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ABSTRACT

Despite recent advancements in healthcare that allow people living with HIV (PLWH) and healthy people living with comorbid conditions, such as obesity, diabetes, and heart disease, to live longer, new consequences arise, as people now live for longer durations of time with these diseases and comorbid conditions. Research has suggested that presence of diseases such as obesity, diabetes, and heart disease in mid-life could be predictive of cognitive decline development later on in life through several interconnected pathogenic mechanisms, each of which could potentially be exacerbated by HIV infection.
 For instance, systemic inflammation caused by obesity, cardiovascular disease development, metabolic dysregulation, and HIV infection could eventually lead to neuroinflammation, development of pathogenic vascular plasticities which result from a heightened inflammatory state, and secretion of pro-inflammatory cytokines, all which ultimately culminate in cognitive decline. Eventually, this leads to a synergistic effect in PLWH, as additional cardiac complications occur in this cohort of people due to previously harsh antiretroviral therapy management, development of myocarditis, endothelial damage, and eventual heart failure. Overall, each of these processes contribute to pathogenic pathways which lead to cognitive decline, and potential development of HIV-associated neurocognitive disorder (HAND) in PLWH.

This essay aims to describe, in detail, the interplay of the aforementioned mechanisms, and to also examine if single-nucleotide polymorphisms of the cyclic AMP (cAMP) element-binding protein CREB1, which has been implicated in higher rates of cognitive decline in healthy adults, exist at significant levels in PLWH. Results show no significant interaction between alleles of CREB1 and decline status in this cohort of subjects, however it is important to continue research in this area, due to its public health implications.
This area of research is of high public health significance, because individuals living with these conditions may eventually suffer from a lower quality of life as a result of comorbid conditions. Additionally, it addresses current gaps in research by attempting to describe a causal pathway of how cognitive decline progresses in HIV-infected vs. healthy individuals, what factors (i.e. environmental, genetic) could contribute to this progression, and if/how they can be managed to ensure better quality of life.
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1.0  Introduction

As advances in medical care continually take place, a large portion of the population throughout the United States is living longer. Although these advances are helping the population to live longer, age-related complications are rising, leading to new concerns over the aging population. For instance, chronic conditions, such as cardiovascular disease, diabetes, obesity, and resulting comorbidities, are occurring for longer durations of time in the aging population. Presence of these diseases in mid-life has been implicated in subsequent cognitive decline later on in life 1, and rates of cognitive decline are only expected to increase in the future 2. 

Inflammatory mediators related to these chronic conditions are thought to be one of the driving factors for age-related complications secondary to these comorbidities 3. These findings can be implicated in a variety of settings, including with complications arising from Human Immunodeficiency Virus (HIV). A growing body of evidence suggests that systemic inflammation, that arises from HIV infection, leads to a complex interplay of comorbidities, such as with development of cardiovascular disease and metabolic disorders 4, and may lead to the development of HAND5. Throughout this Master’s essay, I will explore the multifaceted relationships between each of these conditions in an effort to draw conclusions about the effects of inflammation and cardiovascular disease on subsequent cognitive disorder development in PLWH.
1.1 Cognitive Decline, Obesity, and Inflammation

The negative effects of a high prevalence of obesity in the population have been well documented over the last several decades. This disease not only has high healthcare costs associated with it, but it is also a major contributing factor to related metabolic diseases, such as cardiovascular disease (CVD), hypertension (HTN), and type 2 diabetes mellitus (T2DM). According to statistics from the Centers of Disease Control and Prevention (CDC), more than one-third of the United States adult population is considered obese 6. This statistic is highly concerning, given the negative downstream consequences that result from obesity-related comorbidities, and also given that a large proportion of the United States population consumes a “western diet,” (i.e. a diet high in fats, sugar, red meat, and refined grains) which also largely contributes to the obesity epidemic7.

The effects of obesity are chronic and cause a slow, life-long, health decline if left unmanaged. For instance, there is growing evidence that presence of obesity at midlife can lead to subsequent cognitive decline later on in life. A 2008 article which supported this evidence looked at central obesity and found that central obesity at midlife was linked to an increased risk of dementia later on in life, and that the most obese individuals in the observed cohort had a nearly three-times higher risk of dementia development, compared to the least obese individuals of the cohort 8. These findings have since been reproduced. 

The observed effects of obesity develop over prolonged periods of time, which begs the question- is obesity itself a risk factor, or is something else causing these downstream health consequences? To answer this question, many researchers have studied inflammation resulting from obesity-related processes as a potential mediator in the pathway to metabolic disorders. The negative effects of inflammation on the body have been well documented in various situations. Many metabolic diseases, like CVD, HTN, T2DM, etc. are coming to light with the rise of the obesity epidemic throughout the general population. Current literature suggests that the underlying pathological factor for these issues is low-grade inflammation and resulting oxidative stress in the body, which activates the immune system and causes the downstream effect of disease development 3.  

Generally speaking, neuroinflammation is thought to be a major causal factor in the etiology of various age-related diseases and is thought to occur as a pro-inflammatory state ensues during the normal aging process9–11. This occurs as microglial cells are activated in the brain and an increased level of cytokines such as TNF-α and various interleukins circulate throughout the body. Further contributing to these inflammatory issues is the progressive deterioration of the immune system through aging. As aging occurs, the immune system responds more slowly, works at a lower intensity, and its response may also occur over a prolonged period of time12–14. Overall, these processes lead to an inflammatory state which contributes to cognitive decline as normal aging occurs. 

As adipose tissue accumulates inside the body during the development of obesity, the cycle of complications begins. Adipose tissue may seem like a simple accumulation of tissue resulting from a combination of genetic and environmental factors, but it is, in fact, a proinflammatory endocrine, autocrine, and paracrine organ capable of complex functions (Lau, Dhillon, Yan, Szmitko, & Verma, 2005). This tissue is able to regulate metabolic processes within the body and secretes a variety of biomarkers that affect systemic regulation. Adipose primarily consists of adipocytes (i.e. fat-storage cells) and their precursor cells, and a combination of immune cells including macrophages, fibroblasts, and leukocytes. Typically, if normal levels of these cells are maintained, there is low risk for cell ratio dysregulation and subsequent disease complications. However, in the case of obesity, excess fatty acids that circulate the bloodstream are stored as triglycerides in the adipose tissue, which eventually increases the size of the adipocytes themselves 16. 

One commonly accepted pathological mechanism suggests that obesity-related issues ensue as adipocyte hypertrophy and hyperplasia occur following environmental (i.e. over-eating, stress, smoking, physical inactivity) and genetic factors that cause weight gain. When this occurs, the enlarged adipocytes experience hypoxia that then leads to downstream consequences, including adipocyte apoptosis and macrophage infiltration into the adipocytes.  This mechanism leads to systemic inflammation due to pro-inflammatory metabolite production of adipokines (i.e. leptin and adiponectin, which have both been implicated in control of food energy expenditure and metabolism), and secretion of free fatty acids (FFA), tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), interleukin-1 (IL-1), and C-reactive protein (CRP), to name a few15,17. As this occurs, the lipoprotein lipase enzyme is activated by these pro-inflammatory cytokines and promotes circulation of increasing lipid levels in the blood17.

 Production of these inflammatory mediators has been shown to contribute to a cascade of complications. For instance, FFA production leads to FFA circulation in the body, which can eventually lead to atherosclerotic plaque buildup and diminished pancreatic β-cell function  (for further explanation, please refer to appropriate sections below) 18.  Additionally, circulating FFAs can stimulate Toll-Like Receptor 4 (TLR4) and contribute to the inflammatory process by furthering the inflammatory cascade 3. As mentioned previously, during the inflammatory process resulting from obesity, adipocyte apoptosis occurs. TNF-α has been implicated as the inflammatory promoter of adipocyte apoptosis and also works to stimulate insulin resistance 19. CRP, TNF-α, and FFAs work synergistically to promote abnormal triglyceride circulation in the blood, which contributes to further cardiac and insulin resistance complications. IL-6 has a unique role as both an inflammatory and anti-inflammatory mediator and works to impair insulin sensitivity while promoting CRP production 20. ‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬

The pro-inflammatory cytokines that are activated locally in the adipose tissues eventually circulate centrally and lead to overall low-grade inflammation 3. As the previously mentioned pro-inflammatory cytokines circulate the bloodstream, they cross the blood brain barrier, and can also be produced locally in the brain as a response to the circulating cytokines, affecting various parts of the brain7. Most notably, IL-6, IL-1, and TNF-α have been shown to affect the hippocampus and cortex, since receptors for these pro-inflammatory cytokines are located throughout these brain regions. In turn, this low grade inflammation has been linked with subsequent cognitive decline, as both of these brain regions have implications in learning, memory, and cognitive processes 3,7. Furthermore, research suggests that IL-1 inhibits N-Methyl-D-Aspartate (NMDA) receptors in the brain in mouse models21. When applied to humans, this can explain hippocampal damage in the brain, as neurological signals are impaired due to NDMA receptor inhibition secondary to IL-1 influx. In turn, this damage leads to cognitive decline and deficits in learning and memory. 

It is also important to note that obesity has been implicated as a casual factor in reduced focal gray matter volume in the frontal lobes of the brain, and is also thought to impair executive function, learning and memory. Studies have shown cognitive deficits in obese individuals when compared to healthy individuals across many cognitive domains including in decision making, attention, verbal memory, and visual memory, to name a few22. Although these effects are seen gradually in the adult population through normal aging, they seem to be exacerbated in obese individuals23–25. Generally speaking, the negative downstream effects of obesity can be observed in a variety of processes, as the condition affects the body systemically. Obesity’s major effects on vasculature and potentially on cognition make it a disease of major public health concern, because consistent periods of obesity earlier on in life (i.e. midlife) have been linked with cognitive impairment later on in life22. The complex interplay of obesity, inflammation, and insulin resistance is responsible for the environment that leads to subsequent cognitive decline later on in life. Thus, the longer that these issues ensue, the higher likelihood there is for one to suffer from cognitive issues, making this trifecta of issues a highly concerning. 

1.2 Cognitive Decline, Metabolic Syndrome, Insulin Resistance, and Diabetes

Further contributing to inflammation- and obesity-related issues is the development of metabolic syndrome (MetS), a pathologically complicated disorder which severely heightens risk of comorbidities. MetS results from the interplay between several major factors: insulin resistance, abdominal obesity, atherogenic dyslipidemia, endothelial dysfunction of the cardiovascular system, hypercoagulable state, and chronic stress. Consequently, inflammation related to MetS occurs along with these comorbid disorders, leading to chronic inflammation, vascular complications, and atherosclerotic formations 26. It is important to note that presence of MetS significantly increases likelihood of T2DM, and according to a 2017 National Health and Nutrition Examination Survey (NHANES) analysis, odds ratios showed a higher prevalence of MetS associated with elevated waist circumferences, elevated blood lipid levels, reduced high density lipoprotein (HDL) cholesterol, elevated blood pressure, and elevated fasting glucose. These findings highlight the systemic dysregulation that leads to a cascade of downstream health issues when metabolic syndrome begins to develop27. 

As mentioned previously, abdominal obesity heightens the inflammatory response and has been implicated in the development of MetS. Subsequently, it is important to note that as the pro-inflammatory state ensues, the cytokines that are produced as a result of obesity-related inflammation alter the effect of the insulin response. For instance, production of TNF-α blocks the insulin signaling pathway, leading to inhibition and under-production of insulin that, in turn, causes poor glucose regulation and development of T2DM 28. Similarly, FFA production caused by adipocyte apoptosis induces insulin resistance by inhibiting insulin-mediated glucose uptake and impairing function of pancreatic β-cells. This occurs as the normal process to convert fatty acids into triglycerols is dysregulated and leads to higher levels of blood glucose and fatty acids in the blood, which can result in T2DM complications over time17,18. As IL-6 production increases, IL-6 works independently to increase CRP levels and impair insulin sensitivity 29. These increased CRP levels may contribute to insulin resistance and are also linked to future adverse cardiac events30. Overall, each of these processes leads to dyslipidemia and dysregulation of insulin and blood glucose reuptake, highlighting the interconnected nature of obesity, inflammation, insulin resistance, and T2DM.

Insulin resistance, classified by poor tolerance to glucose testing, inadequate glucose metabolism (i.e. poor clearing of glucose or higher glucose production), and/or hyperglycemia, also contributes to systemic issues through the progression of inflammation and MetS. Insulin resistance significantly contributes to the severity and development of metabolic diseases and neurodegenerative processes, as insulin sensitive tissues such as adipose, the brain, the liver, and skeletal muscle are all affected. As mentioned previously, when insulin resistance occurs, pancreatic β-cells are compromised and cause dysregulation of insulin levels systemically (i.e. eventual insulin resistance). When this dysregulation occurs, initially, pancreatic β-cells work more diligently to produce excess insulin in order to compromise for circulation of increasing blood glucose levels17. However, eventually, this results in pancreatic β-cell dysfunction due to overstimulation of these cells. In turn, this condition leads to pancreatic β-cell apoptosis, and MetS and T2DM development, as pancreatic β-cells are unable to produce normal amounts of insulin31,32. Consequently, the tissues of the aforementioned insulin-sensitive organs are unable to adequately reuptake circulating glucose. Eventually, this dysregulation of insulin pathways leads to abnormal fat uptake and distribution, and consequent vascular abnormalities17,26. 

Several biochemical mechanisms are proposed to account for these issues. Typically, normally functioning insulin pathways carry out their roles as insulin is secreted by pancreatic β-cells in order to metabolize excess blood glucose. After this, insulin receptor (IR) proteins are activated and cause a cascade of biochemical reactions that then lead to glucose reuptake. When any of these aforementioned metabolic pathways are disturbed, either due to abnormal genetic or phenotypic, environmentally caused changes, insulin resistance may occur as a consequence. For instance, modifications to different serine residues have been researched as possible causal mechanisms for insulin resistance. It is postulated that proinflammatory cytokines such as TNF-α, which are secreted as a result of a larger presence of adipose, lead to hyper-phosphorylation of serine residues that may, in turn, lead to insulin resistance33–35. It is also believed that insulin resistance may be caused by under expression of insulin receptors or impaired response to the insulin ligand, due to chronic hyperglycemia, causing desensitization of these effector functions36. Furthermore, research has shown that hyperglycemia and hyperinsulinemia may also cause lower binding to insulin receptors in adipose tissues, once again reinforcing the negative feedback loop that leads to insulin resistance37. Another proposed mechanism suggested as a causal pathway to insulin resistance is through the dysregulation of the PI3K enzyme; however, existing findings on this topic remain controversial38. 

With the rise of obesity and obesity-related comorbidities like MetS and T2DM, there is growing evidence for cognitive implications resulting from the interplay of inflammation and oxidative stress. Several studies have linked T2DM with cognitive decline, and have concluded that longer durations of T2DM disease processes leads to cognitive impairment later on in life 39. Additionally, a recent study looking at memory, executive function, and orientation showed a positive association between cognitive decline, increased hemoglobin A1C (HbA1c, a measure of average blood sugar level), and diabetes 40.

More specifically, as mentioned previously, the brain is one of the organs that is affected by insulin; thus, insulin resistance has been studied as a causal mechanism for issues with neuronal function. Insulin receptors are located throughout the brain and significantly contribute to certain neural pathways. In the hypothalamus, insulin acts on insulin receptors to regulate appetite, white fat mass, glucose output and production, and to respond to hypoglycemia, to name a few41. Insulin receptors are also found in areas of the brain that are important for learning and memory, such as the cerebral cortex, entorhinal cortex, and hippocampus42.  It can be deduced that if there is insulin dysregulation or issues with insulin function and the aforementioned responses are also dysregulated, then insulin resistance in the brain can contribute to metabolic syndrome development43. The negative effects of insulin resistance have been observed in a recent study looking at memory functioning and deficits in people with insulin resistance versus healthy controls; this study found a negative correlation between insulin resistance and 1) scores on categorical verbal fluency tasks, 2) brain size, and 3) gray matter volume in the temporal lobes, indicating a potential degenerative influence of insulin resistance on the brain44.

For instance, as mentioned previously, TNF-α leads to hyper-phosphorylation of serine residues in the brain. This occurs as insulin receptor substrate-1 (IRS-1) is induced to phosphorylate serine residues. In turn, this phosphorylation inhibits the binding of PI3K, which typically binds through normal insulin stimulation. As a result, defective binding of PI3K results in abnormal insulin signaling within the cell45–47. Additionally, as insulin resistance occurs, insulin transport to the brain is downregulated, leading to insulin deficiency in the brain. Studies show that this process has been implicated in the causal pathway of decreased grey matter volume in the temporal lobes of the brain, indicating that this neurodegenerative process can have consequent cognitive decline implications48. For instance, even before T2DM develops, a proinflammatory state in the CNS induced by insulin resistance has been observed as a potential reason for memory impairments in older adults, through its effects on the hippocampus and hypothalamus49,50. 

As can be seen, aside from insulin’s effects on metabolism, it has also been shown to regulate neurotransmitter channel activity. Thus, disruption of normal insulin mechanisms could potentially lead to dysfunctional neuron and neuronal synapse dysfunctions43. For instance, presence of insulin has been implicated as an important functional component for the glucose transporter, GLUT4, in the brain. Although this is not a major mechanism for glucose transport into the brain, it is still important to note that dysregulation of this transporter can have consequential effects in the brain as a result of insulin resistance51. 
Further research evidence shows that insulin resistance may affect the hippocampus in the brain and may lead to smaller hippocampal volume, which may have consequential effects on memory and cognition52,53. These consequences occur as impaired insulin action leads to impaired NDMA receptor pathways, which insulin normally contributes to. In turn, normal neuronal synapses lose their excitatory function and a lower amount of long term potentiation occurs among the neurons in the hippocampus, likely leading to impaired learning and memory54. As discussed previously, the chronic inflammatory state induced on the brain through insulin-resistant pathways resulting from each of these processes is likely the major contributory factor leading to diabetes-associated cognitive decline.
1.3 Cognitive Decline, Dyslipidemia, and Cardiovascular Complications 

With each of these mechanisms obstructing the normal function of insulin pathways, dyslipidemia occurs. Dyslipidemia, defined by elevated triglycerides, increased levels of low-density lipoprotein (LDL) cholesterol and decreased levels of HDL cholesterol, contributes to the inflammatory state. This process begins to occur as impaired insulin activity decreases insulin’s protective function on adipocytes and increases lipolysis in adipocytes. Consequently, FFA’s accumulate and dyslipidemia is heightened in response to a compromised insulin feedback, through which normal functioning of insulin response systems does not occur, and very low density lipoprotein (VLDL) accumulation occurs. As a result, the “bad” VLDL cholesterol is not cleared from the system appropriately, and atherosclerotic disease and endothelial dysfunction can develop, leading to subsequent cardiovascular problems 26. 

Endothelial dysfunction, classified by imbalances in vasodilation and vasoconstriction of the endothelium, starts the process of atherosclerosis development15. As inflammation occurs throughout the body, the endothelium of blood vessels is compromised and leads to increased permeability of leukocytes into the vessels, increased VCAM-1 and ICAM-1 adhesion molecule expression, and increased expression of P- and E-selectins. Early research shows that these processes contribute to atherosclerotic plaque buildup, compromised plaque integrity and rupture, thrombus formation, potential occlusion of blood vessels, and eventually infarction15. 

These studies have also pointed to adipokines and inflammatory cytokines produced by adipose tissue to have a major influence on the aforementioned processes, due to their contribution to the overall inflammatory state and also to cardiovascular disease risk factors15. CRP, leptin, TNF-α, serum amyloid A, and angiotensinogen are among the factors which have been explored as contributors to development of endothelial dysfunction. For instance, the inflammatory adipokine CRP, which is elevated in overweight individuals, as well as those with MetS, insulin resistance, and T2DM, has been shown to directly influence endothelial function by inducing VCAM-1, ICAM-1, selectins, and other vasoconstricting molecules55,56. Additionally, it inhibits nitric oxide (NO) production, leading to impaired angiogenesis which can lead to downstream consequences, such as small vessel disease, over time57–59. Leptin also affects the cardiovascular system by increasing platelet collection, possibility for thrombosis, and also potential cholesterol accumulation in macrophages during situations of high glucose exposure, thus highlighting the connection of cardiovascular events and diabetes57,58,60,61. TNF-α has been implicated in initiating and continuing formation of atherosclerosis by inducing VCAM-1, ICAM-1, and E-selectin expression, by encouraging apoptosis in endothelial cells, and by impairing NO availability, again leading to eventual endothelial dysfunction62–65. Serum amyloid A (SAA) has been implicated in similar situations and is also thought to contribute to greater levels of circulating apolipoprotein. This is likely results as SAA causes “good” HDL cholesterol to bind to macrophages and takes the place of apolipoprotein A1 from HDL cholesterol while diminishing free HDL cholesterol66. In turn, these processes can lead to lower levels of “good” HDL cholesterol, allowing “bad” LDL cholesterol to circulate at higher levels. Additionally, freely circulating apolipoprotein may have cognitive decline consequences as it circulates for more prolonged periods of time. Angiotensinogen also stimulates VCAM-1, ICAM-1, and MCP-1 (monocyte chemoattractant protein-1), again contributing to atherosclerotic formation much like TNF- α and CRP67. Similarly, it affects the volume of freely circulating NO in the bloodstream, leading to vascular tissue damage68. These are only a few of the inflammatory factors and their functions which persist throughout the formation of atherosclerosis and endothelial damage. As can be seen, the process is intricately complicated and has intertwined pathologies as it progresses. 

Presence of the aforementioned comorbidities, combined with vascular risk factors (i.e. obesity, smoking, diabetes, hypertension, and hypercholesterolemia) have strongly been implicated as mediating factors for heart failure development, cognitive decline, and subsequent dementia development later on in life 69. In this case, the influence of inflammation on the cardiovascular system which contributes to heart failure (HF) development is once again thought to be the causal factor for cognitive decline development. Research suggests that a combination of processes occurs which leads to these two comorbidities, and that reduced cerebral blood flow (i.e. cerebral hypoperfusion) secondary to heart disease complications are the primary reasons for the ensuing cognitive impairment, as evidenced by impaired completion on attention, executive function, memory, psychomotor speed, and language tasks, later on in life 70. 

The process of aging also contributes to vascular complications and leads to subsequent cognitive decline development71. Through a combination of the aforementioned processes, cerebral blood flow is obstructed and angiogenesis is decreased as a normal part of aging. Additional vascular changes, such as development of white matter hyperintensities (WMHs), also ensues59. Research suggests that WMHs occur alongside the presence of hypertension, atherosclerosis, and decreased blood vessel density72–74. These plasticities are especially concerning, because they are thought to contribute to ischemia, blood brain barrier leakage, inflammation, and neurodegeneration, all which of course have memory and behavioral implications. 

1.4 HIV, Inflammation, and Immune Activation

Infection with HIV, leading to immune activation has been implicated as the general method of pathogenesis which leads to HIV-associated comorbidities and Acquired Immunodeficiency Syndrome (AIDS). In untreated HIV infection, systemic infection occurs as CD4+ T-cells decline and viral p24 antigen increases 75. More specifically, research suggests that CD4+ T-cell depletion occurs with CD4+ T-cells that reside in the gut, and consequently, HIV infection leads to inflammation-causing microbial translocation due to deterioration of the intestinal epithelium. It is believed that then, monocyte and T-cell activation occurs due to circulation of viral products, leading to persistent immune activation and inflammation 75. Despite the fact that T-cell activation lessens during the progression of HIV and during the course of ART, type I interferon response, monocyte activation, and inflammation and coagulation markers are still heightened in HIV+ compared with HIV- individuals75.

Inflammation defined by high production of proinflammatory cytokines and biomarkers, such as IL1-β, IL-6, TNF-α, and CRP, persists even when the infected individual is on an antiretroviral therapy (ART) regimen, and is implicated in the phenomenon known as “inflamm-aging”76. In other words, this inflammation is thought to eventually lead to cognitive decline and the development of HAND, discussed later on 75. Several studies have shown supportive evidence for this theory. For instance, the Strategies for Management of Antiretroviral Therapy (SMART) study showed that the chronic inflammatory state that HIV infection induces contributes to a greater morbidity and mortality risk in the infected cohort of people, as evidenced through higher levels of CRP, IL-6, and the protein product D-dimer which were correlated with a greater level of significance in HIV+ versus HIV- individuals. Overall, these findings suggest that there is a greater influence of inflammation on aging and age-related changes in PLWH77–81. 

The complex interplay between the HIV virus and host response leads to a chronic state of inflammation in HIV+ individuals. Besides microbial translocation, several other factors including HIV replication, co-infections, and comorbidities contribute to immune activation. One theory suggests that even in virally suppressed patients, subclinical levels of viral replication occur that continuously keep the immune system heightened and trying to fight off the HIV infection. 

Additionally, due to a weakened immune system, PLWH have an increased likelihood to develop a heightened response to viral or bacterial infections. Viral and bacterial co-infections may contribute to the elevated immune activation, as the immune system tries to suppress both the HIV infection and also the co-infection. Cytomegalovirus (CMV) is one of the most notable and common co-infections that can occur in PLWH and can account for 10% of the circulating memory T-cells in HIV- individuals. This percentage is even higher in PLWH. Downstream effects of this co-infection, including greater levels of atherosclerosis development and CMV-specific T-cell responses, heighten the effect of CMV infection in HIV+ individuals75. With all of these inflammatory complications occurring in HIV+ individuals, the inflammatory changes described previously persist in the HIV+ individual and lead to complicated comorbidities. 

Inflammatory changes, similar to those mentioned previously, occur in the brain as well. There lacks definitive research on the exact mechanism of action of HIV on the brain, but several strong theories have been proposed as potential explanations. The most widely-accepted theory suggests that the HIV virus infects the central nervous system (CNS) through CD4+ T-cells or other monocytes which are simply circulating through this part of the body, but eventually go on to infect the cells of the CNS82,83. To further this theory, recent research has suggested that through the depletion of CD8+ T-cells in the cerebrospinal fluid, the HIV virus is able to replicate in the CNS and provide a continual source of HIV virus throughout the system84–86.  Another theory suggests that the HIV infection alters vital proteins in the blood-brain barrier and in turn, causes the blood-brain barrier to experience problems, such as leakage87–89. Each of these potential mechanisms contribute inflammation and immune activation, which lead to neurological injury in the CNS.

Methods of neurological injury are also not fully understood, but several theories describe how HIV potentially leads to cognitive disorder development. For instance, shortly after initial infection, higher levels of neurofilament light chain (NFL) are detected in the cerebrospinal fluid of infected individuals90. This is highly concerning because this biomarker is indicative of neuronal damage, as evidenced through neurofilament accumulation which occurs during neuroaxonal degeneration91. Aside from occurrence of neuroinflammation, proteins such as the protein Tat, which activates transcription of HIV, have been implicated in neurological changes. It has been proposed that aside from being a crucial component in HIV transcription, Tat contributes to the development of HAND by being involved neurotoxic astrocyte activity action92. Studies suggest that eventually these processes upregulate penetration of the blood brain barrier by monocytes, again leading to a proinflammatory response93.

1.5 HIV, ART, and Cardiovascular Complications

Although increased life expectancy of PLWH is one of the greatest achievements of HIV research and therapy development, a variety of issues that PLWH face come along with these advances. For instance, as PLWH age, their chances of developing age- and lifestyle- related comorbidities increases, and often times, as PLWH age, they develop non-infectious comorbidities (i.e. cardiovascular disease, hypertension, T2DM, chronic kidney disease, and non-AIDS cancers, for example)4. Most notable is the bidirectional relationship between HIV-induced inflammation and comorbid diseases, namely, cardiovascular complications. This condition develops despite use of ART and occurs as the inflammatory state persists in the body as a result of both the HIV infection itself and the ART regimen. For instance, a common cardiac effect resulting from HIV infection is left ventricular (LV) dysfunction which can eventually lead to heart failure development due to abnormal LV wall thickness or dilation. 

Additional cardiomyopathies, including myocarditis during late stages of HIV infection, can also occur due to cardiac function damage resulting from infection with different opportunistic infections. During development of myocarditis, cardiac myocytes are invaded by the pathogen, leading to an inflammatory response (i.e. myocarditis development) due to an induced cytokine response94. Research shows that during the development of myocarditis, the HIV virus can remain inside macrophages between myocardial cells, and may induce cytokine production which consequently damages the myocardial tissue 95. Then, the HIV virus can further damage surrounding tissues as it remains in these cells, and in turn, contributes to LV dysfunction through the induced inflammatory response96. Furthermore, this type of inflammation can negatively affect the vasculature and lead to development of atherosclerosis and eventual myocardial infarction, due to dyslipidemia defined by abnormalities in total cholesterol, LDL-C, and HDL-C, and high serum triglycerides 97. 

With growing advancements in antiretroviral medications for treatment of HIV, PLWH are able to live longer lives. However, concerns about issues related to HIV medications arise, because as HIV-infection causes hypertriglyceridemia and decreased HDL levels, ART also contributes to metabolic changes, dyslipidemia, and insulin resistance 97. Consequently, there is an increase in concern for MetS and T2DM development, both of which further exacerbate the inflammatory state and reinforce the damaging cycle of comorbidities. 

To add to these effects, PLWH also suffer from a collection of further non-specific cardiovascular comorbidities, referred to as anti-retroviral-associated-lipodystrophy (LD) syndrome, as a result of prolonged exposure to ART98. Through this condition, PLWH may have abnormal fat distribution with lipoatrophy in certain parts of the body where fat is normally stored, lipoaccumulation between the abdomen and neck, and/or visceral obesity. When this occurs, the inflammatory state is heightened further, due to the adipose accumulation’s contribution to secretion of inflammatory cytokines and insulin resistance, both of which are implicated in the causal pathways of cognitive decline, as mentioned previously99,100. 
During the early days of ART, ART consisted of a multiple-pill-a-day drug cocktail, and individuals on ART were observed to have the aforementioned abnormal fat distribution patterns as a result of these heavy drug regimens that potentially contributed to metabolic issues101. Further side effects included hypertriglyceridemia, abnormal levels of LDL and HDL, and insulin resistance102–104. For instance, protease inhibitors, which were historically an integral part of the early drug regimens, have now been implicated  in MetS development, and now have known side effects including dyslipidemia, insulin resistance, LD syndrome, cardiovascular disease, and cerebrovascular disease development105–109. These issues arise as protease inhibitors cause free cholesterol and free lipids to accumulate while blocking normal mechanisms of lipogenesis. In addition, protease inhibitors contribute to metabolic syndrome by preventing glucose uptake in adipocytes and by causing accumulation of abnormally folded proteins110–113. 

Nucleoside analogue reverse transcriptase inhibitors (NRTIs) contribute to these issues on a smaller scale as well, as they alter ATP production through inhibition of enzyme activity which leads to adipocyte death. As mentioned previously, adipocyte apoptosis is frequently followed by a variety of inflammatory changes, all which contribute to low-grade inflammation in the body114–118. Presence of the aforementioned comorbid side effects plays into the cycle of cognitive decline as the body is put into an inflammatory state, and atherosclerosis and endothelial damage occur. 

1.6 HIV and Cognitive Decline

Over the past few decades, HIV pathogenesis has been well studied, and the devastating effects of HIV and its subsequent progression to AIDS have come to light. With these advances in research, many comorbidities for PLWH have been identified. One of these comorbidities, HAND, has been implicated as a disease model for people who suffer from cognitive impairment and suffer from co-infection with HIV. As mentioned previously, HIV affects the central and peripheral nervous systems to varying degrees, resulting in neurotoxicity and increased inflammatory state5. Recent studies have even shown that HIV infection begins affecting the central nervous system within as little as eight days after the initial infection, highlighting the severity and swiftness of the virus’s ability for neuroinvasion119. HAND has been proposed as a condition that people infected with HIV have suffered from since the discovery of the disease. ART has strived to reduce and change symptoms of HAND, including “behavioral changes; difficulties with decision making, problem solving, concentration, learning, language, and memory; loss of coordination; weakness; and tremors,” but the condition still plagues PLWH120. According to statistical estimates, 50% of the HIV+ population eventually develops some form of cognitive impairment120.
Recent therapeutic efforts have successfully reduced its more severe effects, but less taxing versions still affect PLWH. Varying degrees of neurotoxicity and levels of HAND have been identified through the progression of HIV disease. HIV-associated dementia (HAD), the most severe form of HAND, presents with dementia like symptoms and if left unregulated, causes severe cognitive and functional atrophy resulting in death after a short period of time121. Mild neurocognitive disease (MND) and asymptomatic neurocognitive impairment (ANI) are currently the more worrisome versions of HAND, due to difficulty in diagnosis and treatment. These two levels of HAND are less severe, but more prevalent in the United States population, due to an increase in aging among the HIV+ population. Symptoms of these two disorders include cognitive impairment with possible functional impairment120. 

Despite heavy use of ART, HAND will remain a persistent condition as long as HIV remains in the body, due to the chronic inflammatory state that HIV infection causes in individuals. Changes in brain composition resulting from HIV infection and ART lead to this neuroinflammation that reinforces the HAND causing cycle. Neurotoxicity and inflammation occur in PLWH as the immune response is activated and both infected and non-infected macrophages and microglia, chemokines, cytokines, and other inflammatory markers are initiated5. Blood screening in HIV patients can give further indicative information of the infection and its inflammation status. This is seen through high levels in blood elements such as IL-6, CRP, D-dimer, and Cystatin C97.

In turn, this heightened state of inflammation makes it harder for the body to control the infection and allows infected cells to infect nearby healthy cells more easily as the immune system is suppressed. ART therapy aims to reduce some of this inflammation, but not all is reduced, and in individuals suffering from HAND, “abnormalities in white and gray matter, which supports the role of neuroinflammation as a cause of HAND” can be seen120. As the aging HIV+ population continues to live through these medical advances, it is postulated that the number of people living with HAND will increase and give rise to further aging-related comorbidities such as “renal failure, osteoporosis, cancer, cardiovascular disease, and further cognitive decline (due to) age related brain vulnerability”122. 

Comorbidities of HAND need to be addressed to ensure that HIV+ people can continue to live normal lives in later ages and to make sure that they adhere to their ART drug regimens in order to decrease possible complications related to this. First, it is important to point out that HIV is thought to be a possible accelerator of aging through the effects it has on the immune system. In turn, quicker aging has shown to impair cognition by the previously discussed inflammatory response and disruption of neurological pathways 5. This inflammation not only causes physical changes to the brain, but also affects the “cognitive reserve” of the patients. In other words, levels of neuronal connections are either increased or decreased in the brain5. This change in neuroplasticity gives rise to a variety of neurologic and psychiatric problems that are seen in people living with HIV.

Further neurological complications resulting from HIV infection can occur during the late stages of neurological infection. Although rare for people who are on ART treatment, vacuolar myelopathy still causes neurological complications in HIV patients. This debilitating complication damages the nerves of the spinal cord and consequently affects coordination, sensory input and integration, causes incontinence, and generalized weakness & stiffness123. Overall, the varying degrees of the most common neurological complications occur as the HIV infection progresses. ART can be used to slow down the progression of these complications, but as the HIV+ population ages, perhaps years of inflammation and chronic issues related to HIV will give rise to such conditions in more latent forms. For this reason, it is important to be aware of the potential harms that HIV infection has on the nervous system and its effects on the central nervous system.

This long list of risk factors and causes of distress contribute to comorbidities in PLWH in several ways. For instance, contributing stressors can lead to worsening outcomes due to weakening immunologic function in HIV+ patients by contributing to chronic stress. In this instance, we see that there is a psychosocial connection to physical health. Stress and effects on the body are interrelated and systemic. 

Stress affects the body overall, and with chronic exposure, stress can contribute to accelerated aging and fatigue. Consequently, stress becomes a mediator between neurologic and psychosocial issues in patients with HIV. Prolonged exposure to the aforementioned stressors can cause many psychologic issues, such as anxiety and depression, which equally feed into the cycle of neurologic and psychosocial disorders in PLWH.

As can be seen, the cyclic effect of HIV infection complicates treatment, because there is not one single pathway that causes consequences in HIV infection. Reciprocal complications and comorbidities act together and influence each other, as is evident in the relationship between HAND and psychosocial/mental issues. Limitations exist in this research, because it is difficult to discern which has a more profound effect, HAND or psychosocial issues, and which of the two issues is more directly contributory to complications with HIV. 

1.7 Study Objectives

The aim of this study is to determine if a relationship exists between cognitive decline and markers of cardiovascular disease and inflammation in men of the MACS cohort. 


Specifically, this study aims to do the following:
1. To observe the prevalence of gene SNPs, which have been related to cognitive function, in a sample population from the MACS cohort. Three SNPs from the cyclic AMP (cAMP) element-binding protein CREB1 are studied to see if presence of certain alleles in each of the SNPs appear at a higher rate in the cognitive decline vs no cognitive decline group of the study sample. Each of the three genotypic SNPs of CREB1, rs10932201, rs2253206, and rs6785, have previously been shown to have a significant effect on memory and executive function in healthy adults.124
2. To determine what type of relationship exists between cognitive decline progressors and markers of cardiovascular disease, using support from the preceding introductory literature review.

2.0  METHODS

2.1 Study Subjects

The analyses conducted for purposes of this study used a sample cohort of 101 subjects from the Pitt Men’s Study (PMS), a well-defined prospective, longitudinally studied cohort of men who have sex with men (MSM). The PMS is part of the larger Multicenter AIDS Cohort Study (MACS). Study criteria have required participants to undergo extensive physical and psychological testing at each follow-up appointment, and large-scale clinical data has been generated on each of these subjects. These 101 subjects were selected due to their prior involvement in a cardiovascular risk sub-study. Most subjects’ cognitive decline and HIV status were documented for the purposes of this study. After subsequent testing, the study population was reduced to 96 individuals, in order for laboratory testing to take place. 

2.2 Quality Control Analysis

Prior to conducting DNA amplification, spot checks on the sample cohort of 101 subjects were completed to confirm that enough of the subjects’ DNA existed. NanoDrop nucleic acid quantification was done to assess the quantity and quality of DNA in the existing sample of subjects. Traditional polymerase chain reactions (PCR) were conducted using DNA and standard MasterMix. After this, samples were run on a 2% agarose gel and compared to the size marker Φx174HaeIII. A final sample size of 96 subjects with viable DNA were chosen for analysis.

2.3 DNA Amplification

After conducting the quality control analysis, whole genome amplification was carried out using Illustra’s Ready-To-Go™ GenomiPhi™ V3 DNA Amplification Kit. This method of amplification employs isothermal multiple strand displacement in which the template DNA strands are denatured in a sample buffer, the denatured sample is added to GenomiPhi V3 freeze-dried cake, the mixture is incubated at 30°C, and the sample is heat inactivated. The purpose of whole genome amplification was to ensure that enough DNA was present for subsequent single nucleotide polymorphism (SNP) analysis.

2.4 Quantitative PCR (qPCR) 

As mentioned previously, SNPs from the CREB1 gene, implicated in cognitive decline, were selected for analysis in this cohort. qPCR was completed for each SNP (rs2253206, rs6785, rs10932201) using a TaqMan assay. This assay is used for genotyping through PCR primer pairs and two TaqMan probes which have FAM and VIC dye labels. The specific alleles of the targeted gene are identified through the use of these fluorescent dyes, as the TaqMan probes adhere specifically to the complementary sequence of the allele it is targeting. PCR amplification is employed in this amplification in order to yield enough product for the dye to adhere to and create the subsequent fluorescent signal.

2.5 Statistical Analysis


Odds ratios for the SNPs rs10932201, rs2253206, and rs6785 were calculated to see 

if there is an association between each of the alleles of the aforementioned SNPs and the cognitive decline status of the individuals in the study population. Results were used to approximate the potential risk of developing cognitive decline with specific alleles of SNPs. Major and minor alleles were determined using data analysis submitted to the National Center for Biotechnology Information’s dbSNP library. 125–127
3.0  RESULTS
A total of 88 study subjects produced conclusive SNP call results for both rs2253206 and rs10932201, and a total of 85 study subjects produced conclusive SNP call results for rs6785. Several subjects from the initial study population were not included in this analysis due to incomplete data on decline status or inability for SNP call determination by the software that was used. Overall, the study population contained a larger number of individuals who were positive for cognitive decline. Odds ratios were calculated for each of the SNPs to determine if the minor allele in each SNP had a significant dominant or recessive effect. Results are as follows.

Table 1. Odds Ratio Analysis for rs2253206 SNP Call and Decline Status
	rs2253206

SNP Call
	Decline Status
	

	
	Positive
	Normal
	Total

	A/A
	11
	11
	22

	A/G
	23
	19
	42

	G/G
	17
	7
	24

	Total
	51
	37
	88

	P-Value for Recessive Minor Allele: 0.1383

Odds Ratio for Recessive Minor Allele: 0.47 (95% CI 0.17-1.28)
P-Value for Dominant Minor Allele: 0.3844

Odds Ratio for Dominant Minor Allele: 0.65 (95% CI 0.25-1.72)


The major allele reference for rs2253206 is the A allele and the minor allele is the G allele. P-value results compared to a 95% confidence interval indicate no significant interaction between the minor allele, G, and decline status. 
Table 2. Odds Ratio Analysis for rs10932201 SNP Call and Decline Status
	rs10932201

SNP Call
	Decline Status
	

	
	Positive
	Normal
	Total

	A/A
	7
	3
	10

	A/G
	27
	21
	48

	G/G
	17
	13
	30

	Total
	51
	37
	88

	P-Value for Recessive Minor Allele: 0.4174

Odds Ratio for Recessive Minor Allele: 0.55 (95% CI 0.13-2.31)
P-Value for Dominant Minor Allele: 0.8603

Odds Ratio for Dominant Minor Allele: 0.92 (95% CI 0.38-2.25)


The major allele reference for rs10932201 is the G allele and the minor allele is the A allele. P-value results compared to a 95% confidence interval indicate no significant interaction between the minor allele, A, and decline status. 

Table 3. Odds Ratio Analysis for rs6785 SNP Call and Decline Status
	rs6785

SNP Call
	Decline Status
	

	
	Positive
	Normal
	Total

	A/A
	0.5
	0.5
	1

	A/G
	23
	14
	37

	G/G
	25
	22
	47

	Total
	48.5
	36.5
	85

	P-Value for Recessive Minor Allele: 0.8863

Odds Ratio for Recessive Minor Allele: 1.33 (95% CI 0.03-68.82)
P-Value for Dominant Minor Allele: 0.4238

Odds Ratio for Dominant Minor Allele: 0.70 (95% CI 0.29-1.67)


The major allele reference for rs6785 is the G allele and the minor allele is the A allele. P-value results compared to a 95% confidence interval indicate no significant interaction between the minor allele, A, and decline status. 

4.0  DISCUSSION
Based on a prior review of existing literature, it is highly likely that there are many genes which contribute to different pathways leading to cognitive decline. Previous studies have cited the three CREB1 SNPs as having a significant effect on semantic and/or episodic memory, indicating that the presence of these SNPs could potentially predispose an individual to accelerated aging and abnormal cognitive decline124. The analysis of these three SNPs in the cohort of MACS subjects used here shows no significant effect of these SNPs, as evidenced by individually calculated p-values. When compared to a 95% confidence interval, the p-value for each of the SNPs was greater than .05 for analyses looking at the minor allele as both dominant and recessive. Because of this, it is unclear which allele acts in a dominant manner and which allele acts in a recessive manner for each individual SNP. 

There are several limitations which exist in this study and which could be affecting the results. For instance, the number of subjects on which data was collected was fairly small (85-88 subjects). Because of this, the analysis likely lacks statistical power and could potentially contain Type-II error. In order to ensure adequate statistical power, a larger sample size is needed for future studies. Furthermore, this study may contain selection bias, as it is looking at a very specific cohort of patients who were previously selected for a cardiovascular sub-study. In turn, the study sample does not have a mix of subjects who are representative of the naturally occurring rates of HIV status and cognitive decline status in the general population. Additionally, only three gene SNPs were studied, potentially omitting SNPs in other coding regions which could have a greater effect on memory and cognitive decline. In future studies, a more comprehensive population breakdown needs to be determined, because as mentioned previously, there is a larger number of people positive for cognitive decline in this cohort. Doing so should provide results that are more indicative of the general population.
Because of these limitations, further research is needed to determine the applicability of these results. Future analyses should increase sample size and, in turn, statistical power, while simultaneously broadening the demographics of the study population. In turn, this should provide a more accurate description and a more broadly applicable result set in terms of this data. Furthermore, additional gene SNPs which are implicated in cognitive decline should be studied in order to determine if there are other SNPs with a more significant influence on cognitive decline, and to also determine how HIV might affect cognitive decline progression when these SNPs are present. Having this knowledge could lead to alternative personalized medicine treatment plans which are more individualized based on the host genetics of an HIV+ individual. Additionally, understanding what non-genetic factors (i.e. environmental, and modifiable factors like obesity) contribute to cognitive decline development in an HIV+ vs. HIV- population is important for future research directions and treatment development. This knowledge could lead to new recommendations for lifestyle modifications. 

As mentioned previously, with advances in healthcare, those living with HIV, are able to live longer lives. Although these advances diminish mortality rates of a disease that was once impossible to manage, a new set of public health problems come to light. As can be seen through the magnitude of inflammatory changes, combined with development of cardiovascular problems, cognitive decline is set to happen in this population and may be occurring at a faster rate due to the aforementioned changes. This is highly concerning, as healthcare resources and workforce issues may arise. For instance, more healthcare resources will be put into the aging population, and eventually, the individuals suffering from cognitive decline will have to use even more resources with activities of daily living and functioning. For this reason, it is important to continue studying the possible genetic mechanisms and gene SNPs which contribute to accelerated cognitive decline and aging, in order to be able to detect potential cognitive decline progressors early on, and allow for adequate planning.
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