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ABSTRACT 

ALCOHOL AS A CATALYST FOR HIV-ASSOCIATED 

NEUROINFLAMMATION AND TBI-INDUCED IRON TOXICITY 

by  

Agnieszka Agas 

Alcohol has long been considered an exacerbator of diseases, disorders, and injuries as well 

as many of the accompanying symptoms. As an alternative approach, this dissertation 

explores alcohol as a catalyst for two different human disease conditions, human 

immunodeficiency virus (HIV)-associated neuroinflammation and traumatic brain injury 

(TBI)-induced iron toxicity. In HIV-1 infection, this dissertation presents a novel anti-viral 

drug, called Drug-S, for a possible inhibition and treatment of HIV-1 disease progression.  

The first aim explores the influence of alcohol with HIV-associated 

neuroinflammation on macrophage migration across an in vitro model of the blood brain 

barrier. There is a gap in knowledge on the effects of low dose alcohol under HIV-

associated injury in people living with HIV-1 who have achieved viral suppression. The 

model, consisting of a quad-cultivation of neuroimmune cells including endothelial, 

astrocyte, macrophage, and neuron cells, is challenged with low dose (10 mM) alcohol and 

the viral protein trans-activator of transcription (TAT). It was then observed for changes to 

barrier integrity and neuronal injury upon macrophage migration. Results show that 

combined alcohol and viral injuries significantly increases migration even under the 

clinically lowest concentrations of alcohol. The cause of enhanced macrophage migration 

and related neurotoxicity is implicated to alcohol-induced nitric oxide production by 

endothelial cells and TAT’s chemoattractant properties.  



 
 

The second aim analyzes a compound called Drug-S as a possible therapeutic for 

inhibiting HIV-1 replication and HIV-1 disease progression. Although the combination of 

highly active antiretroviral therapy can remarkably control HIV-1, it is not a cure. Current 

therapy is unable to eliminate persistent HIV-1 contained in latent reservoirs in the central 

nervous system and to prevent rebound viral replication and resurgence when treatment is 

withdrawn. Treating HIV-1 infected macrophage with Drug-S shows inhibition of 

infection and persistence at a low concentration without causing any toxicity to 

neuroimmune cells. Results suggest that Drug-S may have a direct effect on viral structure, 

prevent rebounding of HIV-1 infection, and arrest progression into acquired 

immunodeficiency syndrome. 

The third aim explores the role of low level of alcohol use in TBI-induced 

hemolytic iron management. As hemorrhage is a major component of TBI, the accumulated 

red blood cells in the tissue layers undergo hemolysis and release free iron into the central 

nervous system. As a secondary stressor, prior alcohol consumption can increase iron 

aggregation and alter its management. The effects of alcohol on TBI- induced iron toxicity 

is explored in an in vivo model of chronic alcohol exposure subjected to fluid percussion 

injury. Results show that alcohol increases the iron overload and alters iron management 

following injury by changing the expression profile of the iron regulatory proteins lipocalin 

2, heme oxygenase 1, ferritin light chain, and hemosiderin. Accompanying these results, it 

was also found that microglia can similarly play a significant role in iron management by 

phagocytosing red blood cells and retaining iron. 

Overall, the results of this dissertation demonstrate the pervasive impact of alcohol 

use in neuropathophysiology arising from HIV protein TAT toxicity or TBI-induced iron 



 
 

toxicity. In addition, the newly discovered DrugS can be an effective antiviral drug for a 

possible HIV/AIDS disease prevention and progression. 

 



 
 

ALCOHOL AS A CATALYST FOR HIV-ASSOCIATED 

NEUROINFLAMMATION AND TBI-INDUCED IRON TOXICITY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by 

Agnieszka Agas 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A Dissertation 

Submitted to the Faculty of 

New Jersey Institute of Technology 

and Rutgers University Biomedical and Health Sciences – Newark 

in Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy in Biomedical Engineering 

 

Department of Biomedical Engineering 

 

 

August 2021



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 2021 by Agnieszka Agas 

 

ALL RIGHTS RESERVED 



 
 

APPROVAL PAGE 

 

ALCOHOL AS A CATALYST FOR HIV-ASSOCIATE  

NEURINFLAMMATION AND TBI-INUCED IRON TOXICITY 

 

Agnieszka Agas 

 

 

 

 

 

Dr. James Haorah, Dissertation Advisor      Date 

Associate Professor of Biomedical Engineering, NJIT 

 

 

 

 

Dr. Kevin D. Belfield, Committee Member      Date 

Professor of Chemistry and Environmental Science, NJIT 

 

 

 

 

Dr. Pranela Rameshwar, Committee Member     Date 

Professor of Medicine-Hematology/Oncology,  

Rutgers University New Jersey Medical School, Newark, NJ 

 

 

 

 

Dr. Jiang-Hong Ye, Committee Member      Date 

Professor of Anesthesiology,  

Rutgers University New Jersey Medical School, Newark, NJ 

 

 

 

 

Dr. Vivek Kumar, Committee Member      Date 

Assistant Professor of Biomedical Engineering, NJIT 

 

 

 

 



 

iv 
 

BIOGRAPHICAL SKETCH 

 

 

Author:  Agnieszka Agas 

Degree:  Doctor of Philosophy 

Date:   August 2021 

Undergraduate and Graduate Education: 

• Doctor of Philosophy in Biomedical Engineering, 

 New Jersey Institute of Technology, Newark, NJ, 2021 

 Rutgers University Biomedical and Health Sciences, Newark, NJ, 2021 

 

• Master of Science in Biomedical Engineering, 

 New Jersey Institute of Technology, Newark, NJ, 2017 

 

• Bachelor of Science in Biomedical Engineering, 

 New Jersey Institute of Technology, Newark, NJ, 2015 

 

Major:  Biomedical Engineering 

 

Publications: 

 

Agas, A., A. Ravula, X. Ma, Y. Cheng, K. Belfield, J. Haorah (2021). “Hemolytic iron 

regulation in traumatic brain injury and alcohol use.” Under review in TBD. 

 

Agas, A., R. Garcia, J. Kalluru, B. Leiser, and J Haorah (2021). “Synergistic effects of 

alcohol and HIV TAT protein on macrophage migration and neurotoxicity.” 

Under review in the Journal of Neuroimmunology. 

 

Agas, A., J. Kalluru, B. Leiser, R. Garcia, H. Kataru, and J. Haorah (2021). “Possible 

mechanisms of HIV neuro-infection in alcohol abuse: interplay of oxidative 

stress, inflammation, and interruption of energy metabolism.” Alcohol Apr 

14:S0741-8329(21)00049-5. 

 

Mishra, V.*, A. Agas*, H. Schuetz, J. Kalluru and J. Haorah (2020). "Alcohol induces 

programmed death receptor-1 and programmed death-ligand-1 differentially in 

neuroimmune cells." Alcohol 86: 65-74. (*co-lead author). 

 

Agas, A., H. Schuetz, V. Mishra, A. M. Szlachetka and J. Haorah (2019). "Antiretroviral 

drug-S for a possible HIV elimination." International Journal of Physiology, 

Pathophysiology, and Pharmacology 11(4): 149-162. 

 

 



 

v 
 

Presentations: 

 

Agas, A., R. Garcia, J. Kalluru, and J. Haorah. “Profiling the effects of HIV protein TAT 

in an interactive neuroimmune cell culture.” 2019 Biomedical Engineering 

Society Annual Meeting, October 17th, 2019, Philadelphia, PA. 

 

Agas, A. and J. Haorah. “Profiling the effects of TAT on the blood-brain barrier during 

active HIV-1 infection.” New Jersey Institute of Technology-Institute for Brain 

and Neuroscience Research Graduate Student/Post-Doctoral Research Showcase, 

April 29th, 2019, Newark, NJ. 

 

Agas, A. and J. Haorah. “Profiling the effects of TAT on neurotoxicity during active 

HIV-1 infection.” New Jersey Institute of Technology-Institute for Brain and 

Neuroscience Research Graduate Student/Post-Doctoral Research Showcase, 

March 29th, 2018, Newark, NJ. 

 

Agas, A., R. Garcia, and J. Haorah. “Profiling the neurovascular cell interactions in 

alcohol exposure and HIV-1 Infection.” Rutgers 10th Annual Pioneers in 

Endocrinology Workshop, October 11th, 2017, Piscataway, NJ. 

 

 



 

vi 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my dad, in loving memory. 

Dla kochanego zmarłego taty. 

 



 

vii 
 

 

ACKNOWLEDGMENT 

 

Firstly, I would like to thank my supervisor, James Haorah, for his incredible mentorship 

and guidance through each stage of the process. 

 I would also like to thank my committee members, Vivek Kumar, Jiang Ye, Pranela 

Rameshwar, and Kevin Belfield for their valuable suggestions. 

 I thank the Department of Biomedical Engineering for the financial support as well 

as acknowledge Esther Hom, Selenny Fabre, Monuel Aulov, and Fatima Ejallali for their 

technical support. 

 I would like to thank my lab-mates and colleagues, Xiaotang Ma, Yiming Cheng, 

Arun Reddy Ravula, Tulika Das, Ricardo Garcia, Jagathi Kalluru, and Brooke Leiser for 

providing a wonderful research environment full of support and stimulating conversation. 

 I would like to acknowledge my co-authors, Harisritha Kataru, Heather Schuetz, 

Vikas Mishra, Adam M Szlachetka, as well as those already mentioned above for their 

contributions.  

 Finally, I would like to thank my mom, Danuta Agas, and brother, Michael Agas, 

for their sympathetic ear and never-ending love and encouragement. Mamo i Michał, 

dziękuję wam za ciągłą miłość i wsparcie. 

 

 



 

viii 
 

TABLE OF CONTENTS 

Chapter Page 

1 INTRODUCTION ………………………………………………………. 1 

 1.1   A Note on the Text …………………..…………………………… 1 

 1.2   Literature Survey …………………………………………………... 2 

  1.2.1   Introduction ………………………………………………... 2 

  1.2.2   Risk factors of alcohol on HIV/AIDS transmission ……….. 3 

  1.2.3   Influences of alcohol on HIV/AIDS entry and persistence in  

           the brain ……………………………………….…………… 6 

  1.2.4   Effects of HIV-1 infection and alcohol use on the  

           neuroenergetic balance ……………………………………. 11 

  1.2.5   HIV-1 infection and alcohol use on oxidative damage,  

           inflammation, and neurodegeneration …………………….. 27 

  1.2.6   Possible mechanism(s) for accelerated HIV neuro-infection  

           progression in alcohol use ………………………………… 32 

  1.2.7   Conclusion …………………………………………………. 33 

2 SYNERGISTIC EFFECTS OF ALCOHOL AND HIV TAT PROTEIN 

ON MACROPHAGE MIGRATION AND NEUROTOXICITY ………. 36 

 2.1   Introduction ………………………………………………………... 36 

 2.2   Methods and Materials …………………………………………….. 38 

  2.2.1   Reagents …………………………………………………… 38 

  2.2.2   Cell culture ………………………………………………... 38 

  2.2.3   Evans blue extravasation ………………………………….. 41 

  2.2.4   Nitric oxide measurement …………………………………. 42 

  2.2.5   Cell viability assay ………………………………………… 42 

 



 

ix 
 

TABLE OF CONTENTS 

(Continued) 

Chapter Page 

  2.2.6   Immunofluorescence and imaging ………………………… 43 

  2.2.7   Statistical analysis …………………………………………. 44 

 2.3   Results ……………………………………………………………... 44 

  2.3.1   An interactive in vitro model of the blood-brain barrier …... 44 

  2.3.2   Ethanol and TAT increase macrophage migration in a time  

           dependent manner ………………………………………… 46 

  2.3.3   Combined presence of low dose ethanol and TAT increases  

           migration across all timepoints …………………………… 50 

  2.3.4   NO production by endothelial cells may explain the  

           dichotomy in migration pattern …………………………… 56 

  2.3.5   Neurons undergo structural and behavioral changes with  

           increasing concentrations of TAT ………………………… 58 

  2.3.6   Ethanol delays visible loss of neurite integrity caused by  

           TAT but expedites apoptotic neurodegeneration …………. 61 

 2.4   Discussion …………………………………………………………. 61 

 2.5   Conclusion …………………………………………………………. 70 

3 ANTIRETROVIRAL DRUG-S FOR A POSSIBLE HIV 

ELIMINATION ………………………………………………………… 72 

 3.1   Introduction ………………………………………………………... 72 

 3.2   Methods and Materials …………………………………………….. 76 

  3.2.1   Reagents …………………………………………………… 76 

  3.2.3   Monocyte/macrophage culture …………………………….. 77 

  3.2.4   MTT assay …………………………………………………. 77 

 

 



 

x 
 

TABLE OF CONTENTS 

(Continued) 

Chapter Page 

  3.2.5   Immunocytochemistry ……………………………………... 78 

  3.2.6   Reverse transcriptase assay ………………………………. 78 

  3.2.7   Purification of Drug-S ……………………………………. 79 

  3.2.8   Determination of fractions containing antiretroviral  

             activity ………………………………………………….. 80 

  3.2.9   Statistical analysis ………………………………………... 81 

 3.3   Results ……………………………………………………………... 81 

  3.3.1   Dose-response of Drug-S ………………………………….. 81 

  3.3.2   Drug-S inhibited most HIV-1 infection …………………… 82 

  3.3.3   Drug-S pre-treated virions failed to infect macrophage …… 85 

  3.3.4   Drug-S inhibits HIV-1 reinfection ………………………… 86 

 3.4   Discussion …………………………………………………………. 87 

 3.5   Conclusion …………………………………………………………. 89 

4 ALCOHOL DYSREGULATES IRON MANAGEMENT 

FOLLOWING TBI ……………………………………………………… 90 

 4.1   Introduction ………………………………………………………... 90 

 4.2   Methods and Materials …………………………………………….. 92 

  4.2.1   Reagents …………………………………………………… 92 

  4.2.2   Animals ……………………………………………………. 93 

  4.2.3   Alcohol feeding …………………………………………… 93 

  4.2.4   Fluid percussion injury ……………………………………. 94 

 

 



 

xi 
 

TABLE OF CONTENTS 

(Continued) 

Chapter Page 

  4.2.5   Tissue processing ………………………………………….. 95 

  4.2.6   Prussian blue ………………………………………………. 95 

  4.2.7   Turnbull’s blue ……………………………………………. 96 

  4.2.8   Immunohistochemistry …………………………………….. 96 

  4.2.9   Western blot ……………………………………………….. 97 

  4.2.10   Statistical analysis ……………………………………….. 98 

 4.3   Results ……………………………………………………………... 98 

  4.3.1   FPI indirectly causes iron accumulation in the CNS ………. 98 

  4.3.2   Ethanol exposure alters peak LCN2, HO-1, and F-LC  

           expression following FPI …………………………………. 100 

  4.3.3   Activated microglia are also involved in iron management .. 107 

 4.4   Discussion …………………………………………………………. 113 

  4.4.1   Excess iron is regulated by three distinct pathways ……….. 114 

 4.5   Conclusion …………………………………………………………. 124 

5 SUMMARY CONCLUSION …………………………………………... 126 

REFERENCES 130 

 

 



 

xii 
 

LIST OF TABLES 

 

Table Page 

4.1   Source, Catalogue Number, and Dilution Factors of Antibodies Used in  

        Immunohistochemistry and Western Blot Analyses …...…………………. 93 

  

 

 

 



 

xiii 
 

LIST OF FIGURES 

 

Figure Page 

1.1 Schematic of disrupted neuroenergetics ………………………………… 35 

2.1 In vitro model of the BBB ………………………………………………. 46 

2.2 Macrophage migration after treatment with ethanol or TAT 

concentrations alone …………………………………………………….. 49 

2.3 Effect of time on macrophage migration (2.2) …………………...……... 50 

2.4 Macrophage migration following combined treatment 10 mM ethanol 

with 5 ng/mL or 25 ng/mL TAT ………………………………………... 53 

2.5 Effect of time on macrophage migration (2.4.A) ……………………….. 54 

2.6 Effect of time on macrophage migration (2.4.B) ……………………….. 54 

2.7 Assessment of migration between 10 mM ethanol, TAT concentrations, 

and treatment with both …………………………………………………. 56 

2.8 Measurement of NO production in cells exposed to ethanol …………… 58 

2.9 Cell viability after treatment with TAT or ethanol ……………………... 59 

2.10 Morphology of neuron cultures exposed to TAT concentrations with or 

without presence of low dose ethanol …………………………………... 60 

2.11 Effect of time on macrophage migration (2.7) ………………………….. 67 

3.1 Representative graph of reverse-phase chromatographic separation 

fractions …………………………………………………………………. 80 

3.2 Dose-dependent toxicity of Drug-S in macrophage culture …………….. 82 

3.3 Drug-S inhibits HIV-1 infection in primary human macrophage ………. 84 

3.4 Drug-S pre-treated virions did not infect primary human macrophages ... 86 

3.5 Drug-S inhibits HIV-1 reinfection ……………………………………… 87 

 



 

xiv 
 

LIST OF FIGURES 

(Continued) 

 

Figure Page 

4.1 Ferrous and ferric iron expression following FPI ………………………. 100 

4.2 LCN2 induction by alcohol, FPI, and the combination …………………. 101 

4.3 HO-1 induction by alcohol, FPI, and the combination …………………. 103 

4.4 F-LC induction by alcohol, FPI, and the combination ………………….. 104 

4.5 Microglial recruitment and activation by alcohol, FPI, and the 

combination ……………………………………………………………... 108 

4.6 Microglial phagocytosis of accumulated red blood cells ……………….. 112 

4.7 Summary of LCN2, HO-1, and F-LC presence over time ……………… 117 

4.8 Schematic of iron regulation by activated microglia …………………… 123 

   

   

 

 



 

1 
 

CHAPTER 1 

INTRODUCTION 

 

1.1 A Note on the Text 

All the work presented in my dissertation has already been published or is under review 

for publication. Each chapter (except for Chapter 5) is a direct derivative of 1 article and, 

therefore, a self-contained study. For this reason, each chapter will have its own 

Introduction, Methods and Materials, Results, Discussion, and Conclusion sections 

wherever applicable. Prior to the start of each chapter will be an acknowledgment of the 

co-authors that have helped me complete the work described. It is with their help that I was 

able to accomplish such a large and varied body of work and I look for every opportunity 

to thank them. Also, I note the journal, year, and volume number in which the work was 

published or is under review for publication. 

Here in Chapter 1, I introduce the idea that alcohol can be perceived as a catalyst 

for diseases, injuries, or disorders by researching and analyzing current studies describing 

its effects on HIV infection in the brain. I take an alternative approach at understanding the 

exacerbating effects of alcohol use by focusing on the energy metabolism. This work was 

published as a review article entitled Possible Mechanisms of HIV Neuro-Infection in 

Alcohol Use: Interplay of Oxidative Stress, Inflammation, and Energy Interruption and it 

was published in volume 94 of Alcohol on August 2021. My co-authors, Jagathi Kalluru, 

Brooke Leiser, Ricardo Garcia, Harisritha Kataru, and James Haorah, helped me with the 

literature research. 
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1.2 Literature Survey 

1.2.1 Introduction 

Human immunodeficiency virus type-1 (HIV-1) continues to be one of the leading causes 

of death worldwide with new infections reaching millions each year, totaling 75.7 million 

people infected so far [1]. Of the 38 million people currently living with HIV-1, less than 

67% receive treatment with 1 in 7 people being unaware of infection [1, 2]. In the United 

States, 1.2 million people are currently living with HIV-1 with over 100 new diagnoses 

every day [3]. The most affected populations are men who have sex with men, African 

American/black people, and young people ages 13-29 [4]. Despite almost 90% of the 

United States population being able to access treatment, only 76% initiates treatment, 58% 

retains care and 65% achieves viral suppression [5]. In the HIV-1 treatment cascade, viral 

suppression is an ultimate objective, although not a cure, it signifies that replication of the 

virus has been reduced to a point where viral load is at an undetectable level [6]. Therefore, 

someone with viral suppression is less likely to transmit the virus to their sexual partners 

and their treatment regimen is considered very successful [7]. The continual persistence of 

HIV-1 and difficulty in reaching viral suppression in this era of highly active antiretroviral 

therapy (HAART) treatment may then be due to other circumstances [8]. Many people 

infected with HIV-1 also abuse substances such as alcohol, as a result, alcohol may have 

some interplay on progression into acquired immunodeficiency syndrome (AIDS) [9, 10]. 

Much research has been focused on the exacerbating effects of alcohol use and HIV-1 

infection, supporting the idea that infection renders the body more conducive to alcohol-

induced metabolic changes and vice versa [11]. The purpose of this introduction is to 

contextualize these exacerbating effects as an interplay of oxidative stress, inflammation, 
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and an interruption of the energy metabolism, and, in so doing, generate a hypothesis for 

the accelerated progression of HIV neuro-infection seen with alcohol abuse. 

 

1.2.2 Risk factors of alcohol on HIV/AIDS transmission 

The frequency of alcohol abuse and likelihood of developing HIV-1 are mutually affected 

by several factors. Epidemiological studies have found that the probability of abusing 

alcohol in a lifetime has been shown to increase with educational inequality as incongruous 

levels of education can cause discrepancies in external stressors such as communication, 

financial status, and societal perception, and lead to both social and economic 

marginalization [12, 13]. Poorer education has been shown to limit access to knowledge of 

preventive care measures and contribute to the increasing population size affected by HIV-

1 infection [14]. Racial and homophobic stigma can generate additional discrimination 

against alcohol abusers and people living with HIV-1 and discourage them from seeking 

appropriate medical care [15, 16]. A significant link between alcohol abuse and HIV-1 

infection is poverty due to income inequality [15]. Impoverished communities are inclined 

towards increased alcohol intake and decreased condom use, both as methods of stress-

relief, prompting alcohol abuse and a higher transmission of HIV-1 [17-19]. 

Alcohol use has been attributed with feelings of depression and anxiety, reducing 

inhibitions to provoke risky sexual behavior (such as engaging in prostitution or 

unprotected sex), among drug users, needle sharing, and, in those already infected, 

decreased adherence to HAART, all of which can support opportune HIV-1 transfection 

and increase susceptibility for HIV/AIDS transmission [20-25]. By interrupting regular 

functions involved with intelligence and rational thinking, chronic alcohol use may pervert 
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the user towards harmful behaviors, especially in regard to impulsive decision-making, 

taking on the form of a positive valence system whereby reward (euphoria) is chosen to 

outweigh risk (infection) no matter the severity of that risk (lifelong infection) [26, 27]. 

However, alcohol dependency and addiction are developed as a result of the negative 

valence system with constant intoxication being a relief from negative emotional states 

[28]. Recently, low to moderate alcohol drinking has been associated with improved 

cognitive function following evidence that information processing shows acute tolerance 

to alcohol [29, 30]. Conversely, the stigma of being HIV-positive can provoke unhealthy 

alcohol use and trigger a self-perpetuating, vicious cycle towards HIV-1 progression [31]. 

In obstructing mental health, alcohol instigates harmful behavior and increases risk for 

HIV/AIDS contraction and transmission.  

Alcohol use also has implications beyond its behavioral associations. 

Physiologically, the effects of alcohol on immune defenses can further encourage HIV-1 

acquisition [32]. The link between alcohol consumption and risk of infection is the immune 

response. There have been no direct associations found between alcohol use and viral load 

in people receiving HAART even with hazardous alcohol consumption except reduced 

adherence [23, 33, 34]. An enhanced immune response can improve host defenses while a 

substandard response can weaken defenses and increase vulnerability to infection. For the 

innate immune response, moderate prenatal alcohol exposure following liposaccharide 

administration has been shown to downregulate the MyD88-independent pathway of the 

tool-like receptor 4 (TLR4) response [35]. For the adaptive immune response, low to 

moderate doses of alcohol have been shown to increase differentiation of T-regulatory cells 

(Tregs) which work to suppress other cells of the immune system. These doses have also 
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been shown to increased differentiation of T helper 17 (Th17) cells, a subset of pro-

inflammatory T helper cells that release IL-17 to recruit neutrophils [36]. This response 

creates a link between innate and adaptive immunity. Conversely, chronic heavy drinking 

has been shown to increase peripheral coagulation and inflammation following 

liposaccharide stimulation in a dose-dependent manner [37]. Therefore, low to moderate, 

inebriating doses have an immunomodulatory effect that can affect immune response time 

and produce a diffuse suppressed immune reaction to increase risk of infection and 

replication of virus, while heavy, chronic doses activate the immune system through 

inflammation and oxidative injury to damage the vasculature and promote HIV-1 infected 

cell entry into the brain. However, factors such as drinking pattern, beverage type, and 

gender can also influence alcohol consumption and the immune system [38]. Alcohol and 

HIV-induced chronic immune activation have also been shown to create an anergic effect 

on immune cells to increase surreptitious viral entry into the brain and viral persistence in 

the central nervous system (CNS) [39, 40]. These ability changes are caused by alcohol-

triggered interferences in B-cell and T-cell tasks, including suppression of antiviral factors 

and decreases in some antigen presenting functions making cells more susceptible to viral 

infection [41-44]. Therefore, alcohol-impaired immune defenses combined with HIV-1’s 

ability to evade immune attack through quick antigenic variation make cells very 

susceptible to infection [45]. In effect, alcohol use augments and accelerates HIV-1 

transmission. Alcohol’s additive effects for furthering risk of infection and transmission 

have been very well studied [46]. 

 

 



 

6 
 

1.2.3 Influences of alcohol on HIV/AIDS entry and persistence in the brain 

People living with HIV-1 (PLWHA) have reported faster alcohol-associated behavioral 

effects (such as feeling tipsy) with fewer drinks than people not infected with HIV-1 [47]. 

Therefore, HIV-1 may play a role in delaying metabolism of alcohol by the liver resulting 

in its sustained circulation in the blood [48]. Persistent presence of alcohol in the 

bloodstream allows vascular cells to admit and metabolize increasingly more alcohol, a 

result which can be especially problematic for the integrity of the blood-brain barrier 

(BBB) [49]. The liver metabolizes alcohol into acetaldehyde by alcohol dehydrogenase 

(ADH) from the cytosol (main pathway), cytochrome P4502E1 (CYP2E1) from 

microsomes, and catalase from peroxisomes as well as into H2O2 also by CYP2E1 [50]. 

Since the brain does not contain alcohol dehydrogenase, it uses the enzymes CYP2E1 and 

catalase to metabolize alcohol [51, 52]. Interestingly, class III ADH activity was found in 

brain endothelial cells, neurons, and astrocytes of various brain regions as well as Purkinje 

cells of the cerebellum, however this class of ADH in the CNS is not involved in ethanol 

metabolism. ADH III is more likely used to reduce surplus acetaldehyde in brain cells 

possessing low acetaldehyde dehydrogenase (ALDH) activity. CYP2E1 activity is induced 

after alcohol administration and is the form of CYP450 that actively oxidizes ethanol. 

CYP2E1 presence has been shown in all types of glial cells, neurons, and brain 

microvascular endothelial cells. Although distributed heterogeneously among all the brain 

regions, CYP2E1 was distinctly found in the frontal cortex, hippocampus, striatum, 

substantia nigra, and neuropils of various regions of the brainstem such as the pons, 

superior olivary complex, and trigeminal nerve nuclei. Catalase is located in 

microperoxisomes and only found in the perikaryons of aminergic neurons and in glial 
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cells. Maximum catalase activity has been shown in the ependymocytes of the third 

ventricle and in the solitary nucleus of the brainstem [53]. 

Since the CYP450 pathway metabolizes multiple drugs and regulates their 

bioavailability, HAART treatment may be altered with alcohol use through reductions in 

concentrations of antiretroviral drugs [54]. Interestingly, since HAARTs are designed for 

CD4-dependent infection, they are less effective on CD4-independent infection such as in 

hepatocytes making the liver a possible silent reservoir of HIV-1 infection [55]. In vitro 

studies have shown that hepatocyte cell lines may permit low levels of HIV-1 infection 

through CD4-independent entry mechanisms, but these levels can be significantly 

potentiated by secondary stressors such as alcohol [56, 57]. The increases in HIV-1 

replication observed in monocyte-derived macrophages exposed to chronic levels of 

alcohol have been attributed, in part, to CYP2E1-mediated oxidative stress [58]. 

Acetaldehyde is very reactive and can form adducts with various brain signaling chemicals 

such as neurotransmitters, only when it is metabolized by ALDH into acetate does alcohol 

become least active [59]. Similar to CYP2E1, ALDH activity is broadly dispersed in the 

brain structure although less so in aminergic neurons. This presents an idea of localized 

accumulations of acetaldehyde in certain brain regions [53]. In the pancreas, the less 

common nonoxidative pathway of alcohol metabolism produces fatty acid ethyl esters 

(FAEE) that can also cause tissue injury, specifically mitochondrial dysfunction [60]. The 

brain has also been shown to participate in this pathway, regulating FAEEs production with 

three synthases, two being glutathione S-transferases. Activity of these synthases is 

predominant in gray matter, the regions containing neuronal cells [61, 62]. In neurons, the 

acetaldehyde produced activates NADPH/xanthine oxidase (NOX/XOX) and inducible 
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nitric oxide synthase (iNOS) to generate reactive oxygen species (ROS) and nitric oxide 

(NO) while H2O2 reacts with copper/iron to produce additional ROS [63, 64]. This 

activated iNOS and NADPH oxidase can further produce reactive nitrogen species (RNS) 

from NO and superoxide (O2-) [65].  

Accumulation of RNS/ROS can unbalance redox to increase oxidative stress and 

cause vascular injury [66]. Specifically, excess oxidative stress can stimulate the inositol 

1,4,5-triphosphate receptor and release of Ca2+ leading to activation of myosin light chain 

kinase (MLCK) and subsequent phosphorylation of the myosin light chain (MLC) and tight 

junction (TJ) proteins (occludin, claudin-5, and zonula occludens) of the endothelial cells 

that constitute the BBB [67, 68]. Degree of permeability across the BBB depends on the 

integrity of TJ proteins, therefore, decreases in TJ proteins injures the microvasculature 

permitting influx of otherwise restricted substances such as HIV-1 virions [69, 70]. The 

BBB appears most vulnerable to oxidative stress because prenatal exposure to alcohol has 

not been shown to disrupt the BBB [71]. Presence of alcohol alone or HIV-1 regulatory 

proteins such as the trans-activator of transcription (Tat) and the envelope glycoprotein 

gp120 is enough to destabilize BBB integrity because they induce formation of stress fibers 

and ROS that can redistribute tight junction proteins [72, 73]. Furthermore, decreases in 

occludin have also been shown to increase HIV-1 transcription and promote infection [74]. 

TJ proteins are the gatekeepers of the BBB, their injury emphatically compromises the 

permeability of the BBB. Ethanol metabolites such as acetaldehyde and FAEE can also 

directly affect the BBB. Acetaldehyde can traverse the BBB only when concentrations 

saturate the ALDH of the brain microvasculature [75]. Alone, acetaldehyde does not 

damage the BBB, however the addition of another stressor, such as malnutrition, may be 
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sufficient in reducing barrier function [76, 77]. The effects of FAEEs on BBB integrity 

have been largely unexplored, however free FAEEs are themselves bioactive and can be 

potentially toxic to the BBB. 

However, HIV-1 virus does not need to rely on a damaged BBB to enter the CNS, 

it can bypass the barrier with the Trojan horse mechanism [78]. HIV-1 can infect 

monocytes/macrophage (as well as T-lymphocytes and dendritic cells) and use them as a 

veil of resident protein to enter the CNS in a Trojan horse manner. Inflammation of the 

BBB by oxidative stress can further entry by causing an immune response and more of 

these infected monocytes/macrophages to gather at the BBB [79-81]. Then, especially in 

alcohol users, vascular oxidative injury can promote HIV-infected cell entry into the brain 

[82]. Upon entering the CNS, HIV-1 begins infecting microglia via CD4 receptor binding 

and astrocytes via cell-to-cell contact, along with establishing latent reservoirs [83-85]. 

Infection is currently treated with HAART however, the unique anatomy of the brain 

makes treatment a constant challenge and viral persistence a certainty [86, 87]. The 

geometry of the brain, including the folds and convoluted surface created by gyri and sulci, 

distinct shapes of the lobes and hemispheres divided by fissures, and many important 

enclosed, internal structures, makes drug penetration and distribution difficult [88]. 

Transporters at the BBB such as P-glycoprotein (P-gp), the multidrug resistance associated 

protein (MRP1), and the breast cancer resistance protein (BCRP) prevent HAART drugs 

from entering the CNS or work as active efflux pumps to throw them back into circulating 

blood [89]. A disrupted BBB can facilitate penetration of HAART drugs [90, 91]. Even 

though HAARTs are effective, studies have shown BBB impairment persists because 

HARRT drugs carry their own risks of toxicity and tolerability [92, 93]. They have been 



 

10 
 

shown to cause mitochondrial toxicity and changes to neurotransmitter levels as well as 

impairment of the electron transport chain and glucose metabolism [94]. Oxidative stress, 

induced by alcohol or HARRT drugs themselves, can exacerbate their toxicity. 

Even if they are able to circumvent all these obstacles, HAARTs cannot eradicate 

viral DNA compartmentalized in latent reservoirs, hideouts containing non-replicating, 

dormant forms of the virus, inside the CNS [95]. Therefore, any interruption or withdrawal 

of HAART regimens can cause a rebound effect in which the dormant virus is activated to 

re-start replication and, being that the BBB is a bi-directional barrier, re-infect the body 

[96, 97]. Alcohol use exacerbates these consequences by diminishing HAART adherence 

wherein the person forgets to take the drug or is afraid of taking the drug while using 

alcohol [98, 99]. Alcohol can also interrupt treatment by attenuating the effects of these 

drugs [100]. Overlapping pathways in HAART and alcohol metabolism may explain these 

limiting and/or disrupted effects of HAART and even aggravation of HIV-associated 

neurological disorders (HAND) [101].  

HAART metabolism is largely governed by CYP450, also the chief pathway for 

alcohol metabolism in the brain. Certain HAART drugs, such as the protease inhibitor 

nelfinavir, form active metabolites that can also exert an antiviral effect [102]. PLWHA 

experience drug interaction due to the use of multiple drugs in their HAART treatment as 

well as other substances such as alcohol. Many of these drugs also inhibit CYP enzymes 

to facilitate sustained exposure of HAARTs and, when used together, alcohol in the body 

and the brain. This increased exposure of HAART drugs and alcohol has the potential for 

creating toxicity [103]. In addition, HAART drugs induce mitochondrial toxicity much 

earlier in the liver than the brain, therefore liver damage may prevent proper elimination 
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of these drugs and cause their bioaccumulation [104]. Furthermore, some treatment 

regimens require drug boosting which can increase toxicity and aggravate side effects. 

Alcohol consumption has not been shown to affect the pharmacokinetics of HAART drugs 

[105]. However, pharmacological interventions for alcohol use disorder (AUD) have 

reduced alcohol use to improve viral suppression without changes to HAART adherence 

which implies there may be some interaction between alcohol and HAART drugs that 

moderates treatment [106]. There has been some suggestion that an interaction between 

immune cells and astrocytes through the CYP pathway can lead to an increase in oxidative 

stress and subsequent deceased response to HAART [107]. Another suggestion is that 

alcohol decreases the activity of membrane-associated drug transporters of testicular cells 

by altering properties of the lipid bilayer thereby diminishing uptake of HAART drugs 

[108]. Studies involving alcohol-drug-protein interactions are needed to understand the 

affect alcohol has on HAART efficacy. 

 

1.2.4 Effects of HIV-1 infection and alcohol use on the neuroenergetic balance 

1.2.4.1 Impeded glucose uptake. As the most energy demanding organ of the body, the 

brain requires a significant supply of glucose, especially when active [109]. 

Proopiomelanocortin and agouti-related peptide neurons sense glucose and regulate its 

supply to the brain [110]. Unfortunately, both alcohol and HIV-1 have been shown to alter 

uptake of glucose into the brain [111]. Studies measuring glucose analog 18F2-fluoro-2-

deoxy-D-glucose (¹⁸F-FDG) uptake and regional cerebral blood flow using imaging 

techniques have found overall reduced uptake in symptomatic HIV-1 participants [112, 

113]. However, results of asymptomatic HIV-1 participants (those receiving HAART) 
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were varied and brain regions showing this deficient uptake changed depending on 

participant demographics and presence of comorbid conditions. Some of these first studies, 

done throughout the 1990s, found increased uptake in the basal ganglia and thalamus [114]. 

However, these early studies were done on participants not receiving treatment who had 

already progressed to AIDS, therefore this increased uptake of glucose by the brain may 

occur in the late stages of HIV-1 disease when the virus is most virulent and 

neurodegeneration is most severe.  

Most early studies on alcohol have documented decreased uptake of glucose by the 

brain [115]. In fact, in a previous study done on human neurons and astrocytes our lab has 

shown that ethanol downregulates uptake of D-(2-3H)-glucose by reducing expression of 

uniporter glucose transporter proteins (GLUTs), GLUT1 in astrocytes, oligodendrocytes, 

endothelial cells (of the BBB), and microglia, and GLUT3 in neurons [116]. In disturbing 

the activity of acetylglucosamine, ethanol prevents glycosylation of these GLUTs thereby 

impairing their function and impeding transport of glucose in the brain. However, several 

recent studies have shown increased glucose and lactate levels in the CNS [117]. These 

studies were performed on C57BL/6J mice exposed to chronic intermittent ethanol 

concentrations with glucose and lactate levels measured in the CNS and not individual cell 

populations. This indicates that alcohol, through impairing the uptake of glucose by 

astrocytes and neurons, is likely disrupting the utilization of glucose by these cells and 

causing metabolic dysfunction in the CNS. In a study exploring the effects of oxygen and 

glucose deprivation conditions on brain cells, exposure caused neurons to rapidly release 

the tissue-type plasminogen activator to induce adenosine monophosphate-activated 

protein kinase activation in astrocytes and endothelial cells and recruitment of GLUT1 to 
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their membranes [118]. Subsequent increase of glucose uptake was followed by astrocyte-

neuron lactate shuttling (ANLS) as a means of promoting neuronal survival [119].  

 

1.2.4.2 Use of imaging techniques for glucose metabolism. Many of these studies 

adopted imaging techniques for diagnostic and treatment discovery purposes. One study 

found that, in the early stages of HIV-1 disease, there is no real evidence of structural 

changes, based on magnetic resonance imaging (MRI), but rather some metabolic 

differences, based on positron emission tomography (PET) scans [120]. However, these 

differences did not appear indicative of disease onset. Subsequent studies began using 

imaging techniques, such as ¹⁸F-FDG coupled with PET-computed tomography (PET/CT) 

or MRI scanning to assess glucose metabolism in the body. Since many of these studies 

were not followed-up with specific experiments determining the activity of reactions 

involved with glucose breakdown, metabolism is impossible to confirm. As such, it would 

be more appropriate to assert that these techniques only measured glucose uptake. The 

overall caveat of these techniques is that they fail to explain the fate of glucose once it is 

taken up. Metabolism activity cannot be directly observed because current imagining 

technologies do not have the spatiotemporal resolution to measure this fast-acting process 

[121]. Furthermore, results may be misconstrued if abnormal uptake of glucose is due to 

secondary HIV-related pathologies such as inflammation or neuronal damage [122, 123]. 

¹⁸F-FDG-type imaging requires knowledge of individual patients’ conditions, viremia, and 

treatment history for proper interpretation and more convincing results [112, 124]. 

Although certain HIV-related cerebral pathologies such as primary central nervous system 

lymphoma can be differentiated from infection with this technique [125]. Alternatively, 
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increases in brain glucose metabolism have been shown to be visible if HAART becomes 

interrupted [126]. 

Another method used to study neurometabolic states under HIV-1 disease is the use 

of magnetic resonance spectroscopic (MRS) imaging to study distributions and 

concentrations of metabolites such as N-acetylaspartate (NAA), choline (Cho), creatine 

(Cr), glutamate (Glu), and myo-inositol (MI). In studies involving HIV-1 infection and 

chronic alcohol consumption, concentrations of phosphodiester (PDE) and 

phosphocreatine (PCr) have also been examined [127]. The ratios of these metabolites are 

correlated to viral load and cerebral spinal fluid (CSF) biomarkers and then extrapolated to 

draw conclusions about monocyte activation and chemotaxis, inflammation, gliosis, 

neuronal dysfunction, and regional metabolic changes [128-131]. This generalization is a 

non sequitur because metabolite ratios can vary depending on the type of disease, its 

severity, and the afflicted brain region. Correlation cannot imply causation without 

additional confirmation. An immunoPET study may help resolve this controversy however 

labeled antibodies cannot cross the BBB. More experimental evidence is needed to support 

the imaging results on glucose metabolism. 

 

1.2.4.3 Alternative energy sources. Other ethanol-induced secondary effects can also 

lead to deficiencies in glucose uptake. Ethanol consumption mimics the inhibitory 

neurotransmitter γ-aminobutyric acid (GABA), ergo the sedative effects of alcohol, and 

GABA metabolism has been shown to trigger insulin secretion [132, 133]. Ethanol-

damaged insulin signaling increases insulin levels to produce a hypoglycemic effect [134]. 

Increased levels of alternative energy sources in the bloodstream has also been linked to 
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decreased glucose utilization [135]. Glucose cannot be replaced as the main supplier of 

energy, but other sources can be used to supplement it. Alternative sources include ketone 

bodies during periods of low caloric energy intake, glycogen, locally stored in astrocytes, 

during strenuous exercise, and acetate during periods of heavy alcohol consumption [136-

140]. Fatty acids are not a viable source of energy for the brain because they are bound to 

albumin and therefore cannot pass through the BBB [141]. Under HIV-1 infection, 

glutamine-glutamate has also been used as energy by infected macrophage [142]. 

Glutamate can be converted to α-ketoglutarate (α-KG), a tricarboxylic acid (TCA) cycle 

component, by glutamate dehydrogenase or the alanine or aspartate transaminases and be 

used in adenosine 5'-triphosphate (ATP) production or be further converted to citrate by 

isocitrate dehydrogenase to synthesize other intermediates [143]. However, during periods 

of increased brain activity and neuronal firing, lactate has been considered the preferred 

energy substrate [144]. The purpose of these supplementary energy sources is to conserve 

glucose during alcohol consumption and HIV-1 infection when glucose uptake is impeded, 

and overall glucose levels are low. In another way, this shift to metabolic substrates is an 

adaptive response to mitigate the glucose deficiency following alcohol abuse and HIV-1 

infection. However, increased presence of other metabolites has been shown to promote 

HAND [145]. Increased levels of acetate and citrate have been linked to worsened 

cognitive status in HIV+ patients [146]. 

Lactate is often the end-product of glycolysis in astrocytes, getting shuttled through 

both monocarboxylate transporters (MCT) and MCT-independent lactate transporters and 

conduits [147]. 1H MRS of NOD/scid-IL-2Rgcnull mice transplanted with human CD34+ 

hematopoietic stem cells have shown a notably large increase in lactate levels at the 
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cerebral cortex after HIV-1 infection [148]. In addition, a decrease in glucose levels in the 

brain, especially the hypothalamus, by alcohol can cause increased AMP activated protein 

kinase (AMPK) activity and may even indirectly inhibit oxidative phosphorylation 

(OXPHOS) [149]. Muraleedharan, et., al. has shown that AMPK is required for astrocytic 

glycolysis as well as increased lactate production and shuttling as a source of energy. 

AMPK-null astrocytes were deficient in glycolysis and reduced production of lactate and 

other energy metabolites. Reduction in citrate presents the possibility that pyruvate-derived 

acetyl CoA and the TCA cycle may also be decreased. AMPK activity preserves astrocytic 

GLUT1 by phosphorylating and destabilizing thioredoxin-interacting protein (TXNIP) to 

enable lactate production. Finally, AMPK-null neurons co-cultured with wild type 

astrocytes prevented neuronal death, providing further evidence for the ANLS hypothesis 

in energy management and distribution [119]. Ethanol reduces AMPK activity in the liver 

and the brain while increasing acetyl-CoA carboxylase activity and malonyl CoA content, 

both enzymes important in fatty acid synthesis [150]. However, ethanol does not decrease 

total AMPK levels, rather AMPK activity is impeded through reductions of its 

phosphorylation [151]. 

 

1.2.4.4 Increased lactate shuttling. Within the CNS, glucose uptake among brain cells is 

disproportionate [152]. While astrocytes are located closest to the source of available 

glucose, the bloodstream, neurons have limited access. Astrocytic expansions and end-feet 

are in contact with vascular capillaries to the extent that microvessels are entirely covered 

in these perivascular astroglial sheaths [153]. This requires neurons to receive deliverable 

energy in an indirect manner. Astrocytes’ position next to blood vessels allows them to 
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traffic energy substrates to areas demanding energy. For these reasons, neurons (and even 

oligodendrocytes) favor lactate as an energy source during homeostasis [154]. Neurons, 

expressing their own glucose transporter protein, can process glucose glycolytically but do 

so under conditions involving extremely high energy demand, preferentially, this glucose 

is used to produce reducing agents (electron sources) including nicotinamide adenine 

dinucleotide (NADH) and nicotinamide adenine dinucleotide phosphate (NADPH) through 

the pentose phosphate pathway or biosynthetic precursors for other compounds, since the 

restrictive BBB requires they be synthesized from glucose within the brain [155]. In 

addition, ions such as sodium, potassium, and calcium do not require much energy for 

signaling purposes because they move according to concentration gradients however 

recharging these gradients is a significant energy consuming process for the brain.  

Interestingly, in intestinal cells, moderate alcohol use has been shown to alter the 

sodium gradient and diminish affinity of the co-transporter for glucose [156]. This has been 

supported with studies that show astrocytes as the predominate consumers of glucose 

during synaptic activity [152]. It is also well documented that during brain excitation, the 

glycolysis of glucose-to-lactate rate temporarily exceeds that of OXPHOS because there is 

an upregulation of glucose activity compared to oxygen consumption [157, 158]. The 

ANLS model describes that astrocytes respond to the release of synaptic signaling by 

increasing utilization of glucose and triggering glycolytic production and release of lactate 

into the extracellular space to be absorbed by surrounding neurons for oxidation [159, 160]. 

However, since its formulation, this hypothesis has been fraught with controversy. Lack of 

experimental evidence as well as issues with the metabolic requirements for significant 

lactate shuttling creates doubt about the energetic contributions of ANLS [161, 162]. The 
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decreased energy supply in the CNS caused by HIV-1 infection and alcohol abuse may 

strengthen the case for ANLS as the central energy source, glucose, becomes diminished. 

Fresh evidence from new and sophisticated technologies, techniques, and experimental 

models are necessary to circumstantiate this model. Recently, Barros et al. have expanded 

on this concept by proposing that under increased neuronal activity, astrocytes, through a 

compounded outcome of the Warburg and Crabtree effects, take up aerobic glycolysis 

[163]. During aerobic glycolysis, lactate is produced regardless of the sufficient levels of 

oxygen, conversely, during anaerobic glycolysis, lactate is mass produced under hypoxia 

conditions. ANLS has also been referred to as the Reverse Warburg effect because 

astrocyte glycolysis metabolically supports adjacent neurons [164]. The lack of a rate-

limiting demand for energy in brain activities permits for the rapid and tuned synthesis of 

ATP done by aerobic glycolysis. Hexokinase, which phosphorylates glucose to glucose-6-

phosphate, has a very low half-saturation constant and can perform this conversion at its 

highest speeds. In addition, hexokinase IV, an isoform of hexokinase in the brain, is not 

inhibited by glucose-6-phosphate to prevent more uptake of glucose by cells [121]. 

Although less energetically favorable, aerobic glycolysis produces more lactate 

and, in reducing the need for OXPHOS and the electron transport chain, conserves oxygen 

for neuronal oxidative metabolism. In this respect, ANLS does not reflect an inefficient 

production of energy but the organizing of astrocytes for neuronal energy assembly. 

However, the question remains, how do astrocytes overcome the Pasteur effect? With the 

abundance of oxygen present in the CNS, astrocytes should favor OXPHOS as it produces 

more ATP. An idea is that astrocytes tradeoff their energy for the common good of the 

biomass (or the brain). This idea has not yet been studied but presents a possible 
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multifaceted view of neuroenergetics. Controversially, another idea of metabolic coupling 

is that neurons shuttle lactate to astrocytes instead, to release accumulating lactate from the 

brain. In the neuron-astrocyte lactate shuttle (NALS) model, glucose travels through 

endothelial cells and between astrocyte endfeet gaps to be taken up by neurons which 

release accumulating lactate to be absorbed by astrocytes, dispersed to astrocyte endfeet, 

and released to the surrounding vasculature or lymphatic drainage systems [165]. Transport 

of glucose to more distant neurons is also facilitated by astrocyte endfeet. NALS explains 

that GLUT3, the glucose transporter for neurons, has a much higher transport rate than 

GLUT1, the glucose transporter for astrocytes, while astrocytes have a higher capacity for 

lactate uptake [121]. Lactate is not considered a source of energy in this model, instead its 

accumulation is thought to cause cerebral lactic acidosis which can be mitigated by NALS. 

However, this model does not explain why glycolysis exceeds the OXPHOS metabolism 

of glucose. This controversy surrounding lactate is due to limited studies on the cause of 

lactate production in vivo and its viability as a suitable energy substrate. More studies with 

direct experimental proof are needed for a comprehensive understanding of lactate 

metabolism in the brain.  

A recent study of the effects of alcohol on glucose and lactate homeostasis has 

shown that alcohol causes the brain to adopt more of the astrocyte-neuron lactate transfer 

as a source of energy. Chronic intermittent ethanol increases CNS concentrations of 

glucose and lactate, as well as augments the expression of the membrane protein, MCT, a 

carrier for lactate, pyruvate, and ketone bodies [117]. However, the increased glucose and 

lactate concentrations have not been linked to the increased MCT expression. A previous 

study of astrocyte metabolism exposed to acute levels of ethanol used MRS to show 
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decreased fluxes of pyruvate dehydrogenase and pyruvate carboxylase reactions alongside 

an increased flux of glycolysis and an increased ratio between lactate formation and 

glucose consumption [166]. Infection has been shown to further increase the rate of 

glycolysis both directly, by increasing the activity of enzymes involved in glycolytic 

pathways, and indirectly through viral proteins [167]. HIV-1 proteins such as the envelope 

gp120, Tat, and viral protein R (Vpr) increase energetic demands by stimulating synaptic 

excitation [168, 169]. This combination of increased glucose consumption, lactate 

production and dispersal, and glycolysis metabolism in astrocytes is a reaction to the stress 

induced by alcohol exposure and HIV-1 infection. This response may be an evolution on 

the survival mechanism, enabling the brain to react to neurotoxins created by these 

stressors to preserve neurons. Alternatively, Mason et al. have proposed that, during 

infection, astrocytes shuttle more lactate to activated microglia rather than neurons [170]. 

The argument for astrocyte-microglia lactate shuttling (AMLS) is that it is to the advantage 

of the CNS for microglia to perform immune responses. By targeting, engulfing, and 

clearing away pathogens, microglia destroy harmful substances to protect neurons and the 

CNS. A study of the effects of tuberculous meningitis on lactate levels found elevated host 

lactate acid as a response to infection [171]. Furthermore, this lactate appeared to be used 

as an energy substrate by microglia, preferentially over glucose, with neuroprotective 

outcomes. To date, AMLS has only been studied in the context of tuberculous but these 

results merit studies in other infectious diseases such as HIV-1. 

In any respect, the twofold increase in glycolysis rate caused by alcohol and HIV-

1 infection may go beyond the usual fluctuations readily maintained by cellular 

maintenance mechanisms. The consequence to an inability to accommodate increased 
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glycolysis may be the development of an abnormal redox state. A change in the generation 

of NAD+/NADH and NADP+/NADPH, normally maintained by the malate-aspartate 

shuttle (MAS) for the TCA cycle and lactate dehydrogenase when an overactive glycolytic 

flux overwhelms MAS, may affect their concentrations as well as levels of ROS and lead 

to allostatic overload. In neurons, this overextension of maintenance mechanisms might 

cause an inverse Warburg effect whereby overworked ROS maintenance mechanisms 

break down ROS homeostasis and cause persistent, irreversible metabolic impairment 

[164]. This damage could cause cortical spreading depolarizations to neighboring neurons 

and lead to diffuse injury and massive neuronal loss [172]. This type of damage is typical 

of HIV-1 infection and exacerbated with alcohol use, it can lead to associated 

neurodegeneration and neurocognitive disorders. 

 

1.2.4.5 Exaggerated microglia activity. Another effect of cortical spreading 

depolarization is the stimulation of glial cell proliferation and activity [173, 174]. Like 

microgliosis, this can be instigated with injury caused by alcohol use and HIV-1 infection 

[175, 176]. Microglia’s roles in the immune system are to scavenge for debris and 

pathogens, and phagocytose them in an effort to repair tissue, promote neuronal survival, 

and maintain homeostasis. Neurons damaged by insults, such as Tat, release more of the 

chemoattractant fractalkine (CX3CL1) in order to stimulate their uptake and removal 

[177]. However, in a study done on primary rat microglial cells and BV2 cells exposed to 

HIV-1 Tat, increased microglial activation was attributed to disruption of the 

CX3CL1/CX3CR1 axis, an immune cell migration controller, and subsequent decreased 

response of microglia to cells presenting CX3CL1 [178]. Ethanol has been shown to 
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downregulate expression of CX3CL1 and also altered the CX3CL1/CX3CR1 axis [179]. 

By suppressing their scavenging functions, microglia are prevented from expending their 

energy and remain highly active, that is, their energy is thought to be ‘held back’. 

Importantly, CX3CL1/CX3CR1 control extends to rescuing neurons by attenuating the 

production and release of cytokines from microglia as well as modulating phagocytic 

activity [180]. The microglia-neuron interaction is complex, and the fate of a damaged 

neuron to be either protected or destroyed does not depend on CX3CL1/CX3CR1 signaling 

alone but is contingent on the presence or absence of co-stimulatory signals. Disruptions 

in the CX3CL1/CX3CR1 pathway are being studied as a mechanism for 

neurodegeneration.  

This microglia-neuron communication is also involved with inducing HIV-1 

expression in latently infected microglia containing dormant forms of the virus. Damaged 

neurons, specifically GABAergic cortical and dopaminergic neurons, as well as substantial 

neurodegeneration have been shown to stimulate HIV-1 virus from latency by disrupting 

the cross-talk between healthy neurons and infected microglia restraining HIV-1 

expression [181]. For this purpose, HIV-1 has evolved mechanisms to extend the lifespan 

of infected microglia [182]. Since the byproducts of alcohol consumption and HIV-1 

infection can damage neurons, both alcohol and HIV-1 can be involved with viral rebound. 

Astrocytes also serve as latent reservoirs, however, viral replication in astrocytes is 

triggered by inhibiting host restriction factors [183]. 

For macrophage/microglial cell respiration, the presence of HIV-1 infection and 

alcohol use has been shown to affect the TCA cycle with no detectable changes in 

glycolysis [142]. HIV-1 infection silences mitochondrial metabolism and, consequently, 
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disrupts the tricarboxylic acid cycle to reduce ATP production. To compensate, infected 

microglia/macrophage consume glutamine/glutamate as an alternative major source of 

energy [184]. A result of this utilization is the elevated expression of glutaminase 1 

(GLS1), the amidase that generates glutamate from glutamine. Ectopic expression of GLS1 

then induces microglial activation and pro-inflammatory exosome release by regulating 

glutaminolysis activity and its downstream production of α-KG [185, 186]. In a study 

examining the role of HIV-1 Vpr in energy metabolism, Datta et al. found an increase in 

glucose uptake and accumulation of α-KG and glutamine in the extracellular environment 

of Vpr expressing macrophage, but pools of glutamate and several TCA intermediates, 

such as glucose-6-phosphate, fructose-6-phosphate, citrate, malate, α-KG, and glutamine, 

exhibited a decreased trend [187]. Datta, et al. suggests that an increase in TCA cycle 

activity can be the cause for these observed reductions in TCA metabolite pools. Therefore, 

HIV-1 infection causes an increased production of energy due to greater energetic demand. 

However, the reason of this additional energy has not been abundantly studied. Infected 

cells may be utilizing this energy to further infection, working at a cross-purpose in the 

interest of the virus, disregarding clear disadvantages to the immune system. In contrast, 

this energy may be simply accumulated and wasted in order to decrease total energy supply 

and instigate the demise of non-infecting cells. More research should be directed at the 

energy requirement and utilization of HIV-1 infected cells.  

The primary pathway through which alcohol induces microglia activity appeared 

to be via the stimulation of a TLR4 response and subsequent signaling cascades that change 

microglia from a ramified to an ameboid form. This type of activation can also stimulate 

endocytic and phagocytic activity [188, 189]. Alcohol mimics actions of endogenous TLR4 
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ligands to activate TLR4 signaling. For example, activation of NLRP3-inflammasome in 

glial cells, a protein that triggers an immune response, was shown to be mediated by 

ethanol-induced TLR4 signaling [190]. Robust viral replication without immune activation 

has not been shown to cause development of AIDS [191]. Conversely, virologic 

suppression with chronic immune activation has shown progression of HIV-1 disease 

severity [192]. As an immunomodulator, alcohol can modify the activity of an immune 

response. People who have achieved viral suppression on HAART but drank heavily have 

shown increased immune activation [193]. Immune activation can be a powerful indicator 

of clinical outcome. 

 

1.2.4.6 Disrupted neuronal mitophagy. The impacts of alcohol and HIV-1 infection 

on neuronal cells concern the stability of their mitochondria. In vivo studies have not 

substantiated support for neuronal infection by HIV-1 because neurons lack the CD4 

receptor necessary for targeting intended cells. Instead, viral proteins such as gp120, Tat, 

and Vpr, secreted during active infection, can produce neurotoxic effects. These viral 

proteins have been shown to directly interact with the neuron to disrupt and injure 

synaptodendritic function as well as mediate signal transduction cascades to cause 

mitochondrial dysfunction and neuronal cell death [194]. Presynaptic terminals, one side 

of the synaptodendritic compartment, hold abundant amounts of mitochondria, therefore, 

loss of synaptodendritic function may also be reflective of mitochondrial dysfunction. 

Studies on primary rat cortical neurons have shown that by increasing oxidative stress, 

ATP levels, and mitochondrial membrane potential, Tat induces mitochondrial 

hyperpolarization [195]. Similar studies done of gp120 have shown reduced mitochondrial 
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respiratory capacity by observing decreased oxygen consumption rate, maximal and spare 

respiratory capacity, and mitochondrial distribution and movement as well as increased 

abnormal mitochondrial fusion/fission [142, 196]. Consequently, HIV-1 secreted proteins 

exhaust mitochondrial bioactivity as well as increase the level of stimulus required to 

initiate further activity. Interestingly, HARRT has also been shown to deplete 

mitochondrial respiratory capacity by reducing interterminal ATP levels as a means to 

decrease production and generation of the byproduct ROS [197]. Stimulation by viral 

proteins at presynaptic terminals can increase energetic demands, however defective 

mitochondria cannot produce enough energy. The unused fuel molecules and oxygen can 

then build up in the mitochondria and cause additional damage.  

Under homeostasis conditions, mitochondria damage checkpoints respond to 

oxidative stress to repair damage or trigger mitophagy in order to restore function and 

protect the cell [198]. Mitophagy is a form of macroautophagy that reverses mitochondrial 

dysfunction by clearing away damaged mitochondria before the cell can activate apoptosis. 

Even though dysfunctional mitochondria initiate mitophagy, alcohol has been shown to 

prevent its completion. In a study of SIV (simian immunodeficiency virus) -infected 

macaques administered chronic binge doses of alcohol, muscle samples showed 

upregulated expression of mitophagy-related genes in SIV infection alone but 

downregulation of these genes and increased expression of pro-apoptotic genes when 

alcohol was introduced [199]. Mitophagy is disrupted when the defective mitochondria are 

prevented from being trafficked to lysosomes for degradation. In neurons, the combination 

of HIV-1 infection and alcohol use may cause mitochondrial dysfunction and activate 

mitophagy pathways that eventually get interrupted, then superseded by apoptosis. This 
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forcing towards apoptosis may either be due to bolstering of activators to rate-limiting 

enzymes in the apoptosis pathways, inhibition of enzymes in the mitophagy pathways, or 

both. So far, studies have shown that the root cause may be cell stress from generated ROS 

and/or defective antioxidant mechanisms [200]. More mechanistic studies involving the 

competition between mitophagy and apoptosis pathways are necessary. There may be a 

tug-of-war-like contest between these competing pathways. 

 

1.2.4.7 Decreased food consumption. While there are many studies on HIV- 

associated wasting, research into the misuse of energy by HIV infected or uninfected cells 

in the CNS remains scarce. The invasion and multiplication of virus increases daily energy 

expenditure, therefore someone with HIV/AIDS disease requires more food to compensate 

for this upregulated metabolic rate [201]. Despite this, HIV-1 infection tends to reduce 

appetite and, in so doing, slowly deteriorates the nutritional status that, over time, can 

develop into malnutrition [202]. Even though HAART therapies have been shown to 

increase appetite, wasting may not be due to decreased energy intake alone. HIV-1 has also 

been shown to cause malabsorption by reducing intestinal villi numbers as well as 

increasing susceptibility for contracting gut infections [203]. Ineffective utilization and 

metabolism of food by the body can perpetuate a negative energy balance and lead to 

malnutrition. At the same time, malnourishment can compromise the immune system and, 

with HIV-1, increase immunosuppression and severity of infection [204]. Importantly, 

body weight depends more so on the composition of the diet, as evident by the varying 

degrees of malnutrition among HIV/AIDS patients. Alcohol use has been shown to 

exacerbate wasting [205]. Prolonged consumption of alcohol has been associated with poor 



 

27 
 

appetite, malnutrition, and vitamin deficiencies (thiamine deficiency can cause Wernicke-

Korsakoff syndrome) [206]. Therefore, both late-stage alcoholism and HIV/AIDS become 

wasting diseases as patients experience skeletal muscle atrophy [207]. Energy misuse may 

be the perpetrator of this eventual wasting. 

 

1.2.5 HIV-1 infection and alcohol use on oxidative damage, inflammation, and 

neurodegeneration 

 

HIV-1 does not cause disease through a direct infection of neurons, instead it is 

predominantly infected resident microglia and perivascular macrophage as well as released 

HIV-1 proteins that promotes neuroinflammation and neurotoxicity [208, 209]. In this way, 

the amount of viral burden in the CNS correlates with disease severity and generation of 

neurotoxins. Alternatively, alcohol can act directly on neurons and alter neurotransmitter 

systems to cause damage and disease [210, 211]. Therefore, the most studied facets of 

alcohol consumption and HIV-1 infection have concerned their detrimental effects to brain 

function and, when co-occurring, the exacerbation of these effects. Oxidative damage, 

inflammation, and neurodegeneration are interdependent insults to the CNS and, for this 

reason, the regulation of one can impact the strength of another to either aggravate or 

alleviate injuries. For example, a study using HIV-1 transgenic rats found 

neurodegeneration, from activation of apoptosis-inducing pathways and events, following 

upregulation of nitroxidative stress and elevated inflammation [212]. Different studies 

have also speculated the reverse, that HIV-1-induced neurodegeneration can produce 

inflammation through the activation of microglia cells, although direct data to this effect 

has been scarce [213]. To support this, HIV-1 viral proteins have been shown to induce 

neurotoxicity alone, independent of an inflammatory response and without affecting viral 
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replication [214, 215]. This three-way interaction explains the exacerbating effects of HIV-

1 infection under alcohol use as a three-way causal relationship between oxidative damage, 

inflammation, and neurodegeneration. However, oxidative damage and inflammation can 

still act independently, and each can induce neurodegeneration alone. In a cohort study of 

HIV-infected patients oxidative stress was a predictor of all-cause mortality regardless of 

subclinical inflammation [216]. However, with alcohol use, oxidative stress, inflammation, 

and neurodegeneration are all concomitantly present, and can cooperatively interact to 

promote HIV-1 infection and disease. Specifically, alcohol use and HIV-1 infection 

generate oxidative stress, which then impedes proper regulation of the inflammatory 

response and leads to neurodegeneration. 

Glial cells, excessively activated from both infection and unhealthy alcohol use, 

ROS/RNS, proinflammatory factors, and other potential cytotoxic molecules to induce 

oxidative stress [217]. HIV-1 protein Tat has been shown to stimulate calcium release from 

inositol 1,4, 5-trisphosphate sensitive intracellular stores and activate protein kinase C 

isoforms to produce the cytopathic cytokine tumor necrosis factor alpha while gp120 can 

enhance microglia outward K(+) current to cause secretion of more neurotoxins [218-220]. 

Potassium fluctuations have been shown to affect mitochondrial membrane potentials that 

can affect neuronal death downstream [221]. Inhibition of microglial/macrophage activity 

abrogated neurodegeneration caused by activation of their chemokine receptors; however 

this did not prevent stromal cell-derived factor 1-induced neurotoxicity since this 

chemokine may be acting directly on neuron and astrocyte cells [222]. Alcohol-induced 

oxidative stress is associated with overproduction of ROS/RNS and impairment of 

antioxidant mechanisms during ethanol metabolism [223]. Persistent accumulation of this 
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ROS/RNS can contribute to immune dysfunction by affecting lipid raft mechanisms and 

antigen presentation, diminished proteasome activity and immunoproteasome contents by 

disrupting the prooxidant/antioxidant balance, as well as cellular protein inactivation and 

oxidative DNA damage that can lead to mutations and interruptions in functions such as 

glycolysis and OXPHOS [224, 225]. It is the presence of an unpaired electron that causes 

ROS/RNS to be highly reactive to all molecules inadvertently damaging them. In their role, 

alcohol and HIV-1 infection act as stress factors to increase ROS/RNS production. 

Microglia respond to this stress by adopting a pro-inflammatory, M1, phenotype to elicit a 

neuroinflammatory response. Once inflammation subsides, microglia shift to an anti-

inflammatory, M2, phenotype to stop immune activation and promote recovery [226]. The 

persistent stress induced by HIV-1 infection and alcohol use may prevent inflammation 

from decreasing and inhibit M1 microglia from polarizing to M2 microglia, or this stress 

may lead M2 microglia to revert to the M1 phenotype. However, microglia have been 

shown to still scavenge during inflammation, done largely by M2b and M2c microglia 

[227]. It is not known whether this phagocytosis is activated because of an intrinsic defect 

or as a pathological response. More research is required on the effects of HIV-1 infection 

and alcohol use on microglia polarization.  

The primary mechanism for protecting the CNS from alcohol use and HIV-1 

infection mediated insults is the neuroinflammatory response. The combination of these 

injuries creates enough trauma to result in an uncontrolled, maladaptive 

neuroinflammatory response that can damage the CNS. Alcohol induces 

neuroinflammation by activating TLR4 signaling in glial cells and initiating mitogen-

activated protein kinase (MAPK) induction of the nuclear factor κB (NF-κB), a key 
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regulator of inflammation [228]. Concomitant HIV-1 infection also leads to NF-κB 

mediated neuroinflammation but as a result of the phosphorylation of cytosolic 

phospholipase A2 (cPLA2) [229, 230]. Alcohol can also enhance the neuroinflammation 

present under HIV-1 infection by augmenting glial activation and increasing oxidative 

stress while reducing elimination of infected cells [231]. Inflammatory reactions can 

further release toxins to feed-forward the neuroinflammatory response and exacerbate it. 

The consequences of a chronic neuroinflammatory response are an excess production of 

ROS/RNS, proinflammatory cytokines/chemokines, and other inflammatory 

intermediaries that can cause neuronal damage [232]. Co-occurring alcohol and HIV-1 

infection may disturb or impair resolution of this neuroinflammatory response and create 

a state of persistent neuroinflammation that can lead to inflammation-associated 

pathologies and neurodegeneration. For these reasons, reducing neuroinflammation is the 

target of most therapeutic approaches aimed at ameliorating neurological disorders 

including HAND [145]. In addition, there is a metabolic cost to neuroinflammation that 

can unbalance the amount of available energy. Chronic neuroinflammation may reduce the 

energy pool and cause cells to shift towards processes that require less energetic investment 

such as aerobic glycolysis in replacement for the less energy efficient oxidation 

phosphorylation. Inflammation is a response that is consistently present in both alcohol use 

and HIV-1 infection and, as such, many be involved in sustaining their detrimental effects. 

The short-run effects of oxidative stress and inflammation can lead to 

neurodegeneration that can cause long-term neurological complications and loss of brain 

function [233]. Multispectral imaging microscopy of humanized NOD/scid-IL-2Rγcnull 

mice transplanted with human CD34-positive hematopoietic stem cells showed loss of the 
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microtubule-associated protein 2, synaptophysin, and neurofilaments after HIV-1 infection 

[234]. As survival continues to improve, occupancy of the virus in the CNS increases and, 

accordingly, so do the amounts of released neurotoxic metabolites. However, suppressed 

viral levels have not been shown to arrest active HIV-related injury, therefore other 

neurochemical irregularities may be involved in continued neurodegeneration [235]. 

Neuronal progenitor cells are especially susceptible to ethanol-induced damage. Prenatal 

exposure to ethanol has been shown to reduce hippocampal somatostatin and brain-derived 

neurotrophic factor (BDNF) levels, two important supporters of neuronal survival and 

synaptic growth [236]. Adolescent drinking has led to long-term decreases in pro-BDNF, 

a precursor to BDNF [237]. Deficits in neurotrophin signaling have been associated with 

early alcohol exposure-derived effects on cognition [238]. BDNF has been shown to reduce 

the degeneration of neuronal synapses caused by HIV-1 TAT and gp120. BDNF protects 

synapses by enhancing mitochondrial health and preventing their alteration by these viral 

proteins [239]. Presence of both alcohol and HIV-1 infection exacerbates 

neurodegeneration by decreasing vital levels of BDNF. 

The combination of drugs used to treat HIV-1 infection, HAART, have also been 

associated with several risks. Lifelong treatment with HAART can dispose a person to 

opportunistic infections as well as cardiovascular diseases, kidney diseases, and decreases 

in bone mineral density [240]. Other studies have also reported drug-related neurotoxicity 

associated with HAART. By only suppressing viral load and not fully eliminating the virus, 

HAARTs only improve quality of life. However, even with successful HAART, HIV-

associated neurological disorders persist, especially neuropsychological deficits [241]. 

This can be seen clinically by the manifesting neurocognitive disorders and impairments, 
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brain size and volume deficits, and progression of the infection into AIDS. What with 

impeding energy uptake and shifting energy trafficking, HIV-1 may be upsetting neuronal 

energy balance and, in so doing, causing further neurodegeneration. In a study of elite 

controllers, loss of spontaneous virologic control was attributed to increased aerobic 

glycolytic metabolism, oxidative stress, immune activation, and dysregulation of 

mitochondria function, all of which are involved in maintaining homeostatic energy 

balance [242]. Alcohol can exacerbate neurodegeneration by further coercing these 

processes. 

 

1.2.6 Possible mechanism(s) for accelerated HIV neuro-infection progression in 

alcohol use 

 

Previous research has established that alcohol aggravates HIV-1 progression, however this 

does not explain the accelerated progression of HIV neuro-infection. The exacerbating 

effects of alcohol on HIV-1 infection as well as the role both play at unbalancing metabolic 

energy suggests alcohol may have a more severe impact on disease progression [111]. That 

is, alcohol is not just a co-factor in progression, but an active participant. Alcohol-mediated 

deprivation of glucose to the brain parenchyma reduces energy for cells [116]. Additional 

total energy reductions are caused by disruption to nutrient metabolic pathways [202]. 

Depletion of glucose by alcohol and energy wasting by HIV-1 infection can interrupt the 

energy supply to a point where demand exceeds supply and leads to a state of malnutrition 

in the CNS environment. I propose this resulting state of malnutrition as a mechanism for 

accelerated HIV-1 progression.  

Competition for energy between cells becomes complex as supply decreases. It is 

to the advantage of microglia to receive the most energy in an effort to fulfill their 
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protective function, with HIV-1 infection, energetic demand is intensified to sustain 

infection [171]. Alcohol further promotes demand by acting as a stimulant to increase 

cellular metabolism [243]. Highly energy demanding cells like neurons, further stimulated 

by oxidative stress produced by alcohol and neurotoxins released by HIV-1 infection and 

antiviral treatment, undergo neurodegeneration [244]. Alternatively, infected microglia 

may resort to scavenging for energy and, in this way, infected microglia hijack the energy 

utilization during interruption of energy supply. I postulate that when metabolic 

reprogramming of infected microglia renders them reactive and subsequently deficient in 

biosynthetic precursors, in this now nutrient deprived environment these infected microglia 

resort to an ingestion of any available energy [245].  

 

1.2.7 Conclusion 

This chapter presented current knowledge of HIV-1 infection and alcohol use on the 

energetic interplay in the CNS. A hallmark of HIV-1 infection in the CNS is the sustained 

activation of immune cells with subsequent high metabolic energy utilization by infected 

neuroimmune cells in the brain, with at-risk alcohol use, where the exacerbated brain 

environment demands an increased supply of energy needed to maintain homeostasis. 

Unfortunately, both alcohol use and HIV-1 infection deter the uptake of glucose into the 

CNS and cause a significant depletion of this CNS energy source. Thus, metabolic shifts 

are expected following HIV-1 infection in alcohol use as indicated by neuropathological 

evidence. I postulated that the comorbidity of HIV-1 infection and alcohol consumption 

might likely cause a redistribution of energy metabolism. Specifically, when there is 

shortage of nutrients supply during HIV-1 infection and alcohol use, the paradigm shift of 
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energy wasting in infected cells and malnutrition in non-infected cells is likely to accelerate 

HIV neuro-infection progression in alcohol abuse (Figure 1.1). Treatment strategies must 

consider alleviating this energy imbalance in order to help impede progression of HIV-1 

disease and alcohol associated neurological disorders. 
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Figure 1.1  Schematic of disrupted neuroenergetics. Alcohol use reduces total available 

energy while infection renders microglia highly active. It is to the advantage of the CNS to 

concentrate its energy supply to microglia, consequently, deprived of energy, neurons 

deteriorate. (1) Alcohol and HIV-generated RNS/ROS disrupt the BBB and GLUT1, this 

permits entry of infected cells into the CNS but impedes glucose uptake [66, 116]. (2) 

AMPK, glutamate, and neuronal activity increases astrocytic glycolysis and lactate 

production [118, 159, 163]. (3) HIV-1 infected microglia require more shuttling of lactate 

for energy and the use of alternative energy sources [83, 116, 142]. (4) Alcohol triggers 

TLR4 signaling for further microglial activation and ROS/RNS production [228]. (5) 

ROS/RNS and TAT accumulation released from infected microglia cause neuronal damage 

[194, 246]. (6) Any glucose absorbed by neurons is used to produce biosynthetic precursors 

while lactate shuttled from astrocytes is used for energy [155, 159]. (7) ROS/RNS and TAT 

disrupt mitochondrial stability and synaptodendritic functions of neurons as well as the 

removal of these damaged neurons. Signaling to neighboring neurons may spread injury 

and lead to massive neurodegeneration [172, 178, 194]. 
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CHAPTER 2 

SYNERGISTIC EFFECTS OF ALCOHOL AND HIV TAT PROTEIN ON 

MACROPHAGE MIGRATION AND NEUROTOXICITY 

 

This chapter represents my first aim where I looked at the effects of alcohol and HIV-

associated injury on neuroinflammation by way of macrophage migration across an in vitro 

model of the blood-brain barrier. This work is under review in the Journal of 

Neuroimmunology as of July 2021. My co-authors, Ricardo Garcia, Jagathi Kalluru, 

Brooke Leiser, James Haorah, assisted me with the experiments and data acquisition. 

 

2.1 Introduction 

The trans-activator of transcription (TAT) is a regulatory protein found in HIV-1 that 

greatly enhances viral transcription. After serving its purpose, TAT is actively sloughed by 

infected cells as a byproduct of the infection. In the presence of ethanol, TAT-induced 

toxicity has been shown to potentiate. In a study of calcium responses in cultured neurons, 

short exposure to 50 mM ethanol increased the fast-onset, short-lasting calcium overload 

elicited by 10 mM TAT and the slow-onset, sustained calcium overload elicited by 500 

mM TAT [247]. A study involving treatment of neuronal cells with combined 100 ng/mL 

TAT or 100 ng/mL gp120, another toxic viral protein, and 16.7, 50, or 83 mM EtOH found 

increased expression of death receptor and N-methyl-D-aspartate (NMDA) receptor-

related programmed cell death pathways [248]. In vivo studies with intracerebral injection 

of 25 μg/μL TAT and intraperitoneal injections of 3 g/kg ethanol confirmed these results 

[249]. Even after its withdrawal, EtOH still caused marked potentiation of TAT 

concentrations as low as 0.1 nM [250]. Up to now, studies of TAT and ethanol exposure 
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involved moderate to high doses of alcohol usually found in binge drinking or alcoholism. 

Although many people living with HIV-1 (PLWH) abuse substances such as alcohol, others 

may be classified as casual drinkers who consume 1-3 drinks at a given time and have 

blood alcohol concentration (BAC) below the legal drinking limit. Therefore, there is a gap 

in knowledge on the effects of low dose alcohol under HIV-associated injury. 

Central nervous system (CNS) inflammation is a common feature of HIV-1 

infection even in the absence of detectable viral loads [208]. Alcohol consumption does 

not appear to affect viral load even for viral suppression [251]. Neuroinflammation under 

alcohol use has been shown to involve infiltration of peripheral macrophage [252]. As key 

egression cells of the body, macrophage may be migrating the blood brain barrier (BBB) 

under HIV-associated injury and, with low dose alcohol, this migration may be potentiated. 

This study used an in vitro blood brain barrier model to examine the role of ethanol and 

TAT injuries, along with the combination, on macrophage infiltration. Specifically, I 

resolved to observe migratory effects under low doses of ethanol with TAT concentrations 

found in PLWH who have achieved viral suppression as well as those on antiretroviral 

drugs who have been unsuccessful at suppressing detectable viral loads and replication. In 

so doing, I study the effects of casual drinking on PLWH under the currently best possible 

clinical outcome. 

 

2.2 Methods and Materials 

2.2.1 Reagents 

Rat brain microvascular endothelial cells (#R1000) and rat astrocyte cells (#R1800) along 

with rat endothelial cell medium (#1021), bovine plasma fibronectin (#8248) and astrocyte 
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medium (#1831) were purchased from ScienCell. Rat macrophage colony stimulating 

factor (#300-523P) was purchased from Gemini. Poly-D-lysine hydrobromide (#P7280), 

lipopolysaccharides from Escherichia coli O127:B8 (#L4516), Evans Blue dye (#E2129), 

and absolute ethanol were purchased Sigma. B-27 Supplement (50X), serum free 

(#17504044), neurobasal medium (#21103049), CellTracker red CMTPX dye (#C34552), 

and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (#M6494) as 

well as Alexa Fluor secondary antibodies were purchased from Thermo Fisher. S-nitroso-

N-acetyl-D,L-penicillamine (SNAP) (#82250) was purchased from the Cayman Chemical 

Company. Anti-neurofilament antibody (#ab24574) and anti-caspase-3 antibody 

(ab32351) were purchased from Abcam. The 6.5 mm transwell with 3.0 µm pore 

polycarbonate membrane inserts (#3415) were purchased from Corning. The HIV-TAT 

protein was generously donated by Professor Eliseo Eugenin. 

 

2.2.2 Cell culture 

2.2.2.1 Astrocyte and endothelial cells. Astrocyte and rat brain microvascular 

endothelial cells (RBMEC) were cultured according to manufacturer’s recommendations. 

Briefly, cryopreserved astrocytes were seeded on a 2 μg/cm2 poly-D-lysine-coated flask to 

initiate the culture. Confluent cultures were further expanded for 3 population doublings. 

Finally, astrocytes were harvested for transwell culture. Cryopreserved RBMECs were 

seeded on a 2 μg/cm2 fibronectin-coated flask to initiate the culture. Similarly, confluent 

cultures were further expanded for 3 population doublings. Finally, RBMECs were 

harvested for transwell culture. 
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2.2.2.2 Neurons. Primary neuronal cells were obtained by neuronal isolation as we 

have previously described [253, 254]. Briefly, cortices were removed from the embryos of 

a Sprague Dawley timed pregnant rat (Charles River) 16 days post gestation. Cortices were 

washed with sterile PBS, mechanically agitated with a pipette, and strained through a 40 

μm pore filter to extract neurons. Neurons were seeded in 20 μg/mL poly-D-lysine (PDL) 

coated wells at a density of 50,000 cells/cm2 and cultured in complete neurobasal medium 

containing neurobasal media, 2% B-27 antioxidant supplement, 1% penicillin-

streptomycin, and 0.2% L-glutamine for 7 days. 

 

2.2.2.3 Macrophage. Primary macrophage cells were derived from bone marrow and 

differentiated in vitro in the presence of macrophage colony-stimulating factor (M-CSF) 

[255]. Briefly, the femurs and tibia of euthanized rats were removed intact, cleaned of 

excess muscle, and washed with 75% ethanol. Inside a cell culture hood, bones were 

severed proximal to each joint and the shafts were flushed with PBS. Cells were centrifuged 

to remove PBS and resuspended in macrophage differentiating medium containing 

DMEM, 0.2% gentamicin, 1% L-glutamine, 10% fetal bovine serum, 10 μg/mL 

ciprofloxacin, and 20 ng/mL M-CSF. Cells were seed at a density of 10,000 cells/cm2 and 

cultured for 7 days. On day 7 macrophage became fully differentiated and macrophage 

differentiating medium was replaced with medium not containing M-CSF. Macrophage 

were stimulated to an M1 or pro-inflammatory phenotype with lipopolysaccharide (LPS)-

activation [256]. Only pro-inflammatory macrophage have been shown to cross the BBB. 

Briefly, a suspension of 100,000 macrophage cells were incubated with a 1:500 dilution of 

0.1 mg/mL LPS for 4 hrs. After LPS stimulation, macrophage undergo a morphological 
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change and begin releasing macrophage-derived cytokines into the medium. Prior to 

adding them to the transwell, stimulated macrophage cells were labeled with CellTracker 

Red CMTPX fluorescent dye. Briefly, medium was removed and replaced with medium 

containing 1 μM CellTracker dye. Cells were incubated for 45 mins. under growth 

conditions after which time medium was removed. 

 

2.2.2.4 BBB models. An interactive coculture model of the BBB involved quad-

cultivation of primary RBMECs, astrocytes, neurons, and macrophage cells on a transwell 

system. The culture of RBMECs/astrocytes on the transwell insert was performed similar 

to previously described endothelial/astrocyte coculture models [257-259]. First, 3.0 µm 

pore inserts were filled with 2 μg/cm2 fibronectin and suspended in a well containing 2 

μg/cm2 poly-D-lysine overnight after which time these solutions were removed. This 

ensures that the surface of the transwell is coated in fibronectin while the underside is 

coated with poly-D-lysine. Next, the insert was inverted, and astrocyte cells were seeded 

at a density of 5,000 cells/cm2 onto this underside of the transwell insert. Astrocytes were 

cultured in this manner with medium supplemented every 15 mins. to ensure attachment. 

After 2 hrs., the insert was inverted back and suspended in a well filled with astrocyte 

medium. Next RBMECs were seeded at a density of 10,000 cells/cm2 onto the surface of 

the transwell insert already holding astrocyte cells. Endothelial cell medium was added to 

the transwell insert while astrocyte medium remained in the well. This RBMEC/astrocyte 

transwell was cultured for 7 days. After 7 days, this RBMEC/astrocyte transwell was 

suspended over a culture of primary neuronal cells that have also been in culture for 7 days. 

Finally, the RBMEC medium in the insert was removed and replaced with fluorescently 
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labeled, stimulated macrophage cells suspended in medium free of phenol red. The medium 

in the well was also replaced with phenol red free medium. This coculture model was then 

immediately used for experiments.  

The effects of ethanol and TAT injuries on macrophage migration was observed by 

modification of this base interactive BBB model. 0, 10, 20, or 50 mM ethanol was added 

to the apical (RBMEC) side of the insert for an EtOH-BBB model and examination of 

ethanol injury in the vasculature. Heat-inactivated, 5 ng/mL, 25 ng/mL, or 50 ng/mL TAT 

was added to the basolateral (neuron) side of the insert for a TAT-BBB model and 

examination of HIV-associated injury in the CNS. Simultaneous addition of 10 mM ethanol 

to the apical and 5 ng/mL or 25 ng/mL TAT to the basolateral sides of the insert was used 

for an EtOH-TAT-BBB model and examination of combined ethanol and HIV-associated 

injuries. 

 

2.2.3 Evans blue extravasation 

2% (w/v) Evans blue dye was prepared in phenol red-free medium [260]. This solution was 

added to the apical side of the transwell BBB model with or deficient of a cell coculture as 

well as injury by treatment with apical 50 mM ethanol for 24 hrs. 20 μL of medium from 

the basolateral side was collected a read on a plate reader at 620 nm excitation/680 nm 

emission. Percentage of Evans Blue permeation was calculated by a standard curve assay 

of Evans Blue dye. 
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2.2.4 Nitric oxide measurement 

Cells cultured in the wells of a 24-well plate were treated with 0, 10, 20, or 50 mM ethanol 

and examined for NO production. NO was measured in real time with a World Precision 

Instruments Free Radical Analyzer TBR4100/1025. First, the ISO-NOP NO probe was 

polarized in a solution of copper chloride for 12 hrs. or until the current reached a steady 

baseline value. Next a calibration curve was created by decomposition of SNAP because 

SNAP corresponds to equivalent NO concentration. Briefly, increasing concentrations of 

SNAP were sequentially injected into the copper chloride solution and signal output (pA) 

was plotted against SNAP concentration (nM) to construct the curve. Measurement of NO 

release by cells was performed by inserting the NO probe directly into the culture for 

several minutes or until the response reached a plateau. Finally, this redox current was 

converted to NO concentration using the calibration curve. 

 

2.2.5 Cell viability assay 

The viability of neuronal cells exposed to HIV-TAT protein concentrations and RBMECs 

exposed to ethanol doses was determined with an MTT assay. Actively respirating cells 

convert MTT dye to purple formazan. Cells were cultured in the wells of a 96 well plate 

under appropriate growth conditions. The medium from each well was aspirated and 

replaced with medium containing 5 mg/mL MTT solution. Plates were incubated for 4 hrs. 

at 37oC after which time the solution was removed and replace with dimethyl sulfoxide 

(DMSO). Plates were left to stand for 15 mins. at room temperature before reading by a 

plate reader at 570 nm. Percentage of viable cells was calculated by a standard curve assay. 
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2.2.6 Immunofluorescence and imaging 

Primary neuronal cells were cultured on coverslips pre-coated with poly-D-lysine solution. 

Following 7 days in culture, neurons were exposed to TAT with or without presence of 

ethanol for 24 hrs, after which time cells were stained for expression of neurofilament and 

caspase-3 protein. Prior to staining, phase contrast images of these cells were captured with 

a Leica DMi1 inverted microscope. Briefly, cells were fixed onto the coverslips with 4% 

paraformaldehyde and permeabilized with 0.4% Triton X-100. Nonspecific antigen 

binding was blocked with incubation with 5% bovine serum albumin at room temperature 

for 1 hr. in the presence of 0.4% Triton X-100. Cells were incubated with mouse anti-

neurofilament (1:200 dilution) and rabbit anti-caspase-3 (1:250 dilution) at 4oC overnight. 

After washing with PBS, cells were incubated with goat anti-mouse IgG Alexa Fluor 594 

(1:400 dilution) and goat anti-rabbit IgG Alexa Fluor 488 (1:400 dilution) at room 

temperature for 1 hr. Finally, coverslips were mounted onto glass slides with mounting 

medium containing DAPI. Fluorescent images were acquired with an Olympus IX81 

inverted epifluorescence microscope. 

 

2.2.7 Statistical analysis 

Results were analyzed using two-way mixed-design analysis of variance (ANOVA), with 

a within-subjects factor of time (6 levels) and a between-subjects factor of EtOH or TAT 

concentration (3-4 levels). This allowed testing for a significant effect of individual groups 

as well as any possible interactions. Next, one-way ANOVA was performed to determine 

whether there were any statistically significant differences between the times as well as 

EtOH or TAT concentrations. Statistically significant results indicated that not all the 
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means in the group were equal and, thus, were further analyzed with post hoc Tukey's 

Honest Significance tests for multiple comparisons of pairs. In both the bar and line graphs, 

data are presented as mean ± standard error from the mean (SEM). The threshold for 

statistical significance was p ≤ 0.05 (* p ≤ 0.05, ∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001). Statistical 

analysis was performed using the Rcmdr package of R software [261]. 

 

2.3 Results 

2.3.1 An interactive in vitro model of the blood-brain barrier 

To examine the effects of ethanol and TAT exposure on macrophage infiltration in vitro I 

developed an interactive coculture model of the BBB. For the diffusion barrier portion of 

the model, I used a modified version of previously described endothelial/astrocyte 

coculture models [96]. These models utilize a transwell system to create a chemokine 

concentration gradient and simulate a chemotactic environment. Primary astrocyte cells 

were seeded (5,000 cells/cm2) on the underside of a 3 μm pore 24-well plate transwell insert 

coated in poly-D-lysine. Next, primary brain microvascular endothelial cells were seeded 

(10,000 cells/cm2) on the opposite, upper side of the same insert coated in bovine plasma 

fibronectin. This transwell coculture was then immersed in a well containing culture 

medium and grown to confluency. I developed this model further by suspending the 

transwell coculture over primary neurons (50,000 cells/cm2) cultured for 7 days in the wells 

of a 24-well plate coated in poly-D-lysine (Figure 2.1.B). Then I added 40,000 

fluorescently labeled, M1 polarized macrophage to the apical side of the transwell insert 

(Figure 2.1.A). 
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Evans blue dye extravasation was performed to determine the integrity of this in 

vitro model because Evans blue cannot normally pass through the BBB. Penetration to the 

basolateral side of the insert was examined with and without the inclusion of a cells. Model 

efficacy was tested by injuring cells to a degree that would allow for increased Evans blue 

penetration. Injury was induced by treating the endothelial cells (apical side) with 50 mM 

ethanol for 24 hrs. Protein expressions of tight junction proteins claudin-5, occludin, and 

ZO-1 have been shown to be markedly decreased after 24 hrs. treatment with 50 mM 

ethanol while cell viability remains unchanged. An analysis of variance on percentage of 

Evans blue penetration revealed significant variation among conditions (p<0.001). A post 

hoc Tukey's Honest Significance test showed that a coculture of cells significantly 

decreases Evans blue movement (p<0.001) even when the model is injured (p<0.001). 

However, the injury itself did not cause a significant increase in penetration (p=0.003) 

(Figure 2.1.C). Therefore, this model provides an appropriate response and an in vitro 

representation of the BBB. 
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Figure 2.1  In vitro model of the BBB. A) Cartoon depicts coculture of macrophage, 

RBMECs, astrocytes, and neuron cells. Left image: RBMECs were seeded on the surface 

of a 3 μm pore transwell insert while astrocytes were seeded underneath. Middle image: 

This transwell coculture was suspended over neurons in a 24-well plate. Finally, 

fluorescently labeled stimulated macrophage in suspension were added to the apical side 

of the insert. Right image: The model was challenged with ethanol concentrations on the 

apical side, TAT concentrations on the basolateral side, or both. Migration of macrophage 

was then observed. B) Images of the different cell types used in the model. White bar 

represents 100 μm. C) Percentage of Evans Blue dye able to reach the basolateral side of 

the insert. Penetration was examined with and without the inclusion of a cell coculture as 

well as injury by treatment with 50 mM ethanol for 24 hrs. Results are presented as mean 

values (±SEM, N = 3 individual transwell models). Significant difference is indicated by 

∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001.  

 

2.3.2 Ethanol and TAT increase macrophage migration in a time dependent manner 

Ethanol injury was performed on the apical side of the transwell BBB model to replicate 

alcohol circulation in the vasculature. The RBMECs were treated with either PBS 

(vehicle), 10 mM, or 20 mM ethanol. In the neurobiology, ≤ 10 mM ethanol represents low 

doses or concentrations below the legal driving limit (< 0.08% BAC or < 17.5 mM) while 

≥ 20 mM represents moderate doses or concentrations above the legal driving limit (> 

0.08% BAC or > 17.5 mM) [262]. TAT injury was performed on the basolateral side to 
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replicate sloughing of TAT protein by infected microglial cells into the CNS. The neurons 

were treated with either heat-inactivated, 5 ng/mL, or 25 ng/mL TAT concentrations. In 

the CSF of PLWH, TAT concentrations of 200 pg/mL to 6.5 ng/mL are found in those 

virally suppressed on antiretroviral therapy while concentrations ranging from 10-1000 nM 

(≈16 ng/mL to 1.6 μg/mL) are found in those with detectable levels of the virus regardless 

of therapy adherence [263, 264]. Therefore, 5 ng/mL was chosen to represent a suppressed 

status and 25 ng/mL was chosen to represent a non-suppressed status.  

Macrophage migration was observed at 0, 2, 4, 8, 24, and 48 hrs. post-treatment by 

a fluorescent plate reader. Prior to reading, the suspension of fluorescently labeled 

macrophage on the apical side of the insert was gently removed and replaced with PBS. 

The detector of the reader was located below the plate to allow for bottom-up read 

measurements and simultaneous detection of macrophage at the bottom of the well, in 

suspension on the basolateral side of the insert, and actively traversing the barrier. Number 

of macrophage cells was calculated by a standard curve assay of fluorescently labeled 

macrophage. To confirm migration, images of infiltrated macrophage at 48 hrs. were also 

captured with a fluorescent microscope. 

A two-way mixed design analysis of variance showed a significant effect of time 

(p<0.001) and dose (p<0.001) but no time-dose interaction (p=0.519) on macrophage 

migration in the EtOH-BBB model. EtOH significantly affected migration of macrophage 

at 24 hrs. (p=0.042) and 48 hrs. (p=0.014). A post hoc Tukey's Honest Significance test 

showed significant migration to 10 mM EtOH treatment at 48 hrs. (p=0.027) and to 20 mM 

EtOH treatment at 24 (p=0.044) and 48 hrs. (0.018) (Figure 2.2.A). These results reveal 
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that EtOH injury induces macrophage migration at late timepoints. There was no 

significant difference in migration between 10 mM and 20 mM EtOH treatment.  

Similarly, a two-way mixed design analysis of variance showed a significant effect 

of time (p<0.001) and concentration (p<0.001) but no time-concentration interaction 

(p=0.988) on macrophage migration in the TAT-BBB model. TAT significantly affected 

migration of macrophage at 0 hrs. (p<0.001), 2 hrs. (p=0.014), 4 hrs. (p=0.003), 8 hrs. 

(p=0.022), 24 hrs. (p=0.022), and 48 hrs. (p=0.013). A post hoc Tukey's Honest 

Significance test showed significant migration to 5 ng/mL TAT treatment at 0 (p<0.001), 

2 (p<0.05), and 4 hrs. (p<0.01) and to 25 ng/mL TAT treatment at 0 (p<0.001), 2 (p<0.05), 

4 (p<0.01), 8 (p<0.05), 24 (p<0.05), and 48 hrs. (p<0.05) (Figure 2.2.B). These results 

reveal that TAT injury induces macrophage migration at early timepoints. There was no 

significant difference in migration between 5 ng/mL and 25 ng/mL TAT treatment. Time 

significantly affected migration of stimulated macrophage regardless of treatment 

condition for both the EtOH-BBB and TAT-BBB models (Figure 2.3). A post hoc Tukey's 

Honest Significance test observed no significance of time up to 4 hrs. This suggests that 

time is a greater determinant of migration performance than either ethanol dose or TAT 

concentration. 
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Figure 2.2  Macrophage migration after treatment with ethanol or TAT concentrations 

alone. A) Only the apical side of the model was treated with 0, 10, or 20 mM ethanol. B) 

Only the basolateral side of the model was treated with heat-inactivated, 5 ng/mL, or 25 

ng/mL TAT. A and B) Macrophage migration was observed at 0, 2, 4, 8, 24, and 48 hrs by 

a fluorescent plate reader. Bottom panels are representative images of infiltrated 

macrophage at 48 hrs. White bar represents 100 μm. Results are presented as mean values 

(±SEM, N = 3 individual transwell models). Brackets designate treatment groups being 

compared. Superscript describes timepoint compared. Significant difference is indicated 

by ∗ p ≤ 0.05, ∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001. 
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Figure 2.3  Effect of time on macrophage migration. Graphs plot number of infiltrating 

macrophage cells for each timepoint of a treatment condition. Graphs compliment those 

found in Figure 2.2. Results are presented as mean values (±SEM, N = 3 individual 

transwell models). Superscript describes timepoint compared. Significant difference is 

indicated by ∗ p ≤ 0.05, ∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001 

 

2.3.3 Combined presence of low dose ethanol and TAT increases migration across all 

timepoints 

 

Co-presence of ethanol and TAT injuries was explored to observe the combined effect on 

macrophage migration. 10 mM dose was chosen for ethanol injury while 5 ng/mL or 25 
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ng/mL concentration was chosen for TAT injury. This combination investigates 

macrophage infiltration in PLWH with and without viral suppression who occasionally 

drink alcohol. The 10 mM ethanol was introduced to the apical side while a TAT 

concentration was added to the basolateral side of the insert. Stimulated macrophage cells 

were placed on the apical side and migration was observed at 0, 2, 4, 8, 24, and 48 hrs. A 

two-way mixed design analysis of variance showed a significant effect of time (p<0.001) 

and treatment (p<0.001) as well as a time-treatment interaction (p=0.025) on macrophage 

migration in this EtOH+TAT-BBB model. EtOH+TAT significantly affected migration of 

macrophage at 0 hrs. (p=0.011), 2 hrs. (p<0.001), 4 hrs. (p<0.001), 8 hrs. (p=0.001), 24 

hrs. (p<0.001), and 48 hrs. (p<0.001). A post hoc Tukey's Honest Significance test showed 

significant migration to ethanol with 5 ng/mL TAT treatment at 0 (p<0.05), 2 (p<0.01), 4 

(p<0.01), 8 (p<0.01), 24 (p<0.01), and 48 hrs. (p<0.001) and to ethanol with 25 ng/mL 

TAT treatment at 0 (p<0.05), 2 (p<0.01), 4 (p<0.001), 8 (p<0.01), 24 (p<0.001), and 48 

hrs. (p<0.001). Significant migration was also shown in ethanol with 5 ng/mL TAT 

treatment compared to ethanol with heat-inactivated TAT at 2 (p<0.05), 4 (p<0.05), 8 

(p<0.01), and 48 hrs. (p<0.01) as well as in ethanol with 25 ng/mL TAT treatment 

compared to ethanol with heat-inactivated TAT at 2 (p<0.01), 4 (p<0.01), 8 (p<0.01), 24 

(p<0.05), and 48 hrs. (p<0.001) (Figure 2.4.A). Therefore, the combination of ethanol and 

TAT injuries causes significant macrophage migration for all timepoints. There was no 

significant difference in migration between ethanol with 5 ng/mL and ethanol with 25 

ng/mL TAT treatment. As with the EtOH-BBB and TAT-BBB models, time significantly 

affected migration of stimulated macrophage regardless of treatment condition for the 

EtOH+TAT-BBB model (Figure 2.5). 
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The dichotomy in significant migration between EtOH and TAT injuries was 

explored by challenging the BBB model with severe concentrations of ethanol or TAT. 

The model was treated with 50 mM EtOH on the apical side, 50 ng/mL TAT on the 

basolateral side, or no treatment on either side of the insert. Migration of stimulated, M1 

polarized macrophage was observed at 0, 2, 4, 8, 24, and 48 hrs. post-treatment. A two-

way mixed design analysis of variance showed a significant effect of time (p<0.001) and 

treatment (p<0.001) as well as a time-treatment interaction (p<0.001) on macrophage 

migration. Treatment significantly affected migration of macrophage at 0 hrs. (p=0.005), 2 

hrs. (p=0.009), 4 hrs. (p=0.005), 8 hrs. (p=0.006), 24 hrs. (p=0.004), and 48 hrs. (p<0.001). 

A post hoc Tukey's Honest Significance test showed significant migration to 50 mM EtOH 

at 2 (p<0.05), 4 (p<0.05), 8 (p<0.01), 24 (p<0.01), and 48 hrs. (p<0.001) and to 50 ng/mL 

TAT at 0 (p<0.01), 2 (p<0.01), 4 (p<0.01), 8 (p<0.05), 24 (p<0.05), and 48 hrs. (p<0.001) 

(Fig. 2.4.B). These results reveal that TAT injury triggers migration first, but after 6 hrs. 

post-treatment ethanol injury progresses and causes greater migration. The significant 

migration observed at all timepoints under co-presence of ethanol and TAT may be the 

combination of an initial TAT effect followed by subsequent ethanol injury. There was no 

significant difference in migration between 50 mM EtOH and 50 ng/mL TAT treatments. 

Similar to the EtOH-BBB, TAT-BBB, and EtOH+TAT-BBB model results, time 

significantly affected migration of stimulated macrophage regardless of treatment 

condition (Figure 2.6).  
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Figure 2.4  A) Macrophage migration following combined treatment 10 mM ethanol with 

5 ng/mL or 25 ng/mL TAT. The apical side of the model was treated with 10 mM ethanol 

and the basolateral side was treated with 5 ng/mL or 25 ng/mL TAT. B) Results of 

migration to severe ethanol or TAT injuries. The model was treated with apical 50 mM 

ethanol, basolateral 50 ng/mL TAT, or no treatment, stimulated macrophage only (M1). A 

and B) Macrophage migration was observed at 0, 2, 4, 8, 24, and 48 hrs by a fluorescent 

plate reader. Bottom panels are representative images of infiltrated macrophage at 48 hrs. 

White bar represents 100 μm. Results are presented as mean values (±SEM, N = 3 

individual transwell models). Brackets designate treatment groups being compared. 

Superscript describes timepoint compared. Significant difference is indicated by ∗ p ≤ 0.05, 

∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001. 

 

 

 



 

54 
 

 

Figure 2.5  Effect of time on macrophage migration. Graph plots number of infiltrating 

macrophage cells for each timepoint of a treatment condition. Graph compliments Figure 

2.4.A. Results are presented as mean values (±SEM, N = 3 individual transwell models). 

Superscript describes timepoint compared. Significant difference is indicated by ∗ p ≤ 0.05, 

∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001. 

 

 

Figure 2.6  Effect of time on macrophage migration. Graph plots number of infiltrating 

macrophage cells for each timepoint of a treatment condition. Graph compliments Figure 

2.4.B. Results are presented as mean values (±SEM, N = 3 individual transwell models). 

Superscript describes timepoint compared. Significant difference is indicated by ∗ p ≤ 0.05, 

∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001. 
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Results of the EtOH-BBB, TAT-BBB, and EtOH+TAT-BBB models were 

compared to review and evaluate which treatment produces greatest macrophage 

migration. A comparison between treatment with 10 mM EtOH, 5 ng/mL TAT, 10 mM 

ethanol with 5 ng/mL TAT, and no treatment examines PLWH with viral suppression who 

are causal alcohol drinkers. An analysis of variance showed a significant effect of treatment 

at 0 hrs. (p=0.008), 2 hrs. (p=0.001), 4 hrs. (p<0.001), 8 hrs. (p=0.009), 24 hrs. (p=0.018), 

and 48 hrs. (p<0.001). Combined ethanol with 5 ng/mL TAT treatment caused the greatest 

number of macrophage migration at every timepoint while 10 mM ethanol treatment only 

instigated significant migration at 48 hrs. and 5 ng/mL TAT treatment only instigated 

significant migration at 0, 2, and 4 hrs. A post hoc Tukey's Honest Significance test also 

showed significant migration in 5 ng/mL TAT compared to 10 mM ethanol at 2 (p<0.05) 

and 4 hrs. (p<0.05), ethanol with 5 ng/mL TAT compared to 10 mM ethanol at 2 (p<0.01), 

4 (p<0.05), 8 (p<0.05), and 48 hrs. (p<0.05), and ethanol with 5 ng/mL TAT compared to 

5 ng/mL TAT at 48 hrs. (p<0.05) (Figure 2.7.A). A comparison between treatment with 

10 mM EtOH, 25 ng/mL TAT, 10 mM ethanol with 25 ng/mL TAT, and no treatment 

examines PLWH without viral suppression who are causal alcohol drinkers. An analysis 

of variance showed a significant effect of treatment at 0 hrs. (p=0.004), 2 hrs. (p=0.003), 4 

hrs. (p<0.001), 8 hrs. (p<0.001), 24 hrs. (p<0.001), and 48 hrs. (p<0.001). Ethanol with 25 

ng/mL TAT treatment caused the greatest number of macrophage migration at every 

timepoint while 10 mM ethanol treatment only instigated significant migration at 48 hrs. 

25 ng/mL TAT treatment also produced significant migration at all timepoints, however 

ethanol with 25 ng/mL TAT caused greater migration numbers. A post hoc Tukey's Honest 

Significance test also showed significant migration in 25 ng/mL TAT compared to 10 mM 
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ethanol at 2 (p<0.05), 4 (p<0.05), 8 (p<0.01), and 24 hrs. (p<0.01), ethanol with 25 ng/mL 

TAT compared to 10 mM ethanol at 0 (p<0.05), 2 (p<0.05), 4 (p<0.05), 8 (p<0.01), 24 

(p<0.001), and 48 hrs. (p<0.01), and ethanol with 25 ng/mL TAT compared to 25 ng/mL 

TAT at 24 (p<0.05) and 48 hrs. (p<0.01) (Figure 2.7.B). 

 

 

Figure 2.7  Assessment of migration between 10 mM ethanol, TAT concentrations, and 

treatment with both. A) Comparing to 5 ng/mL TAT, a concentration found in PLWH 

under viral suppression. B) Comparing to 25 ng/mL TAT, a concentration found in PLWH 

with a detectable viral load. A and B) Results from Figures 2.2 and 2.4 were plotted on 

one graph for comparison. Bottom panels are representative images of infiltrated 

macrophage at 48 hrs. White bar represents 100 μm. Results are presented as mean values 

(±SEM, N = 3 individual transwell models). Brackets designate treatment groups being 

compared. Superscript describes timepoint compared. Significant difference is indicated 

by ∗ p ≤ 0.05, ∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001. 

 

2.3.4 NO production by endothelial cells may explain the dichotomy in migration 

pattern 

 

Nitric oxide (NO) has been shown to modulate the expression of monocyte chemoattractant 

protein 1 (MCP-1/CCL2) in cultured endothelial cells [265]. MCP-1 is a key regulator of 

monocyte/macrophage migration and infiltration [266]. Increases to NO production above 

basal levels can downregulate endothelial MCP-1 secretion. NO production by RBMECs 

was measured in real-time with a free radical analyzer after cells were treated with 0, 10, 
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20, and 50 mM ethanol for 24 hrs. (Figure 2.8.A). These ethanol concentrations did not 

significantly affect cell viability (Figure 2.9.B). An analysis of variance on NO released 

by RBMECs revealed significant variation among ethanol doses (p<0.001). A post hoc 

Tukey's Honest Significance test showed that 10 mM ethanol significantly increased NO 

release (p<0.01) while 20 mM and 50 mM ethanol decreased NO release (both p<0.001) 

(Figure 2.8.B). Therefore, NO production in RBMECs was significantly increased with 10 

mM ethanol but inhibited with 20 mM and 50 mM ethanol after 24 hrs. treatment.  

NO production by neuronal cells was also measured in real-time with a free radical 

analyzer after cells were treated with 0, 10, 20, and 50 mM ethanol for 24 hrs. (Figure 

2.8.C). Acute ethanol treatment has been shown to decrease NO synthesis by cortical 

neuron cells [267]. The lipophilic properties of ethanol allow for it to easily cross the BBB. 

Therefore, treatment with ethanol on the apical side may result in some transfer of ethanol 

to the basolateral side of the insert. An analysis of variance on NO released by neurons 

revealed significant variation among ethanol doses (p<0.001). A post hoc Tukey's Honest 

Significance test showed that 10, 20, and 50 mM ethanol significantly decreased NO 

release (p<0.01, p<0.001, p<0.001), in addition, 20 and 50 mM ethanol caused even greater 

decrease of NO release than 10 mM (both p<0.001) (Figure 2.8.D). Therefore, NO 

production in neurons was significantly decreased with all ethanol treatments.  
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Figure 2.8  Measurement of NO production in cells exposed to ethanol. A and C) 

Representative graph of NO detection in endothelial and neuronal cells exposed to 0, 10, 

20, or 50 mM of ethanol for 24 hrs. 1 increment = 5 sec. Graph represents 20 sec. of signal 

from treatment followed by 20 sec. of baseline. B and D) Amount of NO produced by 

endothelial and neuronal cells exposed to increasing concentrations of ethanol for 24 hrs. 

Results are presented as mean values (±SEM, N = 3 experiments). Significant difference 

is indicated by ∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001. 

 

2.3.5 Neurons undergo structural and behavioral changes with increasing 

concentrations of TAT 

 

The structural and behavioral nuances of TAT-induced neurodegeneration were also 

examined. Primary neurons were cultured for 7 days after which time they were treated 

with 0, 5, 10, or 25 ng/mL of TAT protein. Cells were analyzed for viability with an MTT 

assay and cell culture morphology by phase contrast and fluorescent microscopy in 

response to increasing concentrations of TAT. An analysis of variance on neuronal viability 

revealed significant variation among TAT concentrations (p<0.001). A post hoc Tukey's 

Honest Significance test showed that 5, 10, and 25 ng/mL significantly decreased cell 

viability (all p<0.001). Further analysis showed that 10 and 25 ng/mL TAT showed even 
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greater decreases in viability than 5 ng/mL (p<0.01, p<0.001) and 25 ng/mL TAT showed 

an even greater decrease in viability than 10 ng/mL (p<0.05) (Figure 2.9.A). These results 

reveal that neuronal viability decreases with increasing concentrations of TAT. 

 

 

Figure 2.9  Cell viability after treatment with TAT or ethanol. A) Percent of viable 

neuronal cells after treatment with 0, 5, 10, or 25 ng/mL TAT for 24 hrs. B) Percent of 

viable rat brain microvascular endothelial cells after treatment with 0, 10, 20, or 50 mM 

ethanol for 24 hrs. Results are presented as mean values (±SEM, N = 4 experiments). 

Significant difference is indicated by ∗ p ≤ 0.05, ∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001, n.s. denotes 

no significance. 

 

Phase contrast images of neuronal cells exposed to increasing concentrations of 

TAT explain the decreases in viability observed with the MTT assay. At 5 ng/mL TAT 

single neurons show significant loss of neuronal projections characterized by fragmenting 

axons and retracting dendrites. These neurons also move together to form small clusters. 

With 10 ng/mL TAT, neurons have complete loss of neurites and the largest, most compact 

clusters begin to dissociate. By 25 ng/mL there is total neuronal death throughout the 

culture (Figure 2.10.A). Fluorescent microscopy confirms this observation for 5 ng/mL 

treatment (Figure 2.10.C). These results suggest a trend to TAT neurotoxicity (Figure 
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2.10.B). Low concentrations of TAT induce stress in the culture and cause neurons to come 

together to form neuronal clusters. In addition, the chemical structure of TAT allows for it 

to be easily absorbed by single neuron cells to elicit a toxic response. Single cell toxicity 

involves fragmentation of long, slender axonal projections and retraction of dendritic 

branches to a point where only the cell soma remains. Progressively high concentrations of 

TAT hasten this response as well as cause further damage. The neurons of larger, more 

robust neuronal clusters die, and clusters become dissociated.  

 

 

Figure 2.10  Morphology of neuron cultures exposed to TAT concentrations with or 

without presence of low dose ethanol. A) Representative images of neuron cultures 

exposed to 0, 5, 10, or 20 ng/mL TAT only (top panels) or in the presence of ≤ 10 mM 

ethanol (bottom panels). White bar represents 100 μm. B) Cartoon summarizing a trend to 

TAT toxicity and ethanol attenuation observed in neuronal cultures. Blue square: 

fragmentation of axons and retraction of dendrites. Red triangle: neuronal movement and 

formation of compacted clusters. Yellow circle: dissociation of clusters and death of single 

neurons. C) Representative images of caspase-3 expression in neuronal cultures treated 

with 5 ng/mL TAT with or without presence of ≤ 10 mM ethanol. Neurofilament staining 

identifies neurons and their processes. White bar represents 100 μm. 
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2.3.6 Ethanol delays visible loss of neurite integrity caused by TAT but expedites 

apoptotic neurodegeneration 

 

The addition of ethanol to a culture of neurons exposed to TAT appears to ameliorate some 

of its toxic effects. Neurons treated with TAT in the presence of ≤ 10 mM ethanol do not 

move together to form neuronal clusters. In addition, these single neurons retain neurite 

integrity for both axons and dendrites up to 10 ng/mL TAT treatment (Figure 2.10.A). 

Fluorescent microscopy confirms this observation for ethanol with 5 ng/mL TAT treatment 

(Figure 2.10.C). Nevertheless, by 25 ng/mL TAT, neurons are all dead in the same way as 

treatment with TAT alone. These results suggest that low dose ethanol may be delaying 

the morphological effects of TAT toxicity, but only at low concentrations of TAT (Figure 

2.10.B). However, upon further examination with caspase-3 staining, it becomes clear that 

ethanol is not rescuing TAT-injured neurons but instead inducing apoptosis. Caspase-3, 

also known as the executioner caspase, is activated by initiator caspases, such as caspase-

8 and -9, to coordinate the activities required for apoptosis including the destruction of 

structural proteins as well as cleavage and activation of other enzymes [268]. Once 

caspase-3 becomes activated, apoptosis is greatly accelerated. Expression of caspase-3 was 

observed in neurons co-treated with ethanol doses ≤ 10 mM and a 5 ng/mL TAT 

concentration. (Figure 2.10.C) This purports that the ameliorating effects of ethanol 

treatment observed through neurite preservation are deceptive. 

 

2.4 Discussion 

The quad-cultivation of brain endothelial, astrocyte, neuronal, and macrophage cells on a 

transwell system creates a dynamic model of the BBB. Fluorescent labeling of stimulated 

macrophage allows for observation of migration through the endothelial/astrocyte cell 
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coculture. A neuronal culture at the base provides convenience for studying the effects of 

neurodegeneration on macrophage migration (Figure 2.1.A). The two-chamber system 

achieved by transwell culture permits the division of cells interfacing with the circulation 

with those of the CNS. In addition, the membrane-base of the transwell insert can produce 

a chemoattractant gradient when medium from the well contacts the membrane. The 

endothelial/astrocyte coculture on either of the membrane prevents a collapse in this 

gradient. Without this coculture, equal amounts of chemoattractant would equilibrate on 

both sides of the membrane within a few hours.  

Evans blue analysis verified the integrity and efficacy of this BBB model by 

demonstrating a significant reduction in Evans blue penetration to the basolateral side of 

the insert (Figure 2.1.C). Importantly, the addition of cells did not prevent all Evans blue 

dye from permeating the barrier. In vivo results have shown some Evans blue leakage in 

control rodents with an intact BBB [269]. Complete dye impermeability would more likely 

reproduce injury-induced scar tissue formation. After the model was injured with 50 mM 

ethanol, Evans blue infiltration significantly increased but not to the degree of barrier break 

down. 50 mM ethanol represents a BAC of 0.23% which is almost three times above the 

legal limit, manifesting clinically as a decline in motor skills, sluggishness, and mood 

swings. Driving with this alcohol level can result in criminal penalties. Since this study 

was examining the effects of low to moderate doses of alcohol, 10 mM and 20 mM ethanol 

concentrations were chosen. 10 mM ethanol is found with a BAC of 0.05% which is below 

the legal driving limit of 0.08% BAC. A person with 10 mM ethanol may experience 

euphoria, loss of inhibition, and stimulation. 20 mM ethanol is found with a BAC of 0.09% 

which is slightly above the legal driving limit and is characterized by moderate impairment 
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and feelings of depression in some individuals [262, 270]. Both concentrations may be 

found in a causal drinker who is not abusing alcohol.  

Ethanol doses were always treated on the apical (endothelial) side of the BBB 

model to replicate ethanol circulation in the blood. Ethanol circulates in the blood when 

alcohol is consumed in excess and liver enzymes are yet unavailable to degrade it. Ethanol 

exposure downregulates expression of tight junction proteins in endothelial cells and 

causes BBB impairment [271]. Our lab has previously shown that ethanol treatment of 

endothelial cells causes activation of myosin light-chain kinase protein and subsequent 

phosphorylation of occludin and claudin-5 to disruption the endothelial cell monolayer 

tight junction and facilitate BBB dysfunction. In addition, leakiness to the barrier is 

temporary and can be reversed with ethanol withdrawal [272]. Exposure with 10 mM 

ethanol showed significant macrophage migration only after 48 hrs. while 20 mM ethanol 

showed significant migration after 24 and 48 hrs (Figure 2.2.A). With no significant 

differences between 10 mM and 20 mM, I conclude that just the presence of ethanol in the 

circulation, whether it be at low or more moderate doses, is enough to cause pro-

inflammatory macrophage to infiltrate the BBB. These low doses may not be affecting 

BBB integrity, instead ethanol may be causing other biochemical changes to enable this 

increased migration. Unlike most other drugs, alcohol has a low affinity for its molecular 

targets, instead readily diffusing through membranes. Nevertheless, there are many 

molecules, compounds, and systems that are sensitive to even low doses of alcohol. More 

BBB proteins that are sensitive to low dose alcohol in vivo may yet be discovered and 

explain alternative impairments to BBB function. The enzymes and by products of alcohol 
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metabolism may also be play a part in disrupting the BBB. In future, I may examine the 

effects of acetaldehyde toxicity on macrophage migration in our BBB model. 

HIV-TAT protein was always introduced to the basolateral (neuron) side of the 

BBB model to replicate release of TAT by HIV-1 infected microglia in the CNS. Even in 

the absence of active HIV-1 viral replication and production, with effective antiretroviral 

therapy, TAT concentrations can still be found in the CSF [263]. However, those with viral 

suppression show levels below 6 ng/mL. Exposing the basolateral side of the model with 

5 ng/mL TAT showed significant migration after 0, 2, and 4 hrs. while 25 ng/mL ethanol 

showed significant migration after all time points, still there was no significant difference 

between 5 ng/mL and 25 ng/mL TAT (Figure 2.2.B). These results suggest that a virally 

suppressed concentration of TAT influences macrophage migration only for a few hours 

after being introduced. In the neurobiology, TAT protein can be absorbed by non-infected, 

bystander cells due to several of its properties. Its cell-penetrating peptide allows for easy 

entry into cells while its nuclear localization signal allows for translocation into cellular 

nuclei. Therefore, this decline in significant migration after 4 hrs. may be the result of TAT 

getting absorbed by neurons, astrocytes, or infiltrated macrophage on the basolateral side 

of the BBB model. Hence, migration under TAT may be more so directed by its presence 

rather than the toxic response it can elicit. The CC motif of TAT protein can mimic 

chemokines and enhance cell migration. However, the use of an in vitro model as well as 

a 48 hrs. time constraint limited the extent of observation. Future research may examine 

the effects of TAT on macrophage migration into the CNS using an in vivo model over a 

longer period. There may be latency of migration in response to release of neurotoxic 

factors by cells under TAT-injury. 
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The BBB model was also challenged with combined low dose EtOH and TAT 

protein to examine the effects of casual drinking on macrophage migration under HIV-

associated injury. My aim was to study the best clinical outcomes of HIV-1 infection, low 

viral load, with occasional alcohol consumption. Co-presence of 10 mM ethanol with either 

5 ng/mL TAT or 25 ng/mL significantly increase macrophage migration across all time 

points when compared to those migrating an uninjured model (Figure 2.4.A). Therefore, 

combined ethanol and TAT may be cross amplifying their cellular effects to potentiate 

toxicity and cause constant macrophage infiltration. No significant difference was found 

between ethanol with 5 ng/mL TAT and ethanol with 25 ng/mL TAT. This suggests that 

there may be no true effect of differing TAT concentration, instead the mere presence of 

some TAT with ethanol can be specifically attributed to macrophage migration through 

this in vitro BBB model. 

The results of the EtOH and TAT studies on macrophage migration revealed a 

dichotomy in migration pattern, low TAT concentrations cause significant migration right 

after exposure while low dose alcohol causes significant migration at later timepoints. I 

explored this dichotomy by challenging the model with excessive concentrations of both 

EtOH and TAT in the respective compartments of the model. 50 ng/mL TAT showed 

greatest significant migration in the first 4 hrs. but after 6 hrs. 50 mM EtOH produced more 

significant migration than the TAT (Figure 2.4.B). Therefore, with combined ethanol and 

TAT, there is an effect of TAT first that diminishes over time and is taken over by ethanol 

to create an environment for continuous infiltration of pro-inflammatory macrophage. To 

determine which injury produces greatest macrophage migration, I compared number of 

infiltrated macrophage cells between 10 mM EtOH, 5 ng/mL or 25 ng/mL TAT 
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concentration, and the combination of both. For both virally suppressed and unsuppressed 

scenarios, the combination of ethanol with TAT caused greater migration than either 

ethanol or TAT alone. Also, both TAT concentrations had an overall greater effect on 

migration compared to low dose ethanol (Figure 2.7.A and B). Therefore, even under the 

best circumstances, HIV-1 suppression and casual drinking, the combination significantly 

induces macrophage migration across the BBB and causes neuroinflammation.  A notable 

result of all the macrophage migration experiments is that time is the greatest determinant 

of migration potential (Figure 2.11).  
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Figure 2.11  Effect of time on macrophage migration. Graphs plot number of infiltrating 

macrophage cells for each timepoint of a treatment condition. Graphs compliment those 

found in Figures 2.7. Results are presented as mean values (±SEM, N = 3 individual 

transwell models). Superscript describes timepoint compared. Significant difference is 

indicated by ∗ p ≤ 0.05, ∗∗ p ≤ 0.01 and ∗∗∗ p ≤ 0.001. 

 

As a modulator of MCP-1, NO production can affect migration potentials [265, 

273]. In the CNS, MCP-1 has shown expression by neurons, astrocytes, and microglia 

under neuroinflammatory conditions, specifically those caused by neurodegenerative 
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diseases and insults. Alcohol has been well described to exert local and systemic 

inflammatory responses, although they may be inconsistent, depending on dose and length 

of exposure [42]. NO is constantly formed endogenously, but EtOH can affect its 

production [274]. Effects of EtOH on NO release may be important in regulation of MCP-

1 and, in extent, macrophage migration. I measured real time production of NO by 

endothelial cells exposed to increasing concentration of EtOH for 24 hrs. 10 mM ethanol 

causes significant NO production while 20 mM and 50 mM ethanol resulted in significant 

decreases to NO production (Figure 2.8.A). This increase in NO by 10 mM ethanol may 

reduce secretion of MCP-1 in the endothelial cells to prevent a significant macrophage 

migration at 24 hrs. while the decrease in NO by 20 mM ethanol may encourage secretion 

of MCP-1 and explain the increase in significant migration observed at 24 hrs. post 

treatment (Figure 2.2.A). Of note, this effect of 10 mM ethanol treatment was also seen at 

0, 2, 4, and 8 hrs. treatment (not shown). NO production was also measure in neuronal cells 

exposed to the same concentrations of ethanol for 24 hrs. Ethanol’s lipophilic properties 

allow for its transfer through the barrier to the neurons on the basolateral side of the model. 

All ethanol doses decreased release of NO by neurons (Figure 2.8.B). This NO inhibition 

should increase secretion of MCP-1 by neuronal cells and cause significant macrophage 

migration at 24 hrs. Even though there was significant migration with 20 and 50 mM 

ethanol, there was none with 10 mM at 24 hrs. (Figure 2.2.A and Figure 2.4.B). The 

consequences of NO production by neurons may be taking effect after macrophage 

infiltrate the barrier and direct migration of macrophage towards the neuron cells at bottom 

of the well. 
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TAT-induced toxicity has been characterized by activation of lipoprotein receptor-

related protein-1 (LRP) and N-methyl-D-aspartate receptor (NMDAR) followed by 

production of glutamate and NO as well as the release of neurotoxic factors by microglia 

and astrocytes [275]. Marked reductions in cell viability have been observed with less than 

5 ng/mL TAT in neurons (Figure 2.9.A), 10 ng/mL in astrocytes, and 200 ng/mL TAT in 

endothelial cells while concentrations as high as 1,000 ng/mL stimulate 

monocyte/macrophage and microglial cells [275-277]. Therefore, treatment with 5 ng/mL, 

25 ng/mL, and 50 ng/mL TAT did cause neuronal death in this model. This suggests that 

decreases in neuronal viability may dictate the outcome of macrophage migration. 

However, ethanol treatment of endothelial cells produced similar results and co-presence 

with TAT exacerbated migration. Consequently, macrophage migration depends on the 

outcome of the entire BBB system, chiefly neuronal, astrocyte, and endothelial cell 

integrity. Future studies of immune cell infiltration into the CNS under HIV-associated 

injury should focus on this dynamic interaction. 

There have been numerous studies on the neurotoxicity of TAT to varying results 

[278-281]. I mapped the subtle structural and behavioral changes of neurons exposed to 

progressively higher levels of TAT (Figure 2.10.B). Low concentrations of TAT caused 

neuronal clustering and loss of neurites in single cells. Moderate to high concentrations 

began killing neurons and dissociating these clusters. I found that large clusters of neurons 

were more resistant to TAT damage (Figure 2.10.A). This can be evidence that loss of 

neurites is the result of forced neuronal pruning by TAT toxicity. As dense populations of 

neurons show less neurite loss, TAT may not be interacting directly with axons and 

dendrites but getting absorbed by neuron bodies to initiate apoptosis. Caspase-3 staining 
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showed expression of this apoptosis executioner in the nodes of neuronal clusters in 

cultures treated with 5 ng/mL TAT (Figure 2.10.C). Conversely, this apoptosis may be the 

result of a sequestration in receptors and lack of nutrients and oxygen by cells at the center 

of these clusters.  

There exists a strong consensus that ethanol potentiates TAT-induced neuronal 

death [247]. However, several studies of ethanol treatment under gp120 exposure have 

shown that ethanol blocks the retroviral protein’s toxic effects [282-284]. I treated neurons 

with TAT in the presence of low dose ethanol to determine if this may also be true of TAT 

protein. Initially I found that low-dose alcohol may attenuate the structural damages caused 

by TAT toxicity. Co-treatment inhibited cluster formation and loss of neurites up to 10 

ng/mL TAT (Figure 2.10.A). MCP-1/CCL2 has been shown to protect cells against 

damage done by TAT [275]. Therefore, decreases in NO production by ethanol exposure 

can result in increases in MCP-1/CCL2 expression and reductions in TAT-induced toxicity. 

However, caspase-3 staining showed that these neurons are undergoing apoptosis and low 

dose alcohol is not correcting the damage done by TAT (Figure 2.10.C) [285, 286]. Such 

results imply that instead of attenuating TAT toxicity, ethanol may just be masking or 

temporarily delaying visible injury (Figure 2.10.B). 

 

2.5 Conclusion 

This work has shown that alcohol is a catalyst for macrophage migration under HIV-

associated injury. Even under the best clinical outcomes a person living with HIV-1 may 

experience, macrophage infiltration into the CNS significantly increases after small 

consumptions of alcohol. These infiltrating macrophage cells can cause neuroinflammation 



 

71 
 

by increasing release of inflammatory cytokines. Furthermore, macrophage also infected 

with HIV-1 may deposit viral components or establish viral reservoirs in the CNS [287]. 

These results highlight the need for therapeutic interventions against HIV-TAT protein. 

 

  



 

72 
 

CHAPTER 3 

ANTIRETROVIRAL DRUG-S FOR A POSSIBLE HIV ELIMINATION 

 

In this chapter, and for my second aim, I challenge a novel compound, called Drug-S, 

against HIV-1 to observe whether it can inhibit infection. The results presented here are an 

introductory to the additional experiments that must be done to establish efficacy as well 

as understand the mechanism(s) of action. However, these results suggest that Drug-S is 

worth exploring in future. This chapter is a truncated version of the work that was published 

in the International Journal of Physiology, Pathophysiology, and Pharmacology volume 

11 on August 2019. James Haorah and I designed the study, analyzed the data, and prepared 

the manuscript while co-authors Heather Schuetz, Vikas Mishra, and Adam M Szlachetka, 

coordinated the hands-on work at the University of Nebraska Medical Center, Omaha, NE.  

 

3.1 Introduction 

Over the past decade, human immunodeficiency virus type-1 (HIV-1) has been one of the 

leading causes of death worldwide. With the emergence of combination antiretroviral 

therapy (HAART), HIV-1 has become manageable and has transformed from a life-

threatening to a life-long disease. Nevertheless, the Centers for Disease Control and 

Prevention shows an epidemic rise of new HIV/AIDS diagnoses in the United States among 

people living in urban areas (Centers for Disease Control and Prevention and [288]). 

Recent advances in HAART have visibly reduced the level of replication, HIV-infection 

and HIV/AIDS progression [289]. This includes a better understanding of viral invasion in 

the brain, persistence, and neuropathogenesis [290-292]. Yet, HIV/AIDS disease remains 
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without a cure even with this highly active HAART. Additionally, the adverse side effects 

of HAART are also known to cause neurological complications in HIV/AIDS patients such 

as dementia, neuropathy, and various psychological conditions [293]. The efficacy of 

HAART is further worsened by adverse drug interactions [294], co-infection [295], and 

malnutrition in HIV/AIDS patients because of inhibition of glucose/lipid metabolism 

known as lipodystrophy [296, 297]. HIV-1 infected cells are highly energy demanding due 

to enormous energy wasting while HAART promotes malnutrition, which exacerbates the 

metabolic imbalance in HIV/AIDS patients [298]. 

An equally important concern is the multi-faceted complications of HIV/AIDS 

progression in neuroAIDS patients with chronic substance abuse, where damage of the 

blood-brain barrier (BBB) enhances infiltration of infected cells into the brain that 

promotes neuroAIDS progression [201, 299, 300]. Thus, substance use is a risk factor for 

HIV-infection [301] resulting in the reduction of CD4+ T cells in HIV/AIDS patients. 

Credence of neuroAIDS in substance use shows depressive symptoms [302], loss of 

memory, increase neuropathy [303, 304], and excess mortality rates [305] among 

HIV/AIDS patients as well as increased predisposition to other health problems [306, 307]. 

Induction of oxidative stress, release of cytokines/glutamate in glial cells, and disruption 

of the blood-brain barrier (BBB) underlie the mechanisms of HIV-1 encephalitis, increased 

viremia, and neurotoxicity in the brain, which may contribute to the progression of 

HIV/AIDS disease [308]. 

Multi-drug HAART regimens are difficult to manage, but a three-drug 

combinational HAART is needed to create a genetic barrier against drug resistance and 

viral mutations [68]. The development of fixed-dose, single tablet medications have 
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reduced the complexity [309], but daily adherence can still be demanding [310]. Current 

HAART research is focused on creating long-acting drugs that only require periodic 

injections [311], sustained release drugs with the use of nanoparticles [312], broadly 

neutralizing antibodies [313], and a safer less expensive alternative to those already 

available [314]. It is evident that HAARTs can control viral replication, but a cure for 

HIV/AIDS is limited by less penetration of HAARTs across the restricted anatomical 

features such as the BBB and enclosure within the restricted skull cavity [315-319]. Drugs 

that do cross the BBB are often thrown back out by way of saturable efflux systems such 

as the multi-drug resistant genes of endothelial cells [320]. Thus, a direct correlation of 

HAART concentrations and HIV-1 viral load in the brain was observed [321]. Further, the 

BBB is a bidirectional barrier, accumulated virions in the brain can re-enter the blood 

circulation for resurgence of HIV-1 infection [322]. This viral resurgence and inability of 

drugs to freely pass the BBB makes HIV/AIDS progression a constant threat. 

The cure for HIV/AIDS disease is further diminished by the persistence of a viral 

reservoir in latently infected CD4+ T cell genotypes [323]. The stability of this latently 

infected HIV-1 reservoir is harbored in the central memory CD4+ T cell genotype while 

the integrated HIV DNA is harbored in the transitional memory CD4+ T cell genotype 

[324]. This was also observed in intravenous injection of HIV-1 proteins into the brain of 

rats/mice [325]. Persistence of HIV-1 latency and the CNS reservoir are responsible for the 

recurrence of HIV-1 self-renewal and reinfection upon withdrawal of HAART in 

proliferating cells [326]. The ability of HIV-1 self-renewal and reinfection creates a life-

long dependency on HAARTs and demonstrates that the body cannot completely clear 

itself of the virus. Longitudinal studies have shown that it would take someone on HAARTs 
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their lifetime to eliminate the virus [327]. However, with the continued successful outcome 

of the Berlin patient [328], there is new hope that a functional cure may be possible; where 

an infected person can suppress the virus to such low levels that taking HAARTs is no 

longer a necessity. The Berlin patient showed mutations to the CCR5 gene from his 

hematopoietic stem cell transplant donor that effectively inhibited further infection [329]. 

Recently, several non-HAART alternatives have been formulated for eliminating 

HIV-infection. Some of these non-HAART alternatives are, gene editing to mutate the 

CCR5 gene [329], “shock-and-kill” approach to activate cells with latent reservoirs for 

immune cells to locate and kill [330], “block-and-lock” approach to length latency [331], 

immune modulation to boost the physiological immune system [332], viral-decay 

accelerators to increase mutation frequency towards catastrophe [333], hematopoietic stem 

cell transplants from infection resistant donors [329], pharmacological agents like 

microbicides to prevent transfer through sexual intercourse [334], microRNAs [335], and 

vaccine developmental approaches [336, 337]. The shortcomings of these strategies 

include their non-feasibility for clinical applications [338], failure to reach the CNS [339], 

risks of inducing neurotoxicity [340] and other diseases, in addition these approaches 

cannot adjust for drug-resistant mutants [341]. Importantly, these strategies cannot 

eliminate all components of the viral life cycle as latent reservoirs hold replication 

incompetent HIV-1 that may contain provirus DNA, viral mRNA, viral protein, or any 

combination of these components [342]. Another major problem are viral mutations. 

Development of conformational changes in envelope glycoproteins due to viral mutations 

can mask or lose epitopes to evade immune attack [182]. With as many as 10 different 
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mutants after one cycle of infection [343, 344], developing a comprehensive vaccine 

remains a great challenge. 

With all of these promising discoveries, a critical need for a cure of HIV/AIDS 

disease will be to find a safe antiretroviral drug capable of inhibiting HIV-1 replication and 

eliminating self-renewal of residual HIV-1 in the CNS reservoir and peripheral latency. 

This study reports that Drug-S has a potential to interfere with HIV-1 viral components, 

prevent rebound effect of HIV-1 self-renewal, and arrest HIV/AIDS progression. Drug-S 

is a natural substance derived from the roots of a plant that has not been tested or 

documented in the literature of ethnopharmacology. The plant extracts were used by 

indigenous people for mass poisoning by using large quantities of the extract to spike 

drinks. Today, this same plant extract is used by the indigenous people for poisoning river 

fish for consumption. Consumption of the whole fish does not cause poisoning, perhaps 

due to low levels of toxin. Such dichotomy prompted the idea of whether this low 

concentration of toxin can inhibit HIV-1 infection. 

 

3.2 Methods and Materials 

3.2.1 Reagents 

The Drug-S extract was obtained by liquid-liquid extraction (water-methanol) of a plant 

root. The silica Bond Elut C18 extraction column and Vac Elut SPS 24 cartridge manifold 

used in solid phase extraction were purchased from Varian Medical Systems of Harbor 

City, CA. The Alltech C18 (4.6 × 100 mm, 5 µm) column and 25 mm VanGuard pre-

column used in reverse-phase chromatographic separation was purchased from Waters 

Corporation of Milford, MA. Other common chemicals, reagents, and solvents used in the 
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purification of Drug-S were purchased from Sigma-Aldrich of St. Louis, MO and were of 

the highest grade and purity. 

 

3.2.3 Monocyte/macrophage culture 

Human monocytes were isolated by leukapheresis from HIV and hepatitis seronegative 

donors and purified by counter-current centrifugal elutriation as previously described 

[325]. Monocytes, cultured at a density of 106 cells/mL, were differentiated to macrophage 

in DMEM (Sigma Chemical Company) supplemented with 10% heat-inactivated pooled 

human serum, 50 µg/mL gentamicin, 10 µg/mL ciprofloxacin, and 20 ng/mL of 

macrophage colony stimulating factor (0.2% using a 10 µg/mL stock, Cell Signaling 

Technology, Cat. #8929) for 7 days to ensure adequate biological responses. Purity of 

macrophage was assessed by CD68 antibody (Abcam, 1:100) and showed 100% 

enrichment of macrophage. 

 

3.2.4 MTT assay 

Cells cultured on 96-well plates were washed in PBS and incubated with tetrazolium dye 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution (5 mg/mL 

MTT solution in 10% fetal bovine serum in PBS) for 45 mins at 37°C. After MTT solution 

was aspirated, plates were incubated with 100 µL dimethyl sulfoxide (DMSO) for 15 mins 

at room temperature. Conversion of water soluble 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide to insoluble formazan was read spectrophotometrically at 

490 nm absorbance. 
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3.2.5 Immunocytochemistry 

Cells cultured on glass cover slips were washed with PBS, fixed in 4% paraformaldehyde 

for 15 mins, permeabilized with 0.1% Triton X-100 for 5 mins, blocked for unspecific 

binding with 3% bovine serum albumin for 1 hr. at room temperature, and incubated with 

respective primary antibodies, including rabbit anti-CD68 (1:100 dilution) and mouse anti-

HIV1 p24 (1:1000 dilution), diluted in antibody buffer consisting of PBS, 1% BSA, and 

0.4% Triton X-100 overnight at 4°C. After washing with PBS, cells were incubated for 1 

hr. at room temperature with respective secondary antibodies: anti-rabbit-IgG Alexa fluor 

594 for CD68 and anti-mouse-IgG Alexa fluor 488 for HIV1 p24. Cover slips were 

mounted onto glass slides with Immuno Mount containing DAPI (Invitrogen). Images were 

captured by fluorescent microscopy (Eclipse TE2000-U, Nikon microscope, Melville, NY) 

using NIS elements (Nikon, Melville, NY) software. 

 

3.2.6 Reverse transcriptase assay 

Reverse transcriptase (RT) converts the single-stranded RNA genome to a cDNA molecule 

during active HIV-1 infection of host cells. HIV-1 virions were lysed with a lysis buffer 

solution (Bio-Rad Laboratories) to release RT. Supernatants from cell cultures were 

collected, clarified by low speed centrifugation, and pelleted by centrifugation at 100,000 

g for 45 mins at 4°C to collect RT. Pellets were resuspended in 0.01 M Tris-HCl (pH 7.5) 

and sonicated for 40 sec. 10 µL of RT suspension was combined with a reaction mixture 

containing 0.05 M Tris-HC1 buffer (pH 8.3), 0.06 M NaCl, 6 mM MnCl2, 0.02 M 

dithiothreitol, 1 µg poly(rA), 0.5 µg oligo(dT), 0.05% Nonidet P-40, and 10-5 M [3H]dTTP 



 

79 
 

(52 Ci/mmol) [345-347]. This reaction was incubated at 37°C for 20 mins, then stopped 

and analyzed for radioactivity by autoradiography (counts per million). 

 

3.2.7 Purification of Drug-S 

Methanol and water were used to extract the bioactive metabolite, Drug-S, from the bark 

of a plant root. This extract was evaporated by a rotary evaporator, re-dissolved in 

methanol, and subjected to solid phase extraction using a silica Bond Elut C18 extraction 

column (Varian Medical Systems) with a Vac Elut SPS 24 cartridge manifold (Varian 

Medical Systems) for sample preparation. Impurity was washed away with hexane with 

remnant nonpolar impurities being removed by dichloromethane (DCM) eluent. DCM 

extract was concentrated by distillation and evaluated for recovery, cell toxicity, and 

antiretroviral activity. After observing high antiretroviral activity, this highly water-soluble 

DCM analyte was semi-purified by reverse-phase chromatographic separation using an 

Alltech C18 (4.6 × 100 mm, 5 µm) column (Waters Corporation) fitted with a 25 mm 

VanGuard pre-column (Waters Corporation). Mobile phase consisted of A: water and B: 

acetonitrile, both with 0.1% trifluoracetic acid (TFA) (v/v). Separation was done using an 

isocratic elution of 20% B with a flow rate of 1 mL/min at 220 nm UV detection. A volume 

of 500 µL (1.0 mg/mL in 0.1% TFA) sample per injection was run for 80 minutes to collect 

five different fractions, F1 (2-8 mins), F2 (17-31 mins), F3 (31-50 mins), F4 (50-60 mins), 

and F5 (60-80 mins) in multiple runs (see Figure 1). 
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Figure 3.1  Representative graph of reverse-phase chromatographic separation fractions. 

Resulting peaks were collected into 4 fractions (F1-F5) each containing multiple peaks. 

Fractions are defined by two arrows and outlined by dotted lines and correspond to F1 

being collect 2-8 mins into the run, F2 being collected 17-31 mins into the run, F3 being 

collected 31-50 mins into the run, F4 being collected 50-60 mins into the run, and F5 being 

collected 60-80 mins into the run, each in multiple runs. F5 was not analyzed because it 

did not contain peaks. F4 was found to contain the active antiretroviral activity termed 

Drug-S. 

 

3.2.8 Determination of fractions containing antiretroviral activity 

Each pooled fraction was evaporated to dryness under an argon gas stream, dissolved in 

saline to a concentration of 0.5 mg/mL, and assessed for antiviral activity with M-strain 

HIV-1 infected human macrophage in culture. Briefly, media from infected with/without 

drug fraction and uninfected control cultures of macrophage were collected at days 1, 3, 5, 

and 7 post-infection and assayed for radiolabeled reverse transcriptase (RT) activity to 

determine which fraction was most successful at inhibiting viral replication. To confirm 

assay results, cells were stained for CD68 and P24-Ag and it was found that fraction 4 (F4) 

contained the active antiretroviral activity. Thus, in this work I termed the antiviral activity 

of fraction 4, as Drug-S. 
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3.2.9 Statistical analysis 

Results obtained from all experiments were quantified and compared using ANOVA via 

StatView. For comparisons between multiple conditions, the initial statistical analyses 

were performed using one-way ANOVA, followed by Bonferroni’s test for multiple 

comparisons. The difference was considered significant if the adjusted p-value was less 

than 0.05. To power the sample size appropriately, all preliminary data was combined with 

subsequent experimental data for statistical analyses. Data in graphs are shown as means ± 

SEM with N = 4, indicating actual number of samples or experiments performed and not 

the number of replicates per experimental condition. 

 

3.3 Results 

3.3.1 Dose-response of Drug-S 

Since fraction 4 (Drug-S) was observed to contain highly active antiviral property, the 

dose-dependent cytotoxicity of Drug-S in primary human macrophages cells culture was 

determined. Firstly, the effects of Drug-S from 0.25-100 µg/mL on cell viability was 

determined by an MTT assay in a 96 well plate (1 × 104 cells/well). It was established that 

Drug-S concentrations of 0.25-20 µg/mL were non-toxic to macrophage cells, while 

concentrations of Drug-S higher than 20 µg/mL were toxic (Figure 3.2). The same level 

of inhibition of HIV-1 infection in macrophages was observed down to 0.5 µg/mL of Drug-

S, as such 0.5 µg/mL became the working concentration. 
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Figure 3.2  Dose-dependent toxicity of Drug-S in macrophage culture. Toxicity was 

assessed by MTT assay. Similar results were obtained for other primary cell types (data 

not shown). Drug-S caused significant cell death at concentrations higher than 20 µg/mL. 

However, concentrations below 20 µg/mL did not show toxicity. Significant difference is 

indicated by ∗ p ≤ 0.05. 

 

3.3.2 Drug-S inhibited most HIV-1 infection 

Cultured macrophage cells were infected with M-tropic strain HIV-1ada inoculum for 16 

hrs. After washing out the viral inoculum, infected cells were exposed to 0.5 μg/mL of 

Drug-S in fresh DMEM media (without MCSF) at 24 hr, 72 hr, day 5, and day 7 post 

infection. Cell culture media from HIV-1 infected with/without Drug-S, and uninfected 

control were collected at every 48 hrs before replacing with fresh media. Media 

supernatants were used for assessment of viral replication by RT assay, while cell culture 

on cover slips were stained for CD68 and HIV-1/P24-Ag, and observed for multinucleated 

giant cells (MGC). HIV-1 infection in the absence of Drug-S showed several MGCs and a 

massive HIV-1 P24-Ag positive staining (Figure 3.3.B and 3.3.E) compared with infected 

cells in the presence of Drug-S (Figure 3.3.C and 3.3.F) or uninfected cells (Figure 3.3.A 

and 3.3.D). These results were further validated by RT activity to indicate that HIV-1 
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replication was reduced by Drug-S. Indeed, RT activity at different time points in post 

infection showed an increase in HIV-1 replication in the absence of Drug-S compared with 

HIV-1 infection in the presence of Drug-S (Figure 3.3.G). The significant decreases of 

MGCs, HIV-1/P24-Ag staining, and HIV-1 RT activity in the presence of Drug-S indicated 

some inhibition of HIV-1 infection. The increased RT activity at 5 and 7 days in Drug-S 

treated macrophage indicates that these cells may be metabolizing Drug-S or the inhibitory 

effects of Drug-S may be wearing off while any remaining infected cells begin spreading 

infection. Supplementing the culture with additional Drug-S at day 5 may result in 

continued decreases of RT activity and infection. P24-Ag staining after 7 days treatment 

with Drug-S reveals that Drug-S does not eliminate infection within 7 days and may require 

longer incubation or redosing for better inhibition. 
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Figure 3.3  Drug-S inhibits HIV-1 infection in primary human macrophage. Upper panels 

= HIV infection (multinucleated giant cell clusters), middle panels = P24 staining, bottom 

bar graph= RT activity. One hallmark of HIV-1 infection in macrophage are the formation 

of multinucleated giant cells (upper panel, middle image) compared to uninfected control 

(upper panel, left image). In the presence of 0.5 µg/mL Drug-S, infected macrophage 

formed fewer multinucleated giant cells (upper panel, right image). Another indicator of 

HIV-1 infection is HIV-1/P24-Ag staining (middle panel, middle image) compared to 

uninfected control (middle panel, left image). P24 protein was detected by 

immunocytochemistry and fluorescent microscopy using specific antibody to P24 7 days 

post HIV infection. In the presence of 0.5 µg/mL Drug-S, few infected macrophage cells 

stained for P24 (middle panel, right image). An RT activity assay (bottom bar graph) was 

conducted to determine HIV-1 replication in the presence (pink bar) and absence (dark 

shaded bar) of Drug-S. Media from infected with/without Drug-S and uninfected control 

cultures of macrophage were collected at days 1, 3, 5, and 7 post-infection and analyzed 

for presence of reverse transcriptase. Drug-S progressively lowered RT activity as 

compared to Drug-S untreated cultures that progressively increased activity. RT activity is 

expressed as cpms/10 µl of sample. Images are representative; original magnification was 

20X (except A which is 40X). Data in the bar graph are presented as mean values ± SD (N 

= 4). Significant difference is indicated by ∗∗∗ p ≤ 0.001. 
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3.3.3 Drug-S pre-treated virions failed to infect macrophage 

To assess if Drug-S can act directly on the virion structure, cell free M-tropic strain of HIV-

1ada (0.01 MOI) was pre-incubated with/without 0.5 μg/mL of Drug-S at 37°C for 1 hr 

prior to infecting macrophages for 16 hrs. Supernatants collected in alternate days at post 

infection were assessed for RT activity. Results showed that pre-treatment of HIV-1 virions 

with Drug-S did not infect human macrophages (Figure 3.4.C) as they appear to be the 

same as the uninfected control (Figure 3.4.A) and different from HIV-1 infection without 

Drug-S (Figure 3.4.B). Assessment of viral replication further revealed a significant 

decreased in RT activity in Drug-S pre-treated HIV-1 virions (blue/black stripped bars) 

compared with HIV-1 virions without Drug-S (pink/white stripped bars) (Figure 3.4 

bottom). Thus, pre-treatment of HIV-1 virions with 0.5 μg/mL of Drug-S may prevent 

HIV-1 infection, suggesting that Drug-S may act directly on HIV-1 viral structure. The 

initial large RT activity at 1 day post-Drug-S treatment may indicate that Drug-S does not 

directly inhibit RT. However, subsequent decreases in activity suggests that Drug-S 

another critical viral component that prevents the virion from infecting. Consequently, 

dysfunctional virions begin to die. 
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Figure 3.4  Drug-S pre-treated virions did not infect primary human macrophages. Upper 

panels = HIV infection (multinucleated giant cell clusters), bottom bar graph = RT activity. 

Macrophage cultures were infected with HIV-1 virions pre-treated with/without 0.5 µg/mL 

Drug-S for 1 hr. at 37°C prior to infection. Virion pre-treatment with Drug-S caused a lack 

of formation of multinucleated giant cell clusters (upper panel, right image) as compared 

to cultures infected with Drug-S un-pre-treated virions (upper panel, middle image). Media 

from cultures of macrophage supplemented with (pink bars)/without (black stripped bars) 

Drug-S pre-treated virions were collected at days 1, 3, 5, and 7 post-infection and analyzed 

for presence of reverse transcriptase. Macrophage cultures supplemented with Drug-S 

treated virions showed decreasing activity in macrophages, while virions without Drug-S 

treatment showed reinfection. RT activity is expressed as cpms/10 µl of sample. Images 

are representative; original magnification was 20X. Data in the bar graph are presented as 

mean values ± SD (N = 4). Significant difference is indicated by ∗∗∗ p ≤ 0.001. 

 

3.3.4 Drug-S inhibits HIV-1 reinfection 

In two separate experiments, macrophage cultured in one plate were infected with HIV-1 

in the absence of Drug-S, while the cells in a second plate were infected with HIV-1 in the 

presence of 0.5 μg/mL of Drug-S. At day 3 post-infection, Drug-S was withdrawn from the 
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second plate and continued culturing in normal media. Thereafter, supernatants collected 

at day 1, 3, 5 and 7 were analyzed for viral replication by RT assay. Results showed that 

withdrawal of Drug-S continued to prevent HIV-1 rebound infection (Figure 3.5). These 

results demonstrate that Drug-S may inhibit the recurrence of HIV-1 reinfection. 

 

Figure 3.5  Drug-S inhibits HIV-1 reinfection. Withdrawal of Drug-S at day 3 did not see 

a resurgence of RT activity (pink bars) in macophage unlike those infected without 

presence of Drug-S (checkered bars). RT activity is expressed as cpms/10 µl of sample. 

Data are presented as mean values ± SD (N = 4). Significant difference is indicated by ∗∗∗ 

p ≤ 0.001. 

 

3.4 Discussion 

The rationale for this undertaking is that there is no ART capable of eradicating HIV-1 

persistency and purging of the CNS-based latent HIV-1 reservoirs to-date. The goal here 

is to explore Drug-S as a potential candidate drug for a possible cure for HIV/AIDS disease, 

which possibility is in part substantiated by our data even though this wishful assumption 

is still pre-matured. As such, the success of Drug-S as a viable antiviral drug requires more 

detailed investigation. However, the use of primary human macrophages for testing the 

cytotoxicity of Drug-S in the present studies is appropriate since Drug-S appeared to be a 

neurotoxin. The ability of Drug-S to inhibit HIV-1 infection and reinfection in human 
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macrophage at the non-cytotoxic level has a significant scientific premise towards 

HIV/AIDS disease. Since lymphocytes are a target of HIV-1 infection, testing the antiviral 

activity of Drug-S in HIV-1 infected human lymphocytes may be done in the future prior 

to pre-clinical testing. 

Even though Drug-S (F4) contains high antiretroviral activity, Drug-S is still a 

pooled of multiple compounds in the present form, likely containing several impurities that 

will make the identification of Drug-S structure difficult. As such, further purification of 

the Drug-S active fraction is needed for better evaluation of its antiviral activity, structure-

activity relationships, and bio-distribution to bring it a step closer to pre-clinical studies. 

Characterization of Drug-S is expected to enrich antiretroviral activity, decrease 

cytotoxicity, and unravel its chemical structure/mass. Elucidating the molecular structure 

of Drug-S is also expected to unlock the ability to synthesize Drug-S that will no longer 

depend on harvesting plant products. It will also provide the possibility to fluorescently tag 

Drug-S and trace its movements inside a cell or animal. 

With this challenging idea, the establishment of non-cytotoxic low concentrations 

of Drug-S (0.25-20 μg/mL) in human primary macrophage cells so far tested is an 

important finding. Further, the effective inhibition of HIV-1 infection/reinfection by these 

non-cytotoxic low concentrations makes Drug S a potential antiviral drug candidate for a 

possible elimination of HIV/AIDS. This argument is supported by the data presented in 

this study. Yet, a comprehensive investigation on the mechanism(s) of HIV-1 inhibition is 

needed, which would include evaluating the effects of Drug-S on HIV-1 virion structure, 

HIV-1 production during active infection, and host cellular signaling pathways.  
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3.5 Conclusion 

The ultimate goal of Drug-S would be to compare or to work with already available ART 

drugs for a possible cure for HIV/AIDS disease. Persistence of HIV-1 latency in CNS 

reservoirs is the reason for reappearance of virus after withdrawal of ART, which 

compromises the possibility of HIV/AIDS eradication. A sterilizing cure for HIV-1 with 

clinical applicability, ability to penetrate the highly protected CNS without causing 

neurotoxicity while retaining high antiretroviral activity has not yet been achieved. The 

innovation of this study lies in presenting a new antiretroviral drug derived from a naturally 

occurring substance that is capable of inhibiting infection without causing toxicity. It is 

expected to impact a good oral absorption and bio-distribution because Drug-S is highly 

stable hydrophilic compound. Above all, we have shown that Drug-S may effectively 

inhibit viral infection, replication, and self-renewal. This will be the first antiretroviral drug 

to act directly on the HIV-1 virion and eliminate the virus alone. 
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CHAPTER 4 

ALCOHOL DYSREGULATES IRON MANAGEMENT FOLLOWING TBI 

 

This chapter represents my third aim where I looked at the effects of alcohol and TBI-

induced injury on iron management in the brain. This work is under review in the TBD as 

of July 2021. My co-authors, Arun Reddy Ravula, Xiaotang Ma, Yiming Cheng, Kevin D. 

Belfield, James Haorah, assisted me with either the experiments or data acquisition. 

 

4.1 Introduction 

Traumatic brain injury (TBI) is commonly associated with intracranial bleeding and 

subsequent cerebral hemorrhage such as epidural/subdural hemorrhage, subarachnoid 

hemorrhage, intraventricular hemorrhage, and hematoma [348, 349]. These intracranial 

hemorrhages are constantly being detected in TBI patients by fast magnetic resonance 

imaging (MRI) and computerized tomography (CT) scanning [350]. Since these 

hemorrhages are observed in conjunction with anemia, coagulopathy, and sepsis, current 

treatment practices include anticoagulant or red blood cell (RBC) transfusion [351, 352]. 

However, these therapies do not improve neurological function, rather, RBC transfusions 

have been shown to significantly exacerbate trauma complications [353]. Since RBCs 

contain much of the iron found in the body, a possible reason for unresolved, persistent 

cognitive function deficits may be neurotoxicity caused by iron overload [354]. Massive 

RBC aggregations at the site of hemorrhage have been observed in our lab’s rat model of 

blunt TBI [355]. This TBI model uses lateral fluid percussion injury (FPI) delivered at a 

moderate pressure to reproduce TBI without skull fracture and generate hemorrhage, 
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subdural hematoma, edema, and shearing/stretching of tissue in gray matter, most often 

seen in athletic sports injuries. FPI reproducibly recapitulates the pathophysiological 

signatures of human TBI and thus, can be used to examine the fate of RBC clearance and 

associated iron release at post-TBI [356].  

 Lacking mitochondria, accumulated RBCs begin undergoing lysis upon energy 

depletion following blood vessel rupture and removal from the circulation at post-TBI 

[357]. Hemolysis of RBCs releases iron, carbon monoxide, and biliverdin into the central 

nervous system (CNS) [358]. The hemolytic product iron is managed by several different 

proteins to prevent possible iron toxicity that may develop from iron accumulation. 

Proteins that have already been considered chief iron regulators include: heme oxygenase-

1 (HO-1) for associated iron release; lipocalin 2 (LCN2) for intracellular iron transport; 

ferritin light chain (F-LC), a component of the ferritin complex, for intracellular iron 

storage; transferrin for extracellular iron transport; and hemosiderin for extracellular iron 

storage and sequestration [359, 360]. These proteins combine to form two distinct 

pathways for iron management, the LCN2/HO-1/F-LC system for intracellular iron and 

transferrin/hemosiderin binding for extracellular iron. These pathways have been studied 

following TBI alone, but there has been no research on iron management in combining TBI 

with a secondary stressor such as prior chronic alcohol consumption.  

 Alcohol use has been shown to prolong neuroinflammation and neurodegeneration 

at post-TBI by impairing neurological recovery and exacerbating localized 

neuroinflammation [361, 362]. In addition, as an antiplatelet and anticoagulant, alcohol can 

thin blood and lead to more profuse bleeding [363]. Together, this suggests that prior 

alcohol use may increase iron accumulation as well as dysregulate its regular management 
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following TBI. This chapter examines the time dependent manner of iron regulation by 

LCN2, HO-1, F-LC, and hemosiderin under combined chronic alcohol exposure and FPI. 

Although no obvious signs of iron toxicity were present, alcohol did alter the expected FPI-

induced iron regulatory pattern. In addition, microglia were observed to also play a role in 

iron management, in this way microglia may contribute another pathway for iron 

regulation. 

 

4.2 Methods and Materials 

4.2.1 Reagents 

The OCT compound was purchased from Fisher Healthcare (#4585). Prussian blue soluble 

was purchased from Santa Cruz (sc-215757), eosin 5% from Sigma (#R03040-74), and 

hematoxylin solution from Merck (#HX69851575). Primary antibodies were purchased 

from Santa Cruz, Thermo Fisher, proteintech, and Abcam (Table 4.1). Secondary 

antibodies were purchased from Thermo Fisher (#32230 and #32260) for western blots and 

Abcam (ab64255 and ab97049) for immunohistochemistry. The streptavidin protein was 

purchased from Abcam (ab7403), Pierce DAB substrate kit from Thermo Fisher (#34002), 

and Cytoseal XYL from Thermo Scientific (#8312-4). The bicinchoninic acid kit for 

protein determination was purchased from Thermo Fisher (#23227) and the 4–20% precast 

protein gel (4561094) and trans-blot PVDF transfer kit (#1704272) were purchased from 

Bio-Rad. The chemiluminescent substrate was purchased from Advansta (#K-12045-D50). 
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Table 4.1 Source, Catalogue Number, and Dilution Factors of Antibodies Used in 

Immunohistochemistry and Western Blot Analyses. 

 

Antibody Marker for Company Catalog No. 
Dilution 

for IHC 

Dilution 

for WB 

Anti-heme oxygenase 1 heme oxygenase 1 Santa Cruz sc-390991 1:50 1:1000 

Anti-NGAL lipocalin 2 Thermo Fisher PA5-79590 1:500 1:1000 

Anti-ferritin light chain ferritin light chain proteintech 10727-1-AP 1:25 1:1000 

Anti-Iba1 microglia Abcam ab178847 1:200 - 

Anti-CD68 macrophage Abcam ab31630 - 1:1000 

Anti-transferrin transferrin Abcam ab82411 - 1:1000 

Anti-β-actin beta-actin Abcam ab8226 - 1:1000 

 

4.2.2 Animals 

Sprague-Dawley rats were purchased from Charles River Laboratory (Wilmington, MA), 

they were approximately 8 weeks old and weighed about 240-270 grams at the beginning 

of the experiment. Rats were kept in reversed 12 hrs. light/dark cycle and housed in 

controlled temperature and humidity conditions. All experiments were conducted in 

accordance with the National Institutes of Health institutional ethical guidelines for care of 

laboratory animals and approved by the Institutional Animal Care Use Committee of 

Rutgers University (Newark, NJ). 

 

4.2.3 Alcohol feeding 

Ethanol liquid-diet pair-feeding was employed according to our lab’s previously described 

procedure [364, 365]. Briefly, equal pairs of weight-match rats were acclimated to Lieber-

DeCarli control or 29% calorie (5% v/v) ethanol liquid-diets (Dyets Inc., Bethlehem, PA) 

for 1 week followed by pair feeding regimens for 12-14 weeks. Feeding of the control 

group was based on the amount of ethanol-liquid diet consumed by the ethanol group. The 

control-liquid diet was composed of 47% carbohydrate, 35% fat, and 18% protein while 

the ethanol-liquid diet was composed of 19% carbohydrate, 35% fat, 18% protein, and 29% 
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ethanol as percent of total caloric intake. Daily food intake was monitored, and weekly 

body weights were recorded. By the end of the experiment, the average body weight was 

410-420 grams for the control group and 460-490 grams for the ethanol group. Prior to 

sacrifice, the blood alcohol concentration of all the rats on the ethanol-liquid diet was 

measured, and it was found to be 9.1-28.8 mM with an average of 15.6 mM which is 

consistent with our previous findings. 

 

4.2.4 Fluid percussion injury 

After alcohol feeding, traumatic brain injury was performed using a fluid percussion injury 

(FPI) model (Amscien Instruments, Richmond, VA) according to our lab’s previously 

described procedure [254, 355, 366]. Briefly, rats were anesthetized with ketamine (100 

mg/kg body weight) and xylazine (10 mg/kg body weight) through intraperitoneal injection 

and positioned on a stereotaxis frame. Craniotomy was performed by drilling a 3.0 mm 

size hole on the left parietal skull (2.5 mm lateral of the sagittal suture, 3.0 mm caudal of 

the coronal suture) leaving the dura intact. A Luer Lock hub was glued to the skull over 

the exposed dura with cyanoacrylate glue and secured with methyl-methacrylate resin 

(Henry Schein, Melville, NY). The next day, animals were anesthetized by isoflurane and 

received lateral FPI. Briefly, the Luer Lock hub of the animal was filled with fluid and 

fitted into the nozzle of the FPI device. Injury was induced by a pendulum weight striking 

the piston of a fluid filled cylinder and delivering a fluid pressure pulse to the exposed 

dura. Severity of the injury was controlled by the position of the weight on the pendulum, 

all animals received moderate injury or around 2.0 atm pressure [356]. After injury, the 
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hub was removed, the head was sutured, and the rat was returned to it cage. Control animals 

did not undergo surgery, sham animals underwent surgery but did not receive an injury. 

 

4.2.5 Tissue processing 

Animals were sacrificed at time points between several hours to 7-days post-injury. Blood 

samples were collected from the injury site or the carotid artery if no injury was 

administered and used in western blot analysis. Brains were removed from the skull and 

thoroughly washed in PBS. Cryopreservation was performed by subsequent overnight 

incubations in 4% paraformaldehyde, 10% sucrose, and 30% sucrose, respectively. Brains 

were then snap-frozen in Tissue-Tek OCT compound (Thermo Fisher, Waltham, MA) and 

stored at -80oC until slicing. Coronal sections (10-20 μm) were cut on a Leica CM3050 

cryostat and collected on Fisherbrand Superfrost Plus slides. Slides were air-dried 

overnight and then stored at -80oC until staining. 

 

4.2.6 Prussian blue 

This reaction detects ferric iron (Fe3+) in tissue sections. Treatment with acidic solutions 

of ferrocyanides causes any ferric ions (+3) in the tissue to combine with ferrocyanide and 

form blue pigments of ferric ferrocyanide. Sections were fixed in ice cold methanol for 10 

mins., dried for 20 mins, and rehydrated in PBS for 10 mins. Sections were incubated in a 

working solution of 5% potassium ferrocyanide with 5% hydrochloric acid for 30 mins. 

after which they were thoroughly washed in distilled water before being counterstained 

with eosin for 1 min. The working solution was prepared fresh every time and discarded 
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after use. Results show iron (hemosiderin) as blue, red blood cells as bright pink, and tissue 

as light pink. 

 

4.2.7 Turnbull’s blue 

This reaction detects ferrous iron (Fe2+) in tissue. The crystalline structures of Prussian 

blue and Turnbull’s blue compounds are identical but the method by which they are formed 

is different. Treatment with an acidic solution of potassium ferricyanide causes any ferrous 

ions (+2) in the tissue to react and form blue pigments of ferrous ferricyanide [367]. 

Sections were fixed in ice cold methanol for 10 mins., dried for 20 mins, and rehydrated in 

PBS for 10 mins. Sections were incubated in a working solution of 0.4 mg potassium 

ferrocyanide with 40 mL 0.006 N hydrochloric acid for 1 hr. after which they were 

thoroughly washed in 1% acetic acid before being counterstained with eosin for 1 min. The 

working solution was prepared fresh every time and discarded after use. Results show 

ferrous iron as blue, red blood cells as bright pink, and tissue as light pink. 

 

4.2.8 Immunohistochemistry 

Prussian and Turnbull’s blue were combined with immunohistochemistry in a modified 

technique previously described by Blomster et al. [368]. Following Prussian or Turnbull’s 

blue staining, sections were incubated with 0.3% H2O2 for 10 mins. to quench any 

endogenous activity. After washing, slides were permeabilized with buffer containing 1% 

bovine serum albumin and 0.4% Triton X-100 in phosphate buffered saline (PBS) then 

incubated with 10% bovine serum albumin and 0.4% Triton X-100 in PBS to block non-

specific antibody binding. The sections were incubated overnight in a humidified chamber 
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at 4oC with diluted primary antibody: mouse anti-heme oxygenase 1 (1:50, Santa Cruz), 

rabbit anti-Iba1 (1:200, Abcam), rabbit anti-NGAL (1:500, Thermo Fisher), or rabbit anti-

ferritin light chain (1:25, proteintech) (Table 4.1). The following day, slides were 

thoroughly washed in PBS and incubated with the appropriate secondary antibody, 

biotinylated goat anti-rabbit (1:500, Abcam) for 1 hr. or biotinylated goat anti-mouse 

(ready-to-use, Abcam) for 20 mins. After washing, slides were incubated with streptavidin-

HRP (1:10,000, Abcam) for 30 mins. After a final washing, staining was developed with 

3,3'-diaminobenzidine tetrahydrochloride (DAB, Thermo Fisher) for 20 mins., immersed 

in distilled water to stop the reaction, and counterstained with eosin for 1 min. 

Alternatively, slides were counterstained with hematoxylin for 10 mins. and washed in 

running tap water for 10 mins. Sections were dehydrated through 4, 2 min. changes of 

alcohol (95%, 95%, 100%, and 100%) and mounted with Cytoseal XYL (Thermo Fisher) 

solution. Results show stained protein as brown, iron as blue, red blood cells as bright pink, 

and tissue as light pink. Images were captured with a Leica DMi1 or Aperio Versa 200 

microscope and slide scanner. 

 

4.2.9 Western blot 

Collected blood was centrifuged at 2,100 x g for 10 mins. to separate the plasma for 

analysis. Protein concentration was estimated using the bicinchoninic acid (BCA) method 

(Thermo Fisher). 20 μg/lane of protein was loaded into the wells of 4–20% precast 

polyacrylamide gels (Bio-Rad, Hercules, CA) for separation. Separated proteins were 

transferred onto PVDF membranes, blocked with 5% non-fat milk, and incubated at 4oC 

overnight with the respective antibody (1:1,000 dilution) (Table 4.1). The following day, 
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slides were thoroughly washed in tris-buffered saline with 0.1% Tween 20 and incubated 

with the appropriate secondary antibody, horse-radish peroxidase conjugated goat anti-

mouse or horse-radish peroxidase conjugated goat anti-rabbit for 1 hr. (both 1:10,000, 

Thermo Fisher). After a final washing, immunoreactive bands were detected with 

WesternBright ECL chemiluminescent substrate (Advansta). Data was quantified as 

arbitrary intensity units with densitometry analysis using Image J software. 

 

4.2.10 Statistical analysis 

Statistical analysis was performed to determine a significant difference in the amount of 

protein expression between sham and injury. Results were analyzed with independent 

samples t-tests using the Rcmdr package of R software. Shapiro-Wilk tests were used to 

validate that the data was normally distributed and Levene’s test to check groups did not 

significantly deviate from variance. Data are presented as mean ± standard error from the 

mean (SEM). The threshold for statistical significance was p ≤ 0.05 (∗ p ≤ 0.05, ∗∗ p ≤ 0.01 

and ∗∗∗ p ≤ 0.001). 

 

4.3 Results 

4.3.1 FPI indirectly causes iron accumulation in the CNS 

One result of a fluid percussion injury (FPI) and, in general, any type of traumatic brain 

injury, is the accumulation of red blood cells (RBCs) [369]. These RBCs come from blood 

vessels ruptured by the transient mechanical forces produced by the impact. Hemorrhage 

can last up to several days consequently resulting in a substantial aggregation of RBCs 

especially in the epidural, subarachnoid, and ventricular spaces [370]. Due to their low 
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resistance and viscoelastic properties, with time, RBC aggregates can penetrate 

neighboring tissue (Figure 4.1) [371]. Interestingly, the most penetration was observed by 

RBCs at subarachnoid spaces as opposed to any other area. Since the subarachnoid space 

facilitates fluid flow into the brain, RBCs may be using this current to enter brain tissue 

[372]. 

Once removed from circulation, RBCs lose contact with this repository nutrient 

supply and undergo degeneration. Destruction of RBCs involves severe hemolysis and 

release of RBC constituents, including hemoglobin, heme, and iron, into the extracellular 

space. Immediately following injury, this released iron is in a free, ferrous (Fe2+) form and 

can be stained using Turnbull’s blue method [367]. Over time, this iron is oxidized to the 

insoluble ferric (Fe3+) species and can be stained using Prussian blue. Large bleeding in the 

ventricular systems showed presence of ferrous iron 0-days post-FPI but by 7-days, all iron 

was converted to the ferric form (Figure 4.1). Understandably, large bleed sites 

accumulated large deposits of iron while small sites contained considerably less iron. 

Therefore, the amount of excess iron aggregation depends on the number of RBCs released 

by FPI. 
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Figure 4.1  Ferrous and ferric iron expression following FPI. The left and middle column 

are representative images of presence of both ferrous (Fe+2) and ferric (Fe+3) iron at sham 

injury (Sham), and 0- and 7-days following moderate fluid percussion injury. Turnbull’s 

blue method stains for free or ferrous iron while Prussian blue stains for ferric iron bound 

as hemosiderin. Both ferrous and ferric iron are stained dark blue while blood is 

distinguished by the yellow-brown bilirubin pigment. The right column are representative 

images of red blood cell penetration into the tissue over time. The yellow arrow points to 

an accumulation of red blood cells. Red blood cells are stained dark pink, iron is blue, and 

tissue is light pink. All images are focused near the ventricular systems or subarachnoid 

spaces, sites for major blood accumulation post-injury. The black bar represents 100 μm 

(N = 5 rats). 

 

4.3.2 Ethanol exposure alters peak LCN2, HO-1, and F-LC expression following FPI 

4.3.2.1 Moderate lateral fluid percussion injury 

 In their paper, Russell et al. describe a time-dependent induction of the iron 

regulatory proteins lipocalin 2 (LCN2), heme oxygenase 1 (HO-1), and ferritin light chain 

(F-LC) following an FPI-induced traumatic brain injury [360]. I have observed similar 
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results in rats that have undergone FPI alone. LCN2 presence was most notable directly at 

the site of impact. Expression peaked 1-day post-FPI, returning to Sham levels by 3- and 

7-days (Figure 4.2). At 1-day post-FPI, LCN2 was found in individual cells throughout 

the tissue, most significantly in cells surrounding both ruptured and intact vessels. This 

early expression post-injury is attributable to LCN2 involvement in the innate immune 

response. By immediately trafficking and sequestering iron, LCN2 stimulates anticipation 

for possible incoming or excess iron to prevent its congestion. In this way, LCN2 may act 

as a master switch for the induction of subsequent iron regulatory proteins. 

 

 

Figure 4.2  LCN2 induction by alcohol, FPI, and the combination. Representative images 

of lipocalin 2 expression in rats under sham injury (Sham), ethanol feeding (EtOH), fluid 

percussion injury (FPI), and injury following ethanol feeding (EtOH + FPI) 1-, 3-, and 7-

days post-injury. Images focus on the neocortex at the site of impact. LCN2 is stained 

brown, nuclei purple, and positive ferric iron staining appears as black. The yellow arrows 

point to LCN2 expression around both longitudinal and cross-section vessels. The insets 

are higher magnifications of cells within the black box and demonstrate LCN2 generation 

by a single cell. The black bar represents 100 μm and inset bar represents 25 μm (N = 5 

rats). 

 

HO-1 expression was observed in the hippocampus and neocortex, prominently 

around the site of impact. HO-1 was evident 1-day post-FPI, peaking at 3-days, but by 7-
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days post-FPI HO-1 was greatly reduced (Figure 4.3). Following peak expression, HO-1 

became localized around vessels. Although, like LCN2, HO-1 is stress-responsive, its role 

is to catabolize free heme into iron, carbon monoxide, and biliverdin; therefore, HO-1 

expression is expected to significantly rise upon RBC degeneration, occurring 3-days post-

FPI. Although not quantified, the density and intensity of expression was similar between 

LCN2 and HO-1 staining around the impact site. Unlike immunofluorescence staining, 

immunoenzymatic methods allow for these descriptive assessments of expression because 

they are unaffected by manipulation from contrast adjustments. However, western blot 

analysis showed significantly increased expression of HO-1 (p<0.001) when compared to 

sham while LCN2 (p=0.181) did not (Figure 4.6.D). This discrepancy can be explained by 

LCN2 being primarily localized to the impact site and HO-1 being much more dispersed, 

while western blotting was only performed on plasma samples. 
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Figure 4.3  HO-1 induction by alcohol, FPI, and the combination. Representative images 

of heme oxygenase 1 expression in rats under sham injury (Sham), ethanol feeding (EtOH), 

fluid percussion injury (FPI), and injury following ethanol feeding (EtOH + FPI) 1-, 3-, 

and 7-days post-injury. Images focus on the neocortex at the site of impact. HO-1 is stained 

brown and positive ferric iron staining appears as black. Sham sections also stain for 

vessels as red. The yellow arrows point to HO-1 expression around both longitudinal and 

cross-section vessels. The insets are higher magnifications of cells within the black box 

and demonstrate HO-1 generation by a single cell. The black bar represents 100 μm and 

inset bar represents 25 μm (N = 5 rats). 

 

Unlike LCN2 and HO-1, F-LC expression was more perilesional, found in the 

hypothalamic and basal forebrain regions of the brain. However, clusters of F-LC were 

found surrounding the RBCs and iron deposits in these areas. Minimal clusters were found 

1-day post-FPI with gradual increases at 3-days and peak amounts 7-days post-FPI with 

clusters ranging from <1 μm to 50 μm in size (Figure 4.4). Increased F-CL (p<0.001) 

expression compared to sham was confirmed with western blot analysis (Figure 4.6.D). F-

LC clustering may be the result of a partial unfolding of the protein shell in preparation for 

iron binding [373]. Unlike ferritin heavy chain (F-HC), F-LC has no ferroxidase activity, 

instead it is involved in the transfer of electrons across its protein cage which allows F-LC 

staining to mark unfolded shells [374]. This delayed expression of F-LC demonstrates 

ferritin as the final iron regulatory protein. It acts as a reservoir, collecting any remaining 
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iron and detoxifying the CNS. This may explain the decreased magnitude of F-LC 

expression compared to LCN2 or HO-1. 

 

 

Figure 4.4  F-LC induction by alcohol, FPI, and the combination. Representative images 

of ferritin light chain expression in rats under sham injury (Sham), ethanol feeding (EtOH), 

fluid percussion injury (FPI), and injury following ethanol feeding (EtOH + FPI) 1-, 3-, 

and 7-days post-injury. Images focus on the hypothalamic and basal forebrain regions. F-

LC is stained brown, red blood cells/vessels are red, ferric iron is dark navy, and tissue is 

light pink. The yellow arrows point to a cluster of F-LC expression. The inset is a higher 

magnification of cells within the black box and demonstrates F-LC generation at sites of 

red blood cell and iron accumulation. The black bar represents 100 μm and inset bar 

represents 25 μm (N = 5 rats). 

 

4.3.2.2 Chronic alcohol consumption 

In the CNS, one result of chronic alcohol consumption is increased and sustained basal 

presence of LCN2 (Figure 4.2), HO-1 (Figure 4.3), and F-LC (Figure 4.4). As a 

physiological stressor, ethanol can induce expression of these stress-responsive proteins. 

Expression was generally ubiquitous for all three proteins, however, some areas along the 

edge of the neocortex, did show greater expression (Figure 4.4). Being soluble in water, 

alcohol distributes into fluid spaces, as a result, higher concentrations of ethanol can be 

found in blood, or cerebral spinal fluid (CSF) surround the brain [375]. More ethanol infers 
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greater stress and more protein expression at areas in contact with blood or the CSF such 

as the neocortex. The magnitude of expression was also similar for all three proteins. 

Background staining may be due to low levels of LCN2, HO-1, and F-LC released by cells. 

These iron regulatory proteins may be actively secreted into the exterior of the cell in 

response to inflammation caused by alcohol presence. 

 

4.3.2.3 FPI following alcohol consumption 

Alcohol consumption dynamically changed the iron management timetable. LCN2 

expression peaked at 1-day post-EtOH + FPI, like FPI alone, however, expression did not 

disappear 3- or 7-days later (Figure 4.2). Ethanol exposure did not alter the location or 

magnitude of FPI-induced LCN2. LCN2 has recently emerged as an iron regulatory protein 

by reason of its binding to siderophores and suppressing catalytic iron from accumulating 

in the cytoplasm [376]. Thus, LCN2’s role is to facilitate iron transport or trafficking more 

so than direct chelation [377]. This may explain the similar peak LCN2 expressions 

between FPI and EtOH-FPI. This unchanged expression profile may also be due to LCN2’s 

close association with the inflammatory response. This result demonstrates that combined, 

alcohol and FPI injuries do not necessarily exacerbate the degree of inflammation, but 

rather prolong its persistence. However, failure to resolve this inflammation can lead to a 

chronic inflammatory state in the CNS and manifest debilitations in attention and cognition 

[378]. Therefore, by maintaining LCN2 expression, alcohol consumption may transform 

FPI-induced inflammatory properties. 

 HO-1 induction occurred 1-day post-EtOH + FPI, earlier than with FPI alone 

(Figure 4.3). In addition, cellular expression density and intensity appeared greater than 
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that of LCN2. Like FPI, EtOH + FPI-induced HO-1 presence was prominent at the 

hippocampus, neocortex, and around vessels near the site of impact. This expression profile 

may be the consequence of increased bleeding caused by ethanol circulation in the blood 

stream [379]. Chronic alcohol consumption lengthens bleeding times of injured soft tissue 

by reducing platelet aggregation. Ethanol may interact with platelet cyclooxygenase-1 to 

inhibit its function and prevent subsequent development of pro-aggregatory proteins. Other 

haemodynamic changes in blood pressure and vessel integrity can also contribute to 

increased bleeding with alcohol. This augmented hemorrhage will result in greater and 

even faster accumulations of RBCs in the CNS (Figure 4.6.B). Therefore, HO-1 is 

expected to express promptly and regulate this RBC influx. Ethanol-induced increases in 

basal levels of HO-1 make early expression possible. 

 The most change in its expression profile after combined alcohol consumption and 

FPI injuries was observed for F-LC. F-LC greatly increased 1-day post-EtOH + FPI but 

peaked at 3-days and sustained these levels up to 7-days (Figure 4.4). Alcohol alone can 

increase ferritin and, with FPI, appears to exacerbate its presence [380]. Ferritin is not only 

involved in iron sequestration, through partial digestion and formation with lysosomes, 

ferritin creates the iron storing complex hemosiderin. Therefore, ferritin both directly and 

indirectly manages iron by chelating the metal ion and generating hemosiderin respectfully. 

For this reason, fold increases in ferritin are needed to contain the excessive numbers of 

RBCs released by FPI following alcohol consumption, so pronounced expression of F-LC 

here is expected. In fact, the CNS may become heavily reliant on ferritin if transferrin 

levels become saturated by rapid iron overabundance. Western blot analysis showed 

greater F-LC levels in plasma than transferrin (Figure 4.6.D). When this main iron binding 
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protein in the blood is so far extended that it cannot bind any more iron, excess catalytic 

iron must be stored by ferritin or hemosiderin to prevent iron toxicity. Such increased 

hemosiderin deposits were observed under EtOH + FPI (Figure 4.6.B). 

 

4.3.3 Activated microglia are also involved in iron management 

4.3.3.1 Activation 

Many studies have already shown that traumatic brain injury activates microglia [381]. 

Microglia become activated after transitioning through a series of activation states [382]. 

During this time, microglia undergo changes in both morphology and function. I have also 

observed such changes in microglia following FPI. Sham injuries did not stimulate 

microglial activation and so microglia appeared resting with dynamic branching of their 

processes. However, fully activated microglia in round ameboid shapes were observed as 

early as 1-day post-FPI. This morphology was sustained at 3-days but by 7-days post-FPI 

microglia returned to their homeostatic state (Figure 4.5). In addition, the number of 

monocyte lineage cells, marked by CD68 expression, also significantly increased 

compared to sham controls (p<0.001) (Figure 4.6.D).  
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Figure 4.5  Microglial recruitment and activation by alcohol, FPI, and the combination. 

Representative images of the microglia-specific calcium-binding protein, Iba1, expression 

in rats under sham injury (Sham), ethanol feeding (EtOH), fluid percussion injury (FPI), 

and injury following ethanol feeding (EtOH + FPI) 1-, 3-, and 7-days post-injury. Sham 

images focus on the neocortex at the site of impact while EtOH, FPI, and EtOH + FPI 

images are focused near the ventricular systems and inferior colliculus at sites with major 

blood accumulation. Microglia are stained brown, cell nuclei are blue, red blood 

cells/vessels are red, ferric iron is purple, and tissue is light pink. The yellow arrows point 

to microglial recruitment to ventricular cavities and sites of red blood cell accumulation. 

The insets are higher magnifications of cells within the black box and demonstrate changes 

in microglial morphology following injury. Homeostatic, resting microglia exhibit 

dynamic branching while activated microglia take on an amoeboid form. Microglia in 

transition to the ameboid form have shortener, thicker processes. The black bar represents 

100 μm and inset bar represents 25 μm (N = 5 rats). 

 

Two important functions performed by activated microglia are motility and 

phagocytosis. Interestingly, many of these activated microglia remained in the tissue at 1-

day, only being present around RBCs and bleed sites 3-days post-FPI. These results 

demonstrate that morphology precedes function and, although reacting quickly to an injury, 

microglia may have a delayed immune response to invading RBCs. However, microglia 

may be responding to only atypical RBCs such as those dying from nutrient deprivation 
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after being confined in tissue for 3-days post-FPI. Interestingly, a morphological gradient 

3-days post-FPI was also observed (Figure 4.6.C). At the site of blood accumulation, the 

gathering microglia were in the active ameboid shape but, several micrometers away from 

this site resident microglia appeared stress-primed with short, thick processes. In this 

intermediary state, microglia are very reactive and can easily change to any other of the 

activation states. Microglia furthest away from bleed sites remained in a homeostatic, 

surveillance-inclined state. 

 Alcohol consumption resulted in sustained presence of activated microglia in and 

around the ventricular systems and inferior colliculus (Figure 4.5). Other studies also 

demonstrating this microglial response found that ethanol induces microglia activation by 

stimulating their toll-like receptor 4 (TLR4) [383, 384]. Our lab has previously shown that 

alcohol can induce neuroinflammation by upregulating expression of programmed death-

1 receptor and its ligands in neuroimmune cells [42]. Therefore, as a sensing receptor, 

TLR4 may be recognizing released proinflammatory mediators and controlling microglial 

activation [228, 385]. Ultimately, as a prominent stressor, alcohol itself can mobilize 

microglial changes. 

 In FPI following chronic alcohol exposure, microglia also appeared activated at 1-

day, invading cavities near the inferior colliculus. However, unlike in FPI or EtOH alone, 

there were greater numbers of microglia present (Figure 4.5). Since combined alcohol and 

FPI injuries generate the largest amount of bleeding and RBC aggregation, more microglia 

are necessary for proper regulation, repair, and recovery to homeostasis. High microglial 

numbers were sustained 3-days post-EtOH + FPI, but by 7-days, with considerably less 

RBC presence, there were fewer of these immune cells. However, microglia sustained an 
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activated form 1-, 3-, and 7-days under EtOH + FPI. Under alcohol alone, microglia 

remained activated for all days, therefore, the addition of FPI only reinforces continuation 

in this form. Interestingly, several of these microglia also appeared bigger in size. Further 

investigation revealed that microglia may be phagocytosing moribund RBCs.  

 

4.3.3.2 Autophagy 

One role of macrophage is to phagocytose senescent RBCs [386]. Therefore, in behaving 

like macrophage, activated microglia have been observed to also phagocytose RBC 

aggregations and, in so doing, regulate excess iron presence in the CNS. At 3-days post-

FPI, sites with microglia and RBCs show these microglia ingesting individual, intact RBCs 

(Figure 4.6.A). In that same area, a neighboring microglia cell that has earlier 

phagocytosed an RBC is found with free, ferrous iron inside its cell body. The lack of 

surrounding free iron suggests that this cytoplasmic iron must come from the ingestion and 

breakdown of an RBC. However, microglia may also be phagocytosing iron-containing 

complexes seeing as bound, ferric iron was also found in microglia, otherwise, the iron 

released from ingested RBCs is quick sequestered as hemosiderin (Figure 4.6.B). With 

FPI following chronic alcohol consumption at 1-day, microglia appeared more reactive, 

ingesting more than one RBC or iron-containing complex at a time, and increasing 

tremendously in size. Conversely, the abundance of RBCs may simply force single 

microglia to ingest more. Phagocytosis was also observed under EtOH alone at sites with 

some RBC presence (Figure 4.5). Low CD68-positive staining confirm that these immune 

cells were not macrophage. 
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These results reveal a pathway for iron management by microglial cells (Figure 

4.8). Activated microglia appear to be ingesting RBCs accumulating from ruptured vessels 

following FPI (Figure 4.6.A). Subsequently, heme is released and processed in the cell 

cytoplasm (Figure 4.6.B). Excess iron increases the labile iron pool (Figure 4.6.A) but is 

quickly sequestered and stored as ferritin (Figure 4.4) or hemosiderin (Figure 4.6.C). Free 

iron released by extracellular heme oxygenase 1 and surrounding the cells (Figure 4.2) is 

also efficiently managed with iron being removed by transferrin (Figure 4.6.D) or, when 

saturated, bound as hemosiderin with extracellular ferritin-lysosome complexes (Figure 

4.6.C). Chronic alcohol use increases RBC aggregation and iron as well as iron storage 

(Figure 4.6.B), however no abnormal increases in free, ferrous iron were observed in the 

extracellular spaces. These results demonstrate microglial involvement as another efficient 

means of iron regulation in the CNS. Although alcohol consumption exacerbates iron 

accumulation, the iron management system can adjust to accommodate this increased 

influx. However, continued alcohol use may lead to further iron deposition or even release 

of iron stores and hasten the onset of alcohol related diseases in the CNS or other 

complications. 
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Figure 4.6  Microglial phagocytosis of accumulated red blood cells. (A) Representative 

image of microglial phagocytosis of red blood cells near the ventricular systems 3-days 

post-FPI. The iron stained is in the free, ferrous form. (B) Representative image of 

microglial phagocytosis of red blood cells in the cavities next to the inferior colliculus 1-

day post-EtOH + FPI. The iron stained is in the bound, ferric form. (C) Representative 

image of a morphological gradient 3-days post-FPI. Microglia next to red blood cells have 

an ameboid form, those near bleed sites are primed with shorter, thicker processes, and 

microglia even further away remain in a resting, ramified state. For all images, microglia 

are stained brown, iron is blue, red blood cells are dark pink, and tissue is light pink. The 

yellow arrows point to active or completed phagocytosis. The insets are higher 

magnifications of cells within the black box and demonstrate (A and B) presence of iron 

and red blood cells inside the microglia or (C) changes in microglial morphology near bleed 

sites. The black bar represents 100 μm and inset bar represents 25 μm. (D) Bar graph 

showing western blot analysis of transferrin (TF), monocyte/macrophage marker (CD68), 

ferritin light chain (FTL), heme oxygenase 1 (HO-1), and lipocalin 2 (LCN2) levels in 

plasma following sham and FPI injuries. Data were analyzed using ImageJ to obtain 

arbitrary densitometry intensities and quantified as the ratio of iron regulatory protein (IRP) 

to β-actin. Results are presented as mean values (±SEM, N = 5 rats). FPI is compared to 

Sham injury for each protein. Significant difference is indicated by ∗∗∗ p ≤ 0.001, n.s. 

denotes no significance. 
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4.4 Discussion 

FPI causes the rupture of blood vessels through various transient mechanical forces caused 

by the impact [356]. Tensile and compressive forces stretch and compact vessels 

respectfully so that they become structurally weakened, while shear forces from blood and 

CSF fluid rush cause additional damage. Increases in magnitude and repetition of these 

forces causes eventual vessel breakage and hemorrhage. The opening of blood vessels is 

necessary to allow oxygen, nutrients, and immune cells to reach the affected area and 

accelerate healing. In fact, vasodilation occurs to allow even more entry of these beneficial 

factors [387]. Unfortunately, the consequence of this increased blood flow is hemorrhage 

and accumulation of RBCs in the brain. Failure to clear RBC aggregates can cause the 

formation of an impacted blood mass and result in an enduring mass effect. Since 

hemorrhage can last several days, the accumulation may become staggering. In addition, 

the many crevices and cavities provided by the structure of the brain can collect and trap 

blood. Directly, this blood mass can increase pressure in the CNS and interfere with brain 

function [388]. Overtime, the incompressible, viscoelastic properties of RBCs allow them 

to easily deform and penetrate surrounding tissue [389]. However, removed from the 

nutrient supply provided by the circulation, RBCs begin to die, hemolyze, and release 

hemoglobin solution and iron into the CNS (Figure 4.1). Therefore, proper iron 

management is an important process to repair and restore homeostasis. 
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4.4.1 Excess iron is regulated by three distinct pathways 

4.4.1.1 Hemosiderin and transferrin binding. Resident iron levels and hemosiderin 

deposits in the brain are very small and inapparent with general stains. Therefore, the 

Prussian and Turnbull’s blue methods could only stain for iron and hemosiderin originating 

from RBCs. In this way, excess iron can be easily identified and distinguished from 

inherent iron. In fact, these methods were sensitive enough to stain for iron produced by 

just one RBC (Figure 4.1). In addition, both Prussian and Turnbull’s blue were able to 

penetrate cells and stain for iron present inside intact vessels (Figure 4.3) as well as iron 

trapped by microglia (Figure 4.6). Finally, these methods did not interfere with other 

chromogens, such as the naturally occurring bilirubin (Figure 4.1), however the overlay of 

multiple stains did cause positive iron to appear different shades of dark blue.  

 In agreement with others, I have found that iron remains ferrous for only a few 

hours following injury as ferric iron was observed as early as 1-day post-FPI (Figure 4.4). 

In its ferric form, iron can be bound to transferrin for transport, ferritin for immediate 

storage, or hemosiderin for long-term storage (Figure 4.8). Free iron, whether as a ferrous 

cation or an unbound ferric species, is readily absorbed by cells and can be very toxic [390]. 

The unpaired electrons make free iron highly chemically reactive and, through the Fenton-

Haber-Weiss reaction, catalyze the formation of free radicals (Figure 4.8). This may be a 

reason for iron’s rapid transformation from the ferrous, to the ferric, and finally to the 

bound form by the body. 

 Transferrin is an iron carrier and its binding results in the transport of iron through 

the circulation and subsequent removal from the CNS [391]. As the only protein capable 

of transporting iron, transferrin binding becomes the ultimate pathway for excess iron 
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detoxification. Although increased following injury (Figure 4.6.D), transferrin becomes 

saturated when ~70% is bound with iron [392]. Instead, ferritin and hemosiderin, a complex 

formed from combining partially degraded ferritin with lysosomes, are involved in 

sequestering excess iron. Since, in its ferric form, iron is quickly processed, with excessive 

iron being bound as hemosiderin, Prussian blue staining exposes deposits of these iron-

containing complexes (Figure 4.1). Significant amounts of hemosiderin collections, 

ranging in size, were found at all bleed sites. These results reveal hemosiderin binding as 

a pathway in iron management specially reserved for superfluous excesses of iron. Iron as 

hemosiderin is not readily available for release thereby making this binding very stable. 

Like ferritin binding, iron release from hemosiderin may possibly be achieved by 

lysosomes. Extracellular hemosiderin complexes may also follow suit and be degraded by 

strong digestive enzymes. More research is needed on the fate of iron following 

hemosiderin binding and on understanding the circumstances and elements involved in its 

release; it is likely lysosomes are involved. 

 

4.4.1.2 Sequestration by iron regulatory proteins. The lipocalin 2/heme oxygenase 

1/ferritin system is the chief regulatory mechanism for processing intracellular excesses of 

iron. As the first responding iron managing protein, LCN2 organizes existing iron for 

chelation, by binding to siderophores, or transport to ensure incoming iron does not 

accumulate in the cytoplasm. Important to the innate immune response, LCN2 expression 

may also correspond to insult severity and help mobilize the appropriate response. 

Currently, LCN2 levels are being used to diagnose several inflammatory diseases such as 

acute kidney injury [51]. I have seen in both FPI and EtOH + FPI situations a similar 
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expression pattern, that is, early, rapid increase, peaking at 1-day post-injury but decreasing 

to its lowest levels at 3-days (Figure 7). This result demonstrates that LCN2 induction may 

not depend on the type of injury but rather by the inflammation associated with the injury. 

Therefore, if the injury causes any release of inflammatory stimuli, LCN2 will be 

expressed. Moreover, the magnitude and length of LCN2 expression may indicate the 

degree of inflammation. LCN2 may occupy a greater role in iron regulation than has been 

so far suggested. 
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Figure 4.7  Summary of LCN2, HO-1, and F-LC presence over time. Cartoon graphs depict 

the expression length and magnitude of each iron regulatory protein after its induction by 

(A) brain injury, (B) alcohol consumption, or (C) the combination. The magnitude units 

are arbitrary, time is expressed in days with Day 0 representing injury initiation. The red, 

blue, and yellow lines denote LNC2, HO-1, and F-LC respectfully. The dashed lines 

speculate expression after 7-days post-injury. The light orange shading signifies 

hemorrhage/a pro-inflammatory response while the light blue shading signifies repair/an 

anti-inflammatory response. All cartoons were created with BioRender.com. 
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This study has demonstrated that excess iron comes from RBC accumulation 

following FPI, specifically the heme compound released by dying RBCs. This heme can 

trigger the synthesis of HO-1. HO-1 degrades heme by opening its porphyrin ring to release 

free iron [393]. One important regulator of HO-1 expression is the nuclear transcription 

factor Nrf2. Nrf2 also controls production of the antioxidant proteins that protect against 

the oxidative damage caused by an insult. Therefore, HO-1 is directly related to the 

presence and extent of oxidative damage. Our lab has previously shown that inflammation, 

from both FPI and the resulting hemorrhage, can trigger oxidative damage. Since LCN2 

expression is determined by inflammation and HO-1 is mediated by oxidative stress, HO-

1 induction is expected to occur after LCN2 under FPI (Figure 4.7). However, alcohol 

presence causes HO-1 to express concurrent with LCN2 (Figure 4.7). EtOH + FPI must 

exacerbate oxidative damage enough to deregulate the inflammatory response and cause 

this shift to earlier protein expression.  

 Ferritin, as the primary iron-storage protein of the cell, is paramount to the success 

of iron management. Insufficient levels, and eventual transferrin saturation, would cause 

free, toxic forms of iron to circulate in the body which, over time and more iron 

accumulation, would lead to iron overload. In fact, ferritin levels are used as a measure to 

infer iron concentrations in the body [394]. Individuals with hemochromatosis, an inherited 

mutation in the genes that causes increased iron absorption, show high levels of ferritin 

while those with anemia, a reduction in RBCs, show low levels and indicate an iron 

deficiency. Like others, I have seen a delayed ferritin response following FPI, peaking at 

7-days (Figure 4.7). In addition, I qualitatively observed that the intensity of expression 

was less than either LCN2 or HO-1. These results demonstrate that ferritin is the final 
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regulatory protein involved in iron management, sequestering any remaining unbound iron 

for accessible storage. Even hemosiderin, observed 1-day post-FPI, precedes significant 

ferritin expression (Figure 4.4). Furthermore, this delay shows ferritin to be induced 

primarily by iron release and secondarily by heme presence. Low ferritin levels under 

EtOH alone suggest that ferritin is nominally induced by stress. However, EtOH + FPI 

caused early, increased, and sustained ferritin expression. Due to the excess RBC 

accumulation following these combined injuries, much of this ferritin may be being 

excreted and transformed to hemosiderin for more stable storage. These increased ferritin 

levels also imply high iron concentrations in the CNS. 

 Interestingly, LCN2, HO-1, and F-LC were also expressed directly atop bleed sites, 

interacting with RBCs (Figure 4.4). This presence may be explained by the mechanical 

forces caused by the impact bursting cells and releasing intracellular proteins into the 

extracellular space. As demonstrated, alcohol may also help facilitate secretion of these 

proteins by increasing their basal levels. There is evidence of LCN2, HO-1, and F-LC 

secretion in other organ systems. Hepatic cells have been shown to secrete ferritin, while 

HO-1 has been found in various extracellular, fluid filled compartments and LCN2, as a 

mediator of inflammation, is routinely released by various cell types, most notably immune 

cells [395-397]. Extrapolating these findings and relating then to the CNS space, HO-1 

may be in the CSF while LCN2 gets secreted by astrocytes and microglia, and ferritin 

released by neurons. Then protein targeting mechanisms may explain their localization at 

sites of RBC aggregation. More research on the default expression levels and locations of 

LCN2, HO-1, and F-LC in the CNS as well as their intrinsic signaling sequences may help 

to explain this phenomenon.  
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 To curb the scope of this study I did not stain for colocalization of these proteins 

with themselves or specific cell markers. In their paper, Russell et al. did perform 

colocalization and found overlap in LCN2, HO-1, and F-LC with GFAP, a marker for 

astrocytes, as well as LCN2 with HO-1 and LCN2 with F-LC between 1- to 7-days post-

FPI. LCN2/HO-1 colocalization can indicate that even HO-1 may not be constrained to 

expression following FPI, instead it can be induced by the oxidative stress accompanying 

inflammation [398]. Meanwhile, LCN2/F-LC colocalization suggests LCN2 expression 

may recruit F-LC generation in preparation for iron sequestration. The lack of microglial 

expression of these iron regulatory proteins suggests microglia may not be involved in the 

lipocalin 2/heme oxygenase 1/ferritin system of iron management. Another limitation of 

this study was confining it to 7-days. However, previous studies have shown that beyond 

7-days, LCN2, HO-1, and F-LC levels comparatively return, or being to return, to basal 

levels in most cells of the CNS [360]. A notable exception are microglia which have shown 

elevated HO-1 expression as late as 30-days relative to controls under a moderate cortical 

impact [399]. In this effect, I argue that microglial involvement may create a separate 

pathway for iron management, removed from that created by the iron regulatory proteins 

of the remaining CNS cells. 

 

4.4.1.3 Microglial phagocytosis. To my knowledge, this is the first demonstration of 

RBC phagocytosis by microglia and subsequent cytosolic iron deposition following injury. 

Previous studies revealing iron presence in microglia have only considered this 

accumulation as iron retention and a signature of microglial activation [400]. The idea of a 

link between iron management, by extent metabolism, and activated microglia has been 
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contemplated for some time [401]. Moreover, the capacity for RBC autophagy by 

microglial cells has already been well established as an important corrective response to 

CNS hemorrhage [402]. In agreement with previous studies, I have observed microglial 

activation following FPI alone [403]. In addition, chronic alcohol exposure also provoked 

activation (Figure 4.5) [404]. Expectedly, the combination likewise caused microglia 

activation and greater numbers to gather at sites with RBC aggregation. Interestingly, this 

was found as early as 1-day post-EtOH + FPI with many microglia already swollen with 

RBCs and iron deposits (Figure 4.6.B). Chronic alcohol use prior to FPI may be sensitizing 

microglia to stress and, in this manner, preconditioning the brain to future injuries. In other 

words, the CNS stays in ‘high alert’ for possible stress so that when stress does appear an 

appropriate response is rapidly mobilized. This state of hypervigilance may dysregulate 

inflammatory and immune responses to cause inappropriate and even exaggerated 

reactions. In this respect we observed multiple RBCs within activated microglia following 

EtOH + FPI. This excessive phagoptosis may either be due to chronic phagocytic activity 

or the engulfment of multiple RBCs at once. Similarly, the increased number of microglia 

present may either be the result of migration, division, or some degree of both. Future work 

will include studies exploring these fundamental possibilities. A recent study has shown 

that microglia can assume a range of phenotypes under alcohol dependency and much 

remains to be understood in regard to their activation [405].  

 Collectively, these results begin to distinguish a pathway for iron maintenance by 

microglial cells. Activated microglia phagoptose and hemolyze RBCs, catabolize heme, 

and release free iron. Immediately, this iron gets bound to ferritin or hemosiderin. Any 

extracellular free iron becomes bound to apotransferrin or hemosiderin to form iron-
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containing complexes. Knowledge of macrophage iron management can be used to infer 

other details of the microglial-centric pathway. Heme transporters may also be involved in 

transporting heme into the cell or release it from plasma membrane-derived vacuoles 

following phagocytosis. Increases in the labile iron pool may cause excess iron to catalyze 

production of reactive oxygen species. Iron release may be inhibited by hepcidin hormone 

binding to and degrading ferroportin transporters. As iron can only bind when in the ferric 

form, membrane bound ferroxidases may be oxidizing the ferrous form. As an additional 

idea, the debris following RBC hemolysis and heme release may be shuffled to lysosomes 

for degradation (Figure 4.8). Any lysosomal iron may be combined with partially degraded 

ferritin protein to create hemosiderin. Finally, additional stressors may free iron and evoke 

toxicity such as ferroptosis, an iron-dependent programmed cell death [406]. Many 

directions remain to be studied in an effort to understand iron management by microglial 

cells. I have only begun to discover this alternative pathway of iron regulation. 
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Figure 4.8  Schematic of iron regulation by activated microglia. Cartoon depicts pathways 

for microglial management of excess iron following traumatic brain injury. Activated 

microglia phagocytose red blood cells whereupon heme becomes released. Following 

heme depletion, any remaining debris may be transported to lysosomes for degradation. 

Alternatively, extracellular heme may be transferred into the microglia via a heme 

transporter. Cytosolic heme can be lysed by heme oxygenase 1 to release free iron and 

increase the labile iron pool. Excessive intracellular iron can be: (1) oxidized to produce 

reactive oxygen species, (2) released by ferroportin transporters, (3) stored by ferritin, or 

(4) bound as hemosiderin for long term storage. Excessive extracellular iron can be 

converted to the more stable, ferric form by ferroxidases and (5) bind to apotransferrin for 

transportation or, when apotransferin becomes saturated, (6) be stored in iron-containing 

vesicles. (7) However, in the presence of alcohol, stored iron may be released, converted 

to its toxic, ferrous form by ferrireductase, and, as a result, generate oxidative stress. The 

pink text indicates a representative image that depicts this event. The cartoon was created 

with BioRender.com. 

 

4.4.2 Alcohol’s influence extends to iron management 

As the major alcohol filtrating and metabolizing organ of the body, the liver becomes an 

obvious site for alcohol-induced iron build-up [407]. In fact, this iron accumulation has 

been shown to contribute to the onset of alcoholic liver disease. This then develops into 

hepatitis and, over time, liver cirrhosis and destruction. In these same respects, generation 

of iron deposits in the brain may also lead to a form of inflammation and, if not corrected, 

neurodegeneration. This study has shown that alcohol consumption increases bleeding and 

consequent iron deposition in the CNS (Figure 4.6.B). In addition, alcohol abuse has also 
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been shown to frequent rebleeding incidents and, in so doing, can augment deposition 

numbers even more [408]. Despite this, I did not observe noticeable amounts of ferrous 

iron under EtOH + FPI. Therefore, although alcohol consumption significantly increases 

iron load in the CNS, the iron regulatory mechanisms adapted to accommodate this upsurge 

and prevent free iron accumulation and iron toxicity. To this effect, this study has shown 

that prior chronic alcohol exposure changes the response of all three iron management 

pathways following FPI (Figure 7). Specifically, alcohol galvanized LCN2, HO-1, and F-

LC into early expression and, for F-LC, maintained this level. Even though LCN2 and HO-

1 expression did greatly recede over time, low levels were still found. It may be that 

continued chronic alcohol consumption following FPI is required to release hemosiderin 

bound iron. This persistent stress would prevent inflammation from resolving and 

deregulate CNS functions. One affected system may be iron storage wherein the 

hemosiderin protein complex becomes destabilized and releases iron. Future research 

should examine iron aggregation and regulation when chronic alcohol consumption is 

continued following FPI (an EtOH + FPI + ETOH model). 

 

4.5 Conclusion 

The iron management system in the body is very efficient, especially so in the CNS. This 

becomes most evident when examining iron regulation under FPI following chronic 

alcohol consumption. In effect, three distinct pathways coordinate to ensure iron is only 

ever briefly unbound. The LCN2/HO-1/F-LC arrangement serves to identify, extract, and 

sort excess iron coming from its primary source, hemorrhage. Meanwhile, transferrin and 

hemosiderin binding control the overflow. I have shown that microglia play a role as well 
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in clearing away some of the RBCs and iron deposits. Even with these processes, the CNS 

has additional chelators and neuromelanin to trap more iron. There may also be even more 

iron regulatory pathways and iron toxicity safeguards yet undiscovered. These results 

contribute to and expound upon the impressive iron management system. 
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CHAPTER 5 

SUMMARY CONCLUSION 

 

In Chapter 1 I conduct a literary search and describe alcohol use and HIV-1 infection as 

having a pervasive impact on brain function, which extends to the requirement, 

distribution, and utilization of energy within the central nervous system. This effect on 

neuroenergetics may explain, in part, the exacerbation of HIV-1 disease under the influence 

of alcohol, particularly the persistence of HIV-associated neurological complications. I 

wanted to highlight the possible mechanisms of HIV/AIDS progression in alcohol users 

from the perspective of oxidative stress, neuroinflammation, and interruption of energy 

metabolism. These include the hallmark of sustained immune cell activation and high 

metabolic energy demand by HIV-1-infected cells in the central nervous system, with at-

risk alcohol use. The increase in energy supply requirement by HIV-1-infected 

neuroimmune cells as well as the deterrence of nutrient uptake across the blood-brain 

barrier significantly depletes the energy source and neuro-environment homeostasis in the 

CNS. Finally, I described the mechanistic idea that comorbidity of HIV-1 infection and 

alcohol use can cause a metabolic shift and redistribution of energy usage toward HIV-1-

infected neuroimmune cells. Under such an imbalanced neuro-environment, meaningless 

energy waste is expected in infected cells, along with unnecessary malnutrition in non-

infected neuronal cells, which is likely to accelerate HIV neuro-infection progression in 

alcohol use. Thus, it will be important to consider the factor of nutrients/energy imbalance 

in formulating treatment strategies to help impede the progression of HIV-1 disease and 

associated neurological disorders in alcohol use. 
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 In Chapter 2 I explored alcohol and HIV-1 protein trans-activator of transcription 

(TAT) on macrophage migration. TAT is an HIV-1 regulatory protein that is actively 

sloughed by infected cells. Once released, TAT can injure bystander cells and bring about 

their dysfunction. In the presence of ethanol, TAT-induced toxicity potentiates and, in so 

doing, exacerbates inflammation. One key aspect of neuroinflammation involves the 

infiltration of peripheral macrophage to the central nervous system. I used an interactive 

neuroimmune cell coculture of brain endothelial, astrocyte, neuron, and macrophage cells 

to model the blood-brain barrier and evaluate macrophage migration upon challenge with 

ethanol and TAT concentrations. I have limited this study to examine TAT concentrations 

found in people living with HIV-1 with (5 ng/mL) or without (25 ng/mL) viral suppression 

and ethanol doses below the legal driving limit (10 mM). In so doing, I study the effects of 

casual drinking on people living with HIV-1 but experiencing the best possible clinical 

outcome. Results showed that TAT alone increases macrophage migration immediately 

(before 4 hrs.) while ethanol alone increases migration in a delayed manner (occurring at 

48 hrs.). Ethanol-induced NO production by endothelial cells and TAT’s chemoattractant 

properties may explain this dichotomy in migration pattern. Combined low dose ethanol 

significantly increased migration under both 5 ng/mL and 25 ng/mL TAT injuries across 

all timepoints. These findings suggest that co-presence of ethanol and TAT may be the 

combination of an initial TAT effect followed by subsequent ethanol injury. I also 

examined the structural and behavioral changes of neurons treated with TAT and ethanol 

to understand their contribution to neurotoxicity. 

 Chapter 3 examined a possible antiretroviral compound called Drug-S. Although 

the combination of highly active antiretroviral therapy (cART) can remarkably control 
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human immunodeficiency virus type-1 (HIV-1) replication, it fails to cure HIV/AIDS 

disease. It is attributed to the incapability of cART to eliminate persistent HIV-1 contained 

in latent reservoirs in the central nervous system (CNS) and other tissue organs. Thus, 

withdrawal of cART causes rebound viral replication and resurgent of HIV/AIDS. The lack 

of success on non-ART approaches for elimination of HIV-1 include the targeted 

molecules not reaching the CNS, not adjusting well with drug-resistant mutants, or unable 

to eliminate all components of viral life cycle. I show that our lab’s newly discovered Drug-

S can effectively inhibit most HIV-1 infection at the low concentration without causing 

any toxicity to neuroimmune cells. 

 Finally, Chapter 4 explored the effects of combined chronic alcohol use and 

traumatic brain injury on iron management. Hemorrhage is often a major component of 

traumatic brain injury. However, without a defined clearance system, red blood cells 

(RBCs) are forced to accumulate at the hemorrhagic site. Upon energy depletion, RBCs 

undergo hemolysis and release free iron into the central nervous system (CNS) that must 

be efficiently managed to prevent accumulation associated toxicities. Prior chronic alcohol 

consumption, as a secondary stressor, may increase iron aggregation and alter its 

management. Using an animal model of chronic alcohol exposure and fluid percussion 

injury (FPI), I examined iron regulation under this combined injury. Results showed that 

excess iron can be managed by three distinct pathways, transferrin and hemosiderin 

binding, a lipocalin 2/heme oxygenase 1/ferritin system, and microglial phagocytosis. 

Previous studies have shown that in the CNS iron is regulated in a time-dependent manner 

following FPI. With alcohol exposure, more iron deposition was found as well as a time 

shift to regulation. In addition, I provide evidence that microglia also play a role in iron 
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management through RBC phagocytosis. These results reveal the intricacy and plasticity 

of iron management and highlight the importance of proper iron regulation in the CNS. 
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