulin; CBE = conduritol B epoxide 

 

Table 5.102. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against pAkt epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with CBE glycolipid metabolism inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin Control w/o insulin CBE-40 µM 0.0001 

w/o insulin CBE-40 µM w/o insulin CBE-10 µM 0.0089 

w/o insulin CBE-40 µM w/o insulin CBE-2.5 µM 0.0003 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin CBE-40 µM 0.0127 

w/o insulin Control w insulin CBE-10 µM 0.0001 

w/o insulin Control w insulin CBE-2.5 µM 0.0001 

w/o insulin CBE-10 µM w insulin Control 0.0039 

w/o insulin CBE-10 µM w insulin CBE-10 µM 0.0028 

w/o insulin CBE-10 µM w insulin CBE-2.5 µM 0.0001 

w/o insulin CBE-2.5 µM w insulin Control 0.0002 

w/o insulin CBE-2.5 µM w insulin CBE-10 µM 0.0002 

w/o insulin CBE-2.5 µM w insulin CBE-2.5 µM 0.0001 

w insulin Control w insulin CBE-2.5 µM 0.0367 

w insulin CBE-40 µM w insulin CBE-2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; CBE = conduritol B epoxide. 

 

Table 5.103. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against IRα epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with CBE glycolipid metabolism inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin Control w/o insulin CBE-40 µM 0.0001 

w/o insulin Control w/o insulin CBE-10 µM 0.0004 

w/o insulin Control w/o insulin CBE-2.5 µM 0.0471 

w/o insulin CBE-40 µM w/o insulin CBE-2.5 µM 0.0132 

w/o insulin Control w insulin CBE-40 µM 0.0001 

w/o insulin Control w insulin CBE-10 µM 0.0003 



 

141 
 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin Control w insulin CBE-2.5 µM 0.0002 

w/o insulin CBE-40 µM w insulin Control 0.0106 

w/o insulin CBE-2.5 µM w insulin CBE-40 µM 0.0323 

w insulin Control w insulin CBE-40 µM 0.0263 

SD=standard deviation w/o insulin = without insulin; w insulin = with insulin; CBE = 

conduritol B epoxide. 

 

Table 5.104. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against IGF1-Rβ epitope on differentiated SH-SY5Y human neuroblastoma cells treated 

48 hours with CBE glycolipid metabolism inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin Control w/o insulin CBE-40 µM 0.0042 

w/o insulin Control w/o insulin CBE-10 µM 0.0078 

w/o insulin Control w/o insulin CBE-2.5 µM 0.0004 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin CBE-40 µM 0.0003 

w/o insulin Control w insulin CBE-10 µM 0.0001 

w/o insulin Control w insulin CBE-2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; CBE = conduritol B epoxide. 

 

Table 5.105. Post hoc Tukey HSD test of two-way ANOVA results for western blot 

against βAPP epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with CBE glycolipid metabolism inhibitor. Data are presented as a percentage 

calculated against the control group.  

Expression of βAPP 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin Control w/o insulin CBE-40 µM 0.0001 

w/o insulin Control w/o insulin CBE-10 µM 0.0001 

w/o insulin Control w/o insulin CBE-2.5 µM 0.0001 

w/o insulin Control w insulin Control 0.0001 

w/o insulin CBE-40 µM w insulin CBE-40 µM 0.0001 

w/o insulin CBE-40 µM w insulin CBE-10 µM 0.0001 

w/o insulin CBE-40 µM w insulin CBE-2.5 µM 0.0001 

w/o insulin CBE-10 µM w insulin Control 0.0254 

w/o insulin CBE-10 µM w insulin CBE-40 µM 0.0001 

w/o insulin CBE-10 µM w insulin CBE-10 µM 0.0001 

w/o insulin CBE-10 µM w insulin CBE-2.5 µM 0.0001 

w/o insulin CBE-2.5 µM w insulin CBE-40 µM 0.0001 

w/o insulin CBE-2.5 µM w insulin CBE-10 µM 0.0001 

w/o insulin CBE-2.5 µM w insulin CBE-2.5 µM 0.0001 

w insulin Control w insulin CBE-40 µM 0.0001 

w insulin Control w insulin CBE-10 µM 0.0001 

w insulin Control w insulin CBE-2.5 µM 0.0001 
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Expression of βAPP 

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w insulin CBE-40 µM w insulin CBE-10 µM 0.0001 

w insulin CBE-10 µM w insulin CBE-2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; CBE = conduritol B epoxide. 

 

Table 5.106. Post hoc Tukey HSD test of two-way ANOVA results for Western blot 

against αSyn epitope on differentiated SH-SY5Y human neuroblastoma cells treated 48 

hours with CBE glycolipid metabolism inhibitor. Data are presented as a percentage 

calculated against the control group.  

The first set of variables (A) The second set of variables (B) Post hoc 

Tukey HSD 

p-value 

A vs B 

Insulin treatment The concentration 

of CBE 

Insulin treatment The concentration 

of CBE 

w/o insulin Control w/o insulin CBE-40 µM 0.0478 

w/o insulin Control w/o insulin CBE-2.5 µM 0.0001 

w/o insulin Control w insulin Control 0.0001 

w/o insulin Control w insulin CBE-40 µM 0.0001 

w/o insulin Control w insulin CBE-10 µM 0.0073 

w/o insulin Control w insulin CBE-2.5 µM 0.0128 

w/o insulin CBE-40 µM w/o insulin CBE-10 µM 0.0004 

w/o insulin CBE-40 µM w/o insulin CBE-2.5 µM 0.0001 

w/o insulin CBE-40 µM w insulin Control 0.0001 

w/o insulin CBE-40 µM w insulin CBE-40 µM 0.0001 

w/o insulin CBE-40 µM w insulin CBE-10 µM 0.0001 

w/o insulin CBE-40 µM w insulin CBE-2.5 µM 0.0001 

w/o insulin CBE-10 µM w/o insulin CBE-2.5 µM 0.0001 

w/o insulin CBE-10 µM w insulin Control 0.0001 

w/o insulin CBE-10 µM w insulin CBE-40 µM 0.0001 

w/o insulin CBE-2.5 µM w insulin CBE-10 µM 0.0001 

w/o insulin CBE-2.5 µM w insulin CBE-2.5 µM 0.0001 

w insulin Control w insulin CBE-10 µM 0.0001 

w insulin Control w insulin CBE-2.5 µM 0.0001 

w/o insulin = without insulin; w insulin = with insulin; CBE = conduritol B epoxide. 
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6. DISCUSSION 

 

6.1. Cell viability after inhibitor treatments 

 

Determining the survival rate of experimental models in a dose-dependent manner 

is crucial to properly monitor the response to treatment with different compounds and 

provides a preliminary measure of how to proceed further with the experiments. Three of 

the four inhibitors (P4-RR, P4-SS, MIG) target and inhibit, to varying degrees, a specific 

enzyme important in the synthesis of gangliosides – GlcCer (EC: 2.4.1.80). The fourth 

compound (CBE) acts as an inhibitor of the β-Glucosidase enzyme (EC: 3.2.1.21) 

responsible for the degradation of gangliosides. When cells were treated with P4 

inhibitors, the dose-dependent effect on survival was strongest after 24 hours, with little 

or no effect after a further 24 hours. Most of the cells likely died within the first 24 hours 

of incubation, and the survivors were kept in metabolic stasis by the inhibitors. The 

addition of insulin, mainly due to the cytokine effect of insulin and its overall effect on 

cell metabolism, has brought cells out of metabolic stasis. This was best observed at low 

and medium concentrations after 24 hours of treatment, suggesting that cells are still able 

to compensate for the loss of glycolipids and partially restore metabolic activity after 

stimulation with insulin. After an additional day of inhibitor treatment, the cells were able 

to restore metabolic activity at least partially. At this point, insulin challenge caused the 

death of cells treated with low and medium concentrations and was reversed in cells 

treated with the highest concentration. The toxicity is cumulative over time and dose, and 

cells treated with medium and low doses were able to compensate for this metabolic 

nuisance and recover. Until insulin entered the experiment. At high concentrations of the 

inhibitor, ceramide accumulation probably occurred and may be the main cause of cell 

death, as it participates as a second messenger in the apoptotic signaling cascade. 

However, too much ceramide can affect insulin signaling. It has been previously 

described that ceramides affect insulin signaling, but the result is a  partial cessation and 

shutdown of the insulin signaling pathway in skeletal muscle cells and adipocytes (164). 

This would indicate an even poorer survival rate as the concentration increases due to the 

lack of antiapoptotic effects of insulin.  

MIG is a drug used to treat Gaucher disease type 1 and its mechanism of action may 

be slightly different, although it acts on the same enzyme as the P4 inhibitors. Treatment 

of the cells with MIG and insulin had no significant effect on the cells until 48 hours after 
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treatment when the effect of insulin treatment was detectable and cells began to die, but 

not significantly enough to detect this by statistical analysis. Since MIG is a sugar 

derivative, more specifically a glucose derivative, it has fewer metabolic by-products than 

more complex P4 inhibitors. This may be one reason why their effects on survival were 

different. 

CBE did not have such a dramatic effect on cell viability as the first two compounds. 

Overloading cells with gangliosides and its precursors also induces cell death, but only 

after 48 hours and without insulin treatment. This implies that altered lipid environment 

and ganglioside overload usually lead to mitochondrial death mediated by increased 

calcium ion influx through overactive IP3 sensitive calcium channel held open by GM1 

(165,166). Insulin is a cytokine that is also able to bind to and partially activate the IGF1 

receptor, which is sufficient to induce an antiapoptotic effect of IGF signaling in 

mitochondria (167,168). This can partially explain the survival dynamics of the cells. It 

is important to note that the solvent itself, in this case DMSO, did not affect the cell 

viability. 

The MTT method is widely used, but it has limitations, mainly it requires a well-

calibrated experimental setup with minimal variation between experiments and good 

laboratory technique. In addition, it relies heavily on mitochondria to metabolize yellow 

tetrazolium bromide into purple formazan. Because, in apoptosis,  mitochondria will 

undergo fragmentation,  thus reducing dye formation (169). There is always the question 

of whether the compound under investigation has any effect on mitochondrial survival 

and therefore this method needs to be tested by other methods that do not rely solely on 

the proper functioning of mitochondria, such as Annexin staining or other vital stains 

where the cell population is presented by absolute numbers (170).  

Annexin V is a quite sensitive method for determining the status of the cells after 

treatment. Treatment of the cells with P4 inhibitors gave somewhat similar results to 

treatment with MTT. A dose-dependent response was observed, but in this case, the 

response of cells to insulin treatment was not as dramatic as it was with MTT. Insulin 

treatment of the P4-RR treated cells did not rescue cells from apoptosis as in the  SS 

isoform, where both early and late apoptosis were reduced to some extent. The same 

pattern was observed with MIG. This observation may suggest that disruption of 

glycolipid synthesis first affects the mitochondria and then the cell as a whole unit. 
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Alteration of glycolipid composition usually leads to local instabilities within either 

mitochondrial or cell membranes. Garofalo et al. described a role for GD3-enriched 

microdomains in mitochondria in mitochondrial apoptosis (171). These disruptions 

strongly affect mitochondria due to their role in the synthesis of ATP and the maintenance 

of tight membrane composition. On the other hand, an excess of gangliosides usually 

leads to induction of cell death, which has been observed in astrocytes (172). What was 

observed when cells were treated with CBE? At higher concentrations, cells die. Since 

gene expression was not blocked by P4 and MIG inhibitors, the cells were likely trying 

to compensate for the lack of gangliosides by overexpressing GlcCer and all other 

ganglioside synthases in an attempt to patch holes in the membranes, causing 

mitochondria death, but keeping the cell more or less intact. To further examine the extent 

of mitochondrial involvement, treated cells should be stained for mitochondrial 

membrane potential (TMRE).  

It should be mentioned that mechanical manipulation of cells also caused a certain 

level of cell death and apoptosis. This effect was reduced after insulin administration, 

which correlates with the previously observed effect of insulin, which increases the 

mechanical strength of the cells and also reduces apoptosis. The lack of the effect of 

DMSO on the cells was expected, due to the concentrations used in the experiments being 

much lower than those previously reported to have any effect on cell metabolism and 

viability, which was the reason why it was not further examined (173,174). 

To put these results into perspective, glycosphingolipid synthesis inhibitors are also 

used in clinical practice, however, limited to the treatment of genetic disorders such as 

Gaucher disease. Recently, it was found that the application of D-PDMP, a GlcCer 

inhibitor similar to P4, caused a marked reduction in the size of mice renal tumors with a 

glycolipid profile (175). Functionally, if P4 and similar analogs were administered, they 

only acted on tissues outside the CNS, as they were unable to cross the blood-brain barrier 

due to their size and charge. High metabolic turnover is regularly found in tumors and the 

observed apoptotic effect of inhibitors may be useful in their treatment.  

 

6.2. Immunocytochemical staining of the cells 

 

Immunocytochemical analysis of cells treated with P4 inhibitors showed the 

opposite effect of the expected, i.e an increase in the levels of gangliosides, in particular 

GM1 and GD1a. Furthermore, it appears that the metabolic effect of insulin resulted in 



 

146 
 

further changes in the upregulation of ganglioside levels. This effect was expected as it 

promotes gene expression and subsequent increases in epitope levels, but only in the 

insulin-treated control groups. What is consolidating is the expected response to IR 

stimulation with insulin, where IR levels are reduced. This is observed in all treatment 

groups but is only significant in the group treated with both insulin and the lowest 

concentration of inhibitor. For the SS isoform of the inhibitor, the metabolic changes were 

not significant from a treatment point of view, but they caused a shift of the IR into the 

non-raft area of the membrane, especially when the lowest dose of treatment was applied. 

This type of response usually occurs when there is more ganglioside in the membrane 

which displaces IR from the caveolae association, rendering it inert, as observed in 

transgenic mice with sialidase overexpression (176). At the same time, GM1 shifted from 

rafts to non-rafts upon P4-SS treatment, and the reverse effect was observed when cells 

were treated with P4-RR. Again, the sterical specificity of the two isomers is shown. 

When GM1 is displaced in or out of the lipid rafts, it certainly causes an imbalance of all 

proteins that resides within the lipid rafts. It should be noted that both IR and GM1 are 

out of lipid rafts. Whether this GM1 is bound to IR or is in free form remains a question. 

Taking the study further, it is interesting to note that IGF1-receptor levels did not change 

significantly in situ, but rather shifted to the non-raft part of the membrane, especially 

when cells were treated with a low concentration of P4-RR inhibitor. This was not 

observed for the SS inhibitor isoform. Displacement of the IGF1-receptor from the lipid 

rafts probably renders it inactive and causes partial or complete signaling cascade arrest, 

as observed in mouse fibroblasts (177). Again, the exit of the IGF1-receptor from the lipid 

raft coincides with the exit of GM1. The question is whether this shift within the 

membrane is the result of a change in glycolipid levels, or an attempt to preserve cell 

metabolism.  

Np65 is significantly decreased by the treatment with or without insulin. NPs are 

sensitive to changes in the metabolic environment, and any nudge will cause NP levels to 

decrease or increase (178). The loss of Np is likely to have an impact on the 

neuroplasticity of the cells and the overall ability to form new synapses or grow new 

neurites. The colocalization analysis showed no shifts around the membrane, which might 

indicate an overall decrease in Np65 levels rather than a knockout of the epitope from the 

lipid rafts, rendering it non-functional.  
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There was an interesting change with βAPP and still with sterical specificity. In 

cells treated with the SS isoform, the epitope shifted to the non-raft areas of the 

membrane, with the largest shift occurring at the lowest concentration. The RR isoform 

affected the efflux of βAPP from the rafts, but no accumulation into the rest of the 

membrane was observed. Proper recycling of the βAPP involves its entry into the lipid 

raft domain, where it is cleaved by secretase enzymes and endocytosed for further 

degradation. If something interferes with this process or the enzymes involved in the 

degradation of βAPP, Alzheimer’s disease is likely to develop over time (179). This 

suggests that the SS isoform has a long-lasting amyloidogenic effect, unlike the RR 

isoform. This should be confirmed by exposure to low concentrations of inhibitors for at 

least 10 days to allow sufficient time for cells to develop the appropriate phenotype. For 

other epitopes, no significant changes were found, which may be due to the high 

susceptibility of the cells to buffer changes or poor antibody response, especially for 

flotillin, as the epitope is inside the cell and the use of membrane disrupting detergents to 

improve accessibility would likely disrupt all other epitopes and cause chaos (180).  

Treatment of cells with MIG caused changes in some gangliosides, namely GD1b 

and GT1b. Still, it had a somewhat unexpected effect. The decrease in GD1b levels only 

occurred when insulin was added, whereas GT1b levels changed as expected in the 

absence of insulin, i.e levels decreased compared to the control. As with P4 inhibitors, 

the addition of insulin caused an increase in ganglioside levels, but with the difference 

that the treatment effectively reduced ganglioside levels. No significant changes were 

found in the position of these two gangliosides within the membrane. The reduction of 

GT1b and GD1a levels within the membrane may have a strong metabolic impact in the 

brain, where interactions with myelin-associated glycoprotein (MAG), myelin 

oligodendrocyte glycoprotein (MOG), and Nogo receptor can be achieved, but not in 

monocultures of differentiated neuroblastoma cells, so this information more likely to 

demonstrate of the efficacy of inhibiting ganglioside synthesis (181,182). On the other 

hand, even if the level of GM1 did not change, its position did. GM1 entered the non-raft 

domain independently of inhibitor concentration or insulin treatment. This GM1 exodus 

leaves the lipid raft crippled for proper function. The same was observed with P4 

inhibitors, βAPP entered the non-raft domain after treatment with the highest 

concentration and insulin, but no significant change in entry into the lipid raft domain 

was detected. It is known that βAPP binds to the GM1 ganglioside, and its positioning 
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outside the lipid rafts causes alterations in its degradation, as β and γ secretase enzymes 

are located within the lipid rafts, leading to toxic amyloidosis (106,120,183). This drug 

has not been reported to cause long-term pathological changes in the brain of patients, but 

it has been found to cause lymphocyte depletion from lymph nodes and spleen (142,146). 

Although it does not affect the level of the IGF1-receptor, at the lowest concentration in 

the presence of insulin the receptor is translocated to the non-raft part of the cell 

membrane. This renders the receptor unfunctional and should cause the downstream 

tuning of the Akt signaling pathway. NP levels were reduced by inhibitor treatment and 

insulin, which should result in a reduction in the  ability of cells to form neurite networks 

and neurite outgrowth (184). The concentration or position of other epitopes within the 

membrane was not significantly affected. 

The effect of CBE can be detected as ganglioside accumulation, which may cause 

impaired insulin signaling and stability of lipid rafts due to glycolipid overload. the levels 

of GM1 and GD1a were affected by the treatment, with a trend of an increase in GM1 

ganglioside levels but no statistical significance. Other gangliosides did not even show a 

trend. As previously with ganglioside synthesis inhibitors, the addition of insulin caused 

an increase in GD1a levels, but not to a great extent compared to the insulin-treated 

control, indicating that there is a limit to the extent to which this GD1a ganglioside can 

be accumulated by the cells. Other gangliosides showed no significant increase or 

decrease, but GT1b was statistically prone to leave lipid rafts after treatment with CBE. 

Since GT1b has previously demonstrated a strong avidity to affiliate with lipid rafts, 

cholesterol, and amyloid proteins, several factors may contribute to this (185). The first 

is that overload with GT1b within lipid rafts forces GT1b to leave rafts as a rescue 

mechanism to maintain raft stability. The second is that overflow into the non-raft region 

due to a stronger diffusion gradient than the interaction forces that hold the ganglioside 

within the lipid rafts. Functionally, this would probably affect the interaction between the 

neuron and glial cells, but in this case, this interaction was not possible as this is a cell 

monoculture. The association of GT1b with IR indicates it plays some role in the 

stabilization of lipid rafts. It is important to note that IR levels decreased across the 

membrane after treatment of the cells with CBE, with no shifts between lipid rafts and 

non-rafts, regardless of concentration or insulin treatment. In human endothelial cells, 

overexpression of GM1 caused a shift in the IR signaling pathway and thus increased the 

rate of cell death (186). Treatment of cells with inhibitors caused a decrease in IR levels, 
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regardless of concentration. This effect may be because the conduritol molecule binds to 

the IR and forces it to recycle, as demonstrated in previous research studies with 

conduritol derivatives (187). The same effect was seen with insulin itself, which is to be 

expected because insulin binding to the IR eventually forces it to recycle. IGF1-Rβ levels 

were elevated with the treatment. Colocalization analysis showed that the receptor moved 

into the raft area of the membrane upon treatment. This might indicate that the cell is 

primed for activation of the IGF1 signaling cascade, given the removal of the insulin 

receptor from the membrane. This pattern may be a countermeasure against insulin 

leaving the lipid rafts, keeping cytokine signaling functional. The concentrations of CBE 

used in these experiments are sub-effective and have been shown to have the effects of 

repositioning the IR in the membrane.  

 

6.3. Histochemical staining of the cells 

 

Treatment of cells with P4 inhibitors reduced the length of neurites. This was more 

pronounced for the RR isoform when insulin was applied, but when the SS isoform was 

challenged with insulin, the opposite happened compared to the controls. Blocking 

ganglioside synthesis, especially of complex gangliosides such as GD1a and GT1b, 

promotes the growth of neurites in cell cultures of primary cortical neurons and mouse 

models of traumatic brain injury (188–190). Complex gangliosides, when present,  reduce 

neurite outgrowth in vitro due to their interaction with the Nogo receptor (191). 

Autoactivation of the Nogo receptor or the production of ligand for the receptor by the 

SH-SY5Y cell line has not been previously described. Inokuchi demonstrated that two 

different isomers of GlcCer inhibitors have opposite effects, where the L-isoform 

stimulated the production of GSL, but D-isoform caused inhibition (192). The steric-

specific effect was also observed between P4-RR and P4-SS, only when insulin was 

added to P4-SS, suggesting that cytokine stimulation is required for neurite outgrowth. 

Another study demonstrated that after 3 days of treatment with PDMP, a compound with 

a structure and function similar to P4 caused a reduction in neurite outgrowth and a 

reduction in axonal networks of cultured hippocampal neurons (193). In both cases (P4-

RR and P4-SS), the expected result was neurite outgrowth, regardless of insulin due to 

the inhibition of ganglioside synthesis, but since the effect was not or was only partially 

achieved by the addition of insulin, it can be assumed that these isoforms have an 

activating effect on GSL enzymes or that the cells can overcome the inhibition. 
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Previously, it was described how different concentrations of insulin stimulate neurite 

outgrowth, where it had a positive effect on neurons in dorsal root ganglia. That effect 

was only observed at extremely low concentrations ranging from 1 to 10 nM, and no 

effect was observed around 1 μM  (190). In this experiment, 2 μM of insulin were used 

for 2 hours to stimulate insulin signaling briefly but strongly. It may be that 

overstimulation of already disrupted insulin pathways caused regression of neurites to 

protect the cell from death. A better effect might be achieved by prolonged exposure to 

low concentrations of insulin where cells would have sufficient time to adjust to the 

metabolic changes.  

MIG had the expected effect on the length of neurites at the highest concentrations 

of 40 μM. The lowest concentration of 2.5 μM caused a reduction in neurite length, while 

10 μM had no significant effect. The same was observed with insulin stimulation. As 

mentioned earlier, MIG is a less complex compound and its metabolic byproducts are 

easier to handle by the cell. The reason why the inverse effect is present at low 

concentrations can be explained by the cellular compensatory mechanisms, where the cell 

is still able to overcome the inhibitory effect of GSL by upregulating the gene expression 

of the missing gangliosides synthesizing enzymes and pumping out the inhibitor by efflux 

pumps. This peak concentration at which the cell is still able to compensate is around 10 

μM, and the decrease in length is attributed to the overshooting during compensation.  

The shortening of neurites was observed at 2.5 and 10 μM concentrations of CBE, 

with the highest concentration of 40 μM having an inverse effect. The effect on neurite 

outgrowth was observed by doubling or tripling the length of neurite after treatment with 

insulin. The effect on neurite outgrowth was expected, as blocking the β-Galactosidase 

enzyme stimulates the accumulation of endogenous GM1, which stimulates the growth 

of neurites through several mechanisms, one related to an increased influx of calcium ions 

into the cell, and others through the induction of MAP kinases and tau proteins. This has 

been observed both in the cultures of primary neurons and in established cell lines (193–

195). The efficacy of the treatment was best with the addition of insulin and correlates 

with the previously described IC50 value for glucocerebrosidase A (IC50=44.1 μM), which 

corresponds to the highest concentrations used. This is most likely due to the effect of 

insulin on transcription and gene expression, which converts the low effect of GM1 

accumulation into a significant effect. The reasons why CBE had the opposite effect on 

neurites are not yet clear, but studies of the effect of higher concentrations without insulin 
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show that the hypothesized effects are correct. This may well be an inverse hormonal 

effect of weak ganglioside accumulation (196).  

Having said this, to better understand what is happening when P4 inhibitors are 

applied, enzyme kinetic studies should be performed to determine the extent to which 

they inhibit the enzyme of interest, especially since there are no studies available for these 

two isomers. These results may have practical applications in brain injuries when both 

MIG and CBE are used together. It should reduce the total amount of complex 

gangliosides such as GD1a and GT1b, while preventing the degradation of existing 

gangliosides, leaving only these as targets for the endogenous neuraminidase Neu3. This, 

in turn, should theoretically decouple Nogo receptor inhibition from axon and dendrite 

growth and stimulate the formation of new neuronal networks. CBE itself has been 

successfully used to preserve the motor network in a mouse model of amyotrophic lateral 

sclerosis (197). Further in vitro and in vivo investigations are necessary to better 

understand how the combination might work.  

 

6.4. MALDI-TOF MS lipidome analysis 

 

Before analyzing the differences between cells treated with inhibitors and untreated 

cells in-depth, it is important to establish which changes in the lipidome are caused by 

insulin treatment and to extend the observed changes from there. The main biochemical 

modules affected by the application of insulin are ones involved in the biosynthesis of 

cholesterol sphingosine and ceramide, and from the observation of molecules involved in 

these pathways, it can be deduced that the reduction in biosynthesis has occurred. A 

decrease in cholesterol biosynthesis has previously been observed in brain tissue in both 

neurons and astroglia and is regulated through downregulation of SREBP2 following 

activation of the insulin signaling cascade (198). Sphingosine and ceramide have an 

interesting effect on the insulin signaling pathway. It has been previously observed that 

overload of ceramide usually leads to inhibition of Akt phosphorylation at serine 473, 

thus cutting off cytokine effect of the insulin, stimulating apoptosis and programmed cell 

death (199). It was also found that an increase in ceramide levels in skeletal muscle cells 

occurred after 16 hours of insulin stimulation, leading to a decoupling of insulin 

signalization (200). The opposite effect was observed in this experiment in neuroblastoma 

cells after 2-hour treatment with insulin. This is due to the short-term effects of insulin, 
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where spiking in the transcription of proteins and enzymes also leads to a depletion of 

accumulated biological material, without sufficient time to accommodate the shortage 

through negative feedback loops. Interestingly, the reduction in neurite length after 

insulin application and the previously discussed non-significant change in cell viability 

are not consistent with this observation and hypothesis.  

Treatment of cells with P4-RR inhibitor in all three concentrations affected 

ceramide and sphingosine biosynthesis. Medium concentration affected the biosynthesis 

of cholesterol and ergocalciferol, while high concentration affected the biosynthesis of 

bile acid, triacylglycerol, and inosine. As expected, the addition of insulin to the 

experimental groups resulted in additional changes, namely in tetrahydrobiopterin 

metabolism and in thyroid hormone biosynthesis. If we go through the identified 

compounds, it gives us an interesting insight into the cellular metabolism changes. The 

degradation of ATRA, a compound used for differentiation of the SH-SY5Y cells is 

somehow inhibited in cells treated with the highest concentration of P4-RR. This is 

interesting because the medium used for the treatment did not contain any retinoic acid, 

only the ATRA that has been introduced into the cells before the treatment. The 

mechanism by which the processing of retinoic acid was stopped is still unclear. One 

possibility is that the treatment blocked the cytochrome CYP26B1 enzyme involved in 

the degradation of ATRA, thus keeping the levels of the compound high (201,202). If 

examined, one of the commonly used inhibitors for this enzyme has little to no similarity 

to the  P4 compound (203). Also, it is important to note that the elevated concentration of 

ATRA metabolites implies that other enzymes are affected as well, primarily retinoic acid 

dehydrogenases that produce 11 and 9-cis retinal, which is only observed at the highest 

concentrations. No increase in ATRA concentrations was found after insulin 

administration. The addition of P4-RR independently of concentration reduces the levels 

of phosphoethanolamine (PE), more specifically 1-Octadecanoyl-2-(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-sn-glycero-3-phosphoethanolamine. The group of compounds is an 

important building block of the cell membrane. According to the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) database, it is involved in a process of cell death different 

from apoptosis called ferroptosis, where the accumulation of iron causes cascade 

oxidation of lipids, which ends in cell death (204,205). A reduction in the level of PE may 

indicate that it is utilized in the process of ferroptosis, which correlates with the findings 

of the MTT test,  where cell viability is reduced, and with the general lack of Annexin V 

stain (205). On the other hand, ferroptosis is characterized by the accumulation of toxic 
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polyunsaturated fatty acids (PUFA), which, once created, propagate further oxidation and 

subsequent mitochondria-induced cell death (206). It is also possible that the cells either 

further metabolized this compound during the process of ferroptosis, or the compound 

was released into the cell growth medium by exocytosis. Another interesting note about 

this PE isoform is that its levels are elevated in the plasma of morbidly obese people, 

which links it to the development of insulin resistance and its absence may cause 

hyperactivation of the insulin signaling cascade (207). This hypothesis needs to be tested 

in vitro in the same cell model to determine the role of PE in insulin signaling. 

Interestingly, cholesterol precursor, not cholesterol itself, biosynthesis is upregulated. 

The compound in question is 4 alpha-Methyl zymosterol and it is quite low in the Blotch 

pathway of cholesterol biosynthesis, seven steps away from the final molecule (208,209). 

Cholesterol and its precursors are difficult to ionize by MALDI-TOF-MS and usually 

require a special procedure involving silver or other heavy metals (210). This cholesterol 

precursor has a methyl group that makes it more susceptible for ionization and it is most 

likely the reason why it was detected. No data were found on why affecting glycolipid 

biosynthesis affects cholesterol biosynthesis. Application of insulin reduced the levels of 

this cholesterol precursor by twelvefold, but this was only observed at the lowest 

concentration of P4-RR. This correlates with the effect of insulin on cholesterol 

biosynthesis and with the previous observation using insulin alone, but in this case 

cholesterol levels were reduced even more. The observed pattern shows that cells are able 

to compensate for the disruption in cholesterol metabolism caused by the inhibitor up to 

the point where only the medium concentration showed an effect by itself, and the highest 

most likely caused enough damage to overload these mechanisms. Going further in 

analysis of metabolic disruptions, we come to the porphyrins. Porphyrins are molecules 

integral in building the hem molecule, where only changes that cause the accumulation 

of porphyrins are of importance as they cause a wide range of symptoms affecting the 

nervous system such as anxiety, confusion, breathing problems and others organ systems 

causing constipation, vomiting, general nausea or skin redness and blistering (211,212). 

Since the first and last three steps of porphyrin synthesis occur inside the mitochondria, 

it could be that the dysfunction of the mitochondria caused the decrease in porphyrin 

levels in the cells. This is not a standard molecule readily found in cells, but rather a 

metabolic intermediate. It has also been found to be a ligand for the mitochondrial 

translocator protein (TSPO) located in the outer mitochondrial membrane, which serves 

as a transporter molecule for cholesterol into mitochondria (213). In patients with 
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Alzheimer’s disease, TSPO levels have been elevated and its overactivation was 

protective against high amyloid protein levels (214). This does not explain why the levels 

of porphyrin dropped as during the sample preparation, mitochondria were kept in 

homogenate and no recorded further changes in the metabolism of porphyrin were found 

in the samples, with the same observed after the insulin was applied to the treated cells. 

Other molecules strongly tied to the glycolipid metabolism such as sphingosine, 

dehydrosphinganine, or N-glycolylneuraminate were changed in levels. The change was 

even more pronounced with the addition of insulin, and when cherry picked molecules 

are observed, the results correlate as expected. Each of these molecules can be identified 

as other molecule by examining the mass-to-charge ratio only, so fragmentation analysis 

is necessary to determine with sufficient confidence which exact molecule was affected 

by the treatment. Upon insulin addition, changes in the tetrahydrobiopterin (BH4) 

biosynthesis occurred, and an increase in the levels of precursors and final molecules was 

found. At the lowest concentrations of the P4-RR inhibitor, the upregulation was the 

highest and vice versa. BH4 is an important cofactor in the biosynthesis of dopamine 

(DA), which is one of the hallmarks of the differentiated SH-SY5Y cells (215). The 

overproduction and accumulation of BH4 lead to auto-oxidation of the molecule and the 

production of hydrogen peroxide and nitrous oxide, which in the end causes oxidative 

damage (216,217). It is also important to note that when BH4 is present in higher than 

usual concentrations, it activates MAPK, p38, and Erk1/2, which are downstream 

molecules in the insulin signaling pathway. In combination with the activation of the 

insulin pathway, the production of reactive oxygen radicals usually causes cell death 

(216). This correlated with MTT, where cells started to die after the addition of insulin, 

most likely as a result of the overactivation of the insulin signaling pathway. It was 

observed that BH4 increases insulin sensitivity, this way creating a closed circuit 

signaling with limited ability to regulate it once cells were challenged with insulin (218). 

Metabolism of pyruvate was altered and upregulated after the addition of insulin, and this 

is visible in rising levels of (R)-S-Lactoylglutathione (SLG) with the highest difference 

in cells treated with medium concentrations. The accumulation of the metabolite could be 

the result of blockage of the enzyme hydroxy-acyl-glutathione hydrolase (EC:3.1.2.6.), 

which metabolizes it into D-Lactate and glutathione, or it is the result of excess in its 

synthesis. The enzyme is located inside mitochondria and accumulation of this metabolite 

could be an indicator of disfunction linked to the oxidative status. It could be argued this 

is an attempt of mitochondria to repair oxidative damage and prevent further damage, as  
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SLG can serve as a backup for regenerating glutathione, which is important for 

preservation of protein structure and function during times of high oxidative stress (219). 

Further studies of mitochondrial metabolic changes are necessary to provide a definitive 

answer. Another effect observed with addition of insulin is the accumulation of iodine. 

This phenomenon is difficult to explain as cells should have iodine sensitive transporters 

on the cell membrane that facilitate iodine uptake and the medium should contain a certain 

amount of the element, but this is not the case. The only source of iodine could be the 

fetal bovine serum (FBS) used to culture the cells, which is also the source of thyroid 

hormones, but no FBS was used during experimental procedures, so it begs the questions 

of wheather the treatment causes a disruption in iodine metabolism in the cells, and why 

is this only obvious after the insulin application. This could be due to the higher metabolic 

turnover rate caused by insulin, which accelerates the breakdown of iodine-containing 

compounds. Further research is necessary to properly address this question.  

Treatment of the cells with P4-SS, the second isoform of this inhibitor, caused a 

similar response to treatment with P4-RR, but with several important differences. The 

treatment alone caused a decrease in cholesterol biosynthesis and an increase in the 

production of BH4, and the effect of the treatment was amplified by the addition of 

insulin, with a sixteenfold decrease in cholesterol levels when cells were treated with the 

highest inhibitor concentration. Previous studies indicated that inhibition of cholesterol 

biosynthesis caused neurite outgrowth both in vitro and in vivo (220). In the experiment 

where neurite length was measured, a significant neurite outgrowth was recorded after 

the addition of insulin to the treated cells. The cells did not reach pre-treatment levels, but 

the increase was significant compared to the insulin-treated control. The reason why the 

cells could not fully compensate may be due to the large metabolic effect on the cell itself. 

When only cholesterol levels are affected, the cells can compensate, in contrast to 

blocking the synthesis of large amounts of glycolipids. As with the RR-isomer, treatment 

of cells with the SS-isomer is likely to cause ferroptosis, which is observable in PE closely 

related to this process. The addition of insulin caused an accumulation of SLG in cells 

treated with a low concentration of the inhibitor, indicating that mitochondria could 

compensate for oxidative damage up to that point and that with more concentrated 

treatment mitochondria probably underwent mitochondrial apoptosis, as shown by the 

MTT results. No observable changes in retinoic acid metabolism were found. The 

biosynthesis of ceramide and sphingosine was affected by all three concentrations of the 

compound, both without and with insulin. As with the previous inhibitor, fragmentation 
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is necessary to draw the correct conclusions to determine exactly which molecule is 

affected.  

Treatment of cells with MIG caused somewhat similar effects in the cells as P4 

inhibitors. This is expected due to the effects on the same enzyme. There are some 

differences, mainly in the effects on second messengers, such as the induction of changes 

in energy metabolism through modulation of second messenger levels such as cyclo-

adenosine monophosphate (cAMP), nicotinamide, and nicotinamide riboside. These 

changes were not detected in the insulin-treated group. In previous studies, when SH-

SY5Y cells overexpressed nicotinamide N-methyltransferase (E.C. 2.1.1.1), thus 

overproducing N-methyl-nicotinamide (NMNA), neurite outgrowth was recorded and the 

insulin signaling pathway was modified through alteration of pAkt levels (221,222). In 

this experiment, neurite outgrowth was observed at the highest concentration of the 

treatment, and this was the only concentration where the precursor of NMNA, 

nicotinamide, was three times higher than in the control. In the same treatment group, 

cAMP levels increased fourfold, indicating several different possibilities. One is that the 

activity of adenylyl cyclase was upregulated in the same way. This enzyme normally 

binds to transmembrane receptors and acts as a point of signal transduction in the cell. 

The second possibility is the inactivation of an enzyme that degrades cAMP – 

phosphodiesterase due to the role of GM1 in protecting the enzyme from inactivation 

(223,224). In this experiment, the levels of all gangliosides should decrease after the 

application of the inhibitor, and the results indicate that effect. Insulin, as a cytokine may 

affect gene expression in cells and increase the level of the inhibited enzyme, 

counteracting the effect of the inhibitor and partially compensating for the increase in 

ganglioside levels. Cholesterol levels are also affected by the low concentration itself. 

The inhibitory effect increases severalfold when insulin is added, regardless of 

concentration, and the effect is most pronounced at high concentrations of the inhibitor. 

The upregulation of tetrahydrobiopterin is present and, as discussed earlier, is likely to 

affect the sensitization of the insulin signaling pathway in the cells. Despite being a 

commercially available and clinically approved drug, it has not shown dramatic effects 

on the cells. If the drug structure is examined, it is a glucose analog that enters the GlcCer 

synthase enzyme and blocks the synthesis of this GlcCer metabolite. However, there is 

about 4 g/L of glucose in the cell growth medium that may compete for the position within 

the enzyme. Nevertheless, a better effect can be expected in cell growth medium with 1 
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g/L of glucose, which reduces the number of metabolic competitors, and this way 

simulates the physiological conditions in the body.  

Up to this point, the cells have inhibited a point of glycosphingolipid biosynthesis. 

Treatment with CBE causes blockade of glycolipid degradation and effects of 

intracellular overload was observed. Ceramide and sphingosine biosynthesis were 

affected by the addition of CBE, regardless of concentration or insulin treatment. 

Cholesterol level was downregulated with medium and high concentrations without 

insulin and in cells treated with insulin regardless of CBE concentration. Previous 

research has demonstrated that cholesterol glycosylation was downregulated after CBE 

administration via direct enzyme inhibition (225). This was not observed in the series of 

experiments, most likely due to a decrease in the sensitivity of the instrument when 

imaging samples in a broad range, and the change was most likely subtle due to the CBE 

concentrations used. Other effects on cholesterol levels and CBE treatment have not been 

recorded in the literature. As previously observed with biosynthesis inhibitors, changes 

in sphingosine, palmitoyl-ethanolamine, and 3-dehydrosphinganine levels were also 

detected. The effect was amplified by insulin treatment, most likely due to its effects on 

gene transcription and activation of cell metabolism. Fragmentation analysis is necessary 

to determine the true nature of the change, especially due to the opposite result for these 

compounds at different masses. PE associated with ferroptosis decreased with the 

application of CBE and insulin. Application of low concentrations of CBE without insulin 

caused a sevenfold increase in PE, indicating that cells accumulate toxic PUFAs and 

ferroptosis should progress. It remains a question as to what is the threshold of glycolipid 

metabolic disruption that triggers one or the other mechanism of compensation, and how 

cells measure the extent of disruption. However, when cells are treated with a low 

concentration of CBE and the accumulation of PE is induced by the addition of insulin, a 

significant increase in BH4 metabolites is induced, suggesting an upregulation of its 

biosynthesis. Research by Kraft et al. has demonstrated an anti-ferroptosis effect of BH4 

excess on the cells, indicating that cells at a low CBE treatment require metabolic 

stimulation to effectively counteract ferroptosis processes (226). It is important to note 

that CBE at high concentration caused N-acetylneuraminate accumulation. This is most 

likely the result of a rescue mechanism of the cell to battle the ganglioside overload, 

which can be deleterious to the cell. Complete ganglioside degradation is blocked by 

inhibition of the glucosidase enzyme, and one of the remaining molecular solutions is to 

cleave sialic acids from the ganglioside structure with the sialidase enzyme to reduce the 
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effect of the overload. The byproducts of these reactions are N-acetylneuraminate and the 

less complex ganglioside. This can be further repeated until all sialic acids are clipped 

off, all the way to the lactosyl ceramide (227,228). This is good proof that the high 

concentration of CBE inhibitor was high enough to trigger glycolipid accumulation.  

 

6.5. Western blot protein analysis 

 

When the effects of the four compounds on the cells are observed, regardless of them 

being inhibitors of ganglioside synthesis or inhibitors of degradation of gangliosides, they 

all share a similar pattern regarding the levels of Akt, pAkt, IRα, and IGF1-Rβ. With each 

treatment, Akt levels have decreased below untreated levels, mostly regardless of 

concentration, while pAkt levels increased, sometimes three to fourfold compared to 

untreated cells. The addition of insulin caused the expected increase in pAkt levels, but 

this was more pronounced when treatment is combined with insulin. At the same time, 

IR and IGF1-Rβ levels decreased, indicating either binding of the compounds to the 

receptors or internally activating them, either way reducing the total levels of receptors 

through lysosomal degradation. This indicates that treatment by itself causes a shift in the 

activity of downstream signaling molecules of insulin. Np65 levels had various response 

regarding the treatment. Insulin alone reduced the Np65 levels, as did the P4-RR and CBE 

treatments. P4-SS and MIG caused an increase in Np65 levels. Combining treatment with 

both inhibitor and insulin had an inverse effect in the MIG and CBE treated groups. 

GSK3β levels generally dropped when cells were treated only with the inhibitors, except 

for P4-RR, where a decrease was first observed at low concentrations, and more GSK3β 

was present at higher inhibitor concentrations. The addition of insulin caused a decrease 

in epitope levels in the control group, and even more so when cells were treated with MIG 

or P4-RR. Treatment of cells with P4-SS and CBE with the addition of insulin caused an 

increase in epitope levels. The phosphorylated form of GSK3β was either reduced by 

treatment or nothing significant happened to its levels. MIG and CBE caused a decrease 

in epitope levels, which was most pronounced in MIG-treated cells. Treatment of cells 

with P4-RR caused no change, while P4-SS increased epitope levels, which strengthens 

the isomer-specific activity. For all compounds, βAPP levels decreased upon treatment, 

and the same was observed with insulin itself. Combining treatment with insulin resulted 

in an interesting shift. With P4-RR, the drop in βAPP levels was even more pronounced, 

and with all other treatments, epitope levels increased above the insulin-treated control, 
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with the greatest increase in the CBE-treated group. Alpha-synuclein showed an 

interesting pattern, where both isoforms of P4 inhibitors caused an increase in epitope 

levels, whereas treatment of cells with CBE and MIG caused a drop in epitope levels. 

This might indicate additional metabolic stress caused by P4 inhibitors. The addition of 

insulin caused a drop in epitope levels in cells treated with P4-RR and MIG, a rise in 

epitope levels in cells treated with CBE, while in cells treated with P4-SS no significant 

change was observed compared to the insulin-treated control. Changes in pTAU levels 

were more indicative than statistically significant. The treatments caused a rise in epitope 

levels, while the addition of insulin alone caused a rise in epitope levels. The combination 

of inhibitor treatment and insulin usually dropped epitope levels, but the standard 

deviation was too large for statistical significance.  

 Before in-depth analysis, it is important to note that many epitopes are directly 

related to insulin signaling and certain behavior is to be expected from them after insulin 

hormone application. These molecules are Akt, or pAkt in its activated form, GSK3β, or 

pGSK3β in its phosphorylated form, and two receptors to which insulin can bind – the IR 

and the IGF1-receptor. After insulin binds to the receptor, the signaling cascade 

propagates through the IRS to Akt and phosphorylates it at serine 473, activating it, which 

was observed in the insulin-treated control group, where a four to sixfold increase in pAkt 

levels was observed, with a concomitant decrease in AKT levels. The decrease in Akt 

levels is the result of its dephosphorylation, as the negative feedback loop consisting of 

lipid phosphatase and protein phosphatase A2 cleaves phosphate groups from pAkt, 

rendering it inactive (229). Dephosphorylation of pAkt also accelerates its degradation, 

as the removal of phosphates increases ubiquitination and proteasomal degradation (230). 

For all inhibitors, the effect of activation of Akt via phosphorylation was observed. The 

inhibitors activated the insulin signaling pathway to a different extent. For the P4 and 

MIG inhibitors, it is expected that blocking of GlcCer synthase upregulates ceramide 

levels and blocks the phosphorylation cascade between IRS and Akt, as previously 

described in several papers . The reasons why this was not observed in this study is due 

to the fact that no ceramide overload was found in the MALDI-TOF MS analysis and the 

cells were able to sufficiently shift the metabolism to avoid ceramide overload. 

Considering the level of cell death measured by MTT, it could be discussed that cells 

used this pathway activation to survive by preserving the metabolic structure of the cells 

and sacrificing the mitochondria. Binding of insulin to the IR itself or the  IGF1-receptor 

causes activation, followed by recycling and partial degradation of the receptor to 
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maintain downstream cascade regulation (59). It was also previously described that CBE 

and its variants can bind to and similarly activate the insulin receptor as the hormone itself 

(187). Since insulin receptor and IGF1-receptor levels were reduced differently, and the 

insulin signaling cascade was activated, it could be argued that either the GlcCer 

inhibitors themselves or metabolic byproducts released into the cell medium via 

exocytosis bound to and activated the receptors. The IR levels were reduced in CBE-

treated cells as expected, but no effect was observed with the IGF1-receptor. Another 

interesting point is that Gb3 globoside and GlcCer can enter lipid raft microdomains and 

the cell membrane themselves, causing a spatial redistribution of proteins within the 

membrane, altering their activity, and activating Akt in a receptor-independent pathway 

(231). This was observed when the GlcCer synthase was overexpressed, and it remains 

to be seen whether and how the cells in this experiment were able to compensate for the 

inhibitory effects of P4 and MIG. Challenging cells with insulin in the case of P4-RR 

caused a significant change in pAkt only in cells treated with the highest concentration of 

the inhibitor. At the same time, IR levels remained the same or higher and IGF1-receptor 

levels decreased compared to the control. The opposite effect was observed for the SS 

isoform, where the highest activation was at low concentrations, but interestingly IR 

levels raised and IGF1-receptor levels dropped but not below the insulin-treated control. 

This effect was not observed when cells were MIG-treated and challenged with insulin. 

The levels of pAkt remained similar to those without insulin. The same could be said for 

the IR, but not for the IGF1-receptor, whose levels dropped as it was activated. Previous 

investigations have demonstrated that activation of the IGF1-receptor usually leads to the 

activation and phosphorylation of Akt (232). Treatment with CBE affected IGF1-receptor 

levels, and with the addition of insulin, the effect was more than obvious. It could be 

argued that CBE can also similarly bind to IGF1-receptors to how it binds to and activates 

the IR, as previously described. This could explain the observed behavior that treatments 

either destabilize or alter the IGF1-receptor, forcing it to activate without a physiological 

stimulus i.e without insulin or insulin-like growth factor.  

 Continuing with the molecules of the insulin signaling cascade, we arrive at 

GSK3β and its active form which is phosphorylated at tyrosine 216. GSK3β is highly 

expressed in the CNS and has a regulatory function in modulating mitochondrial activity, 

apoptotic processes, and cell morphology. Phosphorylation of GSK3β at tyrosine 216 

keeps it constitutively active or even enhances its enzymatic activity, only 

phosphorylation at serine 9 shuts down the enzyme. Interestingly, a twofold increase in 
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phosphorylation does not significantly affect the level of the non-phosphorylated form, 

so the ratio of the two may not be necessary to approach the analysis (233). Notably, the 

application of insulin itself reduced total GSK3β levels, which has not been previously 

recorded. The use of insulin usually reduces the activity of the kinase but does not reduce 

the level of the enzyme itself. The combination of treatment and insulin reverted kinase 

levels to those found in the control group. Also, previous reports have shown that 

gangliosides did not affect the levels of the kinase itself. This behavior may be because 

in other experiments cells have been exposed to insulin for a longer period, and kinase 

levels can bounce back via induced gene expression. However, the effect of 

glucocorticoids on the degradation of GSK3β via ubiquitin 26S proteasome has been 

described, but only after 72 hours of exposure and in mammalian epithelial tumor cells 

(234). The SH-SY5Y line is of tumor origin and similar behavior may occur when 

differentiated cells are exposed to the insulin for short periods. The extension of the 

effects of short insulin exposure needs to be further investigated as it may provide insight 

into how tumor cells respond to short bursts of insulin and provide a focal point for 

possible treatments. The GSK3β enzyme plays a crucial role in several metabolic 

pathways, it can be expected that a reduction in its total levels should have a significant 

impact on the β-catenin signaling pathway, the regulation of apoptosis, and cell survival 

in general (232,233,235,236). This may explain the low survival rate and the change in 

cellular behavior when insulin was added to the treated groups, where the cells detached 

from the bottom of the flask. Treatment of cells with P4-SS but not RR isoform reduced 

total levels of pGSK3β, but not statistically significantly. However, the addition of insulin 

had a slightly opposite effect, and the level of the active molecule was higher than in 

control groups or in inhibitor-treated groups. Since phosphorylation on tyrosine 216 is an 

autocatalytic event, it could be argued that the gene expression induced by the addition 

of insulin caused a rise in total GSK3β levels followed by an increase in the levels of the 

active form. It should be mentioned that in this research the levels of GSK3β 

phosphorylated at serine 9 were not measured, which would greatly aid to determine 

which segment of the activity regulation was affected: the kinases that inactivate GSK3β 

or the autophosphorylation activity itself. The activity pattern observed would be 

expected if the Akt molecule was inactive due to ceramide overload, which is not the 

case, because pAkt is four times higher than in the insulin untreated groups, and still there 

is a rise in GSK3β activity. 
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Treatment of cells with MIG showed a slightly different story, even though it should 

affect the same enzyme as P4. The effect on the active form of GSK3β was inhibitory 

when insulin was applied. This is consistent with current knowledge, and there was no 

significant effect on baseline levels of GSK3β and the treatment itself did not alter levels 

of the phosphorylated form (233). CBE had an inhibitory effect on the activity of GSK3β. 

Since there is an accumulation of glycolipid metabolic byproducts, it is likely that 

ceramide also accumulates. It was found that the specific C2 ceramide activates the 

PI3K/Akt signaling pathway, thus deactivating GSK3β, allowing cell anabolic activity, 

pushing it into cell division, stimulating gene expression regulated by the cAMP response 

element-binding protein (CREB), and reorganizing the cell metabolic needs (237,238). 

The effect of individual compounds on the activity and stability of GSK3β needs to be 

further investigated, as modulation of energy metabolism is possible in both metabolic 

diseases and cancerous tissue. If the compounds are successful in acting on any of these, 

it would be of great importance for people suffering from these diseases.  

NP is not a newly discovered molecule, but its role is still somewhat unclear, and 

research to discover most of its roles is gaining traction. Its main role is to regulate 

neuroplasticity, maintain intracellular calcium levels and facilitate the formation of new 

synapses. Treatment of cells with inhibitors of GlcCer synthase has generally caused an 

increase in Np65 levels and it can be argued that this should cause dendrite outgrowth or 

at least significant changes in cell morphology. If we observe the results pertaining to 

dendrite length, it is obvious that the increase in Np65 did not aid in the elongation of 

neurites. The application of insulin reduced the total levels of Np65 if we observed the 

total length of neurites. The answer to why this happened may be found in the position of 

the Np65 molecule. The majority of the active molecule is localized inside the lipid rafts, 

and a small part is localized outside (178). The application of inhibitors and insulin caused 

a shift of Np65 outside of the rafts thus rendering it inactive. The reason why the shift 

happened when cells are treated with insulin alone is still unclear. Why are higher levels 

of Np65 observed in GlcCer inhibitor-treated cells? One answer could be that the cells 

are trying to compensate for functional loss of the Np65 and have started to produce more 

molecules. To give a more definitive answer gene expression analysis should be 

performed. However, Mlinac et al. have described that mice lacking complex 

gangliosides have several times higher levels of Np mRNA and altered spatial distribution 

and immunoreactivity towards Np65 in the hippocampus complex gangliosides which are 

necessary for proper synapse formation (239). MIG had a similar but different effect on 
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the cell metabolism again. Length of neurites and Np65 levels increased, and even though 

the addition of insulin caused a sharp drop in Np65 levels, the effect on the length of 

neurites was not dramatic. The reason why this happens is still unknown. On the other 

hand, overloading the cells with gangliosides had no significant effect on Np65 levels, 

and as expected, more gangliosides caused the elongation of neurites. These experiments 

regarding NPs should be performed on primary neuronal cell culture because in that case 

direct observation of synaptogenesis would be possible and the real extent of the effects 

of altered glycolipid levels on NPs could be observed.  

 Treatment of cells with GlcCer synthase inhibitors almost always led to a reduction 

in APP levels, and even more so after the application of insulin. It is known that 

gangliosides play an important role in the regulation of amyloid protein splicing, 

oligomerization, and propagation of toxic amyloid aggregates. Previous studies have 

demonstrated that the excess of GM1 leads to the accumulation of amyloid-beta and leads 

to a reduction in the production of soluble APP through modulation of gamma-secretase 

activity (240). Experiments utilizing an inhibitor of GlcCer synthesis should reduce total 

levels of all gangliosides including GM1 thus it is safe to argue that reduction of 

ganglioside levels leads to a reduction in the total amount of APP as observed in Western 

blots. The application of insulin also upregulates the activity of the insulin-degrading 

enzyme, which is a small metalloprotease that cleaves APP and propagates its degradation 

(241). CBE-treated cells had a different response regarding APP. Levels should have risen 

because CBE induces the accumulation of glycolipids rather than their depletion. It could 

also be argued that due to the lack of insulin stimulatory effect there was not enough gene 

expression activity for the response to the created overload. At the same time, levels of 

pAKT were several times higher than those of the control group, thus AKT-regulated 

gene expression should not be impaired. The insulin-degrading enzyme is upregulated by 

PI3K activity, the same enzyme that activates AKT. Since activity and levels of PI3K 

were not measured, it is hard to deduce the extent of the treatment effects. There were 

several described human cases suffering from Gaucher disease and amyloidosis, but no 

detailed genetic studies have been performed (241–243). A possible explanation is that 

the activity of the insulin-degrading enzyme was modified after CBE and insulin 

administration and thus became inactive. Further kinetic studies are necessary to 

determine the effect of glycolipid overload on enzyme activity.  

The TAU protein is a microtubule-associated protein that serves as a stabilizer of 

microtubule structure and consequently cytoarchitectonics. It has been determined that 
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1% of total brain proteins are tau proteins. Since phosphorylation of any protein would 

change its 3D structure and function, the level of phosphorylation of the tau protein is 

important. In the late stages of AD, phosphorylation levels of serine 202 and threonine 

205 positions are increased (244). Treatment of cells with GlcCer inhibitors caused a rise 

in levels of pTAU and the application of insulin exacerbated this effect. This was even 

more prominent with P4 type inhibitors. The accumulation of hyperphosphorylated tau 

protein is somewhat correlated with cell inability to create new neurites but is also related 

to the level of activity of GSK3β. Previously was described the correlation between 

increased GSK3β activity and increased phosphorylation of TAU protein (245). Based on 

this, it is safe to argue that the increased levels of pGSK3β-Tyr206 are part of the reason 

for the higher phosphorylation of tau protein than in the control group. It has also been 

found that peripheral hyperinsulinemia promotes hyperphosphorylation of tau protein in 

vivo (246,247). Also, the complex ganglioside GQ1b reduces the level of tau 

phosphorylation and that is most likely true for other complex gangliosides (248). Since 

there is the treatment-mediated rise in Akt activity and the decrease in levels of 

gangliosides, it should be argued that upregulating the activity of Akt and modifying the 

activity of GSK3β caused a spike in pTAU levels in the cells. CBE treatment causes a 

spike in the level of pTAU, which is most likely not related to GSK3β due to its lower 

levels and activity. No data were found for Gaucher disease, CBE, and accumulation of 

pTAU. This may be because ganglioside and glycolipid overload do not produce 

pathological changes in the form of neurofibrillary tangles and synucleopathies are the 

predominant neurodegenerative pathology in patients suffering from Gaucher disease 

(113,249–251). Further investigation is necessary to determine the exact mechanism of 

pTAU accumulation and whether this is a potential problem i.e. whether it would lead to 

the development of pathological neurofibrillary tangles.  

Regarding the alpha-synuclein (αSyn), there is a large discrepancy in epitope levels 

between the control groups of different inhibitors. CBE did not have the expected effects 

and induced the accumulation of αSyn, especially since this has been previously observed 

in both in vitro and in vivo models (252–255). The experiments regarding αSyn should 

be repeated with higher concentrations of CBE and if higher concentrations of CBE 

produce the expected effects, then this low dose CBE effect should be re-examined to 

determine the mechanism of low-level glycolipid accumulation on αSyn. The same can 

be said for other inhibitors. For now, the discrepancy between literature data and observed 

effects is too large and it should not be considered valid.  
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6.6.  Prospects of the study 

 

In this study, the inhibitory effects of P4 isoforms and MIG on cell growth were 

demonstrated. This could be utilized in treating certain tumors with a high glycan profile, 

such as prostate cancers and certain types of breast cancers. In those types of cancers, it 

was found that the dysregulation of cell death is due to the inactivation of the PI3K/Akt 

pathway (256,257). Since treatment with inhibitors theoretically causes a spike in Akt 

activity, it should activate an apoptotic cascade. Treatment of cell cultures of these tumors 

should be the first step in assessing the efficiency of this, if the results are promising, 

research should be extended into animal models. Since the entire insulin signaling 

cascade was only turned on by the treatment itself, and there were no drastic changes in 

the positions of the proteins in the membrane, it could be utilized at low concentrations 

as a modifier of insulin metabolism in people with type 2 diabetes, which could 

potentially reduce or delay the need for the use of antidiabetic medications (258).  

 

6.7.  Limitations of the study 

 

This study has been performed in a cell model that mimics neuronal phenotype 

when differentiated. It is also a cancerous cell line and the responses to different metabolic 

challenges do not necessarily correspond to those of the healthy cells lines such as the 

human fibroblast cell line such as BJ (ATCC-CRL 2522) or primary cell cultures. 

Repeating these experiments in healthy cell lines and primary cultures of cortical neurons 

should provide more accurate insights into the extent of the effect of GlcCer inhibition 

on metabolism. Lipid raft isolation should also be done and subsequent western blot 

analysis of lipid rafts to determine subtle changes in lipid raft composition that cannot be 

detected by immunocytochemistry. Fragmentation analysis with molecular standards 

should also be performed in the analysis of lipid profile by MALT-TOF-MS.  
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7. CONCLUSIONS 

 

- Treating cells with P4 inhibitors will cause cell death with the effect being aggravated 

by the addition of insulin, most likely killing off the mitochondria. Miglustat and 

conduritol B epoxide in given concentrations did not affect cell capability to survive.  

- Immunocytochemical staining revealed that P4 inhibitor isoforms have a stereospecific 

effect. P4 and MIG inhibitors cause the redistribution of βAPP reducing the cell's ability 

to properly metabolize it, creating long-term cell damage. GM1 ganglioside and IGF1-

Rβ shifted into the non-raft part of the cell membrane because of ganglioside synthesis 

disruption, while CBE did not affect the redistribution of GM1 and IGF1-Rβ. 

- Treating cells with GlcCer inhibitor reduced their capability to grow neurites, and only 

the glycolipid overload has induced neurite growth. 

- Lipidome analysis indicated that mitochondrial metabolism was affected with treatment, 

observed in the change of levels of molecules included in ferroptosis.  

- Treatment-induced changes in levels of sphingosine, dehydrosphinganine, and 

palmitoyl-ethanolamine were as expected. Treatment with GlcCer inhibitors caused 

downregulated cholesterol biosynthesis via unknown metabolic regulation. 

- Disrupting glycolipid biosynthesis causes hyperactivation of the insulin signaling 

cascade observable in increased levels of pAkt, pGSK3β, and reduced levels of insulin 

receptor and IGF1-Rβ. CBE in sub-effective concentrations had an unexpected effect on 

the insulin signaling cascade, causing its hyperactivation.   
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8. SUMMARY 

 

Objectives: Gangliosides are essential for stabilizing and organization of the membrane 

microdomains, which serve as communication hubs for relaying insulin signaling into the 

cell. Interfering with ganglioside synthesis should disrupt insulin signaling by 

downregulation or upregulation, depending on which enzyme is disrupted. This, in turn, 

should cause changes in cell neuroplasticity, morphology, and tolerance to insulin 

challenge.   

Study design: SH-SY5Y human neuroblastoma cell line was differentiated for 10 days 

with retinoic acid and treated for 48 hours with two isoforms of P4 inhibitor of ganglioside 

synthesis, miglustat inhibitor of ganglioside synthesis, and inhibitor of glycolipid 

degradation – conduritol B epoxide.  

Material and methods: For MTT, cells were grown, differentiated, and treated in 

collagen-coated 96 healthy plates. After treatment, cell viability was determined. Cells 

were grown and differentiated on collagen-coated glass slides for immunocytochemistry 

and morphology and stained with specific antibodies for epitopes of interest, and FITC 

dye for morphology. For Annexin V, Western blots, and MALDI-TOF, cells were grown 

in six biological replicas for each treatment concentration and protocol in 6-well plates. 

After treatment cells were scraped, homogenated, and prepared for further analysis by 

flow cytometry, Western blot, or MALDI-TOF MS.  

Results: Interfering with glycolipid biosynthesis caused dose-dependent cell death and 

change in morphology. Miglustat caused expected morphology changes in the form of 

neurite elongation, whilst CBE in sub-effective concentrations had the reverse effect on 

cell morphology. The insulin signaling pathway was upregulated with all treatments. 

Cells demonstrated changes in neuroplasticity and different responses to induced 

metabolic stress depending on which inhibitor was applied.  

Conclusion: Disrupting glycolipid composition will interfere with insulting signaling, 

cause morphological changes, and disrupt the neuroplasticity of the cells.  

Keywords: SH-SY5Y, miglustat, conduritol B epoxide, insulin, neuroplasticity.  
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SAŽETAK 

Cilj: Gangliozidi su važni za stabilizaciju i organizaciju membranskih mikrodomena koji 

služe kao komunikacijska središta za prenošenje inzulinske signalizacije u stanicu. 

Ometanje sinteze gangliozida trebalo bi poremetiti inzulinsku signalizaciju pojačavajući 

je ili snižavajući, ovisno o tome koji je enzim poremećen. To bi pak trebalo uzrokovati 

promjene u staničnoj neuroplastičnosti, morfologiji i toleranciji na inzulin.  

Ustroj studije: Stanična linija humanog neuroblastoma SH-SY5Y diferencirana je 10 

dana retinoičnom kiselinom i tretirana 48 sati s dvije izoforme P4 inhibitora sinteze 

gangliozida, miglustat inhibitorom sinteze gangliozida i inhibitorom razgradnje 

glikolipida - conduritol B epoksidom.  

Materijali i metode: Za MTT stanice su uzgajane, diferencirane i tretirane u pločicama 

s 96 jažica presvučenih kolagenom. Nakon tretmana utvrđena je održivost stanica. Stanice 

su uzgajane i diferencirane na pokrovnim staklima presvučenim kolagenom za 

imunocitokemiju i morfologiju i obojane specifičnim antitijelima za epitope od interesa 

te FITC bojom za morfologiju. Za Aneksin V, western blot i MALDI-TOF analize, 

stanice su uzgajane u šest bioloških replika za svaku koncentraciju u pločicama sa 6 

jažica, nakon što su tretirane stanice sastrugane, homogenirane i pripremljene za daljnju 

analizu protočnom citometrijom, western blotom ili MALDI- TOF MS.  

Rezultati: ometanje biosinteze glikolipida uzrokuje o dozi ovisnu staničnu smrt i 

promjenu morfologije. Miglustat je uzrokovao očekivane morfološke promjene u obliku 

produljenja neurita, dok je CBE u sufektivnim koncentracijama imao reverzni učinak na 

staničnu morfologiju. Put signalizacije inzulina bio je pojačan u svim tretmanima. Stanice 

su pokazale promjene u neuroplastičnosti i različit odgovor na inducirani metabolički 

stres, ovisno o tome koji je inhibitor primijenjen. 

Zaključak: Ometanje sastava glikolipida ometat će inzulinsku signaliziraciju, uzrokovati 

morfološke promjene i poremetiti neuroplastičnost stanica.  

Ključne riječi: SH-SY5Y, miglustat, conduritol B epoksid, inzulin, neuroplastičnost.  
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