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CHAPTER 1: INTRODUCTION

Background
Biological aging can be roughly defined as the overall resemblance an individual has to the average age associated changes in their chronological age group.7 Biological aging varies from chronological aging because it suggests that aging can be accelerated or decelerated based upon environmental, genetic, and lifestyle factors.7 As it is currently understood, there are nine hallmarks affiliated with the aging process. These hallmarks are altered intercellular communication, genomic instability, telomere attrition, epigenetic alteration, loss of proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction, stem cell exhaustion, and cellular senescence.2 The primary causes of aging are genomic instability, loss of proteostasis, telomere attrition and epigenetic alterations.2 When these hallmarks are disturbed or damaged, compensatory mechanism are mobilized to ameliorate the response. These compensatory mechanisms are deregulated nutrient sensing, mitochondrial dysfunction, and cellular senescence. 2 Finally, once primary, and secondary hallmarks of aging reach their end, the last two hallmarks in the integrative category become responsible for the common phenotypes seen in aging. These last two hallmark are stem cell exhaustion and altered intercellular communication. 2
Fundamentally, zinc may modulate biological aging via the following pathways. Firstly, zinc may in part inhibit the AMPK/mTOR pathway by inducing Beclin 1; inhibition this pathway has been shown to extend lifespan across various species.2,9-11 It is important to note that the medication Rapamycin, one of the most potent initiators/analogs of this mTOR pathway, works to release Beclin 1 from the Beclin 2 complex to induce autophagy.11 Further, an inflammatory marker known as human plasma C- reactive protein (CRP or HS-CRP) has been found to inhibit Beclin 1’s release from the Beclin 2 complex, thereby inhibiting autophagy as Beclin 1’s release is critical for its intiation.11 Additionally, in order for autophagy to conclude properly, zinc is needed for the degradation of the cargo in the autolysosome.1 Finally, as humans age, the immune response becomes compromised for various reasons, and the number of senescent cells increases; this decreases metallothionein (a protein that sequesters and releases zinc) expression and lowers the amount of available intracellular zinc needed to repair damaged DNA.8  
Turning to the research, a randomized, double-blind placebo control study found that zinc supplementation in individuals who were 56 years old and older significantly reduced concentrations of HS-CRP.12  Following, the Leiden Longevity Study suggests HS-CRP plays an vital role in the prediction of longevity potential in male and female offspring of nonagenarian siblings.13 In mice models, zinc supplementation has shown to prevent or delay age- related, cell-mediated immune responses and increase lifespan.14-15 For example, if the mice were supplemented from the presenescent age, defined as 12-14 months, they had an increased rate of survival and lifespan (up to 33 months) compared to the control; this, in part, was due to a significant reduction of death in middle age because they avoided acquiring cancer.14-15 
Zinc metabolism and tolerance may be, in part, influenced by an organism’s genetic makeup. In both humans and C. elegans, mutations and single nucleotide polymorphisms or SNPs have been identified that relate to zinc.16,17 For example, genes that can increase resistance to zinc toxicity in C. elegans am120 (on chromosome 1), am138 (on chromosome 5) and am132 (on chromosome 10).16  In humans, it is not fully understood how genetic factors influence serum zinc concentration.17 However, one study conducted in 102 Japanese participants found that three SNPs SLC30A3 (rs11126936), SLC39A8 (rs233804), and SLC39A14 (rs4872479) were significantly associated with higher blood zinc concentration.17 Overall, more research needs to be conducted to understand how zinc status interfaces with biological aging and longevity as little is known about zinc in this context.
1.2 Problem Statement
Biological aging varies from chronological aging because it suggests that aging can be accelerated or decelerated based upon environmental, genetic, and lifestyle factors.7 As it currently stands, little is known on how biological aging is modulated by the micronutrient zinc and the possible the possible implications that may arise from this relationship as it relates to longevity. 
1.3 Overall Objectives and Hypotheses
The study seeks to investigate the relationship zinc may have with biological aging and longevity in two distinct ways. First, it will analyze epidemiological data collected by the National Health and Nutrition Examination Survey (NHANES) to examine how zinc intake, serum zinc status and alcohol consumption relates to inflammation at the population level, which may influence biological aging and longevity. Second, it will examine genetic data collected by the Gene Expression Omnibus (GEO Profiles) to determine how zinc transporters can be associated with genes related to longevity and autophagy in human and animal datasets. The overarching objective of this study is to understand how biological aging and longevity is influenced by the micronutrient zinc at the population and gene level.
Objective 1:  To investigate if HS-CRP, an inflammatory biomarker affiliated with autophagy and longevity, is associated with serum zinc concentrations, zinc intake and alcohol consumption in a human population when adjusting for age, gender, race/ethnicity, RBC Folate, and BMI. 
Hypothesis 1: Moderate alcohol intake, defined as one drink (14 g) per day for woman and one to two (14-28 g) drinks per day per man, and adequate concentrations of circulating serum zinc, defined as 70 to 250 ug/dl, will be associated with lower circulating levels of HS-CRP compared to the those with inadequate and excessive serum zinc. 11,18-23
Hypothesis 2: Moderate alcohol intake, defined as one drink (14 g) per day for woman and one to two (14-28 g) drinks per day per man, and adequate zinc intake, defined as 8 mg/day for women and 11 mg/day for men, will be associated with lower circulating levels of HS-CRP compared to the those with inadequate and excessive zinc intake. 11,18-23
Objective 2: To construct causal networks among zinc transporters, metallothioneins and differentially expressed genes related to longevity, biological aging and autophagy (see Table 1 below). 17,24-27 The mechanistic processes generated will be analyzed via Bayesian machine learning techniques to determine causal pathways.
Hypothesis 3: Given the role of zinc in inflammation and autophagy, it is expected that one or more Zn transporters will be involved in, either as driver or effector gene(s), in biological pathways associated with aging and longevity listed in Table 1. 17,24-27
Objective 3: To construct causal networks among zinc transporters, metallothioneins and differentially expressed genes related to longevity, biological aging and autophagy in an array of species (worm, murine and human) to determine if the pathways are conserved.
Hypothesis 4: At least one differentially expressed gene will be conserved across species, contributing to the uniform theory of aging.28

Table 1.1: Possible Target Genes 25-27, 29
Genes related to Autophagy (Human)	Genes related to 	Longevity	(Human)	Genes related to Autophagy (Murine)	Genes related to Longevity	(Murine)	Genes related to Autophagy	 (C. elegans)	Genes related to Longevity	(C. elegans)
Initiation:	ULK	TOMM40/APOE/APOC1 gene cluster	Initiation:	Ulk	Apoe	Initiation:	Unc-51	X
mTOR	FOXO1/FOXO3 /Daf-16	Mtor	Foxo3/Daf-16	TOR-1/ LET-363	Daf-16
RB1CC1	SIRT1-SIRT7	Rb1cc1	Sirt1-Sirt7		X	Sir2
GABARAP	IGF1	Gabarap	Igf-1	LGG-1	Daf-2
Degradation:	RAB7	TFEB (also related to autophagy)	Degradation:	Rab7	Tfeb	Degradation:	RAB-7	HLH-30
LAMP 2	TNFα	Lamp 2	Tnfα	X	TRAF
RAB27/LAMP3	CHRFAM7A	CHRNA7, CHRNA7	Rab27/ Lamp3		Chrna7	X	Eat-2	Eat-18


1.3 Research Question
How does zinc interface with biological aging and longevity?
1.4 Significance 
Overall, if the results of this study are validated, it will contribute to our limited understanding on how zinc interfaces with biological aging and longevity on a population and molecular level. Further, if differentially expressed genes and their pathways are conserved via different species, this will provide additional evidence to the uniform theory of aging (which has yet to be proven). On a practical scale, the results generated may help in the creation, screening and analysis of markers related to biological aging and longevity as well as provide insight into the mechanism of the disease process, as the risk for heart disease, cancer, autoimmune diseases, and Alzheimer’s disease increases with age. Finally, to our knowledge, no one has conducted this kind of analysis in the context of biological aging and longevity or has attempted to link common themes from NHANES and GEO Profiles. 
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CHAPTER 2: LITERATURE REVIEW

2.1 Chronological Aging, Biological Aging, Longevity & Caloric Restriction
Biological age can be roughly defined as the overall resemblance an individual has to the average age associated changes in their chronological age group.1 It is essentially where an individual falls on the bell curve in relation to their chronologically aged peers. Chronological age is defined by one’s birth record and thus cannot change.1 In terms of chronological age, the average lifespan for males in the United States is 78 years old and females it is 83 years old.2 Biological age deviates from chronological age because it states that aging stems for a combination of genetic, environmental and lifestyle factors and not just the chronological age itself.1 This is seen in chronological aging statistics. For example, about 1 % of the US population survives to be centenarians (individuals who are 100 years old or older), which deviates positively away from the mean.2 Equally, this is seen in individuals who die prematurely. From the literature, we know there are a variety of factors that can speed up or slow down the aging process.3-4 This suggests that biological age and can be altered, which is another distinguishing factor from chronological aging.1
	Longevity itself relates to having the ability to live a long lifespan.3 One of the most potent ways to modulate longevity is through caloric restriction as it slows down biological aging in worms, fish, mice, rats  nonhuman primates and likely humans .4-6 To illustrate,  a 20 – year study conducted in rhesus monkeys found that caloric restriction reduced and delayed the onset of various diseases like cardiovascular disease and cancer as well as delayed brain atrophy.4 In humans, a multi-centered, randomized trial called CALERIE was conducted in normal weight individuals from 21-50 years old to see if calorically restricting their intake (roughly 10%) had any impact on biological aging.  Overall, the results suggests that longitudinally, participants were aging significantly slower if they were caloric restricted.5 Markers used to classify biological aging include serum albumin, alkaline phosphatase, C-reactive protein, total cholesterol, creatinine, glycated hemoglobin (estimated from serum glucose), systolic blood pressure, urea nitrogen, uric acid, and white blood cell count.5
 	A several part study has also found a linked between biological aging and caloric restriction.6 In the first step, a blood sample was collected and analyzed for 18 biomarkers from the Dunedin Study birth cohort. They used data collected from various timepoints (26,32, and 38 years old) and modeled each study participant’s rate of biological change in relation to their chronological peers. Step one’s work was published and found biological age emerged before the onset of disease.6 The second part of the study was called the Pace of Aging. This study showed that various physical functions were able to be measured and linked to slower or faster rates of aging. 6-7  In part three of the study, researchers broke down information gathered from the Pace of Aging via a bloodwork sample and conducted a whole-genome methylation study to measure a new kind of epigenetic clock via the DunedinPoAm algorithm. According to the authors of the study, what sets their clock apart is that it measures how much biological aging has occurred during the years leading up to the measurement. The results from the latest part of the study has concluded several items.  Participants who had a worse DunedinPoAm at 38 years old were worse off at 45 years old. DunedinPoAm analysis shows proof- of concept that biological aging can be quantified using an epigenetic clock. Finally, DunedinPoAm showed that compared to baseline, the caloric restricted group (CR by 25% of intake) was biologically aging slower.6

2.2 Hallmarks of Aging
As it is currently understood, there are nine hallmarks affiliated with the aging process. These hallmarks are altered intercellular communication, genomic instability, telomere attrition, epigenetic alteration, loss of proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction, stem cell exhaustion, and cellular senescence.8 The primary causes of aging are genomic instability, loss of proteostasis, telomere attrition and epigenetic alterations.8 When these hallmarks are disturbed or damaged, compensatory mechanism are mobilized to ameliorate the response. These compensatory mechanisms are deregulated nutrient sensing, mitochondrial dysfunction, and cellular senescence. 8 Finally, once primary, and secondary hallmarks of aging reach their end, the last two hallmarks in the integrative category become responsible for the common phenotypes seen in aging. These last two hallmark are stem cell exhaustion and altered intercellular communication.
2.3 Autophagy & Biological Aging
Autophagy is a critical catabolic process that has been conserved across a variety of species. 9 As it stands, there are three broad forms of autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy. Macroautophagy is the form of autophagy pertinent to this study and will be referred to as autophagy going forward.9 Autophagy is initiated with the creation of a membrane known as a phagophore.1 The phagophore increases in size and collects cellular debris such as accumulated lipid droplets, damaged mitochondria, inflammasomes, and other proteins and organelles and transforms into the autophagosome.9 The autophagosome will eventually fuse with aged endosomes and lysosomes, creating the autolysosome. 9 Finally, lysosomal enzymes enter and break down the autolysosome materials, exposing the resultant materials to the cytosol.9
Autophagy falls under the hallmark “loss of proteostasis”, which is a primary marker of aging.8 Autophagy is thought to increase lifespan by improving, correcting, or delaying protein homeostasis, as many diseases are linked with impaired protein folding or aggregation.8 Autophagy is considered one of the most important proteolytic systems used for protein quality control in the cell. Finally, autophagy allows for the decrease accumulation of senescence cells, which ultimately will decrease the amount of proinflammatory cytokinesis released and this in turn, influences the stability of the genome as well as other hallmarks of the aging process.8
2.4 Zinc & Biological Aging
Zinc is an essential micronutrient that is known to participate in a variety of functions in the human body.10 Zinc is needed as a catalyst for over 100 enzymatic reactions, play a role in the regulation of gene expression and aids in protein folding.10 Since the 1960s, zinc has been known to play an important role in human health as individuals diagnosed with zinc deficiency had increased susceptibility to infections due to the dysfunction of their humoral and cell-mediated immune response.11 As humans age, the immune response becomes compromised and the number of senescent cells increases; this decreases metallothionein (a protein that sequesters and releases zinc) expression and lowers the amount of available intracellular zinc needed to repair damaged DNA.11 
Zinc supplementation has been shown to have positive effects on animal and human health.11-13 Research conducted in mice models has shown that zinc supplementation may prevent or delay age- related, cell-mediated immune responses and increase lifespan.11-12 For example, mice supplemented from the presenescent age, defined as 12- 14 months,  had an increased rate of survival and lifespan (up to 33 months) compared to the control; this, in part, was due to a significant reduction of death in middle age because they avoided acquiring cancer.11-12 Turning to human research, a randomized, double-blind placebo control study found that zinc supplementation in individuals who were 56 years old and older significantly reduced concentrations of HS-CRP, which is an inflammatory marker associated with longevity and biological aging.13 Further, an observational study conducted in 420 nursing home residents found that those who had normal circulating levels of zinc were less likely acquire pneumonia, used fewer antibiotics and had an overall reduction of all caused mortality.11 Finally, a multicenter, randomized clinical control trial designed to study the effects of AREDS (Age-Related Eye Disease Study) over a six year timespan found that participants (age 55-81) that were randomly assigned to receive 80 mg of zinc oxide with 2 mg of cupric oxide had increased longevity compared to those who were not supplemented with zinc.14
Mechanistically, zinc may impact biological aging through several pathways. Firstly, zinc may in part inhibit the AMPK/mTOR pathway by inducing Beclin 1; inhibition this pathway has been shown to extend lifespan across various species.8,15-17 It is important to note that the medication Rapamycin, one of the most potent initiators/analogs of this mTOR pathway, works to release Beclin 1 from the Beclin 2 complex to induce autophagy.17 Another way zinc may influence biological aging is through ERK1/2 , which also inactivates the mTOR pathway allowing autophagy to be initiated.9 In addition to aiding the initiation of autophagy, zinc is needed for autophagy to conclude properly, as it aids in the degradation of the cargo in the autolysosome.9 This is key because the damaged proteins, mitochondria, organelles or lipid droplets taken up by the autolysosome must be disposed correctly. Autophagy may be activated in response to damage DNA, toxic proteins or mitochondrial disruption, preventing genomic instability, a primary hallmark of aging.8,18-19 If autophagy is not proceeding correctly, this leads to a loss of proteostasis which is also another primary of hallmark of aging.8
Zinc metabolism and tolerance may be, in part, influenced by an organism’s genetic makeup. In both humans and C. elegans, mutations and single nucleotide polymorphisms or SNPs have been identified that relate to zinc.20,21 For example, genes that can increase resistance to zinc toxicity in C. elegans am120 (on chromosome 1), am138 (on chromosome 5) and am132 (on chromosome 10).20  In humans, it is not fully understood how genetic factors influence serum zinc concentration.21 However, one study conducted in 102 Japanese participants found that three SNPs SLC30A3 (rs11126936), SLC39A8 (rs233804), and SLC39A14 (rs4872479) were significantly associated with higher blood zinc concentration.21 Additionally, a GWAS study conducted in 2603 Australian and 2874 British participants found that SNP rs1532423 on chromosomes 8,  SNP rs2120019 on chromosome 15, and SNP rs4826508 on chromosome X contributed to the 8% of phenotypic variance seen in participants.22 Overall, more research should be conducted in order to understand how genetics may influence zinc metabolism and how that may interface with biological aging and longevity.
2.5 Ethanol & Biological Aging
	It has been well established that excessive alcohol consumption can cause a host of health problems and even death, but low to moderate alcohol consumption has been associated with increased lifespan and overall better function. For example, The Netherland Cohort Study found that those who consumed between 5-15 grams of alcohol per day had the highest probability of reaching 90 years of age, which falls in line with the meta-analysis published in Lancet that suggests the lowest threshold for risk is about 100 grams week.23-24 According to the NIH, moderate alcohol consumption is defined as one drink a day for women and one to two drinks a day for men, with a standard drink being defined as having 14 grams of alcohol.25-26 Low to moderate alcohol consumption may actually induce autophagy via selective targeting of damaged mitochondria and excessive lipid droplets, which can promote longevity in theory.27 Further, preliminary evidence from invitro studies suggest that when human hepatoma VL-17A  cells were treated with zinc and ethanol, the number and size of autophagosomes increased, which helped increase autophagy.28  Although limited, these studies suggest that ethanol may have on impact on biological aging and longevity.
2.5 Inflammation, Zinc and Biological Aging
 	Inflammation is a fundamental process that is produced by the immune system when the body is infiltrated by bacteria, viruses, toxins or other pathogens.29 Ultimately, immune and non-immune cells are activated to protect the host.29 Under normal conditions, an inflammatory response is temporary and restricted to the site of injury.29 However, certain biological, social, environmental and psychological factors have been associated with a state that over times creates low grade, systemic inflammation.29 This state of chronic, low level inflammation has been associated with chronic diseases such as cardiovascular disease and decreased longevity.29,30
	One marker of inflammation worthy of note is human plasma C-reactive protein or CRP. CRP belongs to the pentraxin family of proteins and is released in the blood during times of stress, trauma or acute infection via IL-6.31-32 It is mainly synthesized by the liver and is consider an acute phase reactant.31 More recently, high-sensitivity or HS-CRP has been used to measure CRP levels as it is a more precise way to measure the biomarker.33 HS-CRP and CRP is suspected to play a role in autophagy and longevity. It has been proposed that in fish CRP increases autophagy through the creation of ROS to change the cholesterol levels of the host membrane and alter lysosomal pH.32 Additionally, in mice models, overexpression of CRP has been shown to impair autophagy flux by decreasing the amount of autophagosomes.17 Further, CRP may suppress autophagy by blocking Beclin 1’s release from Bcl-2 complex.17 It is important to note that medication Rapamycin, one of the most potent initiators/analogs of autophagy, works to release Beclin 1 from this complex to induce autophagy.17 Turning to human research, a randomized, double-blind placebo control study found that zinc supplementation in individuals who were 56 years old and older significantly reduced concentrations of HS-CRP.13  In humans, the Leiden Longevity Study suggests HS-CRP plays an vital role in the prediction of longevity potential in male and female offspring of nonagenarian siblings.30 Other studies suggest that higher circulating levels of C-reactive protein have been associated with mortality on healthy older adults and specific CRP genetic variants may be weakly associated with decreased longevity in older black adults.34-35
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CHAPTER 3: BACKGROUND ON NHANES & NCBI
3.1 History of NHANES
        In 1956, the National Health Survey Act was passed with the objective of obtaining data pertaining to the health status of the population in the United States.1 From 1956-1969, several studies were conducted related to nutritional health and status of the population and it was found that certain populations in the Unites States were malnourished or suffered from undernutrition.1 Due to these results, the Department of Health, Education and Welfare created a continuing national surveillance system in 1969 using the authority written in the 1956 National Health Survey Act.1 The National Center for Health Statistics created a task force that was designed to collect, analyze and disseminate data gathered from the survey.1 The task force worked with nutritionist and other experts on the design of the study.1 Ultimately, they concluded that the nutritional status of an individual cannot be determined by a single marker or a few simples indexes, rather it is a complex relationship among clinical observations, biological assessments, anthropometric measures, sociological and psychological evaluations, and dietary intake.1 As a consequence, a highly trained team of professional were needed  to make sure the survey was accurate and precise.1
         The task force presented the following points to the National Center for Health Statistics, and many were included in the first survey:
The survey will consist of a continual national probability sample to give a baseline distribution and trend data on the nutritional status of the population (noninstitutionalized, civilian, and over a year old).1
The authority for this should be established from the National Health Survey Act of 1956.1
It will combine the Health Examination Survey to meet the stated objectives of both surveys.1
The survey will cycle every two years and consist of two annual rounds.1
The combine surveys will feature four mobile examination centers where data can be collected.1
        The new survey created was called the Health and Nutrition Examination Survey or HANES. For every cycle, HANES covered roughly 30,000 participants from the ages of 1-74(noninstitutionalized, civilian, and not residing on reservation lands for the use of Native Americans).1 The nutritional component of the exam must be conducted annually. All participants sampled received the nutrition examination, but the sample weighed lower income groups, the elderly, preschool children, and woman of childbearing age more heavily (20% of total population). 1 Three examination centers were used due to budgeting constraints; however, the nutritional exam was to take place under 2 hours and consist of a physical examination, dermatological examination, ophthalmological, dental, body composition, biochemical assessments, and dietary intake. 1 Demographic data, health history, health care, dietary data, and if the participant relied on food programs were obtained via questionnaire. 1
3.2 Dietary & Alcohol Questionnaire Structure
        The early 24-Hour Dietary recall was constructed in free response form. It consisted of food codes for items, the food item, description item, size of edible portion served and time of day the item was consumed.1 Additionally, there were supplementary questions to the recall. For example, it asked if what a participant ate was usual. It also asked if their diet has changed recently, if the participant is supplementing with vitamins or minerals, if they consume their meals at a restaurant or at home and if they use a salt shaker.1 All answers are in nominal or ordinal form.1
         The food frequency questionnaire divided food groups into the following categories: milk, meat and poultry, fish or shell fish, eggs, cheese and cheese dishes, dry beans and peas, fruits and vegetables, breakfast cereals, butter and margarine, desserts, sweets, candy, beverages and snack foods.1 The response scale for the questionnaire is nominal. The questionnaire also features the respondent’s sex, date of birth, and the date of the interview.1
          Information on a participants’ alcohol intake was assess in four questions during the medical history questionnaire that was design for participants 12 years and older.1 The first question asked if they have had one drink of wine, beer or liquor during the year and the responses were dichotomous.1  The next question asked the participants how often they drank and the responses were ordinal.1 Finally, they asked what alcohol they drink most frequently and how often they drink in a 24 hour period.1 The responses to these sections were nominal and free response respectively.1



Table 3. 1: 24 Hour Recall















Table 3.2: Food Frequency Questionnaire









Table 3.3 : Medical History Questionnaire



3.3 Background on Geo Profiles
         The Gene Expression Omnibus (GEO Profiles) is a public, data repository housed by National Center for Biotechnology of the National Institute of Health.2 The data derives from experimental data that is submitted to the repository. The data consist of gene expression profiles that arise from microarray, next-generation sequencing and other kinds of genomic data that is submitted.3 In addition to the data, it has several web-based interfaces and applications that aid in data organization. Overall, scientist used this site as a centralized repository because it has high amount of visibility in the field of genomics.
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