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1. INTRODUCTION

1. INTRODUCTION

1.1. Metabolic syndrome

Non-communicable diseases are, by definition, chronic conditions that are not a result
of an acute infectious process, but develop due to a combination of genetic, environmental,
physiological and behavioral factors (1). They do not resolve spontaneously and are seldom
completely cured. Their large burden on healthcare systems due to their chronicity, growing
morbidity and mortality in both developed and underdeveloped parts of the world has been
recognized as a major concern in recent times (2).

Metabolic syndrome (MetS) is an umbrella term for a variety of risk factors that can
cause a multitude of non-communicable diseases that was first coined in 1975 by a group of
German researchers (3). It has since become a focus of research in many fields, both in
molecular biology and clinical areas such as gastroenterology, endocrinology, epidemiology,
etc. On a cellular level, there are several metabolic abnormalities that these factors have in
common. Their molecular pathophysiology is a reflection of not only increased caloric intake
resulting in adipose tissue and ectopic lipid accumulation but also changes in adipocyte
hormone metabolism, proinflammatory immune cell activation, disturbances of the gut
microbiome, organelle dysfunction, thyroid hormone dysfunction, etc. (4, 5).

From a clinical perspective, there is not a single, unified definition of MetS. Several
diagnostic criteria have been proposed and used over the past few decades. Some of the more
commonly used have been ones proposed by the World Health Organization (6), International
Diabetes Federation (7) and National Cholesterol Education Program (8). While not identical,
they focus on the same components/risk factors, which include central obesity, dyslipidemia
(an increase in plasma triglyceride levels and a decrease in plasma high-density lipoprotein
cholesterol levels), hypertension and hyperglycemia. Recent advances in MetS research have
shown that a significant percentage of obese individuals do not have these characteristic
metabolic disturbances, which led to the introduction of the term metabolically healthy obese.
On the other hand, metabolic disturbances may appear in individuals with a normal body-
mass index (9, 10). This is a prime example of a necessity for personalized medicine focusing
on individual preventive care and treatment plans, based on the complex nature of MetS
ethiopathogenesis that includes a variety of both (epi)genetic and environmental factors.

While it has many challenges, especially in terms of logistics, handling large datasets and
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being translated to a clinical setting on an individual level, one area showing great promise
and benefit for personalized medicine is metabolomics (or simply “omics®) research, which
quantifies and identifies entire groups of molecules (e.g. lipids - lipidomics, proteins -
proteomics, RNA — transcriptomics, etc.) (11). This can be applied to MetS research as well.

Patients who meet the diagnostic criteria of MetS are at a much greater risk of
developing atherosclerosis, which can manifest itself as coronary heart disease, peripheral
vessel disease or cerebrovascular disease, among others, which in turn increase the risk for
major vascular-based episodes, such as stroke and heart attack. Clear connections have also
been made between MetS and increased risk for many other clinical entities, including
common cancers and both male and female infertility (12, 13). Another major consequence of
MetS is the development of insulin resistance (InR), the key pathophysiological factor in type
2 diabetes mellitus (T2DM) (14).

1.2. Mechanisms of insulin action in health and disease

1.2.1. The intricacies of insulin signaling

Insulin is an important hormone regulating glucose homeostasis through glucose
uptake and glycolysis and glycogenesis promotion, while down-regulating gluconeogenesis
and glycogenolysis. Its anabolic effects apply to lipid and protein metabolism as well. It is a
polypeptide consisting of two chains (A and B) connected with disulfide bonds synthesized in
B-cells of pancreatic Langerhans islets. The final form of insulin is created by multiple
posttranslational modifications, which include cleavage of its precursors, preproinsulin and
proinsulin. All of its effects are achieved through its binding to the insulin receptor (IR). IR is
a heterotetrameric transmembrane receptor with tyrosine kinase activity. It consists of two
extracellular a-subunits that bind insulin and two transmembrane B-subunits with kinase
activity. Once insulin is bound to IR, it initiates complex intracellular signaling pathways with
both metabolic and mitogenic effects. It is multifaceted partly due to the existence of insulin-
like peptides such as insulin-like growth factors (IGF-1 and IGF-2). These peptides bind to
both their own receptors as well as IR and show overlap in signaling functions with insulin.
Furthermore, there are two isoforms of IR, IR-A and IR-B, synthesized through alternative
splicing that are not equally expressed in all tissues and that have different binding affinities

to proinsulin, insulin, IGF-1 and IGF-2. IR-A and IR-B are not exposed to the same
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circulating levels of the aforementioned peptides. For example, there is a higher concentration
of insulin in the portal circulation and hepatocytes mostly express the more insulin-specific
IR-B in their membrane, which is why its metabolic effects are more prominent in the liver
than the mitogenic effects of IGF-1 and IGF-2. Even though these complex signaling
pathways differ from tissue to tissue, especially in tissues tasked with maintaining tight
metabolic homeostasis (white adipose tissue, skeletal muscle tissue, liver), the proximal
signaling cascades maintain a degree of similarity (15, 16).

Once the pancreas is stimulated and insulin is secreted into the bloodstream, it binds to
the a-subunit of the IR. This induces a conformational change in the B-subunits, allowing the
receptor to become active by triphosphorylation of its activation loop, which consists of
tyrosine residues (Tyr'6?, Tyr!%® and Tyr''%3), followed by phosphorylation of an additional
residue (Tyr®’). IR is specific in that it does not directly activate cytoplasmic signaling
molecules — it undergoes an additional step using so-called adaptor molecules that recruit
necessary downstream molecules needed to specify and amplify the insulin cellular response
(17). A best-understood group of these proteins are insulin receptor substrates (IRS). Research
has shown that while there are similiarities between six known isoforms of IRS, there is a
difference in tissue distribution and function (18, 19). The autophosphorylation of the IR
allows for the binding of IRS, which are themselves then phosphorylated and activated by the
IR, allowing for the main signaling cascades to be initiated.

As previously mentioned, there are metabolic and mitogenic signaling pathways. The
metabolic signaling pathway, through which insulin accomplishes its effects on carbohydrate,
protein and lipid metabolism starts proximally with the PI3K/PKB (Akt) pathway (20).
Phosphoinositide-3-kinase (PI3K) is a tetrameric protein with a regulatory (p85) and catalytic
(p110) subunit that binds to the IRS with its SH2 (Src homology-2) domain. It phosphorylates
phosphatidylinositol-4,5-bisphosphate, a membrane phospholipid, giving rise to
phosphatidylinositol-3,4,5-trisphosphate (P1P3). PIP3 recruits the phosphoinositide-dependent
kinase-1 (PDK-1) to the membrane and activates it. PDK-1 substrates are a protein family —
AGC protein kinases. When phosphorylated and activated, they carry out most of the
metabolic effects of this signaling pathway, which can be tissue specific. They not only
include isoforms of Akt/protein kinase B (PKB) that is mentioned in the commonly used
name of this pathway, but also isoforms of protein kinase C (PKC), p70 ribosomal S6 kinase
and serum- and glucocorticoid-induced protein kinase. The Akt/PKB isoform involved in
insulin-stimulated signaling is Akt2. When talking about PKC, there are three isoform groups:
conventional PKC isoforms (PKC-a, PKC-B1, PKC-B2 and PKC-y) that are activated by
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calcium, phosphatidylserine and diacylglycerols (DAG) or phorbol esters, novel PKC
isoforms (PKC-6, PKC-¢, PKC-6 and PKC-n) that do not require calcium and atypical PKC
isoforms (PKC-{ and PKC-1/A) that require neither calcium nor the aforementioned molecules
for activation (21). The isoform expression differs from tissue to tissue.

In terms of carbohydrate metabolism, AGC protein kinases mobilize and transport
glucose transporter (GLUT) storage vesicles to the cell membrane and facilitate their fusion,
allowing glucose to enter the cell. In hepatic tissue, for example, they activate glucokinase to
promote glycolysis. Additionally, they phosphorylate glycogen-synthase kinase, rendering it
inactive and allowing glycogen synthase to remain active, therefore promoting glycogenesis
(22, 23). The anabolic effects of insulin concerning protein and lipid metabolism through the
Akt/PKB node are achieved by a kinase called the mechanistic target of rapamycin (mTOR,
previously referred to as the mammalian target of rapamycin), activated by phosphorylation.
It is a serine/threonine protein kinase from the PI3K related protein kinase family, consisting
of two subunits — mMTORC1 and mTORC2 (24). The PI3K/PKB pathway has been shown to
regulate gene expression responsible for cell survival and apoptosis through FoxO proteins, a
subgroup of the Forkhead transcription factor family (25), in addition to regulating the
activity of proteins involved in cell growth, apoptosis and cell cycle regulation, such as
Mdm2, P21Cipl, p27Kipl, Bax, Bad, caspase-9, etc. PKB also promotes nitric oxide
synthesis and vasodilatation (26).

Nuclear effects, i.e. gene expression regulatory effects of insulin regarding cell
proliferation, growth and differentiation are controlled by the second major arm of the insulin
signaling pathway, the Grb2-SOS-Ras-MAPK pathway (Ras-MAPK, simplified, where
MAPK stands from mitogen-activated protein kinase), an evolutionarily conserved pathway
that is observed in all eukaryotic cells (27). It is based on a phosphorylation cascade that
activates transcription factors and it begins with the growth factor receptor-bound protein 2
(Grb2). Grb2 is to this pathway what PI3K is to the PI3K/Akt pathway. It acts as a loading
dock on IRS, binding to it with its SH2 domain. Once bound, it recruits a Son of Sevenless
(SOS) protein to the submembrane region where it binds to the SH3 domain of Grb2. SOS
acts as a guanine nucleotide exchange factor, so it activates its target protein, the membrane-
bound Ras protein, by dissociating a GDP molecule and binding GTP to it. The inhibitory
effects on Ras are carried out and amplified by the GTPase-activating protein, which
increases the activity of the Ras intrinsic GTPase, rendering it inactive. This represents a
typical interaction for so-called G-proteins that require GTP to activate and carry out their

functions. Once activated, Raf, a serine/threonine kinase, is mobilized to the submembrane
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region, bound to Ras and activated through an intricate process that includes phosphorylation
(28). The cascade continues by activating the mitogen-activated protein kinase kinase (MEK,
MAP2K, or MAPKK). Unlike the previously mentioned kinase proteins, MEK has a dual
function — it acts both as a tyrosine kinase and a serine/threonine kinase. The final piece of the
cascade before entering the nucleus to interact with the DNA is the extracellular signal-
regulated kinase (ERK), becoming active when phosphorylated by MEK. Once in the nucleus,
ERK activates numerous transcriptional factors responsible for cell proliferation, growth,
differentiation and survival.

Negative feedback and inhibition of the insulin signaling pathways are of great
importance because of the numerous effects the aforementioned effectors have. Inhibitory
regulators include enzymes like lipid phosphatases and phosphoprotein phosphatases (PTEN,
SHIP2) and adaptor proteins like Grb and SOCS. Signaling inhibition can also be achieved
through inhibitory serine/threonine phosphorylation of the IRS (27).

1.2.2. Pathophysiological basis of InR

It is known that InR can be present years before signs and symptoms of T2DM appear.
It affects multiple organs and organ systems, not just those heavily involved in metabolic
homeostasis. Among them are the gastrointestinal tract, kidneys and the central nervous
system (CNS) (29). The key tissues initially and primarily affected by InR are muscle tissue,
white adipose tissue and the liver. Each of them has certain specifics in terms of a response to
the initial effects of InR relating to metabolic changes as a compensatory mechanism to try
and override the nosogenic effects brought on to them. Just as is the case with each
pathological process exerting its nosogenic effects on a cell, tissue, organ, organ system and
ultimately, the organism as a whole, the activated compensatory mechanisms can maintain
this “fake” homeostasis only for a certain amount of time. Once they have worn out, the
deleterious effects take over and begin to manifest clinically.

By definition, InR is the body's inability to use insulin for glucose uptake, be it
endogenous or exogenous insulin. (30). In a clinical setting, InR can be quantified using the
HOMA-IR (homeostasis model assessment of insulin resistance) index. This value can easily
be calculated using fasting serum insulin and fasting serum glucose levels (31, 32). It is also a
useful tool for detecting InR before clinical manifestation occurs in patients that have a risk of
developing MetS, e.g. those with a positive family history. HOMA-IR index has also been
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identified as a predictor for the development of several clinical entities related to MetS,
including cardiovascular disease (33).

The complexities of MetS and InR and their consequences do not strictly relate to
chronic hyperglycemia, changes in body weight and microvascular damage leading to
atherosclerosis and consequently tissue hypoperfusion, small infarctions or large vascular
incidents. There is a vast shift in metabolism that is brought on by rapid and large intracellular
lipid accumulation. These lipids primarily disrupt intracellular signaling homeostasis
mediated by insulin. By doing so, not only do they disable proper and prompt mobilization of
GLUT to the cell surface leading to hyperglycemia, but they also block all the essential
effects of insulin relating to lipid, carbohydrate and protein metabolism, as well as proper
organelle function that relates to the Ras/MAPK arm of the insulin signaling pathway. This
extends to damage to the ER, mitochondria and the cell membrane, which is brought on not
only by intracellular lipids but also by an activated proinflammatory response. Several lipids
have been identified as the main disruptors of insulin signaling — ceramides, DAGs and long-
chain fatty acyl-CoAs (34 - 37). Overnutrition and chronic increase in caloric intake are
initially reflected in hypertrophy and hyperplasia of adipose tissue. Adipose tissue cannot take
on an infinite amount of lipids, also leading to adipocytokine dysfunction. Such excessive
concentrations of lipids slowly begin to affect and trickle into other cells and tissues, mainly
myocytes and hepatocytes. As they start overwhelming these tissues, they exert their
lipotoxicity. The proinflammatory environment that begins to develop itself plays a large part
in the development of InR. Gregor and Hotamisligil wrote a review paper in 2011 (38)
focusing on obesity-driven inflammation. These inflammatory processes do have the same
nature as the typically observed inflammatory processes — a certain nosogenic effect leading
to activation of immune cells and proinflammatory mediator molecules, followed by
antiinflammatory mediator dominance, resolution and tissue restitution in both the
morphological and functional context. Gregor and Hotamisligil concluded that there are four
characteristics of obesity-driven inflammation: it is metabolic, it is low-grade, it alters the
cellular environment and it is chronic and maintained.

Back in 1999, a nuclear magnetic resonance spectroscopic study demonstrated a link
between intramyocellular triglyceride content and InR (39). The three aforementioned groups
of lipids have been extensively researched since the last decade of the past century in order to
identify the specific mechanisms that trigger InR. While a proinflammatory environment
helps promote and maintain InR, it is their role in blocking insulin signaling pathways that

ultimately leads to resistance of peripheral tissues. The effects of these lipids on blocking
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insulin signaling are shown in Figure 1.1. Ceramides belong to a group of lipids called
sphingolipids. They are synthesized through a process that begins with a molecule of serine
and palmitoyl-CoA. They are normally found in cell membranes, specifically in lipid rafts —
specialized microdomains whose functions go much further than simple maintaining of
cellular integrity and structure (40). Accumulation of intracellular ceramide leads to their
increased interaction with PKC isoforms which then interfere with PKB and CD36 (34). PKB,
as was mentioned in 1.2.1., is a major part of one of the two main signaling arms of insulin
and its inhibition leads to dysregulation of GLUT transporter mobilization, as well as
impairment of gene expression related to cell growth, differentiation and survival. CD36, on
the other hand, is a membrane protein that imports free fatty acids (FFA) into the cell (41).
This is just one of the many examples of closed vicious cycles seen in MetS. CD36 has been
found in caveolae, a type of lipid rafts that contain IRs, i.e. they are important sites that
regulate insulin signaling. They are rich in sphingomyelins that can be synthesized from
ceramides (42, 43). Ceramide and DAG accumulation also leads to increased serine
phosphorylation of IRS-1 (44). Ceramides shift metabolic pathways in favor of using FFAs as
energy fuel by inhibiting glucose and amino acid uptake (45, 46) and disrupting the synthesis
of nitrous oxide because it employs proteins in the same signaling pathways as insulin, which
eventually leads to vascular endothelial damage and progression of atherosclerosis (47). FFA
and fatty acyl-CoA accumulation in cells additionally favors using lipid metabolites as the
main energy fuel instead of glucose. This has numerous consequences across all tissue types,
specifically in hepatic and muscle tissue. These changes are in close correlation with
mitochondrial dysfunction which has been another relevant factor in elucidating all the issues
seen in cells that are resistant to insulin. Mitochondria are the “power plants* of the cell and
the production of adenosine triphosphate (ATP) is absolutely essential for the cell. One of the
reasons why mitochondrial function is diminished is a deficiency of an enzyme called N-
acetyltransferase 2 (48). It is one of the few identified culprits related to InR that is not a
direct reflection of dietary-related changes, but rather a matter of genetic predisposition. It
has, however, been identified as an insulin-sensitivity gene (49). When taking N-
acetyltransferase 2 out of the equation, it is still not fully understood whether mitochondrial
dysfunction is one of the causes of InR, whether it is a secondary consequence of InR or
whether the correct answer is, in fact, a combination of both. When using the term
mitochondrial dysfunction, it primarily means that there is a decrease in the number of
mitochondria coupled with their inability to properly produce ATP (50, 51). Their dysfunction

leads to an increase in production of reactive oxygen species, i.e. free radicals (hydrogen
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peroxide, superoxide). They represent a grave threat to the structural and functional integrity
of the cell with the possibility of apoptosis if they are not properly dealt with. This introduces
oxidative stress and lipid peroxidation as two nosogenic entities that add further
complications to an already dysfunctional cell. A reversal of these changes, at least to a
certain degree, has been observed, suggesting that while InR might not be fully irreversible,
there are options to help slow down this deterioration. Exercise has been found to help with
insulin sensitivity (52), mitochondrial function (53) and inflammation in skeletal muscle (54).
Finally, another organelle showing impaired function in the context of InR is the endoplasmic
reticulum (ER). This organelle is the site of protein and lipid synthesis and its dysfunction,
often referred to as ER stress, can contribute to InR via a mechanism called the unfolded
protein response (55). ER stress has been linked to MetS, T2DM and InR in both animal and
clinical studies (56, 57).

Even though T2DM is not an autoimmune disorder like type 1 diabetes mellitus,
where destruction of B-cells within the pancreatic Langerhans islets is observed and there is
no InR, the pancreas should not be completely ignored in the context of T2DM. The
overwhelming majority of consequences of InR, be it on a cellular level or clearly manifested
clinically, are a reflection of the aforementioned processes. InR does, however, put a strain on
the pancreas. Chronic hyperglycemia triggers the pancreas to overreact and produce high
levels of insulin to try and compensate for a lack of glucose uptake. However, the
overwhelming influx of lipids does not spare Langerhans islets, as they are also forced to face
difficulties in maintaining homeostasis. These include mitochondrial dysfunction, ER stress, a
proinflammatory environment and a specific nosogenic effect relating to the hyperproduction
of amylin which can form amyloid fibrils (58 - 60). All of these eventually lead to p-cell
death, creating yet another point of dysfunction worsening glucose homeostasis. Ultimately,
InR is accompanied by hypoinsulinemia in chronic T2DM patients. Rahier et al. (61)
undertook an analysis of pancreatic B-cell mass during autopsies of T2DM patients and
concluded that B-cell mass in diabetics was approximately 39% lower than in non-diabetic

controls, including a 30% lower insulin concentration.
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Figure 1.1. A simplified schematic of insulin signaling pathways and the basis of insulin
resistance-related signaling disruption.
The figure was created by the author based on references (20 - 28, 34 - 40).

AS160 = Akt substrate of 160 kDa; Bad = Bcl-2-associated death promoter; Bax = Bcl-2-associated X
protein; DAG = diacylglycerol; ERK = extracellular signal-regulated kinase; FoxO = Forkhead box O;
GLUT-4 = glucose transporter 4; GDP = guanosine diphosphate; Glu = glucose; Grb2 = growth factor
receptor-bound protein 2; GSK-3 = glycogen synthase kinase-3; GTP = guanosine triphosphate; IR
= insulin receptor; IRS = insulin receptor substrate; Mdm2 = mouse double minute 2 homolog; MEK
= mitogen-activated protein kinase kinase; mTORC = mechanistic target of rapamycin complex 1;
PDK-1 = 3-phosphoinositide-dependent protein kinase-1; PI3K = phosphatidylinositol 3-kinase; PIP2
= phosphatidylinositol 4,5-bisphosphate; PIP3 = phosphatidylinositol 3,4,5-trisphosphate; PKB =
protein kinase B; PKC = protein kinase C; PTEN = phosphatase and tensin homolog; S6K = ribosomal
protein S6 kinase B-1; SGK = serum and glucocorticoid-regulated kinase; SHIP2 = SH2 domain-
containing inositol phosphate 5-phosphatase 2; SOS = Son of Sevenless protein
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1.3. Glucose, insulin and InR in the CNS

Glucose is the principal energy source for the brain. Even though it is not the largest
organ in the body, the brain requires an uninterrupted supply of fuel and approximately 20%
of all energy produced is consumed by it. This consumption is not universal, both in the
context of macroscopic regions of the brain, which depends on their state of activity, and on
the cellular level. Most energy is consumed at the neuronal synaptic level, which comes as no
surprise considering the complex processes occurring at these neuronal junctions (62, 63).
Besides providing energy for synaptic transmission, there is a multitude of other neuronal
functions where glucose is utilized, one of the most important being neurotransmitter
synthesis (64 - 66). Several forms of GLUT are responsible for delivering glucose from the
blood through the BBB into CNS, the most abundant types being the insulin-independent
GLUT-1 and GLUT-3, regulating glucose uptake in neurons and glial cells. GLUT-2, on the
other hand, is mainly found in the hypothalamus, while GLUT-4 is an insulin-dependent
isoform found in many regions of the brain, including the hippocampus (67). While neurons
do not exclusively depend on insulin for glucose uptake, the effects of insulin on the CNS go
much further than just glucose uptake regulation.

Just over half a century after the initial discovery of insulin in 1921 (68), 1978 was the
year that marked a paradigm shift in insulin research, specifically in the context of CNS,
because it was believed up to that point that insulin had no role in the brain as glucose uptake
was a process that required no hormonal regulation. In 1978, Havrankova et al. published
results of their research that indicated the presence of both insulin and IRs in the CNS (69). In
1979, Woods et al. built on this finding in a research study in a baboon model that
demonstrated a reduction in food intake and weight following intraventricular administration
of insulin (70). What remained unknown following those findings was the question of the
blood-brain barrier (BBB) — could insulin cross it or not? Do neurons produce their own
insulin? These were questions on the minds of many researchers over the course of several
decades and a clear answer has still not been uncovered. There has, however, been plenty of
research published over the years that has provided a lot of insight into this matter and all the
results point to insulin being both transported across the BBB as well as being synthesized
within the CNS in a small percentage. In the 1980s, several research groups showed that
insulin can indeed cross the BBB by focusing on insulin levels in the cerebrospinal fluid
(CSF) in both animal and human studies. Strubbe et al. (71) demonstrated a positive

correlation between plasma insulin levels and CSF insulin levels, while Wallum et al. (72)
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similarly showed that intravenous insulin administration in humans also causes an increase in
CSF insulin levels. These findings did not suggest that insulin could freely cross the BBB.
There was a large gradient between plasma and CSF insulin levels that was found to be even
greater in the obese (73). The presence of a gradient was suggestive of a saturable transport
system that takes the insulin from systemic capillaries, across the choroid plexus, through
Virchow-Robin spaces (neuronal perivascular spaces) into glia and neurons (74). This
gradient system seems to be a protein similar to, if not identical to, IR itself, which allows for
the transport of insulin via a vesicle-mediated system in the brain endothelial cells (75). There
are exceptions to this rule, as certain parts of the CNS have fenestrated capillaries that are
permeable to compounds of a larger molecular weight — so-called circumventricular organs
that include structures such as the pituitary gland, the pineal gland, median eminence and
preoptic recess (76). On the other hand, insulin does seem to be synthesized in the brain, at
least in small concentrations. This was proven by detecting genes that code insulin precursors
within the cortex, subcortical areas, hippocampus, etc. (77) Despite all these findings, there a
new questions regarding this topic are still raised in more recent research. Rhea et al.
performed an experiment that showed insulin transport is not impaired even when the BBB-
related IR is inhibited or deleted (78). Similar to the aforementioned effects of exercise on
insulin sensitivity in skeletal muscle, exercise also increases the transport of insulin through
the BBB and its binding to cerebral vasculature (79).

The predominant isoform of IR in the CNS is IR-A. The difference between the two
isoforms lies in the morphology of the a-subunits. IR can be found throughout the brain, with
the highest concentrations seen in the olfactory bulb, cerebellum, cerebral cortex,
hypothalamus and hippocampus (80). Similarly, insulin-like growth factor-1 receptor (IGF-
1R) is also expressed in numerous areas of the CNS, but mostly in those involved with growth

hormone release and regulation (81).

1.3.1. The many roles of insulin in the CNS

One of the most elucidated findings in neuroscientific research into the links between
obesity/T2DM/MetS and CNS impairment is the hypothalamic dysregulation of food intake.
The key nucleus responsible for food intake regulation is the arcuate nucleus which consists
of two antagonistic types of neurons that communicate with neurons in different hypothalamic

nuclei (paraventricular, dorsomedial, lateral, ventromedial) where a central reaction to stimuli
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from the periphery is integrated into a response to maintain energy and metabolic
homeostasis. These arcuate nucleus neurons are orexigenic ones that express neuropeptide Y
and agouti-related peptide and anorexigenic ones that express proopiomelanocortin (82).
Because of its proximity to the median eminence and fenestrated blood vessels, the activity of
the arcuate nucleus is modulated both by insulin and leptin. Development of InR leads to a
food intake dysregulation in the hypothalamus, leading to an increase in caloric intake that
creates a vicious cycle of InR progression and further hypothalamic dysfunction, therefore
potentiating many negative effects InR has not only on peripheral tissues but the CNS as well.
As an anorexigenic hormone, insulin's interactions with the hypothalamus contribute to the
down-regulation of hepatic glucose production as well, so hypothalamic insulin
hyposensitivity might contribute to hyperglycemia in patients with T2DM (83).

As previously mentioned, due to the complexities of its signaling pathways, insulin's
effects on many peripheral tissues go beyond the scope of simple glucose uptake through
GLUT mobilization. Therefore, neuronal effects of insulin extend to proliferation,
differentiation and neuroprotection/neuronal survival. The same has also been observed in
glial cells (84). A research study in an oxygen-glucose deprivation model by Mielke JG et al.
(85) suggested that neurons maintain levels of membrane IR to prevent ischemia-related cell
death. Xu QG et al. showed that even peripheral injured axons had IR “preferentially and
intensely expressed (...) just beyond a peripheral nerve crush injury zone* (86). Promotion of
brain growth by insulin was noted in several studies (87, 88). Neurotrophic effects have been
noted in the hippocampus as well. Lee CC et al. suggested that insulin promotes the
translation of an important postsynaptic scaffolding protein through the PI3K/PKB signaling
pathway in the CAL region (89). Finally, insulin protects neurons from oxidative stress and
organelle dysfunction, the same factors linked to the development of InR (90, 91).

Since IRs are most densely packed in the synaptic areas, it comes as no surprise that
insulin  modulates the effects of synaptic transmission, including regulation of
neurotransmitter reuptake, ion channel activity and neurotransmitter receptor density (92 —
94). Through the hypothalamus-pituitary gland-peripheral tissue hormonal regulatory axis,

insulin also exerts its effects on the secretion of reproductive hormones (95, 96).
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1.3.2. The link between InR and neurodegeneration

At the turn of the century, a new term began circulating in the scientific community. It
pertained to neurodegenerative processes leading to Alzheimer's disease (AD) following
discoveries that typical InR-related dysfunction was present in neurons of AD patients. The
scientific community named this type 3 diabetes mellitus (97). AD is a progressive,
irreversible, degenerative and metabolic disease affecting the CNS that, broadly speaking,
clinically manifests itself with memory impairment and cognitive decline (98). AD
biomarkers have also been identified to help make its diagnosis, including amyloid- (Ap)
and tau protein concentration in the CSF, as well as morphological changes evaluated by
positron emission tomography or magnetic resonance imaging (neuronal injury, brain atrophy
— volumetric analysis) (99). Similarly to MetS and T2DM, AD represents a large economic
burden on healthcare systems worldwide.

As is the case with InR, the process of neurodegeneration is present in cells well
before clinical manifestation occurs. On a macroscopic level, patients suffering from AD have
varied levels of brain atrophy. This is often accompanied by microvascular and macrovascular
ischemic changes (100). AD affects both gray and white matter, which includes medial
temporal structures such as the hippocampus (101). On a microscopic level, however, there is
an incredibly complex web of dysfunction and structural change, where nosogenic effects
such as those observed in InR are coupled with CNS-specific effects, such as amyloid plaque
deposition. No part of brain tissue is spared — dendritic spines, synapses, glial cells, brain
microvasculature, myelin, etc. The exact trigger that brings about neurodegenerative
processes has not been uncovered yet. While there is evidence that certain exogenous factors
like chemicals act like neurotoxins (102), and that there is some genetic predisposition (103)
that can lead to AD dementia, their involvement does not account for all AD cases. Impaired
CNS metabolism is the key factor in the majority of AD cases and all the aforementioned
effects seen in InR cells (intracellular lipid accumulation, mitochondrial dysfunction, lipid
peroxidation, proinflammatory environment, ER stress) have been observed in neurons. These
changes are coupled with an unregulated production of amyloid plaques and their intracellular
and extracellular deposition, leading to additional functional impairment and, ultimately,
neuronal death.

Amyloid deposits arise from the amyloid precursor protein (APP). It is a
transmembrane protein expressed throughout many tissue types, but it has particular relevance

in the CNS, where it regulates synaptic function (104), iron metabolism (105), neuronal
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plasticity (106), etc. The proteolytic cleavage of APP is performed by a group of secretases.
The difference between them is the end product of their action. While a-secretase action leads
to a non-amyloidogenic cleavage of APP, B-secretase cleavage represents the initial step in
creating neurotoxic AP deposits. There is also y-secretase that further cleaves the protein in
both pathways. The final product, Ap, is a peptide that consists of 38 to 43 amino acids (107).
These peptides can exist in a number of different shapes, structures and sizes — as monomers,
oligomers, protofibrils and insoluble amyloid fibrils (that aggregate into plaques) (108). They
are all seen, in various amounts, throughout the brains of AD patients and the reason for this
variety is not fully understood. Initial research into AD pathophysiology suggested that large
fibrillary AP plaques were the key culprit in neuronal dysfunction and death. This has since
been debunked (at least to a certain degree), with the AB oligomers now under the magnifying
glass. Research suggests that the toxicity of AP formations grows larger as the size of the
molecule decreases once it reaches critical mass (109). The critical mass theory is further
backed by findings that there is an age-dependent increase in AP plaques even in patients who
do not meet the criteria for neurodegenerative clinical entities such as AD (110). AP dimers,
specifically, have been found to aggregate into neurotoxic protofibrils (111 - 113). The
toxicity of AP peptides is multifaceted. It causes synaptic dysfunction due to its ability to bind
to several groups of neurotransmitter receptors (glutamate receptors, acetylcholine receptors,
B2-adrenergic receptors), affecting processes such as long-term potentiation (LTP) and
depression (LTD) and synaptic vesicle formation (114). It can bind to a number of other
proteins involved in crucial signaling pathways, including the IR (115). AP peptides have a
significant impact on neuronal membrane structure and integrity, as studies have shown that
they promote lipid peroxidation, resulting in an increase in reactive oxygen species (116), and
that they can directly insert themselves into the membrane and create pores (117), as well as
interact with other molecules within the membrane, such as gangliosides (118). This is also
associated with mitochondrial dysfunction (119). The process of amyloidogenesis and its
effects is depicted in a simplified schematic in Figure 1.2.

AP peptides are not the only pathological protein found in neurodegenerative entities.
Another crucial protein involved in the disruption of neuronal homeostasis is tau protein. It is
created by alternative splicing of the microtubule-associated protein tau. Its pathological form
is created following post-translational phosphorylation, creating phosphorylated tau (pTau).
This modification is not automatically pathological, as pTau plays an important part in the
neuronal cytoskeleton (120). Hyperphosphorylation of tau is seen in pathological states when

cytoskeletal proteins' affinity for it begins to decrease, which leads to an accumulation of
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pTau, creating so-called neurofibrillary tangles that have been found in patients suffering
from multiple neurodegenerative diseases (tauopathies), including AD (120, 121). PTau has a
specific, prion-like ability to move from one cell to another, which is something not seen in
AP peptides. This suggests that a previously healthy neuron can be “infected” with pTau
tangles (122). Even though A peptides and pTau do not completely overlap when it comes to
the location and timing of appearance, i.e. they do not appear in the same regions of the brain
at the same time, which would suggest that the accumulation of these proteins represents two
independent processes (123), there is evidence suggesting that the interplay between these
two proteins is based on a positive feedback loop (124). That is why AP and pTau represent
two fundamental biomarkers for AD.

The theory that AP peptides, in any form, are the sole driving force behind
neurodegeneration in AD patients is not fully accepted. The initial “amyloid cascade
hypothesis®, first presented in 1992 (125), has recently been questioned. Some are suggesting
the possibility that there are other factors that could serve as triggers for AD pathogenesis
other than A peptides (126). This is where neuroinflammation and other nosogenic factors
come into play, some which are closely related to InR as well. The link between InR and AD
has not been fully uncovered yet, specifically whether or not InR can serve as a trigger for AP
formation or if it simply creates an environment that accelerates the process. An insulin-
resistant state has been shown to increase the expression of APP and AP peptides, which
creates another positive feedback loop, or in other words, another vicious cycle in which Ap

peptide further reduces sensitivity to insulin.
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Figure 1.2. A simplified schematic of the pathogenesis and effects of neuronal
amyloidogenesis in combination with insulin resistance.
The figure was created by the author based on references (107 - 119).

AP = amyloid beta; APP = amyloid precursor protein; IR = insulin receptor.
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1.4. The hippocampus

1.4.1. Hippocampal anatomy and physiological properties

Hippocampal circuitry represents one of the most unique neuronal “webs* that is
preserved all across the animal kingdom. While the function of this paired structure remains
the same, its anatomic location and shape varies from species to species — the same can be
said for humans and rodents. The human hippocampus is a C-shaped structure that is located
deep within the medial temporal lobe (127). In rodents, even though it is also shaped similarly
to the letter C, its location is different. The rodent hippocampus is located more superiorly
and posteriorly (taking into account large differences in the brain as a whole), adjacent to the
cerebral cortex superiorly and the thalamus inferiorly. The size of the rodent hippocampus
compared to its total brain volume is much larger than in humans (128, 129).

There are several distinct regions of the hippocampus: the dentate gyrus (DG), the
Cornu Ammonis (CA), that is separated into three unique regions (CAl, CA2 and CA3), and
the subiculum. The CA is also often referred to as “hippocampus proper”. The entorhinal
cortex sends its projections to the DG, which connects to the CA3 region and then the CA3
region connects to the CAL region. This is the trisynaptic hippocampal pathway. The
subiculum then serves as the outgoing connection to the cortex. Entorhinal projections can
also enter the hippocampus directly into the CA1 region. Incoming projections also come
from other areas in the brain (127). In humans, it is known that the prefrontal cortex, reticular
formation, anterior cingulate gyrus and others send projecting neurons to the hippocampus,
while outgoing projections can reach areas such as the cingulate cortex, thalamic nuclei and
even the contralateral hippocampus (130). In the rat brain, there is a specific differentiation in
terms of projections along its dorsoventral axis. A functional study into the rat hippocampus
connectivity showed that perirhinal projections are more prominent in the ventral
hippocampus, while postrhinal projections are more prominent in the dorsal hippocampus
(131). The complexity and relevance of this axis are reflected not only in functional, but also
in structural differences — the hippocampal lipidomic profile shows many differences between
its ventral and dorsal pole (132). There are also connections between hippocampal regions,
such as recurrent (Schaffer) collaterals that run from the CA3 region back to the CA1 region
(127). When looking at the fine structure of the hippocampus, it has several layers, the most
prominent of those being pyramidal neurons that play the largest role in carrying out the

multitude of its functions.
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Two features of the hippocampus that are crucial for its physiological functioning are
synaptic plasticity and neurogenesis. Synaptic plasticity is the basis of learning, memory and
cognition, key functions of the hippocampus that are achieved through LTP and LTD (133).
The hippocampus is one of three regions in the CNS with the ability of adult neurogenesis,
with the other two being the amygdala and the subventricular zone, which represents cells
lining the lateral walls of the lateral ventricles. Adult neurogenesis in the hippocampus is
observed in the subgranular zone of the DG (134).

1.4.2. The effects of neurodegeneration and InR on the hippocampus

Neurodegenerative processes affecting the hippocampus manifest themselves
clinically as memory impairment and cognitive decline. Amyloid plaques and neurofibrillary
tangles appearing in the hippocampus affect its proper functioning and these changes have
been well documented over decades of research investigating AD (135 - 137). As was
previously mentioned in 1.3.2., an important interplay between InR and neurodegeneration in
the context of AD exists, with a vicious cycle present where both components further
accelerate each other's progression and exacerbate their consequences. Since the turn of the
century, effects of InR on the CNS, including the hippocampus, have become an emerging
topic of interest and a slew of research investigating this pathology has been published,
especially in rodent models. Results of those studies overwhelmingly confirm that InR affects
synaptic plasticity by impairing LTP and LTD and reducing dendritic spine density (138 -
142). InR also affects the integrity of the BBB in the hippocampus (143, 144), impairs adult
neurogenesis (145 - 147) and promotes a chronic neuroinflammatory state (148, 149). There
is a specific group of research papers describing investigations into locally induced InR.
These studies eliminate any effects of systemic metabolic changes indirectly affecting the
CNS and they also unequivocally show significant synaptic degeneration and dysfunction,
leading to memory impairment and cognitive decline (150 - 153). Part of the reason why the
hippocampus is affected by InR and why this state further aggravates the effects of
pathological deposits lies in the fact that it is rich in IRs and that insulin represents a crucial
regulatory protein that promotes a wide array of functions, including adult neurogenesis (154,
155).
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1.5. T2DM pharmacotherapy

A universal pharmacotherapeutic agent for T2DM treatment that successfully
regulates plasma glucose levels while ameliorating unwanted consequences of InR and MetS,
unfortunately, does not exist. Frederick G. Banting and John J. R. Macleod, who worked in
the Institute of Physiology at the University of Toronto first discovered insulin in 1921, for
which they received a Nobel Prize in Physiology or Medicine in 1923 (156). Ever since, for
over a century now, treatment of T2DM has been evolving. With T2DM prevalence reaching
global pandemic levels and the introduction and rise of personalized medicine, T2DM
treatment has been focused on an individualized approach that takes into account patients'
comorbidities and carefully examines the effectiveness of each pharmacological agent and its
side effects (157). The complex nature of finding optimal pharmacotherapy for any individual
patient and maintaining satisfactory glycemia is based on balancing the patient's cooperation,
their comorbidities (arterial hypertension, underlying kidney disease, micro- and
macrovascular complications of atherosclerosis, etc.), temporal dynamics (progression) of the
disease and precise monitoring of certain parameters (HbALC levels, plasma glucose levels,
etc.)

Even though T2DM pathogenesis is rooted in the development of receptor resistance
to insulin, there are certain indications when insulin can be prescribed to help treat T2DM,
usually in patients with newly diagnosed T2DM where compensatory hyperinsulinemia might
help correct their glycemic status and in patients that are unable to reach euglycemia with
different combinations of oral agents (158).

There are several classes of pharmacological agents used for treating T2DM. Prior to
starting treatment with any oral antidiabetic agent, it is necessary to emphasize the importance
of conservative treatment methods to get patients to adhere to them (physical exercise, dietary
changes, etc.) Once conservative methods are insufficient in maintaining euglycemia, the
focus shifts to pharmacotherapy. Metformin is the first treatment of choice in T2DM patients
unless contraindicated (severe heart failure, renal failure, hypersensitivity, etc.) (159). If
metformin alone is unable to regulate plasma glucose levels and HbAlc levels, another oral
antidiabetic agent can and should be added to the treatment plan. All these classes of agents
differ based on their mechanism of action and the tissue they primarily act on. Metformin, for
example, belongs to the group of biguanides that acts on many organs by causing a metabolic
shift — among other effects, it reduces hepatic gluconeogenesis and adipose tissue lipolysis,

while inhibiting glucose reabsorption from the gastrointestinal tract (160). Sulfonylureas and
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meglitinides are insulin secretagogues, which means that they enhance pancreatic insulin
secretion (161). Thiazolidinediones, also known as glitazones, modulate the peroxisome
proliferator-activated receptor y (PPAR-y) signaling that has a large role in regulating
metabolism (162). There are agents that primarily affect the intestinal absorption of
carbohydrates, such as o-glucosidase inhibitors (161). A somewhat newer group of
pharmacological agents that includes dipeptidyl peptidase-4 (DPP-4) inhibitors and glucagon-
like peptide-1 (GLP-1) receptor agonists are related to a group of endogenously secreted
proteins called incretins. GLP-1 is one of two incretins that can still be modulated in T2DM in
order to achieve insulin secretion stimulation. Common GLP-1 receptor agonists include
liraglutide, exenatide and dulaglutide. DPP-4 inhibitors, on the other hand, block the
deactivation of incretins by an enzyme of the same name (163). Finally, sodium-glucose co-
transporter 2 (SGLT-2) inhibitors act on the kidneys, promoting the secretion of glucose into

the urine by blocking its tubular reabsorption (164).

1.5.1. Metformin action in the CNS

As mentioned earlier, metformin is a biguanide that most prominently exerts its effects
by changing metabolic pathways in the skeletal muscle, liver and adipose tissue (160). It has
been used as a first-line treatment for T2DM for over half a century (165). Not everyone
responds to metformin treatment optimally, as lactic acidosis, besides hypoglycemia, is a
common and one of the most severe side effects. It occurs because metformin inhibits hepatic
mitochondrial respiration which subsequently increases plasma lactate levels (166). A key
feature of metformin action is its effect on 5’-AMP-activated protein kinase (AMPK) — it
inhibits mitochondrial respiration, therefore decreasing levels of ATP in cells which is a
trigger for AMPK activation. Activated AMPK then triggers a shift in metabolism that
inhibits gluconeogenesis and increases sensitivity to insulin, among other effects (167, 168).

Metformin can cross the BBB, which is why there have been many research studies to
find out if it has positive or negative effects on brain function. In terms of neurodegenerative
entities, such as AD, several animal model studies showed positive effects. In a C57/129]
mice model, Wang et al. demonstrated that metformin enhances neurogenesis in several
investigated areas of the brain, including the hippocampus, which translated to an
enhancement in spatial memory (169). Correia et al. investigated oxidative stress in diabetic

GK rats and showed significant decreases in several oxidative stress-related compounds, as
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well as significant increases in several antioxidants following metformin treatment (170).
When observing the hippocampus specifically, Hwang et al. used obese Zucker rats to
demonstrate that metformin ameliorates T2DM effects of halted cell proliferation and
neuroblast differentiation (171). Metformin effects extend to AP and pTau deposits — studies
using mice models treated with metformin showed a reduction in AP plaques (172), while tau
phosphorylation was inhibited and transmission of pTau halted by means of autophagy (172,
173). Clinical studies correlate well with findings from animal studies. A Taiwanese study
conducted by Hsu CC et al. concluded that metformin therapy (in combination with
sulfonylureas) decreases non-vascular dementias in T2DM patients (174), with several other
clinical studies backing this finding (175, 176). These findings, while valid, still do not place
metformin in the driver's seat for AD prevention. Imfeld et al. and Kuan et al. published
results of clinical studies that suggested an increased risk of AD following chronic metformin
treatment (177, 178).

1.5.2. Liraglutide action in the CNS

Similarly to metformin, liraglutide's mechanism of action is based on modulating
signaling pathways that somewhat overlap with insulin signaling, affecting proteins such as
PKB, PKC, MAPK and PI3K (179). It is a GLP-1 analogue and by stimulating insulin
secretion in such a manner, there is little risk of hypoglycemic events. It has also been shown
to affect the gastrointestinal system by delaying gastric emptying and reducing appetite (180).
There has recently been growing interest in the usage of liraglutide as a weight-loss agent as
well (181).

An important benefit of liraglutide is that it can cross the BBB and is not affected by
DPP-4 (182). GLP-1 receptors are distributed throughout the brain, including the
hippocampus (183). AD research showed that liraglutide has numerous positive effects on
neuronal homeostasis, both in animal and clinical studies. A study using a mixed murine
model of AD and T2DM, focusing on the brain as a whole with a specific interest in the
hippocampus, showed that liraglutide treatment ameliorated metabolic changes in the brain
due to T2DM, limited neuronal loss, decreased neuroinflammation and positively affected AP
and pTau accumulation, which ultimately translated to an improvement in cognitive function
(184). Similar findings were observed in another study, where f-amyloid plaque count in the

mouse cortex was cut almost in half. This study also demonstrated a positive effect of
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liraglutide on synaptic integrity and neurogenesis (185). Edison et al. performed a large
clinical trial and concluded that liraglutide treatment improves cognitive function and total
brain volume in AD patients (186).

Since multiple studies overwhelmingly show favorable implications of metformin and
liraglutide in the CNS in both models of InR and AD, a lipidomic analysis of rat hippocampi
fed with a diet enriched with fats and carbohydrates and treated with these two
pharmacotherapeutics can give a more specific insight into structural and functional changes
of this incredibly important structure that is arguably the epicenter of neurodegenerative

changes.
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2. HYPOTHESIS
2. HYPOTHESIS
A diet enriched with fats and carbohydrates, as well as early metformin and liraglutide

treatment, cause sex-specific changes in the hippocampal lipidome of adult Sprague Dawley

rats.
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3. AIMS

3. AIMS

The research aims were:

To perform a sex-specific immunohistochemical analysis of all animal group
hippocampi to determine expression levels of common neuronal gangliosides and InR-
related proteins and to determine spatial differences in their expression.

To carry out a sex-specific analysis of the hippocampal lipidome in all animal groups
using MALDI-TOF (matrix-assisted laser desorption/ionization time-of-flight) mass

spectrometry and to identify the differences in lipid expression between all groups.
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4. MATERIALS AND METHODS

4.1. Research design

The research was structured as a paired research, comparing the following groups of
adult Sprague Dawley rats:
o rats on a standard diet (SD) with rats on a high-fat high-sugar diet (HFHSD);
o rats on a HFHSD with rats on a HFHSD treated with metformin (HFHSD-M));
o rats on a HFHSD with rats on a HFHSD treated with liraglutide (HFHSD-L);

o males of all groups with females of all groups.

4.2. Materials

The research was carried out on hippocampal tissue of Sprague Dawley rats (Rattus
norvegicus), commonly used as an animal model for investigations into InR and MetS (187).
Rats included in this research are part of the research project “The role of oxidative stress in
development of impaired vascular response in obese pre-diabetic elderly rats of both sexes
treated with metformin or liraglutide”, which was approved by the Ethics committee of the
Faculty of Medicine, J. J. Strossmayer University of Osijek on Dec 16", 2016, class: 602-
04/16-08/15, no: 2158-61-07-16-143. It was carried out at the Department for Medical
Biology and Genetics at the Faculty of Medicine, J. J. Strossmayer University of Osijek and
the Department for Clinical Chemistry at Clinical Hospital Centre Osijek.

4.2.1. Animal model

64 Sprague Dawley rats (32 males, 32 females), 45 weeks of age, were separated into
four sex-specific groups of 16 (eight males and eight females per group):
1. control group on a SD;
2 HFHSD group;
3. HFHSD-M group;
4 HFHSD-L group.
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The experiment design was replicated from project RECOOP #029 2015-2021:
“Obesity & Diabetes”. The experiment lasted for 20 weeks. It was initiated once the rats
reached 45 weeks of age. Firstly, a six-week change in diet was introduced to groups 2, 3 and
4 to induce obesity and InR. Pertinent changes in diet included an increase in carbohydrate
share from 51% to 61.5%, an increase in unprocessed fat share from 4% to 12.06% and a
decrease in raw protein share from 20% to 9.25%, while the overall energy value increased
from 2842.266 kcal/kg to 3879.495 kcal/kg. The detailed composition of these diets is shown
in Figure 4.1 and Figure 4.2. Following the six-week change in diet, a 14-week period of
antidiabetic drug treatment began, with rats in group 3 treated with metformin (s.c., 50
mg/kg/day, manufacturer: Sigma-Aldrich, St. Louis, MO, USA) and rats in group 4 treated
with liraglutide (s.c., 0.3 mg/kg/day; manufacturer: Creative Peptides, Shirley, NY, USA).

In order to confirm hyperglycemia and the development of T2DM/InR, all rats were
subjected to oral glucose tolerance tests (OGTT) performed at three separate points during the
experiment. The first OGTT was performed before the start of the experiment, the second one
was performed five weeks into the experiment and the third and final OGTT was performed at
the end of the experiment. Food was removed from the cages the night before the test. The
following morning, fasting plasma glucose level was measured by sampling blood from a rat
tail vein. A 25% glucose solution was then prepared and administered intraperitoneally (2 mg
of glucose solution/grams of body mass). The second blood sampling was performed 2 hours
after administering the glucose solution.

A total of 14 rats expired prior to the end of the experiment. The number of rats per
group that reached the end of the experiment whose hippocampal tissue was used for
immunohistochemical and spectrometric analysis were, as follows: 8 males and 7 females in
the SD group, 7 males and 5 females in the HFHSD group, 7 males and 8 females in the
HFHSD-M group, and 5 males and 3 females in the HFHSD-L group. All rats included in the

experiment were terminated after reaching 65 weeks of age (Figure 4.3.)
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Figure 4.1. Composition of the standard diet.

High-fat high-sugar diet
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Figure 4.2. Composition of the high-fat high-sugar diet.
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Figure 4.3. A schematic of the experiment design and chronology.

HFHSD = high-fat high-sugar diet.
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4.3. Methods

Once the rats were terminated, brain tissue was isolated and halved in the sagittal
plane in order to perform free-floating immunohistochemical analysis and spectrometric

analysis using MALDI-TOF technology.

4.3.1. Immunohistochemistry

A group-specific and sex-specific immunohistochemical analysis of the hippocampi
was performed to analyse and compare the expression of the four commonly expressed
gangliosides in neuronal membranes and myelin sheaths (GM1, GD1a, GD1b and GT1b) and
proteins relevant to the pathogenesis of InR (IR, IGF-1R, APP and pTau).

Tissue halves used for immunohistochemical analysis were fixed in a 4%
paraformaldehyde solution for a 48-hour period, then cryoprotected using 10%, then 20%,
and finally 30% sucrose solutions. This was followed by freezing of tissue samples, briefly
dipping them in cooled isopentane. Samples were then stored at -80°C until analysis. Once
added to a tissue freezing medium (Tissue Freezing Medium; Leica, Nussloch, Germany),
samples were cut by cryostat (Cryostat CM3050S; Leica, Nussloch, Germany) in the coronal
plane to 25 pm thick slices.

Free-floating method of immunohistochemical analysis was used to stain the slices
using specific primary antibodies for the epitopes of the aforementioned gangliosides and
proteins, detailed in Tables 4.1. and 4.2. Primary antibodies for the included gangliosides
were kindly provided as a donation from Professor Ronald L. Schnaar, Ph.D. from Johns
Hopkins University School of Medicine in Baltimore, MD, USA, manufactured at the
Department of Pharmacology and Molecular Sciences. Visualization of selected antigen-
antibody complexes was accomplished using avidin-biotin complex (ABC) conjugated with
horseradish peroxidase (HRP) (Vector Laboratories, Burlingame, CA, USA, cat. no. PK-
6100) and 3, 3’-diaminobenzidine (DAB) (Vector Laboratories, Burlingame, CA, USA, cat.
no. SK-4100) as the HRP substrate, which results in a change of color.
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Table 4.1. Primary antibodies used in free-floating immunohistochemical analysis of

gangliosides in rat hippocampi.

] ) Antibody Origin o
Primary antibody _ Manufacturer Dilution
Class animal
GM1 ganglioside lgG Mouse The Department of 1:1,000
GD1a ganglioside IgG Mouse Pharmacology and Molecular 1:10,000
Sciences, The Johns Hopkins
GD1b ganglioside IgG Mouse . 1:1,000
University School of
GT1b ganglioside 19G Mouse Medicine, Baltimore, USA 1:4,000

Table 4.2. Primary antibodies used in free-floating immunohistochemical analysis of

proteins in rat hippocampi.

Primary . . -
antibody Prlmary Antibody Or.lgln Manufacturer | Dilution
7. antibody class animal
abbreviation
Santa Cruz
Anti-Insulin l9G, ] Biotechnology,
IR rabbit 1:500
receptor alpha polyclonal Dallas, TX,
USA, SC-710
Anti-Insulin- Santa Cruz
like growth IgG, ) Biotechnology,
IGF-R1 rabbit 1:250
factor-receptor polyclonal Dallas, TX,
1 beta USA, SC-713
_ ) Abcam,
Anti-Amyloid- )
IgG, ) Cambridge,
APP beta precursor rabbit 1:1,000
) polyclonal MA, USA,
protein
ab32136
. Abcam,
Anti- )
IgG, ) Cambridge,
pTau Phosphorylated rabbit 1:500
) polyclonal MA, USA,
tau protein
ab131354
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The protocol for immunohistochemical staining of hippocampal tissue slices was, as

follows:

Pre-treatment with 1% solution of hydrogen peroxide for 30 minutes at 4°C on a
shaker in order to saturate endogenous peroxidases;

Incubation of slices with a blocking buffer (5% goat serum and 1% bovine serum
albumin (BSA) prepared in phosphate buffered saline (PBS), 1 x PBS: 137 mM NacCl,
2.7 mM KCI, 10 mM NaH2POs, 1.8 mM KH2PO,) for 2 hours on a shaker to prevent
non-specific secondary antibody binding;

Slice transfer into primary antibody solutions that were prepared with a blocking
buffer;

Overnight incubation at 4°C;

Slice washing using 1x PBS for 10 minutes;

Incubation in a solution containing appropriate, biotin-conjugated secondary
antibodies for 4 hours at 4°C on a shaker (biotinylated goat anti-mouse IgG (Jackson
Immunoresearch Laboratories, Philadelphia, PA, USA, cat. no. 115-065-166) or
biotinylated goat anti-rabbit 1gG (Jackson Immunoresearch Laboratories, Philadelphia,
PA, USA, cat. no. 111-065-144));

Slice washing using 1x PBS for 10 minutes;

Slice incubation with ABC conjugated with HRP for 2 hours at 4°C on a shaker;

Slice washing using 1x PBS for 10 minutes;

Adding slices to a solution containing DAB at room temperature for 4 minutes,
allowing for the visualization of proteins detected by specific antibodies;

Transfer of slices to a solution of 1x PBS to stop the reaction between HRP and DAB.

The next steps were microscopy, photography and analysis. The slices were slide-

mounted and coverslipped using Vectamount (Vector Laboratories, Burlingame, CA, USA,

cat. no. H-5000). Using a digital camera (Olympus D70; Olympus, Hamburg, Germany) set

up on a microscope (Zeiss Axioskop 2 MOT; Carl Zeiss Microscopy, Thornwood, NY, USA),

the slices were photographed under a 40x objective and uploaded (DP Manager, v. 1.2.1.107.,

DP Controller v. 1.2.1.108). Analysis of the acquired digital micrographs for expression of

aforementioned gangliosides and proteins was performed using the computer software Fiji

(188).
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Using a rat brain atlas (189), the anatomical regions of interest (ROI) were identified — the
DG, the CA1 region and the CAS3 region, as shown in Figure 4.4. Due to the inability to
precisely delineate and identify the CA2 region to confidently interpret results, it was

excluded from the analysis.

Figure 4.4. Location of the hippocampus (in yellow) within the rat brain, coronal plane.
Modified image from an open-access Sprague Dawley rat brain atlas (available at

http://www.larryswanson.com)

The image analysis protocol for tissue samples specifically immunostained for
aforementioned gangliosides and proteins using the computer software Fiji was, as follows:

- micrographs were converted to 8-bit images;

- using ROI Manager, an area of 22 500 pm2 (correspondent to 2,073,600 pixel?) was

selected for analysis (ROI) and Raw Integrated Density Value (IDV) was measured,;
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4. MATERIALS AND METHODS

the value of immunopositive reaction was presented as positively correlated integrated
colour density (measured Raw IDV was subtracted from maximal IDV, which
corresponds to the total pixel number of a ROl multiplied with 255), minus the

average IDV value of negative controls.

4.3.2. MALDI-TOF spectrometry

In order to perform the spectrometric analysis, hippocampal tissue was homogenized,

followed by lipid extraction. The two-phase extraction of lipids was performed using the

Bligh and Dyer method (190). The protocol for spectrometric analysis sample preparation

was, as follows:

Tissue homogenization in a 20 mM ammonium acetate buffer (pH = 8,1), using an
ultrasonic homogenizer (Bandelin Sonopuls 2070) for 15 seconds per sample at 100 %
amplitude;

Centrifugation of homogenates for 12 minutes at 1000 g at 4°C;

Extraction of 160 uL of the supernatant for the two-phase extraction of lipids;

Adding 400 pL of methanol and 200 pL of chloroform to the 160 puL of samples;
Solution vortexing and resting for 10 minutes at room temperature;

Adding an additional 200 pL of chloroform and 200 pL of distilled water to the
solutions;

Solution vortexing for 5 seconds;

Centrifugation of solutions for 20 minutes at 14000 g at 4°C, allowing for the
differentiation of the upper, polar phase and lower, non-polar phase;

Separation of the polar and non-polar phases in respective amber glass vials;

Solution evaporation, performed using Techne Dri-Block DB 200/3 heater with
nitrogen stream at 45°C;

Upon solvent evaporation samples were stored at -80 °C until usage;

Samples were redissolved in 50 ul of methanol prior to use.

All solvents used in extraction and imaging protocol were minimum HPLC grade.

Spectrometric analysis was performed using the Bruker ultrafleXtreme MALDI-

TOF/TOF mass spectrometer (Bruker Corporation, Billerica, Massachusetts, USA). In order

to perform the analysis, 5 uL of sample solutions were mixed with 5 pLL of a matrix solution —
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10 mg/mL 2,5-dihydroxybenzoic acid (Sigma-Aldrich, St. Louis, MO, USA) for the positive
phase and 10 mg/mL 9-aminoacridine (Merck) for the negative phase. 3 uL of the
sample/matrix solutions were then placed on ground steel sample. Samples were imaged in
the positive and negative mode in the range of 500 Da - 2500 Da.

Machine settings for imaging at Bruker UltrafleXtreme MALDI-TOF/TOF MS
(Bruker, Billerica, MA, USA) 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, USA) and Bruker Peptide calibration mix (Bruker, Billerica, MA, USA).
Calibration in negative mode was done with red phosphorus clusters (Sigma-Aldrich, Saint
Louis, MO, USA).

The analysis and data extraction were performed in Bruker Flex Analysis software
(Bruker, Billerica, MA, USA) with the following adjustments: Peak detection algorithm was
Snap; s/n threshold was 6, Smoothing Algorithm was SavitzkyGolay (width 0.2 m/z, cycles
1), Baseline subtraction was done with TopHat. m/z ratios with an intensity < 1% compared
to the signal with highest intensity were not used in further analysis.

R statistical software (Vienna, Austria) was used for the statistical analysis of the
spectrum data with the following libraries: matrixTests, roperators, FELLA, KEGGREST,
igraph, magrittr, resample (191, 192). Affected metabolic pathways were identified through
the aforementioned software using the Human Metabolome Database (193) and the Kyoto
Encyclopaedia of Genes and Genomes (KEGG) (194) and compared between analyzed

groups.

4.4. Statistical analysis

Statistical analysis was performed using the software IBM SPSS Statistics (release
26.0.0.0, SPSS Inc., Chicago, IL, USA). Statistical significance level was set at P < 0.05.

Presented numerical variables showed normal distribution and were expressed as
means and standard deviations. Paired samples t test and repeated measures ANOVA were
used for variable comparisons between different groups and measurements. For significance

analysis of between-group comparisons in the immunohistochemical analysis to determine the
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influence of sex, intervention or their interaction, two-way ANOVA was applied. Post hoc
analysis was performed following Levene's test for variance equality assessment. Because

equal variances were not assumed, Tukey's post hoc test was used for the analysis.
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5. RESULTS

5.1. Plasma glucose levels

In order to validate the animal model of the study, an OGTT was performed at three
separate points during the experiment for analysis of each group's glycemic status. Female
rats in the HFHSD-L group were not subjected to the third and final OGTT due to the fact that
their general physical status was very poor.

The results of the three OGTTs, presented in Table 5.1, show increases in plasma
glucose levels at the 2-hour mark in all groups on a HFHSD when compared to the SD group.
The third OGTT showed decreases in plasma glucose levels at the 2-hour mark in rats of both
sexes treated with metformin and male rats treated with liraglutide. Using the repeated
measures ANOVA test (sphericity not assumed, Greenhouse-Geisser estimate), specific
pairwise comparisons were made in order to demonstrate the biggest changes in plasma
glucose levels following administration of the glucose solution (Table 5.2). There were no
significant changes in plasma glucose levels in the SD groups of both sexes, with the
exception being the comparison of the first and third OGTT in female rats. Comparison of the
second and third OGTT, relevant to determine the effects of pharmacotherapy, showed
statistically significant reductions in plasma glucose levels at the 2-hour mark in HFHSD-M
and HFHSD-L groups of male rats, while significance was not reached in the comparison of

the aforementioned tests in HFHSD-M female rats.
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Table 5.1. Results of oral glucose tolerance tests measured at three points during the experiment and differences between measured

plasma glucose levels (P < 0.05)

OGTT 1 OGTT 2 OGTT 3
Sex Group Fasting At 2 hours Fasting At 2 hours Fasting At 2 hours
t" (P) t(P) t(P)
Plasma glucose, mmol/L* Plasma glucose, mmol/L Plasma glucose, mmol/L
SD 5.8 (0.4) 9.1 (5) 1.706 (0.14) | 6.3 (L1) 15 (4) 4848 5.2 (0.8) 15.3 (4.3) 5392
o ' ' ' o (0.003) S o (0.002)
-6.807
HFHSD 4.3 (0.4) 10.3 (4.6) | -3.372(0.02) 6 (0.6) 27 (7.9) 7 (0.8) 12 (4.4) -2.534 (0.05)
3 (0.001)
g HFHSD-M 3.3(0.4) 8.6 (5.7) 2.543 (0.04) 6 (0.9) 20.9 (5.6) 804 45 (0.8) 12 (3.1) r8el
T o ' ' ' T (< 0.001) o ' (< 0.001)
-5.672
HFHSD-L 4.2 (1.3) 115 (4.4) | -3.703(0.01) 5.5 (1.1) 24.5 (7.6) 0002) 5.2 (0.4) 14.4 (5.7) -3.85 (0.01)
SD 5.1 (0.6) 7.3(L.2) 4051 4.6 (0.6) 10.1(5.9) | -2.475(0.05) | 6.4 (0.4) 14.9 (4.5) 4807
.1 (0. 3 (1. (0.004) .6 (0. 1 (5. . . 4 (0. .9 (4. (0.003)
HFHSD 5(0.6) 71(1) -3.728 (0.01) 5(0.8) 9.6 (3) -2.98 (0.03) 5.6 (1) 15 (9.7) -2.437 (0.06)
)
=3 -4.563 -4.483
HFHSD-M 4.6 (3.9) 6.2 (2) -1.592 (0.15) 5.1 (1.6) 16.2 (7.9) 4.8 (0.6) 11.1 (3.6)
(0.003) (0.003)
HFHSD-L 6.2 (0.9) 21.9(11.4) | -3.424(0.02) 4.9 (0.6) 18.8(9.1) | -3.789 (0.01) / / /

HFHSD = high fat high sugar diet; HFHSD-L = high fat high sugar diet treated with liraglutide; HFHSD-M = high fat high sugar diet treated with metformin; OGTT = oral glucose tolerance

test; SD = standard diet. * mean (standard deviation); T paired samples t test.
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Table 5.2. Pairwise comparisons of plasma glucose level means from three oral glucose
torelance tests (P < 0.05)

Repeated measures )
ANOVA Mean difference’ (P)
Sex | Group OGTT 1vs OGTT 2vs OGTT 1vs
F value (df) p* OGTT 2 OGTT 3 OGTT 3

Plasma glucose (mmol/L) at 2 hours
SD 4383(2,12) | 0.04 -5.9 (0.1) -0.3(>0.9) -6.2 (0.19)
5 | HFHSD 25.7(2,10) | 0.003 | -16.7 (0.003) 14.9 (0.02) -1.7 (0.78)
& | HFHSD-M | 22,539 (2,14) | 0.001 | -12.3(<0.001) | 8.8 (0.01) -3.4 (0.56)
HFHSD-L | 14.016 (2,10) | 0.002 -13 (0.01) 10.1 (0.05) -2.9 (0.76)
SD 10.594 (2,12) | 0.003 -2.8 (0.54) -4.8(0.1) -7.6 (0.005)
;3,; HFHSD 4565 (2,10) | 0.08 -2.5(0.13) -5.5 (0.31) -7.9 (0.24)
2 | HFHSD-M 7.16 (2, 14) 0.02 -10 (0.03) 5.1 (0.49) -4.9 (0.03)

HFHSD-L / / / / /

df = degrees of freedom; HFHSD = high fat high sugar diet; HFHSD-L = high fat high sugar diet treated with liraglutide;
HFHSD-M = high fat high sugar diet treated with metformin; OGTT = oral glucose tolerance test; SD = standard diet.
*Greenhouse-Geisser estimate; TBonferroni correction.
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5.2. Immunohistochemical analysis

A sex-specific immunohistochemical analysis of selected gangliosides and proteins
was performed for all animal groups in the three ROIs. Results are presented for each
analyzed epitope separately, with presented images of acquired stains, each individually sized
150 um x 150 um, organized by ROI, sex and group.

5.2.1. Expression of common gangliosides

A two-way ANOVA analysis revealed that sex, animal group and their interaction all
had statistically significant differences in IDV means for GML1 in all three ROI (Table 5.3, 5.6
and 5.9). Male rats overall had higher IDV means than females, more notably in the DG and
CA3 region.

The CA1L1 region, however, showed little immunoreactivity. There was no
immunoreactivity in the HFHSD and HFHSD-M groups of both sexes, with very little
immunoreactivity in the SD group. The largest difference in immunoreactivity was in the
HFHSD-L group in male rats, suggesting an effect of liraglutide on the expression of GM1 in
this specific ROI (Table 5.7, 5.8).

The effects of liraglutide on the expression of GM1 in male rats were further observed
in the DG and CA3 region. While there was no significant difference in IDV mean values
between the SD group and HFHSD group, there were sex-specific differences between the
two HFHSD-L groups as well as differences between the male HFHSD and HFHSD-L groups
in both ROI, demonstrating an increase in GM1 expression following liraglutide treatment
(Table 5.4, 5.5, 5.10, 5.11).

Metformin, on the other hand, did not significantly alter the expression of GM1 in any
of the groups.

Images of the acquired stains are shown in Figure 5.1.
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Figure 5.1. Expression of ganglioside GM1 in all animal group hippocampi, organized by region of interest, sex and group.
C — negative control; CA1 — Cornu Ammonis region 1; CA3 — Cornu Ammonis region 3; DG — dentate gyrus; HFHSD — high-fat
high-sugar diet; HFHSD+L — HFHSD treated with liraglutide; HFHSD+M — HFHSD treated with metformin; SD — standard diet.
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Table 5.3. Integrated density values for the GM1 ganglioside in the dentate

gyrus
Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 2.18 x 10’
Female 374 x 10° 51.708 (1, 116) <0.001
Group
SD 1.33 x 10’
HFHSD 9.05 x 10° 14.806 (3, 116) <0.001
HFHSD+M 3.18 x 10°
HFHSD+L 2.55 x 10’
Interaction - 11.261 (3, 116) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.4. Group-specific pairwise comparisons of integrated density

values for the GM1 ganglioside in the dentate gyrus

Compared groups IDV difference mean” P
SD vs HFHSD 3.68 x 10° 0.73
SD vs HFHSD+M 9.29 x 10° 0.005
SD vs HFHSD+L -1.37 x 107 <0.001
HFHSD vs HFHSD+M 5.61 x 10° 0.41
HFHSD vs HFHSD+L -1.74 x 107 <0.001
HFHSD+M vs HFHSD+L -2.3 x 10’ <0.001

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.5. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the GM1 ganglioside in the dentate gyrus

Compared groups IDV difference mean” P

M - SD vs M - HFHSD 5.33 x 10° 0.97
M-SDvsF-SD 1.61 x 107 0.03
M - HFHSD vs M - HFHSD+M 1.22 x 107 0.26
M - HFHSD vs M - HFHSD+L -2.99 x 107 <0.001
M - HFHSD vs F - HFHSD 1.39 x 107 0.13
M - HFHSD+M vs F - HFHSD+M 1.32 x 10° >0.9
M - HFHSD+L vs F - HFHSD+L 4.08 x 107 <0.001
F -SDvs F - HFHSD 3.11 x 10° >0.9
F - HFHSD vs F - HFHSD+M -4.47 x 10° >0.9
F - HFHSD vs F - HFHSD+L -3.09 x 10° >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.6. Integrated density values for the GM1 ganglioside in the Cornu

Ammonis 1 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 5.31 x 106
16.822 (1, 114) <0.001
Female 8.56 x 10*
Group
SD 3.13 x10°
HFHSD 2.23 x 10° 17.942 (3, 114) <0.001
HFHSD+M 7.858 x 107
HFHSD+L 1.05 x 107
Interaction - 17.219 (3, 114) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =

integrated density value; SD = standard diet.

42



5. RESULTS

Table 5.7. Group-specific pairwise comparisons of integrated density
values for the GM1 ganglioside in the Cornu Ammonis 1 region

Compared groups IDV difference mean” P
SD vs HFHSD 3.18 x 10* >0.9
SD vs HFHSD+M 3.2 x10° >0.9
SD vs HFHSD+L -9.55 x 10° <0.001
HFHSD vs HFHSD+M 2.48 x 10° >0.9
HFHSD vs HFHSD+L -9.87 x 106 <0.001
HFHSD+M vs HFHSD+L -9.87 x 106 <0.001

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;
HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.8. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the GM1 ganglioside in the Cornu Ammonis 1

region

Compared groups IDV difference mean”® Pt

M -SD vs M - HFHSD 5.24 x 10° >0.9
M-SDvsF-SD 4.3 x10° >0.9
M - HFHSD vs M - HFHSD+M 4.47 x 10° >0.9
M - HFHSD vs M - HFHSD+L -2.07 x 107 <0.001
M - HFHSD vs F - HFHSD 4.47 x 103 >0.9
M - HFHSD+M vs F - HFHSD+M 0 >0.9
M - HFHSD+L vs F - HFHSD+L 2.05 x 107 <0.001
F-SDvsF-HFHSD 9.83 x 10* >0.9
F - HFHSD vs F - HFHSD+M 0 >0.9
F - HFHSD vs F - HFHSD+L -2.44 x 10° >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.9. Integrated density values for the GM1 ganglioside in the Cornu

Ammonis 3 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 2.16 x 107
54.824 (1, 77) <0.001
Female 7.47 x 10°
Group
SD 6.35 x 10°
HFHSD 6.51 x 10° 87.446 (3, 77) <0.001
HFHSD+M 5.42 x 10°
HFHSD+L 3.99 x 10’
Interaction - 77.720 (3, 77) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.10. Group-specific pairwise comparisons of integrated density

values for the GM1 ganglioside in the Cornu Ammonis 3 region

Compared groups IDV difference mean” P
SD vs HFHSD 8.82 x 10* >0.9
SD vs HFHSD+M 1.9 x 10° >0.9
SD vs HFHSD+L -2.71 x 107 <0.001
HFHSD vs HFHSD+M 1.81 x 106 >0.9
HFHSD vs HFHSD+L -2.72 x 107 <0.001
HFHSD+M vs HFHSD+L -2.9 x 10’ <0.001

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.11. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the GM1 ganglioside in the Cornu Ammonis 3

region

Compared groups IDV difference mean” P

M -SD vs M - HFHSD 1.11 x 10° >0.9
M-SDvsF-SD 2.72 x 10° >0.9
M - HFHSD vs M - HFHSD+M 5.28 x 10° 0.85
M - HFHSD vs M - HFHSD+L -6.42 x 107 <0.001
M - HFHSD vs F - HFHSD 1.93 x 10° >0.9
M - HFHSD+M vs F - HFHSD+M -8.21 x 10° 0.53
M - HFHSD+L vs F - HFHSD+L 6.18 x 107 <0.001
F-SD vsF-HFHSD -1.42 x 108 >0.9
F - HFHSD vs F - HFHSD+M -3.11 x 108 >0.9
F - HFHSD vs F - HFHSD+L -2.55 x 108 >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

GD1a IDV means between male and female rats in the SD group were similar in the
DG and vastly different in the CA3 region, with female rats showing a much larger expression
of the ganglioside. The CA1l region (Table 5.15, 5.16, 5.17) showed nearly no
immunoreactivity whatsoever, therefore no significant comparisons could be observed and
conclusions drawn from the data.

Following the HFHSD regimen and the metformin and liraglutide treatment, IDV
mean changes between sexes showed different trajectories in the other two ROIs. In female
rats, HFHSD caused a large decrease in GD1a expression in the DG (Table 5.12, 5.13, 5.14)
and CA3 region (Table 5.18, 5.19, 5.20), where the decrease was significant in comparison
with the SD group. While metformin did not cause any significant changes in GDla
expression in both the DG and CA3 region, there was a significant difference between IDV
mean values of the HFHSD group and HFHSD-L group, where liraglutide treatment showed
an increase in GD1a expression in the CA3 region.

In male rats, no significant differences in IDV means were found between groups to
suggest any changes in GD1a expression.

Images of the acquired stains are shown in Figure 5.2.
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Figure 5.2. Expression of ganglioside GD1a in all animal group hippocampi, organized by ROI, sex and group.
C — negative control; CA1 — Cornu Ammonis region 1; CA3 — Cornu Ammonis region 3; DG — dentate gyrus; HFHSD — high-fat high
sugar diet; HFHSD+L — HFHSD treated with liraglutide; HFHSD+M — HFHSD treated with metformin; SD — standard diet.
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Table 5.12. Integrated density values for the GDla ganglioside in the

dentate gyrus

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 4.24 x 10°
11.070 (1, 113) 0.001
Female 1.45 x 10°
Group
SD 4.29 x 10°
HFHSD 2.42 x 10° 3.223 (3, 113) 0.02
HFHSD+M 9.37 x 10°
HFHSD+L 3.73 x 10°
Interaction - 2.211 (3, 113) 0.09

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.13. Group-specific pairwise comparisons of integrated density

values for the GD1a ganglioside in the dentate gyrus

Compared groups IDV difference mean” P

SD vs HFHSD 1.86 x 10° 0.38
SD vs HFHSD+M 3.29 x 10° 0.03
SD vs HFHSD+L 4.56 x 10° >0.9
HFHSD vs HFHSD+M 1.43 x 106 0.64
HFHSD vs HFHSD+L -1.4 x 108 0.66
HFHSD+M vs HFHSD+L -2.83 x 10° 0.09

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.14. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the GD1a ganglioside in the dentate gyrus

Compared groups IDV difference mean” P

M -SD vs M - HFHSD 2.25 x 10° >0.9
M-SDvsF-SD 4.93 x 10° >0.9
M - HFHSD vs M - HFHSD+M 2.83 x 10° 0.7

M - HFHSD vs M - HFHSD+L -2.33 x 10° 0.87
M - HFHSD vs F - HFHSD 3.78 x 10° 0.37
M - HFHSD+M vs F - HFHSD+M 1.09 x 10° >0.9
M - HFHSD+L vs F - HFHSD+L 5.83 x 10° 0.02
F-SDvsF-HFHSD 3.51 x 10° 0.39
F - HFHSD vs F - HFHSD+M 1.42 x 10° >0.9
F - HFHSD vs F - HFHSD+L -2.79 x 10° >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5 15. Integrated density values for the GD1a ganglioside in the Cornu

Ammonis 1 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 6.33 x 1012
1.919 (1, 113) 0.02
Female 5.93 x 10*
Group
SD 107883.1
HFHSD 0 1.493 (3, 113) 0.04
HFHSD+M -3.68 x 101
HFHSD+L 1.07 x 10*
Interaction - 1.493 (3, 113) 0.04

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =

integrated density value; SD = standard diet.
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Table 5.16. Group-specific pairwise comparisons of integrated density
values for the GD1a ganglioside in the Cornu Ammonis 1 region

5. RESULTS

Compared groups IDV difference mean” P

SD vs HFHSD 1.08 x 10° 0.3
SD vs HFHSD+M 1.08 x 10° 0.29
SD vs HFHSD+L 9.62 x 10* 0.37
HFHSD vs HFHSD+M 0 >0.9
HFHSD vs HFHSD+L -1.17 x 10* >0.9
HFHSD+M vs HFHSD+L -1.17 x 10 >0.9

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;
HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.17. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the GD1a ganglioside in the Cornu Ammonis 1

region

Compared groups IDV difference mean”® Pt
M -SD vs M - HFHSD 0 >0.9
M-SDvsF-SD -2.16 x 10° 0.197
M - HFHSD vs M - HFHSD+M 0 >0.9
M - HFHSD vs M - HFHSD+L 0 >0.9
M - HFHSD vs F - HFHSD 0 >0.9
M - HFHSD+M vs F - HFHSD+M 0 >0.9
M - HFHSD+L vs F - HFHSD+L -2.14 x 10* >0.9
F-SD vsF-HFHSD 2.16 x 10° 0.216
F - HFHSD vs F - HFHSD+M 0 >0.9
F - HFHSD vs F - HFHSD+L -2.14 x 10* >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density

value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.18. Integrated density values for the GD1a ganglioside in the Cornu

Ammonis 3 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 3.86 x 10°
21.119 (1, 103) <0.001
Female 2.48 x 10°
Group
SD 2.97 x 106
HFHSD 8.51 x 10* 9.238 (3, 103) <0.001
HFHSD+M 6.03 x 10°
HFHSD+L 2.08 x 10°
Interaction - 7.018 (3, 103) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.19. Group-specific pairwise comparisons of integrated density

values for the GD1a ganglioside in the Cornu Ammonis 3 region

Compared groups IDV difference mean” P
SD vs HFHSD 2.79 x 10° <0.001
SD vs HFHSD+M 2.4 x 10° 0.003
SD vs HFHSD+L 6.63 x 10° 0.7
HFHSD vs HFHSD+M -3.92 x 10° 0.94
HFHSD vs HFHSD+L -2.13 x 10° 0.003
HFHSD+M vs HFHSD+L -1.74 x 10° 0.05

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.20. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the GD1a ganglioside in the Cornu Ammonis 3

region

Compared groups IDV difference mean” P

M - SD vs M - HFHSD 1.93 x 10° >0.9
M-SDvsF-SD -5.22 x 10° <0.001
M - HFHSD vs M - HFHSD+M 1.7 x 10° >0.9
M - HFHSD vs M - HFHSD+L -8.41 x 10° >0.9
M - HFHSD vs F - HFHSD 1.7 x 10° >0.9
M - HFHSD+M vs F - HFHSD+M -1.2 x 10° >0.9
M - HFHSD+L vs F - HFHSD+L -2.13 x 10° 0.22
F-SDvsF - HFHSD 5.58 x 10° <0.001
F - HFHSD vs F - HFHSD+M -1.2 x 108 >0.9
F - HFHSD vs F - HFHSD+L -3.14 x 108 0.006

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

Out of the four analyzed gangliosides, GD1b had the largest number of significant
differences in expression between observed groups in all three ROIs. In SD groups, there was
a large difference in IDV means between sexes, with the female rats showing a much higher
level of expression of GD1b than male rats, as was similarly observed for the GD1la
ganglioside. These IDV mean differences between sexes were significant in all three ROIs.

Following the HFHSD regimen and compared with their respective SD group, sex-
specific changes were observed in opposite trajectories — the diet increased the expression of
GD1b in male rats and decreased it in female rats. The sex-specific IDV mean value
differences between the SD and the HFHSD group were significant in all three ROIs.

The difference between IDV mean values of male and female rats was reduced once
metformin and liraglutide were introduced. In the DG, male rats had significant decreases in
IDV mean values compared to the HFHSD group following both metformin and liraglutide
treatment, while female rats showed significant decreases in IDV mean values following only
liraglutide treatment (Table 5.21, 5.22, 5.23). GD1b was one of only two gangliosides (GT1b)
that showed consistently high immunoreactivity in all three ROIs in the CA1 region (Table
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5.24). In the CA1 and CA3 region (Table 5.27), both sexes had significant decreases in IDV
means following both metformin and liraglutide expression (Table 5.25, 5.26, 5.28, 5.29).

Images of the acquired stains are shown in Figure 5.3.
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Figure 5.3. Expression of ganglioside GD1b in all animal group hippocampi, organized by region of interest, sex and group.
C — negative control; CA1 — Cornu Ammonis region 1; CA3 — Cornu Ammonis region 3; DG — dentate gyrus; HFHSD — high-fat
high-sugar diet; HFHSD+L — HFHSD treated with liraglutide; HFHSD+M — HFHSD treated with metformin; SD — standard diet.
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Table 5.21. Integrated density values for the GD1b ganglioside in the

dentate gyrus

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 4.4 x 107
13.880 (1, 86) <0.001
Female 4,93 x 10’
Group
SD 4,91 x 107
HFHSD 5.51 x 107 26.518 (3, 86) <0.001
HFHSD+M 4.4 x 107
HFHSD+L 3.85 x 10’
Interaction - 38.843 (3, 86) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.22. Group-specific pairwise comparisons of integrated density

values for the GD1b ganglioside in the dentate gyrus

Compared groups IDV difference mean” P
SD vs HFHSD -7.56 x 10° 0.001
SD vs HFHSD+M 3.81 x 108 0.25
SD vs HFHSD+L 9.2 x 10° <0.001
HFHSD vs HFHSD+M 1.14 x 107 <0.001
HFHSD vs HFHSD+L 1.68 x 10’ <0.001
HFHSD+M vs HFHSD+L 5.4 x 10° 0.04

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

54



Table 5.23. Relevant group-specific and sex-specific pairwise comparisons of

5. RESULTS

integrated density values for the GD1b ganglioside in the dentate gyrus

Compared groups IDV difference mean” P

M - SD vs M - HFHSD -2.66 x 107 <0.001
M-SDvsF-SD -3.08 x 10’ <0.001
M - HFHSD vs M - HFHSD+M 1.69 x 107 <0.001
M - HFHSD vs M - HFHSD+L 2.16 x 10’ < 0.001
M - HFHSD vs F - HFHSD 1.05 x 107 <0.001
M - HFHSD+M vs F - HFHSD+M -1.14 x 106 >0.9
M - HFHSD+L vs F - HFHSD+L 3.47 x 10° >0.9
F-SDvsF-HFHSD 1.47 x 107 <0.001
F - HFHSD vs F - HFHSD+M 5.26 x 10° 0.62
F - HFHSD vs F - HFHSD+L 1.14 x 107 0.001

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with

liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density

value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.24. Integrated density values for the GD1b ganglioside in the Cornu

Ammonis 1 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 4.16 x 10’
Female 477 % 107 15.292 (1, 85) <0.001
Group
SD 5 x 107
HFHSD 5.33 x 10’ 31.982 (3, 85) <0.001
HFHSD+M 4 x 107
HFHSD+L 3.53 x 10/
Interaction - 12.430 (3, 85) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =

integrated density value; SD = standard diet.
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Table 5.25. Group-specific pairwise comparisons of integrated density
values for the GD1b ganglioside in the Cornu Ammonis 1 region

Compared groups IDV difference mean” P
SD vs HFHSD -1.34 x 10° 0.93
SD vs HFHSD+M 1.17 x 107 <0.001
SD vs HFHSD+L 1.65 x 10’ <0.001
HFHSD vs HFHSD+M 1.31 x 10’ <0.001
HFHSD vs HFHSD+L 1.78 x 10’ <0.001
HFHSD+M vs HFHSD+L 4,72 x 10° 0.11

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;
HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.26. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the GD1b ganglioside in the Cornu Ammonis 1

region

Compared groups IDV difference mean”® Pt

M -SD vs M - HFHSD -1.6 x 10’ <0.001
M-SDvsF-SD -2.32 x 107 <0.001
M - HFHSD vs M - HFHSD+M 1.41 x 107 0.001
M - HFHSD vs M - HFHSD+L 2.09 x 107 <0.001
M - HFHSD vs F - HFHSD 2.21 x 10° >0.9
M - HFHSD+M vs F - HFHSD+M 4.17 x 10° >0.9
M - HFHSD+L vs F - HFHSD+L -3.63 x 108 0.88
F-SDvsF-HFHSD 9.39 x 10° 0.05
F - HFHSD vs F - HFHSD+M 1.23 x 107 0.002
F - HFHSD vs F - HFHSD+L 1.51 x 107 <0.001

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.27. Integrated density values for the GD1b ganglioside in the Cornu

Ammonis 3 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 4.65 x 107
0.504 (1, 86) 0.48
Female 4,53 x 10’
Group
SD 5.19 x 107
HFHSD 5.54 x 107 40.780 (3, 86) <0.001
HFHSD+M 4.22 x 107
HFHSD+L 3.41 x 107
Interaction - 22.267 (3, 86) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.28. Group-specific pairwise comparisons of integrated density

values for the GD1b ganglioside in the Cornu Ammonis 3 region

Compared groups IDV difference mean” P
SD vs HFHSD -1.03 x 10° 0.96
SD vs HFHSD+M 1.24 x 10’ <0.001
SD vs HFHSD+L 2.1 x 107 <0.001
HFHSD vs HFHSD+M 1.34 x 107 <0.001
HFHSD vs HFHSD+L 2.2 x 107 <0.001
HFHSD+M vs HFHSD+L 8.6 x 10° 0.001

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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integrated density values for the GD1b ganglioside in the Cornu Ammonis 3
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region

Compared groups IDV difference mean” P

M -SD vs M - HFHSD -1.82 x 107 <0.001
M-SDvsF-SD -2.09 x 107 <0.001
M - HFHSD vs M - HFHSD+M 1.42 x 107 0.001
M - HFHSD vs M - HFHSD+L 2.05 x 107 <0.001
M - HFHSD vs F - HFHSD 8.54 x 10° 0.13
M - HFHSD+M vs F - HFHSD+M 6.68 x 10° 0.49
M - HFHSD+L vs F - HFHSD+L 1.01 x 107 0.02
F-SDvsF - HFHSD 1.13 x 10’ 0.006
F - HFHSD vs F - HFHSD+M 1.23 x 107 0.007
F - HFHSD vs F - HFHSD+L 2.21 x 107 <0.001

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density

value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

Even though the two-way ANOVA analysis showed significant effects of both sex and

pairwise comparisons were of significance to the research study.

animal groups on GT1b expression in most ROI (Table 5.30, 5.33, 5.36), only a couple of

In male rats, there was a significant increase in GT1b expression GT1b in the HFHSD

Images of the acquired stains are shown in Figure 5.4.

relation to the effects of metformin and liraglutide treatment on GT1b expression.

group compared with the SD group in the CAL region. However, neither metformin of
liraglutide treatment showed any significant changes in IDV mean values to suggest any
effect on GT1b expression (Table 5.34, 5.35). In female rats, there was a significant increase
in GT1b expression in the HFHSD-L group compared with the HFHSD group in the CA1l
region. In the DG (Table 5.31, 5.32) and the CA3 region (Table 5.37, 5.38), the observed

significant differences in IDV mean values did not provide any relevant information in
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Figure 5.4. Expression of ganglioside GT1b in all animal group hippocampi, organized by region of interest, sex and group.
C — negative control; CA1 — Cornu Ammonis region 1; CA3 — Cornu Ammonis region 3; DG — dentate gyrus; HFHSD — high-fat
high-sugar diet; HFHSD+L — HFHSD treated with liraglutide; HFHSD+M — HFHSD treated with metformin; SD — standard diet.
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Table 5.30. Integrated density values for the GT1b ganglioside in the

dentate gyrus

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 2.22 x 107
49.890 (1, 98) <0.001
Female 1.51 x 10’
Group
SD 1.58 x 10’
HFHSD 1.81 x 107 4.764 (3, 98) 0.004
HFHSD+M 2.1 x 10’
HFHSD+L 1.96 x 107
Interaction - 3.293 (3, 98) 0.02

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.31. Group-specific pairwise comparisons of integrated density

values for the GT1b ganglioside in the dentate gyrus

Compared groups IDV difference mean” P

SD vs HFHSD -2.33 x 106 0.37
SD vs HFHSD+M -5.79 x 10° 0.001
SD vs HFHSD+L -4.21 x 108 0.02
HFHSD vs HFHSD+M -3.46 x 106 0.08
HFHSD vs HFHSD+L -1.88 x 10° 0.55
HFHSD+M vs HFHSD+L 1.58 x 10° 0.68

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.32. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the GT1b ganglioside in the dentate gyrus

Compared groups IDV difference mean” P
M - SD vs M - HFHSD -5.01 x 10° 0.3
M-SDvsF-SD 5.78 x 10° 0.11
M - HFHSD vs M - HFHSD+M -1.75 x 10° >0.9
M - HFHSD vs M - HFHSD+L 2.69 x10° >0.9
M - HFHSD vs F - HFHSD 1.12 x 107 <0.001
M - HFHSD+M vs F - HFHSD+M 8.92 x 10° 0.001
M - HFHSD+L vs F - HFHSD+L 2.77 x 10° 0.86
F-SDvsF-HFHSD 3.78 x 10° >0.9
F - HFHSD vs F - HFHSD+M -3.99 x 10° 0.49
F - HFHSD vs F - HFHSD+L -5.7 x 108 0.08

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.33. Integrated density values for the GT1b ganglioside in the Cornu

Ammonis 1 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 1.58 x 107
Female 156 x 107 0.081 (1, 89) 0.78
Group
SD 1.28 x 107
HFHSD 1.51 x 107 10.838 (3, 89) <0.001
HFHSD+M 1.69 x 107
HFHSD+L 1.81 x 107
Interaction - 8.390 (3, 89) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =

integrated density value; SD = standard diet.
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Table 5.34. Group-specific pairwise comparisons of integrated density

values for the GT1b ganglioside in the Cornu Ammonis 1 region

Compared groups IDV difference mean” P
SD vs HFHSD -2.59 x 10° 0.06
SD vs HFHSD+M -4.16 x 106 <0.001
SD vs HFHSD+L -5.31 x 10° <0.001
HFHSD vs HFHSD+M -1.54 x 10° 0.39
HFHSD vs HFHSD+L -2.73 x 106 0.03
HFHSD+M vs HFHSD+L -1.18 x 10° 0.6

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;
HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.35. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the GT1b ganglioside in the Cornu Ammonis 1

region

Compared groups IDV difference mean”® Pt

M -SD vs M - HFHSD -6.41 x 10° <0.001
M-SDvsF-SD -2.63 x 10° 0.61
M - HFHSD vs M - HFHSD+M 412 x 10° >0.9
M - HFHSD vs M - HFHSD+L 1.39 x 10° 0.97
M - HFHSD vs F - HFHSD 5.48 x 10° 0.004
M - HFHSD+M vs F - HFHSD+M 1.16 x 10° >0.9
M - HFHSD+L vs F - HFHSD+L -3.22 x 108 0.25
F-SD vsF-HFHSD 1.7 x 108 >0.9
F - HFHSD vs F - HFHSD+M -3.91 x 108 0.12
F - HFHSD vs F - HFHSD+L -7.3 x 108 <0.001

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.36. Integrated density values for the GT1b ganglioside in the Cornu

Ammonis 3 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 1.64 x 10’
21.520 (1, 103) <0.001
Female 2.08 x 10’
Group
SD 1.82 x 107
HFHSD 1.8 x 107 0.525 (3, 103) 0.67
HFHSD+M 1.96 x 107
HFHSD+L 1.84 x 10’
Interaction - 3.023 (3, 103) 0.03

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.37. Group-specific pairwise comparisons of integrated density
values for the GT1b ganglioside in the Cornu Ammonis 3 region

Compared groups IDV difference mean” P

SD vs HFHSD 6.78 x 10° >0.9
SD vs HFHSD+M -9.11 x 10° >0.9
SD vs HFHSD+L 1.39 x 10* >0.9
HFHSD vs HFHSD+M -1.59 x 10° 0.64
HFHSD vs HFHSD+L -6.64 x 10° >0.9
HFHSD+M vs HFHSD+L 9.25 x 10° >0.9

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.38. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the GT1b ganglioside in the Cornu Ammonis 3

region

Compared groups IDV difference mean” P
M -SD vs M - HFHSD 1.13 x 10° >0.9
M-SDvsF-SD -6.03 x 10° 0.05
M - HFHSD vs M - HFHSD+M -5.48 x 10° 0.09
M - HFHSD vs M - HFHSD+L -2.49 x 106 0.89
M - HFHSD vs F - HFHSD -7.87 x 106 0.001
M - HFHSD+M vs F - HFHSD+M -9.36 x 10* >0.9
M - HFHSD+L vs F - HFHSD+L -3.64 x 10° 0.47
F-SDvsF - HFHSD -7.05 x 10° >0.9
F - HFHSD vs F - HFHSD+M 2.3 x 10° >0.9
F - HFHSD vs F - HFHSD+L 1.75 x 10° >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

5.2.2. Expression of proteins involved in the pathophysiology of InR

A two-way ANOVA test showed significant differences in IDV mean values based on
sex, animal group and their interaction in all three ROIs (Table 5.39, 5.42, 5.45). When
observing the absolute values of IDV mean values between sexes, male groups showed much
larger immunoreactivity compared to female groups, suggesting that HFHSD and treatment
with both metformin and liraglutide affect the expression of IR in the hippocampus
predominantly in male rats.

In the DG, there was a small increase in IDV mean values in HFHSD male rats
compared with the SD group. Further, significant increases were observed following
metformin and liraglutide treatment in male rats compared with the HFHSD group (Table
5.40, 5.41). Similarly, significant increases in the HFHSD-M and HFHSD-L male rats were
observed in the CA3 region compared with the HFHSD group. There was, however, a
decrease in IDV mean values in HFHSD male rats compared with their respective SD group
(Table 5.46, 5.47). The CAL region showed an increase in IDV mean values in HFHSD male
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rats compared with their respective SD group, while metformin and liraglutide treatment
caused a significant decrease in IDV mean values (Table 5.43, 5.44).

Female groups, on the other hand, besides the lesser immunoreactivity, showed no
significant differences in IDV mean values.

Images of the acquired stains are shown in Figure 5.5.
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Figure 5.5. Expression of the insulin receptor in all animal group hippocampi, organized by region of interest, sex and group.
C — negative control; CA1 — Cornu Ammonis region 1; CA3 — Cornu Ammonis region 3; DG — dentate gyrus; HFHSD — high-fat
high-sugar diet; HFHSD+L — HFHSD treated with liraglutide; HFHSD+M — HFHSD treated with metformin; SD — standard diet.
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Table 5.39. Integrated density values for the insulin receptor in the dentate

gyrus

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 107
31.465 (1, 128) <0.001
Female 3.24 x 10°
Group
SD 3.45 x 106
HFHSD 3.07 x 10° 10.621 (3, 128) <0.001
HFHSD+M 9.52 x 10°
HFHSD+L 1.04 x 107
Interaction - 12.807 (3, 128) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.40. Group-specific pairwise comparisons of integrated density

values for the insulin receptor in the dentate gyrus

Compared groups IDV difference mean” P
SD vs HFHSD 4.98 x 10° >0.9
SD vs HFHSD+M -5.96 x 10° 0.005
SD vs HFHSD+L -7.46 x 10° <0.001
HFHSD vs HFHSD+M -6.46 x 10° 0.001
HFHSD vs HFHSD+L -7.96 x 106 <0.001
HFHSD+M vs HFHSD+L -1.5 x 10° 0.8

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.41. Relevant group-specific and sex-specific pairwise comparisons of
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integrated density values for the insulin receptor in the dentate gyrus

Compared groups IDV difference mean” P
M - SD vs M - HFHSD -9.25 x 10° >0.9
M-SDvsF-SD -1.93 x 10° >0.9
M - HFHSD vs M - HFHSD+M -1.39 x 107 <0.001
M - HFHSD vs M - HFHSD+L -1.34 x 107 <0.001
M - HFHSD vs F - HFHSD 6.76 x 10° >0.9
M - HFHSD+M vs F - HFHSD+M 1.55 x 10/ <0.001
M - HFHSD+L vs F - HFHSD+L 1.28 x 10/ <0.001
F-SDvsF-HFHSD 1.69 x 10° >0.9
F - HFHSD vs F - HFHSD+M 9.7 x 10° >0.9
F - HFHSD vs F - HFHSD+L -1.31 x 108 >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with

liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density

value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.42. Integrated density values for the insulin receptor in the Cornu

Ammonis 1 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 4.69 x 10’
Female 127 x 107 37.747 (1, 127) <0.001
Group
SD 2.02 x 107
HFHSD 8.31 x 10’ 44.130 (3, 127) <0.001
HFHSD+M 7.96 x 10°
HFHSD+L 7.96 x 10°
Interaction - 57.626 (3, 127) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =

integrated density value; SD = standard diet.
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Table 5.43. Group-specific pairwise comparisons of integrated density

values for the insulin receptor in the Cornu Ammonis 1 region

Compared groups IDV difference mean” P
SD vs HFHSD -6.29 x 10’ <0.001
SD vs HFHSD+M 1.22 x 10’ 0.44
SD vs HFHSD+L 1.22 x 10’ 0.42
HFHSD vs HFHSD+M 7.51 x 107 <0.001
HFHSD vs HFHSD+L 7.51 x 107 <0.001
HFHSD+M vs HFHSD+L -7.6 x 103 >0.9

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;
HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.44. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the insulin receptor in the Cornu Ammonis 1

region

Compared groups IDV difference mean”® Pt

M -SD vs M - HFHSD -1.54 x 108 <0.001
M-SDvsF-SD -2.62 x 107 0.34
M - HFHSD vs M - HFHSD+M 1.53 x 108 <0.001
M - HFHSD vs M - HFHSD+L 1.51 x 108 <0.001
M - HFHSD vs F - HFHSD 1.57 x 108 <0.001
M - HFHSD+M vs F - HFHSD+M 6.78 x 10° >0.9
M - HFHSD+L vs F - HFHSD+L 5.21 x 10° >0.9
F-SD vsF-HFHSD 2.88 x 107 0.18
F - HFHSD vs F - HFHSD+M -3.13 x 10° >0.9
F - HFHSD vs F - HFHSD+L -8.55 x 10° >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.45. Integrated density values for the insulin receptor in the Cornu

Ammonis 3 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 7.64 x 10°
21.135(1, 121) <0.001
Female 4.2 x 10°
Group
SD 5.14 x 10°
HFHSD 2.26 x 10° 14.814 (3, 121) <0.001
HFHSD+M 7.92 x 10°
HFHSD+L 8.36 x 10°
Interaction - 4.115 (3, 121) 0.008

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.46. Group-specific pairwise comparisons of integrated density

values for the insulin receptor in the Cornu Ammonis 3 region

Compared groups IDV difference mean” P
SD vs HFHSD 2.87 x 10° 0.03
SD vs HFHSD+M -3.36 x 10° 0.01
SD vs HFHSD+L -2.94 x 10° 0.03
HFHSD vs HFHSD+M -6.23 x 10° <0.001
HFHSD vs HFHSD+L -5.81 x 108 <0.001
HFHSD+M vs HFHSD+L 4,19 x 10° >0.9

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.47. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the insulin receptor in the Cornu Ammonis 3

region

Compared groups IDV difference mean” P
M - SD vs M - HFHSD 5.59 x 10° 0.005
M-SDvsF-SD 4.5 x 10° 0.06
M - HFHSD vs M - HFHSD+M -8.99 x 10° < 0.001
M - HFHSD vs M - HFHSD+L -8.75 x 106 <0.001
M - HFHSD vs F - HFHSD -9.03 x 10° >0.9
M - HFHSD+M vs F - HFHSD+M 5.74 x 10° 0.009
M - HFHSD+L vs F - HFHSD+L 4.41 x 10° 0.07
F-SD vsF-HFHSD 1.77 x 10° >0.9
F - HFHSD vs F - HFHSD+M -2.34 x 108 0.81
F - HFHSD vs F - HFHSD+L -3.44 x 108 0.23

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

The two-way ANOVA analysis showed significant effects of sex, animal group and
their interaction in the DG (Table 5.48) on the expression of IGF-1R, significant effects of
animal group and interaction of sex and animal group in the CALl region (Table 5.51) and a
significant effect of sex and animal group in the CA3 region (Table 5.54).

When analyzing the expression of IGF-1R by sex, male rats showed similar dynamics
to IDV mean values in all three ROIs. The analysis showed strong immunoreactivity in SD
rats, which was much lower in HFHSD rats, with significant differences in IDV mean values
in all three ROIs. Following treatment with metformin, there was a significant increase in
IGF-1R expression in the CA3 region (Table 5.55, 5.56). Following treatment with
liraglutide, there was a significant increase in IGF-1R expression in both the DG (Table 5.49,
5.50) and the CA3 region. In the CA1 region, however, treatment with liraglutide showed a
decrease in expression in comparison with their respective HFHSD group, however with no
significance (Table 5.52, 5.53).

There were no significant differences in pairwise comparisons of IDV mean values
between female groups.

Images of the acquired stains are shown in Figure 5.6.
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Figure 5.6. Expression of insulin-like growth factor-1 receptor in all animal group hippocampi, organized by region of interest,
sex and group.

C — negative control; CA1 — Cornu Ammonis region 1; CA3 — Cornu Ammonis region 3; DG — dentate gyrus; HFHSD — high-fat high-
sugar diet; HFHSD+L — HFHSD treated with liraglutide; HFHSD+M — HFHSD treated with metformin; SD — standard diet.
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Table 5.48. Integrated density values for the insulin-like growth factor-1

receptor in the dentate gyrus

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 1.69 x 10’
23.496 (1, 124) <0.001
Female 9.78 x 10°
Group
SD 1.85 x 10’
HFHSD 107 6.100 (3, 124) 0.001
HFHSD+M 1.14 x 107
HFHSD+L 1.33 x 107
Interaction - 5.051 (3, 124) 0.002

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.49. Group-specific pairwise comparisons of integrated density
values for the insulin-like growth factor-1 receptor in the dentate gyrus

Compared groups IDV difference mean” P

SD vs HFHSD 8.48 x 10° 0.001
SD vs HFHSD+M 7.25 x 10° 0.004
SD vs HFHSD+L 5.23 x 10° 0.06
HFHSD vs HFHSD+M -1.23 x 10° >0.9
HFHSD vs HFHSD+L -3.25 x 10° 0.38
HFHSD+M vs HFHSD+L -2.02 x 10° 0.74

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.50. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the insulin-like growth factor-1 receptor in the

dentate gyrus

5. RESULTS

Compared groups IDV difference mean” P
M -SD vs M - HFHSD 1.4 x 107 <0.001
M-SDvsF-SD 1.12 x 107 0.008
M - HFHSD vs M - HFHSD+M -2.72 x 10° >0.9
M - HFHSD vs M - HFHSD+L -1.01 x 107 0.01
M - HFHSD vs F - HFHSD 2.25 x 10° >0.9
M - HFHSD+M vs F - HFHSD+M 3 x 10° >0.9
M - HFHSD+L vs F - HFHSD+L 1.39 x 107 <0.001
F-SDvsF - HFHSD 2.98 x 10° >0.9
F - HFHSD vs F - HFHSD+M 5.45 x 10* >0.9
F - HFHSD vs F - HFHSD+L 3.58 x 10° >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with

liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density

value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

Table 5.51. Integrated density values for the insulin-like growth factor-1

receptor in the Cornu Ammonis 1 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 1.37 x 107
Female |24 % 107 1.694 (1, 115) 0.2
Group
SD 1.57 x 107
HFHSD 1.14 x 107 3.625 (3, 115) 0.01
HFHSD+M 1.37 x 107
HFHSD+L 1.15 x 107
Interaction - 3.913 (3, 115) 0.01

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =

integrated density value; SD = standard diet.
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Table 5.52. Group-specific pairwise comparisons of integrated density
values for the insulin-like growth factor-1 receptor in the Cornu

Ammonis 1 region

5. RESULTS

Compared groups IDV difference mean” P

SD vs HFHSD 3.97 x 10° 0.04
SD vs HFHSD+M 1.7 x 10° 0.67
SD vs HFHSD+L 3.88 x 10° 0.05
HFHSD vs HFHSD+M -2.27 x 106 0.39
HFHSD vs HFHSD+L -8.66 x 10* >0.9
HFHSD+M vs HFHSD+L 2.18 x 10° 0.42

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;
HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.53. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the insulin-like growth factor-1 receptor in the

Cornu Ammonis 1 region

Compared groups IDV difference mean”® Pt

M - SD vs M - HFHSD 8.93 x 106 0.002
M-SDvsF-SD 7.79 x 106 0.02
M - HFHSD vs M - HFHSD+M -2.67 x 108 0.88
M - HFHSD vs M - HFHSD+L -8.22 x 10° >0.9
M - HFHSD vs F - HFHSD -1.54 x 108 >0.9
M - HFHSD+M vs F - HFHSD+M -7.83 x 10° >0.9
M - HFHSD+L vs F - HFHSD+L -6.56 x 10* >0.9
F-SD vs F - HFHSD -3.96 x 10° >0.9
F - HFHSD vs F - HFHSD+M -1.91 x 108 >0.9
F - HFHSD vs F - HFHSD+L 6.51 x 10° >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density

value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.54. Integrated density values for the insulin-like growth factor-1

receptor in the Cornu Ammonis 3 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 1.22 x 10’
18.099 (1, 131) <0.001
Female 1.58 x 10’
Group
SD 1.45 x 10’
HFHSD 1.12 x 107 5.536 (3, 131) 0.001
HFHSD+M 1.59 x 107
HFHSD+L 1.42 x 10’
Interaction - 2.604 (3, 131) 0.05

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =

integrated density value; SD = standard diet.

Table 5.55. Group-specific pairwise comparisons of integrated density

values for the insulin-like growth factor-1 receptor in the Cornu

Ammonis 3 region

Compared groups IDV difference mean” P
SD vs HFHSD 3.4 x 10° 0.03
SD vs HFHSD+M -1.41 x 10° 0.64
SD vs HFHSD+L 2.6 x 10° >0.9
HFHSD vs HFHSD+M -4.81 x 108 <0.001
HFHSD vs HFHSD+L -3.14 x 108 0.04
HFHSD+M vs HFHSD+L 1.67 x 106 0.5

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.56. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the insulin-like growth factor-1 receptor in the

Cornu Ammonis 3 region

Compared groups IDV difference mean” P

M - SD vs M - HFHSD 5.99 x 106 0.01
M-SDvsF-SD -2.02 x 108 >0.9
M - HFHSD vs M - HFHSD+M -6.52 x 108 0.004
M - HFHSD vs M - HFHSD+L -6.08 x 10° 0.01
M - HFHSD vs F - HFHSD -7.4 x 108 0.001
M - HFHSD+M vs F - HFHSD+M -3.77 x 108 0.32
M - HFHSD+L vs F - HFHSD+L -1.24 x 108 >0.9
F-SD vs F - HFHSD 6.06 x 10° >0.9
F - HFHSD vs F - HFHSD+M -2.89 x 10° 0.68
F - HFHSD vs F - HFHSD+L 7.7 x 10* >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

For APP expression, there were significant effects of sex, animal group and their
interaction following a two-way ANOVA analysis in all three ROI, except for the effect of
sex in the DG, where P values were close to statistical significance, but did not achieve it (P =
0.08) (Table 5.57, 5.60, 5.63).

In the DG (Table 5.58, 5.59), sex-specific comparisons of IDV mean values between
the SD and HFHSD groups showed significant differences in female rats only. There was a
significant difference between the HFHSD group and the HFHSD-M group of both sexes,
where metformin treatment increased the expression of APP. In HFHSD-L groups, there were
no significant differences in IDV mean values compared with the HFHSD groups of both
sexes.

In the CA1 region (Table 5.61, 5.62), significant differences in IDV mean values in
male rats were found between the SD group and the HFHSD group, where a HFHSD
decreased expression of APP, as well as between the HFHSD group and HFHSD-M group,
where metformin treatment increased APP expression that was higher in IDV mean values

than both the SD and HFHSD group. In female rats, significant differences in IDV mean
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values were found between the HFHSD group and the HFHSD-M and HFHSD-L group.
Compared with the HFHSD group, metformin treatment increased the expression of APP,
while liraglutide treatment decreased it to IDV mean values lower than even the SD group.

In the CA3 region (Table 5.64, 5.65), there were no significant differences in IDV
mean values between the SD and HFHSD group of both sexes. Metformin treatment
significantly increased the expression of APP compared with the HFHSD group in both sexes,
while liraglutide treatment significantly increased the expression of APP compared with the
HFHSD group in male rats only.

Images of the acquired stains are shown in Figure 5.7.
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Figure 5.7. Expression of amyloid precursor protein in all animal group hippocampi, organized by region of interest, sex and group.
C — negative control; CA1 — Cornu Ammonis region 1; CA3 — Cornu Ammonis region 3; DG — dentate gyrus; HFHSD — high-fat high-sugar
diet; HFHSD+L — HFHSD treated with liraglutide; HFHSD+M — HFHSD treated with metformin; SD — standard diet.
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Table 5.57. Integrated density values for the amyloid precursor protein in

the dentate gyrus
Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 3.99 x 10/
3.123 (1, 108) 0.08
Female 4.2 x 107
Group
SD 3.34 x 10’
HFHSD 3.77 x 107 78.093 (3, 108) <0.001
HFHSD+M 5.63 x 10’
HFHSD+L 3.62 x 10’
Interaction - 8.108 (3, 108) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.58. Group-specific pairwise comparisons of integrated density

values for the amyloid precursor protein in the dentate gyrus

Compared groups IDV difference mean” P
SD vs HFHSD -3.68 x 10° 0.12
SD vs HFHSD+M -2.34 x 107 <0.001
SD vs HFHSD+L -2.57 x 10° 0.42
HFHSD vs HFHSD+M -1.97 x 107 <0.001
HFHSD vs HFHSD+L 1.11 x 108 0.9
HFHSD+M vs HFHSD+L 2.08 x 107 <0.001

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;
HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.59. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the amyloid precursor protein in the dentate

gyrus
Compared groups IDV difference mean” P

M - SD vs M - HFHSD 7.88 x 103 >0.9
M-SDvsF-SD 4,51 x 10° 0.59
M - HFHSD vs M - HFHSD+M -1.53 x 107 < 0.001
M - HFHSD vs M - HFHSD+L -1.54 x 108 >0.9
M - HFHSD vs F - HFHSD -4.1 x 108 0.6
M - HFHSD+M vs F - HFHSD+M -1.06 x 107 <0.001
M - HFHSD+L vs F - HFHSD+L 1.94 x 10° >0.9
F-SD vsF-HFHSD -8.6 x 106 0.02
F - HFHSD vs F - HFHSD+M -2.19 x 107 <0.001
F - HFHSD vs F - HFHSD+L 4.5 x 108 0.6

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

Table 5.60. Integrated density values for the amyloid precursor protein in

the Cornu Ammonis 1 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 7.12 x 107
Fermale 69 % 107 31.841 (1, 130) <0.001
Group
SD 6.54 x 107
HFHSD 6.38 x 107 33.873 (3, 130) <0.001
HFHSD+M 7.99 x 107
HFHSD+L 5.73 x 107
Interaction - 6.288 (3, 130) 0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =

integrated density value; SD = standard diet.
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Table 5.61. Group-specific pairwise comparisons of integrated density

values for the amyloid precursor protein in the Cornu Ammonis 1 region

Compared groups IDV difference mean” P
SD vs HFHSD 1.78 x 10° 0.86
SD vs HFHSD+M -1.41 x 107 <0.001
SD vs HFHSD+L 8.88 x 10° 0.001
HFHSD vs HFHSD+M -1.59 x 107 <0.001
HFHSD vs HFHSD+L 7.1 x10° 0.01
HFHSD+M vs HFHSD+L 2.3 x 107 <0.001

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;
HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.62. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the amyloid precursor protein in the Cornu

Ammonis 1 region

Compared groups IDV difference mean”® Pt

M - SD vs M - HFHSD 1.02 x 107 0.03
M-SDvsF-SD 1.9 x 107 <0.001
M - HFHSD vs M - HFHSD+M -1.71 x 107 <0.001
M - HFHSD vs M - HFHSD+L 1.17 x 10° >0.9
M - HFHSD vs F - HFHSD 1.51 x 10° >0.9
M - HFHSD+M vs F - HFHSD+M 3.74 x 10° >0.9
M - HFHSD+L vs F - HFHSD+L 1.23 x 10’ 0.007
F-SD vsF-HFHSD -7.22 x 108 0.33
F - HFHSD vs F - HFHSD+M -1.49 x 107 <0.001
F - HFHSD vs F - HFHSD+L 1.19 x 107 0.006

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.63. Integrated density values for the amyloid precursor protein in

the Cornu Ammonis 3 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 6.63 x 10’
20.631 (1, 125) <0.001
Female 5.92 x 10’
Group
SD 5.97 x 10’
HFHSD 5.56 x 107 61.220 (3, 125) <0.001
HFHSD+M 8.06 x 10’
HFHSD+L 5.52 x 10’
Interaction - 18.358 (3, 125) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.64. Group-specific pairwise comparisons of integrated density

values for the amyloid precursor protein in the Cornu Ammonis 3 region

Compared groups IDV difference mean” P
SD vs HFHSD 5.11 x 10° 0.11
SD vs HFHSD+M -2.06 x 10’ <0.001
SD vs HFHSD+L 5.44 x 10° 0.08
HFHSD vs HFHSD+M -2.57 x 107 <0.001
HFHSD vs HFHSD+L 3.31 x 10° >0.9
HFHSD+M vs HFHSD+L 2.6 x 10’ <0.001

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.65. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the amyloid precursor protein in the Cornu

Ammonis 3 region

Compared groups IDV difference mean” P
M -SD vs M - HFHSD 2.44 x 10° >0.9
M-SDvsF-SD 8.85 x 10° 0.14
M - HFHSD vs M - HFHSD+M -1.31 x 107 0.002
M - HFHSD vs M - HFHSD+L -2.9 x 106 >0.9
M - HFHSD vs F - HFHSD 1.23 x 107 0.003
M - HFHSD+M vs F - HFHSD+M -1.16 x 107 0.006
M - HFHSD+L vs F - HFHSD+L 1.89 x 107 <0.001
F-SDvsF - HFHSD 5.88 x 10° 0.62
F - HFHSD vs F - HFHSD+M -3.7 x 107 <0.001
F - HFHSD vs F - HFHSD+L 3.74 x 10° >0.9

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

A two-way ANOVA analysis showed that sex was not a significant factor in pTau
expression, while animal group and interaction of sex and group showed significance in all
three ROI (Table 5.66, 5.69, 5.72). There were no significant differences in IDV mean values
between the SD and HFHSD groups in male rats, while there was a significant decrease in
IDV mean values of HFHSD female rats compared with their respective SD group in all three
ROL.

In the DG (Table 5.67, 5.68), IDV mean values of both male and female rats showed
significant decreases in pTau expression in the HFHSD groups compared with the SD group.
Metformin treatment had no significant effect on both groups. Liraglutide treatment showed
significant, yet opposite effects on animal groups of different sexes — male rats showed a
decrease in pTau expression, while female rats showed an increase in pTau expression
compared with their respective HFHSD group.

Similarly, IDV mean values in the CAL region (Table 5.70, 5.71) showed a significant
decrease in IDV mean values for HFHSD-L male rats compared with their respective HFHSD

group, while HFHSD-L female rats saw an increase in IDV mean values, however, this
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difference was not significant. There was, however, a significant decrease in IDV mean
values in female HFHSD rats compared with their respective SD group.

Liraglutide treatment had significant effects in the CA3 region as well (Table 5.73,
5.74). Compared with their respective HFHSD groups, IDV mean values in male rats once
again saw a significant decrease, while IDV mean values in female rats saw a significant
increase.

Metformin treatment did not cause any significant changes in pTau expression in
either of the three ROls.

Images of the acquired stains are shown in Figure 5.8.
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Figure 5.8. Expression of phosphorylated Tau protein in all animal group hippocampi, organized by region of interest, sex and group.
C — negative control; CA1 — Cornu Ammonis region 1; CA3 — Cornu Ammonis region 3; DG — dentate gyrus; HFHSD — high-fat high-sugar
diet; HFHSD+L — HFHSD treated with liraglutide; HFHSD+M — HFHSD treated with metformin; SD — standard diet.
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Table 5.66. Integrated density values for the phosphorylated Tau protein in

the dentate gyrus

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 4.26 x 10’
3.009 (1, 112) 0.09
Female 3.96 x 10’
Group
SD 5.64 x 10’
HFHSD 3.46 x 107 32.949 (3, 112) <0.001
HFHSD+M 4.05 x 107
HFHSD+L 3.29 x 10’
Interaction - 30.318 (3, 112) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.67. Group-specific pairwise comparisons of integrated density

values for the phosphorylated Tau protein in the dentate gyrus

Compared groups IDV difference mean” P
SD vs HFHSD 2 x 107 <0.001
SD vs HFHSD+M 1.6 x 107 <0.001
SD vs HFHSD+L 2.39 x 107 <0.001
HFHSD vs HFHSD+M -3.99 x 10° 0.33
HFHSD vs HFHSD+L 3.97 x 10° 0.35
HFHSD+M vs HFHSD+L 7.96 x 10° 0.004

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.68. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the phosphorylated Tau protein in the dentate

gyrus

Compared groups IDV difference mean” P
M -SD vs M - HFHSD 1.12 x 107 0.02
M-SDvsF-SD -2.37 x 10° >0.9
M - HFHSD vs M - HFHSD+M -4.79 x 10° 0.81
M - HFHSD vs M - HFHSD+L 2.14 x 107 <0.001
M - HFHSD vs F - HFHSD 1.87 x 107 <0.001
M - HFHSD+M vs F - HFHSD+M 1.66 x 10’ <0.001
M - HFHSD+L vs F - HFHSD+L -2.07 x 107 <0.001
F-SDvsF - HFHSD 3.23 x 10’ <0.001
F - HFHSD vs F - HFHSD+M -6.89 x 10° 0.51
F - HFHSD vs F - HFHSD+L -1.8 x 10’ <0.001

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density
value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.

Table 5.69. Integrated density values for the phosphorylated Tau protein in

the Cornu Ammonis 1 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 5.93 x 107
Fermale 584 % 107 0.230 (1, 118) 0.63
Group
SD 6.91 x 107
HFHSD 6.04 x 107 17.318 (3, 118) <0.001
HFHSD+M 5.48 x 107
HFHSD+L 5.1 x 107
Interaction - 30.021 (3, 118) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.
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Table 5.70. Group-specific pairwise comparisons of integrated density

values for the phosphorylated Tau protein in the Cornu Ammonis 1

region

Compared groups IDV difference mean” P
SD vs HFHSD 8.14 x 10° 0.01
SD vs HFHSD+M 1.32 x 10’ <0.001
SD vs HFHSD+L 1.69 x 10’ <0.001
HFHSD vs HFHSD+M 5.05 x 10° 0.18
HFHSD vs HFHSD+L 8.75 x 10° 0.002
HFHSD+M vs HFHSD+L 3.7 x 10° 0.46

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;
HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;
SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

Table 5.71. Relevant group-specific and sex-specific pairwise comparisons of

integrated density values for the phosphorylated Tau protein in the Cornu

Ammonis 1 region

Compared groups IDV difference mean”® Pt

M -SDvs M - HFHSD -2.21 x 108 >0.9
M-SDvsF-SD -6.85 x 10° 0.68
M - HFHSD vs M - HFHSD+M 3.7 x 10° >0.9
M - HFHSD vs M - HFHSD+L 2.83 x 107 <0.001
M - HFHSD vs F - HFHSD 1.49 x 107 0.001
M - HFHSD+M vs F - HFHSD+M 1.83 x 10’ <0.001
M - HFHSD+L vs F - HFHSD+L -2.29 x 107 <0.001
F-SDvs F-HFHSD 1.95 x 107 <0.001
F - HFHSD vs F - HFHSD+M 7.36 x 10° 0.46
F - HFHSD vs F - HFHSD+L -9.46 x 108 0.1

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with

liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density

value; M = male; SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.

89



5. RESULTS

Table 5.72. Integrated density values for the phosphorylated Tau protein in

the Cornu Ammonis 3 region

Two-way ANOVA
Variable IDV mean
F value (df) P
Sex
Male 6.17 x 10’
2.242 (1, 123) 0.14
Female 6.47 x 10’
Group
SD 7.58 x 107
HFHSD 6.11 x 107 17.045 (3, 123) <0.001
HFHSD+M 6.03 x 10’
HFHSD+L 5.56 x 10’
Interaction - 24.083 (3, 123) <0.001

df = degrees of freedom; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet
treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV =
integrated density value; SD = standard diet.

Table 5.73. Group-specific pairwise comparisons of integrated density

values for the phosphorylated Tau protein in the Cornu Ammonis 3

region

Compared groups IDV difference mean” P
SD vs HFHSD 1.47 x 107 <0.001
SD vs HFHSD+M 1.54 x 107 <0.001
SD vs HFHSD+L 2.01 x 107 <0.001
HFHSD vs HFHSD+M 7.39 x 10° 0.8
HFHSD vs HFHSD+L 5.46 x 10° 0.05
HFHSD+M vs HFHSD+L 4,73 x 10° 0.09

HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide;

HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density value;

SD = standard diet; *estimated marginal means; "Tukey's post hoc HSD.
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Table 5.74. Relevant group-specific and sex-specific pairwise comparisons of
integrated density values for the phosphorylated Tau protein in the Cornu

Ammonis 3 region

5. RESULTS

Compared groups IDV difference mean” P

M - SD vs M - HFHSD -4.24 x 106 >0.9
M-SDvsF-SD -1.92 x 107 <0.001
M - HFHSD vs M - HFHSD+M 5.46 x 10° 0.88
M - HFHSD vs M - HFHSD+L 2.52 x 107 <0.001
M - HFHSD vs F - HFHSD 1.86 x 107 < 0.001
M - HFHSD+M vs F - HFHSD+M 9.18 x 10° 0.3
M - HFHSD+L vs F - HFHSD+L -2.08 x 107 <0.001
F-SD vs F - HFHSD 3.36 x 10’ < 0.001
F - HFHSD vs F - HFHSD+M -3.98 x 10° >0.9
F - HFHSD vs F - HFHSD+L -1.43 x 107 0.011

F = female; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with
liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin; IDV = integrated density

value; M = male; SD = standard diet; *estimated marginal means; TTukey's post hoc HSD.
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5.3. MALDI-TOF mass spectrometric analysis

The MALDI-TOF mass spectrometric analysis identified significant (P < 0.05)
changes in signals between compared animal groups for 53 unique compounds. 26 of these
compounds were lipids, with an additional ten compounds directly related to the
ethiopathogenesis of the researched topic (five carbohydrates and five vitamins and
cofactors). The remaining identified compounds were amino acids and purine and pyrimidine
metabolites.

In terms of the sex-specific distribution of these compounds, there was a 64.15%
overlap in identified compounds (34 of 53). There were seven compounds uniquely identified
in male rats and 12 compounds uniquely identified in female rats, for a total of 41 compounds
identified in male rats and 46 compounds identified in female rats.

All the identified compounds were grouped based on their structure:

e Lipids
o Fatty acids
o Steroids
o Sphingolipids and glycerophospholipids
e Vitamins and cofactors
e Carbohydrates
e Other compounds
o Purines and pyrimidines
o Amino acids
o Miscellaneous compounds

Several compounds identified by the MALDI-TOF spectrometric analysis (not
included in the final count of 54 compounds) were excluded from the final results and
analysis since the only statistically significant differences were found between the SD group
and groups treated with either metformin or liraglutide. This difference was deemed irrevelant
to the aims of the research, since it did not reveal changes to the lipidome following a
HFHSD, nor did it reveal significant changes following pharmacotherapy in comparison with
the HFHSD group.

The tables are separated by sex and include only compounds with significantly altered
signal changes and show t values between groups of most significant to the research — SD vs
HFHSD to confirm changes following the HFHSD diet and HFHSD vs HFHSD-M and

HFHSD-L to show effects of metformin and liraglutide treatment. The t values are a direct
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reflection of changes of the spectrometric signal and have both positive and negative values,
based on whether or not a certain animal group showed a significant increase (positive value)
or decrease (negative value) in signal of a compound when compared to another group. Since
not all identified compounds showed significant signal changes between all three of the
observed comparisons, those spaces were left blank. The tables include the compounds'
KEGG identification numbers as well as all of their used names, full and abbreviated.

Using the KEGG database, the spectrometric analysis also produced a list of all the

significantly altered metabolic pathways based on the identified compounds.

5.3.1. Identified compounds

A total of 16 unique fatty acid metabolites were identified. Five of these were unique
to female rats, while one was unique to male rats. Coenzyme A (CoA) was added to this table,
even though it is featured in the tables showing identified vitamins and cofactors (Table 5.81,
Table 5.82), due to its relevance and role in multiple metabolic pathways regarding lipid
metabolism.

A majority of the identified compounds were significantly altered after a HFHSD.
Male rats showed a better response to liraglutide treatment, while female rats showed a better
response to metformin treatment. ldentified lipids included polyunsaturated fatty acids
(PUFA), fatty acyl-CoAs, and FFAs. Every identified compound in male rats showed a
significantly increased signal between the SD and HFHSD groups, while most, but not all
identified compounds in female rats had the same alteration.

Two compounds identified in male rats and three compounds identified in female rats

reacted with multiple adducts.
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Table 5.75. Identified compounds related to fatty acid biosynthesis and metabolism showing statistically significant differences in signal

following MALDI-TOF spectrometry between male rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

ID ratio HFHSD-M HFHSD-L

C01571 231,2 HAc-H Decanoic acid; Decanoate; Decylic acid; n-Capric acid NI -3.36 NI

C01530 283,3 M-H Octadecanoic acid; Stearate; Stearic acid 5.25 NI -4.64
Icosadienoic acid; Eicosadienoic acid; 11,14-lcosadienoic

C16525 291,3 M+H-H20 acid; (11Z,14Z)-Icosa-11,14-dienoic acid; 11,14- 17.49 NI NI
Eicosadienoic acid; (11Z,14Z)-Eicosa-11,14-dienoic acid
Icosenoic acid; Eicosenoic acid; 11-lIcosenoic acid; 11-

C16526 291,3 M-H20-H Eicosenoic acid; (112Z)-lcosenoic acid; (112)-Eicosenoic 14.43 NI 5.04
acid; (2)-Icosa-11-enoic acid
Icosenoic acid; Eicosenoic acid; 11-Icosenoic acid; 11-

C16526 293,3 M+H-H20 Eicosenoic acid; (11Z)-lcosenoic acid; (11Z)-Eicosenoic 8.97 NI NI
acid; (2)-Icosa-11-enoic acid
Icosenoic acid; Eicosenoic acid; 11-Icosenoic acid; 11-

C16526 309,3 M-H Eicosenoic acid; (11Z)-lcosenoic acid; (112)-Eicosenoic 5.13 NI 3.76

acid; (2)-Icosa-11-enoic acid

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard

diet.
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Table 5.75. (continued) Identified compounds related to fatty acid biosynthesis and metabolism showing statistically significant

differences in signal following MALDI-TOF spectrometry between male rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

1D ratio HFHSD-M HFHSD-L

C08281 323,3 M+H-H20O | Docosanoic acid; Docosanoate; Behenic acid 18.42 NI NI
Adrenic acid; 7,10,13,16-Docosatetraenoic acid:;

C16527 331,3 M-H (7Z2,102,132,16Z)-Docosa-7,10,13,16-tetraenoic 5.72 NI -5.93
acid; 7Z,10Z,13Z,16Z-Docosatetraenoic acid
(13Z,162)-Docosadienoic acid; (13Z,16Z)-Docosa-

C16533 335,3 M-H S S NI 21.45 20.1
13,16-dienoic acid; 13Z,16Z-Docosadienoic acid
(137,162)-Docosadienoic acid; (13Z,16Z)-Docosa-

C16533 337,3 M+H S S 2.83 NI NI
13,16-dienoic acid; 13Z,16Z-Docosadienoic acid

C02990 438,3 M+K L-Palmitoylcarnitine 6.46 NI -3.06

C00010 750,1 M+H-H20 | CoA; Coenzyme A; CoA-SH 2.27 NI -3.12

C05269 878,2 M-H 3-Oxohexanoyl-CoA; 3-Ketohexanoyl-CoA 10.44 NI -3.66

C05267 888,2 M-H20-H | 3-Oxooctanoyl-CoA 6.89 NI NI
2,3-Dinor-8-iso prostaglandin F2a; 2,3-Dinor-8-iso

C14794 307,2 M-H20-H 8.43 -2.49 -5.94

PGF2a

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-

fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard

diet.

S11NS3y 'S



Table 5.76. Identified compounds related to fatty acid biosynthesis and metabolism showing statistically significant differences in signal
following MALDI-TOF spectrometry between female rat groups (P < 0.05)

Identifier t score

KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

ID ratio HFHSD-M HFHSD-L

C01530 283,3 M-H Octadecanoic acid; Stearate; Stearic acid -5.41 NI -3.81

Icosadienoic acid; Eicosadienoic acid; 11,14-Icosadienoic
C16525 289,3 M-H20-H acid; (11Z,147)-Icosa-11,14-dienoic acid; 11,14- 27.41 5.62 NI
Eicosadienoic acid; (11Z,14Z)-Eicosa-11,14-dienoic acid

Icosenoic acid; Eicosenoic acid; 11-lIcosenoic acid; 11-
C16526 291,3 M-H20-H Eicosenoic acid; (11Z)-lcosenoic acid; (11Z)-Eicosenoic 12.69 -7.32 -8.36

acid; (2)-Icosa-11-enoic acid

Icosenoic acid; Eicosenoic acid; 11-lIcosenoic acid; 11-

C16526 293,3 M+H-H20 Eicosenoic acid; (112Z)-lcosenoic acid; (11Z)-Eicosenoic NI -3.35 NI
acid; (2)-Icosa-11-enoic acid

C08281 323,3 M+H-H20 Docosanoic acid; Docosanoate; Behenic acid 4.52 -3.46 NI
Adrenic acid; 7,10,13,16-Docosatetraenoic acid;

C16527 331,3 M-H (7Z2,10Z,137,16Z)-Docosa-7,10,13,16-tetraenoic acid; NI -29.64 NI

772,10Z,13Z,16Z-Docosatetraenoic acid
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KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight m/z = mass to charge; NI = not identified; SD = standard
diet.
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Table 5.76. (continued) Identified compounds related to fatty acid biosynthesis and metabolism showing statistically significant

differences in signal following MALDI-TOF spectrometry between female rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

ID ratio HFHSD-M HFHSD-L
(132,16Z)-Docosadienoic acid; (132,16Z)-Docosa-13,16-

C16533 335,3 M-H o S 9.74 -8.22 -7.2
dienoic acid; 13Z,16Z-Docosadienoic acid
(132,16Z)-Docosadienoic acid; (132,16Z)-Docosa-13,16-

C16533 337,3 M+H - S NI -3.62 NI
dienoic acid; 13Z,16Z-Docosadienoic acid

C02990 438,3 M+K L-Palmitoylcarnitine -5.38 NI NI

C00010 750,1 M+H-H20 CoA; Coenzyme A; CoA-SH -4.35 NI NI

C05269 878,2 M-H 3-Oxohexanoyl-CoA,; 3-Ketohexanoyl-CoA -22.3 NI NI

C05267 888,2 M-H20-H 3-Oxooctanoyl-CoA -7.8 -3.69 -3.05

C05267 906,2 M-H 3-Oxooctanoyl-CoA 26.65 NI NI

C05270 888,2 M+Na Hexanoyl-CoA NI -2.69 NI

C05276 909,2 M+NH4 trans-Oct-2-enoyl-CoA,; (2E)-Octenoyl-CoA 2.72 -3.13 NI
S)-3-Hydroxyoctanoyl-CoA,; (S)-3-Hydroxycapryloyl-CoA;

C05266 910,2 M+H ®) yaroy y ) yaroxycaptyloy 3.31 -3.08 NI
(S)-Hydroxyoctanoyl-CoA

C01944 916,2 M+Na Octanoyl-CoA 4.48 -3.65 NI

C02232 948,1 M+K 3-Oxoadipyl-CoA; beta-Ketoadipyl-CoA NI -2.69 NI

C14794 307,2 M-H20-H 2,3-Dinor-8-iso prostaglandin F2a; 2,3-Dinor-8-iso PGF2a. -6.12 NI -4.32

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-fat high-sugar diet
treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard diet.
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A total of five sphingolipid and glycerophospholipid metabolites were identified with
significant changes in signal. One compound was unique to male rats [cytidine diphosphate
(CDP)-ethanolamine]. CDP-ethanolamine was also the only compound not to show a
significant change in signal between the SD and HFHSD groups. While Table 5.79 and Table
5.80 show certain gaps in the SD vs HFHSD group column for other compounds, these are all
compounds with reactions with multiple adducts, with at least one showing a significant
change in signal between these two groups. Groups treated with metformin or liraglutide
showed significant differences in signal compared to the HFHSD group, with male rats
responding better to liraglutide treatment and female rats responding better to metformin
treatment.

A total of five compounds with significant changes in signal were identified that are
related to steroid hormone biosynthesis and metabolism. These metabolites were more
affected in male rats, as two identified compounds were unique to them (androstenedione and
pregnenolone sulfate). Pharmacotherapy showed certain significant changes in signal, with
liraglutide showing no effect in female rats. Estrone glucuronide reacted with multiple

adducts in female rats.
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Table 5.77. Identified compounds related to sphingolipid and glycerophospholipid biosynthesis and metabolism showing statistically

significant differences in signal following MALDI-TOF spectrometry between male rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

ID ratio HFHSD-M HFHSD-L
Sphinganine; Dihydrosphingosine; 2-Amino-1,3-

C00836 282,3 M-H20-H ) 4.36 NI NI
dihydroxyoctadecane
Sphinganine 1-phosphate; Dihydrosphingosine 1-

C01120 404,3 M+Na Phing PROsP yerospning NI 291 3.65
phosphate
Sphinganine 1-phosphate; Dihydrosphingosine 1-

C01120 420,2 M+K phing PROSP yerosphing 4.45 NI NI
phosphate

C00570 445,1 M-H CDP-ethanolamine; Cytidine diphosphate ethanolamine NI NI 7.72

C20518 755,6 M+Na 2,3-Bis-(O-phytanyl)-sn-glycerol 1-phosphate 4.27 NI -3.89
2,3-Bis-O-(geranylgeranyl)-sn-glycero-1-phospho-L-

C20466 804,6 M+H ) (geranylgeranyl)-sn-gly PROSP 6.42 NI -4.22
serine
2,3-Bis-O-(geranylgeranyl)-sn-glycero-1-phospho-L-

C20466 821,6 M+NH4 ) (geranylgeranyl)-sn-gly PROSP NI 7.04 NI
serine
2,3-Bis-O-(geranylgeranyl)-sn-glycero-1-phospho-L-

C20466 862,6 HAc-H (geranylgeranyl)-sn-gly PROSP 7.51 NI NI

serine

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard

diet.
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Table 5.78. Identified compounds related to sphingolipid and glycerophospholipid biosynthesis and metabolism showing statistically

significant differences in signal following MALDI-TOF spectrometry between female rat groups (P < 0.05)

Identifier t score

KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

1D ratio HFHSD-M HFHSD-L

Sphinganine; Dihydrosphingosine; 2-Amino-1,3-
C00836 282,3 M-H20-H ) -5.87 NI -3.39
dihydroxyoctadecane

Sphinganine; Dihydrosphingosine; 2-Amino-1,3-
C00836 336,3 M+ClI ) 11.6 -9.37 -8.37
dihydroxyoctadecane

Sphinganine 1-phosphate; Dihydrosphingosine 1-
C01120 404,3 M+Na 5.24 -4.04 NI
phosphate

C20518 755,6 M+Na 2,3-Bis-(O-phytanyl)-sn-glycerol 1-phosphate -3.63 NI NI

2,3-Bis-O-(geranylgeranyl)-sn-glycero-1-phospho-L-
C20466 804,6 M+H ) (© i yl)-sn-gly PROSP -2.8 -2.76 NI
serine

2,3-Bis-O-(geranylgeranyl)-sn-glycero-1-phospho-L-
C20466 821,6 M+NH4 ) © yig yl)-sn-gly pRosp -3.91 NI NI
serine

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard
diet.
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Table 5.79. Identified compounds related to steroid hormone biosynthesis and metabolism showing statistically significant differences in signal

following MALDI-TOF spectrometry between male rat groups (P < 0.05)

Identifier t score
] HFHSD vs HFHSD vs
KEGG ID m/z ratio Adducts Compound SD vs HFHSD
HFHSD-M HFHSD-L
C00280 321,2 M+CI Androstenedione; Androst-4-ene-3,17-dione; 4-Androstene-3,17-dione -9.1 -5.05 -2.46
C18044 419,2 M+Na 3beta-Hydroxypregn-5-en-20-one sulfate; Pregnenolone sulfate 4.44 NI NI
C08358 439,1 HAc-H 2-Methoxyestrone 3-sulfate 6.48 -3.24 NI
Estrone glucuronide; Estrone 3-glucuronide; Estrone beta-D-
C11133 469,2 M+Na ) 13.93 NI NI
glucuronide
C18043 505,3 M+K Cholesterol sulfate; Cholest-5-en-3beta-ol sulfate 45 NI -4.59

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin;

MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard diet.

Table 5.80. Identified compounds related to steroid hormone biosynthesis and metabolism showing statistically significant differences in signal

following MALDI-TOF spectrometry between female rat groups (P < 0.05)

Identifier t score
) HFHSD vs HFHSD vs
KEGG ID m/z ratio | Adducts Compound SD vs HFHSD
HFHSD-M HFHSD-L
C08358 439,1 HAc-H 2-Methoxyestrone 3-sulfate -3.2 NI NI
Estrone glucuronide; Estrone 3-glucuronide; Estrone beta-D-
C11133 464,2 M+NH4 i 4.54 -3.69 NI
glucuronide
Estrone glucuronide; Estrone 3-glucuronide; Estrone beta-D-
C11133 469,2 M+Na i NI -2.82 NI
glucuronide
C18043 505,3 M+K Cholesterol sulfate; Cholest-5-en-3beta-ol sulfate -5.49 NI NI

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-fat high-sugar diet treated with metformin;

MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard diet.
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5. RESULTS

In the group of vitamins and cofactors, a total of five compounds were identified
showing significant changes in signal between observed groups. Three of these were unique
to both sexes, with each sex having one unique compound — reduced nicotinamide adenine
dinucleotide (NADH) in male rats and thiamine diphosphate in female rats. Significant
changes in signal in all three observed comparisons were present, with female rats showing a
predominant response to metformin treatment.

In the relevant observed comparisons, a total of five carbohydrates were identified.
Two of them were unique to female rats - GDP-mannose and stachyose. There were
significant changes in signal following both metformin and liraglutide treatment in male rats,
while female rats responded better to metformin treatment.
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Table 5.81. Identified vitamins and cofactors showing statistically significant differences in signal following MALDI-TOF spectrometry

between male rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

ID ratio HFHSD-M HFHSD-L
Tetrahydrofolate; 5,6,7,8-Tetrahydrofolate;

Coo101 4442 M-H Tetrahydrofolic acid; THF; (6S)-Tetrahydrofolate; NI NI 6.02
(6S)-Tetrahydrofolic acid; (6S)-THFA
FMN; Riboflavin-5-phosphate; Flavin

C00061 455,1 M-H ) 4.86 -2.53 NI
mononucleotide
FMN; Riboflavin-5-phosphate; Flavin

C00061 479,1 M+Na ) 5.32 NI NI
mononucleotide
NADH; DPNH; Reduced nicotinamide adenine

C00004 704,1 M+K ) ) -2.74 NI NI
dinucleotide

C00010 750,1 M+H-H20 | CoA; Coenzyme A; CoA-SH 2.27 NI -3.12

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard

diet.
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Table 5.82. Identified vitamins and cofactors showing statistically significant differences in signal following MALDI-TOF spectrometry

between female rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

ID ratio HFHSD-M HFHSD-L
Tetrahydrofolate; 5,6,7,8-Tetrahydrofolate;

Coo101 4442 M-H Tetrahydrofolic acid; THF; (6S)-Tetrahydrofolate; 33.8 -18.32 -18.63
(6S)-Tetrahydrofolic acid; (6S)-THFA
FMN; Riboflavin-5-phosphate; Flavin

C00061 455,1 M-H ) 3.37 -5.35 -4.43
mononucleotide
2-(a-Hydroxyethyl)thiamine diphosphate; 2-

C05125 487,1 M+NH4 (a-Hy yethy) phosp NI -2.74 NI
Hydroxyethyl-ThPP
2-(o-Hydroxyethyl)thiamine diphosphate; 2-

C05125 4921 M+Na (a-Hydroxyethy) PROSP NI -3.16 NI
Hydroxyethyl-ThPP

C00010 750,1 M+H-H20 | CoA; Coenzyme A; CoA-SH -4.35 NI NI

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard
diet.
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Table 5.83. Identified compounds related to carbohydrate biosynthesis and metabolism showing statistically significant differences in
signal following MALDI-TOF spectrometry between male rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

1D ratio HFHSD-M HFHSD-L
D-Galactosamine; D-Chondrosamine; 2-Amino-2-

C02262 238,1 HAc-H 8.04 -7.69 NI
deoxy-D-galactose

C06188 347,1 M-H20-H | Salicin 6-phosphate; Salicin-6P 10.65 NI 411

GDP-4-dehydro-6-deoxy-D-mannose; GDP-4-

dehydro-6-deoxy-D-talose; GDP-4-0xo0-6-deoxy-D-
C01222 605,1 M+NH4 mannose; GDP-4-dehydro-D-rhamnose; GDP-4- 3.41 NI NI
keto-6-deoxy-D-mannose; GDP-4-dehydro-a-D-

rhamnose; GDP-4-dehydro-6-deoxy-a-D-mannose

G0T

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard
diet.
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Table 5.84. Identified compounds related to carbohydrate biosynthesis and metabolism showing statistically significant differences in

signal following MALDI-TOF spectrometry between female rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

ID ratio HFHSD-M HFHSD-L
D-Galactosamine; D-Chondrosamine; 2-Amino-2-

C02262 238,1 HAc-H 10.95 -8.91 -7.49
deoxy-D-galactose

C06188 347,1 M-H20-H | Salicin 6-phosphate; Salicin-6P 5.23 -5.35 -5.04
GDP-4-dehydro-6-deoxy-D-mannose; GDP-4-
dehydro-6-deoxy-D-talose; GDP-4-0x0-6-deoxy-D-

C01222 605,1 M+NH4 mannose; GDP-4-dehydro-D-rhamnose; GDP-4- NI -2.25 NI
keto-6-deoxy-D-mannose; GDP-4-dehydro-a-D-
rhamnose; GDP-4-dehydro-6-deoxy-a-D-mannose
GDP-mannose; GDP-D-mannose; GDP-a-D-

C00096 606,1 M+H -2.26 NI NI
mannose

C01613 705,2 M+K Stachyose NI 4.01 NI

90T

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard
diet.
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5. RESULTS

The remaining identified compounds were grouped as either purine and pyrimidine
metabolites, amino acid metabolites or miscellaneous compounds. There is a degree of
overlap, where certain compounds could have been added to both the purine and pyrimidine
group and the amino acid group, but they are included only in a single group where they have
a predominant role. CoA is the only exception to this, as it was added to the fatty acid group
to highlight its changes in signal in comparison with fatty acid metabolites as that directly
pertains to a key aim of the research.

There was a total of six compounds identified relating to purine and pyrimidine
metabolism. Five of them were seen in both sexes, with one unique compound identified in
female rats (adenosine 5'-triphosphate 5'-adenosine). All the purine and pyrimidine
metabolites showed significant changes in signal between the SD and HFHSD group in male
rats, while only two metabolites in the comparison of those female groups did not. Male rats
showed little response to either pharmacotherapeutic agent when compared to the HFHSD
group, while female rats showed a predominant response to metformin treatment. Two
compounds in male rats reacted with multiple adducts.

In the group of amino acid metabolites, there was a total of eight identified
compounds, five of which were seen in both sexes. One compound was unique to male rats
[S-(hercyn-2-yl)-L-cysteine S-oxide] and two were unique to female rats (phenylglyoxylyl-
CoA and 3-oxo-5,6-didehydrosuberoyl-CoA). Only two metabolites in female rats did not
show significant changes between the SD and HFHSD groups. When comparing the HFHSD
group with both the HFHSD-M and HFHSD-L groups, male rats responded to both metformin
and liraglutide treatment, while female rats predominantly responded to metformin treatment.

Three miscellaneous compounds were identified, one seen in both sexes and one
unique to each sex, both showing significant changes in signal between their respective SD
and HFHSD group.
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Table 5.85. Identified compounds related to purine and pyrimidine biosynthesis and metabolism showing statistically significant

differences in signal following MALDI-TOF spectrometry between male rat groups (P < 0.05)

Identifier t score
HFHSD vs HFHSD vs
KEGG ID m/z ratio | Adducts Compound SD vs HFHSD
HFHSD-M HFHSD-L

dAMP; 2'-Deoxyadenosine 5'-phosphate; 2'-Deoxyadenosine 5'-

C00360 330,1 M-H monophosphate; Deoxyadenylic acid; Deoxyadenosine 5.65 -4.83 NI
monophosphate
5-Hydroxymethyldeoxycytidylate; 5-

C03997 355,1 M+NH4 Hydroxymethyldeoxycytidylic acid; 2'-Deoxy-5- 8.48 NI NI
hydroxymethylcytidine 5'-phosphate

C02354 364,1 HAc-H 2',3'-Cyclic CMP -3.09 NI 8.36
N6-Succino-2-amino-2'-deoxyadenylate; dSMP; 2-Amino-2'-

C22395 463,1 M+H . 4.45 NI NI
deoxy-N6-[(2S)-succino]adenylate
N6-Succino-2-amino-2'-deoxyadenylate; dSMP; 2-Amino-2'-

C22395 485,1 M+Na . 4.21 NI NI
deoxy-N6-[(2S)-succino]adenylate
N6-(1,2-Dicarboxyethyl)-AMP; N6-(1,2-Dicarboxyethyl) AMP;

C03794 486,1 M+Na ) S 4.16 NI NI
Adenylosuccinate; Adenylosuccinic acid
N6-(1,2-Dicarboxyethyl)-AMP; N6-(1,2-Dicarboxyethyl) AMP;

C03794 4441 M-H20-H 4.58 NI 20.8

Adenylosuccinate; Adenylosuccinic acid

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-fat high-sugar diet
treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard diet.
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Table 5.86. Identified compounds related to purine and pyrimidine biosynthesis and metabolism showing statistically significant

differences in signal following MALDI-TOF spectrometry between female rat groups (P < 0.05)

Identifier t score

KEGG m/z HFHSD vs HFHSD vs

D catio Adducts Compound SD vs HFHSD HEHSD-M HEHSD.L
dAMP; 2'-Deoxyadenosine 5'-phosphate; 2'-

C00360 330,1 M-H Deoxyadenosine 5'-monophosphate; Deoxyadenylic 2.62 -2.57 NI
acid; Deoxyadenosine monophosphate
5-Hydroxymethyldeoxycytidylate; 5-

C03997 355,1 M+NH4 Hydroxymethyldeoxycytidylic acid; 2'-Deoxy-5- 5.76 -4.43 NI
hydroxymethylcytidine 5'-phosphate

C02354 364,1 HAc-H 2',3'-Cyclic CMP 9.36 -5.83 -5.85

22395 4851 M+Na N6-Succino-2-amino-2'-deoxyadenylate; dSMP; 2- I 077 I
Amino-2'-deoxy-N6-[(2S)-succino]adenylate
N6-(1,2-Dicarboxyethyl)-AMP; N6-(1,2-

C03794 486,1 M+Na Dicarboxyethyl) AMP; Adenylosuccinate; NI -2.82 NI
Adenylosuccinic acid

06197 7701 M+Na P1,P3-Bis(5-adenosyl) triphosphate; ApppA,; 39 NI I

Adenosine 5'-triphosphate 5'-adenosine

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-

fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard

diet.
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Table 5.87. Identified compounds related to amino acid biosynthesis and metabolism showing statistically significant differences in signal

following MALDI-TOF spectrometry between male rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

ID ratio HFHSD-M HFHSD-L
L-Histidine; (S)-alpha-Amino-1H-imidazole-4-

C00135 214,1 HAc-H S 6.97 -4.22 NI
propionic acid
2-Hydroxy-6-oxonona-2,4-diene-1,9-dioate; (2Z,4E)-

C04479 | 273,1 HAc-H _ _ 21.94 -6.78 -2.64
2-Hydroxy-6-oxonona-2,4-diene-1,9-dioate

C17935 315,1 M-H Cysteinyldopa; 5-S-Cysteinyl-DOPA 7.98 NI -2.9
S-Adenosyl-L-homocysteine; S-

C00021 383,1 M-H ) 4.23 -5.56 NI
Adenosylhomocysteine

C20994 392,1 HAc-H S-(Hercyn-2-yl)-L-cysteine S-oxide 20.01 NI -13
Indolylmethyl-desulfoglucosinolate;

C16517 427,1 HAc-H 2.97 -4.58 NI

Desulfoglucobrassicin

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard

diet.
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Table 5.88. Identified compounds related to amino acid biosynthesis and metabolism showing statistically significant differences in signal

following MALDI-TOF spectrometry between female rat groups (P < 0.05)

Identifier t score
KEGG m/z HFHSD vs HFHSD vs
) Adducts Compound SD vs HFHSD

ID ratio HFHSD-M HFHSD-L
L-Histidine; (S)-alpha-Amino-1H-imidazole-4-

C00135 214,1 HAc-H S 3.44 -2.46 NI
propionic acid
2-Hydroxy-6-oxonona-2,4-diene-1,9-dioate; (2Z,4E)-

C04479 273,1 HAc-H ] ) 3.05 -10.75 -7.41
2-Hydroxy-6-oxonona-2,4-diene-1,9-dioate

C17935 315,1 M-H Cysteinyldopa; 5-S-Cysteinyl-DOPA NI -2.64 -3.54
S-Adenosyl-L-homocysteine; S-

C00021 383,1 M-H ) 11.03 NI -4.07
Adenosylhomocysteine
Indolylmethyl-desulfoglucosinolate;

C16517 427,1 HAc-H o 26.37 -7.14 NI
Desulfoglucobrassicin

C15524 938,1 M+K Phenylglyoxylyl-CoA 4.21 -3.63 NI
3-0x0-5,6-dehydrosuberyl-CoA; 3-Oxo0-5,6-

C19945 953,2 M+NH4 NI -4.44 NI

didehydrosuberoyl-CoA

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-
fat high-sugar diet treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard

diet.
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Table 5.89. Unspecified miscellaneous compounds showing statistically significant differences in signal following MALDI-TOF

spectrometry between male rat groups (P < 0.05)

Identifier t score
) HFHSD vs HFHSD vs
KEGG ID | m/zratio | Adducts Compound SD vs HFHSD
HFHSD-M HFHSD-L
30,70,120-Trihydroxy-5p-cholestanoate; 30,7a,120-
C04722 485,3 M+CI Trihydroxy-5B-cholestan-26-oate; 3a,70,12a-Trihydroxy-5 8 -4.77 NI NI
-cholestanate
3p-Hydroxy-4p,14a-dimethyl-9B,19-cyclo-5a-ergost-
C22116 509,3 M+K P-ydroxy-4p Y- Y J 4.1 NI -4.33

24(24(1))-en-4a-carboxylate

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-fat high-sugar diet
treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard diet.

Table 5.90. Unspecified miscellaneous compounds showing statistically significant differences in signal following MALDI-TOF

spectrometry between female rat groups (P < 0.05)

Identifier t score
. HFHSD vs HFHSD vs
KEGG ID m/z ratio | Adducts Compound SD vs HFHSD
HFHSD-M HFHSD-L
C17651 483,3 HAc-H a-Phocaecholic acid; 3a,7a,12a,23R-Tetrahydroxycholanic acid 492 -4.89 -3.93
3B-Hydroxy-4B,14a-dimethyl-9B,19-cyclo-5a-ergost-24(24(1))-
C22116 509,3 M+K p-Hy y-4p y-9p y g (24(1)) -5.42 NI NI

en-4a-carboxylate

KEGG = Kyoto Encyclopaedia of Genes and Genomes; HFHSD = high-fat high-sugar diet; HFHSD+L = high-fat high-sugar diet treated with liraglutide; HFHSD+M = high-fat high-sugar diet
treated with metformin; MALDI-TOF = matrix-assisted laser desorption/ionization time-of-flight; m/z = mass to charge; NI = not identified; SD = standard diet.
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5. RESULTS

5.3.2. Identified metabolic pathways

The online KEGG database was used to identify metabolic pathways affected by the
HFHSD as well as metformin and liraglutide treatment. The identified pathways are a direct
reflection of identified compounds using MALDI-TOF mass spectrometry. Similarly to the
analysis of identified compounds and final result selection, the initial list of identified
metabolic pathways had included certain significant pairwise differences that were not
deemed as relevant to the research (SD vs HFHSD-M and HFHSD-L), due to the fact that no
direct effects by HFHSD or metformin and liraglutide treatment could be interpreted from
those results. If significant differences for a specific metabolic pathway were found only
between the aforementioned group pairs, the pathway was excluded from the final list.
Therefore, only three relevant, sex-specific pairwise comparisons were included — SD vs
HFHSD, HFHSD vs HFHSD-M and HFHSD vs HFHSD-L. Since not all the identified
metabolic pathways showed significant changes between all three of the observed
comparisons, those spaces were left blank.

Once the initial results were filtered, sex-specific significant differences between
animal groups were identified for a total of 43 pathways. These pathways are listed in Tables
5.89 to 5.92, with pathways specifically affected by InR-related metabolic and lipidomic
changes shown in Table 5.91 and Table 5.93.

Each sex had a total of 34 identified pathways with significant differences. Nine
pathways were unique to each sex, which translates to a 25 pathways showing significant

differences in both sexes for an overlap of 58.14%. This is illustrated in Figure 5.9.
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Table 5.91.

5. RESULTS

Identified metabolic pathways affected by insulin resistance-related

metabolic and lipidomic changes in hippocampal tissue showing statistical significance

(P < 0.05) between analyzed groups of male Sprague Dawley rats

P
KEGG ID Pathway HFHSD vs HFHSD vs
SD vs HFHSD
HFHSD-M HFHSD-L

rno00010 Glycolysis/Gluconeogenesis 0.026 0.0193
rno00052 Galactose metabolism 0.0159
rno00062 Fatty acid elongation 0.0092 0.0172
rno00071 Fatty acid degradation 0.0497
rno00140 Steroid hormone biosynthesis 0.0134 0.0105
rno00532 GAG bhiosynthesis - chondroitin

sulfate/dermatan sulfate 0.0208 0.0135
rno00534 GAG biosynthesis - heparan

sulfate/heparin 0.00%6 0.0128
rno00563 Glycosylphosphatidylinositol (GPI)-

anZhoriiZsynThesisy o 0.0317 00232
rno00564 Glycerophospholipid metabolism 0.0206 0.0197 0.0016
rno00600 Sphingolipid metabolism 0.0419
rno01040 Biosynthesis of unsaturated fatty acids <0.0001 0.0234 0.0001
rno01212 Fatty acid metabolism 0.0113 0.0474 0.0367
rno03320 PPAR signaling pathway 0.047792 0.0482
rno04020 Calcium signaling pathway 0.0405
rno04071 Sphingolipid signaling pathway 0.0045 0.0263 0.0299
rno04072 Phospholipase D signaling pathway 0.0186 0.0110 0.0122
rno04080 Neuroactive ligand-receptor interaction 0.0228
rno04150 MTOR signaling pathway 0.0426
rno04151 PI3K-Akt signaling pathway 0.0436
rno04152 AMPK signaling pathway 0.0265 0.0145
rno04216 Ferroptosis 0.0066 0.0022
rno04725 Cholinergic synapse 0.0329
rno04920 Adipocytokine signaling pathway 0.011 0.0052
rno04922 Glucagon signaling pathway 0.0371 0.0289
rno04931 Insulin resistance 0.028 0.0179

AMPK = AMP-activated protein kinase; GAG = glycosaminoglycan; HFHSD = high-fat high-sugar diet; HFHSD-L = high-
fat high-sugar diet treated with liraglutide; HFHSD-M = high-fat high-sugar diet treated with metformin; KEGG = Kyoto

Encyclopedia of Genes and Genomes; mTOR = mechanistic target of rapamycin; PI3K-Akt = phosphoinositide 3-kinase-

protein kinase B; PPAR = peroxisome-proliferator-activated receptor; SD = standard diet
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5. RESULTS

Table 5.92. Remaining identified metabolic pathways in hippocampal tissue showing
statistical significance (P < 0.05) between analyzed groups of male Sprague Dawley rats

KEGG i
D Pathway SD vs HFHSD vs | HFHSD vs
HFHSD | HFHSD-M | HFHSD-L

rno00240 | Pyrimidine metabolism 0.0063 0.0320
rno00350 | Tyrosine metabolism 0.0298 0.0132
rno01522 | Endocrine resistance 0.0426 0.0133 0.0248
rno03008 | Ribosome biogenesis in eukaryotes 0.0065 0.0083
rno04370 | VEGF signaling pathway 0.0241 0.0395
rno04371 | Apelin signaling pathway 0.0382 0.0213 0.0378
rno04666 | Fc gamma R-mediated

ohagocytosis 0.0066 0.0087 0.0089
rno04936 | Alcoholic liver disease 0.008 0.0025
ro05231 | Choline metabolism in cancer 0.0343

Fc = crystallizable fragment; HFHSD = high-fat high-sugar diet; HFHSD-L = high-fat high-sugar diet treated
with liraglutide; HFHSD-M = high-fat high-sugar diet treated with metformin; KEGG = Kyoto Encyclopedia of

Genes and Genomes; SD = standard diet; VEGF = vascular endothelial growth factor
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Table 5.93.

5. RESULTS

Identified metabolic pathways affected by insulin resistance-related

metabolic and lipidomic changes in hippocampal tissue showing statistical significance

(P < 0.05) between analyzed groups of female Sprague Dawley rats

P
KEGG ID | Pathway SD vs HFHSD vs HFHSD vs
HFHSD HFHSD-M HFHSD-L

rno00010 | Glycolysis / Gluconeogenesis 0.0167 0.0043 0.0099
rno00052 | Galactose metabolism 0.0471
rno00061 Fatty acid biosynthesis 0.0446
rno00062 Fatty acid elongation 0.0018 0.0064 0.0222
rno00071 Fatty acid degradation 0.0418
rno00190 | Oxidative phosphorylation 0.0484
rno00513 | Various types of N-glycan

biosynthesis 00413
rno00532 | GAG biosynthesis - chondroitin

sulfate/dermatan sulfate 00398
rno00534 | GAG biosynthesis - heparan

sulfate/heparin 0:0389
rno00564 | Glycerophospholipid metabolism 0.0121
rno01040 Biosynthesis of unsaturated fatty acids <0.0001 <0.0001 0.0001
rno01212 Fatty acid metabolism 0.0137 0.0139 0.0304
rno03320 PPAR signaling pathway 0.0216 0.0434
rno04071 | Sphingolipid signaling pathway 0.003 0.0046 0.0191
rno04072 Phospholipase D signaling pathway 0.0115 0.0192
rno04146 Peroxisome <0.0001
rno04151 PI3K-Akt signaling pathway 0.0294 0.0384
rno04152 | AMPK signaling pathway 0.0189
rno04216 Ferroptosis 0.0067
rno04920 | Adipocytokine signaling pathway 0.0084
rno04922 | Glucagon signaling pathway 0.0332 0.0260
rno04931 Insulin resistance <0.0001

AMPK = AMP-activated protein kinase; Fc = crystallizable fragment; GAG = glycosaminoglycan; HFHSD = high-fat high-
sugar diet; HFHSD-L = high-fat high-sugar diet treated with liraglutide; HFHSD-M = high-fat high-sugar diet treated with

metformin; KEGG = Kyoto Encyclopedia of Genes and Genomes; PI13K-Akt = phosphoinositide 3-kinase-protein kinase B;

PPAR = peroxisome-proliferator-activated receptor; SD = standard diet

116



5. RESULTS

Table 5.94. Remaining identified metabolic pathways in hippocampal tissue showing

statistical significance (P < 0.05) between analyzed groups of female Sprague Dawley

rats
P
KEGG
D Pathway SD vs HFHSD vs | HFHSD vs
HFHSD HFHSD-M | HFHSD-L

rno00240 | Pyrimidine metabolism 0.0043 0.0036 0.0124
rno00250 | Alanine, aspartate and glutamate

. 0.0457

metabolism
rno00350 | Tyrosine metabolism 0.0261 0.0072
rno00360 | Phenylalanine metabolism 0.0356 0.0043 0.0465
rno00670 | One carbon pool by folate 0.0478 0.0331
rno03008 | Ribosome biogenesis in eukaryotes 0.0156 0.0021
rno04066 | HIF-1 signaling pathway 0.0379
rno04370 | VEGF signaling pathway 0.0327
rno04371 | Apelin signaling pathway 0.0191 0.0408
rno04666 | Fc gamma R-mediated
_ 0.0028 0.0065
phagocytosis

rno04742 | Taste transduction <0.0001 0.0391 0.0147
rno04936 | Alcoholic liver disease 0.0002 0.0133

Fc = crystallizable fragment; HFHSD = high-fat high-sugar diet; HFHSD-L = high-fat high-sugar diet treated

with liraglutide; HFHSD-M = high-fat high-sugar diet treated with metformin; HIF = hypoxia-inducible factor-1;

KEGG = Kyoto Encyclopedia of Genes and Genomes; SD = standard diet; VEGF = vascular endothelial growth

factor
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6. DISCUSSION

6. DISCUSSION

This study aimed at investigating and identifying sex-specific differences in
hippocampal tissue composition in a rat model of InR, as well as changes following treatment
with metformin or liraglutide, two commonly used pharmacotherapeutic agents in the
treatment of T2DM. Immunohistochemical analysis was used to identify differences in the
expression of relevant membrane proteins and myelin gangliosides, while MALDI-TOF mass
spectrometric analysis was used to identify significant alterations in the hippocampal

lipidome and in other relevant groups of compounds between observed groups.

6.1. Immunohistochemical analysis

A free-floating immunohistochemical analysis was performed to determine the
expression changes in eight epitopes — four gangliosides and four proteins, all relevant to the
topic of InR and neurodegeneration. The importance of gangliosides in the context of these
topics lies in their abundance in the CNS — the brain is the most ganglioside-rich organ. The
four investigated gangliosides (GM1, GDla, GD1b and GT1b) are the most common
gangliosides found in the brain, specifically in the neuronal membrane and myelin sheath
(195). The highest levels of gangliosides in the neuronal membrane can be found in lipid
rafts, specialized microdomains that consist of certain membrane proteins and have a specific
composition of lipids. They carry out an entire spectrum of functions in the CNS, including
signal transduction, maintenance of synapse and dendritic spine integrity, etc. (196) Out of the
four mentioned gangliosides, GML1 is the most common one seen in lipid rafts (197). Over the
past couple of decades, several research studies have been conducted that identify lipid rafts
as ground zero of amyloidogenesis. Zampagni et al. (198) demonstrated that amyloid-related
oxidative stress in neurons is enhanced and mediated by lipid rafts in human cell cultures.
Rushworth JV and Hooper NM published a review paper on this topic in 2011 (199), showing
overwhelming evidence that all key events regarding amyloidogenesis and neuronal
dysfunction happen within lipid rafts — from AP peptide formation to oligomerization to their
interference with neuronal homeostasis. The term oligomerization, specifically, should be
noted because, contrary to long-lasting popular belief, amyloid plaques/fibrils are not the
main culprits in AD pathogenesis — be it extracellular or intracellular, but rather Ap oligomers

(200). Although there is a certain variety in their fine shape and structure, the oligomers
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generally have been linked to neuronal pathologies reflective of AD — LTP and LTD
impairment, changes in dendritic spine density, and other (201), all leading to memory loss
and cognitive disorders (202). These toxic and deleterious AB molecules have a strong affinity
for sialic acid, which is part of certain gangliosides, including GML1.

The connection between InR and AD must start by defining what comes first — Ap and
pTau accumulation or dysfunctional neurons resistant to insulin? The answer might be both.
The overall, general conclusion from all research papers investigating this area is that AP
itself can render neuronal cells insensitive to insulin. Studies have described AP reducing
phosphorylation of the IR (115), binding to it (203) as well as initiating neuroinflammatory
processes (204). With both IR and IGF-1R expression increased following metformin and
liraglutide treatment in male rats, it might represent a way of counteracting the AP actions by
increasing the number of available receptors and, subsequently, increasing insulin sensitivity.
One region that, for unknown reasons, saw a completely opposite effect, was the CA1 region.
When flipping the initial pathologic trigger to T2DM and InR, it is easily understandable that
increased resistance of neuronal tissue to insulin action would further impair many processes
and the overall metabolic scheme. Still, it must be pointed out that A and pTau themselves
could inflict InR-inducing damage.

When observing the results of the immunohistochemical analysis, there is a clear
pattern and dynamic of changes in male rats — the expression of GM1 is not changed
significantly in any of the ROIs in HFHSD rats, while the most striking change happens in
rats treated with liraglutide, where there is a drastically higher expression of this ganglioside.
Female rats across the board had much weaker IDVs and the observed changes did not yield
any significance to conclude whether or not metformin or liraglutide had an effect on GM1
expression. In the comparison of GM1 expression changes with those of APP in male rats, the
key observation is that APP expression changes drastically not with liraglutide, but with
metformin treatment. As APP is an integral part of neuronal membranes with a plethora of
functions itself, its presence and its across-group dynamic changes alone should not be
confused or equated with the presence of pathological AB accumulation. Interestingly,
metformin treatment had the same effect on both sexes — increasing the APP expression above
levels seen in the SD or HFHSD group, while liraglutide treatment had a stronger impact on
male rats. Since no significant similarities were found between GM1 and APP expression
levels, the protein of interest that was next in line to potentially elucidate the neuronal
dynamics in this animal model was pTau. While no uniformly significant changes were

observed between the male SD and HFHSD groups, liraglutide treatment drastically
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decreased the expression of pTau in all three ROIs to levels well below any other group.
Therefore, these results suggest that already observed positive neuroprotective properties of
liraglutide (185, 205) are reflected in an increase of GM1 (possibly to restructure and
strengthen lipid raft domains), with the decrease in pTau levels serving as secondary
confirmation because of its known status as an AD biomarker (99). The importance of GM1
has been already noted in research studies demonstrating its neuroprotective properties (206)
but it is also relevant to note that CA1 and CA3 regions of the hippocampus in both sexes
showed very little to almost no immunoreactivity whatsoever, which coincides precisely with
a study by Vajn et al. (207) that provided detailed mapping and localization of all the
significant gangliosides within CNS structures in adult mice. The effects of liraglutide
treatment did, however, extend to those regions in both sexes, which was an interesting
finding.

GD1a is another ganglioside that has been associated with neuroprotection — one study
identified this in a model of Parkinson's disease and Huntington's disease (208). While there
were not many significant alterations in the three analyzed ROIs, the overall dynamic of
changes observed for this ganglioside also shows a larger influence of liraglutide on its
expression, both in male and female rats. The increase in expression following liraglutide
treatment further backs the aforementioned theory that neuroprotective effects of this agent
are carried out through gangliosidic restructuring within the membrane and/or myelin sheath.
GD1b, on the other hand, was almost uniformly significantly altered, including differences
between the SD and HFHSD groups of both sexes. The important difference here, however, is
that female rats on a HFHSD experienced much lower expression of GD1b compared to their
respective SD group, while the opposite was seen in male rats. Significant decreases were
seen in groups receiving treatment of both sexes for almost every ROI (except for metformin
treatment in female rats in the DG), a completely reversed situation compared to the
expression of GM1 and GD1a, at least when it comes to liraglutide treatment. The biggest
difference in expression, while also not showing many notable, significant changes, was
observed for GT1b. This is the only trisialoganglioside in the investigated group and there
were almost no significant changes following pharmacotherapy, save for an increase in the
CAL region in female rats treated with liraglutide.

The expression levels of IR and IGF-1R in the SD and HFHSD groups reflect the
neuronal sensitivity to insulin. The IDV values in male rats showed much more extensive
changes. A curious finding in this analysis was a remarkably high IDV value of IR in the CAl

region following a HFHSD. Following metformin and liraglutide treatment, its expression
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dropped to very low levels, while a large increase in expression was observed in the DG and
the CA3 region. The CAl region was also the “odd man out among all ROIs in IGF-1R
expression, but not in the HFHSD group, but rather in the liraglutide-treated group, where
liraglutide failed to increase its expression.

Overall, more effects were observed in male rats and they were more responsive to
liraglutide treatment than metformin. As a GLP-1 analogue, it makes sense that liraglutide
would help change the expression of certain gangliosides and especially membrane proteins
since the GLP-1 receptors share a certain overlap in function with IR and IGF-1R (209) and
therefore it might be beneficial to neurons by promoting a positive autoregulatory loop to
increase its sensitivity to insulin and to restructure the membrane to strengthen the cell itself

following the nosogenic effects of a HFHSD.

6.2. Mass spectrometric analysis

The MALDI-TOF spectrometric analysis revealed numerous differences in the
observed lipidomes, including group-specific and sex-specific changes. Compounds involved
in lipid metabolism included PUFAs and their metabolites, saturated fatty acids, acyl-CoAs,
phospholipids (glycerophospholipids and sphingolipids) and lipids involved in steroid
hormone metabolism and biosynthesis. There were also observable changes in several
carbohydrates, compounds involved in amino acid and purine and pyrimidine metabolism, as

well as vitamins and cofactors.

6.2.1. Lipidomic changes are a reflection of lipid peroxidation and mitochondrial dysfunction

When taking compounds relating to sphingolipid, glycerophospholipid and steroid
biosynthesis and metabolism out of the picture, several lipid compounds were identified —
they were PUFAs, saturated fatty acids such as stearic acid and multiple fatty acyl-CoAs that
were much more extensively represented in female rats. When observing these results
generally, there were two striking findings. The first was significant increases in most of the
identified compounds in both sexes on a HFHSD compared with their respective SD group,
which was an expected finding that is in line with a rat model of obesity and InR. The second
was a sex-specific response to pharmacotherapeutics — the majority of identified compounds
saw significant decreases when compared with the HFHSD, but these decreases were,
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generally speaking, observed in the female rats treated with metformin and in male rats
treated with liraglutide. Not only are these observations in line with immunohistochemical
findings, but they are also in line with identified compounds related to phospholipid and
steroid biosynthesis and metabolism as well. The observation that only three of ten
compounds identified in male rats and none of the sixteen compounds in female rats
(excluding CoA which is included in Table 5.75 and 5.76, but is technically not a lipid)
showed no changes following pharmacotherapy indicates that metformin and liraglutide
indeed alter the hippocampal lipidomic profile following a HFHSD. There were several
metabolic pathways identified as significantly altered relating to lipid metabolism, directly or
indirectly, in both sexes, such as biosynthesis of unsaturated fatty acids, fatty acid elongation
and degradation etc. In fact, biosynthesis of unsaturated fatty acids was the most prominently
affected metabolic pathway in female rats, with P values well under 0.0001 in all three
comparisons. Insulin signaling pathways were affected as well — the significant changes in the
metabolic pathway “insulin resistance® between the SD and HFHSD group in both sexes were
yet another confirmation that this animal model was successful in inducing InR and all the
metabolic and pathologic changes that follow it. The PI3K/PKB and AMPK signaling
pathways were also among identified metabolic pathways and it was liraglutide treatment in
both sexes that showed significant changes compared to the HFHSD group. The key takeaway
point from these general observations is an overwhelming indication that the lipidomic profile
of observed rat groups is indeed altered following a HFHSD that successfully induced InR,
with observable changes following treatment with both metformin and liraglutide, to a larger
or lesser extent based on sex.

Several of the identified lipid compounds were PUFAs. As these are essential fatty
acids, i.e. they cannot be synthesized endogenously in mammals, their levels are a reflection
of dietary intake. Therefore, expectedly, levels of eicosadienoic acid, icosenoic (gondoic) acid
and docosanoic (behenic) acid were significantly elevated in both sexes on a HFHSD. It was
in female rats only that significant decreases were observed for all of these compounds
following pharmacotherapy, specifically and predominantly metformin treatment. PUFAS are
a major component of the neuronal lipid profile, especially the neuronal membrane, with large
roles in neuroinflammation and neurotransmission, to name just a couple (210). Being such an
important presence in the CNS, PUFAs have also been linked to numerous pathologies
affecting the CNS, including neurodegenerative entities (211). Three major PUFASs found in
the CNS — eicosapentaenoic acid, docosapentaenoic acid and docosahaexaenoic acid, all

synthesized from linoleic acid, an ®-3 PUFA, did not show up in the spectrometric analysis.
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Results from a recently published study by Xu J et al. (212) demonstrated that treatment with
docosahaexaenoic acid actually improves cognitive function in Sprague Dawley rats on a
high-fat diet.

The effects of PUFAs on hippocampal structural and functional integrity, nonetheless,
are reflected in the findings, specifically in terms of lipid peroxidation and ferroptosis. The
two compounds with significant changes between compared groups relating to the mentioned
metabolic pathways were adrenic (docosatetraenoic) acid and 2,3-dinor-8-iso prostaglandin
F2a. (2,3-dinor-8-iso PGF2a). These two compounds are directly related to the metabolism of
arachidonic acid, an ©-6 PUFA with four double bonds that is a precursor to several groups of
eicosanoids that are major regulators of neuroinflammatory and neuroimmune response
(prostaglandins, prostacyclins, tromboxanes, leukotrienes, etc.) (213). Male rats on a HFHSD
saw an increase in adrenic acid levels compared to the SD group, while there were no
significant changes between the two groups in female rats. As previously mentioned, male
rats responded to liraglutide treatment, seeing a decrease in adrenic acid levels compared to
the HFHSD group, while female rats responded to metformin treatment, also with a decrease
in adrenic acid levels that was much more substantial than the male liraglutide response (t = -
29.63733 and t = -5.9261952, respectively). Adrenic acid is an arachidonic acid metabolite
that is synthesized by elongating its hydrocarbon chain. Reactive oxygen species, generated
mostly by mitochondria, induce lipid peroxidation specifically affecting PUFAs. Once
overwhelmed with reactive oxygen species, i.e. free radicals, neurons might initiate cell
survival or cell death.

Another process that has been closely followed and investigated in recent years is
ferroptosis. Despite the fact that exact molecular mechanisms that trigger ferroptosis still
remain unknown, it has garnered attention in the field of neuroscience as well since it occurs
in many pathological states affecting the CNS, including T2DM changes. It is a regulated cell
death that is mostly mediated by iron-dependent lipid peroxides and it is often accompanied
by mitochondrial dysfunction (214). Recently published studies highlight ferroptosis as a
potential therapeutic target in treating InR-related cognitive dysfunction since ferroptosis has
been proven to occur in hippocampal neurons (215). Meanwhile, 2,3-dinor-8-iso PGF2a has
already been proven to be a reliable marker of lipid peroxidation and oxidative stress (216).
Laight DW et al. (217) specifically demonstrated an increase 2,3-dinor-8-iso PGF2a levels in
obese Zucker rats. The spectrometric analysis for this compound once again showed sex-
specific differences — male rats on a HFHSD had increased levels compared to the SD group,

while both metformin and liraglutide treatment decreased them (more effectively liraglutide),
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while female rats on a HFHSD showed decreased levels in the HFHSD group, with an
additional decrease in those treated with liraglutide. This was also one of the few instances
where liraglutide showed a significant effect on female rats. This finding suggests that both
pharmacotherapeutics might help reduce oxidative stress in the hippocampal neurons.

The processes of lipid peroxidation and ferroptosis are intertwined with additional
complex processes that affect neurons negatively, leading to InR-induced neurodegeneration,
such as mitochondrial dysfunction and metabolic changes due to InR. Additionally, it should
be noted that alterations in the hippocampal lipidomic profiles are a reflection of both
systemic and local InR-related changes in the CNS. Since InR was induced systemically in
this experiment, a delineation between findings that are a direct reflection of CNS dysfunction
and those that mirror pathologic changes that occurred elsewhere, in other metabolically
active tissue (liver, adipose tissue, etc.) was not possible. Even though glucose is the primary
source of fuel for the CNS, fatty acid mobilization and utilization for ATP production is also
seen in neuronal tissue. It has been estimated that fatty acid oxidation accounts for
approximately 20% of the total energy production in the CNS and that this metabolic pathway
occurs mainly in astrocytes (218). Results of the mass spectrometry showed changes in levels
of L-palmitoylcarnitine. In male rats, there was an increase in L-palmitoylcarnitine levels
following HFHSD and a decrease following liraglutide treatment. In female rats, however,
there was a decrease in L-palmitoylcarnitine levels following HFHSD and no significant
changes following either metformin or liraglutide treatment. L-palmitoylcarnitine is an
intermediate metabolite in the process of palmitic acid B-oxidation that is created by carnitine
O-palmitoyltransferase in order for it to cross the inner mitochondrial membrane which
eventually leads to its p-oxidation (219). The observed changes in the L-palmitoylcarnitine
levels suggest that InR affects fatty acid f-oxidation in the hippocampus and that increased
levels of the compound might be a consequence of either oversaturation of the carnitine O-
palmitoyltransferases or their dysfunction. These changes are presented in Tables 5.75. and
5.76., but they also include CoA changes, which follow the same pattern as L-
palmitoylcarnitine. While CoA is an omnipresent compound in a multitude of metabolic
pathways, its pattern follows the changes seen in most compounds related to fatty acid -
oxidation. To further elaborate on the theory of altered fatty acid metabolism, i.e. B-oxidation,
there are certain indices of mitochondrial dysfunction. In addition to the aforementioned L-
palmitoylcarnitine, the spectrometric analysis yielded alterations for several fatty acyl-CoAs
affected by the HFHSD and pharmacotherapeutic intervention, as was reflected in the

identified metabolic pathways pertaining to them (fatty acid elongation, fatty acid
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metabolism) — 3-oxohexanoyl-CoA and 3-oxooctanoyl-CoA in both sexes, hexanoyl-CoA,
octanoyl-CoA, (2E)-Octenoyl-CoA, (S)-3-hydroxyoctanoyl-CoA and 3-oxoadipyl-CoA in
female rats specifically. Interestingly, pharmacological agents decreased levels of these
compounds compared to the HFHSD group — liraglutide in male rats, metformin in female
rats. This finding could be an indirect indicator of mitochondrial function recovery or simply
that these compounds were used up for energy production, which is in line with findings from
a 1997 research study by Lenhard JM et al. (220) where metformin was found to increase
mitochondrial and peroxisomal fatty acid B-oxidation. The HFHSD groups, however, did not
follow a uniform trajectory — the two compounds identified in male rats were increased, while
there was an uneven split between increases and decreases among the several compounds
identified in female rats, compared to their respective SD group, with more compounds
showing increases. These findings could be a consequence of an increased intracellular lipid
burden due to InR, but are also highly suggestive of mitochondrial dysfunction leading to
fatty acyl-CoA accumulation, as was seen in most compounds identified in the HFHSD
groups. Yao J et al. (221) even showed that compromised function of mitochondria is present
in female mice prior to AD degeneration, suggesting that not only do InR-related metabolic
changes affect mitochondrial homeostasis, but that they also foretell neurodegeneration. That
finding is in line with female rats from this study, as it was only in female rats that a
significant change in oxidative phosphorylation was found between the SD and HFHSD
groups. Pharmacotherapy, however, did not result in any additional significant changes.
Physiological mitochondrial function is closely related to insulin and IGF-1 action since it
heavily relies on their signaling cascades to correctly alter metabolism based on neuronal
needs. It was previously mentioned that immunohistochemical analysis revealed that changes
to both IR and IGF-1R expression were very lopsided in favor of male rats, where both
metformin and liraglutide increased the expression of both receptors, especially in the DG and
CA3 region.

The discussed lipidomic changes that were potentially affected by lipid
peroxidation/ferroptosis, mitochondrial dysfunction and subsequent changes in fatty acid B-
oxidation have already been linked to neurodegenerative diseases such as AD. One example is
the aforementioned Yao J et al. study, but there have also been clinical studies elucidating this
matter. In a study carried out by Casadesus G et al. in 2007 (222), increased levels of 15-
Keto-13,14-dihydroprostaglandin E2 and the already discussed 2,3-dinor-8-iso PGF2a were
revealed in pyramidal neurons of hippocampi of AD subjects, implying the effects of free

radical damage in the pathogenesis of AD. Thomas MH et al. (223) wrote a review paper
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highlighting the numerous effects of arachidonic acid and its metabolites in the development
and progression of AD, through synaptic dysregulation and LTP changes, creating a
proinflammatory environment mediated by its metabolites and even an indirect contribution
to tau protein phosphorylation. The immunohistochemical analysis, however, did not provide
significant and clear changes in pTau protein expression in HFHSD groups to come to a
specific conclusion for both sexes. Still, there were significant decreases following liraglutide

treatment, as was already discussed.

6.2.2. Sphingolipid and glycerophospholipid alterations affect insulin signaling, membrane

and myelin structure

Shining light on another aspect of the complex pathophysiological cellular changes in
an insulin-resistant hippocampal neuron is the change in sphinganine levels. This, in addition
to fatty acids, PUFAs and fatty acyl-CoAs, brings sphingolipid metabolism into the
discussion. Also called dihydrosphingosine, this compound is created from serine and
palmitoyl-CoA and it is an intermediate metabolite in the biosynthesis of ceramide. Ceramide
has been identified as one of the key culprits in insulin signaling disruption through the
inhibition of PKC (34). When compared to their respective SD group, both male and female
rats on a HFHSD showed an increase in sphinganine levels. Female rats showed a decrease in
sphinganine levels following both metformin and liraglutide treatment, while only liraglutide
decreased its levels in male rats. When discussing the effects of InR in the CNS, ceramide
levels are of special interest because it is part of the molecular structure of gangliosides,
compounds that are some of the most abundant and most important components of the
membrane and myelin sheath. Ceramide itself was not identified in the mass spectrometric
analysis, but the presence of its precursor compounds suggests that the HFHSD did indeed
cause intraneuronal lipid accumulation that would impair insulin signaling effects, causing
extensive metabolic changes that are closely associated with numerous other nosogenic
factors that were already highlighted (lipid peroxidation, mitochondrial dysfunction). When
these findings are observed as one collective piece of information, it is apparent that HFHSD
caused expected disruptions in the hippocampal lipidome that reflect a collection of points of
dysfunction that together close a vicious cycle that is difficult, near impossible to break —

even with the treatment options that were introduced to the animals in this experiment.
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On the other hand, sphinganine-1-phosphate, also known as dihydrosphingosine-1-
phosphate, is a sphingolipid that has not been extensively researched and its properties and
function in the body, especially in the CNS, are yet to be elucidated. Both male and female
rats saw an increase in sphinganine-1-phosphate following a HFHSD. Following both
metformin and liraglutide treatment, its levels were even greater in male rats, while female
rats experienced a decrease following metformin treatment compared to those without any
treatment. It is clear that sphinganine-1-phosphate is not a mere analog of sphingosine-1-
phosphate and that it has its own unique function (224). In a study carried out by Bu S et al.
(225) that observed human dermal fibroblast cultures, sphinganine-1-phosphate was shown to
have an opposite effect on transforming growth factor-f regulation and an important
connection to phosphatase and tensin homolog (PTEN) signaling. In the CNS, this signaling
pathway has been known to have an antagonistic effect on the PI3K/PKB pathway (226),
which indirectly places sphinganine-1-phosphate in the role of a possible insulin signaling
disruptor.

Due to the homogenization of hippocampal tissue samples and the inability to pinpoint
the precise anatomical location of a detected altered compound within the sample, it is
impossible to state whether or not these findings are a consequence of membrane and myelin
sheath changes, intraneuronal ceramide accumulation or a combination of both. The
immunohistochemical analysis, however, as a useful complementary tool, was used to steer
the interpretation in the right direction. Since the immunohistochemical results regarding the
ganglioside composition differences did not show a clear sex-specific predominance, it is then
possible that the observed changes in sphinganine levels are a reflection of intraneuronal
ceramide accumulation and changes in metabolism. Therefore, both metformin and liraglutide
might potentially have positive effects on intracellular lipid accumulation by decreasing levels
of sphinganine and sphinganine-1-phosphate (metformin only), i.e. on reestablishing normal
function of intracellular signaling pathways in female rats.

Despite the observations regarding sphinganine and sphinganine-1-phosphate,
neuronal membranes and myelin sheaths might still have been affected in the hippocampi.
Male rats showed a sevenfold increase in CDP-ethanolamine levels when on a liraglutide
treatment. This compound is an important intermediate metabolite in the synthesis of
ethanolamine plasmalogens in the ER. Plasmalogens are a group of membrane
glycerophospholipids that are found not only in brain tissue (including myelin sheaths) but
elsewhere in the body as well (bone, lens, heart, etc.) Ethanolamine plasmalogens are more

prevalent in neuronal tissue compared to the other type, choline plasmalogens (227). These
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compounds also show specific changes in concentration throughout the developmental stages
of the CNS as well as a decline with age (228). It is therefore unusual to observe an increase
in CDP-ethanolamine in rats that were at 65 weeks of age when they were terminated for the
purposes of the experiment, which suggests that liraglutide treatment played a role in this
increase. The value and importance of ethanolamine plasmalogens lie in their antioxidative
properties and their role in stabilizing neuronal membranes and maintaining synaptic
homeostasis (229, 230). They have also been identified in synaptic vesicles (231). The
potential of ethanolamine plasmalogens as an AD biomarker was discussed in a review paper
by Su XQ et al. (232) where it was summarized that different mechanisms (most of which
were already discussed in this chapter), such as lipid peroxidation, neuroinflammation, lipid
metabolism and structural changes in the membrane all contribute to decreased levels of
ethanolamine plasmalogens, ultimately leading to synaptic dysfunction, increased
neuroinflammatory processes, membrane and myelin restructuring as well as AP fiber
deposition. These plasmalogens themselves were not identified in the mass spectrometric
analysis, but the presence of significant changes following liraglutide treatment in an
important precursor suggests a possible therapeutic target.

The story of CDP-ethanolamine does not end with plasmalogens. This compound
represents one of two ways to synthesize one of the most abundant phospholipids found
intracellularly (233) — phosphatidylethanolamine. An important piece to this puzzle lies in the
identified metabolic pathways in the mass spectrometric analysis. There was a significant
change observed in the glycosylphosphatidylinositol (GPI)-anchor biosynthesis pathway in
male rats treated with liraglutide, as well as metformin — CDP-ethanolamine plays an
important part in their synthesis. They are complex glycolipids that are normally found in
lipid rafts, specific microdomains of the cell membrane (already discusses in 6.1). Their roles
have been extensively researched, including the hippocampus specifically, where they have
been found to influence synaptic plasticity, promote neurogenesis (234) and regulate
myelination (235). Puzzo D et al., for example, identified contactin-1 as a significant GPI
anchor in hippocampal neurons that improves synaptic plasticity and memory in elderly mice,

while also regulating APP processing and Af levels (236).
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6.2.3. Relevance of the changes in steroid hormone biosynthesis and metabolism

The notion that steroid hormones are not only synthesized in the CNS but also have
several CNS-specific functions, has been heavily investigated since the turn of the century
when the term “neurosteroids® was coined to differentiate between hormones synthesized in
gonadal and adrenal glands from those synthesized in the central and peripheral nervous
system (237). The hippocampus was found to be one of the key regions in the brain affected
by locally synthesized and circulating steroid hormone modulation, as both androgen
receptors and estrogen receptors are found in cell membranes, nuclei and even synaptic
vesicles of hippocampal neurons (238, 239). Furthermore, sex-specific differences in
androgen hormone expression, levels and function have also been noted, specifically
concerning sex hormones (240).

The mass spectrometric analysis identified five compounds involved in biosynthesis
and metabolism of steroid hormones with observable differences between male and female
rats. More changes following the HFHSD regimen were noted in male rats. It is also worth
noting that steroid biosynthesis, as a metabolic pathway, was identified as significantly altered
in male rats only (as seen in Table 5.91). While androstenedione was not identified as a
compound showing significant changes in expression between female groups, it showed
significant changes between several male groups. In this pathway, androstenedione is a
precursor molecule synthesized from either dehydroepiandrosterone or 17a-
hydroxyprogesterone. It can then be converted to either testosterone, which can then be
converted to its more potent metabolite, 5Sa-dihydrotestosterone, or it can be used in the
estrogen pathway for synthesis of one of the estrogen hormones, including the most potent
one, estradiol-17f. There was a significant, ninefold decrease in androstenedione levels in the
HFHSD group compared to the SD group. Both metformin and liraglutide-treated male
groups showed additional significant decreases in androstenedione levels when compared to
the HFHSD group, but less extensive ones (fivefold and twofold, respectively). Although
studies have been published suggesting a testosterone-mediated impairment of LTP (241), the
majority of both clinical and animal studies point in the direction of neuroprotective
properties of testosterone and androgens in general (242, 243). Estrogenic hippocampal
modulation has been well documented and observed. Estrogen receptors are present in the
synapses for modulation of LTD and spinogenesis (244), while estrogenic effects in

pyramidal cells in terms of dendritic spine density have also been described (245).
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There have been interesting findings concerning the effects of androgens on
hippocampal neurons in studies investigating androgen antagonists. MacLusky NJ et al. (246)
studied the effects of androgens and flutamide, a nonsteroidal antiandrogen, on the density of
dendritic spine synapses in the CALl hippocampal regions and found that both DHEA and
flutamide, the antagonist itself, had positive effects on the CAL region in both sexes. These
findings were backed by Nguyen TV et al. (247) in a study using hippocampal cultures. They
showed neuroprotective effects of both flutamide and cyproterone acetate, a synthetic
antiandrogen and progesterone derivative, respectively, in the sense that both failed to inhibit
dihydrotestosterone and its neuroprotective properties. This specificity of neuronal tissue with
regards to androgen response compared to other tissues is currently thought to be linked to a
larger role of transmembrane androgen and estrogen receptors, rather than
cytoplasmic/nuclear ones (239, 248). Gatson JW et al. (249) demonstrated a difference in
androgen function by using a BSA-conjugated androgen (dihydrotestosterone) that cannot
cross the cell membrane — these androgens, when bound to cell-surface androgen receptors,
exerted opposite effects that were not affected by flutamide, as was demonstrated in
previously mentioned studies. A 2004 study carried out by Tabori NE et al. (239) that focused
specifically on hippocampal neurons showed prominent immunoreactivity of androgen
receptors in the nuclei of CA1l pyramidal cells, but also diffuse androgen receptor
immunoreactivity within the stratum lucidum of CA3 axons. The immunohistochemical
analysis showed significant changes in the expression of both the IR and IGF-1R when
comparing the HFHSD group with both metformin and liraglutide-treated groups. These
findings were exclusive to male rats and were found specifically in the CA3 region, as was
previously discussed in 6.1. Both IR and IGF-1R had a significant reduction in expression,
whereas treatment with both metformin and liraglutide significantly increased their
expression. The initial drop in expression following the HFHSD could be a consequence of
receptor resistance and subsequent ligand hyperexpression. Two pieces of the puzzle connect
immunohistochemical findings with mass spectrometric findings. The first one is the fact that
cytoplasmic, inactive androgen receptors can be activated by the growth factor protein family,
including IGF-1, in states with low levels of androgens, i.e. dihydrotestosterone (250). The
second one is cross-linking and reciprocity of both androgen and estrogen receptors and IGF-
1R, specifically in the context of downstream signaling cascades and nuclear transcription
activation (especially through the RAS/MAPK pathway which was found to be involved in
synaptic plasticity). This connection was heavily discussed in a paper by Huffman J et al.

(251) where the highlight was mainly on estrogens, simply due to the fact that most research
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into sex hormone effects on hippocampal function and morphology has been focused on them.
This does not, however, negate the findings that the most significant differences in the mass
spectrometric analysis were found in male rat groups since both testosterone and estrogens
have a strong presence and function in both sexes.

The finding that estrone glucoronide and 2-methoxyestrone-3-sulfate had significant
differences between the SD group and the HFHSD group in both male and female groups is
suggestive of a probability that the effects of a HFHSD altered estrogen, rather than (or in
addition to) testosterone synthesis. The findings could also be a reflection of a systemic
change in circulating estrogen levels, which have already been extensively researched and
proven (252, 253). Androstenedione levels might have been reduced, i.e. depleted in male rats
in order to synthesize an increased amount of estrogens. This scenario implicates not only the
previously discussed intracellular signaling and its effects, but also introduces the topic of
neuroinflammation. The overlapping consequences of MetS in terms of effects of InR and a
chronic, systemic proinflammatory state that extends to the CNS make it difficult to
differentiate and delineate between the two when investigating changes in tissue morphology
and metabolomics. Studies have shown that ovariectomised mice demonstrate an
exaggeration of acute inflammatory mediators and changes in microglia and astroglia (254).
To expand on this, we must also take animal age into account as an important factor when
attempting to elucidate these findings. A paper by Villa A et al. (255) discusses the
diminishing function of estrogen receptors with aging, leading to elevated levels of circulating
estrogens, which may, in part, explain the findings due to the fact that rats were terminated at
65 weeks of age. While these papers primarily refer to female animals, it is to be expected and
assumed that an age-dependent decrease in functionality of steroid hormone receptors affects
males as well. An opposing finding that further complicates matters lies in the relationship
between androstenedione and estrogens in the male sex. A study carried out by Hojo et al.
(240) revealed a weak conversion of androstenedione to estrogens, indicating that
hippocampal estrogens in males are synthesized primarily through testosterone.

When analyzing and interpreting the effects of pharmacological agents, it was
interesting to find that specific, not extensive, but nonetheless significant decreases in
estrogen metabolites were found in both sexes only when treated with metformin. The
liraglutide-treated group, on the other hand, besides the aforementioned change in
androstenedione, showed a significant decrease in cholesterol sulfate when compared with the
HFHSD group in males. While cholesterol sulfate was found to be not only a precursor in

steroid biosynthesis, but also a relevant neuroprotective agent that alters astrocyte metabolism
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and protects neurons from oxidative stress (256), this finding could be reflective of
liraglutide-mediated changes in circulating and membrane lipid levels.

6.2.4. Changes in other metabolites

Besides lipidomic changes, the mass spectrometric analysis provided insight into
multiple other compounds from other molecular groups. In the group of carbohydrates, only a
few compounds were identified (three in male rats, five in female rats), which was, to a
certain degree, expected, since direct effects of InR in neuronal (hippocampal) tissue
regarding carbohydrate metabolism are not main concerns and crucial components, simply
due to the fact that CNS does not rely on insulin for glucose uptake and utilization. The
crucial aspects of metabolic changes in hippocampal neurons are related to ceramide, FFA
and complex lipid synthesis, degradation and circulation. The most prominent changes,
carbohydrate-wise, in both sexes were observed in D-galactosamine levels. HFHSD groups of
both sexes saw large increases compared to their respective SD groups, with female rats
seeing decreases when treated with metformin and liraglutide and male rats after metformin
treatment. This aminosugar represents one of the many building blocks of gangliosides, which
is why its presence in the mass spectrometric analysis stands out as a relevant finding. Its
eightfold and tenfold increase in male and female rats, respectively, in the HFHSD group
demonstrates a neuronal accumulation that could be a reflection of structural changes to the
membrane and myelin sheath, including ganglioside composition, spread and overall share in
membrane lipids. One ganglioside that is of specific interest in this context is GML. It
contains, among other components, two galactose residues and an N-acetylgalactosamine
group (257). The aforementioned effects of a HFHSD and metformin and liraglutide
treatment on GM1 expression (Chapter 6.1.) can be linked to galactosamine levels, even
though a response to liraglutide treatment was not observed in male rats, as was seen for
GML1. Furthermore, there were extensive changes between female groups in galactosamine
levels, while GM1 expression levels did not significantly change following pharmacotherapy.
The findings regarding these two compounds, while not fully comprehendible and
complimentary, are important to point out due to the fact that GM1 is the most abundant
ganglioside in lipid rafts (197). Lipid rafts are also rich in GPI-anchors that play a significant
role in myelin stability (235). This brings CDP-ethanolamine back into the discussion, since a

sevenfold increase was observed in liraglutide-treated male rats compared to those on a
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HFHSD without intervention, which correlates well with the GM1 immunohistochemical
findings, where IDV values in liraglutide-treated male rats were significantly higher than even
the control group. Once again, with both galactosamine and CDP-ethanolamine, only
intermediate compounds in certain metabolic pathways related to the pathology of interest
were identified, but the combined results of the immunohistochemical and mass spectrometric
analysis are solid enough to support the initial hypothesis of changes in the hippocampal
lipidome following a HFHSD and pharmacotherapy.

Small, but still significant changes in unspecific compounds were found related to
mannose metabolism — GDP-4-dehydro-6-deoxy-D-mannose in both sexes and GDP-mannose
in female rats. Salicin-6-phosphate showed an increase in HFHSD groups of both sexes
compared to the SD group, with opposite effects observed following pharmacotherapy.
Female rats also showed an increase in stachyose levels following treatment with metformin.

There were significant differences in levels of several vitamins and cofactors. In line
with previously observed compounds, female rats predominantly responded to metformin
treatment, while treatment-related changes in male rats were less prominent, but they
responded to both metformin and liraglutide. The most striking sex-specific difference was
observed for tetrahydrofolate, which showed an extremely large increase in the HFHSD group
compared to the SD group (t = 33.80319), while male rats did not show any significant
changes between those two groups. Interestingly, both metformin and liraglutide treatment
somewhat decreased its levels in female rats, while liraglutide treatment in male rats increased
it. The role of folate compounds in the CNS has been known since the 1980s (258) and, more
recently, its positive effects on oxidative stress inhibition have been described (259). A
similar pattern of changes between sexes was observed for the coenzyme flavin
mononucleotide, which showed increases following a HFHSD and decreases following
pharmacotherapy (metformin in male rats, both metformin and liraglutide in female rats). A
small, but significant decrease following metformin treatment in 2-hydroxyethyl-thiamine
diphosphate levels was observed in female rats, which is a finding that should not be ignored
because this compound is closely related to several key metabolic pathways, including the
citrate cycle and glucose and pyruvate metabolism. Minor alterations were observed for
NADH and the previously discussed CoA.

When it comes to compounds related to purine and pyrimidine metabolism, it is
evident that metformin treatment had a significant effect on female rats in terms of decreasing
the levels of identified compounds. In male rats, on the other hand, there were fewer

treatment-mediated changes. Two compounds that had drastically increased in male rats
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treated with liraglutide compared to the HFHSD group were 2'3'-cyclic CMP and
adenylosuccinate. Their place in the metabolic puzzle lies in the biosynthesis and degradation
of nucleotides. Several other intermediate metabolites of this group were identified, with no
clear and distinctive relation to lipidomic changes.

One compound that has recently garnered attention in the context of brain atrophy and
neurodegeneration, including AD, is homocysteine. In a 2021 meta-analysis, Wang Q et al.
(260) concluded that increased levels of homocysteine increase the risk of AD. Our analysis
identified S-adenosylhomocysteine, which is an intermediate compound in the synthesis of
homocysteine. HFHSD groups of both sexes showed increases in S-adenosylhomocysteine
levels compared to their respective SD groups. This was one of the rare instances where an
atypical response to pharmacotherapy was observed — metformin decreased its levels in male
rats, while liraglutide decreased them in female rats. Nonetheless, the mere existence of this
compound in the analysis points to another potential, not yet fully elucidated, aspect of InR
and neurodegeneration. Several other compounds related to different amino acid metabolism
(tyrosine, tryptophan, histidine) were identified, with female rats once again showing better
response to metformin therapy, while male rats similarly responded to both metformin and

liraglutide.

6.2.5. A sex-specific response to pharmacotherapeutic agents

An overwhelming number of identified compounds in the mass spectrometric analysis
showed changes following metformin or liraglutide treatment. While there is a certain share
of compounds that were affected by both pharmacotherapeutic agents, most compounds that
showed changes following treatment with only a single agent show a very clear sex-specific
delineation: male rats responded better to liraglutide, while female rats responded better to
metformin. Tables 5.75 and 5.76 best illustrate this observation — such a distinctly different
effect of treatment on a compound group is seen among identified fatty acids. This has been a
common thread throughout the discussion of changes, not just in that particular compound
group, but in every one of them and the additional factor that supports this finding is the
immunohistochemical analysis. While not as clear-cut as the mass spectrometric findings,
immunohistochemical stains did reveal that liraglutide treatment changed the expression of
certain gangliosides in several ROIs in male rats, while protein expression was more affected

in female rats treated with metformin. Many aspects of neuronal metabolism and structural
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integrity disruption at play in the context of InR in the brain were uncovered through the
spectrometric analysis — lipid peroxidation, ferroptosis, mitochondrial dysfunction, signaling
disruption, as well as membrane and myelin integrity and composition. Treatment with
neither metformin nor liraglutide showed clear unidirectional changes compared to a non-
treated HFHSD to be able to come to a conclusion of undisputable certainty that they
positively or negatively impact any of the InR- and neurodegeneration-related cellular

dysfunction in the hippocampus.

6.3. Prospects of the study

T2DM and MetS are extensively researched topics with both animal and clinical
studies being published on a daily basis. This research specifically has a large translational
potential regarding modifications of T2DM treatment, especially in the context of
neurodegeneration. Metformin and liraglutide are commonly used antidiabetics in daily
practice. The gravity of the deleterious effects T2DM has on the CNS, however, is still not
fully embedded in the minds of all primary care physicians and clinicians. With the rise of
modern and sophisticated methodologies used to analyse the entire composition of certain
tissues, coupled with the rise of modern in vivo imaging techniques in a clinical setting that
are in the domain of radiology (e.g. magnetic resonance spectrometry), a field of medicine
currently seeing extensive progress in imaging techniques thanks to artificial intelligence and
biomarker identification, there is large potential to shift these types of studies from animal
models to a clinical setting where patients who are struggling with the nosogenic effects of
T2DM on the CNS and hippocampus, specifically, can be observed (261, 262). An important
step towards achieving this would be identifying potential biomarkers of treatment response
to certain pharmacotherapeutic agents in an animal model hippocampus and then applying

and translating that knowledge into a clinical setting.

6.4. Limitations of the study

The MALDI-TOF spectrometric analysis was carried out on samples of tissue
homogenate, which did not allow for a spatial correlation of changes in the lipidome with the
immunohistochemical results. A repeat of the experiment using a method that would provide

this information, e.g. imaging mass spectrometry, could be performed for more specific
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information. Immunohistochemical analysis was performed by observing the expression of
four neuronal gangliosides and four neuronal proteins. Expanding the number of epitopes, or
perhaps using different methodology could provide additional and more specific changes in
hippocampal neurons to build on the findings of this study. InR in this study was induced on a
systemic level through a HFHSD — CNS-specific changes and those that are a reflection of
circulating metabolites from distal tissues (liver, adipose tissue, muscle tissue, etc.) have been
blended. A locally induced InR (e.g. via a lentiviral vector expressing an IR antisense
sequence) has already been used to observe changes in Sprague Dawley rats (Grillo, Reagan),
so this methodology could provide more specific answers to InR-mediated changes in the

hippocampal lipidome.

137



7. CONCLUSIONS

7. CONCLUSIONS

Based on the research results, the following conclusions can be made:

A HFHSD, as well as metformin and liraglutide treatment, caused significant
changes in the expression of common neuronal gangliosides and proteins that serve
as biomarkers for AD,;

The expression of ganglioside GM1 following liraglutide treatment was significantly
increased in all hippocampal ROIs in male rats, even in regions where it is not
normally found, while expression of ganglioside GT1b was significantly decreased in
both sexes following metformin and liraglutide treatment;

Liraglutide treatment significantly decreased pTau expression in the DG, CAl and
CA3 regions of male rats;

Metformin and liraglutide treatment caused sex-specific changes in the hippocampal
lipidome;

Effects of liraglutide treatment were more prominent in male rats, while effects of
metformin treatment were more prominent in female rats;

Lipidomic analysis revealed that altered compounds included PUFAs, FFAs, fatty
acyl-CoAs, sphingolipids, glycerophospholipids and steroid hormones;

The alterations of the HFHSD group hippocampal lipidome were suggestive of
changes due to mitochondrial dysfunction, lipid peroxidation, intracellular signaling
disruption and an InR-related shift in metabolism;

Sphinganine and CDP-ethanolamine changes were a reflection of membrane and
myelin sheath disruption following a HFHSD;

Lipidomic analysis revealed HFHSD-related changes in steroid hormone metabolism
that were more prominent in male rats;

Lipidomic analysis revealed HFHSD-related changes to carbohydrate, amino acid
and purine and pyrimidine metabolism, with unspecific changes observed following
treatment with metformin and liraglutide;

Based on the overall spectrometric and immunohistochemical analysis, treatment
with neither metformin nor liraglutide exhibited uniform alterations of the lipidome

to suggest a reversal of HFHSD-related changes of undisputable certainty.
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8. SUMMARY

Objectives. To determine sex-specific changes in the hippocampal lipidome in a HFHSD rat
model following treatment with metformin and liraglutide and to determine expression levels
of relevant neuronal gangliosides and proteins.

Study Design. Paired research.

Materials and Methods. The study included 64 Sprague Dawley rats divided by sex into four
groups based on diet and treatment with either metformin or liraglutide, including a control
group on a standard diet. After a 20-week regimen of a HFHSD and pharmacotherapy, rat
brains were isolated and halved. Once hippocampal tissue was isolated, one half was used for
immunohistochemical analysis of common neuronal gangliosides and proteins relevant to
InR, while the other half was used for MALDI-TOF spectrometric analysis to identify
alterations in the hippocampal lipidome.

Results. Immunohistochemical analysis showed changes in the expression of all gangliosides,
with the most notable changes seen in GM1 in male rats, where liraglutide increased its
expression, even in regions where it is not usually expressed. Liraglutide significantly
decreased pTau levels throughout the hippocampus in male rats. Non-specific changes were
observed in IR and IGF-1R expression predominantly in male rats. The lipidomic analysis
revealed changes following a HFHSD, as well as metformin and liraglutide treatment.
Changes following liraglutide treatment were more prevalent in male rats, while metformin
changes were more prevalent in female rats. Multiple groups of lipids were affected,
suggestive of changes due to mitochondrial dysfunction, lipid peroxidation, intracellular
signaling disruption and membrane and myelin sheath composition changes. Neither
metformin nor liraglutide exhibited uniformly specific changes to suggest a reversal of
HFHSD-induced changes.

Conclusion. A HFHSD changed the hippocampal lipidome in both sexes. There were notable
alterations following pharmacotherapy, with certain differences observed between sexes.

Keywords. Diabetes mellitus; hippocampus; insulin resistance; lipidome; MALDI-TOF.

139



9. SAZETAK

9. SAZETAK

Cilj istrazivanja. Ispitati spolno specifi¢ne razlike lipidoma hipokampusa u modelu Stakora
na dijeti obogacenoj mastima i ugljikohidratima, kao i nakon primjene metformina i
liraglutida te utvrditi ekspresiju znacajnih gangliozida i bjelancevina.

Ustroj istraZivanja. Istrazivanje parova.

Materijali i metode. 64 Sprague Dawley Stakora odvojeno je po spolu i podijeljeno u Cetiri
skupine na temelju prehrane i primjene metformina ili liraglutida, uklju¢ujuéi kontrolnu
skupinu na standardnoj dijeti. Nakon 20 tjedana dijete obogacene mastima i ugljikohidratima i
farmakoterapije, mozgovi Stakora su izolirani i podijeljeni u sagitalnoj ravnini. Jedna je
polovica koriStena za hipokampalnu imunohistokemijsku analizu cCestih neuronalnih
gangliozida i znacajnih bjelancevina u etiopatogenezi inzulinske rezistencije, dok je druga
polovica nakon izolacije hipokampusa koriStena za MALDI-TOF spektrometrijsku analizu
lipidoma.

Rezultati. Imunohistokemijska analiza pokazala je promjene u ekspresiji svih gangliozida, s
najveéim promjenama u ekspresiji GM1 kod muzjaka, kod kojih je liraglutid znacajno
povecao njegovu ekspresiju, ¢ak i u regijama gdje uobicajeno nije prisutan. Liraglutid je
znaCajno smanjio razinu pTau u svim analiziranim regijama u muzjaka. Nespecifi¢ne
promjene zabiljezene su u ekspresiji IR i IGF-1R, dominantno kod muzjaka. Analizom
lipidoma zabiljeZene su promjene nakon dijete obogacene mastima i ugljikohidratima, kao 1
nakon primjene metformina i liraglutida. MuZzjaci su pokazali bolji odgovor na terapiju
liraglutidom, dok su zenke pokazale bolji odgovor na terapiju metforminom. Promijenjeno je
viSe skupina lipida, $to je ukazalo na promjene uslijed disfunkcije mitohondrija, lipidne
peroksidacije, poremecaja unutarstani¢ne signalizacije te promjene u strukturi membrane i
mijelina. LijeCenje metforminom i liraglutidom nije dovelo do jedinstvene i jasne promjene
lipidomske strukture hipokampusa koja bi ukazivala na eliminaciju promjena induciranih
dijetom.

Zakljucak. Dijeta obogac¢ena mastima 1 ugljikohidratima promijenila je lipidom hipokampusa
u oba spola. Znacajne promjene zabiljezene su nakon farmakoterapije S vidljivim razlikama i
izmedu spolova.

Kljuéne rijeci: hipokampus; inzulinska rezistencija; lipidom, MALDI-TOF, $ecerna bolest
tipa 2.
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