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ABSTRACT 

OF THE THESIS OF 
 

 

 

Stanley Chukwuebuka Ibeh for Master of Science 

     Major: Biochemistry and Molecular Genetics 

 

 

Title: High Fat Diet Modulates Neuropathologic, Metabolic and Cardiovascular 

Alterations in an Experimental Model of Traumatic Brain Injury 

 

Background: Traumatic brain injury (TBI) constitutes a major public health 

concern in different countries and is one of the major causes of death globally. It has been 

established that even though TBI occurs in the brain, it can exert several systemic effects 

which can worsen the complications observed in TBI patients. Despite huge research 

output on TBI over the last few years, no therapy has been effectively approved by the 

FDA for its treatment. Hence, there has been an increasing need to understand factors that 

affect TBI outcome, to better understand its pathophysiology. One of such factors is diet 

and lifestyle. Western diet (WD), which is a high-fat diet (HFD) rich in saturated fat and 

refined sugar, has been reported to be associated with adverse effects on brain health. 

Some of the alterations that HFD triggers in the brain are similar to the manifestations of 

some neurological disorders. Beyond its direct impact on the brain, WD is linked to 

metabolic syndrome which is a significant risk factor for cognitive impairment and 

chronic diseases. Despite ample evidence on the systemic and neuronal effects of WD, 

only little is known about how it affects the outcome of TBI and how it contributes to 

secondary injury that follows the initial impact. In this study, we hypothesized that 

chronic exposure to HFD prior to TBI worsens the neural, behavioral, and cardiovascular 

outcomes observed in TBI alone, via aggravation of neuroinflammation, oxidative stress, 

cell proliferation disruption, neurodegeneration, and autophagic imbalance. 

Methods: C57BL6 mice were allocated to four groups: normal chow sham, 

normal chow TBI, HFD sham, HFD TBI. Mice were placed on HFD for four weeks, 

before being subjected to an open head, controlled cortical impact, after which they were 

resumed on the HFD for additional four weeks before sacrifice. The control group was 

sham-operated. Behavioral and neurological outcomes were assessed using novel object 

recognition, Morris water maze, and pole climbing. Echocardiography and blood pressure 

monitoring were performed to assess cardiovascular parameters, while nuclear magnetic 

resonance (NMR) was used to measure body composition. After sacrifice, the brain was 

extracted for molecular and histological analysis. Immunofluorescence was done to detect 

Gfap, Iba-1, NFL, pTau, and BrdU, which are markers of neuroinflammation, 

neurodegeneration, and cell proliferation. Western blot was done to detect Oxphos, LC3, 

Beclin, SOD, mTOR, and ATG 14, while RT-PCR was used to investigate oxidative 

stress markers (SOD, Catalase, and Nrf2). 

Results: Two months of HFD feeding, together with TBI, led to a notable 

metabolic, neurological, and behavioral impairment. HFD led to an increased blood 

glucose, percentage fat and body weight. Spatial learning and memory, as well as motor 

coordination, were significantly impaired by HFD and TBI. Immunofluorescence showed 

that HFD feeding pre- and post-TBI aggravated neuroinflammation, which was 
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demonstrated by increased reactivity of microglia and astrocytes, neuro and axonal 

degeneration showed by diminished NFL staining and pTau accumulation, and repressed 

cell proliferation which was demonstrated through BrdU assay. Furthermore, HFD was 

associated with increased cortical and hippocampal ROS after TBI, which was followed 

by the repression of the antioxidant defense system. There was no difference in the 

oxphos complexes and autophagy markers. HFD led to an adverse remodeling of the left 

ventricular function, by causing a reduction in ejection fraction and fractional shortening, 

as well as leading to a slightly increased blood pressure.  

Conclusion: Indeed, HFD was associated with adverse neuropathologic effects 

following TBI. Specifically, we demonstrated that HFD is associated with aggravated 

neurological deficits, neuroinflammation, oxidative stress, and repressed cell 

proliferation. This demonstrates the extent to which diet-induced metabolic stress and a 

sedentary lifestyle can worsen the outcome of TBI victims.  

 

  



 

 4 

TABLE OF CONTENTS 
 

ACKNOWLEDGEMENTS ........................................................... 1 

ABSTRACT ................................................................................... 2 

ILLUSTRATIONS ......................................................................... 8 

ABBREVIATIONS ...................................................................... 10 

Chapter 

I. INTRODUCTION ..................................................................... 12 

A. Traumatic Brain Injury (TBI) ............................................................................. 12 

1. Definition and Epidemiology .......................................................................... 12 

2. Primary and Secondary Brain Injury .............................................................. 13 

B. Animal Models of TBI: Focus on Controlled Cortical Impact ........................... 15 

1. Controlled Cortical Impact ............................................................................. 15 

C. Energy Metabolism in the Brain ......................................................................... 16 

1. Brain Glucose Metabolism ............................................................................. 17 

2. Ketone Body Metabolism ............................................................................... 19 

D. TBI Pathologies: From Cellular Dysfunction to Functional Impairment ........... 19 

1. Neuroinflammatory Response to TBI: The role of Microglia and Astrocytes 21 

2. Cell Death Mechanisms Following TBI ......................................................... 22 

3. Oxidative and Metabolic Consequences of TBI: Focus on the Mitochondria 23 

4. TBI Induced Cardiac Autonomic Dysfunction (CAD) ................................... 25 

5. TBI induced Systemic Endothelial Dysfunction ............................................ 26 

E. Nutrition and Body Health: From Systemic Effects to the Brain ....................... 28 



 

 5 

1. High Fat Diet Induced Metabolic Syndrome: Systemic Inflammation and 

Beyond .................................................................................................................... 29 

2. Effect of HFD on the brain: altered energy homeostasis, neuroinflammation, 

mitochondria dysfunction, and oxidative stress ...................................................... 30 

3. High Fat Diet and Autophagy ......................................................................... 32 

4. HFD Induced Alteration in Synaptic Plasticity and Cognitive Decline ......... 34 

F. Effects of High Fat Diet on TBI: Associated Molecular Mechanisms ............... 36 

1. High Fat Diet Exacerbates Neuroinflammation and Neuronal Cell Death ..... 37 

2. HFD Induces Genetic and Epienetic Changes in TBI .................................... 38 

3. High Fat Diet Aggravates Neuropathological and neurobehavioral 

Impairments ............................................................................................................. 39 

4. High fat Diet Impairs neurovascular Unit and BBB ....................................... 40 

II. HYPOTHESIS AND AIMS .................................................... 42 

III. MATERIALS AND METHODS ........................................... 43 

A. Animals ............................................................................................................... 43 

B. Experimental Timeline ....................................................................................... 43 

C. Diets .................................................................................................................... 44 

D. Body Weight Examination, and Random Glucose Measurement ...................... 44 

E. Non-invasive Blood Pressure Measurement and Echocardiography Recording 44 

F. Nuclear Magnetic Resonance ............................................................................. 45 

G. Surgical Procedure and TBI ................................................................................ 45 

H. 5-bromo-2ôdeoxyuridine (BrdU) Injection ......................................................... 46 

I. Behavioral and Neurological Tests ..................................................................... 46 

1. Novel Object Recognition .............................................................................. 46 

2. Morris Water Maze ......................................................................................... 47 

3. Pole Climbingééééé...éééééééééééééééééé..48 



 

 6 

J. Animal Sacrifice Organ Collection and Preparation .......................................... 49 

K. Hematoxylin and Eosin ....................................................................................... 50 

L. Immunofluorescence éééééééééééééééééééééé..50 

M. BrdU Assay ......................................................................................................... 51 

N. Dihydroethidium Staining ................................................................................... 51 

O. Western Blot ....................................................................................................... 52 

P. RNA Isolation, Reverse Transcription and RT-PCR...éééééé..éé.....53 

Q. Quantification and Data Analysis ....................................................................... 53 

IV. RESULTS ............................................................................... 54 

A. HFD alters metabolic profile, manifested in increased body weight, blood 

glucose, and adipose expansion .................................................................................. 54 

1. Effects of HFD and TBI on Bodyweight ........................................................ 54 

2. Effects of HFD and TBI on Blood Glucose Leveléééééééééé..55 

3. Effects of HFD and TBI on Percentage Fat .................................................... 55 

B. HFD and TBI aggravates behavioral and cognitive impairments ....................... 56 

1. Effects of HFD and TBI on Learning and Memory ........................................ 56 

2. Effects of HFD and TBI on Recognition memoryéééééééééé..59 

3.  Effects of HFD and TBI on Motor Cordination ............................................. 60 

C. Neuroinflammatory Alterations in HFD and TBI ............................................... 61 

1. Effects of HFD and TBI on Astrocytes Activation ......................................... 61 

2. Effects of HFD and TBI on Microglia Activation .......................................... 64 

D. HFD and TBI Induces Hippocampal and Cortical Oxidative Stress .................. 67 

1. DHE staining ................................................................................................... 67 

2. Expression of SOD, Catalase and Nrf2 .......................................................... 69 



 

 7 

E. Effect of HFD and TBI on Mitochondrial Oxidative Complexes ...................... 70 

F. Hematoxylin and Eosin Staining ........................................................................ 72 

G. Effect of HFD and TBI on Axonal Degeneration ............................................... 73 

H. Effect of HFD and TBI on neurodegeneration ................................................... 74 

I. Effect of HFD and TBI on Cellular Proliferation ............................................... 75 

J. The Expression Levels of LC3B, Beclin, ATG14 .............................................. 77 

K. HFD and TBI Modulates Cardiovascular Function ............................................ 78 

1. Effects LV Function and BP ........................................................................... 78 

V. DISCUSSION .......................................................................... 80 

VI. CONCLUSION AND FUTURE PERSPECTIVES .............. 87 

REFERENCES ............................................................................. 89 

 



 

 8 

ILLUSTRATIONS 
 

Figure 

 

1. TBI Pathophysiology ............................................................................................ 14 

2. Effects of HFD/Unhealthy Diet on The Brain ..................................................... 32 

3. Pathological Consequences of HFD in the Brain ................................................. 35 

4. Experimental Timeline ......................................................................................... 44 

5. Steps in the Induction of CCI ............................................................................... 46 

6. Novel Object Recognition Apparatus .................................................................. 47 

7. Morris Water Maze Testing Apparatus ................................................................ 48 

8. Pole Climbing Testing Apparatus ........................................................................ 49 

9. Effect of HFD and TBI on Body Weight ............................................................. 54 

10. Random Blood Glucose Level ............................................................................. 55 

11. Percentage Fat ...................................................................................................... 56 

12. Latency to Platform in MWM test post-TBI ........................................................ 58 

13. Latency to Designated Quadrant (NE) ................................................................. 58 

14. Time Spent in the NE Quadrant on Day 5 ........................................................... 59 

15. Novel Object Recognition Result ......................................................................... 60 

16. Pole Climbing Test ............................................................................................... 61 

17. GFAP Expression in the Ipsilateral Hippocampus: 40X OIL and Tile Scan ....... 62 

18. GFAP Expression in the Ipsilateral Cortex: 40X OIL and Tile Scan .................. 63 

19. ImageJ Quantification of Hippocampal and Cortical GFAP ............................... 64 

20. IBA 1 Expression in the Ipsilateral Hippocampus: 40X OIL and Tile Scan ....... 65 

21. IBA 1 Expression in the Ipsilateral Cortex: 40X OIL and Tile Scan ................... 66 

22. ImageJ Quantification of Hippocampal and Cortical IBA 1 ................................ 67 

23. Hippocampal and Cortical ROS ........................................................................... 69 

24. Expression levels of SOD, Catalase, and Nrf2 ..................................................... 70 

25. The Expression of Oxphos Complexes ................................................................ 71 

26. Quantification of the Oxphos Expression ............................................................ 72 



 

 9 

27. Hematoxylin and Eosin Staining .......................................................................... 73 

28. Axonal Degeneration Following TBI ................................................................... 74 

29. Effect of HFD and TBI on pTau .......................................................................... 75 

30. Cellular Proliferation in response to HFD and TBI ............................................. 77 

31. The Expression Level of Autophagy Markers ..................................................... 78 

32. Effects of HFD and TBI on Cardiac Parameters .................................................. 79 

 

 

 

 
 

  



 

 10 

ABBREVIATIONS 
 

ADP: Adenosine Diphosphate 

AMPK: AMP-Activated Protein Kinase 

ANS: Autonomic Nervous System 

ATP: Adenosine Triphosphate 

BBB: Blood-Brain Barrier 

BDNF: Brain-Derived Neurotrophic Factor 

BMI: Body Mass Index 

BP: Blood Pressure 

BRDU: 5-bromo-2ôdeoxyuridine 

CAD: Cardiac Autonomic Dysfunction 

CBF: Cerebral Blood Flow 

CCI: Controlled Cortical Impact 

cGMP: Cyclic Guanosine Monophosphate 

CNS: Central Nervous System 

CREB: Cyclic Amp Response Element Binding Protein 

CSI: Controlled Skull Impact 

CTE: Chronic Traumatic Encephalopathy 

Cyt c: Cytochrome C 

DHE: Dihydroethidium 

DMSO: Dimethyl sulfoxide 

DNA: Deoxyribonucleic Acid 

EAAT: Excitatory Amino Acid Transporters 

EF: Ejection Fraction 

ENOS: Endothelial Nitric Oxide Synthase  

eNOS: Endothelial Nitric Oxide Synthase 

FDA: Food and Drug Administration 

FGF2: Fibroblast Growth Factor 2 

FPI: Fluid Percussion Injury 

FS: Fractional Shortening 

GFAP: Glia Fibrillary Acidic Protein 

H & E: Hematoxylin and Eosin 

HDL: High Density Lipoprotein 

HFD: High Fat Diet 

HFS: High Fat Sucrose 

IGF1: Insulin-like Growth Factor 1 

IP3: Inositol Triphosphate 

KB: Ketone Bodies 

KD: Ketogenic Diet 

LTP: Long Term Potentiation 

LVEF: Left Ventricular Ejection Fraction 



 

 11 

MCTs: Monocarboxylate Transporters 

MDA: Malondialdehyde 

MeS: Metabolic Syndrome 

mPTP: Mitochondria Permeability Transition Pore  

mTOR: Mechanistic Target of Rapamycin 

MWM: Morris Water Maze 

NC: Normal Chow 

NFT: Neurofibrillary Tangles 

NMR: Nuclear Magnetic Resonance 

NO: Nitric Oxide 

NOR: Novel Object Recognition 

NVU: Neurovascular Unit 

PFA: Paraformaldehyde 

PGC-1: Peroxisome-proliferator Activated Receptor Gamma Coactivator 1 

ROS Reactive Oxygen Species 

SAH: Sub Arachnoid Hemorrhage 

SBP: Systolic Blood Pressure 

SOD: Superoxide Dismutase 

SOD: Superoxide Dismutase 

TBI: Traumatic Brain Injury 

WD: Western Diet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 12 

CHAPTER I 

INTRODUCTION 

A. Traumatic brain injury (TBI)  

1. Definition and Epidemiology 

Traumatic brain injury (TBI) is a serious public health concern and remains one 

of the leading causes of death across all ages, accounting for a third of all injury-related 

death in the United States [1, 2]. It is a disruption of the normal function of the brain, 

which is caused by either penetrating or non-penetrating head impact [3]. The 

complications arising from TBI are heterogeneous, as a single event of brain injury 

could alter diverse behavioral, cognitive, cellular, and molecular processes in the body, 

thus making each case of TBI unique for different persons. Individuals that are involved 

in certain professions like contact sports and military are more predisposed to brain 

injury [4], however, TBI is encountered across all populations. Even individuals who 

survived the injury, have been shown to live with long-term neurological complications 

[5].  

Every year, over 50 million cases of TBI are reported worldwide, with the most 

cases in low- and middle-income countries [6]. In the USA alone, TBI accounts for 

about 2.5 million hospitalizations. This is an under-representation of the actual number 

of TBI cases in the United States, as it does not account for several TBI victims that did 

not get medical attention. Also, several complications from TBI do not become apparent 

immediately after the injury, this leads to TBI being under-reported hence making it to 

be referred to as a ñsilent epidemicò. TBI poses a very huge economic burden in various 

countries. In the United States alone, approximately US$77 billion is spent on TBI 

every year [2]. Generally, TBI is classified into two groups; (I) closed head or 
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nonpenetrating injury, which include injuries that do not penetrate the brain. These 

injuries are usually caused by road traffic accidents, concussions in football fields, blast 

due to explosions and fall. (II) open head or penetrating injury, which are injuries that 

penetrate the brain [7]. 

 

2. Primary and Secondary Brain Injury 

The pathological alterations of TBI manifest as either primary or secondary 

injury. Primary injury includes the damage at the site of the TBI, which leads to tissue 

damage, alteration of cerebral blood flow, necrotic cell death, and contusion. While the 

secondary injury is the cellular and molecular alterations induced in the brain due to the 

injury [8, 9]. Even though the mode of impact plays an important role in the pathologies 

of TBI, the complications arising from the secondary injury are the main determinant of 

the severity and clinical manifestations of the injury. The severity of the impact caused 

by TBI could be mild, moderate, or severe, however, any of the injury forms could 

cause several complications in the brain, ranging from an alteration of the cerebral 

vasculature, hemorrhage, vasospasms, and blood-brain barrier disruption [10]. The 

severity of TBI can be assessed using various standard scales like the Glasgow Coma 

Scale, Post Traumatic Amnesia, and Loss of Consciousness [11]. TBI is reportedly a 

risk factor for the development of several cognitive and neurodegenerative disorders, 

among which includes dementia, late-onset Alzheimerôs disease, schizophrenia, post-

concussive syndrome, and chronic traumatic encephalopathy (CTE) [12]. 

CTE is a neurodegenerative disease, that is usually observed in military veterans 

due to exposure to brain injuries, caused by a blast from explosive devices. It is also 

observed in players of contact sports [13]. Beyond the cognitive deficits associated with 
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TBI, secondary brain injury has been linked to several cellular and molecular alterations 

in the brain. This includes neuroinflammation, activation of proteases, thus leading to 

apoptosis cell death, excitotoxicity, mitochondria damage, altered brain metabolism, 

and oxidative stress [9]. 

 

 

Figure 1: TBI Pathophysiology. This is an illustration of the pathophysiology of TBI. 

The initial impact causes a primary injury which includes hemorrhage, contusion, 

axonal shearing. However, over time, the primary injury will progress into a secondary 

injury, which will manifest in the alteration of several cellular and molecular pathways, 

thereby leading to cell death, inflammation, impaired metabolism, and other functional 

impairments.  
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B. Animal Models of TBI: Focus on Controlled Cortical Impact (CCI) 

Researchers have used a variety of brain injury models to better describe the 

pathologies and clinical complications of TBI. Animal models have been developed 

over the last three decades to mimic different aspects of human TBI, to better 

understand the underlying pathophysiology, and to investigate possible treatments [14]. 

These animals are modeled to study the neurobehavioral alterations observed in TBI, 

and the cellular and molecular alterations observed in human secondary injury. Even 

though higher animals have closer physiology to humans, rodents are mostly used for 

TBI research, due to the ease of handling and low cost. Among the frequently used 

animal models in TBI research is the CCI, fluid percussion injury model (FPI), blast 

injury, and the weight drop injury model [15]. These different models replicate both the 

primary and secondary injuries observed in human TBI. 

 

1. Controlled cortical impact model (CCI) 

CCI is a mechanical model that mimics cortical contusion human TBI and is one 

of the most widely studied experimental models of TBI [15]. It uses an electromagnetic 

impact system to cause an injury to the dura of the brain that has been surgically 

exposed through craniectomy. This model, which was developed in the 1980s, has had a 

lot of success in the study of preclinical TBI and has a lot of advantages over other TBI 

models [16]. The craniectomy is performed first, followed by the injury that affects the 

cortical and subcortical structures [16]. CCI is primarily used to simulate open head 

injury, however, it has been modified recently to also stimulate closed head injury. As 

the danger to individuals in the military or those participating in different sporting 

activities is being studied over time, closed head injury models have become a focus of 
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increased study [17, 18]. Also, CCI is a popular option for researching the long-term 

effects of TBI because of its high survivability. One particular research that followed 

the test animals for a year after TBI, found continuing deficits such as progressive tissue 

loss and ventricular expansion [19]. The ability to monitor the velocity, time, and depth 

of the injury is a unique aspect of CCI, allowing varying degrees of injury to be 

inflicted on different animals [16]. The CCI causes cortical contusion, BBB trauma, 

axonal injury, subdural hematoma, concussion, and coma, as well as significant 

neurobehavioral and cognitive deficits [15, 20-22]. Other animal models of CCI, such 

as the swine CCI model, which showed similarities to human TBI, have also been 

studied, but rodent models are more commonly used in research due to their ease of 

handling and low cost [23].  

 

C. Energy Metabolism in the Brain: How the brain selects energy substrates in 

homeostatic and impaired states.  

The brain is an energy-intensive organ that utilizes glucose as its main source of 

energy. However, under certain circumstances, the brain can derive its energy from 

ketone bodies and even lactate [24]. These metabolites serve as energy substrates to the 

brain because they have carriers that can cross the BBB. Energy metabolism in the brain 

is a tightly regulated process, which is mediated by crosstalk between the neurons and 

the glial cells. This well-regulated cellular interaction ensures energy homeostasis 

within a healthy brain, which is imperative for normal brain function. In the incidence 

of TBI, the homeostasis within the brain microenvironment is distorted, causing an 

early alteration in the brain metabolism, which is followed up by an energy crisis[25]. 

Due to the distortion in the brain metabolic pathways, the ability of the brain to 
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selectively utilizes a different energy substrate and the availability of alternative energy 

substrates plays a role in dictating the cognitive outcome post-TBI. For instance, any 

metabolic imbalance affecting glucose availability without a compensatory ketogenic 

usage could result in a fast distortion of cerebral function. Interestingly, metabolic 

dysregulation has been shown as a direct risk factor for behavioral and cognitive 

dysfunctions [26, 27] 

 

1. Brain Glucose Metabolism 

The brain utilizes a huge amount of energy, despite contributing only 2% to the 

total body mass. The adult brain depends almost exclusively on glucose for its energy 

supply. In fact, about 25% of the bodyôs oxygen, and 20% of the bodyôs glucose are 

used by the brain, making it the highest glucose-consuming organ in the body [24]. 

Although the brain largely depends on glucose for its energy supply, it cannot store 

glucose and hence, needs a continuous blood glucose supply [28]. Any interruption in 

the brain glucose supply leads to pathologies. The adult brain has over 100 billion 

neurons and even much more glia cells, making it consume a huge amount of energy. It 

is estimated that the brain consumes about 120g of glucose (420 kcal energy) per day, 

with the hypothalamus playing an important role to maintain brain energy homeostasis 

[29, 30]. Most of this energy is used for the synthesis of neurotransmitters and 

maintenance of ionic gradients, that are needed for the transmission of nerve impulses 

[28], with only 10-15% required for the maintenance of the resting membrane potential 

[31].  

Astrocytes play an essential role in the brain glucose metabolism, with the end 

foot of the astrocytes strategically attached to the BBB. Glucose exits the blood vessels 
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into the astrocytes and neurons through glucose transporters, where it is converted to 

pyruvate through glycolysis [30]. Astrocyte further converts glucose to lactate, which it 

releases to the neurons through the monocarboxylate transporters (MCTs). The neuron 

astrocyte interaction is directly implicated in the brainôs glucose metabolism. Increased 

glutamate transport into the astrocytes, through the Na+ dependent (EAAT-1 and 

EAAT-2), leads to an increased intracellular Na+ which eventually activates Na+-K+ 

ATPase, with a concomitant increase in ATP consumption [32-34]. This activates 

glucose uptake by astrocytes, leading to the release of more lactate into the neuron, 

which is oxidized by the mitochondria to generate energy [32]. In the astrocyte, 

glutamate is converted back to glutamine, and transported to the neurons, where it 

contributes to replenishing excitatory neurotransmitter glutamate [35]. Mitochondria 

oxidative metabolism plays an essential role in brain energy production, however, it is 

accompanied by the generation of reactive oxygen species (ROS) which can lead to 

lipid peroxidation, DNA, and protein damage, thus leading to oxidative stress and 

cellular damage [36]. Although neurons are responsible for most of the oxidative 

metabolism in the brain, they have less antioxidant abilities, and hence they rely on the 

antioxidants supplied by astrocytes. For instance, the synthesis of glutathione by the 

neurons is dependent upon the precursors supplied by astrocytes [37]. Ascorbic acid, 

another important antioxidant is released by astrocytes upon glutamate stimulation and 

is taken up by neurons, where it inhibits glucose metabolism, thereby favoring lactate 

uptake and changing the metabolic substrates of neuronal cells [38]. Hence, neuron-glia 

interaction is essential for energy homeostasis within the brain. However, in conditions 

like diabetes and starvation, this homeostasis is usually altered, leading to a metabolic 

switch, from glucose to ketone as the energy substrate [39]. Also, in TBI, brain energy 
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metabolism is altered, leading to an energy crisis, which exacerbates the secondary 

injury [25, 40].  

 

2. Ketone metabolism  

Ketone bodies (KB) are a significant source of energy in the body, accounting 

for approximately 5 to 20% of total energy expenditure. Fatty acids are metabolized into 

KB during malnutrition or prolonged glucose depletion and then released into the 

general circulation to spread through the blood to different organs [41]. KB provides an 

alternate supply of energy to the brain in conditions where glucose is inaccessible [42]. 

Free fatty acids are mobilized from adipocytes and transported to the liver during 

fasting, where they contribute to KB synthesis. Unlike glucose transport, KB uptake 

through the BBB is carrier-dependent and correlates with circulating concentrations. 

Monocarboxylate transporters (MCTs) are the only recognized ketone bodies 

transporters, that carry ketone bodies into the brain. MCT expression varies greatly 

between cell types, with the MCT1 isoform found on endothelial cells and astrocytes at 

the BBB [33]. Neurons, on the other hand, almost exclusively express the MCT2 hence, 

the neurons, as well as astrocytes, can take up KB into the brain [43]. Once inside the 

brain, the KBs are converted back to acetyl CoA before being incorporated into the 

tricarboxylic acid cycle for ATP generation [43].  

 

D. TBI Pathologies: From Cellular Dysfunction to Functional Impairment 

Although the direct impact that causes brain injury produces remarkable 

physical alterations at the site of the injury, this is only concerning TBIôs that are caused 

by an external object and does not pertain to injuries caused by rapid acceleration or 
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deceleration of the brain. With this regard, the secondary brain injury, which underlies 

several cellular and molecular events following TBI largely accounts for the functional 

impairment and physical state of TBI victims. The mitochondria play an essential role 

in the brainôs energy metabolism, reactive oxygen species production, and apoptosis. Of 

importance, TBI leads to mitochondria damage and altered energy homeostasis [44]. 

The altered mitochondria function creates a huge imbalance in energy homeostasis in 

the brain because the brain is unable to produce a large amount of energy that is needed 

for cellular repair, an incidence that aggravates secondary injury and cell death[45]. 

Some cases of TBI have also been linked to the developments of neuropsychiatric and 

movement disorders. TBI is a heterogenous event, that does not only affect the brain but 

could alter the coordination and function of various organs in the body. The autonomic 

nervous system (ANS) which is composed of the sympathetic and parasympathetic 

nervous system, in coordination with the endocrine system regulates various organs of 

the body like the heart and kidney [46]. One of the long-term consequences of TBI is 

autonomic dysfunction. The altered regulation of the autonomic nervous system in TBI 

leads to non-neuronal complications like cardiac dysfunction [46]. Several studies have 

reported the development of cardiovascular complications post-TBI. For instance, a 

particular study reported a large incidence of cardiac dysfunction on subarachnoid 

hemorrhage (SAH) victims [47] in fact, it was reported that the cardiac dysfunction was 

not due to an already existing coronary disease but is a consequence of the head injury. 

Another study also reported that acute TBI leads to endothelial dysfunction[48], and 

thus, is a risk factor for vascular complications.  
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1. Neuroinflammatory response to TBI: The role of microglia and astrocytes 

The activation of the brain resident glia cells, the release of inflammatory 

mediators within the brain, and the mobilization of peripheral immune cells all 

contribute to neuroinflammation in response to TBI [49]. Specifically, the microglia 

play an essential role in the brain's neuroinflammatory response to TBI. Being the 

primary immune cells of the brain, the microglia are usually one of the first to respond 

to any form of brain injury and help to restore CNS homeostasis [50]. Microglia 

activation after TBI is initially a neuroprotective process initiated to clear out cellular 

debris and facilitate tissue repair [50]. The appealing roles of microglia, such as 

phagocytosis, which is mediated by P2Y6 on activated microglia, thereby recognizing 

UDP released from dead cells, and the preservation of BBB integrity, CNS barrier 

structures such as the glial limitans and vasculature, further demonstrates the 

neuroprotective role of microglia after brain injury [51, 52]. However, when chronically 

activated, microglia could polarize to a proinflammatory phenotype, which exacerbates 

secondary brain injury and slows down brain repair. Microglial polarization states can 

therefore play a role in the development of TBI into other neurological disorders such as 

Alzheimer's disease, interfering with patients' recovery and the efficacy of anti-

inflammatory treatments [50].  

Astrocytes are the most abundant glial cells in the brain, and following TBI, 

reactive astrogliosis is initiated, a process that indicates the activation of astrocytes and 

plays a role in the brain tissue remodeling post-TBI [53]. One of the notable functions 

of astrocytes in maintaining brain homeostasis is their role in the integrity of the BBB. 

Astrocytes end foot processes interact with the endothelial cells, maintaining the tightly 

regulated BBB [54]. This interaction has been reported to be distorted following TBI 
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and contributes to the altered BBB dynamics observed in brain injury [55]. 

Furthermore, astrocytes play a role in excitotoxicity, an important mediator of 

secondary brain injury. EAAT1 and EAAT2 are glutamate transporters that are required 

for glutamate reuptake. The blockage of these transporters on astrocytes causes an 

increase in extracellular glutamate concentration, excitotoxicity, and neurodegeneration 

in rats [56]. Astrocyte expression of EAAT1 and EAAT2 has been shown to be reduced 

following human TBI [57], suggesting the role of astrocytes on TBI-induced 

excitotoxicity.  

 

2. Cell Death Mechanisms following TBI  

Neuronal cell death is one of the mechanisms through which primary brain 

injury progresses into a secondary insult. Among the several pathways responsible for 

neuronal cell death, excitotoxicity, which is mediated through excess release of 

excitatory neurotransmitters after TBI, has been linked to both cell death and alterations 

of other pathways that eventually lead to cell death post-TBI [58]. TBI leads to cellular 

ionic imbalance, caused by stretching and shearing of cells. This disrupts cell 

membranes and ion channels leading to increased ion influx into the cell. Of 

importance, sodium ions migrate into and depolarize the cell membrane, followed by an 

increased release of the excitatory neurotransmitter glutamate, which in turn leads to an 

increased Ca2+ influx into the cell. Ca2+ accumulation within the cell leads to cell death 

through a different mechanism, which includes mitochondria dysfunction, oxidative 

stress and also plays a role in the activation of calpains [58]. An elevated level of 

glutamate after TBI has been associated with increased mortality [59]. Apart from 

excitotoxicity, necrosis and apoptosis are other mechanisms that propagate neuronal cell 
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death post-TBI. The initial cell death observed after TBI is usually mediated by 

necrosis, which involves increased cell size followed by cell rupture and death. Notedly, 

necrotic death of immature neurons in the hippocampus has been reported acutely after 

TBI [60, 61]. The effect of necrotic cell death is not sustained, hence only observed at 

acute time points, however, on sub-acute and chronic time points, apoptotic cell death 

sets in, and is triggered through various mechanisms, among which is the caspase-

dependent and caspase-independent mechanism [62, 63]. Of importance, caspase 3 

plays a crucial role in apoptotic cell death post-TBI. Increased intracellular 

accumulation of Ca2+ due to excitotoxicity, with its subsequent impairment of 

mitochondria function, leads to the disruption of mitochondria membrane. This causes 

the leakage of cytochrome c (Cyt c) from the mitochondria, thereby activating 

apoptosis. Cyt c interacts with Apaf1 and caspase 9, thereby forming an apoptosome, 

which activates the executioner caspase 3 that induces apoptosis [58]. Also, Bcl2 family 

proteins are important mediators of apoptosis after TBI. For instance, increased 

mitochondria permeability which facilitates the leakage of Cyt c is mediated by Bax and 

Bad, thus facilitating the formation of apoptosome [64].  

 

3. Oxidative and Metabolic Consequences of TBI: Focus on The Mitochondria 

Glucose is the principal source of energy in a healthy brain, and it is easily 

processed through the glycolytic pathway and the tricarboxylic acid cycle to produce 

ATP [65]. However, when a person suffers a brain injury, the brain's normal metabolic 

state is disrupted, resulting in an imbalance in brain energy metabolism, which causes 

secondary brain injury and hinders recovery [66]. Specifically, glucose metabolism is 

altered as a result of TBI-induced neuronal damage, which is followed by mitochondrial 
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dysfunction. Because of neuronal damage caused by the injury, more energy will be 

required by the brain to initiate brain repair. TBI also causes an ionic imbalance in brain 

cells, which results in a significant energy demand to maintain the Na+/K+ ATPase and 

restore the membrane gradient [40]. Despite the huge energy demand under this 

condition, cerebral blood flow, as well as oxygen and glucose supply, are reduced. This 

imbalance in supply and demand results in a potentially devastating energy crisis in an 

environment of increased glucose usage [25, 67]. Indeed, enhanced glucose use after 

TBI has been documented as early as thirty minutes after the injury, primarily in the 

cerebral cortex and hippocampus [68], which then reverses into a state of metabolic 

depression after several hours. As a result of these changes, the brain begins to look for 

alternative sources of energy. The electron transport chain, pyruvate dehydrogenase 

activity, and mitochondrial complexes are all harmed as a result of this sudden 

metabolic shift [69]. Neurons would be unable to carry out oxidative metabolism if they 

were unable to metabolize pyruvate. This invariably contributes to a metabolic shift 

toward lactate. Glucose is transformed into pyruvate by anaerobic glycolysis, which is 

then oxidized to lactate [40]. This results in lactate accumulation and an increase in the 

lactate/pyruvate ratio, indicating a switch to anaerobic metabolism and a drop in the 

ATP/ADP ratio, which leads to a poor functional outcome after TBI. It's worth noting 

that in this state of altered brain metabolism and mitochondrial stress, the protein 

adenine nucleotide translocator, an inner mitochondria membrane protein, binds to 

cyclophilin D, which causes the activation and opening of the mitochondria 

permeability transition pore (mPTP), resulting in increased transition of apoptotic 

inducers into the cytosol and notable alterations in mitochondria morphology [70]. 

Another important mediator of mitochondrial malfunction and energy crises after TBI is 
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Ca2+-dependent excitotoxicity. As stated earlier, intracellular Ca2+ influx rises after TBI, 

which is mediated predominantly by multiple signaling mechanisms. When 

metabotropic glutamate receptors are activated via the Gq11 signaling pathway, inositol 

triphosphate (IP3) is released, activating Ca2+ channels in the endoplasmic reticulum 

and increasing mitochondrial Ca2+ absorption. The activation of proteases, which causes 

apoptosis, or the generation of reactive oxygen species, which produces oxidative stress, 

are two processes by which Ca2+ accumulation causes cell death. In either case, the 

buildup of Ca2+ in the cells causes calcium toxicity in the mitochondria, resulting in 

mitochondrial dysfunction [45].  

 

4. TBI induced Cardiac Autonomic Dysfunction (CAD) 

Although TBI is a brain injury, it has various consequences that extend outside 

the brain, making it a life-threatening condition. With respect to this, TBI has been 

reported to be a major cause of autonomic dysfunction [71]. The ANS which is part of 

the peripheral nervous system plays an essential role in managing the body's many 

processes, systems, and organ functions [72]. ANS controls heart rate, blood pressure, 

and other vascular functions. Due to the diverse nature of the symptoms caused by TBI, 

CAD has been identified as one of the primary drivers of systemic changes following 

TBI [73]. Even though some studies have reported the impact of TBI on the ANS, the 

link between these two remains poorly understood. Specifically, TBI has been 

associated with blood pressure variability, altered baroreflex sensitivity, and 

deterioration of left ventricular and cardiovascular health, which in general leads to 

increased risk of mortality post-injury [71, 74]. Sympathetic hyperactivity is one of the 
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mechanisms through which TBI induces organ dysfunction [75, 76]. This has been 

linked to several secondary effects such as inflammation and oxidative stress [76, 77].  

 

5. TBI Induced Systemic Endothelial Dysfunction 

It is already well established that TBI exerts a myriad of systemic effects which 

could worsen injury outcomes and delay the prognosis of brain injury victims. Since 

TBI does not affect only the site of impact, many cellular and molecular events are 

altered following secondary brain damage. This can propagate through different 

mechanisms, among which is systemic inflammation, to induce various vascular effects 

[78]. Endothelial dysfunction is a disorder that usually involves an alteration in the 

endothelial-dependent vasodilation of the vascular smooth muscle cells. It is prominent 

in several diseases such as atherosclerosis, heart disease, and diabetes [48]. In this state, 

the vasodilatory activity regulation of endothelial cells is reduced either by oxidative 

stress, diminished production of nitric oxide (NO), or a reduction in the 

hyperpolarization factor. Two major mechanisms control the endothelial-dependent 

regulation of vasodilation. These include the endothelial nitric oxide synthase (eNOS) 

pathway, or the endothelial-dependent hyperpolarization [79], and the impairment in 

either of these pathways leads to dysfunctional endothelium. eNOS is involved in the 

production of NO through the conversion of L-arginine to NO and citrulline, in the 

presence of oxygen and other cofactors. The produced NO acts through soluble 

guanylate kinase to release cGMP and produces downward signaling that induces 

vasodilation. Hence, pathological conditions that block or reduce NO production always 

lead to endothelial dysfunction [48, 80]. It has been reported that TBI, leads to eNOS 

uncoupling, which alters endothelial function, leading to systemic complications [48]. 
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NO production was diminished 24 hours after TBI, leading to impaired eNOS 

dependent dilation of the mesenteric arteries, as well as altered myogenic tone. It was 

also demonstrated that the diminished NO was due to arginase mediated depletion of L-

arginine, thereby making NO unavailable for vasorelaxation [48]. Also, eNOS 

uncoupling observed in the vascular tissue after TBI, led to increased production of 

reactive oxygen species.  

While there is no current FDA-approved drug for the treatment of brain injury 

[81], diet and lifestyle have been postulated as a factor that can significantly impact the 

brain, both in health and disease. The relationship between the quality of diet and brain 

function has been poorly understood. In recent years, many studies have been conducted 

to understand how nutrition affects brain function. This has given rise to important data 

that implicated a good diet to improved cognitive function [82] while showing that poor 

nutrition is a risk factor to the etiology of different neurological disorders. For instance, 

diets rich in omega-3-fatty acids have been reported to improve synaptic plasticity and 

cognitive processes in normal brain and after brain trauma [83, 84]. However, studies 

have also revealed that diets rich in saturated fat cause adverse effects on the brain, 

leading to impaired cognitive function [85]. One such diet is the western diet (WD), 

which are foods rich in saturated fat and refined sugar. In the context of traumatic brain 

injury, it has been postulated that the choice of diet and lifestyle could be a significant 

determinant of the outcome of the injury severity. Few studies have been conducted to 

assess how different forms of diet contribute to TBI pathophysiology. In a particular 

study, poor nutrition within 5 to 7 days of the injury, by TBI victims was directly 

correlated with an increased mortality rate [86]. Western diet and unhealthy lifestyle 

lead to the development of metabolic syndrome [87], which is a risk factor for impaired 
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cognitive function. For instance obesity, a metabolic syndrome that is a consequence of 

HFD [88], leads to a more severe complication after a frontal collision [89]. In addition 

to aggravating the outcome of TBI, HFD intake and obesity have been reported to cause 

neuroinflammation, systemic inflammation, and insulin resistance[90, 91]. In a 

particular study, rats were placed on a saturated fat diet, and the impact of TBI on 

neuroplasticity was examined. TBI and saturated fat diet significantly reduced the level 

of the brain-derived neurotrophic factor (BDNF), cyclic AMP-response element-

binding protein (CREB), and synapsin1[92] thus leading to decreased learning ability. 

Also, HFD fed mice show increased oxidative stress. This was demonstrated by a high 

level of Malondialdehyde (MDA), a marker of lipid peroxidation as well as high 

reactive oxygen species (ROS) [93].  

 

E. Nutrition and Body Health: From Systemic Effects to The Brain  

It has been well established that choice of diet can have a significant impact on 

body health. Indeed, the usual saying ñwe are what we eatò clearly explains the role of 

diet in either disease predisposition or a determinant to healthy living. Fats are a major 

component of the diet that are highly consumed by a large population of people. Dietary 

fats are a major source of energy to several organs, hence; they play a significant role in 

organ and systemic functions. However, the percentage of fat to carbohydrate contained 

in a diet can determine how this diet influences human health. These gave rise to the 

two main types of HFD namely, the WD and the ketogenic diet (KD). Contrary to the 

earlier reported effects of WD, KD is a high fat, low carbohydrate, and protein diet, and 

has been reported to have a reparative effect on the body [94]. 
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1. High Fat Diet-Induced Metabolic Syndrome: Systemic Inflammation and Beyond 

The occurrence of metabolic syndrome (MeS) is linked to the consumption of 

HFD. The MeS is defined as the presence of at least three of the following medical 

conditions: hypertension, diabetes, low HDL levels, hypertriglyceridemia, and 

abdominal (visceral) obesity. It increases the risk of atherosclerotic cardiovascular 

disease, insulin resistance, diabetes mellitus, and vascular and neurological 

consequences such as cerebrovascular impairment [95, 96]. Although dietary fat is 

known to have a significant health impact, distinct types of fats have different effects on 

health: saturated fatty acids are linked to a higher risk of all-cause mortality than 

monounsaturated and polyunsaturated fats [97]. Most people both in high- and low-

income countries now consume HFD, and this has led to a significant increase in the 

cases of metabolic-related diseases, in other words, what could be referred to as a silent 

obesity epidemic. In addition to this type of diet, the increasingly sedentary lifestyle, 

devoid of exercise, which is observed in most countries even contributed more to these 

disorders. What we refer to as the WD includes foods like sugary drinks, fast foods, and 

foods from convenience stores, of which their prolonged consumption has been linked 

to increased weight gain, altered metabolic, neurometabolic, and immunological 

profiles [98]. These foods are often energy-dense hence, they have a high glycemic 

index and potentially lead to an increase in the blood glucose level, predisposing the 

consumers to diabetes [99]. Systemic inflammation is one of the main mechanisms 

through which HFD induces its plethora of effects, as it has been demonstrated that 

inflammatory markers are elevated in the serum after HFD consumption [100]. In fact, 

consumption of HFD, as well as a sedentary lifestyle is linked to the development of a 

form of chronic metabolic inflammation known as metaflammation [98], which is 
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implicated in the pathologies of several non-communicable diseases. In addition, 

hypoxia in adipocytes is also observed upon HFD consumption [101], which further 

leads to a pro-inflammatory response and infiltration of inflammatory macrophages into 

the adipose tissue, with subsequent release of proinflammatory cytokines. These 

inflammatory effects are not restricted to the adipose tissue alone, as the cytokines 

could be transported to the muscles and liver, inducing reduced sensitivity to insulin 

[102]. In addition, Endothelial dysfunction, which is a hall mark of several coronary 

diseases, have been reported as one of the major vascular impacts of HFD. In fact, HFD 

induced endothelial impairment, is a gateway through which it elicits several 

cardiovascular alterations [103, 104]. Different pathways have been suggested through 

which HFD induce endothelial impairment, among which are inhibition of the 

potassium kir channels, reduced NO and repression the of endothelial AMPK pathway 

[103-105]. These effects culminate in various pathological conditions, and as such, 

makes HFD a threat to health. 

 

2. Effect of HFD on the brain: altered energy homeostasis, neuroinflammation, 

mitochondria dysfunction, and oxidative stress.  

Although the systemic effects of HFD are well investigated, its impact on 

cognitive processes has begun to gain significant attention. HFD has been reported to 

modulate the gut microbiota, which in turn influences the gut-brain axis, leading to 

marked changes in brain function, as well as behavior [106]. Obesity, a metabolic 

condition, characterized by an increase in body weight, is one of the prominent effects 

of HFD. However, even though this condition predisposes to several chronic disorders, 

it has been reported to induce a significant cognitive impairment [107]. For instance, 
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The Women's Health Initiative Memory Study found that as the body mass index (BMI) 

climbed by one unit, the Mini-Mental State Examination score decreased by an 

estimated 0.988 points [108]. Another study found that college athletes with a high BMI 

had lower cognitive function [109]. With these findings, different pathways have been 

reported through which HFD alters brain processes. Among these mechanisms is the 

ability of HFD to modulate brain energy metabolism, leading to mitochondria 

dysfunction, oxidative stress, and neuroinflammation [110, 111]. Due to the role of 

mitochondria in generating ATP, which is needed for normal neuronal and synaptic 

functions, alteration of mitochondria function induced by HFD adversely impacts 

synaptic plasticity, thereby leading to cognitive decline [110]. Consequently, HFD leads 

to an overall deterioration of brain health, which could manifest into noticeable 

behavioral impairments. Also, studies have revealed that HFD alters hypothalamic 

metabolism and neurotransmission [112], oxidative stress, mitochondria impairment 

[113], and impaired baroreflex sensitivity in the brain [114]. The link between HFD and 

neuroinflammation has been greatly investigated, and there is evidence that HFD 

induces an inflammatory response in the brain [115, 116]. Nakandakari et al. reported 

that HFD feeding for a short period of 3 to 10 days, led to an increased expression of 

proinflammatory cytokine TNF-‌, as well as an increase in neurodegenerative markers, 

linking HFD consumption as a potential risk factor for Alzheimerôs disease [117, 118]. 

Also, Glucocorticoids have been reported to mediate neuroinflammation in HFD fed 

rats. It leads to elevated hippocampal corticosterone levels, which is accompanied by an 

increase in brain inflammation markers [119].  
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Figure 2: Effects of HFD/Unhealthy Diet on The Brain  

(A) Drinking SODA, and eating HFD can lead to increased level and release of 

corticosterone 

(B) Corticosterone induces neuroinflammation in the hippocampus, with subsequent 

activation of brain cells microglia, and astrocytes as well as cellular stress 

(C) End feet processes of the astrocytes at the BBB is distorted leading to impaired BBB 
 

 

3. High Fat Diet and Autophagy 

Autophagy is an essential process that helps to clear out damaged debris in the 

case of cellular insults or cell death. The process involves several players and is subject 

to modification through diverse pathways. The mechanistic target of rapamycin 

(mTOR), which is a highly conserved serine/threonine kinase involved in cell growth 

and differentiation, has been reported to play a significant role in the regulation of 

autophagy [120]. mTOR is linked to several processes in the brain among which is 
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synaptic plasticity. Also, dysregulation and hyperactivation of this kinase have been 

reported to be implicated in systemic and neuroinflammation, as well as insulin 

resistance [121-123]. The various effects that are regulated by mTOR can be attributed 

to its diverse downstream signaling which modifies several pathways. The activation of 

mTOR inhibits autophagic pathways, thereby repressing this process. To this note, HFD 

has been reported to inhibit autophagy, through mTOR activation [124, 125]. This was 

demonstrated by an increased level of phosphorylated mTOR in the brain. This was 

further demonstrated by the phosphorylation of p70S6K and Akt kinases in the brains of 

HFD-fed mice, indicating that mTOR activation is occurring [124]. The authors of the 

same study found that HFD-induced mTOR phosphorylation was accompanied by 

greater activation of microglia and astrocytes, an indication that one of the pathways 

through which HFD causes inflammation is by disrupting the mTOR pathway [124]. 

Similar to this observation, several autophagic markers have been reported to be altered 

in the brain following HFD feeding [125]. This means that the brain will be unable to 

clear out cellular debris, this could further lead to protein aggregation in the brain, with 

a possible predisposition to neurodegeneration [124]. To this effect, it has been reported 

that HFD leads to increased deposition of amyloid peptides in the brain, which 

correlates with reduced autophagy in HFD-fed mice [126]. With the role of mTOR in 

the brain, further research has been carried out to investigate how this pathway 

influences the outcome of TBI. Ding et al. found that rapamycin treatment after TBI 

was related to better outcomes [127], which is consistent with the data above. 

Rapamycin inhibits mTOR, and rapamycin-treated mice had improved behavioral 

outcomes 24 and 72 hours after TBI. Following TBI, rapamycin therapy decreased p-

mTOR expression, which was accompanied by a lower apoptotic index [127]. Finally, 
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mTOR activation plays a key role in the secondary injury that occurs after a TBI, a 

circumstance that can be exacerbated by the consumption of an HFD. 

 

4. HFD Induced Alteration in Synaptic Plasticity and Cognitive Decline 

Most neurological disorders lead to significant neurocognitive impairment. This 

is often caused by an alteration in the hippocampal neuroplasticity which plays an 

important role in brain function [128]. Similar to what is observed in most neurological 

disorders, the consumption of HFD has been reported to cause some behavioral deficits; 

these deficits have been linked to impaired synaptic plasticity and function [129, 130]. 

For instance, a study that investigated the effect of maternal HFD on neuroplasticity 

reported that HFD consumption during pregnancy resulted in impaired synaptic 

plasticity in up to the third generation of the experimental animals [131]. It is well 

documented that HFD leads to the reduction in the level of BDNF as well as its 

downstream effectors synapsin1 and CREB [85]. BDNF is a neurotrophic factor that is 

essential for synaptic plasticity, which is an important part of learning and memory. 

Through its ability to modulate metabolic and cognitive processes, BDNF is a good 

signaling molecule that is linked to both energy metabolism and synaptic plasticity 

[132]. Also, it has been demonstrated that HFD leads to reduced sensitivity to insulin 

[133]. Systemic and cerebral glucose metabolism, as well as neurotransmission and 

synaptic plasticity, are all regulated by brain insulin. Exogenous insulin, for example, 

enhances long-term potentiation (LTP), which is a sustained synaptic response, in 

hippocampal synapses by activating the phosphatidylinositol 3-kinases (PI3K)/protein 

kinase B (Akt) pathway. It was established that insulin can actively affect hippocampal-

dependent cognitive activities because synaptic transmission and synaptic plasticity are 
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linked to learning and memory processes [134]. As a result, HFD-induced insulin 

resistance may be linked to memory and cognitive impairment. Also, the fact that 

insulin receptors are abundant along the synapse reaffirms their role in synaptic function 

[135, 136]. Similarly, it has been observed in HFD-induced obesity models, that 

neuroinflammation and oxidative stress are correlated with reduced LTP, as well as 

synaptic function. These effects have been attributed to reduced expression of the 

BDNF [137, 138].  

 

 

Figure 3: Pathological Consequences of HFD in the Brain: HFD is associated with 

insulin resistance, which leads to an altered adipokine profile including leptin, which 

alters synaptic plasticity, leading to cognitive impairment. Also, neuroinflammation and 

oxidative stress induced by HFD in the brain leads to mitochondria dysfunction, which 
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further causes cell death and neurodegeneration. Also, HFD increases the leakiness of 

the BBB thereby allowing the infiltration of systemic immune cells into the brain.  

 

 

F. Effects of High Fat Diet on TBI: Associated Molecular Mechanisms  

Despite increased research feedback on finding an acceptable TBI therapy in 

recent years, many factors have been a major bottleneck in developing an effective TBI 

treatment. This includes injury heterogeneity, individual differences among brain injury 

patients, and most substances' inability to pass through the BBB. To this end, the FDA 

has yet to approve a TBI treatment [139]. As a result, nutritional control of TBI has 

become increasingly important. In terms of its effects on the brain, HFD is one of the 

most researched diets. After a TBI, HFD has been shown to negatively impact brain 

function via affecting brain regeneration [140]. Many studies have investigated the 

effects of HFD on the brain, and there is substantial evidence that HFD poses a serious 

threat to brain health [106]. Among the prominent effects of HFD in the brain are 

neuroinflammation, metabolic remodeling, altered BBB dynamics, and symptoms that 

resemble the pathologies seen in many neurological disorders [140]. With an increase in 

high-fat consumption and a sedentary lifestyle, especially in western countries, the need 

to understand how this diet affects TBI outcomes is becoming more critical. Few studies 

have investigated the effect of HFD on TBI outcomes. Even though several of these 

studies found a different neurological and behavioral profile than in regular TBI, there 

is still a huge gap in the literature about the cellular and molecular events that lead to 

these altered neurobehavioral abilities.  

 

 

 



 

 37 

1. HFD Aggravates Neuroinflammation and Neuronal Cell Death  

Neuroinflammation, which is one of the mechanisms through which secondary 

TBI is propagated is linked to microglia activation. In combination with HFD, increased 

neuroinflammation has been reported which is linked to an intensified secondary 

damage and a poor functional outcome following TBI. Few studies have investigated 

the role of HFD on TBI-induced neuroinflammation, and so far, there is evidence of 

aggravated microglia activation in HFD fed TBI animals. For instance, a particular 

study investigated the influence of obesity caused by the HFD on TBI. Mice were fed 

an HFD for four months before being subjected to closed head control skull impact 

(CSI). In comparison to normal diet-fed mice, HFD-fed mice showed aggravated 

neuroinflammation, which was characterized by increased microglial activation in the 

hypothalamus, cortex, and corpus callosum. [141]. In addition, the HFD-fed obese mice 

displayed increased anxiety-like behavior. Surprisingly, the HFD's aggravated impact 

on TBI was only observed in male mice, whereas female mice showed no differences 

[141]. This showed how different factors could influence TBI outcomes. Also, Kuo et al 

reported increased neuroinflammation, marked by reactive gliosis and increased TNF-‌ 

expression in a TBI-induced rat fed on HFD [142]. Interestingly, the rats also showed 

increased tunnel positive neurons, which is indicative of increased neuronal apoptosis 

[142]. Neuronal cell death is one of the main results of secondary brain injury. 

According to Yang et al, HFD increased the expression of the proapoptotic factor Bax, 

and at the same time downregulated the anti-apoptotic Bcl2 in TBI [143]. Recently, 

Chong et al investigated the impact of acute TBI (3 days post-TBI), on HFD fed rats 

[144]. Although the HFD fed TBI rats showed decreased motor function compared to 

the normal diet-fed mice, no significant difference was observed in the 
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neuroinflammatory and apoptotic index across these groups [144]. The varying effect of 

HFD observed in different studies could be attributed to the percentage of fat to 

carbohydrate content of the diet.  

 

2. HFD Induces Genetic and Epigenetic Changes in TBI 

Dietary intake can cause changes in gene expression through alterations of both 

the genetic and epigenetic machinery. Specifically, HFD has been shown to modify the 

expression of different genes which include BDNF, CREB, Tau, leptin, insulin-like 

growth factor 1 (IGF1), and many other genes [145, 146]. These genes play important 

role in several cognitive and metabolic processes in the brain. A study investigated the 

effect of HFD on epigenetic alterations in a rat model of mild FPI. Following TBI, the 

expression of IGF1, Tau, and fibroblast growth factor (FGF2) were increased, however, 

these genes showed different expression profiles in the prefrontal cortex and 

hippocampus [147]. IGF1 is implicated in neuroplasticity, nerve growth, and 

neurotransmitter synthesis, however, at high levels, it has been reportedly linked to 

neurodegeneration [148]. In the context of neurodegeneration, FGF2 has been linked to 

increasing Tau reactivity, due to its effect on the disruption of oligodendrocytes [149]. 

Hence, the increased expression of IGF1 and FGF2, which is accompanied by the 

increased expression of Tau post-TBI on HFD fed rats is an indicator of possible 

neurodegeneration [147]. Also, leptin which plays an essential role in synaptic plasticity 

was significantly reduced in the hippocampus of mice fed on HFD. Similar to what has 

been earlier reported by Wu et al [92], the expression level of BDNF was reduced in the 

hippocampus and prefrontal cortex, however, the level of CREB contrarily increased. 
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HFD was also linked to reduced expression of DNA methyltransferase 1 

(DNMT1) and SIRT1 in the hippocampus and cortex, however, reduced expression of 

telomerase reverse transcriptase (TERT) and PGC-1 was only observed in the cortex 

[147]. DNMT1 is involved in epigenetic processes that function to increase synaptic 

plasticity and genome stability. It acts together with SIRT1, which in turn leads to an 

increased expression of TERT and PGC-1‌. All these acts together to maintain genome 

stability, ameliorate cellular stress, and regulate energy metabolism [147, 150].  

 

3. HFD Aggravates Neuropathological and Neurobehavioral Impairment 

It has been well established in the literature that TBI is implicated in the 

alteration of learning and memory [151], which has been reportedly caused by both 

functional and structural alterations in different brain regions. For instance, the 

hippocampus which plays an essential role in neuroplasticity undergoes dynamic 

changes following TBI [152]. Consequently, this affects synaptic plasticity, with altered 

learning capabilities and cognitive sequelae. HFD has been reported to impair synaptic 

function in several animal models of TBI. For instance, in a mild form of FPI, rats were 

fed on high fat, high sucrose (HFS) diet for four weeks before being exposed to head 

injury. One week after TBI, the BDNF level in the rat hippocampus was found to be 

lower in rats fed HFS. Interestingly, the HFS-fed mice's learning and memory abilities 

were also impaired as a result of the lower BDNF levels [92]. BDNF binds to its 

receptor TrkB to activate calcium-calmodulin-dependent kinase CaMKII. This leads to 

the activation of the Akt pathway, with downward signaling that activates the CREB 

[153]. Perhaps this explains why the HFS-fed animals induced with TBI showed 

increased memory impairment. This was also consistent with the findings of Mychasiuk 
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et al [147]. TBI-induced alteration of synaptic plasticity was confirmed by a substantial 

reduction in CREB and synapsin 1, which was exacerbated by the HFS [92]. Similar to 

these findings, a different study reported that HFD supplementation after TBI worsens 

synaptic plasticity impairment, post-TBI [153]. This was demonstrated by reduced 

expression of BDNF, TrkB, CaMKII, CREB, and Akt [147, 153]. Interestingly, HFD 

has been associated with increased cortical tissue loss, altered recovery patterns post-

TBI and worsened behavioral deficits [154, 155]. Furthermore, HFD feeding has been 

linked to reduced telomere length in experimental TBI [147]. Telomere shortening is 

reportedly linked to several neurological conditions, including Alzheimer's and 

Parkinson's disease [156], which exhibit similar pathologies to TBI. 

 

4. HFD Impairs Neurovascular Unit and the BBB 

The neurovascular unit (NVU) is a multicellular structure that depicts the 

functional and structural relationship between the brain and blood vessels. Perivascular 

astrocytes, microglia, pericytes, neurons, endothelial cells (EC), and the basement 

membrane are the cellular components that make up the NVU [157]. The NVU 

maintains cerebral homeostasis as well as the highly selective BBB, which in turn, 

controls cerebral blood flow. The intensity of cerebral blood flow to a particular brain 

region is regulated by the functional operation in that area of the brain. That is, as 

activity in one part of the brain increases, so does blood flow to that part of the brain 

[158]. One of the known effects of TBI is the uncoupling of the NVU, which results in 

an impaired BBB and cerebral blood flow, with a subsequent effect on cerebral 

metabolism [159]. It has been shown in a mouse model of ischemic brain injury, that 

HFD supplementation exacerbates neurovascular alteration [160]. Eight weeks of HFD 
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feeding in ischemic rats impaired functional hyperemia and cerebral blood flow. Also, 

myography experiments demonstrated that acetylcholine-dependent dilation of the 

basilar artery was impaired, pointing towards an HFD dependent endothelial 

dysfunction in ischemic brain injury [160]. Interestingly, HFD has been reported to 

cause increased BBB permeability after TBI [143], as well as reduction of gap junction 

proteins which maintains BBB integrity. The altered BBB led to increased infiltration of 

neurotoxic substances into the brain, with subsequent adverse impact on inflammation, 

oxidative stress, and neuronal apoptosis, which was demonstrated by increased 

expression of Bax, Myeloperoxidase, and heme oxygenase 1, as well as a decline in 

Bcl-2 level [143].  

While there is evidence that HFD exacerbates the outcome of TBI, a recent 

study investigating the effect of diets of neuronal membrane permeability after TBI has 

reported that HFD confers more rigidity to the neuronal plasma membrane, making it 

neuroprotective following neuronal insult [161]. With the current information available 

in the literature, there is a need for further research to fully understand how HFD affects 

the injury outcome in various TBI models. In addition, a thorough understanding of the 

cellular and molecular events affected by HFD and TBI must be investigated. So far, no 

studies have reported the systemic effect of HFD and TBI on vascular dysfunction. 

Many studies have investigated the metabolic consequences of HFD, however, not in 

the context of TBI. There is a need to understand how HFD modifies cerebral 

metabolism during brain injury since TBI alone leads to a deviation in the normal 

metabolic profile of the brain. 

  



 

 42 

CHAPTER II 

HYPOTHESIS AND AIMS 

TBI is one of the leading causes of death globally, which poses a significant 

health and financial burden. Even though no therapy has been approved for TBI yet, the 

choice of diet and lifestyle pre- and post-TBI is an important factor that may ameliorate 

or exacerbate the post-injury effects. With respect to this, HFD is an increasingly 

consumed form of diet and has been one of the silent drivers of the obesity pandemic. 

Even though its effect on the body has been well investigated, the impact of this HFD 

on the brain has recently gained global attention. Of importance, how HFD affects post-

injury outcomes after TBI has not been well investigated.  

In this study, we suggested that HFD feeding before and after TBI will aggravate the 

secondary injury observed post-TBI, since it has been established that HFD feeding 

exerts some adverse effects on the brain, which resembles what is observed in 

neurological disorders. 

Hypothesis: Chronic exposure to HFD prior to TBI would impose adverse effects on 

the neural, behavioral, and cardiovascular outcomes at chronic timepoint, compared to 

what is observed in TBI alone mediated by the elevated neuroinflammation, oxidative 

stress, altered cell proliferation, autonomic dysfunction, neurodegeneration, and altered 

autophagy. 

Specific Aim 1: To investigate the impact of chronic HFD feeding on metabolism as well 

as behavioral and cognitive dysfunctions associated with TBI 

Specific Aim 2: To assess the effects of HFD and TBI on molecular markers of oxidative 

stress, neuroinflammation, neurodegeneration, cell proliferation, and autophagy 

Specific Aim 3: To study the impact of HFD on cardiovascular function in TBI 
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CHAPTER III 

MATERIALS AND METHODS 

A. Animals:  

All animal procedures were carried out in compliance with the Institutional 

Animal Care and Use Committee (IACUC), at the American University of Beirut 

Lebanon (AUB). For this study, 7 to 8 weeks old, male C57BL6 mice, were obtained 

from the Animal Care Facility (ACF) at AUB. HFD was prepared in-house with the 

expert assistance of Dr. El-Yazbi, and the mice were housed in a temperature-controlled 

room, that has a 12-hour light-dark cycle, with access to food and water. To test the 

above hypothesis, the mice were divided into four groups: HFD SHAM, HFD TBI, 

normal chow (NC) SHAM, NC TBI. The mice were fed for a total of two months and 

were sacrificed 30 days after the induction of TBI.  

 

B. Experimental Timeline 

The mice were divided into four groups. The HFD-fed group was fed with HFD 

that is composed of 60% Kcal from fat.  
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Figure 4: Experimental Timeline: C57BL6 mice, 7 to 8 weeks old were divided into 

two groups: The HFD fed group and the normal diet-fed group. The mice were fed for 

four weeks, and the echocardiography, blood pressure NMR was recorded before they 

were subjected to TBI. Each diet group have a sham, which underwent a similar 

procedure except for the impact. At week six, NMR was done. Four weeks after the TBI 

(week 8), behavioral tests were conducted and NMR, blood pressure, and 

echocardiography were repeated. Four days before sacrifice, the mice were injected 

with BrdU intraperitoneally for three consecutive days and sacrificed 24hours after the 

last BrdU injection 

 

C. Diets 

Mice were fed an HFD composed of 60% Kcal from fat, which corresponds to 

30% fat by weight. High-calorie feeding started when the mice were 8 weeks old. 

D. Body Weight Examination, and Random Glucose Measurement 

The body weight of the mice was measured three times (week 0, week 4, and week 8). 

For the glucose measurement, Accu-chek Performa glucometer (Roche Diagnostics, 

Basel, Switzerland) was used to measure the blood glucose level before sacrifice.  

 

E. Non-Invasive Blood Pressure Measurement and Echocardiography Recording 

At three different timepoints week 0, week 4, and week 8, the blood pressure of 

the mice was recorded, using the CODA Tail-cuff High Throughput Monitor (Kent 

Scientific, Torrington, CT). Also, echocardiography along the parasternal long axis M 

and B modes was done on weeks 4 and 8, to assess heart structure and function, using 

SonixTouch Q+ ultrasound (BK ultrasound, Peabody, MA) 

 

F. Nuclear Magnetic Resonance 

The percentage fat of mice was measured using an LF10 Minispec Nuclear 

Magnetic Resonance (NMR) machine (Bruker, MA, USA) to detect different tissue 

densities. The NMR was done on week 4, week 6, and week 8 before sacrifice.  
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G. Surgical Procedure and TBI 

Mice were first anesthetized intraperitoneally with Ketamine/Xylazine (50 

mg/kg Ketamine and 15 mg/kg Xylazine). Isoflurane was then administered to keep the 

animal anesthetized until its reflexes were lost. Following anesthesia, a blade was used 

to make a midline skin incision, an incision was made to expose the skull, and Xailin 

gel lubricant was administered to protect the eyes from harm during surgery. Each 

animal was fitted with a stereotaxic device frame to produce the desired injury degree, 

while the stability of the structure was ensured by installing the animal's ears with blunt, 

screw-like bars. A craniectomy was first performed using a drill, after which an open 

head TBI was induced using the CCI device. The injury was induced on the surgically 

exposed dura, between the bregma and lambda, with a depth of 2mm. After the CCI 

induction, the site was sutured and an ointment was applied on the suture, while the 

mice were kept on a heating pad. Similarly, mice in the sham group underwent the same 

procedure, except for the injury.  
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Figure 5: Steps in The Induction of CCI: This figure represents the steps involved in 

the induction of CCI. The mouse is first positioned on the machine, which is then 

followed by a midline incision on the head. After the incision, a craniectomy is 

performed on the skull right above the cortex, between the bregma and lambda. This is 

followed by the impact, and suture of the injury sight.  

 

H. 5-bromo-2ôdeoxyuridine (BrdU) Injection 

 

To assess the effect of HFD and TBI on cell proliferation, mice were injected 

intraperitoneally with BrdU (100mg/kg, Roche Diagnostics GmbH, Mannheim, 

Germany), 26 days after TBI. Each mouse received a single dose of BrdU injection for 

three consecutive days. The mice were sacrificed 24 hours after the last BrdU injection.  

 

I. Behavioral and Neurological Tests 

1. Novel Object Recognition (NOR) 

Novel object recognition was carried out to assess recognition memory. The test 

consisted of two 2 trials, 5 minutes each with a 15-minute inter-trial interval. Two 

identical objects were put equidistantly in the right and left arms of the maze during the 

first trial (learning phase). After the learning phase, the familiar object in the left arm 

was changed with a novel object during the second session (discrimination trial). 

Between trials, the maze and artifacts were cleaned down with 70% ethanol to remove 

any lingering odors. The time the mice spent investigating the novel and familiar 

objects, were used to calculate the discrimination index.  
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Figure 6: Novel Object Recognition Test Apparatus 

 

2. Morris Water Maze (MWM) 

The MWM test was used to examine spatial learning and memory as 

recommended by Morris [162]. Mice were examined for five days in a row, beginning 

on day 24 after TBI and continuing for four days (learning trials), and a probe trial on 

day 5 (Memory trial). The water maze pool was filled with water and maintained at 

room temperature (25-26ᴈ . Also, the water was made opaque by adding non-toxic 

white paint to it. The pool was divided into four quadrants, each with an equal surface 

area. In the northeast (NE) part of the quadrant, an escape platform was placed. Three 

cues were placed on the wall around the water maze pool and remained consistent 

throughout the experiment.  

For the learning phase, which was done for the first four days, three trials were 

done per day. On the first trial, a flag was mounted on the escape platform to help guide 

the animals to the platform. This flag was removed in subsequent trials. During these 

trials, the latency to reach the quadrant NE and the latency time to locate the platform 
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were recorded. All recordings were made using a video camera connected to the 

anymaze software. On the fifth day, the platform was removed, and the mice were given 

one trial for one minute. The time it took the mice to locate the target quadrant (NE), 

and the time it spent on this quadrant were recorded. Animals were supposed to spend 

most of the time in the target quadrant where the escape platform was initially placed.  

 

 

 

 

 

 

 

 

 

Figure 7: The MWM testing apparatus 

3. Pole Climbing 

A Pole climbing test was carried out to evaluate motor coordination. The test 

apparatus consists of a pole that is 60cm long, with a diameter of 1cm. The pole was 

wrapped with tape to facilitate animal grip and was set perpendicular to an empty box. 

Animals were first habituated on the apparatus, by conducting three trials, before the 

actual experiment. The mice were placed at the top of the pole, with their heads facing 

upwards, and were allowed to descend the pole freely. The time needed for each animal 

to get to the bottom of the pole was recorded. For each animal, three trials were done.  
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Figure 8: The pole climbing test apparatus 

 

J. Animal Sacrifice, Organ Collection and Preparation 

Thirty days after the TBI, mice were anesthetized intraperitoneally with a 

combination of ketamine/xylazine. Mice were sacrificed by either trans cardiac 

perfusion or cervical dislocation depending on the intended experiments. For 

immunofluorescence samples, the mice were perfused with PBS, followed by a 4% 

paraformaldehyde (PFA) for fixation. After perfusion, the whole brain was extracted 

and stored in 4% PFA for proper fixation. The brain was stored in PFA for 24 hours and 

then transferred to 30% sucrose. After the brain sank into the 30% sucrose solution, it 

was dissected using a microtome, with each section having a thickness of 40‘ά. The 
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sections were preserved in sodium azide and kept at 4ᴈ until usage. For other 

molecular experiments, the mice were sacrificed by cervical dislocation, after which the 

whole brain was removed, and micro dissected into different compartments. The brain 

sections were stored at -80ᴈ until used for experiments.  

 

K. Hematoxylin and Eosin (H & E) Stain 

H & E staining was done to detect brain injury from identical brain sections. The 

staining was done on a 40‘ά PFA fixed samples. Images of the whole brain were taken 

with the Olympus CX41 light microscope at 4X, while injury regions were taken at 

10X. 

 

L. Immunofluorescence (IF) 

Immunofluorescence staining was used to study neuroinflammation and brain 

injury markers. Free-floating mice brain sections were washed with PBS and PBST 

(0.1% Triton in PBS), after which they were incubated with 10% fetal bovine serum 

(FBS) prepared in PBST for 1 hour to block nonspecific antibody binding. After this, 

the brain sections were incubated overnight at 4ᴈ, with primary antibodies, prepared in 

1% FBS. The following antibodies were used GFAP (Abcam 7260; 1/1000), IBA-1 

(Wako 091-19741; 1/1000), NFL (Encor RPCA-NF-L-ct, 1:3000) pTau (Invitrogen 

Mn1020; 1:500). The next day, the sections were washed with PBST, and then 

incubated with an appropriate fluorochrome-conjugated secondary antibody for 1 hour, 

at room temperature, in a light-protected chamber. Samples were washed in PBST and 

then incubated with Hoechst for 10 minutes, after which they were washed in PBS, and 
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then mounted on a slide. The slides were kept at 4ᴈ overnight. Images were taken 

using the Zeiss microscope.  

 

M. BrdU Assay 

BrdU assay was done to assess cellular proliferation after the injury. The brain 

sections were washed in PBS σ for five minutes each, after which the sections were 

incubated in 2N HCL for 30 minutes at 37ᴈ. The sections were washed in PBS again 

3 for 5 minutes each and then incubated in sodium borate for 10 minutes at room 

temperature. After incubation with sodium borate, sections were washed with PBS 2 

for 5 minutes each and blocked with 10% FBS for 1 hour. This was followed by 

incubation with primary antibodies: anti-BrdU (Abcam Ab6326 rat 1:500) and 

Fox3/NeuN (Encor MCA-IB7, mouse 1:1000), which was kept overnight at 4ᴈ. The 

next day, the sections were washed with PBS σ (5 minutes each), and then incubated 

with fluorophore-conjugated secondary antibodies: Goat anti-rat (1:500) and donkey 

anti-mouse (1:500) for 2 hours in a light protected chamber. The sections were further 

incubated with Hoechst for 10 mins, washed with PBS ςȟ and mounted on a slide 

using fluoromount. The slides were viewed on a Zeiss Axio microscope.  

 

N. Dihydroethidium (DHE) staining 

DHE is an oxidative fluorescent dye that undergoes two-electron oxidation to 

create the DNA-binding fluorophore ethidium bromide. Cell membranes are permeable 

to DHE. It reacts with reactive species and gets converted to ethidium, which binds to 

nucleic acid and gives the nucleus a red color [163]. Slices of brain sections were 

prepared using the microtome. DHE (10 ‘ άέὰȾὒ) was prepared in DMSO and applied 
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to each of the tissue sections. The tissues were incubated with the DHE in a light-

protected chamber, for 40 mins, at a temperature of 37ᴈ. Fluorescent images were 

taken with a Zeiss Axio Observer microscope. Ethidium bromide fluorescence is 

detected at 560nm  

 

O. Western Blot 

Hippocampal tissues that were stored at -80ᴈ were manually crushed under 

liquid nitrogen, after which the crushed samples were transferred to a RIPA lysis buffer 

(50‘ὒ. The samples were placed on a rocking platform for 1 hour 30 minutes at 4 

degrees, after which the proteins were extracted and quantified using the Lowry 

method. Equal concentrations of extracted proteins across the groups were used for 

SDS-PAGE and blotting. The proteins were separated on the gel (10%) and then 

transferred to a nitrocellulose membrane. After transfer, the membrane was blocked 

with 5% milk in tris buffered saline, containing 0.1% Tween 20 (TBST) for 1 hour. The 

membranes were then incubated in primary antibodies prepared in 5% milk (Oxphos, 

LC3, Beclin, ATG 14, mTOR, SOD2, B-actin, and GAPDH) at a dilution of 1:1000, 

overnight at 4ᴈ. After washing 3 , 5 minutes each with TBST, the membrane was 

incubated with HRP-conjugated antibodies (1:2000) at room temperature for 1 hour. 

After the incubation with the secondary antibodies, the membranes were washed with 

TBST, 4 , 5 minutes each, and exposed to Clarity Western ECL substrate (Bio-Rad, 

Hercules, CA), followed by image detection using Chemidoc imaging system (Bio-Rad, 

Hercules, CA). The protein bands were quantified using Image j software and 

normalized to B-actin or GAPDH. Three mice from each group were considered for 

statistical analysis.  
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P. RNA Isolation, Reverse Transcription, and RT-PCR 

Hippocampal and Cortical RNA was isolated from the ipsilateral cortex samples 

initially stored at -80ᴈ, using Tri reagent (SIGMA-ALDRICH, USA) and quantified 

using Nanodrop. iScript Transcriptase kit (Bio-Rad Laboratories, USA) for RNA 

reverse transcription to cDNA was performed according to the manufacturerôs 

instruction. 1.5 µg of the total extracted RNA was reverse transcribed into cDNA in a 

final volume of 20 µL. The reaction mix was done in a BioRad T100 Thermo Cycler 

machine (Bio-Rad Laboratories, California, USA), according to the manufacturerôs 

instructions. The conditions for the experiment were set at 25°C for 5 minutes, 46°C for 

25 minutes, 95°C for 1 minute and finally at 4°C. 

Using the Qiagen Quantfast SYBR Green Supermix (Qiagen Strasse 1, Hilden 

Germany), polymerase chain reactions (PCR) were done on the obtained samples in a 

CFX384 system (Bio-Rad Laboratories, California, USA). The primers' oligonucleotide 

sequences were synthesized and purchased from Macrogen Inc. Before usage, they were 

reconstituted, and a working solution of 10 µM was prepared. Results were calculated 

using the ȹȹCT method and normalized to the housekeeping gene GAPDH 

 

Q. Quantification and Data Analysis 

Image and bands quantification was done with ImageJ (1.53e National Institute 

of Health, USA). Statistical analysis was done with GraphPad 8 (GraphPad Software, 

La Jolla, CA 92037, USA). Multiple comparisons were done using two-way/one-way 

analysis of variance (ANOVA), statistical significance was considered at p < 0.05.  
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CHAPTER IV 

RESULTS 

A. HFD alters metabolic profile, manifested as increased body weight, random 

blood glucose levels, and body fat percentage. 

1. Effect of HFD and TBI on Body Weight 

To examine how HFD feeding, pre-, and post-TBI, affects body weight changes 

in TBI, mice were weighed at three different time points: week zero, week four (pre-

TBI), and week eight (4 weeks post-TBI). HFD significantly increased the body weight 

of the mice before and after TBI, compared to the group on a normal diet. Interestingly, 

after the induction of the injury, the TBI groups of both HFD and normal diet-fed mice 

experienced a slower body weight gain (Figure 9).  

 

Figure 9: Effect of HFD and TBI on Body Weight. A graphical representation of the 

body weight changes with respect to HFD and TBI across the four different groups: NC 

Sham, NC TBI, HFD Sham, and HFD TBI. The data are expressed as mean ὛὉὓ (N = 

8). Statistical significance was assessed by two-way ANOVA followed by Tukeyôs 

multiple comparisons test. * denotes P < 0.05 vs. NC SHAM while # denotes P < 0.05 

vs. NC TBI.  
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2. Effect of HFD and TBI on Blood Glucose Level 

Before sacrifice, random blood glucose measurement was taken to determine the 

effect of HFD and TBI on glucose homeostasis. HFD, with or without TBI, caused a 

significant increase in the blood glucose level of the mice. Specifically, the HFD TBI 

and HFD SHAM group had significantly higher blood glucose levels of 187.6 φȢφυ 

and 171.7 χȢςρȟ respectively, compared to the control group (NC SHAM: 144.6 υȢχψ 

(p<0.05) (Figure 10). Additionally, in TBI groups, HFD-fed mice had significantly 

higher blood glucose levels with respect to those on NC.    

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Random Blood Glucose Level. A graphical representation of the random 

blood glucose level at week 8, before sacrifice. The data are presented as 

mean ὛὉὓȟὔ ψȢ  The mean values of the blood glucose for the NC SHAM, NC 

TBI, HFD SHAM, and HFD TBI are 144.6 υȢχψȟ  157.8 φȢχσȟ 171.7 χȢςρ 
ὥὲὨ ρψχȢφ φȢφυ respectively. Statistical significance was determined using two-way 

ANOVA followed by Sidakôs multiple comparisons test. * denotes P < 0.05 vs. NC 

SHAM and # P < 0.05 vs. NC TBI. 

 

3. Effect of HFD and TBI on Percentage Fat 

NMR was performed to assess changes in body composition in response to HFD 

and TBI. It was done at three different time points: week 4(pre-TBI), week 6 (2 weeks 
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post-TBI), and week 8 (4 weeks post-TBI). No significant difference in % fat was 

observed across the 4 groups (Figure 11).%Fat showed a tendency to increase after 

week 6 in HFD sham mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Fat Percentage of Body Weight. The figure represents the percentage fat of 

the four groups: NC Sham, NC TBI, HFD Sham, and HFD TBI. The data are presented 

as meanὛὉὓ, ὔ ψ taken across three different time points (week 4, 6, and 8). 

Statistical significance was assessed using two-way ANOVA followed by Tukeyôs 

multiple comparisons test.  

 

B. HFD aggravates behavioral and cognitive impairment associated with TBI 

1. Effect of HFD and TBI on Learning and Memory 

Morris Water Maze test was conducted to investigate the influence of HFD and 

TBI, separately or combined, on spatial memory and learning deficits. The first four 

days were the learning trials, whereas, on day five, mice were tested for spatial memory 

deficits. For the four days learning trial, a progressive reduction in the latency to the 

reach platform was detected in the NC sham and HFD sham, with the NC sham group 

having the lowest latency to the platform over the four days across all groups. However, 

an opposite effect was observed in the HFD TBI group, as the latency to reach the 

platform gradually increased from day 1 to day 4 (Figure 12). Interestingly, HFD TBI 
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mice exhibited significantly impaired learning memory compared to NC TBI. As 

expected, while HFD alone impaired learning memory, the impairment induced by TBI 

alone was significantly higher. 

 On day 5, one probe trial was performed to test the reference memory, where the 

platform was removed, and the animals were tested for latency time, or the time taken 

to reach the correct quadrant. The latency to enter NE of the HFD TBI group was 

significantly greater than that of other groups on day 5 of the experiment (figure 13). 

Also, the latency of the NC TBI and HFD Sham group to reach the NE quadrant was 

significantly higher than the control group (NC Sham). This shows an aggravated 

impairment in memory of the HFD TBI group, which is more than what was observed 

in the NC TBI. Also, the amount of time that each animal spent on the quadrant that has 

the escape platform was examined. All experimental groups NC TBI, HFD sham, and 

HFD TBI spent less time in the NE quadrant compared to the control group, i.e. NC 

sham (p<0.05). Interestingly, the HFD TBI group, spent the lowest time on the target 

quadrant, compared to other groups (figure 14). Indeed, the time spent in the fifth 

quadrant by HFD TBI mice was significantly lower than that spent by NC TBI mice. 

Additionally, NC TBI mice spent a significantly shorter time in the NE quadrant with 

respect to HFD sham mice. 
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Figure 12: Latency to the platform in MWM test post-TBI . Data are presented as 

mean ὛὉὓȢὔ ψ. The results showed that after the 4 days learning period, it took 

the NC Sham group a significantly shorter time to locate the escape platform compared 

to other groups, which indicates faster learning ability over time. The NC TBI and the 

HFD Sham group showed a slow but progressive decrease in latency to reach the platform 

over the 4 days learning period. However, the HFD TBI exhibited significantly longer 

latency to reach the platform, thereby being the slowest to reach the platform. Data were 

analyzed using two-way ANOVA followed by Tukeyôs multiple comparisons, and 

statistical significance was considered at P < 0.05. *P < 0.05 vs. NC SHAM, #P < 0.05 vs. 

HFD SHAM, and &P < 0.05 vs NC TBI.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Latency to the Designated Quadrant (NE). Data are presented as mean 

 ὛὉὓȟ   ὔ ψȢ The time it took each animal to locate the designated quadrant (NE) 

that has the escape platform (latency to NE) was recorded. Data were analyzed using two-

way ANOVA followed by Sidakôs multiple comparisons, and statistical significance was 

considered at P < 0.05. *P < 0.05 vs. NC SHAM, #P < 0.05 vs. HFD SHAM, &P < 0.05 

vs. NC TBI. 
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Figure 14: Percentage Time Spent in The NE Quadrants on Day 5. This figure 

represents the percentage of time that the animal spent in the NE quadrant on the fifth day 

of the test. Data are presented as meanὛὉὓȟὔ ψ. Data was analyzed using two-

way ANOVA followed by Sidakôs multiple comparisons, and statistical analysis was 

considered at P < 0.05. *P < 0.05 vs. NC SHAM, #P < 0.05 vs. HFD SHAM, &P < 0.05 

vs. NC TBI. 

 

2. Effect of HFD and TBI on Recognition Memory 

Novel object recognition test was conducted to investigate the effect of HFD and 

TBI on recognition memory. 30 days after the induction of the TBI, the ability of the 

mice to discriminate between a novel and a familiar object was assessed. Mice in the 

HFD TBI and NC TBI groups exhibited significantly impaired recognition memory 

(figure 15). TBI groups (NC and HFD) exhibited a significantly lower discrimination 

index with respect to non-TBI groups (NC and HFD). No significant difference in novel 

object recognition was observed between HFD sham and NC sham mice or between 

HFD TBI and NC TBI. Novel object recognition appeared to be the least sensitive 

among cognitive tests and the most resilient to change associated with HFD. 
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Figure 15: Novel Object Recognition Result. The graph presents the index of 

discrimination (DI) between the familiar and the novel objects. Data were presented as 

mean ὛὉὓȟὔ ψ. Data were analyzed using two-way ANOVA followed by Sidakôs 

multiple comparisons, and statistical significance was considered at P < 0.05. *P < 0.05 

vs. NC SHAM, #P < 0.05 vs. HFD SHAM.  

 

 

3. Effect of HFD and TBI on Motor Coordination 

A pole climbing test was conducted to investigate motor coordination, 30 days 

after the injury. The HFD TBI groups had a significantly higher latency time to get to 

the bottom of the pole compared to the other groups (p<0.05 vs. NC sham, HFD sham, 

and NC TBI, respectively (figure 16). Hence, motor coordination, the most primitive 

capacity, was only affected in HFD TBI. 
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Figure 16: Pole Climbing Test: A graph showing the mean ὛὉὓ of the pole climbing 

test, done at 30 days post-TBI, ὔ ψ. HFD, in combination with TBI, significantly 

altered motor coordination. Data were analyzed using two-way ANOVA followed by 

Sidakôs multiple comparisons, and statistical significance was considered at P < 0.05. *P 

< 0.05 vs. NC SHAM, #P < 0.05 vs. NC TBI, &P < 0.05 vs. HFD SHAM. 

 

 

C. Neuroinflammatory Alterations of HFD and TBI 

1. Effect of HFD and TBI on Astrocytes Activation 

To assess for the level of astrocyte activation, an important marker of 

neuroinflammation, IF staining of GFAP on the ipsilateral hippocampus and cortex was 

conducted. Analysis of the IF data showed that HFD in combination with TBI led to a 

significant increase in the level of activated astrocytes in both the hippocampus and 

cortex. In the ipsilateral hippocampus, only the HFD TBI group showed a significant 

increase in the intensity of GFAP positive cells compared to NC sham (figure 19A).  

In the cortex, both TBI groups (NC and HFD-fed) showed a significant increase in 

GFAP intensity compared to sham-operated mice. Also, the intensity of GFAP was 

significantly higher in the HFD TBI group compared to the NC TBI group (figure 19B).  
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Figure 17: GFAP Expression in the Ipsilateral Hippocampus: 40X OIL and Tile 

Scan: The illustration shows the expression of astrocytes (red) co-stained with DAPI 

(blue) in the ipsilateral hippocampus, across the four different groups: NC SHAM, NC 

TBI, HFD SHAM and HFD TBI. 
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Figure 18: GFAP Expression in the Ipsilateral Cortex: 40X OIL and Tile Scan The 

images show the expression of astrocytes (red) co-stained with DAPI (blue) in the 

ipsilateral cortex across the four different groups: NC SHAM, NC TBI, HFD SHAM, and 

HFD TBI.  
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Figure 19: Quantification of Hippocampal and Cortical GFAP. This figure is a 

graphical representation of the intensity of GFAP positive cells. Data were presented as 

mean  ὛὉὓȟὔ σȢ Data analysis was done with two-way ANOVA followed by 

Sidakôs multiple comparisons, and statistical significance was considered at P < 0.05. *P 

< 0.05 vs NC SHAM, #P < 0.05 vs HFD SHAM, &P < 0.05 VS NC TBI.  

 

2. Effect of HFD and TBI on Microglia Activation 

To further investigate how HFD and TBI affect neuroinflammation, we assessed 

the activation of microglia. This was done through IF staining of Iba 1, which is a 

calcium-binding protein, in the hippocampus and cortex. 30 days after the induction of 

TBI, HFD TBI and the NC TBI groups showed a significantly increased level of 

activated microglia over sham groups (NC and HFD) in the ipsilateral hippocampus 

(figure 22A). In the cortex, the NC TBI and HFD TBI showed a significantly higher 

microglia activation over the NC SHAM. Interestingly, the number of activated 

microglia in the cortex of the HFD TBI group was significantly higher than that of the 

HFD Sham (figure 22B), indicating aggravated neuronal inflammation.  

A B 
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Figure 20: IBA 1 Expression in the Ipsilateral Hippocampus: 40X OIL and Tile 

Scan: The images show the expression of activated microglia (red) co-stained with DAPI 

(blue) in the ipsilateral hippocampus across the four different groups: NC SHAM, NC 

TBI, HFD SHAM, and HFD TBI.  
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Figure 21: IBA 1 Expression in the Ipsilateral Cortex: 40X OIL and Tile Scan. The 

images show the expression of activated microglia (red) co-stained with DAPI (blue) in 

the ipsilateral cortex across the four different groups: NC SHAM, NC TBI, HFD SHAM, 

and HFD TBI.  
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Figure 22: Quantification of Hippocampal and Cortical IBA 1. This is a graphical 

representation of the intensity of Iba 1 positive cells, in both the ipsilateral hippocampus 

and cortex. Data are presented as mean ὛὉὓȟὔ σȢ The data were analyzed using 

two-way ANOVA followed by Sidakôs multiple comparisons, and statistical 

significance was considered at P< 0.05. *P < 0.05 vs NC SHAM, #P < 0.05 vs HFD 

SHAM.  

 

D. HFD and TBI Induces Hippocampal and Cortical Oxidative Stress 

1. DHE Staining 

DHE staining was conducted to assess oxidative stress in both the hippocampus 

and cortex. For the hippocampus, the HFD TBI group exhibited a significantly higher 

level of ROS, compared to all other groups (figure 23C). However, on the cortical 

region of the brain, both TBI groups showed significantly increased levels of ROS 

compared to sham-operated groups (NC and HFD) (figure 23D). Additionally, the HFD 

TBI group showed significantly higher ROS with respect to NC TBI.  

 

 

 

A B 



 

 68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

D C 



 

 69 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Hippocampal and Cortical ROS. Data were presented as meanὛὉὓȟ
ὔ σȢ A: Schematic representation of hippocampal DHE staining across the groups: 

NC sham, NC TBI, HFD sham, HFD TBI. B: Schematic representation of cortical DHE 

level. C: Quantification of the hippocampal DHE stain intensity using ImageJ software. 

D: Quantification of the cortical DHE stain intensity using ImageJ software. Data were 

analyzed using two-way ANOVA followed by Sidakôs multiple comparisons, and 

statistical significance was considered at P < 0.05. *P < 0.05 vs. NC SHAM, #P < 0.05 vs. 

HFD SHAM, &P < 0.05 vs. NC TBI.  

 

2. Expression of SOD, Catalase, Nrf2 

We investigated the effect of HFD and TBI on Hippocampal and Cortical 

antioxidant systems. For the cortex, RT-PCR was used to assess the mRNA expression 

of components of the antioxidant defense system. HFD along with TBI leads to 

significant suppression of cortical SOD expression compared to HFD alone (figure 

24A). The expression level of catalase was significantly reduced in the HFD TBI 

compared to the NC TBI group (figure 24B). No significant difference was observed in 

Nrf2 expression, although the HFD led to mild repression of Nrf2 figure 24C. In the 

Hippocampus, the expression of SOD, catalase, and Nrf2 was significantly increased in 

the NC TBI group. However, in the HFD TBI, these antioxidant defense genes were 

repressed when compared to the NC TBI (figure 24 D, E and F).  Using western blot, 

we assessed the expression level of the antioxidant enzyme SOD. SOD expression was 

C D 
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reduced, albeit not significantly, in both NC TBI and HFD TBI hippocampi (figures 

24G). This showed that HFD and TBI lead to a suppression of the brain's antioxidant 

systems. 

 

Figure 24: Expression levels of SOD, Catalase, and Nrf2. Data were presented as 

mean ὛὉὓȟὔ σȢ Cortical mRNA expression of A: SOD * denotes p<0.05, B: 

Catalase * denotes p<0.05 vs. NC TBI, and C: Nrf2. Hippocampal mRNA expression of 

D: SOD * denotes p<0.05, E: Catalase * denotes p<0.05, F: Nrf2 * denotes p<0.05. G: 

represents the protein expression of hippocampal SOD across the four groups, which was 

normalized to B-actin, and the quantification of the western bands' intensity using ImageJ 

and GraphPad Prism. Data were analyzed using two-way and one-way ANOVA followed 

by Sidakôs multiple comparisons, and statistical significance was considered at P < 0.05.  

  

E. Effect of HFD and TBI on Mitochondria l Oxidative Complexes 

The expression level of the five different mitochondrial complexes of oxidative 

phosphorylation (Oxphos) was assessed using western blot. We used an antibody, that 


