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ABSTRACT

OF THE THESIS OF

JUDITH JEOAMA NWAIWU for Master of Science
Major: Biochemistry and Molecular Genetics

Title: Strict Western Diet (WD) Induces Mild Metabolic Syndrome and Aggravates the
Secondary Injury Pathophysiology in an Experimental Mouse Model of Traumatic

Brain Injury.

Traumatic brain injury (TBI) and lifestyle habits such as Western diet (WD)
consumption represent two risk factors that affect an individual’s health outcome
globally. Individuals with TBI have a greater risk of mortality from associated chronic
diseases (e.g., diabetes, heart disease, hypertension) than the general population. WD
has been shown to impair cognitive function and decreases the capacity of the brain to
compensate for insult by affecting recovery. WD consumption induces metabolic
syndrome (Mes) which may be a risk factor for poor TBI prognosis. Hence, this study
aims to determine the potential of WD-induced Mes to aggravate TBI behavioral
outcomes and neuropathology. Eight weeks old male C57BL6 mice were placed on
either WD or normal chow (NC) diet for 4 weeks prior to TBI induction. At week four,
mice were subjected to a controlled cortical injury (CCI) experimental TBI or sham
procedure. After injury induction, mice continued on their respective diet for four
weeks. Neurological and cognitive evaluations were assessed by a battery of tests
including pole climbing, grip strength, rotarod, and Morris water maze (MWM) before
sacrifice. To assess cardiovascular function, echocardiography and blood pressure were
measured, and fat percentage was assessed by Nuclear Magnetic Resonance (NMR)
before and after brain injury. Blood glucose was examined weekly for 8 weeks. In
addition, mitochondrial function, plasma cholesterol, neuroinflammation, and
neurodegeneration were investigated. Results showed that WD significantly increased
fat percentage, elevated plasma cholesterol, induced neuroinflammation, and impaired
cognitive functions. However, there was no significant impact on cardiovascular
function and mitochondrial bioenergetics. Taken together, our work indicated that WD
can exacerbate the neuropathology of TBI, and alter behavioral outcomes; however,
other physiological changes were shown to be mildly affected. Further research is
needed to assess these changes.
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CHAPTER |

INTRODUCTION

Traumatic brain injury (TBI) refers to the structural brain damage or physiological
changes in brain function caused by an external force [1]. It is a significant global
neurological disorder and the leading cause of mortality and disability among individuals
under the age of 40 [2]. The most common causes, according to the Center for Disease
Control and Prevention (CDC) in the United States (US), are violence, accidents, and
sports. In addition, there are approximately 288,000 TBI hospitalizations each year, with
males accounting for 78.8% [3]. TBI can be classified based on types, severity, location,
injury mechanism, and physiological response [4]. Based on severity, TBI can be
classified as mild, moderate, and severe types. The injury severity has a significant impact
on the clinical symptoms of TBI [3].

The pathophysiological mechanisms of TBI are divided into two phases: primary
injury and secondary injury. The primary injury is the direct damage exerted on the brain
tissue while the secondary injury involves the molecular and cellular cascade events
responsible for subsequent cerebral damage and ultimately cell death [5]. Secondary
injury cascade includes ionic imbalance, neuroinflammation, glutamate excitotoxicity,
oxidative stress, and mitochondrial dysfunction [6]. The complexity of biochemical and
molecular signaling linkages involved in TBI contributes to its pathophysiology, and
these sophisticated connections are the key roadblock in TBI research, restricting
therapeutic development and clinical practice advances [7]. Common therapeutic
strategies for TBI include hyperbaric oxygen therapy (HBOT), hypertonic therapy,
noninvasive brain stimulation, drug therapy, biological therapy, and rehabilitation

therapy among others [5, 8]. However, no treatment strategy has proven satisfactory or
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approved by FDA [9] thus, many patients show poor prognosis and will require lifelong
care due to their severe disability [10].

In addition, individuals with TBI have a greater risk of mortality from associated
chronic diseases (e.g., diabetes, heart disease, hypertension) than the general population
[11]. There is emerging evidence that many individuals with TBI demonstrate a high
incidence of being overweight or obese [12, 13]. Similarly, a longitudinal study reported
that over 50% of 72887 participants were overweight or obese at the time of follow-up
and weight problems were substantially linked with hypertension, heart failure, diabetes,
and poorer self-reported health [14]. Obesity development is significantly triggered by
nutrition and lifestyle. The change in diet and lifestyle in recent human history has
resulted in severe metabolic distortion such as hyperinsulinemia, hyperlipidemia, low-
grade inflammation, and dysfunction of the sympathetic nervous system among others
[15]. Among the debilitating diet is the high fat/high sucrose diet (HFS) also known as
the Western diet (WD) which contains high-glycemic/high-insulinemic carbohydrates
and is associated with numerous physical and mental health comorbidities. [15, 16]. WD
has been implicated in the deterioration of numerous physiological systems including the
nervous system [17-20]

In studying the impact of diet on TBI outcomes, it is important to note that several
diet formulations such as high-fat diet (HFD) (>30% of energy from fat) [21], high
fat/fructose diet (HFFD) and HFS/WD [22] has been used in different TBI models. There
exists a discrepancy in these studies which might be linked to different diet formulation,
diet exposure duration, TBI model (mild, moderate, or severe), injury induction
procedure, injury stage (acute, sub-acute, or chronic), and animals (species and age).

Previous studies have indicated that HFS decreases the capacity of the brain to
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compensate for insult by decreasing brain-derived neurotrophic factor (BDNF) levels in
the hippocampus [22], and impaired cognitive and working memory in a CCI rat model
[23]. Moreover, a type-2 diabetic mellitus rat model fed HFD demonstrated worsened
hippocampal injury at an intermediate stage after TBI [24]. To the best of our knowledge,
no study has investigated the neuropathology of TBI in relation to diet-induced metabolic
syndrome (Mes).

WD and TBI can impact similar pathways in the neurological system suggesting
that there may be an interplay between both conditions in aggravating the neuropathology
of TBI. Interestingly, recent work from our lab reported altered cardiovascular functions
in addition to worsening neuropathology in mice fed high-fat and subjected to TBI. Thus,
complications resulting from TBI, coupled with being overweight or obese [25], and diet-
induced metabolic syndrome (Mes) can further impair the neuro-related functions, and
impact the general health of individuals sustaining TBI or with a previous history of TBI.
Of interest, WD can impact molecular pathways observed in the secondary injury of TBI
pathophysiology; in addition, it can induce Mes. Yet, little is known about the exact
interplay mechanisms between WD-induced Mes and TBI. Thus, we hypothesized that
WD would exacerbate TBI outcomes via inducing metabolic syndrome and impacting

pathways in the secondary injury.
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CHAPTER 11

LITERATURE REVIEW

A. Epidemiology and Classification of Traumatic Brain Injury

1. TBI as a Global Concern

TBI is a significant global public health concern and a major contributor to mortality
and morbidity around the world. Every year, at least 10 million TBIs are severe enough
to result in death or hospitalization. Worldwide, an estimated 57 million persons have
been hospitalized with one or more TBIs, but the number of people living with TBI-
related disabilities is unknown [26]. TBI costs the global economy about US$400 billion
every year based on an estimated standardized gross world product of US $737 trillion
(i.e. 5% of total yearly global output) [27]. To minimize the enormous burden and social
costs of TBI, limitations in prevention, care, and research must be addressed properly
[28]. Also, TBI is a risk factor for different neurodegenerative disorders including
Alzheimer's disease, Parkinson's disease, epilepsy, and chronic traumatic encephalopathy
(CTE), supporting the view that TBI can evolve into a lifelong illness [29-34]. TBI
accounts for 30-40% of all injury-related mortality across all ages, and neurological
injury is expected to be the leading cause of disability until 2030 higher than Alzheimer's
disease or cerebrovascular disorders [35]. TBI can be caused by a variety of events,
including falls, traffic accidents, and violence, which can cause brain tissue damage and
neuronal cell death. TBI is one of the leading causes of death and disability, affecting an
estimated 69 million individuals each year [36]. Every year, about 1.5 million people in

the United States and 3—4 million people in China suffer from TBI [37, 38].
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2. Clinical Classification of TBI

TBI can be induced by blunt or penetrating impacts, non-impact blast waves, or inertial
loading. As penetrating injuries are often associated with severe TBI, other causes of
injury do not always result in specific injury severity or prognosis [1]. As such, TBI can
be classified as mild, moderate, or severe based on the clinical severity of the injury using
the universally accepted Glasgow coma scale (GCS) [28]. GCS scores ocular, motor, and
verbal responses on a scale of 3-15 [1]. About 80% of TBI cases are mild (GCS 13-15),
with 10% moderate (GCS 9-12) and 10% severe (GCS 3-8) [39]. Mild traumatic brain
injury (mTBI), also known as brain concussion, was once thought to be a benign event.
However, some of its negative neuropsychological effects on civilians (e.g., athletes who
participate in contact sports) and military people have sparked a lot of interest. Injury-
induced death and disability are most caused by moderate to severe TBI. It affects roughly
500 people per 100,000 in the United States every year [38]. Following TBI, patients may
experience symptoms such as cerebral edema, inflammation, nerve injury, motor
impairments, cognitive impairment, and other signs and symptoms that can lead to
disability and death. TBI is expected to be the fourth major cause of disability-adjusted

life years in 2030 [40].

B. Pathophysiology of TBI
1. Primary and Secondary Injury

The term "primary brain injury" refers to damage to the brain parenchyma as a result
of the initial impact. It might be localized (focal) or diffuse depending on the
biomechanical features of the impact. Secondary brain damage is a multifactorial process
that includes glutamate excitotoxicity, cellular calcium homeostasis disruption,

membrane depolarization, mitochondrial dysfunction, inflammation, enhanced free
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radical formation and lipid peroxidation, neuronal death, and diffuse axonal injury (DAI)
[41]. Many pathways implicated in TBI injury have been elucidated in recent years, and
the pathologic mechanisms causing clinical symptoms following TBI have been
described. TBI's pathomechanism, on the other hand, is extremely complex, with
numerous undiscovered mechanisms. Although there are numerous promising therapies
and medication candidates that can enhance TBI outcomes in animals, no clinical studies
have been successful to date [7]. The complexity of biochemical and molecular signaling
linkages involved in TBI contributes to its pathophysiology, and these sophisticated
connections are the key roadblock in TBI research, restricting therapeutic development

and clinical practice advances [7].

2. Secondary Injury Mechanisms

a. Cerebral Edema

Wiley et al. used electron microscopy to examine the cell bodies and processes of
nerve cells in the injured mouse brain after creating a TBI model in mice using CCI
utilizing a new approach of continuous brain sectioning [42]. Under electron microscopy,
the cell bodies and cell processes display water-soluble breakdown (or cerebral edema).
Loss of nuclear heterochromatin and a small number of heterochromatin components in
the cytoplasm; loss of microfilaments, microtubules, and mitochondria; increased number
of electron-dense film structures; and a large number of nuclear membrane fragments
scattered throughout the cell body and neurite [42]. Cerebral edema (CE) develops at the
site of a TBI and spreads to the surrounding tissue [9]. The study of CE caused by TBI is
now progressing quickly, however, the underlying mechanism is yet unknown. Cellular

edema can affect many types of brain cells, including astrocytes, endothelial cells, and
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neurons [43]. In recent years, several signaling molecules underlying edema formation in
TBI have been studied, including the Na+-K+-2Cl cotransporter [44], Aquaporins [45],
Sulfonylurea-receptor 1-transient receptor potential member 4 (Surl- Trpm4) [46],

Glutamate [43], and Arginine vasopressin [47, 48].

b. Neuroinflammation: Involvement of Astrocytes and Microglia

Astrocytes play an important role in the multicellular response to CNS injury and
disease [49]. They are important glial cells that maintain the physiological homeostasis
of the central nervous system, provide metabolic support for neurons, and participate in
signaling by regulating calcium [7]. In the brain, microglia are the resident innate immune
cells with antigen presentation and phagocytotic ability and are rapidly activated after
CNS injury [50, 51]. Depending on the stage and severity of the disease, microglia can
present several activation states [52]. Originally, the microglia activation state was
divided into two: the M1 (proinflammatory) state and the M2 (anti-inflammatory) state
[53]; however, a diverse population of microglia was demonstrated in a study. The M1
phenotype produces cytokines increasing neurotoxicity thus aggravating nerve damage
after brain injury [54]. Astrocytes and microglia are major inflammatory cells after brain
injury. Following damage in CNS, astrocytes and microglia secrets cytokines, chemokine
and various growth factors and change their morphology [55]. These changes impact the
local microenvironment, which influences the extent of damage, repair, and functional
recovery [56]. Inflammatory mechanisms are initiated to clear dead and damaged cells
which is a critical step in restoring normal brain homeostasis following TBI [49]. In one
study using a mouse model of brain injury, hypertrophied astrocytes surrounded the injury

area 3 days post-injury with marked activation [57]. Another study demonstrated
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proliferation of GFAP-positive astrocytes on the 1st, 3rd, and 7th day after TBI, and this
was highest on the 3rd day after injury. Similarly, astrocytes located around the lesion
were hypertrophied with prolonged protrusions [58]. Kumar et al. showed that the
microglia in the damaged area were persistently activated, and the cell body was
hypertrophic in a mouse CCI model where neuropathological and inflammatory changes
were evaluated one year after experimental TBI [59]. This study suggests that

inflammation can be sustained for a long period after TBI [59].

¢. Mitochondria Dysfunction and Oxidative Stress

Many studies have shown that TBI would impact mitochondrial activity and
mitochondrial functional integrity. The morphological and structural abnormalities of
mitochondria after TBI in varying degrees revealed that the injury produced by external
force resulted in mitochondrial abnormality, and its normal physiological function was
severely harmed [60]. After the primary injury, mitochondrial dysfunction may induce or
exacerbate secondary intracellular cascade damage. [61]. The quantity and volume of
mitochondria in the neurons in the injured area reduced on the 7th and 21st days after
TBI, according to Wiley et al investigations using the mouse CCI model [62]. Extensive
mitochondrial abnormalities inside the neuropil were reported in the low-intensity blast
exposure (LIB) model of TBI in mice by Song H et al. and were classified as swollen
clear, swelling dense, and dark degraded mitochondria [63].

Healthy mitochondria produce a limited amount of ROS, but the cell also has antioxidant
systems to defend it from ROS damage. ROS do little damage under normal conditions
because the balance between ROS formation and scavenging molecules is tightly

regulated [64]. Following TBI, mitochondrial excessive ROS release occurs [65].
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Imbalance in the normal reduction-oxidation (redox) state of cells can result in the
production of peroxides and free radicals damaging cell components including protein,
lipids, RNA, and DNA [66]. In secondary TBI, changes in mitochondria channels lead to
ROS release, a phenomenon known as ROS-induced ROS-release. The increase in ROS
level overwhelms the mitochondria’s ability to maintain ROS homeostasis within the cell,
thus mitochondria release a ROS burst, destroying mitochondria [64]. An increased level
of ROS damages mitochondrial DNA (mtDNA), lipids, and proteins resulting in
neuroinflammation, apoptosis, and disruption of the blood-brain barrier (BBB) in TBI-

injured brains as discussed later [67].

d. The Blood-Brain Barrier (BBB) Disruption

BBB is a highly specialized, semi-permeable barrier comprising endothelial cells
with tight junctions (TJ), adherens junctions, astrocytes, pericytes, and the basement
membrane which function to maintain cerebral microenvironment homeostasis [68, 69].
The neurovascular unit (NVU) is an assemblage of cells that includes the microvascular
endothelium, glial cells, pericytes, and neurons, as well as their intercommunication and
the basement membrane [70]. After TBI, a disruption in the BBB structural integrity and
increased permeability are observed [7]. A substantial number of dense granulations and
several multivesicular structures were found in the cytoplasm of endothelial cells in
biopsy specimens collected from the cerebral cortex of 18 patients with brain
parenchymal damage, indicating that endothelial cells' pinocytic activity was elevated
[7]. There was a significant change in the morphology of endothelial cells. Although
basement membrane thickening was not seen, tight junctions between endothelial cells

remained intact; however, there was a significant increase in the extracellular space
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between endothelial cells and astrocytes [71]. Xiaoming et al. used electron microscopy
to examine brain damage sections from TBI mice and found typical structural
abnormalities associated with BBB injury [72]. In addition, Edwin V&zquez-Rosa et al.
showed that endothelial cells ruptured and inflated, and the number of peripheral cells
reduced dramatically in a fluid percussion injury (FPI) mouse model of TBI [73]. Besides
TBI, BBB disruption has also been seen in various neurologic disorders [74-76]. In TBI,
the loss of the BBB structural integrity and increased permeability has been attributed to
its pathogenesis [77]. Although the precise mechanism which leads to the disruption of
BBB integrity in acute CNS injury is still not clear, several hypotheses such as acute
hypertension, inflammation, increased para/transcellular transport and hyperosmolar

solution among others have been implicated [77].

Figure 1. schematic showing the pathology of TBI.

The pathophysiology of TBI occurs in two phases: the primary and secondary injury.
The primary injury which is the initial damage to brain tissue is followed by the
secondary injury cascade involving cellular and molecular players which could lead to
cognitive deficit, cell death or chronic disability
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C. TBI Induces Autonomic Dysfunction: A Link to Cardiovascular Dysfunction

The autonomic Nervous system (ANS) regulates several involuntary physiologic
processes including cardiac, enteric, renal, adrenal, and homeothermic functions. It is
composed of the sympathetic, parasympathetic, and enteric pathways and an imbalance
in these pathways can result in autonomic dysfunction [78]. One adaptive response to
injury is the hyperactivity of the sympathetic system ensuring the damaged tissue receives
adequate oxygen. This hyperadrenergic state, however, can be harmful in severe TBI,
causing damage to the heart and other vital organs. Although ANS dysregulation is
common following TBI, it is often misdiagnosed and undertreated [78]. A study that
investigated the relationship between sympathetic nervous activity and myocardial
damage using the Canine model of subarachnoid hemorrhage (SAH) reported a twofold
increase in noradrenaline, adrenaline, and 3-methoxy-4-hydroxyphenylglycol indicative
of elevated sympathetic activity. Also, increase serum troponin levels were observed
indicating myocardial damage [79]. Interestingly, aortic blood pressure, as well as central
venous pressure, were also increased. These findings revealed that increased sympathetic
activity caused myocardial injury, resulting in cardiac dysfunction [79].

Cardiac dysfunction has been proposed to contribute to cerebral hypoperfusion and
secondary damage after TBI. However, an observational pilot study reported no clinically
significant cardiac dysfunction in mild to severe TBI patients [80]. This discrepancy was
attributed to the young age of the TBI patients and the absence of cardiovascular risk
factors which may be protective against excess catecholamine induce myocardial injury
[80]. Whether brain injury leads to direct myocardial dysfunction is not yet understood.
However, it has been established that sympathetic hyperactivity plays a role in the

pathogenesis of systolic dysregulation induced by TBI [81, 82]. It is also possible that
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additional factors like lifestyle and diet play a role in the overall cardiac dysfunction. The
association between the early systemic inflammatory response syndrome and cardiac
contractile dysfunction after TBI was investigated in a cohort study with moderate to
severe TBI patients [83]. They reported a significant association between systemic
inflammatory response and systolic cardiac dysfunction [83]. Although the underlying
mechanisms are not well defined, there is compelling evidence that cardiac dysfunction
Is a prevalent exacerbating factor in the treatment of TBI patients. The hemodynamic
function is impaired in both early and late phases after TBI. In the early phase of TBlI,
sympathetic activity and catecholamine levels increase but decrease over time. The
Hyper-sympathetic state observed initially causes organ vasoconstriction and reduced
perfusion while the late phase was presented by an increased vasodilation and pressure
drop resulting in hypotension and under perfusion [84, 85]. In an FPI rat model of
mild/moderate TBI, the effects of acute brain injury on arterial baroreflex modulation of
heart rate were investigated. Baroreflex sensitivity was reduced significantly at 10 and 30
minutes after moderate TBI, but not after mild TBI [86]. Brain injury disrupts the balance
between the sympathetic and parasympathetic pathways of the autonomic nervous system

impairing the homeostatic mechanism that regulates the organ system function [78].

D. Experimental Models of TBI

Animal models of TBI are critical for understanding the biomechanical, cellular,
molecular, and behavioral components of human TBI, including generating and
investigating novel treatment strategies that cannot be addressed directly in the clinical
situation. TBI is complex hence it is difficult to imitate all aspects in one animal model.

Therefore, several animal models of TBI have been developed to aid the study of various
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aspects of human TBI [87]. Weight-drop injury, FPI, blast-induced TBI, and (CCl) are
among the models available to preclinical TBI researchers. In comparison to other types
of TBI models, the CCI model can be used to control important injury parameters such
as depth, velocity, and duration as well as induce reproducible injury. These desirable

properties made CCI a widely used preclinical TBI model [88].

1. Controlled Cortical Impact (CCI)

The (CCI) is a widely used model of brain trauma that employs a pneumatically or
electromagnetically controlled piston to produce repeatable and well-controlled injury.
Originally, it was first developed for ferrets but now has been scaled for use in several
other species such as mice and rats. CCI is used to induce brain damage using a solid
percussion device following craniotomy. It shows a strong correlation between the
severity of cortical damage and brain histology damage, as well as behavioral changes
[89]. It was primarily designed to model open head injury, however, due to modification,
a close head injury can now be performed. In mouse models, CCI results in significant
memory impairment, and histopathological changes such as extensive cortical damage,
extensive glial reaction, hippocampal neuronal cell loss, and BBB disruption. The CCI
model is easy to replicate and reproduce and provides a means of varying the severity of

the injury [90]. It is a common option used for studying the long-term effects of TBI.

E. Susceptibility To TBI: Contributing Risk Factors

Individual responses to TBI differ widely with some experiencing severe and long-
lasting consequences while others do not [91]. Several physiological and psychological

factors contribute to individuals’ susceptibility to TBI. Among these factors are gender,
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age, lifestyle, diet, pre-existing psychological/metabolic disorders, and previous head
injuries [92, 93]. In a prospective cohort study, patients with stress, anxiety, and
depression had worse outcomes compared to others [91]. Age was also reported as a risk
factor for poor prognosis post-TBI. Particularly, aged adults above 60 years had the
highest incidence of TBI-related hospitalization and death [93]. Sex difference in TBI
outcomes has been reported in the literature. Specifically, males have a higher incidence
of TBI than females [94], this explains why most animal and clinical studies focus on the
male population. Also, studies have shown that females had better outcomes post-TBI
which was linked to the neuroprotective effect of female hormones [95, 96]. On the
contrary, some studies reported worse TBI outcomes in females after concussions with
worse symptoms and long-term consequences [96].

It has long been suspected that the relative abundance of specific nutrients can affect
cognitive processes and emotions. Diet plays a crucial role in the health status of an
individual affecting outcome post-TBI [97]. Additionally, nutrition may affect the
posttraumatic stress response, which is linked to negative TBI outcomes. Additionally,
nutrition may affect the posttraumatic stress response, which is linked to negative TBI
outcomes. The posttraumatic stress response is marked by increased blood levels of
glucose, lactate, catecholamines, and cortisol. Early nutritional support is one of the few
treatment measures with a direct impact on the outcome, along with arterial hypotension,

hypoxia, and intracranial hypertension [98].

23



F. Nutrition and Brain Function
1. Brain Energy Metabolism

Glucose is an essential fuel the brain utilizes for various key processes such as
ATP production, oxidative stress regulation, as well as the synthesis of neurotransmitters,
neuromodulators, and structural components. The brain can also utilize lactate and ketone
bodies (KB) as an alternative source of fuel in various physiological conditions or
hypoglycemic conditions [99]. Glycogen is mostly stored as glucose in astrocytes, and
glycogen plays a vital role in the energetics of brain processes [100]. Excitatory neurons
account for 80—85 percent of total ATP consumption, while inhibitory neurons and glia
account for 15-20 percent [101]. Since the brain depends mainly on glucose as its fuel
source, hypoglycemia or hypoxia can disrupt brain function. In a fasting or starving state,
plasma glucose levels are maintained by increased gluconeogenesis, muscle breakdown,
and ketone body formation from fat catabolism to supplement glucose and provide some
oxidative substrate for the brain [100]. Cerebral glucose metabolism is impaired
following TBI; hence, the brain utilizes alternative substrates such as ketone bodies for
energy production. Indeed, KB can significantly improve cellular bioenergetics during

metabolically demanding events if made available.

2. Caloric Intake and Cognition

To maintain energy balance in the brain, food intake is controlled mainly by the
hypothalamus to match with energy expenditure [102]. Consumption of Sugar-sweetened
beverages has risen dramatically in recent decades, and recent surveys have revealed that
consumption of both sugar-sweetened beverages and saturated fat exceeds recommended
daily levels [103], which may result in overeating. For example, rats were given 30%

sucrose solution and saturated fat (in solid form) in addition to the standard balanced
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chow pellets and water (a free-choice high-fat high-sugar (fcHFHS) diet), consistently
overconsume calories, resulting in increased (abdominal) fat storage and abnormalities in
glucose metabolism [104]. In addition, palatable diets result in insulin resistance in
rodents maintained on these diets for months [105]. Interestingly, rats fed with the
fcHFHS diet for four weeks, developed glucose intolerance which was accompanied by
insulin resistance [106], thus altering cognitive function. Together these suggest that

changes in diet can alter glucose metabolism and energy homeostasis.

G. How Diet Differs: Focus on Mediterranean Diet, Western Diet, and Keto Diet
1. Mediterranean and Western Diet

The Mediterranean diet and the western-type diet are two distinct diets that differ
in composition. The Mediterranean diet is characterized by a high intake of fruits,
vegetables, cereals, nuts, and olive oil making it rich in long-chain polyunsaturated fatty
acids. On the other hand, the introduction of dietary staples and food-processing
technologies after the Industrial Revolution increased the consumption of saturated and
trans-fatty acid, resulting in a Western-style diet [107]. This dietary disparity is reflected
in a higher cancer and heart disease death rate in the United States compared to Crete,
which consumes a Western-style diet and a Mediterranean-style diet, respectively [107].
Importantly, diet can be a risk factor for cardiovascular diseases and cardiovascular risk
factors are associated with the development of neurological diseases like Alzheimer’s
[108].

WD is a general term that describes the dietary pattern typical to western societies.
They are rich in simple carbohydrates, salts, saturated fatty acids (SFA), and cholesterol.

This dietary pattern is deficient in mono- and polyunsaturated fatty acids (MUFA,
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PUFA), grains, and fibers [109]. Consumption of the WD on regular basis has been linked
to numerous physical and mental health issues[16]. Furthermore, WD has a major impact
on gut function and the gut commensal bacteria, resulting in a decrease in nutrient and
vitamin absorption. In investigating the impact of WD feeding on brain health in animal
models, there is no standardized list of WD components and their percentages [110]. Diets
containing 35-60% fat, with a high concentration of SFA, and significant levels of simple

sugar and cholesterol are often employed [110].

2. Keto Diet (KD)

KD is a high-fat, low carbohydrate diet that induces a state of ketosis where fat is
converted to ketone bodies which can be utilized as an energy source by the brain or other
organs [111]. Although KD and WD are collectively termed high-fat diet, these diets
remarkedly differs in the quantity and quantity of fat present. A KD provides
approximately 80% calories from fat, 15% from proteins, and 5% from carbohydrates
[112]. Dietary differences stimulate peculiar systemic and organ-specific alterations
associated with a certain metabolic state [113]. In a CCI animal model of TBI, animals
fed a ketogenic diet had reduced glucose cerebral metabolism. This decrease in glucose
metabolism was linked to increased keto metabolism made possible by KD
supplementation [114]. In addition, in one human study, it was reported that a close
relationship exists between nutritional state and KB following TBI. KB levels increased

in the blood and brain of fasting patients compared to non-fasting patients [115].
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H. Effect of Western Diet on Brain
1. WD and Obesity

There is a two-way relationship between brain health and obesity. Obesity can
impair cognitive function and it is also likely that uncontrolled food intake and a sedentary
lifestyle caused by a deficit in executive function may predispose to obesity [116, 117].
A sedentary lifestyle with a high saturated fat intake has been linked to an increased risk
of dementia, whereas a moderate intake of unsaturated fat has been linked to a lower risk
of dementia [118]. Several studies have demonstrated the correlation between obesity and
systemic inflammation [119-122]. High-fat diets are known to stimulate macrophage
(phagocyte) proliferation, triggering immunological processes via promoting
phagocytosis in adipose tissue. This process, among other things, may trigger a
proinflammatory cytokine cascade, which further activates the immune system and
impede food metabolism by inducing neuroinflammation [123-125]. Obesity is
associated with central inflammation, particularly in the hypothalamus, a region that
regulates appetite [126]. Furthermore, hypothalamic inflammation disrupts brain energy
homeostasis, resulting in cognitive impairment, as it can produce insulin resistance and
leptin imbalance in the hypothalamus, leading to overeating and weight gain [125, 127,

128].

2. Systemic Alteration Triggers Neuroinflammation

WD-induced obesity can lead to peripheral metabolic dysfunctions and systemic
inflammation which gradually damage the BBB and increase its permeability. As a result,
it increases the transmission of pro-inflammatory molecules and immune cells to the brain
as well as disrupts the amyloid partitioning homeostasis between blood and brain,

elevating amyloid brain load. With a compromised BBB, WD can generate a pro-
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inflammatory state and neuroinflammation in the CNS marked by the activation of
microglia and astrocytes, resulting in memory and cognitive impairment [110]. Increased
levels of astrocytes and microglia activation markers were also observed in wild-type
animals fed with WD for 2-9 months. In addition, mRNA levels of pro-inflammatory
markers such as IL-1p, IL-6, TNF-a, CD11b, or ICAM1 were elevated in isolated brain
microglial cells from WD-fed mice [129]. Similarly, IL-1p and TNF-a levels were
elevated in the hippocampus of WD-fed rats [130].

Long-chain SFAs increased the levels of pro-inflammatory cytokines such as TNF-,
IL-6, and IL-1R in glial cells, polarizing microglia towards the M1 phenotype and
activating astrocytes. However, not all SFAs cause the same level of pro-inflammatory
response in glial cells. Of all the SFAs, palmitic acid (PA) is a strong candidate, followed
by stearic and lauric acid. In vitro and in vivo, PA caused microglial activation and
overexpression of IL-1 and IL-6, increasing neuronal stress and degeneration, whereas
oleic acid can decrease PA neurotoxic potential [131, 132]. Studies have demonstrated
the critical role of SFA in microglial activation [131, 133]. Circulating SFA levels is
crucial for brain SFA homeostasis. Increased SFA accumulation is observed in the brain
under WD conditions as blood SFAs cross the BBB [134, 135]. In the brain, WD-derived
SFA impairs microglial function by activating the CD14-TLR4-MD2 complex, which
triggers NF«xB signaling, resulting in neuroinflammation and the release of pro-
inflammatory cytokines [136, 137]. In line with these findings, 12 weeks of HFD-fed
mice showed increased hippocampus expression of two factors: CD36 and lipoprotein
lipase (LPL) involved in SFA absorption, transport, and regulation of activated microglial
phenotypes and were substantially correlated with the number of activated microglia

cells. Also, mMRNA levels of CD68, CD36, major histocompatibility complex Il (MHCII)
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and LPL genes were reduced and similar to mice fed on regular diet when TLR4 was

pharmacologically inhibited [138].

Metabolic Consequences of Western Diet
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Figure 2. Metabolic consequences of WD

WD consumption can result in systemic alterations thus pre-disposing the body to
diseases. Long term consumption of western diet can lead to obesity, increased
adiposity and systemic inflammation. Systemic inflammation can trigger
neuroinflammation. Metabolic syndrome is primary induced by WD consumption.

3. WD Induces Insulin Resistance

Diet-related insulin resistance is characterized by a high-fat diet (HFD)-induced
inflammatory response in adipose tissue. Lack of IL-1RI prevents HFD-induced IR and
Is accompanied by reduced local adipose tissue inflammation in IL-1RI —/— mice [139].
Chronic exposure to high glucose levels and free fatty acids (FFAs) both activated islet
inflammation and combined with macrophage recruitment, can result in increased
apoptosis and insulin secretion impairment [140]. Interestingly, 7 days of high-
fat/fructose diet (HFFD) feeding diminished the hippocampal insulin signaling pathway

by decreasing the levels of IRS-1Y%% phosphorylation and AktS¢™73 phosphorylation.
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Although the level of phosphorylated IR in both control and HFFD were similar,
phosphorylation of IRS-1 in the serine residue by S6K blunted its binding to the IR

inhibiting the downward signaling [141].

4. WD Impairs BBB Integrity

Extravasation of blood-derived proteins (fibrinogen, thrombin, plasminogen,
immunoglobulin G, and albumin) and elevations in CSF levels of a pericyte damage
marker (soluble platelet-derived growth factor receptor-) have been demonstrated in
human Alzheimer's disease brains [142-144]. For many years, researchers have been
interested in the impact of dietary variables on BBB integrity. WD-induced BBB
permeability increase has been demonstrated in animal models [145]. Interestingly,
exposure to WD components such as glucose [146], cholesterol, and lipids [147] resulted
in the loss of retinal pericytes, which are necessary for maintaining BBB proper
functioning. Also, studies on experimental models have demonstrated the impact of WD
on BBB permeability and memory impairment [148, 149]. For example, experimental
mice fed WD for 90 days showed BBB permeability of sodium fluorescein (NaFl), a
molecule normally prevented from entering the brain by an intact BBB, as well as lower
MRNA expression of the tight junction proteins ZO-2, CLDN-5, and CLDN-12, and
impairments in hippocampus-dependent memory tasks [149]. Obese rats, compared to
obesity-resistant rats, were more sensitive to BBB hyper-permeability of NaFl and
cognitive impairment. BBB permeability was only observed when rats were subjected to
WD for 90 days, indicating that BBB disintegration is slow and correlates with other
parameters linked to WD and obesity [145]. In mice fed with HFD for 7 weeks, BBB

hyperpermeability was observed and linked to neuroinflammation and changes in tight
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junction molecules in the hippocampus [150]. Overall, these findings suggest that WD
can cause BBB damage, hippocampal changes, and memory impairment in wild-type
mice, and the severity of the impairment varies depending on obesity susceptibility and

WD exposure time.

5. WD Impairs Hippocampal-Dependent Memory

Short-term consumption of WD impaired hippocampal-dependent learning and
memory, as well as appetite control in a human, fed WD for one week [151]. Similarly,
WD intake has been shown to impair hippocampal-dependent memory tests in several
animal experiments [152, 153]. For example, high-fat and -sugar diets were shown to
impair hippocampal-dependent cognitive function in a recent meta-analysis study [154].
In both animals and humans, high-fat and high-sugar diets are deleterious to anxiety-
related behaviors, memory, spatial learning, and neurogenesis [155]. A study reported
that mice fed with high-energy (HE-diet) for 90 days showed impaired hippocampal-
dependent memory and compromised BBB integrity. Interestingly, both HE-diet-induced
hippocampal impairment and lesion-induced hippocampal impairment were similar in the

negative discrimination task [148].

6. WD and Neurodegeneration

In both rodents and humans, WD has been demonstrated to exacerbate AD pathogenic
characteristics in the brain and impair cognition, learning, and memory [151, 156, 157].
Two dietary components, fat, and sugar were found to have critical effects on
hippocampus processes. When mice were fed a diet high in SFA or sucrose/sugar, or both

SFA and sucrose, for short or long periods, they showed a wide spectrum of deficits in
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hippocampus-dependent learning and memory behavioral tests [154, 158], similar to data
from humans fed with a diet rich in SFA for 3 days [156]. WD-fed mice had a significant
decrease in long-term potentiation (LTP), and reduced levels of brain proteins involved
in synaptic plasticity thus affecting synaptic plasticity [129]. Neuropathologic features
such as amyloidogenic and tau phosphorylation have been reported in animals fed with
WD, and this is strongly dependent on diet composition. For example, high
phosphorylation of tau protein at serine residues (p-tauSer199, p-tauSer202, p-tauSer396)
were observed in the hippocampus of wild-type rats fed with high fat diet enriched in
SFA for 14 week [159]. Similarly, this process was observed only after 7 days of feeding
with a diet rich in SFA and sucrose [141]. Consistent with these data, AB40 and AB42
peptide contents were elevated 2-fold in the hippocampus of the AD mouse model fed

with HFD for 4 months[160].

7. WD-Induces Dysbiosis of Gut Microbiota

The mutual relationship between gut microbiota and the host is essential to
maintaining the metabolic system in humans. Dietary pattern significantly affects
microbiota homeostasis by altering their diversity leading to metabolic syndrome [161].
Dysbiosis caused by WD and changes in the gut microbiota composition has been linked
to cognitive decline and the development of Alzheimer's disease in humans [162, 163].
Similarly in mice, alterations in the composition of the gut microbiota have recently been
linked to cognitive impairment [164]. In both animal and human studies, HFD produces
changes in gut microbiota composition and diversity including a 50% decrease in phylum
Bacteroides and the corresponding increase in firmicutes and proteobacteria.

Lactobacillus and Bifidobacterium are two beneficial bacterial species that can secrete
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important brain neurotransmitters -aminobutyric acid (GABA), acetylcholine, dopamine,
and serotonin [161, 165]. Alterations in the composition of the gut microbiota may disrupt
neurotransmission signaling, leading to synaptogenesis disruption, cognitive impairment,
and neurological disorder [166]. In addition, microbiota-derived short-chain fatty acids
(SCFA) such as acetate, propionate, butyrate, and valeric acids have neuroprotective
effects. Sodium butyrate improves memory-related tasks by increasing the expression of
both the Brain-derived neurotrophic factor (BDNF) and the Glial cell line-derived
neurotrophic factor (GDNF) in the brain. Sodium butyrate acts by inhibiting HDAC
activity, an enzyme that prevents the transcription of BDNF and GDNF [167, 168]. WD
induced reduced levels of SCFA in rodents [169, 170]. Reduced SCFA production by gut
bacteria may lead to impaired HDAC inhibition or induce metabolic and systemic

inflammation thus impacting the brain directly or indirectly [171].

I. Western diet and TBI: the underlying mechanism

1. WD Exacerbates Functional Outcomes in TBI

Secondary injury outcomes from a closed head injury with a single hit (mTBI) were
compared in WD-fed obese C57 BL/6 mice to lean mice in a study. Obese mice
demonstrated substantial microglial activation as well as a chronic inflammatory state
after a 30-day period, which was ascribed to a disruption of the hypothalamic-pituitary-
adrenal axis [172]. Similarly, long-term fructose consumption after diffuse brain damage
had no significant impact on hippocampal molecular alterations and mitochondrial
bioenergetics, but a more chronic time point (one month) revealed the secondary injury
characteristic in this mTBI model [173]. Also, in an open head injury, high fat/sucrose

diet elicited behavioral changes 21 days after brain injury. Somatosensory impairment
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was more severe in brain-injured rats fed a high-fat/high-sucrose diet than in rats fed a
sham diet [23]. In addition, the experimental group had a considerably larger loss of
cortical tissue post-injury, as well as working memory impairment. Nonetheless, rather
than the open-head TBI pathophysiology, the neurobehavioral changes were significantly
linked with nutritional consumption [23]. Similarly, in a mild diffused brain injury model
of TBI, four weeks of high-fat/sucrose feeding resulted in the exacerbation of TBI-
induced impairment of spatial learning. Also, one-week post-TBI decreased levels of
brain-derived neurotrophic factor, phosphorylated synapsin 1 protein, and cAMP-
response element-binding protein (CREB) were observed in the CA3 and dentate gyrus
of the hippocampus [22]. PKB/AKkt activation, a downstream effector pathway of insulin
signaling, was significantly reduced in obese mice treated with repeated TBI [174]. Taken

together, WD exacerbates TBI pathology resulting in adverse functional outcomes.

2. Effects of WD and TBI on Microbiome

The gastrointestinal tract is disrupted after a TBI, probably as a result of the disruption
of the autonomic nervous system [175]. Reduced contractility, mucosal atrophy, tight
junction protein reduction, and increased permeability were also reported [176]. As a
result of the increased intestinal permeability caused by TBI, pathogenic substances such
as lipopolysaccharide (LPS) can infiltrate the vascular system, resulting in endotoxemia.
Endotoxemia-induced systemic inflammation is thought to affect TBIl-activated
microglia, contributing to secondary damage [177]. Importantly, after a TBI, intestinal
permeability was strongly linked with levels of inflammatory markers and endotoxins in
the plasma [177]. In rodents, the gut microbiome is altered as early as 2 hours after TBI

[178]. Beneficial bacteria from the Firmicutes phylum were underrepresented, whereas
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harmful bacteria from the Proteobacteria and Bacteroidetes phyla were overrepresented.
Injury lesion volume was found to be positively correlated with increasing Proteobacteria
levels and negatively correlated with Firmicutes levels [178]. Similarly, WD altered the
Firmicutes to Bacteroidetes ratio and reduced total microbial diversity. Interestingly,
decreased levels of Bifidobacteria, a bacteria known to have beneficial functions were
observed in mice fed WD. Furthermore, WD increased both gut microbiota endotoxin
production and plasma endotoxin concentrations [179]. In addition, WD causes a decline
in hippocampal-related functions, as well as changes in gut microbes, and the treatment

with A. muciniphila, reversed the cognitive deficits [180].

3. Effect of WD and TBI on Neuroinflammation

WD has been linked to an increase in microglial activation contributing to
neuronal inflammation. Toll-Like Receptor (TLR-4) is highly expressed in brain
microglia and known to bind saturated fatty acids. TLR-4 has been shown to mediate
microglial reactivity. Interestingly, WD-fed rats had high TLR-4 expression in the CNS,
which was accompanied by enhanced microglial activation. Hippocampal microglia
inflammation was reduced in WD-fed mice when treated with TAK-242, a TLR-4
antagonist [138]. Furthermore, TLR-4 downregulation by TLR-4 shRNA reduced WD-
induced hypothalamus microglial inflammation and restored glucose homeostasis [181].
When TLR-4 was investigated in TBI, it was discovered to be elevated in hippocampal
astrocytes and neurons following injury, and this upregulation was linked to the severity
of neuroinflammation, brain edema, and neurologic impairments. Pre-injury

administration of TLR-4 shRNA reduced TBI-induced neuroinflammation in rats. The
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experimental group also had less cerebral edema and better neurobehavioral results [182].

This suggests the neuroinflammatory role of TLR-4 induced both by TBI and WD.

4. Effect of WD and TBI on Synaptic Plasticity

TBI is known to cause lipid peroxidation, which manifests as an excessive
accumulation of oxidized phospholipids that occurs immediately after the injury [183].
Similarly, lipid peroxidation was enhanced in the hippocampus of the mouse after chronic
WD feeding [150]. Besides that, WD intake dramatically reduced the expression levels
of antioxidant defense system proteins superoxide dismutase-2, catalase, and Nrf2
activation, the key transcription factor that regulates the phase Il antioxidant response
[184]. Before and after mTBI, WD feeding exacerbated oxidative damage as measured
by increased protein oxidation. WD and TBI suppressed BDNF, synapsin 1, and CREB
expression more than the effect of TBI alone [185]. These findings are consistent with
other evidence that TBI-induced oxidative stress can influence the wounded brain by
modulating synapsin | and CREB to alter synaptic plasticity and cognition via the BDNF
system, which affects synapsin | and CREB to alter synaptic plasticity and cognition [186,
187]. WD-induced oxidative stress can also reduce BDNF levels in the hippocampus and

frontal cortex [187].

5. Effect of WD and TBI On Epigenetic Changes

Emerging findings suggest that variations in gene expression can be induced by
changes in the epigenetic machinery induced by dietary consumption [188]. Epigenetic
mechanisms such as DNA methylation, histone post-translational modifications, and

mMiRNA gene regulation are progressively implicated in post-TBI pathology [189].
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Significantly, WD was shown to enhance BDNF methylation with a negative impact on
cognitive function, which was mediated by the downregulation of several cellular
metabolic and mitochondrial components such as Sirtl and PGC-1 [190]. This

complicates the effect of WD on neuronal resilience after a TBI.

6. Effect of WD and TBI on Lipid Metabolism

The brain contains the second-highest lipid concentration next to adipose tissue. Lipids
are the main components of the brain plasma membranes and myelin sheaths and are
involved in complex functions during homeostatic and pathological conditions [191]. TBI
pathophysiology is complicated by changes in brain lipids and their downstream products
[192]. Dietary factors also affect lipid homeostasis and function at multiple levels in the
brain and body, which adds to the complexity [193]. A study demonstrated a detrimental
impact of high LPC levels on hippocampal memory performance exacerbated by fructose
following TBI. In addition, lipogenic enzyme fatty acid synthase (FAS) and ApoB-100,
which are essential for the synthesis and release of very low-density lipoprotein (VLDL)
from the liver to the blood, were both increased by a high-fructose diet [193].

Lipid metabolism disorder characterized by hyperlipidemia is considered a risk factor
for inducing and promoting cognitive impairment. Interestingly, hypercholesterolemia is
associated with cognitive deficit [194], although cholesterol does not cross the BBB.
Supporting evidence shows the implication of 27-hydroxycholesterol, a permeable
cholesterol metabolite in neurodegeneration resulting in cognitive decline[194, 195].
Hyperlipidemia is an abhorrent systemic lipid metabolism caused by increased levels of
plasma total cholesterol (TC), total glyceride (TG), and low-density lipoprotein

cholesterol (LDL-C), as well as decreased high-density lipoprotein cholesterol (HDL-C)
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[196]. Long-term high-fat diet consumption can elevate blood lipid levels thus, inducing
cerebral atherosclerosis, damaging blood vessel wall, occluding the lumen, and causing
chronic cerebral ischemic injury. In addition, hyperlipidemia can also increase BBB
permeability, upregulate microvascular endothelial cytokine VIII, stimulate the
inflammatory response and impair cognitive function [197]. As demonstrated in a study,
mice fed high saturated fat and cholesterol diet exhibited BBB permeability and impaired
cognitive function [198]. Together, a normal blood lipid can help reduce the risk of

cardiovascular and cerebrovascular impairment hence, minimizing cognitive deficit.
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CHAPTER 111
AIMS AND OBJECTIVES

Although there is no FDA-approved treatment for TBI, there exists susceptibility among
TBI victims of which diet and lifestyle are influencing factors. WD consisting of high
levels of saturated fats and simple sugars is associated with dementia and cognitive
decline. Besides impacting similar pathways as TBI, WD induces metabolic syndrome
thus implicating it as a risk factor. Understanding the interplay between TBI and WD is
crucial in mitigating the TBI mortality rate and increasing survival and recovery rate.
Thus, we hypothesize that WD would aggravate TBI outcome either directly by
exacerbating the secondary injury cascade or indirectly by inducing metabolic disorder.
To achieve our objectives, we designed four specific aims:

Specific Aim 1: To examine the effect of WD and TBI on body weight, percentage fat,
cholesterol levels, blood glucose, and mitochondria bioenergetics.

Specific Aim 2: To assess the effect of WD and TBI on neurologic and cognitive
function.

Specific Aim 3: To investigate the effect of WD and TBI on cardiovascular functions.
Specific Aim 4: To study the effect of WD and TBI on neuroinflammation and

neurodegeneration.
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CHAPTER IV

MATERIALS AND METHOD

A. Animals and Experimental Design

Animals were obtained from the animal care facility at the American University
of Beirut (AUB) and all experimental procedures were performed in compliance with the
AUB Institutional Animal Care and Use Committee (IACUC) number 21-09-589. 7-8
weeks C57BL6 mice were housed in a temperature-controlled environment with access
to 12 hours light/dark cycles. At the beginning of the experiment, mice were randomly
divided into two groups. They were fed ad lib either a normal chow (NC; 14%kcal fat,
%32kcal protein, %54kcal carbohydrate: Teklad 8604 Envigo) or in-house prepared WD
(42% kcal fat, and 34% sucrose by weight) as used in previous studies [199]. After 4
weeks of feeding, half of the mice in each group were subject to either TBI or sham. TBI
was induced with the CCI method while the sham groups were subjected to a similar
procedure without the injury. Mice were placed on their respective diets for an additional
4 weeks. Twenty-four hours (24hr) after injury, Bromodeoxyuridine (BrdU) was
administered intraperitoneally with a dosage of 100mg/kg for three consecutive days.

Mice were sacrificed 28 days after the last BrdU injection.

B. Power Analysis and Experimental groups

In the experimental design of this study, the number of animals per group per experiment
was considered in order to achieve a 90% power to detect a difference in 95% confidence
level. MWM is particularly prone to variation, thus the optimal sample size required for
this study is 9 mice per group. For grip strength, rotarod, and pole climbing, a minimum

of 8 mice per group were required to detect a difference among groups. For cardiovascular
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assessment, a minimum of 6 mice per group were required to obtain 90% power.
Similarly, a minimum of n=3 were used for all molecular tests. A total number of 40
animals were used for this study: NC SHAM (n=10); NC TBI (n=10); WD SHAM
(n=10); WD TBI (n=10). All animals were handled for two weeks prior to the start of the

study.

C. Experimental Brain Injury (Controlled cortical impact) Procedure

CCI was induced as previously described [23]. Animals were anesthetized by
administering Ketamine and Xylazine mixture (50 mg/kg Ketamine and 15 mg/kg
Xylazine) intraperitoneally. When the animal was unresponsive (no reflexes), its head fur
was gently removed by plugging, and the animal was fixed firmly on the stereotaxic
device frame. Isoflurane was used to sustain anesthesia throughout the procedure. An
ophthalmic ointment (Xailin®, Nicox, France) was applied to the eyes for protection
during surgery. The head was cleaned with 70% alcohol and betadine then a midline
incision was made on the skin with the use of a surgical scalpel exposing the skull. A
craniotomy was made on the right portion of the skull with a special drill that prevents
damage to the meninges and cortex. The craniotomy was centered between the bregma
and lambda exposing the parietal lobe. To induce injury, the Leica impactor contacted the
exposed cortex for 1 second, with a depth of 2mm, at a velocity of 4m/s. Bleeding was
controlled following the injury and the head was sutured. Mice were placed on a warm
pad to maintain body temperature at 37°C. The sham groups underwent the same

procedure but without injury.

41



D. Cardiovascular Parameters

1. Nuclear Magnetic Resonance (NMR)

Mice were weighed and placed in a cylindrical restrainer. The cylindrical
restrainer was inserted into the LF10 Minispec Nuclear Magnetic Resonance (NMR)
machine (Bruker, MA, USA) to measure fat and lean tissues. NMR was performed at 4

weeks and 8 weeks before sacrifice.

2. Noninvasive Blood Pressure

Mice were placed in the experimental room for 30mins to minimize anxiety. They
were gently placed in a restrainer that exposes only the tail. The restrainer containing
mice was then kept on a warm pad for 15mins. When mice were stable and non-agitated,
blood pressure was taken using the CODA Tail-cuff High Throughput Monitor (Kent

Scientific, Torrington, CT). Blood pressure was measured at weeks 0, 4, and 8.

3. Echocardiography

Animals were anesthetized by intraperitoneal injection of Ketamine and Xylazine
mixture (50 mg/kg Ketamine and 15 mg/kg Xylazine). The fur on the chest was shaved
using a blade. The walls of the hearts were observed using the SonixTouch Q+ ultrasound
(BK ultrasound, Peabody, MA). Echocardiography measurements were performed on

weeks 4 and 8.

E. Neurobehavioral Tests

1. Pole Climbing
Pole climbing was performed to evaluate motor coordination in mice 30-day post-

TBI. Mice were placed in the experimental room for 30 mins to get habituated to the
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environment. The apparatus consists of a pole 60cm in length and a 1cm diameter fixed
perpendicular to an empty box. The mouse was placed on the pole with its head upward
and allowed to descend freely [200]. The time needed for the mouse to make a U-turn
and the time needed to reach the base of the pole was recorded. Each mouse was trained

once and then three consecutive testing trials were carried out.

2. Grip Strength

Grip strength is used to evaluate neuromuscular function [201]. The device (UGO
BASILE-Italy®) consists of a wire gauge and a digital detector that records the maximum
grip force of the mouse. After habituation of mice to the experimental room, the mouse
was held on its tail and allowed to grasp the wire gauge and then gently pulled on its tail.
The maximum force and total force were recorded. Three trials were done per mouse and

the mean grip strength was normalized to the weight of the mouse.

3. Rotarod

Rotarod is a test used to evaluate motor coordination and balance in animals.
Animals were placed on a horizontal rod that rotates about its long axis. The rod rotates
for 5min starting at 4rpm and accelerates to 40rpm. The animal must walk forward
continuously in order not to fall off the rotating rod. When an animal falls off the rod
before the 5 min elapses, the latency to fall (s) and velocity (rpm/s) are recorded other
maximum time (5min) and maximum speed (40rpm) are recorded. Animals are trained
on the apparatus before the testing day and on the testing day, three trials are performed

on each animal with a 15min interlude.
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4. Morris Water Maze (MWM)

Spatial learning and memory were assessed using MWM. Mice were tested for
five consecutive days; the first four days were learning trials with three trials per day
followed by a probe trial (memory test) on the fifth day. The water maze pool was filled
with warm water (25 £ 2 degrees Celsius) and made opaque by adding Tempera nontoxic
washable white paint. The pool was divided into four quadrants of equal area (NE, NW,
SE, and SW). The escape platform was submerged 1cm below the water level and
invisible to mice. The platform was placed at the center of the NE quadrant throughout
the experiment. Three visual cues were placed on the walls around the water maze for
mice.

On the first four days (learning trials), three trials were done for each mouse. However,
on day one, an additional trial was done before the three trials. In the first trial on day
one, a flag was placed on the platform to help mice locate the platform and this tested the
visual ability of the mice. During the learning trials, when mice fail to locate the platform,
it was gently guided and kept on it to explore and learn the location of the platform. Also,
mice were inserted into the pool from different quadrants in no specific order. The time
to reach the platform was recorded. After each trial, mice were removed from the pool,
dried, and kept on a warm pad before returning to the cage. On the fifth day (memory
test), the platform was removed, and mice were allowed to swim for one minute. The
latency to reach the right platform and time spent on the right platform were recorded by

a video camera connected to an image analyzer (Any Maze-IL-USA)
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F. Animal Sacrifice and tissue preparation

1. Sacrifice and Brain Extraction

Animals were sacrificed and the brain tissue was collected for sectioning when all
neurobehavioral tests were completed. First, animals were anesthetized by intraperitoneal
injection of Ketamine and Xylazine mixture (50 mg/kg Ketamine and 15 mg/kg
Xylazine). The blood sample was collected from the heart using a syringe. Then animals
were perfused with 30ml phosphate by introducing a 15-gauge needle into the apex of the
left ventricle and the right auricle cut to allow passage of perfusate. This is followed by
tissue fixation using 10ml of 4% paraformaldehyde (PFA). This procedure was only done
on samples used for immunofluorescence. For brain dissection, mice were anesthetized
and decapitated. The brain was extracted, and each part of the brain was carefully
dissected.

After perfusion, the head was truncated, and the brain was collected. The skin over the
skull was cut using scissors to expose the skull. The skull was carefully removed using
scissors and forceps. Then the brain was removed from the underlying tissue and placed
in a 15mL PFA at 4°C. After 48hours, the brain was removed from PFA and placed in
30% sucrose for three days before sectioning. Brains were coronally sectioned using the

cryo-microtome at 40um and stored in a 24-well plate containing sodium azide at 4 °C.

G. Molecular Test

1. Mitochondria Isolation

Fresh brains were extracted from mice without fixation and placed in a 50ml
conical tube containing PBS on ice. The injured region on the brain tissue was isolated

using a blade and weighed. Each tissue weighed approximately 1.2g — 1.5g. The tissue
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was then minced into small pieces with appropriate scissors in 1000ul of ice-clod EXT-
MEDIUM and homogenized using a Teflon pestle (stroked 8-9 times). The homogenate
was placed in a 1.5mL tube and centrifuged for 6min at 1000g at 4°C. After
centrifugation, the supernatant was transferred into a new 1.5ml tube and centrifuged for
8min at 10000g at 4°C. The supernatant was discarded and the pellet containing
mitochondria was resuspended in 50ul EXT-MEDIUM. 5ul of mitochondria was used to

measure mitochondrial protein concentration using the Bradford method.

2. Protein Concentration

Protein concentration was quantified using the Bradford method. A mixture of 9ul
of 2% triton, 6ul of milli-Q water, and 3ul of crude mitochondria sample was prepared in
a tube and kept for 10min at room temperature. One ml of Bradford solution (Sigma) was
placed in a disposable spectrophotometric cuvette and kept for 10 min at room
temperature. After 10min, 3ul and 6ul of the sample mixture were pipetted into 1ml of
the Bradford cuvettes. The mixture was mixed vigorously and kept for 20min at room
temperature. The absorbance of each sample was measured at the wavelength of 590nm

using a spectrophotometer.

3. Assessment of mitochondrial respiration

Isolated mitochondria from brain tissue was assessed using the oroboros
oxygraphy. The oxygraphy chamber was calibrated and cleaned by filling and aspirating
three times with Milli-Q water and with 250ul respiration medium (EW) (30mM
K2HPO4, 0.25M SUCROSE, 15Mm MgCl2-6H20, 1mg/ml BSA pH 7.2). 250ul of EW
was added into the chamber is closed by inserting the delicate plunger. The respiration

was allowed for some time for stability. The following working concentration were used
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: 10mM Glutamate, 5mM malate, 1mm ATP, 15uM Oligomycin, 120uM FCCP, 0.3 mM
KCN, 10mM Succinate, 10mM Malonate. To assess the activity of complex 1, 10uL of
mitochondria protein was into the plunger containing EW and 5ul of glutamate and 5ul
of malate were added to the chamber using the Hamilton syringes. Respiration was
observed for 3mins, and 5ul of ADP was added and observed for 3mins. After satisfactory
observation of the graph, 1.5ul of oligomycin and 2ul of FCCP (uncoupler) were added
and observed for 3mins then cyanide (KCN) was finally added to halt mitochondria
respiration. To assess the activity of complex Il, 5ul of succinate was added into the
cleaned chamber containing 250ul of EW. After 3mins of steady respiration, 5ul of ADP
was added and observation was made for 3mins. Then 1.5ul of oligomycin to inhibit ATP
synthase followed by the addition of 2ul of FCCP (uncoupler) and 1ul of malonate, an
inhibitor of complex Il. State 3 respiration is the mitochondria respiration in the presence
of ADP and state 4 respiration is the respiration in the absence of ADP. Respiration

control rate (RCR) was calculated at the ratio of state 3 and state 4 respiration.

4. Total Cholesterol

Plasma samples of mice were assessed for total cholesterol using the vitros 350

Chemistry system (Ortho-Clinical Diagnostics, Raritan, NJ, USA).

5. BrdU Assay

BrdU assay was performed on free-floating brain sections to assess mature
proliferated cells after TBI. Three brain sections per animal and three animals per group
were used for the experiment. Sections were washed in PBS thrice for 5mins on a shaker.

Then sections were incubated in 2N HCL for 30 mins at 37°C. Following incubation, they
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were washed in PBS thrice for 5mins on a shaker. Then incubated in sodium borate for
10mins at room temperature on a shaker. After 30 mins, sodium borate was discarded,
and sections were washed in PBS thrice for 5mins. They were blocked in 10% FBS
containing 0.1M glycine at 4°C for 1 hour. The blocking solution was discarded after 1
hour, and sections were incubated with anti-BrdU (Abcam ab6326 rat) dilution 1:500
overnight at 4°C. The next day, sections were washed in PBS thrice after removing the
primary antibody and incubated with fluorophore-conjugated secondary antibody: Goat
anti-rat (1:500) for 2 hours in the dark at 4°C. After 2 hours, the secondary antibody was
discarded, and the section was incubated in Hoechst for 10mins. Then sections were
washed in PBS thrice for 10mins on a shaker and mounted on a slide using the mounting
solution. They were air-dried and covered with a cover slip using fluoromount. The slides

were viewed using the Zeiss Axio microscope at 20X or 40X oil objective lens.

6. Immunofluorescence

Immunofluorescence staining was performed to examine the biomarkers and
protein expression. Free-floating sections were washed in PBS once and 0.1 PBST thrice.
The sections were incubated in citrate buffer for 20mins at 80°C in a water bath. After the
antigen retrieval step, sections were allowed to cool and washed thrice in PBS. Then
sections were blocked with 10% PBST containing 0.1M glycine for 1 hour at room
temperature. Following blocking, sections were incubated with primary antibodies
diluted in 1% PBST overnight at 4°C. Primary antibodies used were anti-GFAP (1:1000
dilution; Ab 7260; Abcam, Cambridge United), anti-IBA-1 (1:500 dilution; 019-19471,
Fujifilm Wako Chemicals, Richmond, Virginia, USA), BrdU (1:500 dilution; Ab 6326;

Abcam, Cambridge United Kingdom), anti-NeuN (1:1000 dilution; RPCA-FOX3-AP,
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Encor Biotechnology), anti-SMI 321 (1:500 dilution; Ab 24574; Abcam, Cambridge
United Kingdom). After primary antibodies incubation, sections were washed 3 times for
10mins and conjugated with appropriate secondary antibodies for 1 hour at room
temperature. Secondary antibodies used are Goat Anti-Rabbit IgG H&L (Alexa Fluor®
488) ab150077, Goat Anti-Mouse 1gG H&L (Alexa Fluor® 488) ab150113, Goat Anti-
Mouse IgG H&L (Alexa Fluor® 568) ab175473. Three more washes in PBST were done
for 10mins each to remove excess antibodies and sections were incubated with Hoechst
(stains nuclei) for 10mins and washed again three times before mounting on slides using
fluoromount (F4680-25ML, Sigma Aldrich). Images were taken using the confocal/

Observer microscope at a 20X objective lens.

H. Statistical Analysis

Statistical analysis was done with GraphPad 8 (GraphPad Software, La Jolla,
CA 92037, USA). Data were analyzed using Two-way or three-way ANOVA followed
by the tukey post hoc test for multiple comparisons. Statistical significance was

considered at p < 0.05. tur
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CHAPTER V

RESULTS

A. Body Weight and Body Fat Percentage

WD is a high-caloric diet that promotes obesity. Thus, to examine the effect of
WD on mice, the weight of each mouse was measured weekly for eight weeks (n=9).
There was no significant change in the weight among the different groups both pre-and
post-TBI. However, the WD group had a slightly higher weight than the NC group.

Fat percentage in mice was measured at week 4 (before TBI) and week 8 (post-
TBI) using an NMR device. No significant change in percentage fat after 4 weeks of
feeding among the groups, but after 8 weeks of feeding, WD sham had a significant
increase in fat composition (p = 0.0442) and this increase was significantly higher than
NC SHAM (p = 0.0104).
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Figure 3. WD increases fat content

Body weight was measured biweekly using the digital weighing balance and
fat percentage was analyzed by NMR machine (n=9). A) body weight changes
B) percentage fat content measured at week 4 and week8 before sacrifice.
Two-way Anova (for weight) and three-way Anova (for fat content) were used
to analyze data followed by tukey post-hoc test for multiple comparison. Data
are expressed as mean + SEM (n=9). Statistical difference was marked
*p<0.05
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Oxygen consumption

B. Effect of WD and TBI on Blood Glucose and Mitochondria Bioenergetics
Blood glucose was measured once every week for 8 weeks since the brain
utilizes glucose as its major substrate for ATP production. Blood glucose among
groups did not differ statistically, however, WD TBI had higher blood glucose
levels after 8 weeks before sacrifice. For ATP generation, glucose is completely
oxidized in the mitochondria producing water and CO2 as byproducts. Using the
Oroboros oxygraphy, mitochondria respiration was examined. There was no
statistically significant difference in mitochondria respiration irrespective of the

substrate (glutamate or succinate).
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Figure 4. Assessment of blood glucose and mitochondria bioenergy.

Random blood glucose was measured weekly for 8 weeks (n=9) (A), respiration of
isolated mitochondria from ipsilateral hemisphere using oroboros oxygraphy (n= 3):
respiration stimulated by glutamate as substrate (B), and succinate as substrate (C), and
respiratory control rate (state3/state 4) for both substrates (D). Data are expressed as
mean £ SEM and analyzed using Two-way Anova followed by Tukey multiple
comparison. Statistical difference was marked *p<0.05
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C. Effect of WD and TBI on Neurological Functions

TBI confers structural and functional damage to the brain which can be exacerbated
by WD. To investigate neuromuscular function, the grip strength test was performed on
mice. Both NC TBI and WD TBI groups performed the worse in the test which was
statistically significant when compared to the NC SHAM (p-value 0.0024 and 0.001
respectively). To further assess motor coordination, rotarod and pole climbing were
performed. Although, the difference observed among groups in both tests were not

statistically different, WD TBI had the least performance compared to the other groups.
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Figure 5. Neurological assessment in mice after TBI

4 weeks after TBI, neurological function was assessed in mice. Neuromuscular function
was assessed by grip strength (n=10) (A), to assess motor coordination, (B) rotarod
(n=10) and (C) Pole climbing (n=5) was performed. TBI impaired neurological function
which was exacerbated by WD. WD TBI show the least performance in all tests. Data
are expressed as mean £ SEM and analyzed using Two-way Anova followed by turkey
multiple comparison. Statistical difference was marked *p<0.05

WD and TBI Impairs Spatial Learning Memory
To assess the effect of WD and TBI on spatial learning and memory in mice,
MWM was performed. MWM was designed to assess learning and memory ability in

experimental models. During the training period (first four days), mice were trained to
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locate the platform which was fixed in the NE quadrant throughout the experiment. The
results show that the NC TBI and WD TBI took more time to locate the hidden platform
compared to SHAM groups which indicates that TBI groups had less retention memory
than the SHAM counterparts. On the probe test day, when the hidden platform was
removed, the latency to the platform quadrant and percentage time mice spent in the
right quadrant was measured as an expression of their retentive memory. As observed in
the result, WD SHAM, NC TBI, and WD TBI had higher latency and spent the least
time in the NE quadrant. This suggests that both injury and diet either independent or

together impair cognitive function. Statistically, the difference was not significant.
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Figure 6. WD exacerbate cognitive dysfunction.

MWM test was done 4 weeks post TBI for five days to assess the effect of WD and TBI on
spatial learning and memory in mice n=5). Mice were trained for four consecutive days
followed by a probe trial on day 5. (A) latency to hidden platform during the training trials
(B) latency to the NE quadrant on the probe day (C) time spent in the NE quadrant on the
probe day. Data are expressed as mean £ SEM and analyzed using Two-way Anova
followed by turkey multiple comparison. Statistical difference was marked *p<0.05

D. Effect of WD and TBI on Cardiovascular Functions
The autonomous nervous system regulates the sympathetic nervous system and

parasympathetic nervous system. Sympathetic dysregulation caused by TBI may impair
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cardiovascular function which can further be influenced by WD. To investigate the

effect of WD and TBI on cardiovascular function, blood pressure, left ventricular

ejection fraction and fractional shortening were measured. Mice fed WD had higher

systolic and diastolic BP compared to their NC counterparts. Although, no statistical

difference was observed. Subsequently, cardiac function was assessed by measuring the

left ventricular ejection fraction and fractional shortening pre-TBI and post-TBI. No

difference was observed among groups.
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Figure 7. Cardiovascular function Assessment.
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Cardiac function was assessed in mice before and after TBI. The non-invasive coda
device was used to measure systolic BP (n=9) (A), and diastolic BP (n=9) (B), ejection
fraction measurement showing the percentage of blood that leaves the ventricle when
the heart beats (n=9) (C), and fractional shortening, a measure of heart’s muscle
contractility(n=9) (D). WD increases systolic and diastolic blood pressure but had no
effect on cardiac integrity. Data are expressed as mean = SEM and analyzed using Two-
way Anova followed by turkey multiple comparison. Statistical difference was marked

*p<0.05
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E. WD Elevates Plasma Total Cholesterol (TC)

To examine systemic alterations induced by WD and TBI, total cholesterol level
was measured in plasma. The results showed a significant increase in the TC levels in
the WD groups compared to NC groups. TC level in WD TBI was significantly lower
than WD SHAM and significantly higher than NC TBI indicating both WD and TBI

affects TC levels.
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Figure 8. The effect of WD and TBI on total cholesterol levels.

Plasma cholesterol was examined 4 weeks post- TBI (n=4). The result
shows that WD significantly increased TC levels however there was a
significant decrease after TBI. Data are expressed as mean £ SEM and
analyzed using Two-way Anova followed by tukey multiple comparison.
Statistical difference was marked *p<0.05

F. WD Induced Astrogliosis

We further investigated the impact of WD on TBI on neuroinflammation by
staining for GFAP (astrocyte marker). There was an increased GFAP expression in the
WD TBI group both in the cortex and hippocampus compared to the other groups.

Similarly, WD SHAM and NC TBI showed increased expression in the hippocampus,
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but WD SHAM had lesser GFAP expression in the cortex. TBI induced astrogliosis

which was exacerbated by WD.
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Figure 9. WD and TBI induces Astrogliosis

Astrogliosis was investigated 4-week post-TBI using immunofluorescence technique
(n=3). GFAP expression was elevated in the TBI groups. GFAP expression in the (A)
hippocampus and (B) cortex. Mean intensity of GFAP (C) hippocampus (D) cortex. All
images were taken at 20x objective lens. Data are expressed as mean = SEM and
analyzed using Two-way Anova followed by turkey multiple comparison. Statistical
difference was marked *p<0.05
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G. WD Induced microgliosis

To assess microglial activation by immunofluorescence staining for IBA-1. Both
WD and TBI increased the number of IBA-1 in both the hippocampus and cortex. The
result also showed a significantly increased number of IBA-1+ cells in the WD TBI

group in the hippocampus (p=0.0117) and cortex (p=0.0325).
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Figure 10. Assessment of microglia activation

4 weeks post-TBI by immunofluorescence staining of IBA-1 (n=3). WD and TBI
significantly increased microglial activation in both cortex and hippocampus. Number
of IBA-1 positive cells in the (A) hippocampus and (B) Cortex. Data quantification (C)
hippocampus and (D) Cortex. All images were taken at 20x objective lens. Data are
expressed as mean + SEM and analyzed using Two-way Anova followed by turkey
multiple comparison. Statistical difference was marked *p<0.05
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H. WD and TBI Exacerbated Neuronal Cell Loss

To investigate the magnitude of neuronal cell loss in mature neurons, neuronal
nuclear antigen (NeuN) protein was assessed by immunofluorescence staining. Data
shows loss of neurons by WD and TBI. TBI resulted in a significant loss of neurons in
the cortex. Similarly, in the hippocampus, WD and TBI synergically led to a significant

loss of neurons.
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Figure 11. Assessment of neuronal cell loss

Neuronal cell loss was assessed 4 weeks after TBI by immunofluorescence staining for
NeuN (n=3). Both TBI and WD group showed decreased in surviving neurons. NeuN
expression in the hippocampus (A), cortex (B). Mean intensity in ipsilateral
hippocampus (C) and cortex (D). All images were taken at 20x objective lens. Data are
expressed as mean £ SEM and analyzed using Two-way Anova followed by turkey
multiple comparison. Statistical difference was marked *p<0.05
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I. The Effect of WD and TBI on Axonal Degeneration

To assess axonal degeneration following TBI, immunofluorescence staining for
neurofilament (NF-H and NH-M) using anti-SMI 312 was done. SMI 312 contains a
mixture of monoclonals used to immunolabel complex networks of axons. It labels NF-
M and NF-H axonal epitopes that are extensively phosphorylated [202]. Neurofilaments
play a role in the growth and stability of axons in both central and peripheral nerves in
addition to maintaining mitochondrial stability and microtubule content [203]
Both WD and TBI decreased immunolabeling of SMI 312 in the hippocampus but not

in the cortex.
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Figure 12. Assessment of axonal degeneration

Immunofluorescence staining using anti-SMI 312, an antibody that labels
phosphorylated NF-H and NF-M was done to examine axonal degeneration.
Expression of phosphorylated neurofilament in the (A) Hippocampus and (B) Cortex.
Mean intensity in the (C) Hippocampus and (D) Cortex. All images were taken at 20x
objective lens. Data are expressed as mean + SEM and analyzed using Two-way
Anova followed by turkey multiple comparison. Statistical difference was marked
*p<0.05



J. Effect of WD and TBI on Cell Proliferation

Furthermore, we assessed the effect of WD and TBI on cell proliferation 4
weeks post-TBI by immunofluorescence staining for BrdU. Results showed increased
cell proliferation in both TBI and WD groups which were significant; particularly in the

hippocampus.
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Figure 13: Cell Proliferation Assessment.

To assess cell proliferation, immunofluoresenc staining was done 4 weeks post-TBI.
Increased cell proliferation was observed in both TBI and WD groups. BrdU
Immunolabeling (n=3) in the hippocampus (A) and cortex (B). Quantification data
expressed as mean £ SEM (C) and (D). Data are analyzed using Two-way Anova
followed by turkey multiple comparison. Statistical difference was marked *p<0.05
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CHAPTER IV

DISCUSSION

Mes is defined as a severe metabolic derangement characterized by but not limited to
elevated blood pressure (BP), hyperglycemia, insulin resistance (IR), and dyslipidemia
in addition to obesity. The presence of three or more of these components describes Me
[204]. An increased prevalence of metabolic diseases is associated with the shift toward
WD consumption. The secondary brain injury that develops after the original insult may
be more dangerous for TBI victims who also have co-morbid conditions like heart
disease, diabetes, or obesity [202]. This study aims to elucidate the interplay between
WD and TBI by investigating both systemic alterations and neuropathology. Our data
showed that WD worsened TBI outcomes by impairing cognitive function, exacerbating
neuroinflammation and neuronal cell loss. However, Cardio-metabolic parameters and
mitochondria bioenergetics were mildly impacted by WD and TBI.

Following eight weeks of feeding, WD increased fat percentage in mice. WD
SHAM has a significant increase in fat content compared to NC SHAM. WD also
increased the body weight although it was not significantly different from NC-fed mice.
Similarly, previous research showed that (high-fat)-fed mice developed obesity and
implicated obesity as a risk factor for chronic secondary brain injury particularly in
male mice [202].

Following TBI, there is an increase in cerebral glucose metabolism as a result of
mitochondrial malfunction [98]. Mitochondrial damage can trigger both the apoptotic
and necrotic cell death pathways which may contribute to neurodegeneration associated
with several diseases and disorders [205]. The integrity of the mitochondria is

subsequently compromised because of the initial failure of respiratory function. Even
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after enough cerebral perfusion pressure (CPP) and energy metabolism substrate
restoration, the metabolic crisis still exists [206]. Our result showed altered glucose
levels in the blood. There was a decrease in blood glucose in NC TBI and an increase in
blood glucose in the WD TBI. Although, hyperglycemia would continuously provide
the brain with glucose substrate in response to energy demand and recovery from injury.
However, it has been associated with mitochondria dysfunction. Interestingly,
mitochondria integrity was unaffected in all groups. This may be a result of the
mitochondria's recovery from the initial brain assault.

We further assessed the impact of WD on functional outcomes following TBI.
Our data showed that WD and TBI synergically impacted neurological and cognitive
function. Particularly, there was a significant decrease in neuromuscular function. We
also observed that WD and TBI impacted cognitive function although not significant
when compared to other groups, this can be due to the small number of samples (n=5).
Mice fed WD and subjected to TBI showed a deficit in spatial memory. Our findings
are similar to previous studies that reported that high fat/sucrose (HFS) diet worsened
mice performance on adhesive removal test and working memory tests [196].
Furthermore, the HFS diet resulted in a significant loss of cortical tissue post-CClI than
in the standard diet-fed group [196]. The cognitive dysfunction caused by WD changes
brain metabolism to a more stressed state profile, activates the inflammatory and
vascular systems in the brain, and increases BBB transport [207]. In comparison to lean
mice, obese C57 BL/6 mice fed WD were examined for the effects of subsequent injury
following a closed head injury with a single hit (mTBI). The obesity-induced disruption
of the hypothalamic-pituitary-adrenal (HPA) axis was responsible for the obese mice's

substantial microglial activation and chronic inflammatory state at a chronic time point
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(4 weeks) [202]. Obese C57 BL/6 mice fed WD displayed a higher level of anxiety than
lean mice in an open field test [202].

Although the BBB is tightly controlled under normal circumstances, metabolic
stressors like hyperlipidemia can impair neurovascular units and increase BBB
permeability [208]. Hyperlipidemia is an abhorrent systemic lipid metabolism caused
by increased levels of plasma total cholesterol (TC), total glyceride (TG), and low-
density lipoprotein cholesterol (LDL-C), as well as decreased high-density lipoprotein
cholesterol (HDL-C) [196]. It was found that 8 weeks of WD consumption increased
cholesterol level which was significantly higher in the WD TBI group.
Hypercholesteremia can result in fatty deposits in blood vessels leading to hypotension
and tissue damage. Although TC was elevated, heart muscle contractibility and
efficiency were similar among groups. TBI has been reported to induce ANS
dysregulation [78] which can further impact injury. WD-fed mice had higher systolic
and diastolic BP than NC-fed mice although not statistically significant.

Following TBI, damaged neurons undergo functional alterations, and glial cells
such as astrocytes and microglia are recruited to the injury region. In response to injury,
astrocytes proliferate and secrete inflammatory mediators that damage neurons and
microglial induce phagocytosis and also secret inflammatory mediators [24].
Proinflammatory mediators can stimulate microglial proliferation which is regulated by
hydrogen peroxide from NADPH oxidase [209]. In this study, we observed that indeed
TBI caused astrogliosis which was exacerbated by WD. We also observed that WD and
TBI induced microgliosis. Interestingly, a recent study demonstrated that

hyperglycemia increased pro-inflammatory and reduced anti-inflammatory factor levels
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[24]. The hyperinflammation induced by WD could have contributed to the cognitive
deficit.

NeuN protein is exclusively expressed in the nervous tissues and used as a
universal neuromarker [210]. NeuN immunohistochemical staining weakens or
disappears in pathological conditions [211, 212]. Similarly, we observed decreased
NeuN labeling, particularly in NC TBI and WD TBI both in the hippocampus and
cortex compared to NC SHAM. Thus, TBI leads to the loss of neuronal cells in the
cortex and hippocampus. Interestingly, WD TBI showed a significantly decreased
NeuN in the hippocampus suggesting that WD may have exacerbated the neuronal loss
caused by TBI. Similar to our findings, [24] reported that hyperglycemia exacerbated
neuronal apoptosis after TBI.

Our result also showed axonal degeneration caused by TBI and WD. This was
most significant in the hippocampus. The decreased immunolabeling of SMI 312 could
be a result of increased neuronal loss caused by TBI and WD. Moreover, we observed
increased cell proliferation in both WD and TBI groups. Further tests are needed to be
performed to identify the proliferating cells.

The National Institutes of Health (NIH) emphasizes the significance of the
prevention of TBI as a primary defense because there is presently no approved
treatment. Equally significant, though, are factors that could exacerbate injury such as
age at the time of the injury and dietary and nutritional elements. A high glycemic diet
such as WD is implicated in several diseases and cognitive dysfunction. Here we
showed that WD exacerbated neuropathology observed in TBI by increasing
neuroinflammation and neuronal cell loss. Also induced systemic alteration by WD may

have contributed to exacerbating the secondary injury cascade.

64



10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

Fehily, B. and M. Fitzgerald, Repeated Mild Traumatic Brain Injury: Potential
Mechanisms of Damage. Cell Transplant, 2017. 26(7): p. 1131-1155.

Khellaf, A., D.Z. Khan, and A. Helmy, Recent advances in traumatic brain
injury. Journal of neurology, 2019. 266(11): p. 2878-2889.

Wu, A.G., et al., Targeting Nrf2-Mediated Oxidative Stress Response in
Traumatic Brain Injury: Therapeutic Perspectives of Phytochemicals. Oxid Med
Cell Longev, 2022. 2022: p. 1015791.

Werhane, M.L., et al., Pathological vascular and inflammatory biomarkers of
acute-and chronic-phase traumatic brain injury. Concussion, 2017. 2(1): p.
CNC30.

Galgano, M., et al., Traumatic brain injury: current treatment strategies and
future endeavors. Cell transplantation, 2017. 26(7): p. 1118-1130.

Greco, T., et al., Ketogenic diet decreases oxidative stress and improves
mitochondrial respiratory complex activity. J Cereb Blood Flow Metab, 2016.
36(9): p. 1603-13.

Qin, D., et al., Traumatic Brain Injury: Ultrastructural Features in Neuronal
Ferroptosis, Glial Cell Activation and Polarization, and Blood-Brain Barrier
Breakdown. Cells, 2021. 10(5).

Dang, B., et al., Rehabilitation treatment and progress of traumatic brain injury
dysfunction. Neural plasticity, 2017. 2017.

Zhou, Y., et al., Advance of stem cell treatment for traumatic brain injury.
Frontiers in cellular neuroscience, 2019. 13: p. 301.

Jenkins, P.O., M.A. Mehta, and D.J. Sharp, Catecholamines and cognition after
traumatic brain injury. Brain, 2016. 139(9): p. 2345-2371.

Selassie, A.\W., et al., Accelerated death rate in population-based cohort of
persons with traumatic brain injury. J Head Trauma Rehabil, 2014. 29(3): p. E8-
el9.

Crenn, P., et al., Changes in weight after traumatic brain injury in adult
patients: a longitudinal study. Clin Nutr, 2014. 33(2): p. 348-53.

Driver, S., et al., Describing Weight Loss Attempts and Physical Activity Among
Individuals With TBI Prior to Participation in a Weight-Loss Program. J Head
Trauma Rehabil, 2018. 33(1): p. E36-e43.

Dreer, L.E., et al., Obesity and Overweight Problems Among Individuals 1 to 25
Years Following Acute Rehabilitation for Traumatic Brain Injury: A NIDILRR
Traumatic Brain Injury Model Systems Study. J Head Trauma Rehabil, 2018.
33(4): p. 246-256.

Kopp, W., How Western Diet And Lifestyle Drive The Pandemic Of Obesity And
Civilization Diseases. Diabetes Metab Syndr Obes, 2019. 12: p. 2221-2236.
Myles, I.A., Fast food fever: reviewing the impacts of the Western diet on
immunity. Nutrition journal, 2014. 13(1): p. 1-17.

Yang, Z.H., et al., Diet high in fat and sucrose induces rapid onset of obesity-
related metabolic syndrome partly through rapid response of genes involved in
lipogenesis, insulin signalling and inflammation in mice. Diabetol Metab Syndr,
2012. 4(1): p. 32.

65



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ishimoto, T., et al., High-fat and high-sucrose (western) diet induces
steatohepatitis that is dependent on fructokinase. Hepatology, 2013. 58(5): p.
1632-43.

Burchfield, J.G., et al., High dietary fat and sucrose results in an extensive and
time-dependent deterioration in health of multiple physiological systems in mice.
J Biol Chem, 2018. 293(15): p. 5731-5745.

Pistell, P.J., et al., Cognitive impairment following high fat diet consumption is
associated with brain inflammation. J Neuroimmunol, 2010. 219(1-2): p. 25-32.
Chong, A.J., et al., Effects of a High-Fat Diet on Neuroinflammation and
Apoptosis in Acute Stage After Moderate Traumatic Brain Injury in Rats.
Neurocrit Care, 2020. 33(1): p. 230-240.

Wu, A, et al., A saturated-fat diet aggravates the outcome of traumatic brain
injury on hippocampal plasticity and cognitive function by reducing brain-
derived neurotrophic factor. Neuroscience, 2003. 119(2): p. 365-375.

Hoane, M.R., A.A. Swan, and S.E. Heck, The effects of a high-fat sucrose diet
on functional outcome following cortical contusion injury in the rat.
Behavioural brain research, 2011. 223(1): p. 119-124.

Zhang, W., et al., High glucose exacerbates neuroinflammation and apoptosis at
the intermediate stage after post-traumatic brain injury. Aging (Albany NY),
2021. 13(12): p. 16088-16104.

Hassett, L., A. Moseley, and A. Harmer, The aetiology of reduced
cardiorespiratory fitness among adults with severe traumatic brain injury and
the relationship with physical activity: a narrative review. Brain Impairment,
2016. 17(1): p. 43-54.

Langlois, J.A., W. Rutland-Brown, and M.M. Wald, The epidemiology and
impact of traumatic brain injury: a brief overview. J Head Trauma Rehabil,
2006. 21(5): p. 375-8.

Bank, W., World development indicators database. Obtenido de Gross Domestic
Product: databank. worldbank. org, 2005.

Maas, A.l.LR., et al., Traumatic brain injury: integrated approaches to improve
prevention, clinical care, and research. Lancet Neurol, 2017. 16(12): p. 987-
1048.

DeKosky, S.T., et al., Association of increased cortical soluble Ap42 levels with
diffuse plaques after severe brain injury in humans. Archives of neurology,
2007. 64(4): p. 541-544.

Yoshiyama, Y., et al., Enhanced neurofibrillary tangle formation, cerebral
atrophy, and cognitive deficits induced by repetitive mild brain injury in a
transgenic tauopathy mouse model. Journal of neurotrauma, 2005. 22(10): p.
1134-1141.

McKee, A.C., et al., Chronic traumatic encephalopathy in athletes: progressive
tauopathy after repetitive head injury. Journal of Neuropathology &
Experimental Neurology, 2009. 68(7): p. 709-735.

Goldman, S.M., et al., Head injury and Parkinson's disease risk in twins. Annals
of neurology, 2006. 60(1): p. 65-72.

Chen, H., et al., Head injury and amyotrophic lateral sclerosis. American
journal of epidemiology, 2007. 166(7): p. 810-816.

66



34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Yeh, C.-C., et al., Risk of epilepsy after traumatic brain injury: a retrospective
population-based cohort study. Journal of Neurology, Neurosurgery &
Psychiatry, 2013. 84(4): p. 441-445.

Organization, W.H., Neurological disorders: public health challenges. 2006:
World Health Organization.

Dewan, M.C., et al., Estimating the global incidence of traumatic brain injury. J
Neurosurg, 2018: p. 1-18.

Liu, B., Current status and development of traumatic brain injury treatments in
China. Chin J Traumatol, 2015. 18(3): p. 135-6.

Georges, A. and J.M. Das, Traumatic brain injury. StatPearls [Internet], 2021.
Abdelmalik, P.A., N. Draghic, and G.S.F. Ling, Management of moderate and
severe traumatic brain injury. Transfusion, 2019. 59(S2): p. 1529-1538.

Janak, J., M. Pugh, and J. Orman, Epidemiology of traumatic brain injury.
Traumatic Brain Injury Rehabilitation Medicine, 2015: p. 6-35.

Xiong, Y., A. Mahmood, and M. Chopp, Current understanding of
neuroinflammation after traumatic brain injury and cell-based therapeutic
opportunities. Chin J Traumatol, 2018. 21(3): p. 137-151.

Wiley, C.A,, et al., Ultrastructure of Diaschisis Lesions after Traumatic Brain
Injury. J Neurotrauma, 2016. 33(20): p. 1866-1882.

Stokum, J.A., V. Gerzanich, and J.M. Simard, Molecular pathophysiology of
cerebral edema. Journal of Cerebral Blood Flow & Metabolism, 2016. 36(3): p.
513-538.

Zhang, J., et al., Inhibition of Na+-K+-2CI— cotransporter attenuates blood-
brain-barrier disruption in a mouse model of traumatic brain injury.
Neurochemistry international, 2017. 111: p. 23-31.

Hubbard, J.A., J.I. Szu, and D.K. Binder, The role of aquaporin-4 in synaptic
plasticity, memory and disease. Brain research bulletin, 2018. 136: p. 118-129.
Patel, A.D., et al., Glibenclamide reduces hippocampal injury and preserves
rapid spatial learning in a model of traumatic brain injury. Journal of
Neuropathology & Experimental Neurology, 2010. 69(12): p. 1177-1190.
Krieg, S.M., R. Trabold, and N. Plesnila, Time-dependent effects of arginine-
vasopressin V1 receptor inhibition on secondary brain damage after traumatic
brain injury. Journal of neurotrauma, 2017. 34(7): p. 1329-1336.

Filippidis, A.S., et al., Real-time monitoring of changes in brain extracellular
sodium and potassium concentrations and intracranial pressure after selective
vasopressin-1a receptor inhibition following focal traumatic brain injury in rats.
Journal of neurotrauma, 2014. 31(14): p. 1258-1267.

Burda, J.E. and M.V. Sofroniew, Reactive gliosis and the multicellular response
to CNS damage and disease. Neuron, 2014. 81(2): p. 229-248.

Zhang, Z., et al., Microglial polarization and inflammatory mediators after
intracerebral hemorrhage. Molecular neurobiology, 2017. 54(3): p. 1874-1886.
Ren, H., et al., Potential therapeutic targets for intracerebral hemorrhage-
associated inflammation: An update. Journal of Cerebral Blood Flow &
Metabolism, 2020. 40(9): p. 1752-1768.

Donat, C.K., et al., Microglial activation in traumatic brain injury. Frontiers in
aging neuroscience, 2017. 9: p. 208.

Loane, D.J. and A. Kumar, Microglia in the TBI brain: the good, the bad, and
the dysregulated. Experimental neurology, 2016. 275: p. 316-327.

67



54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Hu, X., et al., Microglial and macrophage polarization—new prospects for
brain repair. Nature Reviews Neurology, 2015. 11(1): p. 56-64.

Lan, X., et al., Inflammatory responses after intracerebral hemorrhage: from
cellular function to therapeutic targets. Journal of Cerebral Blood Flow &
Metabolism, 2019. 39(1): p. 184-186.

Karve, I.P., J.M. Taylor, and P.J. Crack, The contribution of astrocytes and
microglia to traumatic brain injury. British journal of pharmacology, 2016.
173(4): p. 692-702.

Villapol, S., K.R. Byrnes, and A.J. Symes, Temporal dynamics of cerebral blood
flow, cortical damage, apoptosis, astrocyte—vasculature interaction and
astrogliosis in the pericontusional region after traumatic brain injury. Frontiers
in neurology, 2014. 5: p. 82.

Susarla, B.T., et al., Temporal patterns of cortical proliferation of glial cell
populations after traumatic brain injury in mice. 2014.

Kumar, A, et al., Microglial-derived microparticles mediate neuroinflammation
after traumatic brain injury. Journal of neuroinflammation, 2017. 14(1): p. 1-17.
Qin, D., et al., Traumatic Brain Injury: Ultrastructural Features in Neuronal
Ferroptosis, Glial Cell Activation and Polarization, and Blood—Brain Barrier
Breakdown. Cells, 2021. 10(5): p. 1009.

Watson, W.D., et al., Impaired cortical mitochondrial function following TBI
precedes behavioral changes. Frontiers in neuroenergetics, 2014. 5: p. 12.
Wiley, C.A,, et al., Ultrastructure of diaschisis lesions after traumatic brain
injury. Journal of neurotrauma, 2016. 33(20): p. 1866-1882.

Song, H., et al., Ultrastructural brain abnormalities and associated behavioral
changes in mice after low-intensity blast exposure. Behavioural brain research,
2018. 347: p. 148-157.

Zorov, D.B., M. Juhaszova, and S.J. Sollott, Mitochondrial reactive oxygen
species (ROS) and ROS-induced ROS release. Physiological reviews, 2014.
94(3): p. 909-950.

Hiebert, J.B., et al., Traumatic brain injury and mitochondrial dysfunction. The
American journal of the medical sciences, 2015. 350(2): p. 132-138.

Schieber, M. and N.S. Chandel, ROS function in redox signaling and oxidative
stress. Current biology, 2014. 24(10): p. R453-R462.

Khatri, N., et al., Oxidative stress: major threat in traumatic brain injury. CNS
& Neurological Disorders-Drug Targets (Formerly Current Drug Targets-CNS
& Neurological Disorders), 2018. 17(9): p. 689-695.

Wang, W., et al., GSK-3p as a target for protection against transient cerebral
ischemia. International journal of medical sciences, 2017. 14(4): p. 333.
Ballabh, P., A. Braun, and M. Nedergaard, The blood-brain barrier: an
overview: structure, regulation, and clinical implications. Neurobiology of
disease, 2004. 16(1): p. 1-13.

Saint-Pol, J., et al., Targeting and crossing the blood-brain barrier with
extracellular vesicles. Cells, 2020. 9(4): p. 851.

Shitaka, Y., et al., Repetitive closed-skull traumatic brain injury in mice causes
persistent multifocal axonal injury and microglial reactivity. Journal of
Neuropathology & Experimental Neurology, 2011. 70(7): p. 551-567.

68



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Yao, X., et al., Mildly reduced brain swelling and improved neurological
outcome in aquaporin-4 knockout mice following controlled cortical impact
brain injury. Journal of neurotrauma, 2015. 32(19): p. 1458-1464.
Vazquez-Rosa, E., et al., P7C3-A20 treatment one year after TBI in mice repairs
the blood—brain barrier, arrests chronic neurodegeneration, and restores
cognition. Proceedings of the National Academy of Sciences, 2020. 117(44): p.
27667-27675.

Zlokovic, B.V., The blood-brain barrier in health and chronic
neurodegenerative disorders. Neuron, 2008. 57(2): p. 178-201.

Li, Q., et al., Inhibition of tPA-induced hemorrhagic transformation involves
adenosine A2b receptor activation after cerebral ischemia. Neurobiology of
disease, 2017. 108: p. 173-182.

Montagne, A., et al., Blood-brain barrier breakdown in the aging human
hippocampus. Neuron, 2015. 85(2): p. 296-302.

Sifat, A.E., B. Vaidya, and T.J. Abbruscato, Blood-brain barrier protection as a
therapeutic strategy for acute ischemic stroke. The AAPS journal, 2017. 19(4):
p. 957-972.

Khalid, F., et al., Autonomic dysfunction following traumatic brain injury:
translational insights. Neurosurg Focus, 2019. 47(5): p. ES8.

Masuda, T., et al., Sympathetic nervous activity and myocardial damage
immediately after subarachnoid hemorrhage in a unique animal model. Stroke,
2002. 33(6): p. 1671-1676.

Serri, K., et al., Traumatic brain injury is not associated with significant
myocardial dysfunction: an observational pilot study. Scandinavian journal of
trauma, resuscitation and emergency medicine, 2016. 24(1): p. 1-5.
Krishnamoorthy, V., et al., Association of early hemodynamic profile and the
development of systolic dysfunction following traumatic brain injury.
Neurocritical care, 2017. 26(3): p. 379-387.

Mierzewska-Schmidt, M. and A. Gawecka, Neurogenic stunned myocardium—
do we consider this diagnosis in patients with acute central nervous system
injury and acute heart failure? Anaesthesiology intensive therapy, 2015. 47(2):
p. 175-180.

Chaikittisilpa, N., et al., Characterizing the relationship between systemic
inflammatory response syndrome and early cardiac dysfunction in traumatic
brain injury. Journal of neuroscience research, 2018. 96(4): p. 661-670.

Corral, L., et al., Impact of non-neurological complications in severe traumatic
brain injury outcome. Critical care, 2012. 16(2): p. 1-7.

Herijgers, P., et al., Changes In Organ Perfusion After Brain Death In The Rat
And Its Relation To Circulating Catecholaminesl. Transplantation, 1996. 62(3):
p. 330-335.

McMahon, C.G., et al., Effect of acute traumatic brain injury on baroreflex
function. Shock, 2011. 35(1): p. 53-58.

Xiong, Y., A. Mahmood, and M. Chopp, Animal models of traumatic brain
injury. Nature Reviews Neuroscience, 2013. 14(2): p. 128-142.

Osier, N. and C.E. Dixon, The Controlled Cortical Impact Model of
Experimental Brain Trauma: Overview, Research Applications, and Protocol.
Methods Mol Biol, 2016. 1462: p. 177-92.

69



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Saatman, K.E., et al., Differential behavioral and histopathological responses to
graded cortical impact injury in mice. Journal of neurotrauma, 2006. 23(8): p.
1241-1253.

Zhang, Y.P., et al., Traumatic brain injury using mouse models. Transl Stroke
Res, 2014. 5(4): p. 454-71.

Hou, R., et al., When a minor head injury results in enduring symptoms: a
prospective investigation of risk factors for postconcussional syndrome after
mild traumatic brain injury. Journal of Neurology, Neurosurgery & Psychiatry,
2012. 83(2): p. 217-223.

Biswas, R.K., E. Kabir, and R. King, Effect of sex and age on traumatic brain
injury: a geographical comparative study. Archives of public health, 2017.
75(1): p. 1-11.

Grossman, M.D., et al., When is an elder old? Effect of preexisting conditions on
mortality in geriatric trauma. Journal of Trauma and Acute Care Surgery, 2002.
52(2): p. 242-246.

Biegon, A., Considering Biological Sex in Traumatic Brain Injury. Front
Neurol, 2021. 12: p. 576366.

Roof, R.L. and E.D. HALL, Gender differences in acute CNS trauma and
stroke: neuroprotective effects of estrogen and progesterone. Journal of
neurotrauma, 2000. 17(5): p. 367-388.

Wright, D.K., et al., Sex matters: repetitive mild traumatic brain injury in
adolescent rats. Annals of clinical and translational neurology, 2017. 4(9): p.
640-654.

Kurtz, P. and E.E.M. Rocha, Nutrition Therapy, Glucose Control, and Brain
Metabolism in Traumatic Brain Injury: A Multimodal Monitoring Approach.
Front Neurosci, 2020. 14: p. 190.

Hértl, R., et al., Effect of early nutrition on deaths due to severe traumatic brain
injury. J Neurosurg, 2008. 109(1): p. 50-6.

Jensen, N.J., et al., Effects of Ketone Bodies on Brain Metabolism and Function
in Neurodegenerative Diseases. Int J Mol Sci, 2020. 21(22).

Dienel, G.A., Brain glucose metabolism: integration of energetics with function.
Physiological reviews, 2019. 99(1): p. 949-1045.

Yu, Y., et al., Evaluating the gray and white matter energy budgets of human
brain function. Journal of Cerebral Blood Flow & Metabolism, 2018. 38(8): p.
1339-1353.

Begg, D.P. and S.C. Woods, The endocrinology of food intake. Nature Reviews
Endocrinology, 2013. 9(10): p. 584-597.

Brownell, K.D., et al., The public health and economic benefits of taxing sugar-
sweetened beverages. 2009, Mass Medical Soc. p. 1599-1605.

La Fleur, S., et al., A free-choice high-fat high-sugar diet induces changes in
arcuate neuropeptide expression that support hyperphagia. International journal
of obesity, 2010. 34(3): p. 537-546.

Paulsen, S.J., et al., Characterization of p-Cell Mass and Insulin Resistance in
Diet-induced Obese and Diet-resistant Rats. Obesity, 2010. 18(2): p. 266-273.
la Fleur, S., et al., A free-choice high-fat high-sugar diet induces glucose
intolerance and insulin unresponsiveness to a glucose load not explained by
obesity. International journal of obesity, 2011. 35(4): p. 595-604.

70



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Cordain, L., et al., Origins and evolution of the Western diet: health implications
for the 21st century. Am J Clin Nutr, 2005. 81(2): p. 341-54.

Haast, R.A. and A.J. Kiliaan, Impact of fatty acids on brain circulation,
structure and function. Prostaglandins Leukot Essent Fatty Acids, 2015. 92: p.
3-14.

Lustig, R.H., Ultraprocessed food: Addictive, toxic, and ready for regulation.
Nutrients, 2020. 12(11): p. 3401.

Wieckowska-Gacek, A., et al., Western diet as a trigger of Alzheimer's disease:
From metabolic syndrome and systemic inflammation to neuroinflammation and
neurodegeneration. Ageing Res Rev, 2021. 70: p. 101397.

Habashy, K.J., et al., Western and ketogenic diets in neurological disorders: can
you tell the difference? Nutrition Reviews, 2022.

Whodarek, D., Role of ketogenic diets in neurodegenerative diseases
(Alzheimer’s disease and Parkinson’s disease). Nutrients, 2019. 11(1): p. 169.
Tapsell, L.C., et al., Foods, nutrients, and dietary patterns: interconnections and
implications for dietary guidelines. Advances in Nutrition, 2016. 7(3): p. 445-
454,

Prins, M.L. and D.A. Hovda, The effects of age and ketogenic diet on local
cerebral metabolic rates of glucose after controlled cortical impact injury in
rats. Journal of neurotrauma, 2009. 26(7): p. 1083-1093.

Bernini, A., et al., Modulation of cerebral ketone metabolism following
traumatic brain injury in humans. Journal of Cerebral Blood Flow &
Metabolism, 2020. 40(1): p. 177-186.

Favieri, F., G. Forte, and M. Casagrande, The executive functions in overweight
and obesity: A systematic review of neuropsychological cross-sectional and
longitudinal studies. Frontiers in psychology, 2019. 10: p. 2126.

Miller, A.A. and S.J. Spencer, Obesity and neuroinflammation: a pathway to
cognitive impairment. Brain, behavior, and immunity, 2014. 42: p. 10-21.
Laitinen, M., et al., Fat intake at midlife and risk of dementia and Alzheimer’s
disease: a population-based study. Dementia and geriatric cognitive disorders,
2006. 22(1): p. 99-107.

Pistell, P.J., et al., Cognitive impairment following high fat diet consumption is
associated with brain inflammation. Journal of neuroimmunology, 2010. 219(1-
2): p. 25-32.

Castanon, N., J. Lasselin, and L. Capuron, Neuropsychiatric comorbidity in
obesity: role of inflammatory processes. Frontiers in endocrinology, 2014. 5: p.
74.

Erion, J.R., et al., Obesity elicits interleukin 1-mediated deficits in hippocampal
synaptic plasticity. Journal of Neuroscience, 2014. 34(7): p. 2618-2631.
Lasselin, J., et al., Adipose inflammation in obesity: relationship with circulating
levels of inflammatory markers and association with surgery-induced weight
loss. The Journal of Clinical Endocrinology & Metabolism, 2014. 99(1): p. E53-
E61.

Wang, X., et al., Increased hypothalamic inflammation associated with the
susceptibility to obesity in rats exposed to high-fat diet. Experimental diabetes
research, 2012. 2012.

de Sousa Rodrigues, M.E., et al., Chronic psychological stress and high-fat
high-fructose diet disrupt metabolic and inflammatory gene networks in the

71



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

brain, liver, and gut and promote behavioral deficits in mice. Brain, behavior,
and immunity, 2017. 59: p. 158-172.

Seong, J., et al., Hypothalamic inflammation and obesity: a mechanistic review.
Archives of pharmacal research, 2019. 42(5): p. 383-392.

Noble, E.E., T.M. Hsu, and S.E. Kanoski, Gut to brain dysbiosis: mechanisms
linking western diet consumption, the microbiome, and cognitive impairment.
Frontiers in behavioral neuroscience, 2017. 11: p. 9.

De Souza, C.T., et al., Consumption of a fat-rich diet activates a
proinflammatory response and induces insulin resistance in the hypothalamus.
Endocrinology, 2005. 146(10): p. 4192-4199.

Posey, K.A., et al., Hypothalamic proinflammatory lipid accumulation,
inflammation, and insulin resistance in rats fed a high-fat diet. American
Journal of Physiology-Endocrinology and Metabolism, 2009. 296(5): p. E1003-
E1012.

Jena, P.K., et al., Dysregulated bile acid synthesis and dysbiosis are implicated
in Western diet—induced systemic inflammation, microglial activation, and
reduced neuroplasticity. The FASEB Journal, 2018. 32(5): p. 2866-2877.
Beilharz, J.E., J. Maniam, and M. Morris, Short-term exposure to a diet high in
fat and sugar, or liquid sugar, selectively impairs hippocampal-dependent
memory, with differential impacts on inflammation. Behavioural brain research,
2016. 306: p. 1-7.

Beaulieu, J., et al., The neuroinflammatory and neurotoxic potential of palmitic
acid is mitigated by oleic acid in microglial cells and microglial-neuronal co-
cultures. Molecular Neurobiology, 2021. 58(6): p. 3000-3014.

Gupta, S., et al., Saturated long-chain fatty acids activate inflammatory
signaling in astrocytes. Journal of neurochemistry, 2012. 120(6): p. 1060-1071.
Yanguas-Casas, N., et al., Sex differences in the phagocytic and migratory
activity of microglia and their impairment by palmitic acid. Glia, 2018. 66(3): p.
522-537.

Niu, L., et al., A high-sugar high-fat diet induced metabolic syndrome shows
some symptoms of Alzheimer’s disease in rats. The journal of nutrition, health &
aging, 2016. 20(5): p. 509-513.

Rodriguez-Navas, C., E. Morselli, and D.J. Clegg, Sexually dimorphic brain
fatty acid composition in low and high fat diet-fed mice. Molecular metabolism,
2016. 5(8): p. 680-689.

Wang, Z., et al., Saturated fatty acids activate microglia via Toll-like receptor
4/NF-kB signalling. British Journal of Nutrition, 2012. 107(2): p. 229-241.
Rocha, D., et al., Saturated fatty acids trigger TLR4-mediated inflammatory
response. Atherosclerosis, 2016. 244: p. 211-215.

Moser, V.A., M.F. Uchoa, and C.J. Pike, TLR4 inhibitor TAK-242 attenuates the
adverse neural effects of diet-induced obesity. Journal of neuroinflammation,
2018. 15(1): p. 1-20.

McGillicuddy, F.C., et al., Lack of interleukin-1 receptor | (IL-1RI) protects
mice from high-fat diet-induced adipose tissue inflammation coincident with
improved glucose homeostasis. Diabetes, 2011. 60(6): p. 1688-1698.

Donath, M.Y. and S.E. Shoelson, Type 2 diabetes as an inflammatory disease.
Nature reviews immunology, 2011. 11(2): p. 98-107.

72



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Calvo-Ochoa, E., et al., Short-term high-fat-and-fructose feeding produces
insulin signaling alterations accompanied by neurite and synaptic reduction and
astroglial activation in the rat hippocampus. Journal of Cerebral Blood Flow &
Metabolism, 2014. 34(6): p. 1001-1008.

Sengillo, J.D., et al., Deficiency in Mural Vascular Cells Coincides with Blood—
Brain Barrier Disruption in A Izheimer's Disease. Brain pathology, 2013. 23(3):
p. 303-310.

Ryu, J.K. and J.G. McLarnon, A leaky blood—-brain barrier, fibrinogen
infiltration and microglial reactivity in inflamed Alzheimer’s disease brain.
Journal of cellular and molecular medicine, 2009. 13(9a): p. 2911-2925.

Zipser, B., et al., Microvascular injury and blood—brain barrier leakage in
Alzheimer's disease. Neurobiology of aging, 2007. 28(7): p. 977-986.

Hargrave, S.L., et al., Western diets induce blood-brain barrier leakage and
alter spatial strategies in rats. Behavioral neuroscience, 2016. 130(1): p. 123.
Trudeau, K., A.J. Molina, and S. Roy, High glucose induces mitochondrial
morphology and metabolic changes in retinal pericytes. Investigative
ophthalmology & visual science, 2011. 52(12): p. 8657-8664.

Cacicedo, J.M., et al., Palmitate-induced apoptosis in cultured bovine retinal
pericytes: roles of NAD (P) H oxidase, oxidant stress, and ceramide. Diabetes,
2005. 54(6): p. 1838-1845.

Kanoski, S.E., et al., The effects of a high-energy diet on hippocampal function
and blood-brain barrier integrity in the rat. Journal of Alzheimer's Disease,
2010. 21(1): p. 207-219.

Rutkowsky, J.M., et al., Reduced cognitive function, increased blood-brain-
barrier transport and inflammatory responses, and altered brain metabolites in
LDLr-/-and C57BL/6 mice fed a western diet. PLoS One, 2018. 13(2): p.
€0191909.

De Aquino, C.C., et al., Effect of hypoproteic and high-fat diets on hippocampal
blood-brain barrier permeability and oxidative stress. Frontiers in nutrition,
2019. 5: p. 131.

Stevenson, R.J., et al., Hippocampal-dependent appetitive control is impaired by
experimental exposure to a Western-style diet. Royal Society open science,
2020. 7(2): p. 191338.

Francis, H. and R. Stevenson, The longer-term impacts of Western diet on
human cognition and the brain. Appetite, 2013. 63: p. 119-128.

Ke, X., et al., Adverse maternal environment and western diet impairs cognitive
function and alters hippocampal glucocorticoid receptor promoter methylation
in male mice. Physiological reports, 2020. 8(8): p. e14407.

Abbott, K.N., et al., The effect of high fat, high sugar, and combined high fat-
high sugar diets on spatial learning and memory in rodents: A meta-analysis.
Neuroscience & Biobehavioral Reviews, 2019. 107: p. 399-421.

Ferreira, A., et al., Cafeteria-diet effects on cognitive functions, anxiety, fear
response and neurogenesis in the juvenile rat. Neurobiology of Learning and
Memory, 2018. 155: p. 197-207.

Attuquayefio, T., et al., A four-day Western-style dietary intervention causes
reductions in hippocampal-dependent learning and memory and interoceptive
sensitivity. PLoS One, 2017. 12(2): p. e0172645.

73



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Francis, H.M. and R.J. Stevenson, Higher reported saturated fat and refined
sugar intake is associated with reduced hippocampal-dependent memory and
sensitivity to interoceptive signals. Behavioral neuroscience, 2011. 125(6): p.
943.

Alghamdi, B.S., The effect of short-term feeding of a high-coconut oil or high-
fat diet on neuroinflammation and the performance of an object—place task in
rats. Neurochemical Research, 2021. 46(2): p. 287-298.

Xu, W., et al., Capsaicin reduces Alzheimer-associated tau changes in the
hippocampus of type 2 diabetes rats. PloS one, 2017. 12(2): p. e0172477.

Ho, L., et al., Diet-induced insulin resistance promotes amyloidosis in a
transgenic mouse model of Alzheimer's disease. The FASEB journal, 2004.
18(7): p. 902-904.

Koulas, S.G., et al., Gut microbiota in patients with morbid obesity before and
after bariatric surgery: A ten-year review study (2009-2019). Obesity Surgery,
2021. 31(1): p. 317-326.

Noble, E.E., et al., Gut microbial taxa elevated by dietary sugar disrupt memory
function. Translational psychiatry, 2021. 11(1): p. 1-16.

Agarwal, P., et al., Unhealthy foods may attenuate the beneficial relation of a
Mediterranean diet to cognitive decline. Alzheimer's & Dementia, 2021. 17(7):
p. 1157-1165.

Bruce-Keller, A.J., et al., Obese-type gut microbiota induce neurobehavioral
changes in the absence of obesity. Biological psychiatry, 2015. 77(7): p. 607-
615.

Jiang, P., et al., Sulfated polysaccharides from Undaria pinnatifida improved
high fat diet-induced metabolic syndrome, gut microbiota dysbiosis and
inflammation in BALB/c mice. International Journal of Biological
Macromolecules, 2021. 167: p. 1587-1597.

Luc, M., et al., Gut microbiota in dementia. Critical review of novel findings
and their potential application. Progress in Neuro-Psychopharmacology and
Biological Psychiatry, 2021. 104: p. 110039.

Barichello, T., et al., Sodium butyrate prevents memory impairment by re-
establishing BDNF and GDNF expression in experimental pneumococcal
meningitis. Molecular neurobiology, 2015. 52(1): p. 734-740.

Jaworska, J., et al., Effect of the HDAC inhibitor, sodium butyrate, on
neurogenesis in a rat model of neonatal hypoxia—ischemia: potential mechanism
of action. Molecular Neurobiology, 2019. 56(9): p. 6341-6370.

Kundi, Z.M., et al., Dietary fiber from oat and rye brans ameliorate Western
diet-induced body weight gain and hepatic inflammation by the modulation of
short-chain fatty acids, bile acids, and tryptophan metabolism. Molecular
nutrition & food research, 2021. 65(1): p. 1900580.

Ojo, B., et al., Mango supplementation modulates gut microbial dysbiosis and
short-chain fatty acid production independent of body weight reduction in
C57BL/6 mice fed a high-fat diet. The Journal of nutrition, 2016. 146(8): p.
1483-1491.

Wieckowska-Gacek, A., et al., Western diet as a trigger of Alzheimer’s disease:
From metabolic syndrome and systemic inflammation to neuroinflammation and
neurodegeneration. Ageing research reviews, 2021. 70: p. 101397.

74



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Sherman, M., et al., Adult obese mice suffer from chronic secondary brain injury
after mild TBI. Journal of neuroinflammation, 2016. 13(1): p. 1-10.

Agrawal, R., et al., Dietary fructose aggravates the pathobiology of traumatic
brain injury by influencing energy homeostasis and plasticity. Journal of
Cerebral Blood Flow & Metabolism, 2016. 36(5): p. 941-953.

Karelina, K., et al., Traumatic brain injury and obesity induce persistent central
insulin resistance. European Journal of Neuroscience, 2016. 43(8): p. 1034-
1043.

Houlden, A., et al., Brain injury induces specific changes in the caecal
microbiota of mice via altered autonomic activity and mucoprotein production.
Brain, behavior, and immunity, 2016. 57: p. 10-20.

Bansal, V., et al., Traumatic brain injury and intestinal dysfunction: uncovering
the neuro-enteric axis. Journal of neurotrauma, 2009. 26(8): p. 1353-1359.
Hang, C.-H., et al., Alterations of intestinal mucosa structure and barrier
function following traumatic brain injury in rats. World journal of
gastroenterology: WJG, 2003. 9(12): p. 2776.

Nicholson, S.E., et al., Moderate traumatic brain injury alters the
gastrointestinal microbiome in a time-dependent manner. Shock, 2019. 52(2): p.
240-248.

Kim, K.-A,, et al., High fat diet-induced gut microbiota exacerbates
inflammation and obesity in mice via the TLR4 signaling pathway. 2012.

Yang, Y., et al., Early-life high-fat diet-induced obesity programs hippocampal
development and cognitive functions via regulation of gut commensal
Akkermansia muciniphila. Neuropsychopharmacology, 2019. 44(12): p. 2054-
2064.

Zhao, Y., et al., Knockdown of Tlr4 in the arcuate nucleus improves obesity
related metabolic disorders. Scientific reports, 2017. 7(1): p. 1-9.

Jiang, H., et al., Toll-like receptor 4 knockdown attenuates brain damage and
neuroinflammation after traumatic brain injury via inhibiting neuronal
autophagy and astrocyte activation. Cellular and molecular neurobiology, 2018.
38(5): p. 1009-1019.

Anthonymuthu, T.S., et al., Oxidized phospholipid signaling in traumatic brain
injury. Free Radical Biology and Medicine, 2018. 124: p. 493-503.

Morrison, C.D., et al., High fat diet increases hippocampal oxidative stress and
cognitive impairment in aged mice: implications for decreased Nrf2 signaling.
Journal of neurochemistry, 2010. 114(6): p. 1581-15809.

Wu, A., Z. Ying, and F. Gomez-Pinilla, Dietary curcumin counteracts the
outcome of traumatic brain injury on oxidative stress, synaptic plasticity, and
cognition. Experimental neurology, 2006. 197(2): p. 309-317.

Wu, A., Z. Ying, and F. Gomez-Pinilla, The interplay between oxidative stress
and brain-derived neurotrophic factor modulates the outcome of a saturated fat
diet on synaptic plasticity and cognition. European Journal of Neuroscience,
2004. 19(7): p. 1699-1707.

Franco-Robles, E. and M.G. Lopez, Agavins increase neurotrophic factors and
decrease oxidative stress in the brains of high-fat diet-induced obese mice.
Molecules, 2016. 21(8): p. 998.

Block, T. and A. El-Osta, Epigenetic programming, early life nutrition and the
risk of metabolic disease. Atherosclerosis, 2017. 266: p. 31-40.

75



189. Nagalakshmi, B., S. Sagarkar, and A.J. Sakharkar, Epigenetic mechanisms of
traumatic brain injuries. Progress in molecular biology and translational
science, 2018. 157: p. 263-298.

190. Tyaqgi, E., et al., Interactive actions of Bdnf methylation and cell metabolism for
building neural resilience under the influence of diet. Neurobiology of disease,
2015. 73: p. 307-318.

191. Cermenati, G., et al., Lipids in the nervous system: from biochemistry and
molecular biology to patho-physiology. Biochimica et Biophysica Acta (BBA)-
Molecular and Cell Biology of Lipids, 2015. 1851(1): p. 51-60.

192. Lamade, A.M., et al., Mitochondrial damage & lipid signaling in traumatic
brain injury. Experimental neurology, 2020. 329: p. 113307.

193. Palafox-Sanchez, V., et al., The interaction between brain and liver regulates
lipid metabolism in the TBI pathology. Biochimica et Biophysica Acta (BBA)-
Molecular Basis of Disease, 2021. 1867(4): p. 166078.

194. Heverin, M., et al., 27-hydroxycholesterol mediates negative effects of dietary
cholesterol on cognition in mice. Behavioural brain research, 2015. 278: p. 356-
359.

195. Merino-Serrais, P., et al., 27-Hydroxycholesterol induces aberrant morphology
and synaptic dysfunction in hippocampal neurons. Cerebral cortex, 2019. 29(1):
p. 429-446.

196. Hoane, M.R., A.A. Swan, and S.E. Heck, The effects of a high-fat sucrose diet
on functional outcome following cortical contusion injury in the rat. Behav
Brain Res, 2011. 223(1): p. 119-24.

197. Min, Z., Y.H. Zhu, and Z.Q. Zhu, Research advances in the influence of lipid
metabolism on cognitive impairment. Ibrain, 2022.

198. Freeman, L.R. and A.-C.E. Granholm, Vascular changes in rat hippocampus
following a high saturated fat and cholesterol diet. Journal of Cerebral Blood
Flow & Metabolism, 2012. 32(4): p. 643-653.

199. Collins, K.H., et al., A High-Fat High-Sucrose Diet Rapidly Alters Muscle
Integrity, Inflammation and Gut Microbiota in Male Rats. Sci Rep, 2016. 6: p.
37278.

200. Matsuura, K., et al., Pole test is a useful method for evaluating the mouse
movement disorder caused by striatal dopamine depletion. J Neurosci Methods,
1997. 73(1): p. 45-8.

201. Smith, J.P., et al., Quantitative measurement of muscle strength in the mouse. J
Neurosci Methods, 1995. 62(1-2): p. 15-9.

202. Sherman, M., et al., Adult obese mice suffer from chronic secondary brain injury
after mild TBI. J Neuroinflammation, 2016. 13(1): p. 171.

203. Gafson, A.R., et al., Neurofilaments: neurobiological foundations for biomarker
applications. Brain, 2020. 143(7): p. 1975-1998.

204. Aboonabi, A., R.R. Meyer, and I. Singh, The association between metabolic
syndrome components and the development of atherosclerosis. J Hum
Hypertens, 2019. 33(12): p. 844-855.

205.  Fischer, T.D., et al., Altered Mitochondrial Dynamics and TBI Pathophysiology.
Front Syst Neurosci, 2016. 10: p. 29.

206. De Fazio, M., et al., Alterations in cerebral oxidative metabolism following
traumatic brain injury. Neurocritical care, 2011. 14(1): p. 91-96.

76



207.

208.

209.

210.

211.

212.

Rutkowsky, J.M., et al., Reduced cognitive function, increased blood-brain-
barrier transport and inflammatory responses, and altered brain metabolites in
LDLr -/-and C57BL/6 mice fed a western diet. PL0oS One, 2018. 13(2): p.
€0191909.

Pallebage-Gamarallage, M., et al., Restoration of dietary-fat induced blood—
brain barrier dysfunction by anti-inflammatory lipid-modulating agents. Lipids
in health and disease, 2012. 11(1): p. 1-11.

Mander, P.K., A. Jekabsone, and G.C. Brown, Microglia proliferation is
regulated by hydrogen peroxide from NADPH oxidase. J Immunol, 2006.
176(2): p. 1046-52.

Gusel'nikova, V.V. and D.E. Korzhevskiy, NeuN As a Neuronal Nuclear
Antigen and Neuron Differentiation Marker. Acta Naturae, 2015. 7(2): p. 42-7.
Kirik, O., et al., Selective death of the striatum neurons in rats after the transient
occlusion of the middle cerebral artery. Morfologiia (Saint Petersburg, Russia),
2009. 135(2): p. 80-82.

Korzhevskii, D., et al., Simulation of unilateral ischemic injury to the striatal
neurons inflicted by short-term occlusion of the middle cerebral artery. Bulletin
of experimental biology and medicine, 2009. 147(2): p. 255.

77



