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ABSTRACT
OF THE THESIS OF

Mirna Younes Jaramani for Master of Science
Major: Neuroscience

Title: Cytochrome-P450 Implications in the Mechanisms of Central and Peripheral
Nerve Injury

Diabetes mellitus (DM) is a chronic metabolic disorder that targets a multitude of organs.
Among the common complications of diabetes is Diabetic Neuropathy (DN),
characterized by a range of clinical syndromes resulting from damage to the nervous
system. Abnormalities in glucose metabolism can result in neural dysfunction and a
variety of acute and chronic nervous system disorders, In the periphery, Diabetic
Peripheral Neuropathy (DPN) is the most common and intractable microvascular
complication of diabetes, affecting somatic sensory and motor nerves. In the central
nervous system, type 2 diabetes (T2D) is a robust predictor of cognitive impairment and
decline mimicking Alzheimer’s Disease (AD). This is currently recognized as type 3
diabetes (T3D). Research has shown insulin signaling deficits, increased oxidative stress
and accumulation of neurotoxic proteins to be a common pathogenic mechanism to both
AD and diabetes. To date, no therapies are available beyond symptomatic relief for both
pathologies. Thus, the importance of this work is to find biomarkers for the early detection
and novel mechanistic targets that may be of promise for intervention. To be able to do
that, we aimed to investigate common mechanisms of injury to both pathologies.

Aims: Our study focuses on the role of Cytochrome P450 (CYP450) as a major source
of ROS production while exploring the concomitant occurrence of peripheral nerve
injuries and central cognitive decline like Alzheimer’s Disease dementia, and the
implication of the CYP450 metabolites of arachidonic acid metabolism, 20-HETE and
EET imbalance in both pathologies. To that end, we hypothesize that hyperglycemia
because of chronic diabetes progression triggers alterations in the CYP450 pathway and
a pathophysiological imbalance in 20-HETE and EETSs levels. Altogether, a state of
oxidative stress ensues culminating in behavioral and molecular changes in the diabetic
brain and sciatic nerve tissue. We further hypothesize that the pharmacological
intervention with 20-HETE synthase or SEH enzyme inhibitors may alleviate cognitive
deficits and peripheral nerve damage.

Methods: The following study investigates CYP mechanisms using pharmacological
agents, HET0016 and AUDA in vivo in an experimental model of T2D, the MKR murine
model. Animals were subjected to peripheral and central nerve assessments using the
Beam Walking Test, Grip Strength test, Thermal Algesia Test, Novel Object Recognition,
and Y-maze. In parallel, markers of nerve injury as well as oxidative stress were assessed
using a variety of techniques such as western blot, HPLC and NADPH oxidase assay. We
pay particular attention to the markers of myelination MPZ and PMP22, EET-degrading



enzyme, the soluble epoxide hydrolase, and the 20-HETE synthase CYP4A as well as
EET-synthase CYP2C. We also investigated the beta amyloid expression in the
hippocampus to screen for brain injury.

Results: Behavioral data showed hyperglycemia induced damage in the central and
peripheral nervous system in our mice model. Treatments with AUDA or HET0016
revealed a restoration in the peripheral and cognitive behavior. On the molecular level,
sciatic nerves of the diabetic mice exhibited changes in the myelin protein profiles and
CytochromeP450 enzymes. In the brain, hippocampal lysates demonstrated
accumulations of beta amyloid proteins in the diabetic group. NADPH dependent ROS
production presented increased ROS in the sciatic nerve and brain of diabetic group
revealing a significant rise oxidative stress. We also observed fluctuations in the levels of
EETs and 20-HETE in sciatic nerves of our animal models. HET0016 or AUDA
administration were shown to restore diabetes-induced 20-HETE/EET imbalance as well
as ROS overproduction.

Conclusion: In conclusion, we provide evidence for the concomitant occurrence of both
DPN and cognitive decline in diabetic animals with emphasis on the role of CYP450 20-
HETE/EET imbalance as a mechanism of injury common to diabetes-induced nerve
injury in both the CNS and PNS.
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CHAPTER |

INTRODUCTION

A. The Diabetes Epidemic

Diabetes mellitus (DM) is a chronic, widespread endocrine disorder, characterized
by insufficient insulin secretion or insulin resistance. Dyslipidemia, dysfunctional
carbohydrate, and protein metabolism lead to diabetes mellitus which is identified by
prolonged hyperglycemia. The latter can cause a significant negative impact on many
organs, leading to life-threatening complications including retinopathy, nephropathy, and
neuropathy. It can also lead to an increased risk of cardiovascular diseases [1].
DM as a systemic malfunction is classified into two types. Type | DM, is marked by
dysregulated glucose metabolism and deficiency in insulin production, due to progressive
autoimmune destruction of pancreatic - cells [2]. Type Il DM, the more prevalent form,
is characterized by insulin resistance or a reduced overall insulin production, that
adversely affects the functioning of almost every organ of the human body in the long
run. The prevalence of DM is on a swift incline. In 2019, a total of 463 million people
were estimated to have been living with diabetes, representing 9.3% of the global adult
population (20-79 years). This number is expected to increase to 578 million (10.2%) in
2030 and 700 million (10.9%) in 2045 [3]. DM is strongly associated with both
macrovascular and microvascular complications, including ischemic heart disease,
peripheral vascular disease, and cerebrovascular disease (macrovascular), resulting in
organ and tissue damage and retinopathy, nephropathy, and neuropathy (microvascular)
[4]. Among the complications of DM, a group of clinical syndromes caused by damage

in the peripheral and autonomic nervous systems are by far the most common, generally
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referred to as peripheral and central neuropathies. Although there are many possible
causes of peripheral neuropathies, the most prevalent subtype, diabetic peripheral

neuropathy (DPN), can lead to serious complications ranging from paresthesia to loss of
limb and life [5]. The main topic of our study will focus on DPN as the most common

microvascular complication alongside its correlation with the central neuropathy.

B. Insights Into DPN

DPN is the most common microvascular complication among diabetic individuals
with the highest morbidity and mortality rates, making it a massive financial burden on
diabetes treatment. Literature reports that 50% to 66% of patients with diabetes will
eventually develop DPN through the course of their disease [6]. DPN is classified as a
“length-dependent” neuropathy, as it appears to begin at the distal nerve endings of the
longest neurons in the lower limbs and spreads proximally [7]. Clinical manifestations of
DPN vary widely and are typically categorized into two main types: "painful DPN,"
characterized by positive symptoms such as pain, hyperalgesia, and allodynia, and
"insensate DPN," characterized by negative symptoms such as numbness and dysesthesia,
indicating loss of small and large nerve fibers respectively. Interestingly, up to 50% of
individuals with signs of DPN show no symptoms [8]. Pathophysiologically, DPN
encompasses sensory, motor, and autonomic nerve dysfunction. Elevated serum glucose
levels lead to insulin resistance, dyslipidemia, and oxidative stress of the endoplasmic
reticulum and mitochondria. These processes contribute to the accumulation of reactive
oxygen species (ROS), inflammation, and cellular damage [9]. Additionally,
macrophages infiltrating peripheral nerve cells trigger the production of cytokines and

chemokines, further exacerbating inflammation and causing damage to nerve fibers [10].
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Factors contributing to peripheral nerve damage also include advanced glycosylation end
products, disturbances in hexosamine, protein kinase C, and polymerase pathways.
Neurovascular impairment, characterized by deficient repair processes and endothelial
dysfunction, also plays a significant role [11]. Moreover, abnormal glucose-lipid and
insulin resistance cause alteration in specific gene transcription, and expression,
ultimately leading to neuronal-glial cell damage [12]. Physically, patients with DPN often
present with varying degrees of numbness, tingling, and/or burning in the extremities due
to sensorimotor wasting, loss of proprioception and bone structure alterations [13]. In the
upper limbs, this insensitivity or loss of pain caused by hyperglycemia, prevents patients
from sensing temperature causing them to burn themselves and difficultly handling small
objects. Those who have lost sensation in their feet often sustain puncture wounds,
friction wounds and burns that can become infected and lead to limb amputation [14].
Current studies also regard DPN as the most common cause of non-traumatic lower limb
amputation in most high-income countries due to foot ulceration and a host of
unintentional but serious injuries [15, 16]. However, with appropriate multifaceted
approaches, symptoms can be managed, and the progression of the disease can be
prevented. Such as, a continuous glucose monitoring, lifestyle modifications like regular
exercise, a balanced diet, and appropriate footcare [17] [18]. Yet, the etiology and
pathogenesis of DPN are still inconclusive although they are currently thought to be
related to several pathophysiological processes caused by hyperglycemia, dyslipidemia,

and insulin resistance.
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C. Diabetes Induced CNS Alterations

While DPN predominantly impacts peripheral nerves, diabetes can also have
implications on the CNS. Elevated blood glucose levels can affect the brain’s functional
connectivity, which links brain regions that share functional properties, and brain matter.
It can cause brain shrinkage and atrophy [19]. Moreover, it can lead to small-vessel
disease, which restricts blood flow in the brain, causing cognitive impairments and, if
severe enough, promoting the development of vascular dementia [20]. Hyperglycemia,
oxidative stress, and inflammation associated with diabetes contribute to central
neuropathic changes [21]. Here emerges Type 3 diabetes mellitus or T3DM or Alzheimer
like dementia. As defined by researchers, T3DM is a metabolic syndrome that may lead
to abnormalities associated with progressive brain insulin resistance. Also, consequent
impairment of central insulin signaling processes, accumulation of neurotoxins, neuronal
stress, result in a course of neurodegeneration [22, 23]. In this case, there is an increase
in AP toxicity, tau hyperphosphorylation and oxidative stress [24]. Thus, in the case of
insulin resistance in T2D, insulin fails to clear AP leading to their accumulation in
neurons causing degeneration [25]. The connection between peripheral and central
neuropathy lies in the interconnected nature of the nervous system. Peripheral nerves
constantly communicate with the CNS by relaying sensory information and receiving
motor commands. Thus any dysfunction or damage in the peripheral nerves can cause
abnormal signals to the CNS, altering its function [8]. One study observed no significant
differences in cognitive function between patients with and without DPN [26], whereas a
follow-up study revealed that DPN carried a 1.61-times higher risk of the development
of mild cognitive impairment (MCI) [27]. Hence, assessing the clinical features of

cognitive decline in patients with DPN requires further investigation.
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CHAPTER 11

STATE OF ART

A. Diabetic Peripheral Neuropathy: Exploring Underlying Pathophysiological
Mechanisms

According to scholarly sources, there is a great advance in understanding the
pathophysiology leading to the development of diabetic complications. Yet there is not a
plausible hypothesis to explain why some DPN patients develop the painful form of the
disease while others do not. Several theories proposed that the changes related to diabetic
neuropathy, unravel as dysfunctions in the microvasculature that supplies the peripheral
nerves; metabolic and autoimmune disorders accompanied by glial cell activation,
changes in sodium and calcium channels expression and more recently, central pain
mechanisms, such as increased thalamic vascularity and imbalance of the facilitatory/
inhibitory descending pathways [28, 29]. Thus, the disease related mechanisms through
which diabetes causes neuropathic damage are many and involve various metabolic and
intracellular signaling processes, that still need to be further investigated (Figure 1). For
instance, elevated levels of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) can lead to lipid damage within the myelinated nerve structures, resulting in axonal
loss and disruption of microvasculature in the PNS [30]. This oxidative damage to
peripheral nerves induces hyperexcitability in afferent nociceptors and central neurons,
triggering spontaneous impulse generation in axons and dorsal root ganglia, thus leading
to neuropathic pain [31]. Also, cytokines, inflammatory cells, and growth factors have
been proposed as mediators of the development of DPN [32]. In particular,
hyperglycemia appears to be associated with the stimulation of the cyclooxygenase-2

(COX-2) pathway in micro-vessels, with subsequent development of oxidative and
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inflammatory stress at the level of peripheral nerves [33]. TNF-a is a mighty potent
proinflammatory cytokine induces COX-2 overexpression, which, in turn, generates
causes inflammatory changes that lead to DPN [34]. In addition, a relevant role in the
development of neuronal damage seems to be determined by the increased amount of
AGEs, which are highly expressed in people with hyperglycemic status. AGEs generate
through the nonenzymatic aggregation of glucose, or other saccharides, to proteins, lipids,
and nucleotides and tend to accumulate in the perineurium, endothelial cells, pericytes of
endoneurial micro vessels, and myelinated and unmyelinated fibers [35]. Following the
nerve damage, a cascade of events leads to abnormal expression of sodium channels along
the axon at the site of peripheral nerve damage, leading to ectopic neural discharge [36].
There is an altered expression of Na+, K+, and Ca2+ channels in the nociceptive neurons
of the dorsal root ganglion, as well as abnormal proliferation and sprouting of sympathetic
neurons. The result of these events is exaggerated or spontaneous pain sensation [28].
These, and other mechanisms lead to disrupted membrane permeability, ischemic nerve
damage, thickening of perineurial basal and external laminae and retraction of neurites

[37]. (Figure 1)
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Figure 1: Main Pathophysiological Mechanisms of DPN [37]. Figure illustrating the
several pathophysiological mechanisms causing Diabetic Peripheral Neuropathy.

1. Alterations in Myelination and Major Myelin proteins

Myelin in the PNS is formed by the differentiation of the plasma membrane of
Schwann cells (SC). The myelin sheath is a specialized, multi-layered and insulating
extension of SC membranes that engulfs a nerve axon to produce a myelinated fiber [38].
SCs play a prominent role in nerve-axon interactions, and in the regeneration, support
and growth of nerve fibers [39, 40]. Myelin is biochemically characterized by its high
lipid-to-protein ratio: isolated myelin contains 70-80%. This lipid part of the myelin
sheath plays a critical role in facilitating rapid nerve signal transmission (action potential),
by acting as an electrical insulator. This insulation is crucial for the efficient transmission
of nerve signals. Another role is shielding the nerve fiber from any damage or interference
supporting their metabolic needs necessary for maintenance and repair [41]. Numerous
physiologically active molecules expressed in the membrane of the myelinated axon
intervene directly in the transmission of nerve impulse. These include the voltage-

sensitive sodium channels, directly responsible for the action potential propagation along
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the unmyelinated axonal segments known as the nodes of Ranvier. Fast and slow
potassium channels responsible for various secondary electrophysiological activities
involved in the recovery to resting-state conditions after the passage of a nervous impulse
also intervene in nerve impulse [40]. Myelin integrity is critical for SC and nerve
function. Proteins in PNS myelin account for 20% and 30% of the myelin dry mass [42].
One of the major integral membrane glycoproteins is the MPZ of 28 KDa that appears to
be expressed by myelinating Schwann cells. MPZ contains a single membrane-spanning
domain, a large, glycosylated immunoglobulin-like extracellular domain, and a smaller
basic intracellular domain. Homotypic interactions between the extracellular domains of
adjacent MPZ molecules on opposing myelin lamellae are required for myelin sheath
tight compaction [43]. However, defects in MPZ expression have been implicated in
disorders due to loss of compaction such as in dysmyelinating neuropathies [44].
However, reports indicate that changes in MPZ expression do not result in total
dysmyelination, implying that MPZ collaborates with other myelin proteins to uphold the
molecular structure of the myelin sheath [45]. One of these collaborative proteins in the
PNS is the peripheral myelin protein or PMP22. PMP22, as an integral membrane
glycoprotein of the internodal myelin, comprises an estimation of 2-5% of the total
myelin proteins in the PNS [46, 47]. The significance of its function is underscored by
mutations in the PMP22 gene, which are the predominant causes of inherited peripheral
nerve disorders known as Charcot-Marie-Tooth diseases (CMT). PMP22 related diseases
disrupt the organization of myelin, and subsequently axonal integrity, which is
responsible for the disabilities in patients with PMP22 mutations [48]. Heterophilic
interaction of PMP22 and MPZ has been speculated to be important for determining the

precise arrangement and function of PNS myelin in addition to their maintenance and
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stability [49]. Hence, any alteration in expression of either protein would have a
detrimental effect on neuronal function, as well as signal exchange to and from the PNS

[50].

2. Diabetes Pathogenesis on Myelination

Among the pathophysiological mechanisms underlying DPN, alterations in the
myelination processes in the PNS is a main culprit. DPN is associated with deleterious
changes in peripheral nerves, such as myelin damage and decrease in nerve conduction
velocity [51, 52]. Studies have shown that diabetes induces an altered lipid profile in
myelin, by causing an associated decrease in myelin of cholesterol and monounsaturated
FAs, and an increase in polyunsaturated FAs, which together with changes in
phospholipid species and in the desaturation and membrane fluidity indexes, may be
responsible for altered myelin lipid-protein interactions. It has been observed that
hyperglycemia causes reduction in MPZ [53]. In demyelinating neuropathies, MPZ and
PMP22, assessed as markers of neuronal injury, myelin integrity and functionality,
become defective [54, 55]. Studies revealed a clear disruption in MPZ and PMP22 levels
in the sciatic nerves of diabetic mice, indicating a homeostatic imbalance in their
expression and possibly their collaborative function [56]. Moreover, defected PMP22
forms cytotoxic aggregates that are cleared by the cellular autophagic response
responsible for resource homeostasis [57]. However, these responses are defective in
demyelinating neuropathies [54, 55]. It appears that diabetes modifies myelin's lipid
profile and protein composition, changes that result in altered membrane fluidity and

myelin abnormalities [53] [58, 59].
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B. Pathophysiology of Reactive Oxygen Species in Diabetes
1. Reactive Oxygen Species and Oxidative Stress

Reactive Oxygen Species (ROS), derived from both nicotinamide adenine
dinucleotide phosphate oxidase (NOX) and mitochondria, are oxygen-containing
biologically active molecules that are byproducts of ongoing cellular reactions [60]. ROS
play a critical role in many physiological and pathophysiological processes by
functioning as intracellular signaling molecules involved in gene expression, signal
transduction, and homeostatic maintenance [61]. Multiple studies have demonstrated that
increased ROS can also oxidatively damage the cell and organelles membranes, as well
as macromolecules such as proteins, lipids, nucleic acids, and carbohydrates resulting in
oxidative stress [62, 63]. Excessive oxidative stress can also result in cellular apoptosis
or necrosis, inflammation and cell death. Consequently, pinpointing the cellular origins
of ROS is crucial for understanding the pathobiology of diabetes.

It is a firm-established fact that hyperglycemia was shown to disrupt the oxidant-
antioxidant balance by increasing the production of ROS [64]. There is accumulating
evidence correlating the oxidative stress created by hyperglycemia-induced ROS
overproduction with the onset and progression of T2DM and its macrovascular and
microvascular complexities [65]. It has also been postulated that induction of ROS via
hyperglycemia activates a number of stress-sensitive signaling pathways including the
JNK/SAPK, NF-kB, p-38 MAPK, promoting the progression and development of T2DM
complications [66]. Significant evidence supported the role of several sources of ROS in
diabetic complications, such as cytochrome P450 monooxygenase, nitric oxide synthase,

lipoxygenase, cyclooxygenase, and xanthine oxidase [67]. Further clarification of these
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pathways could potentially lead to the development of new methods for the prevention of

diabetic complications, alongside novel treatment options for existing conditions.

2. Reactive Oxygen Species and Their Contribution to Oxidative Stress in Diabetic
Neuropathy

Oxidative stress is caused by a distortion in the redox balance through the
overproduction of reactive oxygen species (ROS) in mitochondria and cytoplasm.
Oxidative stress arises within a cellular system due to the deregulation of the antioxidant
defense systems when the production of free radical moieties exceeds the antioxidant
capacity of that system causing an imbalance between oxidants and antioxidants. If those
free radicals were not removed by cellular antioxidants, they will attack and damage
proteins, lipids, and nucleic acids. The oxidized products of free radical attack decrease
biological activity, leading to loss of energy metabolism, cell signaling, transport, and
other major functions. These altered products also are targeted for proteosome
degradation, ultimately their accumulation leads a cell to die through necrotic or apoptotic
mechanisms [68]. Excessive production of reactive oxygen species (ROS) affects
multiple of organs and is a common feature in the development of diabetic complications
[69, 70] [71, 72]. In diabetic neuropathy, increased ROS promotes nerve structural
changes, such as axonal degeneration, segmental demyelination, and apoptosis of
Schwann cells leading to the damage and loss of myelinated and unmyelinated fibers in
DPN. Additionally, lines of evidence have postulated that the induction of ROS via
hyperglycemia activates a number of stress-sensitive signaling pathways producing
oxidative stress in DPN [68] [73] :(1) the polyol pathway that causes neuronal
dysfunction and inability to respond to oxidative stress through an imbalance in

myoinositol efflux and excessive consumption of NADPH [74] [75]. (2) increased
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intracellular formation of AGEs (advanced glycation end products); triggering an
inflammatory response and additional oxidative stress [76]. (3) activation of
diacylglycerol/protein kinase C (PKC) pathway that affects many signal transduction
pathways [77]. Finally, (4) overactivity of the hexosamine pathway thus promoting the
progression and development of T2DM complications [66, 78]. [79] (Figure 2).
Moreover, it is recognized that the brain is susceptible to damage from oxidative stress
due to its high consumption of oxygen and glucose. In neuronal mitochondria, reactive
oxygen species (ROS) are mainly produced by the respiratory chain, resulting in a
significant amount of superoxide anions [80]. Although the oxidative metabolism of
various substances contribute to a smaller portion of ROS, these products can trigger
chain reactions that spread damage throughout tissues [81]. In patients with AD, oxidative
stress can impair nucleic acids, proteins, and lipids in the CNS [82]. The amyloid beta
(AB) plaques and neurofibrillary tangles (NFT) are the defining pathological
characteristics of AD, in which ROS are closely interrelated. In fact, the complexity of
AD is far beyond these. Tau hyperphosphorylation, mitochondria dysfunction, and
specific metal ions are related to the development of pathology via oxidative stress [83]
(Figure 3). Thus, addressing oxidative stress in diabetic neuropathy is essential to unravel

the link between the two neuropathies.
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Figure 2: Interaction of Hyperglycemia Pathways with Oxidative Stress in DPN. The
potential mechanisms that lead to the damage of the nervous tissue in DPN include the
activation of the different pathways: the polyol pathway (glucose metabolism), the
deposit of end-products of advanced glycosylation (AGE) the hexosamine pathway, and
the protein kinase C pathway. All these pathways are activated in the state of

hyperglycemia.

¥

Figure 3: Factors Contributing to the Production of ROS in the CNS [84]. This
schematic illustrates the interconnected roles of tau protein, beta-amyloid plagues,
mitochondrial dysfunction, and metal ion in the generation of reactive oxygen species
(ROS). Tau hyperphosphorylation and beta-amyloid accumulation are depicted as leading
to mitochondrial dysfunction, which impairs the electron transport chain and enhances
oxidative stress. Mitochondrial dysfunction, in turn, exacerbates the production of ROS.
Elevated ROS levels further contribute to cellular damage and neurodegeneration,
creating a vicious cycle that is characteristic of neurodegenerative diseases such as
Alzheimer's disease.
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C. Cytochrome P450 Enzymes and Pathways
1. Cytochrome P450

The cytochrome P450 (CYPs) are a superfamily of membrane-bound hemoproteins.
CYPs have been studied in conjunction with their crucial roles in metabolism or
biotransformation of drugs and xenobiotics, also in the biosynthesis of endogenous
molecules (fats, hormones, steroids, acids, vitamins) and exogeneous ( toxic compounds,
carcinogens and drugs) [84]. CYP enzymes possess a heme prosthetic group comprised
of iron protoporphyrin 1X, a crucial component for catalytic function. The iron atom in
protoporphyrin X can exist in two oxidation states, Fell+ (reduced) and Felll+ (oxidized)
[85, 86]. CYP enzymes predominantly occupy the intestines, kidneys, skin and lungs with
their highest concentration in the liver. Of the total 57 isozymes discovered to date, 6 of
these are responsible for 90% of drug metabolism. These six isozymes include CYP1A2,
CYP2C9, CYP2C19, CYP2D6, CYP2EL, and CYP3A4. Various drugs work on different
isozymes, and determining which isozymes are affected is critical in drug development
[87]. CYPs are reported to be major sources of ROS in several tissues, oxidation being

the most common reaction catalyzed by Cytochrome P450.

2. Arachidonic Acid Metabolism

Arachidonic acid metabolism is one of the leading reactions catalyzed by CYP450
enzymes. Arachidonic acid (AA) is an omega-6 polyunsaturated fatty acid (PUFA),
found incorporated in the structural phospholipid in the cell membrane in the body or
stored within lipid bodies in immune cells [88]. A.A metabolites play important roles in
cell fates, such as differentiation, proliferation and apoptosis, as well as a role in

inflammation. Accumulating evidence showed that A.A and its metabolites also function
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in organ development and diseases, such as cardiovascular development, kidney
development, liver development, skeletal development, diabetes, obesity, and cancers
[89]. The biosynthesis of eicosanoids from A.A is controlled by three major metabolic
routes, the COX, LOX and Cytochrome P450 enzyme pathways. Via these routes, AA is
converted into prostaglandins, leukotrienes, and hydroxy eicosatetraenoic acids (HETES)
or epoxyeicosatrienoic acids (EETs) respectively [90]. Cytochrome P450-derived
eicosanoids are produced in a cell and tissue-specific manner and have numerous
biological functions. Of major interest is their role as second messengers in the regulation
of vascular tone and ion transport. In one study, their altered expression in hypertensive
rats suggests a role for cytochrome P450 eicosanoids in the regulation of blood pressure
[91]. CYPs of the 4A and 4F subfamilies are highly expressed in the kidneys and form
20-HETE. CYPs of the 2B, 2C and 2J subfamilies form EETs particularly expressed in
liver, intestine, heart, brain, lung, and vasculature [92].

Soluble epoxide hydrolase (SEH), is a xenobiotic-metabolizing enzyme responsible
for conversion of EETSs into a less active and functional dihydroxyeicosatrienoic acids
(DHETS) [93, 94] (Figure 4). sEH is a potential mediator of ischemic injury via its
metabolism of neuroprotective epoxyeicosatrienoic acids (EETS). SEH is expressed in a
variety of cells in the brain including cerebrovascular endothelium, vascular smooth
muscle cells, neurons, oligodendrocytes, and astrocytes [95]. Several recent studies have
correlated sEH with hypertension, Parkinson’s disease [96], non-alcoholic fatty liver

disease, and diabetes [97, 98] [99].
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Figure 4: Metabolites and enzymes involved in AA metabolism. AA is released from
phospholipids by cPLA2, AA is then enzymatically changed into active metabolites
HETEs and EETs mainly through the CYP-450 pathway found in the mitochondria of the
cell. EETs are further converted into less functional and active form DHETSs by the
soluble epoxide hydrolase (SEH).
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3. The Role of 20-HETE in Diabetes: Insights into Its Contribution to Complications

20-HETE has been reported to have various antagonistic functions depending on the
synthesis site and target tissue, [91, 100] in addition to having high physiological
relevance in maintaining homeostasis, vascular tone, and blood flow [101, 102]. 20-
HETE has been found to be a potent vasoconstrictor. This role has been attributed to
increased Ca++ sensitivity, increased Ca++ entry via the depolarization of KCa channels,
and activation of L-type Ca++ channels via protein kinase C [102, 103]. 20-HETE also
has an integral interaction with the renin-angiotensin system leading to a feed-forward
mechanism that perpetuates vascular dysfunction and hypertension [104]. However,
studies have suggested pathogenic features of 20-HETE, such as in vascular inflammation
and diabetic neuropathy [92]. 20-HETE impairs vasodilation and increases
vasoconstrictive signaling, allowing it to have an intrinsic role in diabetes
cardiomyopathy [105, 106]. 20-HETE also has a role in the renal microvasculature [107].
A study revealed that high-fat-diet resulted in a significantly higher 20-
HETE/(EET+DHET) formation rate ratio in mice kidney and liver [108]. Additionally,
recent clinical studies report 20-HETE alterations to mediate obesity, hyperglycemia,
deficient insulin responses [109], oxidative stress [110] and the onset of diabetic renal,
retinal, and cardiac complications [111]. Investigating the role of 20-HETE in the
pathological mechanisms underlying type Il diabetes mellitus is fundamental to unravel

its development and complications.
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Hyperglycemia causes an increase in the levels of Hydroxyeicosatetraenoic acids
(HETES) due to increased inflammation and oxidative stress. This leads to beta cell
dysfunction, insulin resistance and signaling, and endothelial cell dysfunction [111]. Yet,
it is understudied in the nervous system (NS). In the CNS, CYP4A is found to be highly
expressed in cells lining the neurovascular unit, with 20-HETE playing developmental
and regulatory roles, inflammation, and oxidative injury in neurodegenerative diseases.
A study in 2022 investigated the role of CYP4A in MKR T2DM mice. Sciatic nerve
tissues from diabetic mice show increased CYP4A protein expression and 20-HETE
production [56]. However, very few studies investigated the role of 20-HETE synthase
in peripheral damage. HET0016 (N-Hydroxy-N'-(4-butyl-2-methylphenyl) formamidine
is a highly selective CYP4A inhibitor and thus a potent inhibitor to the synthesis of 20-
HETE [112]. A recent study has shown that 20-HETE cause an impairment in endothelial
signaling by inducing phosphorylation of the insulin receptor substrate-1 (IRS-1) [113].
Although 20-HETE has been reported to have both proinflammatory and anti-
inflammatory properties, and is mostly implicated in vasoconstriction and increased
blood pressure [114], EETs were found to be linked with vasodilation, decreased blood
pressure and exhibiting a broad spectrum of anti-inflammatory activity against acute and

chronic inflammation [115] [116] [117].

4. Revealing the Neuroprotective Effects of EETs in the Battle Against Diabetic
Complications

Through the AA metabolism pathway, CYPs of the 2B, 2C and 2J subfamilies form
epoxyeicosatrienoic acids (EETs) that are lipid mediators involved in important
biological effects, particularly in regulating blood pressure, inflammatory cascades, and

glucose homeostasis. They are synthesized in blood vessels by CYP epoxygenase
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contained in endothelial cells, and lead to the vasodilation of a number of vascular beds
by activating the smooth muscle large conductance Ca?*-activated K* channels (BKca)
[118]. This allows the hyperpolarization of the smooth muscle thus causing
vasorelaxation, hence lowering blood pressure. [119]. Also, EETs have been found to
be crucial for regulating neuronal function both directly and indirectly by influencing
blood flow. They act as vasodilators that hyperpolarize and relax smooth muscle cells
by activating TRPV4 (Transient Receptor Potential Vanilloid 4), which plays a role in
ion homeostasis [120]. In neuropathy, EETs can affect microglial activation and
modulate astrocyte function, which reduces inflammatory reactions and fosters a more
nourishing environment for neuronal health. Research indicates that EETs can restrict
neuroinflammation by impacting peripheral immune cells [121]. Moreover, EETs are
believed to help maintain the integrity of the blood-brain barrier (BBB), potentially
limiting the entry of immune cells and inflammatory substances into the brain [122]. In
studies conducted on prefrontal cortex slices treated with 14,15-EETs, there was an
observed increase in long-term potentiation, suggesting a role for EETs in promoting
synapse formation in a healthy brain [123]. Literature revealed another role of EETSs in
exerting beneficial effects on neuropathic pain. One previous study found that EETs
could prevent continued nerve damage by decreasing the levels of inflammatory factors
and promoting nerve regeneration [124]. Preserving the levels of endogenous EETs
through inhibition of sSEH offers a multimodal and disease modifying approach to treat
neuropathic pain.

However, EETs are metabolized by soluble epoxide hydrolase (sEH), producing
dihydroxyeicosatrienoic acid (DHET) molecules that are less lipophilic and more readily

conjugated, leading to their removal from the site of action [125]. Increased sEH activity,
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which reduces levels of anti-inflammatory EETSs, can intensify the inflammatory response
by activating microglia and astrocytes. This activation leads to the release of pro-
inflammatory cytokines and other mediators that contribute to neuronal damage.
Furthermore, an increase in the sEH activity compromises neuronal integrity, thereby
contributing to neurodegenerative processes [120]. AUDA or 12-(3-adamantan-1-yl-
ureido)-dodecanoic acid, is an SEH inhibitor that stabilizes EETs level [126]. Inhibiting
soluble epoxide hydrolase (sEH) has been shown to have a significant anti-inflammatory
effect in the CNS. This inhibition decreases the transcription of nuclear factor kappa B
(NF-kB), a crucial regulator of cytokine-induced inflammation, across various cell types
such as microglia, astrocytes, and neurons. This effect effectively prevents the initiation
or progression of neuroinflammation [127]. Additionally, administration of AUDA (an
SEH inhibitor) increases the expression of mature brain-derived neurotrophic factor
(BDNF), which plays a crucial role in the growth, development, maintenance, and

survival of neurons in the brain [128].

D. Insulin Signaling Pathway Dysregulation in the Pathogenesis of Diabetic
Neuropathies

Insulin is a hormone that plays an essential role in the maintenance of homeostasis
between glucose uptake and production [129]. The insulin receptor is a transmembrane
receptor belonging to the large class of tyrosine kinase receptors. It consists of two a-
subunits that bind insulin and two B-subunits that have intracellular tyrosine kinase
activity [130]. The binding of insulin to the external a subunit domain leads to the
recruitment and tyrosine phosphorylation of insulin receptor substrate (IRS) proteins.
This generates binding sites for Src homology 2 (SH2) domain proteins including

phosphatidylinositol 3-kinase (PI3K) [131]. Two major signaling pathways are further
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activated by the PIK3: the mitogen-activated protein kinase (MAPK) pathway and the
Akt pathway. Akt signaling is implicated in cell proliferation, cell growth and protein
synthesis. Activation of Akt also mediates the effects of insulin on glucose transport
through GLUT4 translocation to the plasma membrane, glycogen and protein synthesis,
lipogenesis and suppression of hepatic glucose production through different downstream
targets [132]. Insulin resistance accompanied by Type Il diabetes causes a significant
reduction in the capacity of insulin to induce all the phosphorylation cascades. A study
observed muscle biopsies of insulin resistance subjects and it revealed a reduction in the
enzymatic activity and phosphorylation state of kinases involved in the IR signaling
pathway [133]. In the same spirit and in the PNS there is evidence suggesting that Akt
activation in dorsal root ganglia and spinal cord may play a role in the development of
neuropathic pain [134]. Guedes et al also demonstrated that an increase in ROS and
activated Akt pathway may contribute to the development of neuropathic pain, further
suggesting a crosstalk between the two pathways [135]. In contrast, Akt was found to be
neuroprotective in diabetic enteric neuropathy and that neuronal loss may be mediated by
reduced Akt activation [136, 137]. Moreover, emerging literature reveals a role of Akt in
myelination where it plays a role in axonal wrapping, myelin thickness regulation, and
membrane production. However, prolonged Akt activation may lead to dysmyelination
[138]. Inrat SCs, Akt is essential to the survival and progression of the cell cycle [139]
and regulation of the migratory potential following peripheral nerve injury [140]. Yet, the
role of Akt in DPN have yet to be characterized. In the CNS, Havrankova et al. were the
first to document the presence of insulin in the brain. They employed radioimmunoassay
techniques on brain extracts to identify significant levels of insulin, however not unique

only for the brain. Brain insulin resistance is a prominent characteristic of Alzheimer's
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disease (AD) and can contribute to many of the neural and cognitive issues associated
with the condition [141, 142]. In the brain, insulin promotes many functions disrupted in
AD, including regulation of cerebral blood flow, inflammatory responses, oxidative
stress, AP clearance, tau phosphorylation, apoptosis, lipid metabolism, synaptic plasticity
and memory formation[143, 144]. Brain insulin resistance may thus cause or contribute
to the full spectrum of AD pathology and symptoms. For that reason, the rate at which
insulin resistance develops in the brain may play a large role in determining the rate at
which AD progresses. Brain insulin resistance in AD is a neuronal phenomenon that
reflects a reduced responsiveness to insulin at all levels of the insulin receptor-IRS-1-
PI3K—Akt signaling pathway. The first major decrease in insulin responsiveness occurs,
however, below the receptor, beginning with IRS-1 The most immediate cause of brain
insulin resistance in AD appears to be amyloid-p-triggered microglial release of
proinflammatory cytokines, which inhibit insulin signaling by promoting serine

phosphorylation of IRS-1 [145].

E. STZ-Induced Brain Insulin Resistance as a Model for Alzheimer's-like
Dementia

Many aspects of the AD were observed following the intracerebroventricular (icv)
injections of streptozotocin (STZ). STZ is a glucosamine-nitrosourea isolated from the
bacterium Streptomyces achromogenes by scientists working at the drug company
Upjohn (now part of Pfizer) in the late 1950s [146] [147]. Later, studies found that the
injection of STZ showed toxicity in the B cells of the pancreatic islets. This finding led to
the utilization of streptozotocin in diabetic animal models [148]. Intracerebroventricular

(icv) injection of STZ directly into the cerebral ventricles disrupts cerebral glucose and
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energy metabolism, which is considered as a crucial factor in initiating neurodegeneration
associated with Alzheimer's disease (AD) [149]. An early sign of AD is glucose
hypometabolism and impaired insulin signaling has been seen in AD patients [150].
Recently, Greib and Kamat reviewed the mechanisms underlying AD-like pathology
induced by icv STZ [151] [152]. The pathological changes triggered by icv STZ injection
mirror characteristics observed in sporadic AD [153]. These include an increase in 3-
amyloid protein levels, hyperphosphorylation of tau protein in various brain regions,
significant neuronal loss, enlargement of brain ventricles, cerebral inflammation,
cognitive impairment, anxiety- and depression-like behaviors and reduced social
interaction [154]. Limited studies have investigated the role of the brain Icv-STZ injection

on the peripheral nervous system. This led us to further investigate this topic in our study.

F. Hypothesis and Aim of the Study

Diabetes imposes its effects on several organs, exacerbating their potentially
irreversible damage in diabetic complications. Up until now, research has established
common grounds between diabetes and AD, where both diseases exhibit dysfunction in
insulin signaling, impairments in oxidative stress and the accumulation neurotoxic
proteins. On the other hand, diabetes also causes peripheral nerve injury due to
impairments in oxidative stress, increased inflammation, insulin resistance and others. In
this study, we will explore the concomitant occurrence of peripheral nerve injuries and
central cognitive decline like Alzheimer’s Disease dementia, and the implication of 20-
HETE and EET metabolite imbalance in both pathologies. To that end, we hypothesize
that hyperglycemia because of chronic diabetes progression triggers alterations in the

CYP450 pathway and a pathophysiological imbalance in 20-HETE and EETSs levels.

32



Altogether, a state of oxidative stress ensues culminating in behavioral and molecular
changes in the diabetic brain and sciatic nerve tissue. We further hypothesize that the
pharmacological intervention with 20-HETE synthase or sEH enzyme inhibitors may
alleviate cognitive deficits and peripheral nerve damage. In the pilot study, we aimed to
develop an animal model injected intracerebroventricularly with STZ, to observe how
STZ mimics the characteristics observed in sporadic AD. Thus, to be able to compare the
similarities between STZ induced AD symptoms and those caused by diabetes. Moreover,
in this study we aim to assess the extent in which damage in the CNS triggered by STZ
affects the peripheral nervous system. We hypothesize that the ICV injections of
neuroactive substances alters PNS function by modulating central nervous system
regulation and inducing systemic inflammatory responses, which in turn affect peripheral
nerve activity and systemic physiological processes. This hypothesis suggests that the
central effects of ICV injections have cascading impacts on the peripheral nervous system

through changes in central cognition.
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Figure 5: Hypothesis 1: Hyperglycemia causes an alteration in CYP450 enzymes,
CYP4A and CYP2C in our case, which leads to ROS formation. Increased ROS leads to
peripheral nerve damage in the PNS. On the other hand, ROS leads to the accumulation
of AP plaques and neurofibrillary tangles that lead to cognitive decline. We will explore
whether the concomitant occurrence of peripheral nerve injuries and central cognitive
decline like Alzheimer’s Disease dementia is caused by the 20-HETE and EET metabolite
imbalance in both pathologies. We further hypothesize that the pharmacological
intervention with 20-HETE synthase or SEH enzyme inhibitors may alleviate cognitive
deficits and peripheral nerve damage.
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Figure 6: Hypothesis 2: We will explore whether STZ will induce neurodegenerative
changes in the brain of a mice model, leading to Alzheimer's-like dementia and memory
deficits. Furthermore, we hypothesize that this neurodegenerative effect will significantly
impact peripheral nerve function, exacerbating peripheral nerve injury and contributing
to a broader spectrum of cognitive and sensory impairments.
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CHAPTER I1lI

MATERIALS AND METHODS

A. Animal Models
All animal work was conducted according to the National Institute of Health
guidelines and approved by the Institutional Animal Care and Use Committee at the

American University of Beirut.

1- MKR male mice weighing 25 grams on average were used. These mice are transgenic
murine models exhibiting the genotypic and phenotypic profiles of human type 2
diabetes (T2DM) and develop hyperglycemia starting 8 weeks of age [56, 155]. MKR
mice overexpress a dominant negative mutant IGF-1 receptor specifically in skeletal
muscle under the control of the Ckm promoter for the gene encoding muscle creatine
kinase [156]. Expression of the mutant receptor will trigger a decrease in glucose uptake,
insulin resistance and beta cell dysfunction without developing obesity [157]. This feature
makes the MKR murine model robust for the study of diabetic complications. Age-
matched FVB/NJ males were used as the control group. The animals were randomly
divided into 4 groups 1) non-diabetic controls treated with the corresponding vehicle
(FVB-Ctr) 2) diabetics (MKR-Db) treated with the corresponding vehicle 3) diabetics
treated with HET0016 (MKR-Db + HET0016) 4) diabetics treated with AUDA (MKR-
Db + AUDA). Each cage housed a total of 3 to 4 mice, and stringent protocols were
implemented to minimize suffering and discomfort. HET0016 (Cayman Chemicals, MI,
USA) is a specific 20-HETE synthase and/or CYP4A inhibitor which was administered

subcutaneously and daily for a period of 17 weeks at a dose of 2.5 mg/kg [158]. AUDA
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(Cayman Chemicals) is a specific SEH inhibitor and was administered orally with a

gavage needle daily at 20 mg/kg for a period of 17 weeks [159].

2- In another parallel pilot study, a group age matched animals were used.1) 6-week-old
FVB/NJ males used as controls, 2) diabetics (MKR-DDb) treated with the corresponding
vehicle 3) female control injected intracerebroventricularly with STZ (AD). Briefly, mice
were first anesthetized using 2.5 % avertin (2,2,2 tribromoethanol; Sigma-Aldrich) and
then restrained onto a stereotaxic apparatus. The bregma coordinates used for injection
were —1.0 mm lateral, —0.3 mm posterior, and —2.5 mm below. The control FVB female
mice (6 months old) received a single icv injection of 3.0 mg/kg STZ in 3.0 ul 0.9 %
saline into the left ventricle of the brain. Recovery from the icv injections took 5 weeks
after making sure the stitches got fully closed. The mice were then subjected to a battery
of behavioral tests which lasted for 3 weeks. Finally, the mice were sacrificed by
decapitation at week 47, and the different parts of the brains in addition to the sciatic
nerve were extracted immediately. The sciatic nerve, hippocampus, pre-frontal cortex and
the cerebellum, flash frozen in dry ice, and stored in —80 °C for biochemical analyses.
The animals were housed in a temperature-regulated environment with a 12-hour light-
dark cycle, and they were provided ad libitum access to standard autoclaved chow and
water. Blood glucose levels were measured twice weekly through tail vein punctures
using a glucometer, revealing significant differences between diabetic animals and their
control littermates. Behavioral assessments were done on all four groups. For sensory
motor dysfunction, Raised Beam Walking Test and Hind paw Withdrawal Test were
used. Neuromuscular interaction was assessed using the Grip Strength Test. Memory
evaluation was also done using Sociability and Social Novelty test, Novel Object

Recognition, Y-maze Reward Alteration, Morris Water Maze.
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B. Raised Beam Walking

To assess motor coordination and balance, we performed raised beam walking test
[160]. Animals were placed on a platform with a rod of 1.2 cm diameter, 70 cm length
and 50 cm above a flat surface made of cushions to avoid any harm. At one end of the
rod, we set a secure platform containing a treat to house the animal. First, the mouse was
allowed to habituate on the rod and then trained to cross the platform. Time taken to cross,
the speed, the number of stops and the number of faults/slips were recorded for analysis

over 3 separate trials.

C. Grip Strength Test

To assess muscle tone and neuromuscular strength we conducted the grip strength
test [161]. Mice were trained to hang using their forelimbs from a stand approximately
10cm long and 50cm high until their grip fails. The time spent hanging was recorded over
one day. The animals with a reduced capacity to grip unhandled the bar faster than
animals with greater muscle strength, which is typical of diabetic vs. non-diabetic

animals.

D. Hind Paw Withdrawal Test:

To evaluate thermal analgesia and pain perception, we conducted the Hind Paw
Withdrawal test using the Hugo Basile plantar Analgesia meter. This test involved a
heating beam with an idle intensity of 2% and an active intensity of 35%, with a cut-off
time set at 20 seconds. Mice were allowed to acclimate on a platform set at 32°C. The

thermal stimulus targeted the hind paw, and the time taken for the mice to perceive the
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heat and withdraw their paws was recorded for analysis, with six measurements taken per

mouse [56].

E. Novel Object Recognition Test

The novel object recognition (NOR) test is a widely used behavioral assay to assess
recognition memory and exploratory behavior. This test is based on the tendency for
animals to spend more time investigating a novel object than a familiar one [162]. The
task procedure consists of two phases: familiarization, and test phase. On the first day
of the test (familiarization phase), a single animal was placed in an open field box
(40x50%50 cm) containing two identical objects and received 3 minutes to explore these
two objects. The time exploring each object was recorded. On the same day (2 hours
later), the animal was placed back in the box, this time containing the initial object and a
newly introduced novel object. In this phase, each animal received 5 min to explore the
two objects freely. The time exploring each object was recorded. This part of the test
phase was used to assess the short-term memory of the mice. On the second day (24 hours
later), the mice were placed in the open field box, again with the old and new object. Each
animal received 5 min to explore the two objects. Time spent on each object was recorded.

This part of the test phase was used to assess the long-term memory of the mice [163].

F. Y-maze reward alteration
To evaluate spacial memory, we conducted the Y-maze reward alteration test. The
maze setup consists of three arms ('Y-shaped) that are 120 degrees to each other, with one

starting arm and two goal arms, where the food reward can be placed, separated by a long
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central partition. Rewarded alternation is the natural tendency of rodents to choose their
goal arm when two trials are performed in quick succession. This test consists of three
phases: a pre-training or familiarization phase and two testing phases. First, the mouse is
familiarized with the maze and the food is placed in both arms of the Y-maze. Each mouse
was placed at the base of the Y, one of the arms was opened and the other was closed off.
Once the mouse entered the arm, the arm was closed by a plastic door and the mouse was
allowed to explore the arm freely for 30 seconds. The mouse was then placed back in the
starting position, and this time the other arm was opened while the first arm is now closed.
Once the mouse enters the arm, it was closed by a plastic door and was allowed to explore
for 30 seconds. This process of switching arms was repeated three times for each arm.
During the first testing phase, a reward was placed in both arms, but one arm is closed
(right arm). The mouse goes to the left arm to claim the reward. On the second testing
phase, all arms are open but only the previously closed arm (right) contains a reward. The
mouse should go to the right arm to claim the reward and it passes the trial. However, if
it chose the arm that was previously visited, then it failed the trial. The testing phases
were repeated three times with 5 minutes between each trial and the number of passed or

failed trials was recorded.

G. Western Blot

Mouse sciatic nerves were lysed using RIPA buffer containing 0.1% sodium dodecyl
sulfate (SDS), 0.5% sodium deoxycholate, 150 mM sodium chloride, 100 mM EDTA, 50
mM Tris-hydrochloride, 1% Tergitol (NP40), 1% of the protease and phosphatase
inhibitors and 1mM phenylmethylsulfonyl fluoride. The lysates were centrifuged at

13,600 rpm for 30 minutes at 4°C. Protein concentration in the supernatants was measured
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using the Bradford Protein Assay. For immunoblotting, 25-40 pg of proteins were
separated on 10-15% polyacrylamide gel Electrophoresis (Bio-Rad Laboratory, CA,
USA) and transferred to nitrocellulose membranes (Bio-Rad Laboratory, CA, USA). The
blots were blocked with 5% BSA in Tris-buffered saline and then incubated overnight
with rabbit monoclonal anti-CYP4A (1:1000, Abcam), rabbit polyclonal anti-CYP2C
(1:3000, ab3571), rabbit polyclonal anti-P0 (1:1000, PA000875), rabbit polyclonal anti-
PMP22 antibody (1:1000, Abcam), mouse monoclonal anti-sEH (1:1000, Santa Cruz
Biotechnology Inc. Texas, USA, SC-166961). Mouse polyclonal anti-HSC70 (1:1000,
Santa Cruz Biotechnology Inc. Texas, USA, SC-7298), rabbit polyclonal anti-HSC70
(1:1000, ab1427) and rabbit polyclonal anti-Beta actin (1:1000, ab8227) were used as
housekeeping, loading controls. The primary antibodies were detected using horseradish
peroxidase—conjugated IgG (1:3000, ab97046). Bands were visualized by enhanced

chemiluminescence. Densitometric analysis was performed using Image J software [158].

H. ROS Detection by High Performance Liquid Chromatography
Superoxide-specific production was further assessed via High Performance Liquid
Chromatography (HPLC). Sciatic nerve homogenates were washed with Hanks balanced
salt solution (HBSS)-diethylenetriaminepentaacetic acid (DTPA) twice and incubated for
30 min with 50 uM DHE (Sigma-Aldrich) in HBSS—100 uM DTPA. Tissues were then
processed for analysis. Tissues were harvested in acetonitrile and centrifuged (12,000 X
g for 10 min at 4°C). The homogenate was dried under vacuum and analyzed by HPLC
with fluorescence detectors. Quantification of DHE, EOH, and ethidium concentrations

was performed by comparison of integrated peak areas between the obtained and standard
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curves of each product under chromatographic conditions identical to those described
above. EOH and ethidium fluorescence was detected with excitation at 510 nm and
emission at 595 nm, whereas DHE fluorescence was detected by UV absorption at 370
nm. The results are expressed as the amount of EOH produced (nmol) normalized for the

amount of DHE consumed (umol) [56].

I. NADPH Oxidase Activity Assay

NADPH oxidase activity was measured in sciatic nerves. Proteins were extracted
from frozen sciatic nerves lysed in a lysis buffer (20 mM KH2PO4 (pH 7.0), 1 mM
EGTA, 1 mM phenylmethylsulphonyl fluoride, 10 pg/ml aprotinin, and 0.5 pg/ml
leupeptin). After tissue lysis, homogenates protein content was then quantified using the
Lowry Protein Assay. The assay reaction contained 25 pg of homogenates added to 50
mM phosphate buffer (pH 7.0), 1 mM EGTA, 150 mM sucrose, 5 uM lucigenin, and 100
uM NADPH. Photon emission expressed as relative light units (RLU) was measured
every 30s for 5 minutes in a luminometer. Superoxide production was expressed as
relative light units/min/mg of protein. Protein content was measured using the Bio-Rad

protein assay reagents [56].

J. Statistical Analysis

Data analysis was performed using GraphPad Prism 8. Statistical significance was
assessed by one-way ANOVA with Tukey’s post-test for multiple comparisons. For two
group comparisons, student’s unpaired t-test was used. Data are presented as mean *

standard error from multiple independent experiments. Statistical significance was
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determined as a probability (P value) of less than 0.05. p-value <0.05 is considered as
statistically significant. When comparing control and diabetic, one asterisk (*) is used
when p<0.05 and ** when p<0.01; The (#) symbol is used when comparing untreated

diabetic groups vs. treated diabetics at p<0.05.
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CHAPTER IV

RESULTS

A. Partl

In this part of our work, we highlighted key findings from our T2D MKR animal
model obtained from the assessment of DPN and cognitive decline at the behavioral and
molecular level. We aim to observe the triggered alterations in the CYP450 pathway
caused by the chronic diabetes progression in addition to the pathophysiological
imbalance in 20-HETE and EETs levels. Moreover, we intend to analyze the contribution
of oxidative stress in the progression of the disease and how, by pharmacological
intervention we can alleviate symptoms of the disease. To conduct our experiments and
achieve our aim, our mouse models were divided into FVB control group receiving
vehicle treatment, MKR diabetic group, MKR group daily treated with HET0016, a
specific CYP4A inhibitor and MKR mice daily treated with AUDA, an sEH inhibitor for
17 weeks. Animals were aged 10 months upon sacrifice. Table 1 shows a significant
increase in glycated hemoglobin (HbAlc) in diabetic mice compared to controls.
Administration of AUDA or HET0016 showed no restoration in HbAlc levels compared
to control indicative that these drugs are independent of hypoglycemic effect. Prior to
sacrifice, animals were subjected to behavioral testing to assess peripheral damage caused
by increased blood glucose. Additionally, sciatic nerves were harvested from these

animals and assessed for peripheral nerve injury at the molecular level.
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Table 1: Metabolic Characteristics: Terminal body weights, glycated hemoglobin
(HbAZ1c) and serum circulating insulin levels in FVB control mice, MKR diabetic mice,
MKR diabetic mice treated with HET0016 (2.5 mg/kg) and AUDA (20mg/kg) for 17
weeks. Values are the means = SEM, HbA1c from n=5, and circulating insulin from n=
(4- 6).

Sciatic Nerve | Body Weight (g) | Blood Glucose HbA1c (%)
Control 30.44+2553 | 133.8+2553 4.1:0.64
Diabetic 2032+1.633 | 176.8+62.3 8.6+0.32"

Diabetic+AUD| 26,94 + 0.82 113 £ 13.91 9.1 1.04"

ey | 2722:1.68 139 + 29.89 9.40.9%

Reduced sensory and motor coordination in patients with peripheral nerve damage is
the major consequence of diabetes. It presents as a coalition of heightened sensitivity
(hyperalgesia and allodynia) in the early stages followed by a nearly complete loss of
sensation and motor function in later stages. Moreover, cognitive deficits and memory
loss in patients with brain damage is another consequence of diabetes. Here, nerve fibers
become damaged and might disappear and thus patients start having memory deficits and
general cognitive impairment. To reflect these diagnostic insights in real-life contexts,
intensive behavioral screening on our 4 animal model groups 1) non-diabetic controls
treated with the corresponding vehicle (FVB-Ctrl) 2) diabetics treated with the
corresponding vehicle (MKR-Db) 3) diabetics treated with HET0016 (MKR-

Db + HET0016) 4) diabetics treated with AUDA (MKR-Db + AUDA) was performed.
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29 weeks, non-obese type Il diabetic (MKR) mice were treated with CYP4A inhibitor,
HETO0016, or an sEH inhibitor, AUDA for 17 weeks. Sensorimotor coordination and
balance, neuromuscular interaction and strength were assessed by the raised beam
walking test, hind paw withdrawal test, and grip strength test respectively. Cognitive
abilities including long- and short-term memory, and spacial memory were also assessed

by Novel Object Recognition test and Y-maze alternation tests.

1. Restoration of Peripheral nerve function in T2DM Mice with AUDA or HET0016
Treatment.

The data from the raised beam walking test showed a relatively longer period for the
MKR diabetic group to cross the beam with a slower speed compared to the FVB control
group. Also, the MKR diabetic group showed an increased tendency to fault and stop in
comparison to their FVB controls that seemed to cross with minimal setbacks.
Importantly, the MKR diabetic group treated with AUDA or HET0016 showed a
significant decrease in the number of faults and stops when compared to untreated MKR
diabetic group (Figure 7 A-D). The grip strength test which is used to assess
neuromuscular strength shows that MKR diabetic group spent significantly less time
suspending relative to the FVB control group suggesting muscle weakness. Treatment
with HET0016 or AUDA restored muscle tone in diabetic mice, mimicking the FVB
controls, where the mice spent a significantly longer time hanging (Figure 8). The third
test was the Hind Paw withdrawal test, used to assess the thermal sensation. The results
showed that the MKR diabetic group took a significantly longer time to sense the heat

from the source and withdraw their paws by contrast to the FVVB controls. HET0016 and
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AUDA treated MKR diabetic mice had a significantly lower latency suggesting that the

treatment restored thermal sensation (Figure 9).
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Figure 7: Hyperglycemia-induced sensorimotor coordination deficits are rescued
upon treatment with sEH-inhibitor or 20-HETE synthase inhibitor Histogram
representing results from the raised beam walking test in FVB control group (FVB-Citrl)
(n=5), MKR-Diabetic mice (MKR-Db) (n=3), MKR-Diabetic mice treated with AUDA
(MKR-Db + AUDA) (n=4-5), and MKR-Diabetic mice treated with HET0016 (MKR-
Db+HETO0016) (n=5-6).) Histograms representing average time (A), average speed (B),
stops (C) and foot faults (D). *P<0.05.
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Figure 8: HET0016 or AUDA administration improves neuromuscular strength in
T2DM mice. Histogram representing results from Grip Strength Test. The latency to fall
was assessed in FVB control group (FVB-Ctrl) (n=3-4), MKR-Diabetic mice (MKR-Db)
(n=3), MKR-Diabetic mice treated with AUDA (MKR-Db + AUDA) (n=4), and MKR-
Diabetic mice treated with HET0016 (MKR-Db+HET0016) (n=5). *P<0.05.
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Figure 9: Restoration of nocifensive response T2DM mice following HETO0016 or
AUDA administration. Histogram representing results from the Hind Paw Withdrawal
Test in FVB control group (FVB-Ctrl) (n=5), MKR-Diabetic mice (MKR-Db) (n=5),
MKR-Diabetic mice treated with AUDA (MKR-Db + AUDA) (n=5), and MKR-Diabetic
mice treated with HET0016 (MKR-Db+HET0016) (n=5-6). *P<0.05.
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2. Alteration In the Expression of Major Myelin Proteins in MKR Diabetic Mice with
AUDA or HET0016

Then, we worked on correlating these obtained behavioral data with the molecular
results. Hence, concomitant with these behavioral defects, the sciatic nerve was analyzed
for protein expression. Peripheral Myelin Protein (PMP22) and Myelin Protein (MPZ) as
markers of peripheral injury, due to their crucial role in maintaining the integrity of the
peripheral myelin sheath. The role of CYP4A and CYP2C alteration as well as 20-HETE
and EET production on myelin protein expression and myelin injury were also observed.
MPZ tended to increase in the MKR diabetic group compared to FVB control group.
Treatments with AUDA or HET0016 also caused an increase in MPZ expression with
respect to the control group and showed no restoration in MPZ levels (Figure 10 A, B).
PMP22 expression was disrupted in the MKR diabetic group with respect to the FVB
control group, indicative of a homeostatic imbalance in its expression. Treatments with
AUDA or HET0016, showed a tendency of restoration in the PMP22 levels in sciatic
nerve tissue like the FVB control group (Figure 10 C, D). This result might account for
the behavioral defects observed in MKR diabetic group compared to the FVB control
group considering the importance of PMP22 in maintaining a healthy functioning myelin

sheath and peripheral nerve.
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Figure 10: Diabetes triggers myelin protein alterations. Representative western blot
analyses (A, C) and histogram (B, D) showing the MPZ and PMP22 expressions in the
sciatic nerve respectively of FVB Control (FVB-Ctrl) (n=4-5), MKR-Diabetic mice
(MKR-DDb) (n=3-4), MKR-Diabetic mice treated with AUDA (MKR-Db + AUDA) (n=4-
5) and MKR-Diabetic mice treated with HET0016 (MKR-Db+HET0016) (n=4-5).
*P<0.05.
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3. Alteration in CYP450 Enzymes in MKR Diabetic Mice with AUDA or HET0016
Next, we assessed the implication of 20-HETE and EET synthases, CYP4A and
CYP2C respectively. To our interest, we screened for the expression of CYP4A and
CYP2C via western blot in the sciatic nerve lysates. The results show a tendency of an
increase in CYP4A expression across all our groups, with the most significant increase
in the AUDA treated group (Figure 11 A, B). By contrast, CYP2C expression showed a
tendency to decrease in MKR diabetic group compared to the control group. Upon
treatment with HET0016 or AUDA, CYP2C expression tended to elevate like the FVB

control group (Figure 11C, D).
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Figure 11: Diabetes induces alterations in the CYP4A and CYP2C protein
expression in sciatic nerve of MKR mice. Representative western blot analysis (A, C)
and histogram (B, D) showing the CYP4A and CYP2C expressions in the sciatic nerves
of FVB control group (FVB-Ctrl) (n=3), MKR-Diabetic mice (MKR-Db) (n=3), MKR-
Diabetic mice treated with AUDA (MKR-Db + AUDA) (n=3), and MKR-Diabetic mice
treated with HET0016 (MKR-Db+HET0016) (n=3). *P<0.05.
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4. Diabetes Induces Alterations in the 20-HETE and EET Protein Expression in
Sciatic Nerve of MKR Mice

We asssessed the levels of 20-HETE and EET in the sciatic nerves of our animal
model.
Results showed that levels of EETs were significantly reduced in diabetic mice whereas
20-HETE levels were significanlty increased in diabetic mice when compared to the
control group. Treatment with AUDA showed significant restoration in EET levels in
diabetic mice thus mimicng the EET levels in the control group, however AUDA
treatment reduced 20-HETE levels. Animals treated with HET0016 showed a significant
reduction in 20-HETE levels compared to diabetic animals. EET levels were then
measured, and the results show an increase in EET levels compared to the diabetic.
Oxidative stress was shown to increase within the sciatic nerve of diabetic mice, which
is demonstrated by a significant increase in intracellular ROS production in MKR mice
compared to their control littermates. This was significantly reduced upon AUDA or

HETO0016 treatment (Table 2).
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Table 2: AUDA or HET0016 administration attenuates diabetes induced ROS
overproduction and affects 20-HETE and EET levels in sciatic nerve of T2D
mice.ROS overproduction was assessed in sciatic nerves isolated from FVB control,
MKR diabetic and MKR diabetic treated with AUDA or HET0016. Endogenous 20-
HETE and EET production was assessed via the HPLC analysis (n=5-6). *P<0.05.

I EET
Sciatic 20-HETE (pg/mg HPLC (ROS)
Nerve (pg/mg proteins)
proteins)
Control 7.83+22 125.76 +28.9 | 542.21 +66.5

Diabetic 109.76 + 15.5 28.3 +5.1% 3108+ 371.9*

Diabetic+A | o) 1o 94+ | 99.17+224 | 731.99 +52.7
UDA
Diabetic + . .
ETooje | 156486 | 653%17.5" | 668.93:44.1

5. AUDA Administration Reverses the Increase in SEH Protein Expression Caused by
Diabetes

SEH is a potential mediator of ischemic injury via its metabolism of neuroprotective
epoxyeicosatrienoic acids (EETs) into less effective (DHETS). Upon observing the
expression of sEH in the sciatic nerve, results showed a significant increase in the sEH
expression in MKR diabetic group compared to the FVVB control group. Notably, MKR
diabetic group treated with AUDA showed a significant reduction in the sEH levels

compared to untreated MKR diabetic group resembling the FVB control group. However,
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MKR diabetic group treated with HET0016 showed slight or no change with the untreated

MKR diabetic group (Figure 12).
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Figure 12 AUDA administration restores diabetes-induced increase in SEH protein
expression. An illustration of western blots showing SEH expressions in sciatic nerves of
FGVB control group (FVB-Ctrl) (n=4), MKR-Diabetic group (MKR-Db) (n=5), MKR-
Diabetic mice treated with AUDA (MKR-Db + AUDA) (n=5), and MKR-Diabetic mice
treated with HET0016 (MKR-Db +HET0016) (n=5) *P<0.05.

6. HET0016 or AUDA Treatment Reverses CYP4A and CYP2C Mediated HG-
induced ROS Production.

NADPH subunit is part of the CYP450 enzyme’s structure. The activity of NADPH
oxidase is directly correlated with the production of superoxide. Consequently, NADPH-
dependent ROS production was evaluated in the sciatic nerve’s lysates. Results indicate
that superoxide production significantly increased in diabetic mice compared to controls
and was notably reduced following treatment with HET0016 and AUDA. These findings
suggest that sciatic nerve injury is associated with elevated ROS production through a

NADPH-dependent pathway (Figure 13).
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Figure 13: sEH or 20-HETE Inhibitors normalizes NADPH dependent ROS
generation in T2DM mice. NADPH-induced ROS generation in sciatic nerve IN FVB
control group (FVB-Ctrl) (n=5), MKR-Diabetic mice (MKR-Db) (n=5), MKR-Diabetic
mice treated with AUDA (MKR-Db + AUDA) (n=5), and MKR-Diabetic mice treated
with HET0016 (MKR-Db+HET0016) (n=5). *P<0.05.

Together, our findings in so far verify the onset of diabetic neuropathy concomitant
with alterations in CYP expression. To progress further with our hypothesis, we next
wanted to examine the occurrence of brain injury simultaneously. To do that, our animals
were subjected to a battery of behavioral tests that assessed cognitive function modalities.

These tests assess short-term and long-term memory consolidation as well as learning.

7. Diabetes Induced Cognitive dysfunction in Short-term and Long-term Memory

Novel object recognition test is used to explore diverse facets of learning and memory
in mice. By testing the preference for novel objects over familiar ones, we can dive into

cognitive functions related to recognition memory, learning and exploratory behavior.
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Our results showed that FVVB controls spent more time exploring novel objects than old
objects in day 1 (short-term) and day 2 (long-term). As for MKR diabetics, mice explored
both old and new object for a relatively equal amount of time. Groups treated with
HETO0016 or AUDA spent significantly more time exploring the novel object than the
familiar one compared to the MKR diabetic group (Figure 14 A, B). To evaluate short
term memory in mice, Y-maze is an important tool. During this test, MKR diabetic group
failed to recognize the correct path compared to the FVB group and were not able to
remember a recently visited arm. However, percentage of successful alternations in
groups treated with HET0016 or AUDA was significantly higher than the untreated MKR

diabetic group and thus like the FVB control group (Figure 15).
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Figure 14: AUDA or HETO0016 administration restore diabetes-induced spacial
memory in T2DM mice. Behavioral assessments were performed in FVVB control group
(FVB-Ctrl) (n=5), MKR-Diabetic mice (MKR-Db) (n=5), MKR-Diabetic mice treated
with AUDA (MKR-Db + AUDA) (n=5), and MKR-Diabetic mice treated with HET0016
(MKR-Db+HET0016) (n=6) to assess the extent of CNS injury induced by diabetes.
Histograms representing exploration time of each object reflecting short term memory
(A) and long-term memory (B) during Novel Object Recognition. *P<0.05
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Figure 15: sEH or 20-HETE synthase inhibition restores Effect of treatment by
HETO0016 or AUDA on the spacial memory of T2DM mice. Behavioral assessments
were performed FVB control group (FVB-Ctrl) (n=5), MKR-Diabetic mice (MKR-Db)
(n=5), MKR-Diabetic mice treated with AUDA (MKR-Db +AUDA) (n=5), and MKR-
Diabetic mice treated with HET0016 (MKR-Db+HET0016) (n=5) to assess the extent of
CNS injury induced by diabetes. Histograms representing the percentage of successful
alternations during the Y-maze test reflecting spacial memory. *P<0.05.

8. Type 2 Diabetes-Induced Hyperglycemia Amplifies Beta-Amyloid Aggregation in
the Hippocampus

To further verify our findings, brain tissue was harvested from our animals and
screened for hallmark and classical markers of AD such as beta amyloid deposition. To
our interest, western blot analysis of hippocampus lysates reveal an increased expression
of beta amyloid in the MKR diabetic animals compared to the FVB controls.
Interestingly, AUDA or HET0016 intervention slightly but insignificantly decreased beta
amyloid expression. These data together necessitate further investigations to better

comprehend our finding (Figure 16).
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Figure 16: Hyperglycemia increases beta-amyloid deposition in the hippocampus of
T2DM mice. An illustration of western blots showing Beta-amyloid expressions in
hippocampus of FVB control group (FVB-Ctrl) (n=4), MKR-Diabetic group (MKR-Db)
(n=5), MKR-Diabetic mice treated with AUDA (MKR-Db + AUDA) (n=5), and MKR-
Diabetic mice treated with HET0016 (MKR-Db +HET0016) (n=5). *P<0.05

9. HETO0016 and AUDA Treatment alleviates oxidative injury in hippocampal and
prefrontal cortex in T2DM mice.

Next, we assessed the oxidative status of the brain tissue harvested from our animals
to be able to dissect the mechanism of injury common to peripheral and central nervous
system injury. We performed the NADPH oxidase assay on the prefrontal cortex and
hippocampus lysates to examine NADPH-dependent ROS production. This is of interest
in this study since NADPH reductase is a critical subunit and component of the CYP450
enzyme’s structure. The activity of NADPH oxidase is directly correlated with the
production of superoxide. Our results indicate that NADPH-dependent ROS production
significantly increased in diabetic mice compared to controls and was notably reduced
following treatment with HET0016 or AUDA.. Taken together, these findings suggest that
brain injury is associated with elevated ROS production through a NADPH-dependent

pathway, and this is concurrent with our observations in sciatic nerve tissue (Figure 17).
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Figure 17: Diabetes induced NADPH-dependent ROS generation which is
attenuated by HET0016 or AUDA. NADPH-induced ROS generation in the
hippocampus (15A) and PFC (15B) in FVB control group (FVB-Ctrl) (n=5), MKR-
Diabetic mice (MKR-Db) (n=5), MKR-Diabetic mice treated with AUDA (MKR-Db +
AUDA) (n=5), and MKR-Diabetic mice treated with HET0016 (MKR-Db+HET0016)
(n=5. *P<0.05.

B. Study?2

In parallel to our primary study, a pilot study was conducted in an animal model
characterized by sporadic onset of AD. The aims of this study were to investigate and
dissect the mode of injury between central and peripheral nervous system tissue in a non-
diabetic setting, and to verify the contribution of CYPs to the pathology in sciatic nerve
as well as brain tissue. To do that, we utilized the AD animal model whereby the murine
FVB strain was subjected to intracerebroventricular injections of Streptozotocin to model
brain injury like that of AD. Thus, our animal groups in this pilot study consist of FVB

controls, MKR-Diabetics, and FVB-controls treated with icv STZ (AD).
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Table 4 shows no significant change in body weights and blood glucose in control,
diabetic and AD model. However, there was a significant increase (2-folds) in glycated
hemoglobin levels (HbA1c) in diabetic mice compared to the control group. AD model
showed similar levels of HbAlc compared to the control (Table 4).

Table 3: Metabolic Characteristics: Terminal body weights, glycated hemoglobin
(HbA1c) and serum circulating insulin levels in FVB control mice, MKR diabetic mice,

and AD model. Values are the means + SEM, HbA1c from n=5, and circulating insulin
from n= (4- 6).

Sciatic Nerve | Body Weight (g) Blood Glucose HbA1c (%)
Control 30.44 + 25.53 133.8 +25.53 4.1+0.64
Diabetic 29.32 + 1.633 176.8 +62.3 8.6+0.32"

AD model 25.94 + 0.82 113 + 13.91 5.2+ 0.6

1. lcv-STZ Injections Caused Impairments in the Cognitive Abilities of T2DM mice
We first performed behavioral testing to be able to phenotype our animal model. We
used the Novel Object Recognition (NOR) test to examine short and long-term memory
(Figure 18 A, B) and the Y-Maze test for spacial memory (Figure 19). Our findings
reveal a decline in the cognitive ability of AD model compared to the FVVB control group.

Similar findings were obtained in the MKR-Db animals.
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Figure 18: Novel Object Recognition Test reveals recognition impairment in
diabetic mice like the AD model. Behavioral assessments were performed in FVB
control group (FVB-Ctrl) (n=5), MKR-Diabetic mice (MKR-Db) (n=5), FVB controls
with Icv-STZ injection (AD) (n=7) to assess the extent of CNS injury induced by diabetes.
Histograms representing exploration time of each object reflecting short term memory
(A) and long-term memory (B) during Novel Object Recognition. *P<0.05.
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Figure 19: Effect of Icv-STZ Injection on the Spacial Memory of T2DM mice.
Behavioral assessments were performed in FVB control group (FVB-Ctrl) (n=5), MKR-
Diabetic mice (MKR-Db) (n=5), FVB controls with Icv-STZ injection (AD) (n=7) to
assess the extent of CNS injury induced by diabetes. Histograms representing the
percentage of successful alternations during the Y-maze test reflecting spacial memory.
*P<0.05.
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2. lcv-STZ Injection Enhances Beta-Amyloid Accumulation in the Hippocampus of
FVB-Control Mice

To correlate our behavioral findings, we screened for beta-amyloid deposition to
verify the cognitive decline observed in our animal model at the molecular level. To do
that, we performed a western blot analysis on prefrontal cortex tissue harvested from our
animals. To our interest, we found a significant increase in beta-amyloid deposition in
the diabetic animals compared to controls, and this increase was almost two-fold in the
AD group compared to controls. These data indicate significant brain injury in direct

correlation with our observed behavioral findings (Figure 20).
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Figure 20: Icv-STZ injection increases beta-amyloid deposition in the hippocampus
of FVB-control mice. An illustration of western blots showing Beta-amyloid expressions
in hippocampus of FVB control group (FVB-Ctrl) (n=4), MKR-Diabetic group (MKR-
Db) (n=5), FVB controls with Icv-STZ injection (AD) (n=7). *P<0.05.

3. Increase in ROS Production in the Central Nervous System Following
Streptozotocin (STZ) Treatment

We evaluated the NADPH-dependent production of ROS in the hippocampus and
PFC in AD group. Results revealed an increase in ROS production in diabetic mice as

well as AD group compared to the control group. (Figure 21).
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Figure 21: Increase in ROS production in the hippocampus and PFC following Icv-
STZ injection. NADPH-induced ROS generation in hippocampus (A) and PFC (B) FVB
control group (FVB-Ctrl) (n=5), MKR-Diabetic mice (MKR-Db) (n=5), FVB controls
with Icv-STZ injection (AD) (n=7). *P<0.05.

To assess whether STZ injections in the brain cause Alzheimer like symptoms or have
any effect on the PNS, we conducted several behavioral tests evaluating both cognitive
decline and peripheral injury. FVB controls, MKR mice, and AD model were subjected
to the following memory tests: the Novel Object Recognition test and Y-maze test and
peripheral tests: Beam Walking test, Grip strength test and the Hind Paw Withdrawal test.
First, we assessed the effect of STZ injection in the brain on the motor coordination and

balance, pain sensation and muscle tone.

4. Behavioral Data from AD Model Exhibit No Peripheral Nerve Impairments
The data from the raised beam walking test showed a relatively longer period for the
MKR diabetic group to cross the beam with a slower speed compared to the FVB control

group. Also, the MKR diabetic group showed an increased tendency to fault and stop in
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comparison to their FVB controls that seemed to cross with minimal setbacks.
Interestingly, the AD group exhibit a performance like the FVB control group (Figure 22
A-D) We then assessed the neuromuscular strength in our mouse models by the Grip
Strength Test. Data revealed a significant reduction in the latency to fall in MKR diabetic
model compared to the FVB control group. However, AD model showed a restoration in
muscle strength like the FVB controls (Figure 23 A). Then, we assessed the nociceptive
response to thermal stimuli using the Hind Paw Withdrawal test. The data show a
significant increase in the withdrawal latency of MKR diabetic group compared to FVB
control group. AD model showed a significant decrease when compared to the MKR
diabetic group mimicking the FVB control group (Figure 23 B). Together, these findings
reveal a slight but insignificant effect of Icv-STZ injections in the sporadic AD murine
model on peripheral nerve function. However, to further investigate, we performed a

molecular assessment of the sciatic nerve tissue harvested from these animals.
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Figure 22: Effect of Icv-STZ Injections on the motor coordination and balance in
FVB control mice. Histograms representing results from the Raised Beam Walking Test
in FVB control group (FVB-Ctrl) (n=5), MKR-Diabetic mice (MKR-Db) (n=5), FVB
controls with Icv-STZ injection (AD) (n=7). Histograms representing average time (A),
average speed (B), stops (C) and foot faults (D). *P<0.05.
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Figure 23: Effect of Icv-STZ Injections on the Neuromuscular Function and
Nociception in FVB Control Mice. Latencies reflecting neuromuscular strength
assessed by the grip strength test in FVB control group (FVB-Ctrl) (n=3-4), MKR-
Diabetic mice (MKR-Db) (n=5), FVB controls with Icv-STZ injection (AD) (n=7) (A).
Nociception latencies assessed by Thermal Hind Paw Withdrawal Test FVB control
group (FVB-Ctrl) (n=5), MKR-Diabetic mice (MKR-Db) (n=5), FVB controls with Icv-
STZ injection (AD) (n=7)) (B). *P<0.05.

5. lcv-STZ Injections Showed Minimal Damage in the Periphery of FVB Control
Mice

To assess the effect of STZ injections at the molecular level, and to better correlated
our behavioral findings, the sciatic nerve was analyzed for protein expression of MPZ
and PMP22. Western blot analyses reveal alterations in expression of myelin proteins in
the diabetic group, as well as in the AD group compared to the FVB control group. This
is indicative of a disruption in major myelin proteins potentially caused by STZ injection
in the brain (Figure 24 A-D). We also measured the expression of CYP2C and CYP4A.
The data show a marked increase in CYP4A expression in AD model compared to
controls as well as the diabetic littermates. Moreover, CYP2C was markedly reduced in
both, diabetic as well as AD animals relative to controls (Figure 25 A-D). Finally, sEH

expression was slightly elevated in sciatic nerves of diabetic animals compared to

66



controls whereas in the AD group, there was no significant observed change in expression

(Figure 26).
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Figure 24: Effect of the Icv-STZ injections on the expression of major myelin
proteins MPZ and PMP22. Representative western blot analyses (A, C) and histogram
(B, D) showing the MPZ and PMP22 expressions in the sciatic nerve respectively of FVB
control group (FVB-Ctrl) (n=3), MKR-Diabetic mice (MKR-DDb) (n=4-5), FVB controls
with Icv-STZ injection (AD) (n=5) *P<0.05.
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Figure 25: Icv-STZ Injections Cause Alterations in CYP4A and CYP2C
Expressions. Representative western blot analysis (A, C) and histogram (B, D) showing
the CYP4A and CYP2C expressions in the sciatic nerves of FVB control group (FVB-
Ctrl) (n=3-5), MKR-Diabetic mice (MKR-Db) (n=5), FVB controls with Icv-STZ
injection (AD) (n=3-5). *P<0.05.
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Figure 26: Icv-STZ injection showed no effect on sEH expression in FVB control
mice. An illustration of western blots showing sEH expressions in sciatic nerves of FVB
control group (FVB-Ctrl) (n=4), MKR-Diabetic mice (MKR-Db) (n=4-5), FVB controls
with Icv-STZ injection (AD) (n=5). *P<0.05.

6. Changes in 20-HETE and EET Profiles Induced by Icv-STZ Injections

We asssessed the levels of 20-HETE and EET in the sciatic nerves of our animal
model. Results showed that levels of EETs were significantly reduced in diabetic mice
whereas 20-HETE levels were increased in diabetic mice when compared to the control
group. AD mice showed significant restoration in EET levels in diabetic mice thus
mimicking the EET levels in the control group, with a slight but significant normalization

in 20-HETE (Table 4).
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Table 4: Icv-STZ Injections Cause Alterations in 20-HETE and EET Expressions.

ROS overproduction was assessed in sciatic nerves isolated from FVB control, MKR
diabetic AD Model. Endogenous 20-HETE and EET production was assessed via the
HPLC analysis (n=5-6). *P<0.05.

EET
Sciatic Nerve 20-HETE . HPLC (ROS)
(pg/mg proteins) (pg/mg proteins)
Control 7.83+22 125.76 + 28.9 542.21 £ 66.5
Diabetic 109.76 + 15.5 28.3+5.1" 3108+ 371.9*
AD Model 42.21 £11.3* 111.7 +32.3 611.52 +58.4

7. Increase in ROS Production in the Central Nervous System Following
Streptozotocin (STZ) Treatment

Next, we assessed the NADPH-dependent ROS production in the sciatic nerve
lysates. Results indicate that superoxide production significantly increased in diabetic
mice compared to controls and a significant decrease in ROS production in AD group
(Figure 27). These findings indicate that peripheral nerve injury, although not apparent
at the behavioral level, was concurrent with brain injury triggered by STZ injection. The
peripheral nerve was not fully protected from the repercussions of sporadic AD onset;

however, this remains subject to further investigations and experimentation.
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Figure 27: Icv-STZ injections-maintained ROS levels in FVB control group.
NADPH-induced ROS generation in sciatic nerve in FVB control group (n=5), MKR
diabetic group) (n=5) and AD group (n=7). *P<0.05.
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CHAPTER V

DISCUSSION

Diabetes currently stands among the leading challenges to healthcare systems due
to the immense burden of the associated complications. Diabetic neuropathy is one of the
most common complications diagnosed among patients with diabetes. DN can be
categorized into peripheral, central, autonomic and focal neuropathies. Diabetic
peripheral neuropathy (DPN) is one of the most common complications among patients
with diabetes, which to date, has not been fully understood and without effective
treatment regimens. Previous work in our laboratory has aimed to investigate CYP
enzymes as a key contributor to the pathogenesis of DPN as well as potential therapeutic
targets to alleviate diabetes-induced peripheral nerve injury, as well as other
complications [164, 165] [166]. On another note, cognitive decline and dementia, also
known as type 3 diabetes (T3D), lies under the umbrella of central neuropathy. With
manifestations like AD onset, T3D is considered a non-conventional complication of
diabetes that is on the rise. Likewise, the pathogenesis throughout disease progression is
not understood. Stemming from the chronic and progressive nature of the disease, this
study aimed to investigate the commencement of DPN concomitant with screening for
the occurrence of brain injury within the context of central neuropathy. We pay particular
attention oxidative injury, and to the role of CYP 20-HETE and EET synthases, CYP4A
and CYP2C isoforms respectively, as well as the SEH enzyme and its EET-stabilizing
role using pharmacological agents as potential remedies to both pathologies. Collectively,
we aim to elucidate the extent to which DPN is linked to CNS injury. In this study, we
investigated the correlation between diabetes-induced peripheral nerve and brain damage

to delineate pathogenic mechanisms common to both pathologies.
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Clinically, patients diagnosed with diabetes are at a high risk of developing
cognitive decline leading to dementia due to neuronal loss. Moreover, movement
impairments in individuals with diabetes have historically been attributed to DPN. A large
proportion of patients also experience numbness, tingling sensations, and pain in the form
of pins and needles. In fact, T2D is reported to affect sensorimotor coordination leading
to the loss of proprioception and balance [167] that might potentially lead to allodynia
and hyperalgesia [168]. In our model of T2D, the MKR murine model characterized by
peripheral insulin resistance, these clinical phenotypes were reflected in our behavioral
screening tests. The diabetic animals exhibited deficits in motor coordination and balance
in the beam walking test demonstrated in the significant increase in the average time,
number of faults and stops, owing to a significant decrease in the average speed compared
to the FVB control littermates. Similarly, Data from the grip strength test revealed a
significant reduction in the latency to fall in the MKR diabetic group compared to the
FVB control group, revealing weakness in the muscle tone. Along the same lines, pain
perception and nocifensive responses of these diabetic mice were shown to be defective
reflected in the significant increase in withdrawal latency in response to the thermal
stimulus in the Hind paw withdrawal test relative to the control littermates. Interestingly,
SEH-inhibition or 20-HETE synthases inhibition via AUDA or HET0016 respectively,
was shown to mitigate these sensory and motor deficits in the diabetic animals in all
behavioral tests. Together, these findings promote their value as therapeutic strategies for

managing diabetic-induced peripheral nerve damage.

The homeostatic expression of myelin proteins and the integrity of Schwann cells
are essential indicators of healthy myelination and peripheral nerve function [169] [170].

Studies have shown that diabetes induced alterations in SCs leads to disruption of its
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metabolism, thereby resulting in an accumulation of neurotoxic intermediates and
reduced support to neuron that leads to neuropathy. Additionally, MPZ and PMP22 are
both crucial for the proper functioning of the myelin sheath, which is essential for
efficient nerve signal conduction. PMP22 contributes significantly to the structural
integrity and stability of the myelin sheath by maintaining its compactness and
organization. Disruptions in the expression of myelin proteins can harm the myelin sheath
surrounding neuronal axons, leading to nerve dysfunction and degeneration [171].
Research has shown that diabetes and hyperglycemia can cause such damage by altering
myelin protein expression [172]. Evidence suggests that the aggregation of PMP22 and
the impaired clearance of defective myelin proteins contribute to demyelinating
conditions, such as Charcot-Marie-Tooth type 1A (CMT1A) neuropathies [57] and, more
recently, T2D [173]. However, the mechanisms through which diabetes affects myelin
proteins remain poorly understood. Our molecular assessment of sciatic nerves from our
diabetic animal model reveals alterations in myelin proteins MPZ and PMP22 expression
in the peripheral nerves of diabetic mice correlating with the observed behavioral deficits.
However, animals treated with either AUDA or HET0016 show no effect at the molecular
level. Thus, these treatments were not capable of normalizing myelin protein profiles,

indicating their mode of neuroprotection to commence via other mechanisms.

To that end, we assessed the oxidative status of the sciatic nerves and examined
the expression of CYPs as a prominent source of ROS. A substantial body of research,
including studies conducted by our group [92, 158] [174] demonstrates that chronic
hyperglycemia leads to increased production of ROS, resulting in oxidative stress, which
is currently the leading unifying mechanism linking the pathogenesis of multiple diabetic

complications, including DPN. Although several studies have suggested that ROS are
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involved in peripheral nerve injury, the underlying mechanisms remain poorly
understood. Previous research in our lab has linked the upregulation of CYP4A and
CYP2C, triggered by hyperglycemia, to increased oxidative stress due to 20-HETE and
EET production, which subsequently results in damage to kidney tubule podocytes [92]
and in lung endothelia [175]. In this study our data showed the alterations in Cytochrome
P450 enzymes mainly CYP4A and CYP2C in the sciatic nerve of diabetic mice. In the
nervous system, according to literature, CYP4A and CYP2C are expressed in the brain
[162, 163]. However, their expression in the brain is not uniform and their levels vary
across different regions in the brain. Furthermore, it was shown that CYP4A expression
increases in the sciatic nerve of diabetic mice [56]. To date, no description is available as
to whether EET-synthase isoforms, including CYP2C, is expressed in the sciatic nerve.
Although studies that target EET-stabilization have been investigated in the context of
DPN with promising outcomes, molecular assessments have not been reported [176].
CYP2C is a main CYP450 epoxygenase enzyme that primarily functions in the
metabolism of AA to biologically active EETs in various tissues [177]. Our results
showed that both CYP4A and CYP2C are expressed in the sciatic nerve. Our data show
CYP2C tended to decrease in the sciatic nerve of MKR diabetic group compared to the
FVB control group, whereby in the AUDA or HET0016 treated groups, there was a slight,
non-significant tendency of restoration. As for 20-HETE synthase, CYP4A, a recent
study in our lab showed that hyperglycemia induces oxidative damage in the PNS by
activating CYP4A/20-HETE pathways. Upon investigating levels of CYP4A expression
in our mouse models, we found that diabetes induced a slight increase in the CYP4A
expression as seen in the sciatic nerve of MKR diabetic group compared to the control.

This increase was not intercepted upon treatment with neither AUDA or HET0016. These
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findings are subject to further experimentation, perhaps by screening for other isoforms
that may be expressed and responding to these treatments. To further investigate, we
performed an HPLC analysis to determine 20-HETE and EETs levels in the sciatic nerve
of our animals. Results showed that levels of EETs were significantly reduced in diabetic
mice whereas 20-HETE levels were significanlty increased in diabetic mice when
compared to the control group. Treatment with AUDA showed significant restoration in
EET levels in diabetic mice thus mimicng the EET levels in the control group, however
AUDA treatment reduced 20-HETE levels. Animals treated with HET0016 showed a
significant reduction in 20-HETE levels compared to diabetic animals. EET levels were
then measured, and the results show an increase in EET levels compared to the diabetic.
Oxidative stress was shown to increase within the sciatic nerve of diabetic mice, which
is demonstrated by a significant increase in intracellular ROS production in MKR mice
compared to their control littermates. This was significantly reduced upon AUDA or

HETO0016 treatment.

More importantly, EETs exert beneficial effects on insulin resistance and/or
hypertension. However, they could be readily converted to less biological active diols by
soluble epoxide hydrolase (SEH). Yet whether sEH inhibition can ameliorate the
comorbidities of insulin resistance and the underlying mechanisms is still unclear [178].
Several studies have indicated the expression of SEH in several parts of the brain [179,
180] However its expression in the periphery is still vague. Results from western blot
analysis of sciatic nerve lysates revealed a significant increase in SEH expression
compared to the FVB controls. When treated with AUDA, there was a significant
reduction in SEH expression, validating our treatment regimen. However, interestingly,

HETO0016 had no effect on SEH expression
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Concurrent with these findings, NADPH-dependent ROS formation as well as
superoxide generation were shown to be elevated in sciatic nerve tissue from diabetic
animals’ indicative of a state of oxidative stress mediating nerve injury. Interestingly,
AUDA or HET0016 administration significantly normalized the oxidative state, which
may partially explain the observed remedial effect at the behavioral level of these animals.
More to the point and notably, CYP450 enzymes are associated with a NADPH ROS-
producing catalytic center. Thus, these findings underscore the association of CYP4A/20-
HETE and CYP2C/EETs imbalance with increased ROS production through an NADPH-
dependent pathway, in line with recent data that verified the role of NADPH oxidase

enzymes in the pathogenesis of DPN [181].

Given these findings, we moved our investigation deeper into the nervous tissue
and correlated our results with an assessment of cognitive and executive functions of the
brain at the behavioral level in diabetic animals. We assessed central cognitive injury to
correlate our findings with the peripheral nerve function in our animal groups. We aimed
to examine the repercussions of the observed diabetes-induced disturbance in CYPs,
myelin protein profiles and oxidative status in the sciatic nerve with proximal and deeper
nervous tissue damage. Strikingly, the battery of cognitive behavioral tests assessing
short-term, long-term and spatial working memory modalities of high cognitive function
returned findings from the diabetic animals whereby significant cognitive deficits were
apparent. In the NOR test, diabetic mice spent almost the same amount of time exploring
the two objects while the FVB-control mice showed more interest in exploring the novel
object. Both AUDA and HETO0016 treated groups showed a restoration of short- and long-
term memory by spending a significant more time exploring the novel object than the

familiar one, thus mimicking the behavior of the FVB control group. This shows the
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efficacy of the treatment in improving the cognitive abilities of the diabetic mice. During
the Y-maze test, spontaneous alternation or the spacial working memory was assessed.
Diabetic mice have significantly failed to recognize the correct arm compared to the FVB
control group. When compared to the diabetic group, the AUDA and HET0016 groups
showed higher percentage of successful alternations between arms where they were able
to remember the recently visited arm, showing a restoration of spacial learning and
memory in the treated groups. Together, these data are suggestive of the occurrence of
brain injury simultaneous to the deleterious and accumulating deterioration occurring the

peripheral nerve.

To that end, we next aimed to investigate this mechanism of injury in a unique
animal model mimicking sporadic AD (SAD) onset via the intracerebroventricular
injection of streptozotocin (AD model), disrupting insulin signaling in the CNS and
triggering brain damage. Research showed that the AD model has been proposed as a
representative model of SAD [182], since it induces biochemical and cognitive impacts
together with an insulin-resistance in the brain in a standardized and reproducible manner
in all investigated species (rats, mice, and monkeys). To assess whether STZ injections
in the brain cause Alzheimer like symptoms and whether they have any effect on the PNS,
we conducted a pilot study consisting of an animal model injected with STZ in the left
ventricle of the brain. Following recovery from the surgery several behavioral tests

evaluating both cognitive decline and peripheral injury were done.

Novel object recognition is related to hippocampal memory, hence any impairment
caused in the hippocampus would impair their behavior in NOR [183]. Indeed, data in

our lab showed that 3 mg/kg of STZ injection induced a deficit in short and long-term
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object recognition memory (24 h after the training session). The AD mice exhibited
deficits in distinguishing novel from familiar objects indicative of dysfunction in
recognition memory on the short-term and long-term assessment phases of this test, like
the diabetic animals. This finding is consistent with a previous study in which memory
deficits in mice were observed as a decrease in spontaneous movement and exploration
when injected with icv-STZ [184]. Similarly, AD mice exhibited defective spatial
memory owing to a significantly lowered alternation score, like that of the diabetic
animals. These data verify brain cognitive dysfunction following icv-STZ injections, or
diabetes onset. These data were further verified through western blot to confirm brain
injury in the hippocampal region whereby beta-amyloid protein expression was assessed.
One hallmark of AD-associated injury is the buildup of beta-amyloid plaques in the brain,
which we were interested to assess to confirm the commencement of injury following
icv-STZ injections. Our data revealed significant increase in beta-amyloid deposition
both in the diabetic hippocampus as well as the hippocampal lysates from AD group,
which was 2-fold higher than that of non-injected FVB controls. The elevations in beta-
amyloid was concurrent with elevated NADPH-dependent ROS production in both
prefrontal cortex and hippocampal regions in both animal models, diabetic as well as AD
model. These data partially explain the poor performance of the animals in the cognitive

behavioral assessment.

We next examined peripheral nerve function using behavioral screening tests. It
was shown that upon conducting the raised beam walking test the performance of AD
model was enhanced relative to the diabetic mice who travelled slower on the beam with
more faults and stops. Likewise, the Grip Strength test used to assess muscular tone and

neuromuscular strength showed an improved ability to maintain a grip in AD model
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compared to the diabetic mice. Hence STZ injections in the brain appear to have no direct
effect on motor function and balance in addition to muscle tone. The Hind Paw
Withdrawal test was conducted to assess thermal and pain perception, AD model showed
a relatively larger tolerance to pain in comparison to the diabetic mice suggesting no loss
of sensation caused by STZ injection. These findings are indicative of normal peripheral

nerve function, at the behavioral level.

To support our behavioral results, we examined sciatic nerve lysates from these
animals via western blots to study the protein expressions at the molecular level. Recent
studies explored the phosphorylated insulin receptors in the periphery of AD like model.
Results showed a reduction in the insulin receptor expression in the sciatic nerve of STZ
and APP transgenic mice after 12 weeks of diabetes [185]. Additionally, recent extensive
studies indicated that the myelin injury is relevant to neurodegenerative disease such as
AD that was found to have a great effect on myelin destruction and loss [186] [185]. In
our study, we were first to show the expression of MPZ and PMP22 in AD model. Results
of western blot analyses revealed alterations in expression of myelin proteins in the
diabetic group, as well as in the AD group compared to the FVB control group. This is
indicative of a disruption in major myelin proteins potentially caused by STZ injection in
the brain, despite ‘normal’ behavioral performance, which is paradoxical, necessitating

further investigation.

Moreover, we studied the expression of CYP4A and CYP2C. Previously, a study
showed elevated expression of CYP450 in the liver of STZ induced rats when compared
to the control [187, 188]. Our data show a marked increase in CYP4A expression in FVB

controls subjected to STZ injections compared to controls as well as the diabetic mice.
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Moreover, CYP2C was markedly reduced in both, diabetic as well as AD animals relative
to controls. These results are like our findings from the previous study, indicative of a
common mechanism of peripheral nerve injury in both pathologies, diabetes and AD. Our
data further lend support to the notion that STZ injection in the brain may trigger central
insulin resistance, that may in turn disrupts CYP balance in the periphery. Finally, sEH
expression was slightly elevated in sciatic nerves of diabetic animals compared to
controls whereas in the AD group, there is a tendency of an increase, although additional

experimentation is needed properly comprehend our result.

Our data were further correlated with the oxidative status of brain regions and the
sciatic nerve. We assessed oxidative stress using the NADPH-oxidase assay and HPLC.
Our findings show a significant increase in oxidative injury within SN, PFC, and
hippocampal regions of diabetic mice as well as AD mice. Collectively, these results
show that ROS overproduction is a key mechanism common to both diabetes progression
as well as brain injury due to Icv-STZ injections. More importantly, our data from the
AD group highlight that oxidative stress ensues throughout the entire nervous system,
from ‘head-to-toe’ as evidenced by the rise in ROS production in the sciatic nerve, and

multiple brain regions. [189-191]
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CHAPTER VI

CONCLUSION

Considering the alarming rise in diabetes mellitus (DM) and its potential link to
cognitive and peripheral nerve damage, understanding the relationship between these
conditions is crucial for public health systems. It is essential for determining the right
clinical interventions to reduce the risk within the population. This study sheds light on
key connections between peripheral nerve injuries and central cognitive decline in two
important pathologies, diabetes as well as sporadic AD, paving the path to further
investigations that aim to elucidate mechanisms of injury for patients with Type 3
Diabetes. We highlight the important role of CYPs as key mediators and contributors to
the pathology, which needs further experimentation to better understand the mode of

injury mediated by their metabolites, 20-HETE and EET.

A. Limitations

Although this research contributes to the field, notable limitations that restrict the
scope of our results should be addressed to present a more extensive insight of the
mechanism linking peripheral and central injuries in diabetes. One primary limitation is
the relatively small sample size of the mouse model. Increasing the sample size could
enhance the robustness and reliability of the result. Moreover, further investigations into
the CYP450 pathway and additional data on 20-HETE and EETs in the central and
peripheral nervous system will provide better insight in this topic. In this study, ROS

levels were not directly measured since the focus was on sources of ROS production
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(cytochromes). This indicates that there was no direct quantification of ROS and its

correlation with other identified sources was not achieved.

B. Future perspectives

This study opens future perspectives that include screening of a broader range of
biomarkers such as markers for insulin resistance and inflammation that will complete
the initial idea of this study, and in a more complex model, featuring both diabetes and
AD onset to reflect the clinical cohort of patients with both pathologies. More
experiments such as immunohistochemistry and PCR should be done on the sciatic nerve
for more significant data. 20-HETE and EETs expressions were examined in the blood,
for future work, assessing their levels should be done directly on the tissue, the sciatic
nerve in our case. This would provide a better insight into their potential contributions to

neurological processes and injuries.
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